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RESUMO GERAL 

O objetivo deste estudo foi avaliar a atividade antimicrobiana/antibiofilme e a viabilidade 

celular de nanopartículas de prata (NPsAg) obtidas por uma síntese ‘green’ associadas ou 

não ao β-glicerofosfato de cálcio (GPCa) contra Streptococcus mutans e espécies de 

Candida (cepas de referência e isolados clínicos orais incluindo cepas resistentes ao 

fluconazol). O efeito destes nanocompostos em combinação com o tirosol (TIR), 

fluconazol (FLC), nistatina (NIT) e anfotericina B (AnB) também foi avaliado. Além 

disso, nós avaliamos comparativamente as alterações do transcriptoma de células de C. 

glabrata CBS138 após exposição às NPsAg e ao Íon prata (Ag+). Inicialmente, as NPsAg 

foram sintetizadas por meio da redução do nitrato de prata com extratos de diferentes 

partes (casca, folha e semente) de uma romã (Punica granatum L.) associadas ou não ao 

GPCa. A Concentração Inibitória Mínima (CIM) e as Concentrações 

Fungicida/Bactericida Mínima (CFM e CBM) dos nanocompostos (NPsAg e NPsAg-

GPCa) associados ou não ao TIR contra S. mutans e C. albicans foram determinadas pelo 

método de microdiluição. E, a ação das NPsAg combinadas com FLC, NIT e AnB 

também foi avaliada em condição planctônica contra isolados clínicos orais de espécies 

de Candida. O efeito dos nanocompostos associados ou não ao TIR sobre a viabilidade 

celular de fibroblastos da linhagem L929 e a produção de citocinas foi avaliado através 

dos ensaios de MTT e ELISA, respectivamente. O número de hifas foi quantificado em 

biofilmes de C. albicans formados na presença das NPsAg com ou sem soro fetal bovino 

(SFB). O efeito das NPsAg em inibir a formação do biofilme (em C. albicans e C. 

glabrata) também foi investigado através do ensaio de PrestoBlue e por meio da 

microscopia eletrônica de varredura. Os nanocompostos (NPsAg e NPsAg-GPCa) 

associados ou não ao TIR foram aplicados sobre biofilmes de S. mutans e de espécies de 

Candida (12 e 24 h) e, após 24 h de contato, sua atividade antibiofilme foi determinada 

por meio da enumeração das unidades formadoras de colônias (UFCs) e ensaio de 

PrestoBlue. Além disso, uma análise transcriptômica foi realizada utilizando microchips 

de DNA (‘microarrays’) a fim de avaliar quais genes estão mais ou menos expressos como 



 

 

resposta às NPsAg (no estado planctônico e formando biofilmes) e ao Íon Ag+ (formando 

biofilmes). As soluções antimicrobianas sintetizadas neste estudo (NPsAg e NPsAg-

GPCa) apresentaram atividade antimicrobiana contra os microrganismos testados. Além 

disso, menores valores de CIM foram obtidos quando estes nanocompostos foram 

associados ao TIR, FLC, NIT e AnB apresentando um efeito sinérgico. NPsAg e NPsAg-

GPCa não foram tóxicas às células L929, aumentaram a produção de fator de crescimento 

celular e não promoveram alterações significativas na liberação de Interleucina-6. Os 

nacompostos associados ao TIR não apresentaram efeito citotóxico sobre culturas de 

L929, exceto para a maior concentração (NPsAg – 39,05 µg/mL + TIR – 1,25 mM). A 

presença das NPsAg reduziu drasticamente o número de hifas em biofilmes de C. albicans 

na presença ou na ausência de SFB. A quantidade de biofilme das espécies de Candida 

formado na presença das NPsAg reduziu para mais de 50%. Após 24 h de tratamento com 

os nanocompostos (NPsAg e NPsAg-GPCa) em biofilmes de S. mutans, houve uma 

redução significativa no número de UFCs sendo similar à clorexidina. Uma redução na 

viabilidade de biofilmes de C. glabrata também foi observada após exposição às NPsAg 

(24 h). Entretanto, os nanocompostos (NPsAg e NPsAg-GPCa) associados ou não ao TIR 

não foram efetivos contra biofilmes de C. albicans. Após exposição às NPsAg e ao Íon 

Ag+, alterações no transcriptoma de células de C. glabrata CBS138 foram observadas: no 

estado planctônico, houve uma superexpressão dos genes responsáveis pela biossíntese 

de metionina e de lisina e uma subexpressão dos genes relacionados com o transporte 

transmembrana; e, as células expostas às NPsAg responderam de forma distinta em 

relação ao Íon Ag+, indicando que as NPsAg podem apresentar um mecanismo de ação 

diferente. Estes achados podem auxiliar nas decisões terapêuticas com formulações 

contendo NPsAg ou NPsAg-GPCa associadas ou não a diferentes drogas em pacientes 

com cárie dentária e candidíase oral. 
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GENERAL ABSTRACT 

The aim of this study was to evaluate the antimicrobial/antibiofilm activities and the cell 

viability of silver nanoparticles (AgNPs) obtained by a ‘green’ synthesis associated or 

not to β-calcium glycerophosphate (CaGP) against Streptococcus mutans and Candida 

species (reference strains and oral clinical isolates including azole-resistant strains). The 

effect of these nanocompounds in combination with tyrosol (TYR), fluconazole (FLC), 

nystatin (NYT) and amphotericin B (AmB) also was evaluated. Furthermore, we 

evaluated, comparatively, the transcriptome alterations of cells of C. glabrata CBS138 

after exposition to AgNPs and to silver ion (Ag+). Initially, AgNPs were synthesized by 

reducing silver nitrate with extracts of different parts (peel, leaves and seeds) of a 

pomegranate (Punica granatum L.) associated or not to CaGP. Minimum Inhibitory 

Concentration (MIC) and Minimum Fungicidal/Bactericidal Concentrations (MFC and 

MBC) of the nanocomposites (AgNPs and AgNPs-CaGP) associated or not to TYR 

against S. mutans and C. albicans were determined by the microdilution method. And, 

the action of the AgNPs combined with FLC, NYT and AmB also was evaluated in 

planktonic condition against oral clinical isolates of Candida species. The effect of the 

nanocomposites associated or not to TYR on cell viability of fibroblasts (L929) and 

cytokines production was evaluated through MTT and ELISA assays, respectively. The 

number of cells undergoing filamentation was quantified in C. albicans biofilms formed 

in the presence of AgNPs with or without fetal bovine serum (FBS). The effect of AgNPs 

in inhibit the formation of biofilm (in C. albicans and C. glabrata) also was investigated 

through PrestoBlue assay and scanning electron microscope. Biofilms of S. mutans and 

Candida species (12 and 24 h) were treated with nanocomposites (AgNPs and AgNPs-

CaGP) associated or not to TYR for 24 h and, then, the viability of these biofilms was 

determined through PrestoBlue assay and colony forming units (CFUs). Moreover, a 

transcriptome analysis was performed using microarrays to determine which genes are 

up- or down-regulated as response to AgNPs (in the planktonic state and forming 

biofilms) and to Ag+ ion (forming biofilms). Antimicrobial solutions synthesized in this 



 

 

study (AgNPs and AgNPs-CaGP) presented antimicrobial activity against tested 

microorganisms. Furthermore, lower values of MIC were obtained when these 

nanocompounds were associated to TYR, FLC, NYT and AmB showing a synergistic 

effect. AgNPs and AgNPs-CaGP were not toxic to L929 cells, increased the stem cell 

factor production and did not promote significant alterations in the Interleukine-6 release. 

The nanocomposites associated to TYR did not present cytotoxic effect on L929 cultures, 

except for the higher concentration (AgNPs – 39.05 µg/mL + TYR – 1.25 mM). The 

incubation in the presence of the AgNPs drastically reduced the number of cells exhibiting 

hyphae, this effect being observed either in the presence or absence of FBS. The amount 

of biofilm formed by Candida species in the presence of the AgNPs was reduced by more 

than 50% the one formed in the absence of the nanoparticles, this reduction being further 

increased to more than 90% when the concentration of the AgNPs was increased. After 

24 h of treatment with the nanocompounds (AgNPs and AgNPs-CaGP) in S. mutans 

biofilms, there was a significant reduction in the number of CFUs being similar to 

chlorhexidine. A reduction in the viability of C. glabrata biofilms also was observed after 

exposition to AgNPs (24 h). However, the nanocomposites (AgNPs and AgNPs-CaGP) 

associated or not to TYR were not effective against C. albicans biofilms. After exposition 

to AgNPs and to Ag+ ion, alterations in the transcriptome of cells of C. glabrata CBS138 

were observed: in the planktonic state, genes responsible by the methionine and lysine 

biosynthesis are up-regulated, and genes related with the transmembrane transport are 

down-regulated. And, finally, the cells exposed to AgNPs responded differently in 

relation to the Ag+ ion, indicating that the AgNPs might present a different mechanism of 

action. All these results may help guide therapeutic decisions with formulation containing 

AgNPs or AgNPs-CaGP associated or not with different compounds in patients with 

dental caries and oral candidiasis. 
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INTRODUÇÃO GERAL 

A cavidade bucal abriga nichos que permitem o crescimento de diversas 

comunidades de microrganismos – vírus, bactérias, fungos e protozoários (Wade, 2013). 

Estas comunidades persistem em todas as superfícies (tecidos moles ou duros) como 

biofilmes multiespécies formando, assim, a microbiota oral residente, que geralmente 

existe em harmonia com o hospedeiro. Os microrganismos encontrados dentro destes 

biofilmes orais vivem em proximidade um com outro, que resulta em uma ampla 

variedade de interações, que podem ser sinérgicas ou antagônicas. A composição da 

microbiota é influenciada pelo ambiente oral, e mudanças nas condições locais podem 

afetar as interações microbianas dentro destas comunidades orais e determinar, em parte, 

se a relação entre a microbiota oral e o hospedeiro é simbiótica ou potencialmente 

prejudicial, aumentando, assim, o risco de doenças como a cárie dentária ou a candidíase 

oral (Roberts e Darveau, 2015). 

 A cárie dentária é uma doença biofilme-sacarose dependente causada por ácidos 

provenientes da fermentação microbiana dos carboidratos da dieta que, com o tempo, 

causam a desmineralização dos tecidos duros do dente (Whitford et al., 2002). Bactérias 

cariogênicas como Streptococcus mutans, S. sobrinus, e lactobacilos são importantes na 

patogênese da cárie dentária (Balakrishnan et al., 2000). Dentre essas bactérias, S. 

mutans, uma bactéria Gram-positiva anaeróbia facultativa, é um dos principais agentes 

etiológicos desta patologia. Os principais fatores de virulência de S. mutans que 

contribuem para a colonização da superfície do esmalte dentário e desenvolvimento de 

biofilmes são produção de polissacarídeos extra e intracelulares, produção de ácidos a 

partir de uma variedade de açúcares fermentáveis e tolerância ao baixo pH do ambiente 

(Krzyściak et al., 2014). Embora o desenvolvimento da cárie esteja inicialmente 

relacionado à formação de biofilme cariogênico por S. mutans, a progressão de lesões 

estabelecidas pode incluir as espécies de Candida, particularmente C. albicans. Estudos 

microbiológicos de biofilmes de crianças com cárie precoce da infância revelaram que, 

além dos altos níveis de S. mutans, a C. albicans, um patógeno fúngico oportunista, 

também é frequentemente detectado (Raja et al., 2010; Yang et al., 2012). Raja e 

colaboradores (2010) relataram que a ocorrência de cavidades dentárias em crianças está 

positivamente correlacionada com a frequência de candidíase oral. As leveduras podem 

facilitar a formação do biofilme pelos estreptococos, enquanto que estes melhoram as 

propriedades invasivas de Candida (Diaz et al. 2012; Xu et al., 2014). Além disso, quando 
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a sacarose está presente, a interação entre esses microrganismos em termos de adesão (e 

co-agregação) é melhorada (Metwalli et al., 2013). 

 A candidíase oral, por sua vez, é uma importante entidade dermatológica oral que 

pode estar presente na mucosa bucal, língua, gengiva e palato (Millsop et al., 2016; Moyes 

et al., 2015). C. albicans é a causa mais prevalente de candidíase oral devido a alguns 

fatores de virulência que este microrganismo possui, como por exemplo sua adesão às 

superfícies do hospedeiro, transição do estado de leveduras a hifas, e produção de enzimas 

extracelulares; a formação de hifas contribui na adesão à superfície da mucosa assim 

como auxilia a penetração no epitélio oral (Silva et al., 2017; Rautemaa e Ramage, 2011). 

Entretanto, infecções causadas por outras espécies de Candida estão aumentando. Na 

candidíase oral, um aumento na frequência de C. glabrata tem sido observado (Miranda-

Cadena et al., 2018); este fato pode ser devido à maior resiliência às drogas da família 

dos azóis (especialmente o fluconazol) largamente utilizado no tratamento e na profilaxia 

de pacientes em risco (Tscherner et al., 2011; Benett et al., 2004). 

 O controle da formação de biofilmes orais não é uma tarefa fácil, mas, nos últimos 

anos, a Nanotecnologia tem sido amplamente utilizada em diversas áreas da saúde através 

da incorporação de nanopartículas em diversos materiais (médicos e dentários) a fim de 

controlar ou tratar biofilmes patogênicos, fornecendo, assim, novos tratamentos contra 

uma ampla gama de doenças (Noronha et al., 2017; Ramasamy e Lee, 2016). Neste 

contexto, as nanopartículas de prata (NPsAg) tem ganhado considerável atenção no 

campo científico. Na forma nanoparticulada, a prata possui uma maior área de superfície 

por volume (esta característica aumenta a área de contato com o microrganismo), o que a 

torna potencialmente mais reativa (Chairuangkitti et al., 2013). NPsAg possuem 

comprovada atividade antimicrobiana contra um amplo espectro de microrganismos, 

bactérias, fungos e vírus, como por exemplo S. mutans (Fernandes et al., 2018; Souza et 

al., 2018; Perez-Diaz et al., 2015), Staphylococcus aureus (Fernandes et al., 2018), 

Pseudomonas aeruginosa (Chowdhury et al., 2016), C. albicans, C. glabrata, C. krusei e 

C. guilliermondii (Souza et al., 2018; Soares M et al., 2018; Monteiro et al., 2015; Szweda 

et al., 2015; Monteiro et al., 2012; Wady et al., 2012), incluindo cepas resistentes às 

drogas que são habitualmente usadas para tratar infecções causadas por estes 

microrganismos (Franci et al., 2015; Ravishankar Rai e Jamuna Bai, 2011). 

 Muitos procedimentos físicos e químicos tem sido usados para sintetizar 

nanopartículas metálicas (Goodsell, 2014); entretanto, muitas dessas técnicas utilizam 

substâncias químicas tóxicas, podendo afetar o meio ambiente e o sistema biológico (Ali 
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et al., 2016). Além disso, são técnicas extremamente caras. Assim, estas abordagens 

podem resultar em efeitos colaterais indesejáveis quando estas partículas forem utilizadas. 

Desta forma, um método alternativo para síntese de nanopartículas metálicas para reduzir 

seus efeitos citotóxicos se faz necessário. A síntese fitoquímica, onde compostos de 

diferentes plantas são utilizados na redução de íons, tem-se mostrado bastante eficaz na 

produção de nanopartículas, fornecendo compostos menos tóxicos e economicamente 

mais viáveis (Roy et al., 2013). A Punica granatum L. (romã) é uma planta que tem sido 

utilizada na medicina para o tratamento de distúrbios causados por estresse oxidativo 

(Rao et al., 2013; Jurenka, 2008; Lansky e Newman, 2007). Diferentes partes da planta, 

incluindo as folhas, apresentam excelentes propriedades anti-oxidantes (Pande et al., 

2009). O extrato da casca da romã tem sido bastante utilizado na síntese das NPsAg 

(Fernandes et al., 2018; Souza et al., 2018; Nasiriboroumand et al., 2018; Goudarzi et al., 

2016; Edison e Sethuraman, 2013) uma vez que a casca da romã é uma fonte importante 

de substâncias fenólicas incluindo taninos, ácidos elágico e gálico, etc que são agentes 

antioxidantes responsáveis pela redução do sal de prata (Goudarzi et al., 2016; Ahmad et 

al., 2012). 

 Além das NPsAg, compostos à base de fosfato de cálcio estão sendo 

desenvolvidos com o intuito de prevenir a cárie dentária bem como preservar também a 

vitalidade pulpar e estimular a formação de uma barreira de dentina (Xu et al., 2011). 

Estes materiais podem liberar íons de cálcio (Ca) e fosfato inorgânico (P) a fim de 

remineralizar lesões dentárias (Xie et al., 2016). Muitos estudos tem demonstrado bons 

resultados na remineralização do esmalte com polifosfatos (Dalpasquale et al., 2017; 

Danelon et al., 2017; Amaral et al., 2014; Zaze et al., 2014). Entre estes compostos, o 

glicerofosfato de cálcio (GPCa), que é usado como uma fonte de Ca e P, tem demonstrado 

propriedades anti-cariogênicas (Nagata et al., 2017; Freire et al., 2016). Além disso, Imai 

e Hayashi (1993) demonstraram que o β-GPCa, um dos isômeros do GPCa (Inoue, 1980) 

utilizado como capeamento pulpar direto em um estudo animal foi convertido 

imediatamente em hidroxiapatita no assoalho da cavidade. Desta forma, devido à 

complexidade dos biofilmes orais e o desenvolvimento da cárie, a associação das NPsAg 

com GPCa pode resultar em um biomaterial promissor com forte atividade antimicrobiana 

e propriedades de remineralização desejáveis. 

 Entretanto, existe uma preocupação em relação a dose das NPsAg utilizada, uma 

vez que uma toxicidade dose-dependente em fibroblastos (L929) tem sido documentada 

(Takamiya et al., 2016). Uma outra questão a ser levada em consideração seria o 
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aparecimento de isolados clínicos resistentes a drogas convencionais.  Portanto, o uso 

combinado destas soluções antimicrobianas (NPsAg e NPsAg-GPCa) com outros 

compostos em baixas concentrações poderia aumentar a eficácia antimicrobiana contra 

biofilmes resistentes e reduzir os efeitos colaterais destes agentes. Neste sentido, Sun e 

colaboradores (2016) obtiveram bons resultados com o uso combinado das NPsAg com 

fluconazol contra isolados clínicos resistentes aos azóis. Longhi e colaboradores (2016) 

também demonstraram uma diminuição na viabilidade de biofilmes maduros de cepas 

resistentes aos azóis com o uso de fluconazol em combinação com NPsAg produzidas por 

uma via fitoquímica. Moléculas de sinalização, conhecidas como Quorum-Sensing (QS) 

tem sido testadas como agentes antimicrobianos alternativos (Albuquerque e Casadevall, 

2012; Monteiro et al., 2015). Neste sentido, o tirosol (TIR) mostrou propriedades 

antibiofilme contra espécies de Candida e S. mutans em biofilmes simples e mistos (Arias 

et al., 2016). Sendo assim, a associação das NPsAg (com ou sem GPCa) com antifúngicos 

utilizados na prática clínica (fluconazol, nistatina e anfotericina B) bem como com estas 

moléculas de sinalização pode ser uma estratégia viável para combater infecções 

resistentes às terapias convencionais e para reduzir os efeitos colaterais destes compostos. 

 Portanto, o objetivo deste trabalho foi avaliar a atividade 

antimicrobiana/antibiofilme e a viabilidade celular de nanopartículas de prata (NPsAg) 

obtidas por uma síntese ‘green’ associadas ou não ao β-glicerofosfato de cálcio (GPCa) 

contra Streptococcus mutans e espécies de Candida (cepas de referência e isolados 

clínicos orais incluindo cepas resistentes ao fluconazol). O efeito destes nanocompostos 

em combinação com o tirosol, fluconazol, nistatina e anfotericina B também foi 

determinado. Além disso, nós avaliamos comparativamente as alterações do 

transcriptoma de células de C. glabrata CBS138 após exposição às NPsAg e ao Íon prata. 

 Para abordar o tema proposto, o estudo será apresentado em seis capítulos 

distintos, conforme descrito abaixo: 

• Capítulo 1: “Green synthesis of silver nanoparticles combined to calcium 

glycerophosphate: antimicrobial and antibiofilm activities” (Artigo publicado 

no periódico Future Microbiology); 

• Capítulo 2: “Evaluation of silver nanoparticles associated or not to calcium 

glycerophosphate on fibroblast viability and cytokine production” (Artigo 

formatado nas normas do periódico Clinical Oral Investigations - 

www.springer.com/medicine/dentistry/journal/784?detailsPage=pltci_1060698); 

http://www.springer.com/medicine/dentistry/journal/784?detailsPage=pltci_1060698
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• Capítulo 3: “Antimicrobial activity of compounds containing silver 

nanoparticles and calcium glycerophosphate in combination with tyrosol” 

(Artigo formatado nas normas do periódico Journal of Applied Microbiology - 

onlinelibrary.wiley.com/page/journal/13652672/homepage/forauthors.html); 

• Capítulo 4: “Green silver nanoparticles combined with tyrosol as potential 

oral antimicrobial therapy” (Artigo formatado nas normas do periódico Journal 

of Applied Microbiology –

onlinelibrary.wiley.com/page/journal/13652672/homepage/forauthors.html); 

• Capítulo 5: “Green-synthesized silver nanoparticles are strong inhibitors of 

Candida albicans and Candida glabrata” (Artigo formatado nas normas do 

periódico Medical Micology –

academic.oup.com/mmy/pages/Manuscript_Preparation); 

• Capítulo 6: “Resposta transcriptômica de Candida glabrata após exposição às 

nanopartículas de prata sintetizadas por uma via ‘green’”. 
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‘Green’ synthesis of silver nanoparticles combined to calcium glycerophosphate: 

antimicrobial and antibiofilm activities 

 

Abstract 

Aim: To synthesize, characterize and evaluate the antimicrobial and antibiofilm activities 

of novel nanocomposites containing silver nanoparticles (AgNPs) associated or not to β-

calcium glycerophosphate (CaGP). Materials and Methods: These nanocomposites 

were produced through a ‘green’ route using extracts of different parts of pomegranate. 

Antimicrobial and antibiofilm properties against Candida albicans and Streptococcus 

mutans were determined by the minimum bactericidal/fungicidal concentration and 

biofilm density after treatments. Results: All extracts used were successful in producing 

AgNPs. Composites made with peel extracts showed the highest antimicrobial and 

antibiofilm activity against both microorganisms tested and performed similarly or even 

better than chlorhexidine. Conclusion: AgNPs associated or not to CaGP produced by a 

‘green’ process may be a promising novel antimicrobial agent against oral 

microorganisms. 

 

Keywords: ‘Green’ synthesis; Silver nanoparticles; Biofilm. 
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1. Introduction 

Biofilms are defined as microbial communities that can harbor multiple bacterial 

and fungal species [1] embedded in extracellular polymeric substances, and are associated 

to virtually any surface on the planet including hard and soft tissues of humans [2]. In the 

oral cavity, in particular, the accumulation of acidogenic biofilms on tooth surfaces causes 

the dissolution of the enamel, a process known as demineralization [3] which, if 

maintained for prolonged periods, may lead to development of dental caries.  

One of the main etiological agents in caries is Streptococcus mutans [4], a Gram-

positive, facultative anaerobic, coccus-shaped bacterium, which is able to ferment several 

sugars, including sucrose, glucose, dextrose and lactose, producing lactic acid [5]. 

Recently, however, studies have demonstrated a significant association between S. 

mutans and Candida albicans and early childhood caries [6,7]. C. albicans is a 

commensal fungal species commonly colonizing human mucosal surfaces and, as S. 

mutans, presents high acidogenic and cariogenic potentials [8]. In 97% of children with 

caries, C. albicans can be isolated from dental lesions [9]. In fact, many in vitro studies 

have shown that C. albicans can enhance the adherence of S. mutans indicating a possible 

mechanism of interaction between them [10]. 

 Controlling oral biofilm formation is not an easy task, but in recent years 

nanotherapeutics have been used with success by incorporating nanoparticles into several 

dental materials [11,12]. Silver nanoparticles (AgNPs) have gained importance in 

medicine, biology, physics and chemistry fields [13-15] due to antimicrobial effects 

against bacteria, fungi and viruses, and anti-inflammatory properties [16-19]. Sondi et al. 

(2004) demonstrated that AgNPs have excellent antibacterial activity against Escherichia 

coli [19]. In the presence of 105 CFU of E. coli, 10 µg cm-3 of AgNPs inhibited bacterial 

growth by 70%. In addition to this, SEM microscopy showed that the treated bacterial 

cells were significantly changed and presented major damage, which was characterized 

by the formation of “pits” in their cell walls. Moreover, Monteiro at al. (2011) showed 

that AgNPs ranging from 0.4 to 3.3 µg ml-1 exhibited fungicidal activity against C. 

albicans and C. glabrata [12].  

Despite the promising antimicrobial effects, most techniques used to synthetize 

these nanoparticles are expensive and may affect the environment, biological systems and 

human health, because they involve the use of toxic and hazardous chemicals [20]. As a 

solution, ‘green’ processes to synthetize AgNPs have been developed. This alternative 

utilizes biological systems, such as yeast, fungi, bacteria and plant extracts offering, thus, 
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a comparatively safer and eco-friendly approach in relation to the chemical methods, 

because no-toxic substances are used. The use of plant extracts is considered a popular 

technique due to many reasons that include vast and accessible reserves, large 

distribution, safe handling, availability of wide range of metabolites with strong reducing 

potentials and minimal waste and energy costs [20,21]. Extracts from plants, in particular, 

Punica granatum L. (pomegranate) have been widely used as reducing agents for Ag+ 

ions [22-24]. Pomegranate is characterized by high phenolic contents – punicalagin, 

punicalin, ellagitannins, gallic acid, ellagic acid and anthocyanins – that exhibit favorable 

properties against various inflammatory disorders [25]. It is believed that the polyphenols, 

including ellagic acid and gallic acid, are the elements responsible for the reduction of 

Ag+ ions and the stabilization of AgNP [26,27].        

 In addition to AgNPs, some calcium phosphate composites are being developed 

to prevent dental caries. These materials, which are similar to the mineral phase of hard 

tissues, can release calcium (Ca) and phosphate (P) ions to remineralize tooth lesions [28]. 

Several studies have demonstrated great results on enamel remineralization with 

polyphosphates [29-32]. Among these compounds, calcium glycerophosphate (CaGP), 

which is used medically as a source of Ca and P, has demonstrated anti-cariogenic 

properties [33,34]. 

 Because of the complexity of oral biofilms, and considering the caries 

development process we predicted that the association of AgNPs with CaGP may result 

in a promising novel biomaterial with strong antimicrobial activity and desirable 

remineralization properties. Thus, the aim of this study was to synthesize and characterize 

nanocomposites produced through a ‘green’ process using extracts of different parts of a 

Punica granatum associated to calcium glycerophosphate and evaluate their 

antimicrobial activity against planktonic cells and biofilms of S. mutans and C. albicans. 

 

2. Materials and methods 

2.1. Preparation of the extracts 

 Pomegranate samples were collected from a crop cultivated in Eixo (21º08’05.2’’ 

S, 51º06’06.5’’ W), Mirandópolis, São Paulo, Brazil, during May 2015. A specimen of 

the plant was kept in the Herbarium of the University of São Paulo, Ribeirão Preto, SP, 

Brazil. Extracts of the peels, leaves and seeds of pomegranate (Punica granatum L.) were 

produced. 
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 Pomegranate fruits and leaves of the plants were washed with deionized water 

several times to remove impurities. The fruits were manually peeled and the seeds 

separated. Peels, leaves and seeds were dried in an incubator at 50°C, and ground into 

powder form using a blender [35]. The powder was then filtered through a 42-mesh sieve 

to obtain a standardized particle size [36].  

 A maceration and percolation process was employed to prepare the extracts of the 

different pomegranate parts [37]. For this, 30 g of each powder were macerated in 70% 

ethanol solution at room temperature for approximately 1 hour, followed by percolation. 

The extracts obtained were concentrated in a rotary evaporator under reduced pressure 

and controlled temperature (40-60°C) [36]. After solvent evaporation, the soft extract was 

resolubilized to be used as the reducing agent to synthesize the nanocomposites. In order 

to evaluate the efficiency of the extraction process, chemical analyzes of the extracts were 

performed. 

 

2.2. Chemical analyzes of the extracts 

 Total phenolic concentration (TPC) in the extracts was measured using the Folin-

Denis method as described by Singleton et al. (1965) [38]. Briefly, the extracts (70-95 

mg) were diluted in deionized water (50 mL), homogenized and kept for 30 minutes in 

UV-bath. A volume of 0.5 mL of the samples was mixed with 2.5 mL of reagent of Folin-

Denis followed by addition of 5.0 mL of 29% sodium carbonate. The samples were kept 

at room temperature (25°C) for 30 minutes. The mixture was vortexed and absorbance 

read at 760 nm using a UV-Visible spectrophotometer (Thermo Scientific Technologies, 

Madison, Wisconsin). TPC was calculated using a gallic acid (Sigma-Aldrich, Germany) 

standard curve and expressed as milligram gallic acid equivalent per gram. 

 For ellagic acid content (EAC) quantification, the extracts were weighed, 

dissolved in methanol and properly homogenized using a vortex. The samples remained 

for 30 minutes in a UV bath and, after this, they were filtered. Quantification of EAC was 

conducted on a HPLC (Shimadzu apparatus equipped with a CBM controller, LC-20AT 

quaternary pump, a SPD-M 20A diode-array detector and auto sampler, Shimadzu LC 

solution software, version 1.21 SP1) using a 100 mm x 2.6 mm Shim pack ODS C18 

column [39,40]. The wavelength was set at 254 nm and separations were carried out at a 

column oven temperature of 25°C. The mobile phase used for ellagic acid consisted of 

methanol (A) and 2% acetic acid aqueous solution, at a flow rate adjusted to 1.0 mL min-

1. A gradient program was applied as follows: (0-7 min, 20-72.5% A; 7-7.5 min, 72.5-
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95% A; 7.5-8.5 min, 95% A; 8.5-9 min, 95-20% A; 9-10 min, 20% A). The concentrations 

of ellagic acid were obtained using calibration curves. All assays were carried out in 

triplicates. 

 

2.3. Synthesis and characterization of nanocomposites 

 Nanoparticles of β-calcium glycerophosphate (CaGP) were prepared at the 

Interdisciplinary Laboratory of Electrochemistry and Ceramics (Department of 

Chemistry, Federal University of São Carlos, São Carlos, SP, Brazil). Seventy grams of 

micrometric CaGP (80% β-isomer and 20% rac-α-isomer, CAS 58409-70-4, Sigma-

Aldrich Chemical Co, St Louis, Missouri, USA) were ball milled using 500 g of zirconia 

spheres (diameter of 2 mm) in 1 L of isopropanol (Merck KGaA, Darmstadt, Deutschland, 

Germany). After 24 h, the resulting powder was separated from the alcoholic media and 

ground in a mortar. Scanning electron microscopy (SEM) was used to image the resulting 

nanoparticles of CaGP.  

 The ‘green’ synthesis of silver nanoparticles and association with CaGP was 

conducted according to Gorup et al. (2011) [41] with some modifications. Initially, 0.042 

g of silver nitrate (AgNO3, Merck KGaA, Germany) were dissolved in 10 mL of deionized 

water heated to 90°C. Then, 0.25 g of CaGP and 0.5 mL of ammonium salt of 

polymethacrylic acid (NH-PM, Polysciences Inc., Warrington, Pensyvania, USA) were 

added followed, by 0.07 g of aqueous extracts of Punica granatum (peels, seeds or 

leaves). The reaction happened under constant agitation at 95°C for 10 minutes. The same 

process was repeated without the addition of CaGP to produce a control consisting of 

nanocomposites without CaGP. In total, six antimicrobial solutions were obtained: from 

peels extract: AgNP+CaGP (P1) and AgNP (P2), from leaves extract: AgNP+CaGP (L1) 

and AgNP (L2) and from seeds extract: AgNP+CaGP (S1) and AgNP (S2). During the 

study, all antimicrobial solutions were stored in dark bottles at 4°C.  

 The formation of the nanoparticles was confirmed by UV-Visible spectroscopy 

(spectrophotometer Shimadzu MultiSpec-1501, Shimadzu Corporation, Tokyo, Japan) 

and, later, by X-ray diffraction (XRD) (Difractometer Rigaku DMax-2000PC, Rigaku 

Corportation Tokyo, Japan). Scanning electron microscopy (SEM) on a Zeiss Supra 35VP 

microscope (S-360 microscope, Leo, Cambridge, Massachusetts, USA) was used in order 

to characterize the particles morphology. In addition, analyzes by Energy Dispersive X-

Ray Detector (EDX) with mapping in 2D were also performed. The images were 

reconstructed by evaluating the energy release from the emission of some chemicals: Si 
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Kα, O Kα, P Kα, Ag Lα1 and Ca Kα and assigning random colors to highlight silver (Ag), 

oxygen (O), silicon (Si), phosphate (P) and calcium (Ca). 

 In addition, the Ag+ content of the nanocompounds was determined using a 

specific electrode 9616 BNWP (Thermo Scientific, Beverly, MA, USA) connected to an 

ion analyzer (Orion 720 A+; Orion Research Inc.). The combined electrode was 

previously calibrated with standards containing 6.25 to 100 µg Ag+/mL and silver ionic 

strength adjuster solution (ISA, Cat. No. 940011) was used (1 mL of each 

sample/standard: 0.02 mL ISA). The results were expressed as µg Ag+/mL. 

 

2.4. Antimicrobial Activity 

2.4.1. Minimum Fungicidal Concentration (MFC) and Minimum Bactericidal 

Concentration (MBC)  

 Initially, the minimum fungicidal/bactericidal concentrations (MFC and MBC) 

were determined using the microdilution method according to the Clinical Laboratory 

Standards Institute (documents M27-A2 and M07-A9) [42,43] with modifications. Two 

reference strains from the American Type Culture Collection (ATCC, University 

Boulevard, Manassas, USA) were used: C. albicans (ATCC 10231) and S. mutans (ATCC 

25175). These microorganisms were subcultured on Sabouraud Dextrose Agar (SDA, 

Difco) aerobically and Mueller-Hinton (MH, Difco, Le Pont de Claix, France) at 5% of 

CO2, respectively, both for 24 h at 35°C. The concentrations of the suspensions were 

adjusted in 0.85% saline solution to a turbidity equivalent to 0.5 McFarland Standard (1 

x 106 for C. albicans UFC/mL and 1 x 108 for S. mutans UFC/mL). S. mutans was then 

diluted 20 times (5 x 106 UFC/mL) in MH supplemented with 5% of glucose while C. 

albicans was diluted 100 times (1 x 104 UFC/mL) in Roswell Park Memorial Institute 

medium (RPMI-1640, Sigma-Aldrich) to obtain the final inocula concentrations. 

 Plates were set up by adding a volume of 100 µL of each compound to the first 

column of 96 well microtiter plates (Costar, Tewksbury, MA, USA) containing 100 µL 

of RPMI for testing of C. albicans and 100 µL of MH with 5% glucose for testing of S. 

mutans. Sequentially, the compounds were serially diluted to a final concentration 

ranging from 1:2 to 1:512. Finally, 5 µL of C. albicans and 10 µL of S. mutans suspension 

were added to each well. The plates were incubated aerobically for 48 h for C. albicans 

and for 24 h in 5% CO2 for S. mutans both at 35°C. After the incubation period, the 

contents of the wells were plated on SDA (for C. albicans) and BHI agar (for S. mutans) 

to determine the minimum fungicidal and bactericidal concentrations (MFC and MBC). 
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Ellagic acid (≥96.0%, CAS 476-66-4, Sigma-Aldrich Chemical Co, St Louis, Missouri, 

USA) and Punicalagin (≥98.0%, CAS 65995-63-3, Sigma-Aldrich Chemical Co, St 

Louis, Missouri, USA) also were tested, since the pomegranate peel extract presents these 

compounds in its composition. Three independent MFC/MBC assays were conducted for 

each compound/microorganism combination. 

 

2.4.2. Biofilm killing 

 Twenty-four hour-old biofilms of C. albicans and S. mutans formed in 96-well 

polystyrene plates (Costar, Tewksbury, MA, USA) were challenged with the 

nanocomposites.  

For the obtainment of the biofilms, S. mutans ATCC 25175 was subcultured on 

Brain Heart Infusion Agar (BHI; Difco, Le Point de Claix, France) at 5% CO2, and C. 

albicans ATCC 10231 was subcultured on Sabouraud Dextrose Agar (SDA; Difco) both 

at 37°C for 24 h. Colonies were picked to inoculate 10 mL of BHI broth (Difco) for S. 

mutans and 10 mL of Sabouraud Dextrose Broth (SDB, Difco) medium for C. albicans. 

After incubation at 37°C for 18 h in the presence of 5% CO2 for S. mutans, cells were 

harvested by centrifugation (8,000 rpm, 5 min), washed twice in phosphate buffered 

saline (PBS; pH 7 0.1 M) and concentrations adjusted in artificial saliva medium (AS) 

[12]. For C. albicans, we used 1 x 107 cells/mL and for S. mutans 1 x 108 cells/mL. 

 For biofilm formation, a volume of 200 µL of cell suspensions was placed into 

each well and incubated at 37°C in a 5% CO2 atmosphere. After 24 h, the medium was 

aspirated and the wells washed with 200 µL of PBS to remove non-adherent cells before 

treatments. 

  To test killing, two antimicrobial solutions were chosen: P1 and P2. S. mutans 

biofilms were treated with 1,562.0, 781.0 and 312.4 mg Ag/L of the drug P1 which 

represents 10-fold, 5-fold and 2-fold the MBC’s value respectively. For drug P2, biofilms 

were treated with 781.0, 390.5, 156.2, 78.1, 39.0 and 19.5 mg Ag/L, corresponding to 10 

MBC, 5 MBC, 2 MBC, MBC, ½ MBC and ¼ MBC. Candida biofilms were treated with 

1,562.0 (P1) and 3,125.0 (P2) mg Ag/L which translates to ten-fold the MFC’s value. The 

antimicrobial solutions (P1 and P2) were diluted in AS medium to obtain the 

concentrations mentioned above. Positive and negative controls used were: chlorhexidine 

gluconate (CHG; Periogard, Colgate Palmolive Industrial Ltda, São Paulo, Brazil) at a 

concentration of 180 mg/L and AS medium, respectively. 
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After treatment for 24 h at 37°C in 5% CO2, the solutions were aspirated and 

biofilms washed once with PBS to remove planktonic cells. Afterwards, the wells 

containing biofilms and PBS were scraped using cell scraper. Resulting suspensions were, 

then, transferred to an eppendorf tubes (1.0 mL), vigorously vortexed for 1 min to 

disaggregate biofilm cells, serially diluted in PBS and plated on SDA and BHI agar. The 

plates were incubated at 37°C and after 24-48 h the total number of colony-forming units 

(CFUs) per unit area (log10 cm-2) of each well was quantified. 

All assays were performed independently and in triplicate. 

 

2.4.3. Statistical analysis 

 For statistical analysis, SigmaPlot 12.0 (Systat Software Inc., San Jose, CA, USA) 

was used, and the significance level was set at 5%. The content of ellagic acid and 

phenolic compounds at the pomegranate extracts and CFU data for C. albicans showed 

normal (Shapiro-Wilk test) and homogeneous (Cochran test) distributions, and, one-way 

ANOVA was performed, followed by the Student-Newman-Keuls test. CFU data for S. 

mutans did not pass the normality test, therefore the Kruskal-Wallis test was performed 

followed by the Student-Newman-Keuls test. 

 

3. Results 

3.1. Chemical characterization of the extracts 

 The concentrations of ellagic acid and phenolic compounds in the peels, leaves 

and seeds of pomegranate are presented in Table 1. The ellagic acid content in the peel 

extract was statistically higher than the values for the other extracts (p<0.001). However, 

the leaves extract presented the highest concentrations for phenolic compounds, when 

compared to the other extracts (p<0.001). The seeds extract presented the lowest values 

for both ellagic acid and phenolic compounds (p<0.001). 

 

3.2. Structural characterization of nanocomposites  

 Figures 1a and 1b show the diffractograms of the nanocomposites obtained by the 

‘green’ via. The typical powder XRD pattern of the prepared CaGP showed diffraction 

peaks at 2θ = 6.38°, 12.5°, 26.4°, 41.1° and 44.3° (Figure 1a) and the corresponding 

crystallographic form (PDF № 1-17) [44]. The typical powder XRD pattern of the silver 

nanoparticles showed (Figure 1b) diffraction peaks at 2θ = 38.3°, 44.5°, 64.7°, 77.6° and 

81.7°, which can be indexed to (111), (200), (220), (311) and (222) planes of pure silver 
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with face-centered cubic system (PDF № 04-0783). No alteration of the crystalline 

structure was observed in the nanocompounds when compared with the XRD patterns of 

CaGP and silver nanoparticles (PDF № 04-0783). 

 The nanocomposites produced in this study presented chocolate brown color 

indicating, thus, the formation of AgNPs. The reduction of silver ions by pomegranate 

extracts and formation of AgNPs was also confirmed by the presence of a plasmon band 

between 420 and 450 nm (UV-Vis) for all the nanocomposites (Figures 1c and 1d). 

 Figure 2A (a-f) shows SEM micrographs of the AgNPs produced with the 

different extracts. The NPs exhibited spherical shape and regular distribution with size of 

approximately 50 nm. In the nanocompounds P1, L1 e S1 the silver nanoparticles were 

decorating surface of the CaGP without a definite shape. Figure 2B shows the EDX 

images mapped in 2D of the compound P1 and set up by the analyzing the energy released 

from the issuance Si Kα, O Kα, P Kα, Ca Kα and Ag Kα, indicating the distribution of 

these elements on the demarcated area in the micrograph.    

 

3.3. Ag+ ions concentration  

 The results of the Ag+ ions concentration and are shown in Table 2. The 

nanocomposites P1, P2, S1 and S2 presented the smallest values of Ag+ ions when 

compared to the compounds L1 and L2.  

 

3.4. Antimicrobial Activity 

3.4.1. MFC and MBC 

 Table 3 presents the minimum fungicidal/bactericidal concentrations (MFC and 

MBC) of compounds against the microorganisms tested. C. albicans ATCC 10231 was 

more susceptible to the nanocomposites L1 and L2 while S mutans ATCC 25175 was 

more susceptible to the nanocomposites P1 and P2. In general, the CaGP-AgNPs 

presented lower MFC/MBC values than the solutions without the polyphosphate, with the 

exception of P1 for S. mutans and L1 for C. albicans. Ellagic acid and Punicalagin were 

not effective against C. albicans ATCC 10231 and S. mutans ATCC 25175.     

 

3.4.2. Biofilm killing 

 Figure 3 shows the results of the quantification of cultivable biofilm cells. 

Treatment of C. albicans ATCC 10231 biofilms with the nanocomposites associated or 

not to CaGP (P1 and P2) did not result in statistically significant reduction of CFUs 
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compared to the negative control (Figure 3B). However, for S. mutans ATCC 25175, 

treatments significantly killed biofilms in a concentration-depend manner (Figure 3A).  

There was no statistical difference between P1 at a concentration of 312.4 mg Ag/L in 

comparison to the positive control (CHG). Concentrations above 312.4 mg Ag/L were 

more effective than the CHG resulting in significant reduction of CFUs when compared 

to the NC (negative control) (p < 0.001). For the P2 concentrations below 156.2 mg Ag/L 

were similar to CHG while, concentrations equal or higher than 156.2 mg Ag/L 

significantly reduced the numbers of CFUs (p < 0.001) even more effectively than the 

PC. 

 

4. Discussion 

 In this study, we synthesized novel nanocomposites through a ‘green’ route with 

extracts of pomegranate (Punica granatum L). Pomegranate extracts have been used to 

obtain a series of metallic nanoparticles, such as silver and gold [22,23,26]. The synthesis 

of nanoparticles using a ‘green’ process is an alternative to traditional methods, with 

many advantages because it is an eco-friendly, clean, nontoxic and inexpensive method 

[14].  

 Plants have been used in the biosynthesis of nanoparticles as they have the 

capacity of producing a large variety of secondary metabolites with strong reducing 

potentials [20,45]. We utilized extracts of different parts of the pomegranate (peels, leaves 

and seeds) in order to obtain AgNPs since these extracts presented high concentrations of 

phenolic compounds, including ellagic acid and gallic acid, known for their antimicrobial 

properties [46]. These compounds are probably the elements responsible for the reduction 

of Ag+ ions and the stabilization of AgNP [26,27]. The addition of CaGP to produce 

AgNP-CaGPs did not interfere with the reduction process of the Ag+ ions. Sodagar et al. 

(2016) also synthesized a novel compound containing AgNPs and hydroxyapatite (HA) 

and similarly did not observe interference of the calcium compound in the production of 

the nanoparticles [47].          

 The first qualitative indication of nanoparticle synthesis is the color change of the 

reaction solution from yellow to brown due to surface plasmon vibration [48]. In our 

study, all nanocompounds had an immediate change in color, becoming chocolate brown. 

In addition, the quantification of Ag+ ions in the compounds solutions showed a reduced 

presence of Ag+ ions compared to the pre-synthesis mixture measurements indicating the 

conversion of Ag+ ions into nanoparticles. The reduction of Ag+ ions by pomegranate 
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extracts was also confirmed by the presence of a plasmon band (UV-Vis) between 420 

and 450 nm for all composites, evidencing the formation of AgNPs [48]. The antioxidant 

activity of pomegranate extracts might be responsible for the reduction of the Ag+ ions, 

since plant extracts contain phytochemicals (ellagic acid, gallic acid and punicalagin) and 

secondary metabolites [48] that lead to formation of H+ radicals, which reduce the size of 

silver to nanosize [22].   

 Calcium phosphate composites have been developed to release calcium and 

phosphate ions to remineralize tooth lesions because of their demonstrated anti-cariogenic 

properties [49-52,30,34]. In fact, Hannig et al. (2010) reported the successful 

remineralization of incipient enamel lesions with AgNPs combined with hydroxyapatite 

[53]. Therefore, one of the goals of this study was to combine the potential 

remineralization benefits of CaGP to the microbial killing effects of nanoparticles. The 

novel composites obtained through the ‘green’ route here presented possess antimicrobial 

activity against S. mutans and C. albicans. Some solutions, namely L1 and L2 were more 

effective against C. albicans, which can be explained by the higher concentration of Ag+ 

ions present in these compounds in comparison to the others where a greater conversion 

of Ag+ ions to nanoparticles was achieved.  Literature reports that ionic silver presents 

notable antimicrobial activity [54,55] despite the associated cytotoxicity [56,57].  

 Although the antimicrobial mode of action of nanoparticles is not completely 

understood it has been suggested that the interaction of silver with thiol groups of proteins 

on the cell wall increases the membrane permeability leading to pore formation and 

thereby causing bacterial death [58-61]. On the other hand, activity against S. mutans 

required a higher concentration of AgNPs in these compounds (L1 and L2). Probably, 

this fact is related with particle size. The compounds L1 and L2 presented larger particles 

in relation to the other compounds. The literature reveals that smaller particles penetrate 

more easily through cell membrane, interacting with intracellular materials and finally 

resulting in cell destruction in the process of multiplication [48]. Some authors also have 

reported that Gram-negative bacteria are more susceptible to AgNPs compared with 

Gram-positive bacteria [48], because Gram-positive bacteria possess a three-dimensional 

peptidoglycan layer of ~ 80 nm (10 times thicker than Gram-negative bacteria) [62-65]. 

 Microorganisms can form structured, coordinated and functional communities 

consisted of adherent cells (sessile cells) called biofilms that pose a major clinical concern 

due to antimicrobial tolerance. Many antimicrobial agents, who are effective against free 

living planktonic bacterial cells, are ineffective against the same species growing in a 
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biofilm state. This has motivated the scientific community to search for agents capable of 

eradicating these resistant bacterial phenotypes. The challenge is extended to developing 

formulations suitable for oral use and efficient not only against microorganisms causing 

dental caries and denture stomatitis [65] but also capable of preventing and reverting 

enamel demineralization. In this study, a model of biofilm formation on the wells of 

microtiter plates was used in order to evaluate the antimicrobial effects of selected AgNPs 

associated or not to CaGP against S. mutans and C. albicans preformed biofilms. The 

pomegranate was just utilized to produce AgNPs and the phenolic compounds present in 

the pomegranate (ellagic acid and punicalagin) were previously tested and did not present 

antimicrobial effect. The nanocomposites P1 and P2 were chosen to be tested against 

biofilms because presented low MFC (for C. albicans) and MCB (for S. mutans) values. 

These nanocomposites were effective against S. mutans 24-hour biofilms with results 

similar or even better than chlorhexidine, which is the gold standard in terms of oral 

antiseptics. Furthermore, our results indicated that there was a dose-dependent inhibitory 

effect both for P1 and P2. It can be also observed that the presence of calcium 

glycerophosphate reduced the effect of the nanoparticles. It might have occurred because 

AgNPs were decorating the surface of the glycerophosphate and, therefore, were are not 

completely available. However, a pilot study conducted by our research group showed 

that the concentration of 312.4 mg Ag/L (that reduced the CFU similarly to chlorhexidine) 

of the antimicrobial solution P1 was not toxic to odontoblastic cells [Botazzo Delbem 

AC, Barbosa DB Unpublished data]. One hypothesis to explain the effect of AgNPs 

against S. mutans is their interaction with the bacterial cell membrane. It induces 

formation of pores in the membrane, with consequent internalization of NPs, and then 

causes further damage to the cells due to their interaction with both intracellular proteins 

and DNA affecting the cell’s ability to replicate [67,68]. Another hypothesis of how the 

nanoparticles affects the cells is that they the release active silver ions that interact with 

proteins and receptors in the cell membranes [68].  

 AgNPs have shown efficacy against C. albicans [69,70], by disturbing the 

membrane and creating pores; provoking, thus, cellular apoptosis [71]. Interestingly, in 

our study, composites P1 and P2 were not effective against C. albicans preformed 

biofilms (Fig. 2). Biofilms are enclosed in a self-produced protective extracellular matrix 

which can hamper the penetration of the AgNPs. Lara et al. (2015) demonstrated that this 

matrix may contribute to the reduced susceptibility of preformed biofilms to AgNPs [71]. 

Another factor that can explain its resistance to NPs is the presence of persister cells. This 
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mechanism is observed in chronic infections [72] and, recently, has gathered special 

attention in fungal biofilms [73]. Persister cells are “dormant variants” of regular cells 

that form in microbial populations and are able to survive even in the presence of 

antibiotics well above the MIC [74,75]. Moreover, C. albicans presents a cell wall besides 

a cellular membrane. The cell wall is essential to nearly every aspect of the biology and 

pathogenicity of fungi, with pivotal functions in adhesion properties and morphogenetic 

conversions and it is composed mostly of glucans, chitin and mannoproteins [76]. These 

characteristics may hinder the effect of AgNPs. 

 

5. Conclusion   

Here we described the successful synthesis of novel AgNPs associate to CaGP 

using a ‘green’ process with pomegranate extracts. In conclusion, the compounds possess 

antimicrobial and antibiofilm activity against important microorganisms causing caries 

and candidiasis, and may be a promising novel biomaterial in dental applications. 

Additional studies are necessary to evaluate their effect against mixed biofilms, ability to 

remineralize enamel and cytotoxicity. 

 

6. Future perspective 

 This study shows that it is possible to obtain a promising novel biomaterial with 

strong antimicrobial activity (silver nanoparticles) and desirable remineralization 

properties (calcium phosphate – β-calcium glycerophosphate). Moreover, we utilized a 

‘green’ synthesis (different extracts of pomegranate were utilized) that is a comparatively 

safer and eco-friendly approach in relation to other techniques that involve the use of 

toxic and hazardous chemicals. Oral Bacteria and Candida species have been reported in 

many studies that are resistant to antimicrobial agents. Thus, studies with AgNPs 

synthesized through a ‘green’ via and oral clinical isolates are being planned by our 

research group. 
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8. Executive Summary 

• One of the main etiological agents in caries is Streptococcus mutans, a Gram-

positive, facultative anaerobic, coccus-shaped bacterium which is able to 

ferment several sugars, including sucrose, glucose, dextrose and lactose, 

producing lactic acid. 

• Recently, studies have demonstrated a significant association between S. 

mutans and Candida albicans and early childhood caries. 

• Controlling oral biofilm formation is not an easy task but in recent years, 

nanotherapeutics have been used with success by incorporating nanoparticles 

into several dental materials. 

• Because of the complexity of oral biofilms and the caries development process 

we believe that the association of silver nanoparticles (AgNPs) with β-calcium 

glycerophosphate (CaGP) can result in a promising novel biomaterial with 

strong antimicrobial activity and desirable remineralization properties. 

• Nanocomposites (AgNP-CaGP) were synthesized through a ‘green’ route with 

different extracts of pomegranate. 

• Compounds possess antimicrobial/antibiofilm activity against S. mutans and C. 

albicans. 

• Composites made with peel extracts showed similarly or even better than 

chlorhexidine. 

• The association AgNP-CaGP may be a promising biomaterial in dental 

applications. However, additional studies are necessary to evaluate their effect 

against mixed biofilms, ability to remineralize enamel and cytotoxicity. 
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Tables 

 

Table 1. Concentration of ellagic acid 

(mg/g) and phenolic compounds (mg GA/g) 

at the pomegranate extracts. 

Extracts Ellagic Acid Polyphenols 

Peels 4.2 ± 0.1a 158.6 ± 4.5b 

Leaves 2.4 ± 0.1b 286.5 ± 7.1a 

Seeds 1.3 ± 0.1c 6.2 ± 0.1c 

Distinct superscript lowercase letters indicate 

statistical significance in each column (Student-

Newman-Keuls test, p < 0.001). GA: gallic acid.  
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Table 2. Quantification of Ag+ ions in the 

nanocomposites synthesized by the “green” route. 

Extracts GROUP Composition µg Ag+/mL 

Peels 
P1 AgNP+CaGP 0.05 

P2 AgNP 0.11 

Seeds 
S1 AgNP+CaGP 0.08 

S2 AgNP 0.14 

Leaves 
L1 AgNP+CaGP 384.7 

L2 AgNP 286.8 
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Table 3. Minimum fungicidal concentration (MFC) and minimum bactericidal 

concentration (MBC) of the compounds against microorganisms tested. 

Extracts GROUP Composition 
MFC/MBC (mg/L) 

C. albicans S. mutans 

Peels 
P1 AgNP+CaGP 156.2 156.2 

P2 AgNP 312.5 78.1 

Seeds 
S1 AgNP+CaGP 312.5 156.2 

S2 AgNP >1,250.0 625.0 

Leaves 
L1 AgNP+CaGP 9.8 625.0 

L2 AgNP 4.9 1,250.0 

Ellagic Acid >14.5 >14.5 

Punicalagin >555.1 >555.1 
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Figures 

 

 
Figure 1: a) XRD pattern of the nanocomposites P1, S1 and L1 and CaGP; b) XRD pattern of the 

nanocomposites P2, S2 and L2; c) UV-Visible spectrum of the nanocomposites P1, S1, L1 and 

CaGP; d) UV-Visible spectrum of the nanocomposites P2, S2 and L2. 
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Figure 2: A) SEM micrographs of nanocompounds: a) P1; b) L1; c) S1; d) P2; e) L2 and f) S2. 

B) SEM and EDS mapping of the 2D elements issuance Si Kα, O Kα, Ca Kα, P Kα and Ag Kα 

false color. Analysis of the distribution of silver nanoparticles on the CaGP (P1 nanocompound); 

a) SEM image; b) chemical mapping of silicon element present in the substrate, where the electron 

beam was focused directly on the substrate and is showed in green color, and the dark regions the 

beam was focused in P1 nanocomposite; c-f) oxygen, calcium, phosphorus and silver, 

respectively, demonstrating they are constituents of the P1. 
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Figure 3. Mean values (±SD) of biofilm cells after treatment expressed as log10 CFU/cm2 for S. 

mutans (A) and C. albicans (B) single biofilms. NC = negative control (saliva); PC = 

Chlorhexidine gluconate (180 mg/L); P1 = AgNP+CaGP; P2 = AgNP. Different lowercase letters 

indicate significant difference among the treatments for S. mutans (p<0.05; Kruskall-Wallis test) 

and C. albicans biofilms (p<0.05; Student-Newman-Keuls test). 
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Evaluation of silver nanoparticles associated or not to calcium glycerophosphate on 

fibroblast viability and cytokine production 

 

Objectives: The aim of this study was to evaluate the effect of silver nanoparticles 

(AgNPs) associated or not to β-calcium glycerophosphate (CaGP) obtained through a 

phytochemical method on cell viability and production of Interleukine-6 (IL-6) and stem 

cell factor (SCF) by mouse fibroblast cell line (L929).  

Materials and methods: AgNPs associated or not to CaGP were synthesized using peel 

extract of a pomegranate (Punica granatum L.) with an average size of 35 nm. L929 was 

exposed to AgNPs-CaGP (C1) and AgNPs (C2), and 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide and enzyme-linked immunosorbent assays were performed 

after 24, 48 and 72 hours. Culture medium was used as the control. The results were 

statistically analyzed by ANOVA and Bonferroni correction (p < 0.05).  

Results: Antimicrobial solutions (C1 and C2) were not cytotoxic to L929 for all periods 

analyzed even in higher concentrations (C1 nanocomposite). There was an increase in the 

cell proliferation when the cells were exposed to C1 and C2 nanocomposites after 24 h in 

relation to control (p < 0.001). C1 was able to stimulate the release of IL-6 after 24 and 

48 hours of treatment (p < 0.001). And, the nanocompounds (C1 and C2) significantly 

increased SCF levels after 72 h (p < 0.001).  

Conclusions: In conclusion, our results showed that AgNPs associated or not to CaGP 

were not toxic to fibroblast cells (L929) at the evaluated concentrations. Furthermore, C1 

and C2 nanocomposites increased the SCF production and did not promote significant 

alterations in the release of IL-6 after 72 h of treatment. 

Clinical Relevance: AgNPs associated or not to CaGP might favor an appropriate 

inflammatory response as well as tissue repair. 

 

Keywords: Silver nanoparticles; Punica granatum; Toxicity; Inflammation. 
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Introduction 

 Nanotechnology in Dentistry has gained significant attention in recent years. 

Nanoparticles are a class of materials with size range between 1 and 100 nm possessing 

different physicochemical properties since they exhibit a higher surface area to volume 

ratio, which makes them potentially more reactive [1,2]. Within this context, the 

incorporation of silver nanoparticles (AgNPs) in different dental materials such as dental 

adhesives [3,4], dental implants [5,6], aesthetic restorative materials [7] and denture bases 

[8] has improved their antimicrobial characteristics. AgNPs have demonstrated a very 

high antimicrobial effect against various microorganisms, such as Streptococcus mutans, 

Lactobacillus acidophilus, Fusobacterium nucleatum, P gingivalis, Candida albicans, 

Candida glabrata, etc [9-12]. Moreover, they can act synergistically with several types 

of antibiotics and antifungals [13]. 

Various methods have been devised for the synthesis of AgNPs. Among all the 

examined approaches, phytochemical synthesis received much attention, in particular, the 

use of plant extracts, because provides single step technique, economical protocol, non-

pathogenic, and eco-friendly for NPs synthesis [14-15]. Plant extracts contain a variety 

of natural products (ellagic acid, punicalagin) known as polyphenols that possess strongly 

reducing properties [16-18]. For instance, extracts of different fruits rich in polyphenols 

as pomegranate (Punica granatum L.) have been successfully tested for the preparation 

of the AgNPs with proven antimicrobial activity [19-23]. Devanesan et al. [19] produced 

AgNPs using pomegranate peel extract with a size range of 20-40 nm; the authors 

observed an antibacterial activity against both Gram-positive and Gram-negative bacteria, 

even at low concentrations of AgNPs. 

Recently, Souza et al. [24] developed a novel formulation containing in its 

composition AgNPs associated or not to β-calcium glycerophosphate (CaGP) obtained 

through a phytochemical method using peel extract of pomegranate as reducing agent. 

These novel formulations presented an antimicrobial effect against Streptococcus mutans 

and Candida albicans, important oral pathogens related to the dental caries and oral 

candidiasis. The authors believe that these nanomaterials can be used to combat dental 

caries due to proven antimicrobial activity of the AgNPs and release calcium and 

phosphate ions to the oral environment supported by the CaGP. Furthermore, these 

AgNPs also can be used in oral candidiasis that is frequently observed in immune 

suppressed patients and denture wearers [25]. 
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 ‘Green’ AgNPs are usually less cytotoxic when compared to those reduced by 

conventional chemical agents [26]. Studies have shown that AgNPs produced with 

Protium serratum and Nyctanthes arbortristis extracts were biocompatible when tested 

in L929 fibroblasts [27,28]. Despite the good results obtained by Souza et al. [24] against 

important oral pathogens, there are few studies in the literature evaluating the cytotoxic 

effect of these formulations (AgNPs-CaGP and AgNPs) on mammalian cells [20]. 

Therefore, the aim of the present study was to investigate the effect of the silver 

nanoparticles (AgNPs) synthesized with peel extract of a pomegranate associated or not 

to β-calcium glycerophosphate (CaGP) on a mouse fibroblast cell line (L929) by 

evaluating the cytotoxicity and the production of interleukin-6 (IL-6) and stem cell factor 

(SCF). 

 

Materials and Methods 

Synthesis and Characterization of Antimicrobial solutions 

 The protocol described by Souza et al. [24] was used to produce silver 

nanoparticles (AgNPs) associated or not to β-calcium glycerophosphate (CaGP, 80% β-

isomer and 20% rac-α-isomer, CAS 58409-70-4, Sigma-Aldrich Chemical Co, St Louis, 

Missouri, USA). Briefly, CaGP was nanoparticulated using a ball mill for 24 hours at 120 

rpm, as described by Danelon et al. [29]. For the synthesis of the antimicrobial solutions, 

0.42 g of silver nitrate (AgNO3, Merck KGaA) was dissolved in 100 mL of deionized 

water and heated to 90° C. Next, 2.5 g of CaGP, 0.5 mL of NH-PM and 0.7 g of aqueous 

extracts of peels of Punica granatum L. were added to the flask. The reaction occurred 

under constant agitation at 95° C, for 10 minutes. The same process was performed in 

order to obtain AgNPs without CaGP. During the study, all drugs were stored at dark 

bottles to 4°C. Thus, two antimicrobial solutions were obtained: AgNPs-CaGP (C1) and 

AgNPs (C2). 

 The size and morphology of the nanocompounds were investigated by 

transmission electron microscopy (TEM) using HRTEM TECNAI F 20 Microscope 

operating at 200 κV. The samples were dispersed in isopropanol and deposited onto a 

carbon coated grid. The 2-D images were constructed by analyzing the Si Kα, P Kα, Ag 

Lα1 and Ca Kα energy emissions through Energy Dispersive Spectroscopy (EDS). 

 

Cell Culture 
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 Mouse fibroblast cell line (passage 3) L929 was cultured in Dulbecco modified 

Eagle medium (DMEM) supplemented with 10% fetal bovine serum, streptomycin (50 

g/mL), and 1% antibiotic/antimycotic cocktail (i.e., 300 U/mL penicillin, 5 µg/mL 

amphotericin B, and L-glutamine 0.3 g/L). All of them were purchased from GIBCO BRL 

(Gaithersburg, MD). Cells were maintained under standard cell culture conditions at 37º 

C in a humidified atmosphere of 95% air and 5% CO2. 

 

In Vitro Cytotoxicity Protocol 

 Cytotoxicity assessment was performed using 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) assay; briefly, fibroblasts from cell line L929 were 

seeded into 24-well plates (105 cells/mL of medium per well). Afterward, the cells were 

incubated at 37º C in a humidified air atmosphere of 5% CO2 for 24 hours. The exposure 

of the cells to antimicrobial solutions (C1 or C2) was initiated at ~100% of cell 

confluence, and the assay was done in DMEM. Concentrations of each compound used 

in this study were: C1 – 312.50; 156.25 and 78.12 µg/mL; C2 – 39.06; 19.53 and 9.76 

µg/mL. Tween 20 (Sigma-Aldrich, St Louis, MO) and culture medium were used as 

controls. The exposure of cell cultures to both C1 and C2 was stopped after 24, 48 and 72 

hours. Viable cells were stained with formazan dye (3-[4,5-dimethylthiazol-2-yl]-2,5-

diphenyltetrazolium bromide [MTT]) (Sigma-Aldrich). Previously, MTT was dissolved 

in phosphate buffered saline at 5 mg/mL and, after the times of cell exposure to 

antimicrobial solutions, stock MTT solution (200 µL) was added directly to the cell 

culture in 24-well plates and incubated at 37º C for 4 hours. The MTT solution was then 

discarded, and 200 µL isopropyl alcohol was added to each well of the 24-well plates and 

mixed for 30 minutes to dissolve the dark blue crystals. The blue solution was then 

transferred to a 96-well plate only to measure the optical density (OD) with a microplate 

reader (Spectra Max 190; Molecular Devices, Sunnyvale, CA) at 570 nm wavelength. All 

laboratory assays were performed in triplicate. The relative cell viability (%) related to 

control (cell culture medium devoid of C1 and C2) was calculated by OD test/OD control 

x 100, where OD test is the optical density of the test samples and OD control is the 

optical density of the control samples. 

 

Determination of IL-6 and SCF by Enzyme-linked Immunosorbent Assay 

 The production of IL-6 and SCF from cell line L929 was analyzed in the cell-free 

supernatants of cell culture exposure to C1 and C2 in the evaluated concentrations after 



                                                                                                       Capítulo 2 
 

73 
 

24, 48 and 72 hours using the enzyme-linked immunosorbent assay (ELISA). Culture 

medium was used as the control. Previously, fibroblasts from cell line L929 were seeded 

into 24-well plates at 105 cells/mL of medium per well. After that, the cells were incubated 

at 37º C in a humidified air atmosphere of 5% CO2 for 24 hours until ~100% of cell 

confluence. The exposure of cells to antimicrobial solutions was achieved in DMEM, and 

the laboratory assays were performed in triplicate. Cytokines (IL-6 and SCF) were 

quantified according to the manufacturer’s ELISA protocol. The optical density (OD) was 

measured with a microplate reader (Spectra Max 190; Molecular Devices, Sunnyvale, 

CA) at 450 nm wavelength. 

 

Statistical Analysis 

 For statistical analysis, the GraphPad Prism 7.0 (GraphPad Software, CA, USA) 

program was used, and the significance level was set at 5%. Data were analyzed 

statistically by analysis of variance (ANOVA) followed by the Bonferroni correction. 

 

Results 

Synthesis and Characterization of the nanocompounds 

 Figures 1 shows the diffractograms of the nanocomposites C1 and C2 obtained by 

the ‘green’ via. No alteration of the crystalline structure was observed in the 

nanocompounds when compared with the XRD patterns of CaGP (PDF № 1-17) [30] and 

AgNPs (PDF № 04-0783). 

 TEM shows images of the C1 and C2 nanocompounds (Figure 2A). In relation to 

C1 nanocomposite, AgNPs (gray shades) are dispersed and decorating the surface of the 

CaGP at micrometric size (white shades) (Figure 2A(a)). The 2D images were constructed 

by analyzing the energy released from the Ag Lα1, Ca Kα and P Kα emissions, indicating 

the uniform distribution of these elements in the demarcated area in the micrograph 

(Figure 2B). Figure 2A(b) shows different forms and sizes of AgNPs without CaGP (C2 

nanocomposite). 

 

In Vitro Cytotoxicity 

 The MTT assay was used to measure the cytotoxicity of both C1 and C2 

nanocompounds to cell line L929 after exposure for 24, 48 and 72 h. As observed in the 

Figure 3A, antimicrobial solutions were not toxic to L929 for all periods analyzed even 

in higher concentrations (C1 nanocomposite). 
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 Interestingly, it was observed that the cell exposure to C1 and C2 in all tested 

concentrations for 24 h significantly increased the cell proliferation compared with the 

control (p < 0.001) (Fig. 3A). However, after 48 and 72 h, there was a reduction in the 

cell proliferation, but the viability was similar to control (Fig. 3A). 

 

Determination of IL-6 and SCF by ELISA 

 Cell line L929 was exposed to different concentrations of the nanocomposites (C1 

and C2) for 24, 48 and 72 h. IL-6 and SCF production was constitutively detected in the 

cell supernatants as shown in Figure 3 (B and C). For C1 (AgNPs-CaGP), ELISA analysis 

of cell-free supernatants showed significant increase in levels of IL-6 after 24 h in the 

concentrations of 312.50 and 156.25 µg/mL, and after 48 h in the concentration of 156.25 

µg/mL compared with the control (p < 0.001). After 72 h, IL-6 levels were similar to 

control group (Fig. 3B). For C2 (AgNPs) nanocomposite in the concentrations tested, 

significant alterations in the IL-6 levels at different times evaluated were not observed 

when compared to control group. 

 The SCF levels were significantly increased in the concentration of 78.12 µg/mL 

for C1 and in all concentrations for C2 after 72 hours compared with the control group (p 

< 0.001) (Fig. 3C).  

 

Discussion 

 The purpose of the present study was to evaluate the potential toxicity and the 

effect of AgNPs associated or not to CaGP (C1 and C2) obtained by a phytochemical 

synthesis (using aqueous peel extract of a pomegranate) in an in vitro mouse fibroblast 

cell line (L929). The research hypothesis that C1 (AgNPs-CaGP) and C2 (AgNPs) 

nanocomposites do not cause toxic effects on fibroblasts cells was accepted because these 

compounds at the tested concentrations did not decrease mitochondrial function in 

fibroblasts. Interestingly, high concentrations of C1 (312.50 and 156.25 µg/mL) were not 

harmful to fibroblasts cells; it might have occurred because CaGP, a polyphosphate with 

proven anticariogenic activity [31-34], may have favored the interaction of the AgNPs 

with the cells. These results are very important because Souza et al. [24] showed that this 

nanocompound (AgNPs-CaGP) was effective against S. mutans in planktonic and biofilm 

states in these same concentrations. Thus, our results of viability suggest that it is possible 

incorporate this biocompatible novel combination (AgNPs-CaGP) in materials of medical 

and dental use. In relation to C2 (AgNPs) antimicrobial solution, the concentrations 
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evaluated were different of the analysed to the C1 nanocomposite, becuase, in previous 

studies carried out by our group, higher concentrations were cytotoxic (data not 

published). Fernandes et al. [20] also showed that a dosage of 100 µg/mL of AgNPs 

obtained by the same synthesis process with minor changes reduced approximately 40% 

the viability of fibroblastic cells (L929). 

Several works have demonstrated that AgNPs produced by a ‘green’ via are 

considered less toxic in comparison with other synthesis methods. For instance, Mohanta 

et al. [27] and Gogoi et al. [28] showed that AgNPs synthesized with extracts of Protium 

serratum and Nyctanthes arbortristis, respectively, were not toxic to L929 cell line. Some 

compounds present in the composition of the extracts may react with AgNPs [35], making 

them less toxic to human cells.  In addition to this, other authors also observed that AgNPs 

obtained by a chemical via at a concentration of 6.25 µg/mL reduced drastically the 

percentage of viable cells [20]. This fact reinforces the idea ‘green’ AgNPs are less 

cytotoxic when compared to those reduced by conventional chemical agents.  

In the present study, increased cell proliferation was observed after treatments 

with C1 and C2 in all tested concentrations at 24 h. This effect was also observed by 

Takamiya et al. [36] after treatment with AgNPs synthesized with ammonia or 

polyvinylpyrrolidone in lower concentrations at 6 hours. One possible reason that may 

explain this result is the reduced uptake of particles in this period [37]. After 24 h, there 

was a reduction in the cell proliferation; however, the viability did not differ from the 

control group at the evaluated different times. 

 The release of proinflammatory cytokines, such as IL-6 by fibroblasts mediating 

inflammatory and immunologic responses after exposure to AgNPs has been reported 

[36,38]. We have analyzed the release of this cytokine by L929 after exposure to both C1 

and C2 nanocomposites. The results showed that cell exposure to different concentrations 

of C2 (AgNPs) did not cause a significant release of IL-6 for all periods analyzed. On the 

other hand, high concentrations (312.50 and 156.25 µg/mL) of C1 (AgNPs-CaGP) led an 

increase in the release of this cytokine at the initial periods. Previous report also indicated 

alterations in the levels of IL-6 when other cell lines were treated with AgNPs [38,39]. 

This increase in the release of IL-6 might be related with the concentrations of the 

nanocomposites evaluated. Asharani et al. [40] reported a significant increase in IL-6 

levels at 400 µg/mLof silver nanoparticles. However, it is important emphasize that in the 

present study the IL-6 levels were restored to normal after 72 hours. Taken together these 

findings are interesting since that the increase in IL-6 levels only at initial periods might 
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favor an inflammatory response and subsequently allowing repair with reduction in this 

cytokine. 

 Concerning the SCF, it was observed that C1 (78.12 µg/mL) and C2 (all 

concentrations) after 72 hours of treatment were able to induce significant SCF release. 

SCF has been reported to contribute to the inflammatory response by inducing dental pulp 

and gingival fibroblast proliferation [41]. It is possible that the increase of SCF production 

observed in our study at 72 h assists in the attenuation of the initial inflammatory 

response, contributing to tissue repair [36]. 

 In conclusion, our results showed that AgNPs obtained by a phytochemical 

process, associated or not to CaGP, were not toxic to fibroblast cells (L929) at the 

evaluated concentrations. Furthermore, C1 and C2 nanocomposites increased the SCF 

production and did not promote significant alterations in the release of IL-6 after 72 h of 

treatment. Thus, these particles are a potent therapeutic agent against oral diseases (dental 

caries and oral candidiasis) since present antimicrobial activity and might favor an 

appropriate inflammatory response as well as tissue repair. Nevertheless, new in vitro 

studies with other cell lines and in vivo studies must be performed in order to ensure their 

safe use in the clinic. 
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Figures 

 

 
Figure 1. X-ray diffraction (XRD) of the nanocomposites: C1 (AgNPs-CaGP) and C2 (AgNPs). 
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Figure 2. A) Images of transmission electron microscopy (TEM) of the nanocompounds: a) C1 

(AgNPs-CaGP) and b) C2 (AgNPs). B) TEM and EDS mapping of the 2D elements issuance Ca 

Kα, P Kα and Ag Kα false color. Analysis of the distribution of silver nanoparticles on the CaGP 

(C1 nanocompound); a) TEM image; b-d) silver, calcium and phosphorus, respectively, 

demonstrating they are constituents of the C1. 
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Figure 3. (A) Cytotoxicity of C1 (AgNPs-CaGP) and C2 (AgNPs) to fibroblasts (L929) after 24, 48, and 72 hours of treatment expressed as a percentage. 

The mean levels of proinflammatory cytokine (B) IL-6 and (C) SCF production by fibroblasts (L929) in the presence of different concentrations of C1 

and C2 after 24, 48, and 72 hours expressed as pg/mL. Error bars indicate the standard deviations of the means. *, ** and ***Significant increase (p < 

0.001) compared with the control group using ANOVA with the Bonferroni correction.
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Abstract 

Aim: This study assessed the effect of two compounds containing silver nanoparticles 

(AgNPs) and β-calcium glycerophosphate (CaGP), associated or not to tyrosol (TYR), 

against planktonic cells and biofilms of Candida albicans and Streptococcus mutans. 

Methods and Results: The nanocompounds were synthesized by chemical and ‘green’ 

processes and characterized by scanining electron microscopy (SEM). The minimum and 

fractional inhibitory concentrations of each compound were determined for planktonic 

cells.  Next, 24-h single biofilms of C. albicans and S. mutans were treated during 24 h 

with the nanocompounds alone or in combination with TYR, and the antibiofilm effect 

was assessed by enumeration of colony forming units. Biofilm data were statistically 

examined by one-way ANOVA and Kruskall-Wallis test (α=0.05). The nanocompound 

chemically synthesized in combination with TYR showed synergistic effect against 

planktonic cells of C. albicans and S. mutans. For the nanocompound obtained by ‘green’ 

route associated with TYR, a synergistic effect was observed only against C. albicans. 

For biofilms, only the combination obtained by ‘green’ route + TYR showed synergistic 

effect against C. albicans.  

Conclusion: The combination of AgNPs/CaGP nanocompounds + TYR showed 

synergistic inhibitory effect against the microrganisms tested.  

Significance and Impact of the Study: These findings may represent new antimicrobial 

strategies against bacterial and fungal oral infections, such as, denture stomatitis and 

dental caries.  

 

Keywords: Antimicrobials; Quorum sensing; Biofilms; Fungi; Streptococci. 
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Introduction 

Streptococcus mutans is highly prevalent in dental biofilms and is considered the 

main etiologic agent in the development of dental caries in children and adults (Krzyściak 

et al. 2014; Shimada et al. 2015). The acidogenic properties, resistance to acidic 

environments and the capacity to synthesize extracellular polysaccharides are the major 

virulence factors of S. mutans that contribute to enamel surface colonization and the 

development of pathogenic biofilms (Gregoire et al. 2011; Koo et al. 2013; Struzycka 

2014). The progression of established dental caries lesions can also include other 

microorganisms such as Candida species, particularly Candida albicans (Takahashi and 

Nyvad 2011; Falsetta et al. 2014). A preponderance of C. albicans in dentine caries 

lesions of children has been found, with frequencies ranging from 66 to 97% 

(Ghasempour et al. 2011; Fragkou et al. 2016). 

In order to control infectious oral diseases, new strategies have focused on the 

prevention of biofilm formation (Miranda et al. 2012; Bruniera et al. 2014; Arias et al. 

2016; Fernandes et al. 2016). Among the therapeutic approaches that have been studied, 

the use of silver can be highlighted (Rizzello and Pompa 2014), mainly in the form of 

nanoparticles, which have higher ratio of surface area per volume and reactivity than 

microparticles. In this sense, silver nanoparticles (AgNPs) have been incorporated to 

different dental materials, including adhesives (Melo et al. 2013), implants (Godoy-

Gallardo et al. 2015) and polymers (Nuñez-Anita et al. 2014), to promote caries 

arrestment (Santos et al. 2014), to prevent biofilm formation (Jia et al. 2016) and for 

osteogenic induction (Tian et al. 2016). Different approaches using chemical or ‘green’ 

processes have been employed to obtain AgNPs. The ‘green’ synthesis of metal 

nanoparticles has been proposed as a cost-effective and environmental friendly alternative 

and to reduce the chemical toxicity provided by agents used in the reaction (Tippayawat 

et al. 2016). Punica granatum L., or pomegranate, has been used for AgNPs synthesis 

because it is a relatively non-toxic plant known for its antioxidant properties due to the 

presence of polyphenols (ellagic acid, gallic acid and punicalagin), which are present in 

the fruit peels (Manasathien et al. 2012).   

Over recent years, organic or inorganic polyphosphates have been incorporated 

into dentifrices (Dalpasquale et al. 2017; Danelon et al. 2017), fluoridated gels 

(Conceição et al. 2015) and vernishes (Manarelli et al. 2017), and composite resins 

(Tiveron et al. 2015) in order to improve their anticaries and anti-erosive properties. 

Calcium glycerophosphate (CaGP) is an organic polyphosphate capable of adsorbing to 
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enamel surfaces (McGaughey and Stowell 1977; Anbar et al. 1979), leading to release of 

calcium (Ca) ions, which act on the remineralization process. Nanocomposites containing 

AgNPs and CaGP have been developed and shown antimicrobial and remineralizing 

effects, attributed to AgNP and CaGP, respectively (Fernandes et al. 2018; Souza et al. 

2018). However, there is a concern regarding the use of AgNP, since a concentration-

dependent toxicity has been documented (Takamiya et al. 2016). Thus, the combined use 

of these nanocomposites (AgNP-CaGP) with other compounds at low concentrations 

could increase the antimicrobial efficacy and reduce the side effects of these agents 

(Monteiro et al. 2013; Shanmughapriya et al. 2014).  

Due to the increased resistance of fungal biofilms to conventional drugs, Quorum-

Sensing (QS) molecules have been tested as alternative antifungals (Albuquerque and 

Casadevall 2012; Monteiro et al. 2015). In this regard, the QS molecule Tyrosol (2- [4-

hydroxyphenyl] ethanol) (TYR) showed antibiofilm properties against Candida species 

and S. mutans in single and mixed cultures (Arias et al. 2016). Moreover, when TYR at 

80 µM was associated with 4 mg/L amphotericin B, a synergistic effect on Candida 

biofilm formation was observed (Shanmughapriya et al. 2014).  

Considering all above-mentioned aspects, the aim of this study was to evaluate 

the antimicrobial effect of AgNP/CaGP-containing solutions combined with TYR against 

planktonic cells and biofilms of C. albicans and S. mutans. 

 

Materials and methods 

Synthesis of test solutions 

Two AgNPs/CaGP-containing solutions were synthesized using chemical and 

‘green’ processes. For both syntheses, β-calcium glycerophosphate (CaGP, 80% β-isomer 

and 20% rac-α-isomer, CAS 58409-70-4, Sigma-Aldrich Chemical Co, St Louis, 

Missouri, USA) was nanoparticulated using a ball mill for 24 hours at 120 rpm, as 

described by Danelon et al. (2017).  

For the chemical process (compound C), sodium citrate (Na3C6H5O7, Merck 

KGaA, Germany) was used as reducing agent of silver nitrate (AgNO3, Merck KGaA), 

and the stoichiometric ratio between these compounds was 3:1, respectively. This 

chemical route was based on the protocols proposed by Turkevich et al. (1951) and Gorup 

et al. (2011), with some modifications. Briefly, in a flask containing 100 mL of deionized 

water, 5 g of CaGP were added, followed by 0.5 mL of ammonium salt of polymethacrylic 

acid (NH-PM, Polysciences Inc., Warrington, Pensyvania, USA) and 1.4 g of Na3C6H5O7. 
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This mixture was heated and kept under magnetic stirring. After reaching 95° C, 0.85 g 

of AgNO3 was added, and the suspension was stirred for an additional 30 minutes until 

the color of the solution changed for brown, which qualitatively indicated the formation 

of AgNPs (Patil and Kim 2017). The solution was then dried overnight at 70° C.  

For the ‘green’ via (compound G), 0.42 g of AgNO3 was dissolved in 100 mL of 

deionized water and heated to 90° C. Next, 2.5 g of CaGP, 0.5 mL of NH-PM and 0.7 g 

of aqueous extracts of peels of Punica granatum L. were added to the flask. The reaction 

occurred under constant agitation at 95° C, during 10 minutes. For both routes, the amount 

of silver was equivalent to 10% of the CaGP weight (Fernandes et al. 2018; Souza et al. 

2018).  

Following, TYR (Sigma-Aldrich, CAS 501-94-0) was directly diluted with the 

nanocompounds (C and G) in deionized water, for the minimum inhibitory concentration 

test, and in artificial saliva (AS) (Lamfon et al. 2003), for the biofilm experiments. 

In order to observe the particles morphology of the nanocompounds, a drop of 

each sample was placed on a silicon substrate, dried at 40° C for 12 hours, and 

characterized by scanning electron microscopy (SEM) using a Zeiss Supra 35VP 

microscope with field emission gun electron effect (FEG-SEM) operating at 10 eV, with 

magnification from 20000x to 60000x. These nanocompounds were previously 

characterized using UV-visible spectrum, x-ray diffraction and scanning electron 

microscopy followed by energy-dispersive x-ray spectroscopy with mapping in 2D as 

described by Fernandes et al. (2018) and Souza et al. (2018). 

 

Antimicrobial activity 

Minimum inhibitory concentration (MIC) 

TYR and both nanocompounds (C and G) were tested alone or in combination 

(C+TYR and G+TYR). The minimum inhibitory concentration (MIC) assay against S. 

mutans ATCC 25175 and C. albicans ATCC 10231 was performed using the broth 

microdilution method, as previously reported (Arias et al. 2016). First, C, G, TYR, 

C+TYR and G+TYR were serially diluted (2 to 1024 times) in deionized water. Each 

concentration obtained previously was diluted (1:5) in RPMI 1640 medium (Sigma-

Aldrich) or BHI broth (Difco, Le Pont de Claix, France), respectively for C. albicans and 

S. mutans. Inocula of both strains were adjusted to a turbidity equivalent to 0.5 McFarland 

standard in 0.85% saline solution. These microbial suspensions were diluted in saline 

solution and, posteriorly, in RPMI 1640 or BHI broth. Next, a volume of 100 µl of each 
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microbial suspension was added to the wells of 96-well plates (Costar, Tewksbury, USA) 

containing 100 µl of each specific concentration of compounds. The final drug 

concentrations were in the range of 1.56-1600 µg/mL for nanocompound C, 1.2-624.8 

µg/mL for nanocompound G, and 5.35-2,763.2 µg/mL for TYR. The microtiter plates 

were aerobically incubated at 37° C during 48 h for C. albicans, while for S. mutans the 

plates were incubated in 5 % CO2 for 24 h. MICs were determined by measuring the 

optical density at 570 nm. The background optical density was subtracted from that of 

each well.  

MIC values were used to calculate the fractional inhibitory concentration index 

(FICI), which is defined as the sum of the ratio of the MIC of a compound used in 

combination by the MIC of the compound tested alone. FICI values ≤0.5 indicate 

synergism; between 0.5–4.0, no interaction; >4.0, antagonism (Wei and Bobek 2004; 

Monteiro et al. 2017). MIC and FICI were conducted in triplicate on three different 

occasions. 

 

Biofilm killing 

C. albicans ATCC 10231 and S. mutans ATCC 25175 were cultivated at 37° C on 

SDA (in aerobiose) and BHI agar (in 5% CO2), respectively. After, Candida cells were 

grown in Sabouraud Dextrose Broth (SDB; Difco) medium during 20 h at 37° C (120 

rpm), while S. mutans was inoculated in BHI broth (Difco) and statically incubated at 37° 

C for 18 h in 5% CO2. Following, the fungal and bacterial cells were harvested by 

centrifugation (8,000 rpm, 5 min) and washed twice in phosphate-buffered saline (PBS, 

pH 7, 0.1 M). S. mutans cells were spectrophotometrically adjusted to 1 × 108 cells/mL 

in AS, while the number of C. albicans cells was adjusted to 1 × 107 cells/mL using a 

Neubauer chamber.  

Based on the MIC results obtained, only the associations that presented synergism 

were tested against biofilms. Mono-species biolfims of C. albicans and S. mutans were 

developed during 24 h (37° C) in 96-well microtiter plates containing 0.2 mL of C. 

albicans cell suspension (1 × 107 cells/mL) or 0.2 mL of S. mutans (1 × 108 cells/mL), 

both prepared in AS. Afterwards, the biofilm-containing wells were washed with 0.2 mL 

of PBS to remove the nonadherent cells, and 0.2 mL of the drug association C+TYR 

(20×MIC for C. albicans and 10×MIC for S. mutans) and G+TYR (20×MIC for C. 

albicans) was  added to the wells. All plates were re-incubated at 37° C for 24 h. 
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Compounds alone (C, G and TYR) were also evaluated, and AS was added to the wells 

designated as negative controls.  

After the treatment period, the resulting biofilms were scraped from the wells with 

1 mL of PBS and placed into microcentrifuge tubes. The suspensions obtained were 

vortexed, serially diluted in PBS and plated on SDA (for C. albicans) or BHI agar (for S. 

mutans). After incubation at 37° C (24-48 h), the total number of colony forming units 

(CFUs) was counted and the Log10 per unit area was calculated (Log10 CFU/cm2).  

The effect of drug association on biofilms was interpreted according to Miceli et 

al. (2009). When the drug combinations showed a significant CFU reduction compared 

to each compound alone (p<0.05), the association was considered synergistic. When the 

combinations reduced the number of CFU compared to each drug alone, but without 

significant difference among them (p>0.05), the effect was additive. An antagonistic 

effect was observed when the drugs alone were significantly more effective in reducing 

CFU than drug combinations (p<0.05). 

 

Statistical Analysis 

SigmaPlot 12.0 software (Systat Software Inc., San Jose, CA, USA) was used for 

statistical analysis, and the significance level was set at 5%. The CFU results did not pass 

the normalilty test for both microorganisms. Therefore, Kruskal-Wallis test was applied 

followed by Student-Newman-Keuls (for the combination G+TYR) and Tukey (for the 

combination C+TYR) tests.  

 

Results 

 The formation of AgNP-CaGP occured through the reduction of Ag+ from AgNO3 

in a CaGP-containing solution. Figure 1 shows phosphate surfaces decorated with AgNPs, 

evidencing that both methods of synthesis (chemical and ‘green’) were effective in 

producing nanobiomaterials associating a nanoparticulated metal and an organic calcium 

phosphate. When the chemical process was employed, AgNPs showed diameters ranging 

from 35 to 50 nm. However, when the ‘green’ process was employed, AgNPs exhibited 

relatively uniform dispersion, spherical shape and diameter around 50 nm. 

Table 1 shows the MIC and FICI values for the compounds evaluated. C. albicans 

and S. mutans were more susceptible to the nanocompound C, with MIC values of 800 

µg/mL. For both microorganisms, the combinations tested (C+TYR and G+TYR) showed 

MICs substantially lower than those found for each compound alone, except for the 
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combination G+TYR, which was not able to kill planktonic cells of S. mutans, even at the 

highest concentration tested. The combination of the nanocompound C with TYR 

exhibited a synergistic effect against C. albicans and S. mutans, with FICI values of 0.30 

and 0.14, respectively. A synergistic killing effect on planktonic cells of C. albicans (FICI 

= 0.27) was also found when the nanocompound G (at 1/4 MIC) was associated with TYR 

(at 1/40 MIC). S. mutans was not susceptible to this association for all concentrations 

tested.   

Regarding the effect on biofilms, when the combination C+TYR was tested 

against S. mutans, no significant reduction in the number of CFUs was observed (p>0.05; 

Figure 2). For C. albicans, however, this drug combination significantly reduced the 

number of biofilm cells when compared to the negative control (p<0.001), showing an 

additive effect (Figure 2). In turn, the combination G+TYR was tested only against C. 

albicans biofilms as no MIC was found when this association was tested against S. mutans 

planktonic cells. G+TYR showed a significant reduction in the number of CFUs in 

comparison to the negative control, and this drug combination was classified as 

synergistic (Figure 3).  

 

Discussion 

Biofilm-associated diseases and their resistance to conventional antimicrobial 

agents employed are still a clinical challenge. Thus, there is a growing interest in the 

development of new therapies to improve the antimicrobial properties of biomaterials 

and, at the same time, provide lower side effects. In this context, new promising agents 

containing AgNPs have been developed, showing encouraging results (Acosta-Torres et 

al. 2012; Emmanuel et al. 2015; Freire et al. 2015; Matsubara et al. 2015). Furthermore, 

TYR was shown to significantly reduce the adhesion and biofilm formation of C. albicans 

and S. mutans in single and mixed biofilms (Monteiro et al. 2015; Arias et al. 2016). 

Therefore, the current study was designed to evaluate the antimicrobial effect of two 

nanocompounds containing AgNP-CaGP (C and G), combined or not with TYR, against 

S. mutans and C. albicans, which could allow their use at lower concentrations. 

These nanocompounds were obtained by physico-chemical and ‘green’ routes. 

‘Green’ synthesis of AgNPs has emerged as a more viable alternative, because it is a 

simple, environmentally friendly and cost-effective method (Muthusamy et al. 2017). The 

use of plant extracts is the more advantageous biological material since it is free from 

toxic chemicals, presents lower biohazard and provides natural capping agents for AgNPs 
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stabilization (Aravinthan et al. 2015; Sengottaiyan et al. 2016; Balakrishnan et al. 2017). 

The synthesis of compound G was performed with polyphenols-rich pomegranate peel 

extract (Fernandes et al. 2018; Souza et al. 2018), which is responsible for Ag+ ions 

reduction and AgNPs stabilization, and has excellent anti-oxidant properties (Ahmad et 

al. 2012; Solgi et al. 2012; da Silva et al. 2013; Kumari et al. 2015).   

Both nanocompounds tested in this study (C and G) were effective against C. 

albicans and S. mutans in planktonic state, but these microorganisms were more 

susceptible to the nanocompound C (Table 1).  This result can be related to nanoparticles 

size, since the compound C presented smaller AgNPs compared to those obtained in the 

compound G. It is known that smaller AgNPs are more effective and have superior 

antimicrobial properties (Zhang et al. 2016). Lu et al. (2013) showed that AgNPs of 5 

and 15 nm presented lower MIC (50 µg/mL) than 55 nm-AgNPs (200 µg/mL). 

Microscopic analysis also revealed that smaller AgNPs (9.3 and 21.3 nm) were more 

efficient in reducing S. mutans adherence on enamel blocks in vitro than larger AgNPs 

(93 nm) (Espinosa-Cristóbal et al. 2013). In addition to this, pomegranate peel is an 

important source of polyphenolic substances including ellagic and gallic acids. Thus, after 

reaction to obtain the compound G, the functional groups of polyphenols may be 

connected to the Ag+ ions (Goudarzi et al. 2016), hindering the antimicrobial effect of the 

nanoparticles. 

Regarding the effect of drug associations on planktonic cells, both 

nanocompounds (C and G) combined with TYR were effective against C. albicans, but 

only the combination C+TYR was effective on S. mutans (Table 1).  MIC values for TYR 

alone against the studied microorganisms were similar to those found by Monteiro et al. 

(2015) and Arias et al. (2016). However, when the nanocompounds C and G were 

combined with TYR, the TYR concentrations capable of inhibiting the microorganisms’ 

growth were much lower, especially for the association with the compound C. The 

synergistic effect observed on planktonic cells by combining AgNP-CaGP and TYR may 

be due to the disruption of the cell membrane by TYR, since this molecule interferes with 

ergosterol biosynthesis (Cordeiro et al. 2015), facilitating the entry of AgNPs into the 

cytoplasm. Thereby, AgNPs interact with both intracellular proteins (especially sulfur 

rich-proteins) and DNA, causing further damage to cells (Rizzello and Pompa 2014). 

For biofilms, a synergistic effect was found only for the combination G+TYR 

against C. albicans. This result could be related to the silver concentration present in the 

tested combinations (in the combination G+TYR, Ag concentration was of 781.0 µg/mL 



                                                                                                       Capítulo 3 
 

94 
 

and, in the combination C+TYR, Ag concentration was of 400.0 µg/mL; these values 

correspond to 10% of tested concentration in the biofilms), considering the AgNP action 

mechanisms discussed above. TYR concentrations that presented some antibiofilm effect 

in previous reports (Monteiro et al. 2015; Arias et al. 2016) were higher than those used 

in the current study for the treatment of biofilms with both associations (between 25 and 

50 mM approximately). Cordeiro et al. (2015) also verified that exogenous TYR was able 

to significantly reduce biofilm formation of C. albicans only when tested at 

approximately 250 mM. In this study, an antimicrobial effect was obtained using a lower 

concentration of TYR, reinforcing the importance of drug combination therapy to reduce 

drug concentration, possibly the synergism occurred by the different action mechanisms 

of the TYR and AgNPs. Another point to be considered is the stage of biofilm formation, 

which affects the drug effectiveness. Within this context, Monteiro et al. (2017) 

demonstrated that the treatment with TYR led to no significant reductions in the number 

of CFUs of mature biofilms (96 h) of C. albicans, C. glabrata and S. mutans. In our study, 

however, biofilms were formed for 24 h and maintened for additional 24 h in the presence 

of nanocompounds; thus, the stage of biofilm formation tested in the present study may 

have contributed to the significant reductions observed for nanocomposites alone or in 

combination with TYR. Arias et al. (2016) also stated that although a concentration of 

200 mM was necessary to reduce the number of CFUs, a lower concentration (50 mM) of 

TYR was able to promote significant reductions in the metabolic activity of biofilms, 

which could compromise their virulence. In this research, this colorimetric method was 

not realiable considering the color of antimicrobials solutions. 

In conclusion, the AgNPs/CaGP-containing nanocompounds alone or in 

combination with TYR act synergistically inhibiting planktonic cells of C. albicans and 

S. mutans with lower concentrations of both drugs. For biofilms, synergistic effect was 

observed only when the compound obtained by ‘green’ route was associated with TYR. 

Finally, these findings might be of interest for the development of new antimicrobial 

strategies against bacterial and fungal oral infections.  
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Tables 

 

Table 1. Minimum inhibitory concentration (MIC) of tyrosol (TYR) and nanocompounds 

obtained by chemical (C) and ‘green’ (G) routes against Streptococcus mutans and 

Candida albicans, and Fractional Inhibitory Concentration Index (FICI) 

Groups 
MIC (µg/mL) FICI 

S. mutans C. albicans S. mutans C. albicans 

C 800.0 800.0 - - 

TYR 12434.4 6908.0 - - 

G 1560.2 1560.2 - - 

C+TYR 100.0/172.7 200.0/345.4 0.14 0.30 

G+ TYR >624.8/2763.2 390.0/172.7 - 0.27 

∗The association was considered as synergistic when FICI ≤ 0.5; indifferent when 0.5 < FICI < 

4, and antagonistic when FICI > 4.0. 
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Figures 

 

 
Figure 1. Scanning electron microscopy images of the AgNPs/CaGP nanocompounds: a and b) 

Compound obtained by the chemical process (C); c and d) Compound obtained by the ‘green’ 

process (G). Magnification: 20000x (1a), 40000x (1b), 30000x (1c) and 60000x (1d). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



                                                                                                       Capítulo 3 
 

104 
 

 
Figure 2. Mean values (±SD) of the logarithm of colony forming units per cm2 (log10 CFU/ 

cm2) for single biofilms of C. albicans and S. mutans. NC = negative control; C = 

nanocompound obtained by the chemical process; TYR = tyrosol. Concentrations tested for C. 

albicans: C at 4,000 µg/mL and TYR at 6,908 µg/mL. For S. mutans: C at 1,000 µg/mL and 

TYR at 1,727 µg/mL. Different lowercase and uppercase letters indicate significant differences 

among the treatments for C. albicans (p<0.05; Kruskall-Wallis test followed by the Tukey test) 

and S. mutans (p<0.05; Kruskall-Wallis test followed by the Tukey test) biofilms, respectively. 
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Figure 3. Mean values (±SD) of the logarithm of colony forming units 

per cm2 (log10 CFU/ cm2) for single biofilms of C. albicans. NC = 

negative control; G = nanocompound obtained by ‘green’ route at 7810 

µg/mL; TYR = tyrosol at 3454 µg/mL; G+TYR = 7810 µg/mL of G 

and 3454 µg/mL of TYR. Different lowercase letters indicate 

significant differences among the treatments (p<0.05; Kruskall-Wallis 

test followed by the Student-Newman-Keuls test). 
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‘Green’ silver nanoparticles combined with tyrosol as potential oral antimicrobial 

therapy 

 

Abstract 

Aim: The aim of this study was to evaluate in vitro activity of silver nanoparticles 

(AgNPs) associated or not to the tyrosol (TYR) against Streptococcus mutans and 

Candida albicans in planktonic and biofilms states. Furthermore, cytotoxicity effect of 

the AgNPs associated or not to TYR on fibroblast cells was investigated.  

Methods and Results: AgNPs were produced using pomegranate (Punica granatum L.) 

peel extract and characterized by UV-visible, X-ray diffraction and scanning electron 

microscopy. Minimum inhibitory concentration (MIC) of each drug and their 

combinations were determined by microdilution method. The effect of drug association 

against planktonic cells was assessed by the fractional inhibitory concentration index. 

Single biofilms of C. albicans and S. mutans were developed during 24 h and then treated 

with AgNPs and TYR alone or in combination for 24 h. After, the number of cultivable 

cells was quantified. L929 was exposed to AgNPs associated or not to TYR, and 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide was performed after 24, 48 and 

72 hours. Culture medium was used as the control. The results were statistically analyzed 

by ANOVA, Kruskall-Wallis test and Bonferroni correction (p < 0.05). In general, AgNPs 

showed higher antimicrobial activity than TYR. Combination of both antimicrobial 

agents was effective against both microorganisms at low concentrations and was not toxic 

to fibroblast cells L929 except to the highest association. However, synergistic activity 

was noted only against C. albicans planktonic cells. Regarding biofilm susceptibility, an 

expressively density reduction of 4.62 log10 was observed for S. mutans biofilm cells 

treated with AgNPs. However, the addition of TYR to AgNPs did not improve their action 

against its biofilm cells. AgNPs in combination with TYR showed a synergistic effect 

against C. albicans biofilms.  

Conclusion: These findings suggest the potential use of AgNPs with or without TYR 

against representative oral pathogens.  

 

Keywords: Biosynthesis, Silver nanoparticles, Quorum sensing, Candida albicans, 

Streptococcus mutans. 
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Introduction 

In the last years, the use of nanoparticles has been expanded considerably, since 

these molecules possess potential applications in industry, medicine and therapeutics. 

Silver nanoparticles (AgNPs) have proven antimicrobial action against a broad spectrum 

of microorganisms such as bacteria (Perveen et al. 2018; Pérez-Díaz et al. 2015; Reidy et 

al. 2013), fungi (Soares et al. 2018; Kim et al. 2012) and viruses (Khandelwal et al. 2014), 

and present antioxidant, anti-inflammatory, anticancer and antiangiogenic activities 

(Akhtar et al. 2015). Moreover, its anti-biofilm activity has been reported (Souza et al. 

2018; Monteiro et al. 2014; Freire et al. 2014; Velazquez-Velazquez et al. 2015). 

Environmentally friendly protocols, as using plant or fruit extract have been proposed to 

synthesize these nanoparticles, since physical and chemical methods (laser ablations, 

pyrolysis, chemical or physical vapor deposition) are generally costly and/or toxic (Patil 

et al. 2017; de Matos and Courrol 2016). Recently, pomegranate (Punica granatum L.) 

peel extract was employed and reported to obtain AgNPs (Fernandes et al. 2018; Souza 

et al. 2018). Punica granatum L. peel may contains different phenolic compounds i.e. 

ellagic acid and its derivatives like punicalagin that participate in the process of reduction 

of silver ions as well as in the nanoparticles stabilization (Nasiriboroumand et al. 2018; 

Singh et al. 2018); AgNPs have been utilized in association to conventional therapies and 

to other novel antimicrobials with promising results. Longhi et al. (2016) showed that 

AgNPs combined with fluconazole cause a significant dose-dependent decrease in the 

viability of mature biofilm of fluconazole-resistant Candida albicans. 

Tyrosol (TYR) is a quorum-sensing molecule secreted by C. albicans which plays 

a role in morphogenesis, biofilm development and is important for the infectious process 

(Wongsuk et al. 2016). This molecule has been investigated as antimicrobial agent against 

fungal and bacterial pathogens, including C. albicans, C. glabrata, Streptococcus mutans 

(Monteiro et al. 2017; Arias et al. 2016) and Pseudomonas aeruginosa (Abdel-Rhman et 

al. 2015). 

It has been known that biofilms, which are well-structured microbial communities 

surrounded by extracellular polymeric substance (EPS) (Mathé and Van Dijck 2013), are 

more resistant than planktonic cell to many antibiotics and antifungals. For this reason, 

the combination between different antimicrobials has been investigated. For instance, 

TYR in combination with amphotericin B showed a synergistic effect (90% reduction in 

C. tropicalis biofilm) when 80 µM TYR was co-administered with 4 mg/L amphotericin 
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B (Shanmughapriya et al. 2014). TYR alone is able to inhibit mature biofilms, but when 

associated with azoles there is an increase in the anti-biofilm effect (Cordeiro et al. 2015). 

S. mutans and C. albicans are important pathogens of the oral cavity widely 

described in the literature. S. mutans, a gram-positive bacterium, is considered the major 

responsible for the caries lesions, and the extracellular matrix surrounding its biofilm 

make them resistant to antimicrobial therapies (Broadbent et al. 2013). C. albicans is a 

commensal but opportunistic yeast found in different parts of the human body. Their 

ability to form biofilm on both biotic and abiotic substrates becomes this dimorphic 

fungus a relevant focus of attention in some oral diseases (O’Donell et al. 2017). Studies 

suggest that this yeast may have a cariogenic potential still not established (Nikawa H et 

al. 2003).  Some studies revealed that C. albicans is frequently detected in plaque biofilms 

of children with early childhood caries in association to high levels of S. mutans (De 

Carvalho et al. 2006; Raja et al. 2010). In a study conducted by Ghasempour et al. (2011), 

60% of the children with proximal caries and 100% with cervical caries were positive for 

C. albicans.   

 Considering all above-mentioned aspects, this study aimed: to synthesize and 

characterize AgNPs obtained by a ‘green’ process and to evaluate their effect associated 

to TYR against planktonic and sessile biofilm cells of two clinically oral relevant 

pathogens (S. mutans and C. albicans). Furthermore, cytotoxicity effect of the AgNPs 

associated or not to TYR on fibroblast cells was investigated. 

 

Materials and methods 

Synthesis and Characterization of silver nanoparticles 

Synthesis and characterization of the AgNPs solution was performed at the 

Interdisciplinary Laboratory of Electrochemistry and Ceramics (LIEC) Department of 

Chemistry, Federal University of São Carlos (UFSCar - São Carlos, São Paulo, Brazil). 

AgNPs were produced through the reduction of silver ions by a ‘green’ route using extract 

of pomegranate peels (Punica granatum L.), as previously reported by Fernandes et al. 

(2018) and Souza et al. (2018). For this, silver nitrate (AgNO3, Merck, Darmstadt, 

Germany) at 0.232 mM was dissolved in 10 mL of deionized water and heated to 90° C 

in a volumetric flask. Following, a surfactant (ammonium salt of polymethacrylic acid 

(NH-PM), Polysciences, Inc., Warrington, USA) at 0.128 mM and an aqueous solution 

of pomegranate peel extract at 7 mg/mL were added to the flask and kept at 95° C for 10 

minutes under constant agitation. The resultant solution was stored in dark bottles at 4° C 
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and, was characterized by UV-visible absorption spectroscopy (UV-Vis) 

(spectrophotometer Shimadzu MutiSpec-1501, Shimadzu Corporation, Tokyo, Japan) 

and X-ray diffraction (XRD) (Diffractometer Rigaku DMax-2000PC, Rigaku 

Corporation, Tokyo, Japan). The particles morphology was characterized by scanning 

electron microscopy (SEM) using a Zeiss Supra 35VP microscope (S-360 microscope, 

Leo, Cambridge, USA) with field emission gun electron effect (FEG-SEM) operating at 

10 kV. 

 

Antimicrobial activity 

Minimum inhibitory concentration (MIC) 

AgNPs combined or not to TYR (Sigma-Aldrich, CAS 501-94-0, St. Louis, MO, 

USA) were tested against planktonic cells of C. albicans ATCC 10231 and S. mutans 

ATCC 25175 by the broth microdilution method, as previously reported (Arias et al. 

2016). Briefly, a stock solution containing 6.2 mg Ag/mL (AgNPs) and 200 mM of TYR 

was prepared and diluted, sequentially, to a final concentration ranging from 1:2 to 1:512. 

Based on the minimum inhibitory concentration (MIC) values, the fractional 

inhibitory concentration (FIC) was calculated. This index evaluates the drug synergism 

or antagonism based on MIC values for each compound and its association. To calculate 

the FIC index (FICI) the formula: ΣFIC = FICA + FICB, where FICA = MICA in 

combination / MICA alone, and FICB = MICB in combination / MICB alone, was used. 

ΣFIC ≤ 0.5 indicates synergism; ΣFIC between 0.5 and 4.0, no interaction; and ΣFIC > 4, 

antagonism (Wei and Bobek 2004). MIC and FICI were performed in triplicate on three 

different occasions. 

 

Biofilm killing 

Twenty-four-old hours biofilms of C. albicans ATCC 10231 and S. mutans ATCC 

25175 were grown using artificial saliva (Lamfon et al. 2003) in 96-well microtiter plates 

(Costar, Tewksbury, USA) and treated for 24 h with each drug (AgNPs and TYR) and its 

combination (AgNP+TYR). Previously, the drugs at ½ MIC, MIC, 10 and 100 x MIC 

values were tested in combination (pilot study), and the concentrations selected were 100 

x MIC for C. albicans and ½ MIC for S. mutans: 244 µg Ag/mL (AgNP) and 7.8 mM 

(TYR), and 39.05 µg Ag/mL (AgNP) and 1.25 mM (TYR) respectively for each 

microorganism. After the treatments, biofilms were scraped from the bottom of the wells, 

serially diluted in phosphate-buffered saline and plated on Sabouraud Dextrose Agar 
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(Difco, Le Pont de Claix, France) (for C. albicans) or Brain Heart Infusion Agar (Difco) 

(for S. mutans) and, the sessile cells (after incubation at 37º C, 24-48 h) were counted and 

the Log10 per unit area was calculated (Log10 CFU/cm2). 

The effect of drug’s combination against the biofilms was interpreted according 

to Miceli et al. (2009). When the drug combination (AgNP+TYR) showed a significant 

Log10 CFU/cm2 reduction compared to AgNP or TYR alone (p < 0.05), the association 

was considered synergistic. When the combination showed a Log10 CFU/cm2 lower than 

that observed for each drug alone, but no significant difference was observed (p > 0.05), 

the effect was classified as additive. An antagonistic effect was observed when the drugs 

alone (AgNPs and TYR) shower a lower Log10 CFU/cm2 than the combinations tested (p 

< 0.05). 

 

2.3. Cell culture 

 L929 mouse fibroblasts were cultured in Dulbecco’s modified Eagle’s medium 

(DMEM supplemented with 10% fetal bovine serum, 1% antibiotic/antimycotic cocktail 

(300 units/mL penicillin, 5 µg/mL amphotericin B), and L-glutamine 0.3 g/L. All of them 

were purchased from GIBCO BRL (Gaithersburg, Maryland, USA). Cells were 

maintained under standard cell culture conditions at 37º C in a humidified atmosphere of 

95% air and 5% CO2. Cells were routinely passaged using 0.25% trypsin (Sigma-Aldrich, 

St. Louis, Missouri, USA). 

 

2.4. In Vitro Cytotoxicity Protocol 

 MTT assay was used to measure the cell viability as previously described by 

Bedran et al. (2014). Briefly, L929 fibroblasts were seeded into 24-well plates (1 x 104 

cells/mL of medium/ well). After that, the cells were incubated at 37º C, in a humidified 

air atmosphere of 5% CO2 for 24 h. The exposure of the cells to AgNPs+TYR was 

initiated at ~100% of cell confluence, and the assay was done in DMEM. Concentrations 

of the combination used in this study were: AgNPs – 39.05; 9.76 and 2.44 µg/mL 

combined with TYR – 1.25; 0.31 and 0.08 mM. Compounds also were evaluated alone. 

Three wells were used for each dose and substance tested. Tween 20 and culture medium 

were used as controls. The exposures of cell cultures were stopped by the discarding of 

the exposure medium after 24, 48 and 72 h. Viable cells were stained with formazan dye 

(3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) (MTT) (Sigma 

Chemical Co, St. Louis, Missouri, USA). MTT was dissolved in PBS at 5 mg/L, filtered 
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in order to sterilize and remove small amounts of insoluble residues and after the times 

of cells exposure to AgNPs+TYR, AgNPs and TYR, stock MTT solution (20 µL per 180 

µL of culture medium) was added to all wells of the assay, and plates were incubated at 

37º C for 4 h. The MTT solution was then discarded and 200 µL of isopropyl alcohol 

were added to each well and mixed for 30 min to dissolve the dark blue crystals. The blue 

solution was then transferred to a 96-well plate and the optical density (OD) was read in 

a micro plate reader (Spectra Max 190; Molecular Devices, Sunnyvale, California, USA) 

at 570 nm wavelength. Viability was calculated as the ratio of mean of OD obtained for 

each condition compared to the control conditions. All laboratory assays were carried out 

at least three times. 

 

3. Statistical Analysis 

 Sigma Plot 12.0 software (Systat Software Inc., San Jose, CA, USA) was used for 

statistical analysis, and the significance level was set at 5%. For C. albicans biofilms, 

results were analyzed applying one-way ANOVA followed by Student-Newman-Keuls 

post hoc test. For S. mutans biofilms, the CFU results did not pass normality test; thus, 

Kruskal-Wallis test was performed followed by Tukey’s test. Cytotoxicity data were 

analyzed statistically by ANOVA and Bonferroni correction. 

 

Results 

Synthesis and characterization of AgNPs 

UV-Vis presented a plasmon band between 420 and 450 nm (Fig. 1A), indicating 

the formation of nanoparticles. The XRD pattern of the AgNPs (Fig. 1B) showed 

diffraction peaks which correspond to (111), (200), (220) and (311) planes of pure Ag 

with face-centered cubic system (PDF № 04-0783). SEM image (Fig. 1C) demonstrated 

the formation of spherical nanoparticles and regular distribution with size of 

approximately 50 nm (Souza et al. 2018). 

 

Antimicrobial evaluation 

In the planktonic state, AgNPs were more effective against S. mutans (78.1 

µg/mL) than C. albicans (312.5 µg/mL). For both microorganisms, the combination 

tested (AgNP+TYR) showed MICs substantially lower than those found for each 

compound alone. However, a synergistic effect was only observed against C. albicans 

(FICI = 0.008) (Table 1). In relation to effect on biofilms, for C. albicans, when AgNPs 
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were coupled with TYR, there was a significant reduction in the number of biofilm cells 

in comparison with negative control (NC) and with each drug alone (p < 0.001), showing 

a synergistic effect. For S. mutans, at a sub-inhibitory concentration (39.05 µg/mL), 

AgNPs were able to reduce 4.62 log10 the number of viable cells of the biofilm (p < 0.001). 

However, the addition of TYR to AgNPs did not improve their action against S. mutans 

biofilm (Figure 2). 

 

In Vitro Cytotoxicity 

 The MTT assay was used to measure the cytotoxicity of AgNPs, TYR and 

AgNPs+TYR to cell line L929 after exposure for 24, 48 and 72 hours. As observed in 

Figure 3, the cytotoxicity of the compounds to L929 occurred in a dose-dependent manner 

for all periods analyzed. MTT conversion by cells significantly decreased after 

AgNPs+TYR treatment at 39.05 µg/mL (AgNPs) / 1.25 mM (TYR) (p < 0.001) compared 

with the control at 24, 48 and 72 hours. On the other hand, the others tested combinations 

were not toxic to fibroblast cells. For some concentrations of the compounds evaluated, 

there was a reduction in the cell viability at initial periods (24 and 48 h) (p < 0.001). 

However, after 72 h, the viability did not differ from the control group with exception of 

the TYR (1.25 mM) and AgNPs (39.05 µg/mL) / TYR (1.25 mM).  

 

Discussion  

A great effort has been put into developing metal nanoparticles synthesized using 

eco-friendly natural sources such as plant extracts, fruits, fungi, honey and 

microorganisms (Philip 2010) especially because they have lower cytotoxicity compared 

to conventional synthesis (Rajora et al. 2016). In this study, AgNPs were produced 

following the protocol described by Fernandes et al. (2018) and Souza et al. (2018), where 

the reduction agent used was pomegranate peel extract. Polyphenols such ellagic tannins 

and gallic and ellagic acids are commonly found in peel extracts of pomegranate (Singh 

et al. 2018) and participate in the reduction process of silver nanoparticles (Goudarzi et 

al. 2016).  

In our study each microorganism responded differently to the nanoparticles. This 

fact may be due to the charge present on the outer membrane of S. mutans and cell wall 

of C. albicans as well as the thick of the membranes of both microorganisms. Although 

the external surface as S. mutans (Malanovic and Lohner 2016) as C. albicans is 

negatively charged (Lipke and Ovalle 1998), the main components are distinct. Gram 
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positive bacteria exhibit as the main component lipoteichoic acid crossing by 

peptidoglycan (Malanovic and Lohner 2016) whereas glucosamine polymer chitin and ß-

glucan are present in the fungi cell wall (Lipke and Ovalle 1998), and it might afford 

different interactions of AgNPs with each site of outer surface of the microorganisms. 

Moreover, similarly with mechanism of action of some antimicrobials, AgNPs could 

interfere in the synthesis of some compounds of the membranes and disturb its integrity. 

It could alter the external charge of the microorganisms and consequently its 

susceptibility to the drug tested. For instance, AgNPs lead to leakage of the bacteria 

membrane through reducing the production of sugars by bacteria and hence its death (Li 

et al. 2013). In addition, gram positive bacteria exhibit about one third of the membrane 

thickness (60-80 nm) compared with fungi membrane (200 nm), which would favor the 

effect of AgNPs into the bulk of cell. 

TYR had no effect on biofilm cells quantification. This fact may be due the low 

concentration of TYR proposed in this study (7.8 and 1.25 mmol/L respectively for C. 

albicans and S. mutans) when compared with concentration values used by Arias et al. 

(200 mmol/L for both microorganisms) (Arias et al. 2016). However, when used in 

combination with AgNPs against planktonic cells there was an expressively reduction of 

TYR concentration to affect C. albicans (625 times) and S. mutans (72 times). The 

synergism probably occurred in planktonic cells state due to their fragility, differently 

when they are in sessile form in biofilms, in which the presence of extracellular matrix 

and the expression of other biofilms defense mechanisms can prevent the penetration and 

action of the compounds studied (Kuhn and Ghannoum 2004). Also, AgNPs 

concentrations were considerably decreased when associated to TYR, notably for C. 

albicans which was almost 130 times lower than AgNPs alone. Furthermore, tested 

combinations were not toxic to fibroblast cells L929 in the different evaluated times, 

except to the highest association (AgNPs – 39.05 µg/mL + TYR – 1.25 mM). 

In view of the foregoing results, the use of AgNPs associated with TYR may be 

an alternative for the prevention of denture stomatitis since its association caused an 

expressive reduction of C. albicans planktonic cells at very low concentrations. 

Noteworthy it was also noted AgNPs actively kill the biofilm cells of 4.62 log10 for S. 

mutans when exposed to sub-inhibitory concentration being nontoxic to fibroblast cells. 

Our results to indeed stimulate novel studies to further understand the biological basis of 

the action of those drugs in combination as well the sub-inhibitory doses of AgNPs 

against pathogenic biofilms. Moreover, considering the lack of antimicrobial disposable 
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options to control and treat chronic oral infection as denture stomatitis and caries disease, 

naturally derived AgNPs could be an attractive choice, particularly due to the phenolic 

compounds, which may offer advantages over chemically produced ones considering 

their anti-inflammatory and antioxidant activities and diminished toxicity against 

mammalian cells.  
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Tables 

 

Table 1. Minimum inhibitory concentration (MIC) of silver nanoparticles (AgNP) and 

tyrosol against Streptococcus mutans and Candida albicans and fractional inhibitory 

concentration (FIC). 

Microorganism 
Treatments 

ΣFICI 
AgNP (µg/mL) Tyrosol (mM) AgNP/Tyrosol 

C. albicans 312.5 50 2.44/0.08 0.008 

S. mutans 78.1 90 39.05/1.25 0.63 

∗The association was considered as synergistic when FICI ≤ 0.5; indifferent when 0.5 < FICI < 4, and 

antagonistic when FICI >4.0. 
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Figures 

 

 
Figure 1. UV-Visible spectrum (A), XRD pattern and (C) SEM micrograph of the AgNPs. 

XRD: X-ray diffraction; SEM: Scanning electron microscopy; AgNPs: silver nanoparticles. 
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Figure 2. Mean values (±SD) of the logarithm of colony forming units per cm2 (log10 CFU/cm2) 

for C. albicans and S. mutans single biofilms. NC = negative control (artificial saliva); TYR 

(tyrosol) at 7.8 mM and 1.25 mM; AgNP (silver nanoparticles) at 244 µg/mL and 39.05 µg/mL 

for C. albicans and S. mutans, respectively. Different lowercase letters indicate significant 

difference among the treatments for C. albicans biofilm (p<0.05; Student-Newman-Keuls test) 

and capital letters for S. mutans biofilm (p<0.05, Tukey test). 
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Figure 3. Cytotoxicity of AgNPs, TYR and AgNPs+TYR to fibroblasts (L929) after 24, 48, and 72 hours of treatment expressed as a percentage. Error bars 

indicate the standard deviations of the means. *Significant diference (p < 0.001) compared with the control group using ANOVA with the Bonferroni correction. 
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Abstract 

The aim of this study has been to analyze the antimicrobial efficacy of ‘green’-

synthesized silver nanoparticles (AgNPs) against 57 strains of Candida spp. (two standard 

and 55 oral isolates) as well as evaluate the ability of AgNPs to synergize with 

fluconazole, nystatin and amphotericin B against the fluconazole-resistant C. albicans 

strains. Antibiofilm effect of AgNPs against Candida strains also was investigated. 

AgNPs were synthesized using peel extract of pomegranate. Minimum inhibitory 

concentration (MIC50) of AgNPs alone or in combination with different antifungal agents 

was assessed through microdilution method recommended by EUCAST. Filamentation 

form inhibition also was determined. The effect of AgNPs on Candida biofilms was 

assessed through PrestoBlue, quantification of colony-forming units (CFUs) and scanning 

electron microscopy (SEM). Only two isolates of C. albicans were resistant to 

fluconazole, and these susceptible to ‘green’-AgNPs. C. glabrata oral isolates presented 

the lowest MIC50 values for AgNPs when compared with C. albicans isolates. AgNPs 

were able to inhibit C. albicans and C. glabrata biofilm formation; SEM images showed 

a reduction in the formation of hyphae (in C. albicans) and alterations in the cell 

morphology (in both biofilms). Nanoparticles were effective against early (12 h) and 

mature (24 h) C. glabrata biofilms. Also, a synergistic activity of AgNPs with tested 

antifungals was observed. ‘Green’-AgNPs are a potent antifungal agent with effect on C. 

albicans and C. glabrata oral clinical isolates, including fluconazole-resistant strains and 

C. glabrata biofilms in different formation phases. Nanoparticles also presented 

synergistic activity against fluconazole-resistant clinical isolates when associated to 

antifungal agents used in clinical practice. 
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1. Introduction 

 Candida species are microbes commonly found in the microflora of the oral 

cavity, of the skin and of the gastrointestinal, respiratory or genitourinary tracts of 

humans.(1) Under certain conditions these commensal populations can overgrow causing 

infections (generally referred as candidiasis) that range from mild rushes to deathly 

disseminated mycoses.(2) Oral candiadiasis is one of the more common forms of 

superficial candidiasis and varies from point pseudomembrane infections (thrush) causing 

inflammation and soreness, to more serious cases where chronic mucositis is observed 

with consequent appearance of erythroplakic and leukoplakic lesions.(3) Although the 

incidence of oral candidiasis in healthy individuals is sporadic, in some groups where 

immunosuppression is observed, the incidence reaches levels as high as 90%, as it is the 

case of AIDS patients.(4-6) Besides causing a significant burden for healthcare systems 

due to the large amount of resources spent in prophylactic and active therapies, prolonged 

infections caused by Candida in the oral mucosa have also been linked with the 

development of more serious pathologies, such as progressive periodontal diseases, dental 

caries and, more rarely, cancer.(3, 7) Oral candidiasis was also found to be a relevant risk 

factor for the development of systemic candidiasis since the colonizing oral population 

can serve as a reservoir for subsequent dissemination in the bloodstream.(3) Candida 

albicans is the most relevant ethiological agent causative of oral candiadiasis, but the 

number of infections caused by non-Candida albicans Candida species (usually known 

as NCAC) is increasing, with emphasis on infections caused by C. glabrata.(8-10) This 

shift in the pattern of infecting Candida species in the oral tract is also observed in other 

infection sites(11, 12) and is believed to result from the massive use of fluconazole, either 

in active treatments and in prophylaxis, that resulted in the selection of more tolerant 

strains/species. Indeed, C. glabrata is well known for its intrinsically high resilience to 

fluconazole and other azoles, specially when compared with C. albicans.(9) Part of the 

success of C. albicans and C. glabrata as oral pathogens relies on their ability to easily 

adhere to both biotic (such as oral epithelial cells or the teeth) and abiotic surfaces (such 

as dentures or orthodontic appliances) found in the oral cavity.(3, 13) After an initial stage 

of adherence, Candida cells keep further developing on the different surfaces as biofilms, 

in which the cells form a complex community embedded in a self-secreted extracellular 

matrix.(14) Growth in the form of a biofilm confers Candida cells a highly protected 

environment that provides protection against the activity of the host immune system or to 

environmental stressors, including antifungals.(14, 15) In line with this, studies show that 
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Candida cells are much more tolerant to azoles, echinocandins or polyenes when growing 

in a biofilm than during planktonic growth, as reviewed by Silva et al. (2017).(15) Besides 

high adhesiveness, other factors attributable to C. albicans virulence in the oral tract 

include the ability to trigger filamentation and the secretion of extracellular proteases that 

facilitate penetration to the inner layers of oral epithelium.(16) Compared to C. albicans, 

the mechanisms underlying C. glabrata virulence in the oral niche remain far less 

understood, being observed that this yeast species does not undergo the yeast-hyphae 

transition and it also does not appear to secrete proteases as a mean to colonize oral 

epithelial cells.(9)  

The increase in the emergence of C. albicans and C. glabrata strains resistant to 

currently used oral antifungals (in particular, to fluconazole) has been paving the way for 

the search of alternative anti-Candida agents. Ideally, these new agents should have a 

different biological target than those targeted by azoles to assure a higher efficacy even 

against azole-resistant strains. In the recent years, silver nanoparticles (AgNPs), 

synthesized either by conventional chemical reduction methods or by different biological 

entities, have been highlighted as interesting antimicrobial agents showing activity 

against bacteria, virus and fungi, including Streptococcus mutans,(17-19) Staphylococcus 

aureus,(20) C. albicans, C. glabrata, C. krusei and C. guilliermondii.(18, 21-25) The 

advantages of AgNPs include the simplicity of the synthesis process and the possibility 

of being incorporated on dental materials, medical devices and surgical textile fabrics 

thereby reducing the risk of infection.(26, 27)  Recently, we have reported the successful 

synthesis of AgNPs through a ‘green’ process using extracts of different parts of the fruit 

Punica granatum.(18) Comparing with chemical methods to synthesize AgNPs, ‘green’ 

processes are more environmental friendly, more cost effective, easier to scale up and 

more biocompatible.(28) The pomegranate peel is characterized by having a high phenolic 

content largely composed by ellagic and gallic acid, that are believed to serve as reducing 

agents for Ag+ ions as well as to contribute for stabilization of AgNPs.(29-31) Previous 

work from Souza et al. (2018)(18) showed that the AgNPs synthesized by this ‘green’ 

process exhibit activity against S. mutans and C. albicans, showing the potential to inhibit 

growth of these species when they grow planktonically or in a biofilm. Notably, the 

efficacy of the greenly synthesized AgNPs against S. mutans was comparable or even 

above the one exhibited by chlorhexidine, a commonly used oral antimicrobial agent.(18) 

More recently, it was also shown that spray formulations containing the ‘green’ 

synthesized AgNPs maintain a robust activity against C. albicans and S. aureus.(20) In the 
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present study we aimed at keep fostering the utilization of ‘green’ AgNPs as anti-Candida 

agents and therefore the activity of the AgNPs synthesized from the pomegranate peel of 

Punica granatum was tested against a set of oral clinical strains of C. albicans and of C. 

glabrata strains, including against strains shown to be resistant to fluconazole. We have 

also examined the existence of synergistic effects between the AgNPs synthesized from 

Punica granatum with traditional therapeutics used in treatment of oral candidiasis 

(fluconazole, nystatin and amphotericin B), as well as the effect of the ‘green’ AgNPs as 

inhibitors of biofilm formation and filamentation, two factors known to underlie C. 

albicans and C. glabrata oral pathogenesis. 

 

2. Materials and Methods 

2.1. Candida strains and growth media 

A total of 57 strains were used in this work including two reference strains (C. 

albicans SC5314 and C. glabrata CBS138) and 55 clinical isolates recovered from the 

oral tract of healthy individuals and patients with diagnosed prosthetic stomatitis. Yeasts 

were cultured on Yeast Peptone Dextrose (YPD) medium or in RPMI medium (adjusted 

to pH 7.0) depending on the assay. YPD contains, per liter, 20 g glucose (Merck Millipore, 

Portugal), 10 g of yeast extract (HiMedia Laboratories, Mumbai, India) and 20 g peptone 

(HiMedia Laboratories). RPMI contains, per liter, 20.8 g RPMI-1640 synthetic medium 

(Sigma), 36 g glucose (Merck Millipore), 0.3 g of L-glutamine (Sigma) and 0.165 mol/L 

of MOPS (3-(N-morpholino) propanesulfonic acid, Sigma). To obtain the solid media 2% 

agar were added to the corresponding liquid medium composition. 

 

2.2. Preparation of ‘green’ AgNPs 

  ‘Green’ synthesis of AgNPs was performed according to Souza et al. (2018)(18) 

and Gorup et al. (2011)(32). Briefly, 0.42 g of silver nitrate (AgNO3, Merck KGaA) were 

dissolved in 100 mL of deionized water heated to 90º C. Next, 5 mL of ammonium salt 

of polymethacrylic acid was added followed by 0.7 g of aqueous extract of the peel of P. 

granatum. The reaction was kept under constant agitation at 95º C for 10 min. During the 

study, antimicrobial solution was stored in dark bottles at 4º C.  

 

2.3. Assessment of C. glabrata/C. albicans strains susceptibility to fluconazole  

Susceptibility of the isolates or of the reference strains to fluconazole (FLC) was 

performed using a standardized microdilution method to assess the minimum inhibitory 
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concentration (MIC50), similar to the method recommended by the European Committee 

for Antimicrobial Susceptibility Testing (EUCAST) to test the inhibitory effect of 

azoles.(33) C. glabrata and C. albicans cells were cultivated for 17 h in YPD growth 

medium at 30º C with 250 rpm orbital agitation and then diluted in RPMI to obtain a cell 

suspension having an OD600nm of 0.05. 100 µL of these cell suspensions were mixed in 

96-well polystyrene plates (Costar) with 100 µL of fresh RPMI medium 2x concentrated 

(control) or with 100 µL of this same medium supplemented with FLC. The 

concentrations of FLC tested ranged from 0.125 to 64 mg/L. The stock solutions of FLC 

were prepared in DMSO and kept at -20º C until further use. The inoculated plates were 

incubated at 37º C for 24 h and, after this period, the optical density (OD530nm) of the 

culture was measured in a microplate reader (SpectroStar Nano, BMG Labtech, 

Germany). MIC50 values were taken as being the first concentration of antifungal that 

reduced growth of the strains to half that registered in drug-free medium, as defined by 

EUCAST (2008).(33) The MIC50 values for each clinical strain were compared with the 

clinical breakpoint recommended by EUCAST (2017)(34) to classify the isolates as 

resistant, susceptible dose-dependent or susceptible. As such, C. albicans isolates were 

considered resistant to FLC when MIC50 values were above 4 mg/L and susceptible when 

the MIC50 values was equal or below 2 mg/L. For C. glabrata, isolates with MIC50 above 

of 32 mg/L were considered resistant, while those exhibiting a MIC50 equal or below 

0.002 mg/L were considered susceptible and those with MIC50 values between 32 and 

0.002 were considered susceptible dose-dependent. All the assays were performed in 

duplicate. 

 

2.4. Assessment of the inhibitory effect of the ‘green’ AgNPs against C. albicans and 

C. glabrata, alone or in combination with other antifungals 

The effect of the ‘green’ synthesized AgNPs in inhibiting growth of C. albicans 

and C. glabrata (reference or clinical strains) was based on the determination of the 

MIC50, by a microdilution method similar to the one detailed in 2.3. Concentrations 

ranging between 1.22 to 1,024 mg/L of AgNPs were used. The existence of a synergistic 

effect between the ‘green’ AgNPs and FLC, nystatin (NYT) or amphotericin B (AmB) 

was tested using a checkerboard method(35) in which the MIC50 for the different drugs 

(alone or in combination) is determined using a microdilution method similar to the one 

described in 2.3. The MIC50 value determined was afterwards used to calculate the 

fractional inhibitory concentration index (FICI), through the following formula: ΣFICI = 
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FICA + FICB, where FICA = MICA in combination / MICA alone, and FICB = MICB in 

combination / MICB alone. FICI values ≤ 0.5 indicate synergism; between 0.5–4.0, no 

interaction; > 4.0, antagonism.(36-38) Stock solutions of FLC or of AmB (Sigma) were 

prepared in DMSO while the stock solution of NYT (Bristol-Myers Squibb, Moreton, 

UK) was prepared in RPMI. The range of concentrations used for each antifungal was: 

AgNPs – 8 to 64 mg/L; FCL – 0.063 to 0.50 mg/L; nystatin – 0.125 to 0.50 mg/L and 

AmB – 0.016 to 0.125 mg/L.  

 

2.5. Assessment of the presence of ‘green’ AgNPs on filamentation and biofilm 

formation undertaken by C. albicans and C. glabrata 

To assess the effect of the ‘green’ AgNPs on the ability of C. albicans SC5314 to 

filament, cells were cultivated overnight in YPD medium and then diluted (to obtain a 

cell suspension having an OD600nm of 0.05) in fresh RPMI supplemented or not with the 

AgNPs and with 10% fetal bovine serum (FBS, Sigma). The cells were further incubated 

at 30º C for 24 h, after which sets of microscopic images (taken with a Zeiss microscope 

equipped with a 1,000x magnification lense) were taken. The number of cells undergoing 

filamentation was compared with the total number of cells present in the pictures to assess 

the percentage of filamenting cells. The assays were performed in duplicate and more 

than 200 cells were used in each assay. For statistical analysis, the GraphPad Prism 7.0 

(GraphPad Software, CA, USA) program was used, and the significance level was set at 

5%; two-way analysis of variance (ANOVA) was applied followed by the Sidak’s 

multiple comparisons test. 

To assess the effect of the AgNPs on biofilm formation undertaken by C. albicans 

SC5314 and C. glabrata CBS138, the cells were cultivated in RPMI in 96-well 

polystyrene plates (Costar) in the presence or absence of AgNPs and using the same 

experimental setting described in 2.3. for the determination of MIC50. In the case of C. 

albicans, the concentrations of AgNPs tested were 600, 700, 800 and 900 mg/L, while for 

C. glabrata 1.22; 2.44; 4.88; 9.76; 24.40 and 122.0 mg/L was used. After 24 h of 

incubation at 37º C, the supernatant was removed and the wells were washed twice with 

100 µL of phosphate-buffered saline (PBS; 0.1 mol L-1, pH 7). The remaining PBS was 

aspirated and the amount of biofilm formed was quantified by adding 100 µL of 

PrestoBlueTM Cell Viability Reagent (InvitrogenTM, Carlsbad, CA, USA) diluted (1:10) 

in RPMI. The mixture was then incubated for 30 min at 37º C. After this, 80 µL from 

each well were transferred into a new 96-well plate for fluorescent readings at two 
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wavelengths (570 and 600 nm). The amount of biofilm formed by each strain in each 

condition tested was based on the A570 nm value normalized to the corresponding A600 

nm value.(39) All the assays were performed in triplicate. In both cases, one-way ANOVA 

was applied followed by the Dunnett’s multiple comparisons test.  

To further characterize the effect of AgNPs in the structure of the biofilms formed, 

these were formed using the same experimental conditions described above with the 

difference that 5 mL polystyrene plates (Greiner Bio One, Germany) were used instead 

of the 96-microwell plates. After 24 h of incubation at 37º C, the supernatant was removed 

and the cells adhered to the surface of the plate were dehydrated using the following 

protocol: washing with distilled water, washing with 70% ethanol for 10 minutes; 

washing with 95% ethanol for 10 minutes; and washing with 100% ethanol for 20 

minutes. Plates were then dried in a desiccator for 48 h, coated with gold and visualized 

by scanning electron microscope (SEM) with a JEOL-JSM7001F apparatus in different 

magnifications.(40)  

 

2.6. Effect of AgNPs in mature biofilms C. glabrata CBS138 

To assess the effect of AgNPs in mature biofilms formed by C. glabrata CBS138 

on the surface of 96-multiwell polystyrene plates the same experimental setting used in 

2.5 was employed. After 12 or 24 h, the medium was carefully removed from the 96-

multiwell plates and replaced by fresh RPMI medium either or not supplemented with 

2.44 mg/L of the ‘green’ AgNPs. Incubation proceeded for another 24 h at 37º C, after 

which cellular viability of the biofilm-embedded was measured by staining with 

PrestoBlue. For this the same staining procedure described in 2.5 was used. For statistical 

analysis, two-way ANOVA followed by the Sidak post hoc test. 

 

3. Results 

3.1. Effect of ‘green’ AgNPs against oral C. albicans isolates, including against 

fluconazole-resistant strains 

Because reports in the literature show significant strain-to-strain variation among 

C. albicans species in what concerns resistance to antimicrobials, we have decided to 

assess whether the reported inhibitory effect of the ‘green’ AgNPs against the SC5314 

strain would be comparable with the one registered for clinical isolates recovered from 

the oral tract. For that we have explored a cohort of 50 isolates that were recovered from 

healthy donors and from patients with diagnosed prosthetic stomatitis during an 
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epidemiological survey undertaken in Portugal. The results obtained showed that the 

MIC50 of the ‘green’ AgNPs for the C. albicans SC5314 strain was 600 mg/L (Fig. 1). A 

similar value was obtained for 5 of the oral strains tested (FFULORAL16, 

FFULORAL21, FFULORAL26, FFULORAL29 and FFULORAL34), while slightly 

higher values were obtained for the majority of the other oral strains: 700 mg/L for 14 

strains, 800 mg/L for 19 strains and 900 mg/L for 12 strains (Fig. 1). We have also profiled 

the clinical strains in terms of their resistance to fluconazole being possible to identify in 

our cohort two C. albicans strains that could be considered resistant to fluconazole (MIC 

above 64 mg/L, compared with the resistance breakpoint of 4 mg/L), FFULORAL1 and 

FFULORAL2 (Supplementary Figure S1). The MIC50 of the ‘green’ AgNPs for these two 

strains was 800 mg/L for FFULORAL1 and 700 mg/L for FFULORAL2, thus being in 

the average of those obtained for the overall cohort of strains tested and indicating that 

the azole-resistance phenotype did not influenced tolerance to the AgNPs. 

 

3.2. Assessment of the effect of ‘green’ AgNPs against C. albicans in combination 

with other antifungals 

To assess whether the efficacy of the ‘green’ AgNPs against C. albicans and C. 

glabrata could be improved when used in combination with other antifungals used to treat 

oral candidiasis, we have assessed the corresponding MIC50 value in the presence of FLC, 

NYT and AmB. Three C. albicans strains were used for this: the laboratory strain SC5314 

and the fluconazole-resistant isolates (FFULORAL1 and FFULORAL2). The range of 

concentrations of the AgNPs or of the antifungals used was selected to have no significant 

inhibition when used alone (comparison of the first row and first column in the heat-map 

shown in Fig. 2; Supplementary Figure S2). The results obtained are schematically 

represented in the heat-map shown in Fig. 2 and in Table 1. In general, growth of the three 

strains of C. albicans tested in the presence of the two drugs (AgNPs and 

fluconazole/nystatin/amphotericin B) was always more inhibitory than the one observed 

in the presence of the drugs alone (heat-map in Fig. 2 and Supplementary Figure S2) 

which is somehow expected. To identify relevant synergistic interactions the fractional 

inhibitory concentration index (FICI) was calculated since this has used before with 

success to investigate synergistic drug interactions in Candida.(36-38) In all cases it was 

possible to identify a synergistic interaction of the ‘green’ AgNPs with the three 

antifungals tested (Table 1 and Fig. 2). A relevant observation was the fact that this 
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synergistic interaction was observed not only in the laboratory strain SC5314 but also in 

the two fluconazole-resistant isolates, FFULORAL1 and FFULORAL2.   

 

3.3. Exposure of C. albicans to ‘green’ AgNPs reduces filamentation and biofilm 

formation 

Since the ability to form biofilms and to trigger hyphae formation has been 

pinpointed as two relevant virulence factors underlying oral pathogenesis of C. 

albicans,(16) we have decided to investigate how these traits would be modulated by 

exposure to ‘green’ AgNPs. To assess the impact in filamentation we have cultivated, at 

37º C, C. albicans SC5314 cells in RPMI medium supplemented with FBS (a well-known 

inducer of filamentation in this species) and with AgNPs. The concentration of AgNPs 

used in this assay was the one identified as the MIC50 in the phenotypic screenings 

described above. In control conditions, during growth in RPMI (at pH 7) at 37º C around 

80% of the observed C. albicans cells exhibited hyphae, this number increasing up to 

about 95% when FBS was further added to the medium (Fig. 4). The incubation in the 

presence of the ‘green’ AgNPs drastically reduced the number of cells exhibiting hyphae, 

this effect being observed either in the presence or absence of FBS (Fig. 4). We have also 

examined the impact of the presence of AgNPs in biofilm formation on the surface of 

polystyrene undertaken by C. albicans along cultivation in RPMI medium. The amount 

of biofilm formed by C. albicans in the presence of 600 mg/L of ‘green’ AgNPs was 

reduced by more than 50% the one formed in the absence of the nanoparticles, this 

reduction being further increased to more than 90% when the concentration of the AgNPs 

was increased to 900 mg/L (Fig. 4, panel A). Microscopic observation of the biofilms by 

SEM confirmed the reduced biofilm in the culture cultivated in the presence of the ‘green’ 

AgNPs, also evidencing a much low number of hyphae embedded in the biofilm matrix 

(Fig. 4).  

 

3.4. ‘Green’ AgNPs inhibits growth and biofilm formation in C. glabrata 

In this work we have also decided to test the effect of the ‘green’ AgNPs obtained 

from Punica granatum against the emerging oral pathogen C. glabrata.(9) For this we 

have used the laboratory strain CBS138 and also a small cohort of oral clinical strains 

(Fig. 1). The determination of the AgNPs MIC50 against these strains was tested using the 

same methodology employed for C. albicans. Notably, the MIC50 value obtained for the 

laboratory strain C. glabrata CBS138 was of only 2.44 mg/L, which is more than 100-
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fold lower the values obtained for C. albicans (Fig. 1). This much higher sensitivity of C. 

glabrata to the ‘green’ AgNPs, compared with C. albicans, was also observed for the set 

of oral strains tested (Fig. 1), although in this case the MIC50 values were slightly higher 

reaching a maximum of 64 mg/L for the more resilient strain (FFULORAL52). Among 

the cohort of C. glabrata strains tested none could be considered resistant to fluconazole 

(MIC50 above 64 mg/L) (Supplementary Figure S1), however, FFULORAL51 presented 

a MIC50 value of 32 mg/L.  

Similar to what was observed for C. albicans, biofilm formation prompted by C. 

glabrata cells on the surface of polystyrene along cultivation in RPMI medium was found 

to be reduced in the presence of the ‘green’ AgNPs this being observed both by the 

PrestoBlue quantification that was observed and also by microscopic imaging of the 

biofilms (Fig. 5, panel A). This inhibitory effect of AgNPs against C. glabrata biofilm 

cells was observed even in mature biofilms (formed by 12 h and 24 h in the absence of 

the nanoparticles), being clearly visible a reduction in the viability of the biofilm-

embedded cells as indicated by the reduced absorbance of the PrestoBlue reagent (Fig. 5, 

panel B). 

 

4. Discussion  

In the present study, ‘green’ AgNPs presented antimicrobial activity against C. 

albicans and C. glabrata oral clinical isolates. Interestingly, C. glabrata strains were 

more susceptible to nanoparticles when compared to C. albicans. Rahisuddin et al. 

(2015)(41) also investigated the effect of the AgNPs produced by a ‘green’ method against 

Candida species. For C. glabrata, MIC values were between 8 and 15 mg/L; whereas for 

C. albicans, these values were 40-60 mg/L. The absent of hyphal elements may have 

favored the action of AgNPs, since these cellular structures are more exuberant and hard 

to eradicate.(42) Also, C. albicans is able to form well-structured biofilms which contain 

yeast, pseudohyphae, hyphae and exopolysaccharides that prevent the entry of AgNPs.(43) 

On the other hand, Soares et al. (2018)(21) synthesized AgNPs using a C. ferrea seed 

extract as a reducing agent. For C. albicans and C. glabrata, MIC values were 312.5 mg/L 

and 1,250 mg/L, respectively. 

In the recent years, resistance of Candida species to antifungal therapy has 

increased.(44, 45) In our study, two oral clinical isolates of C. albicans were classified as 

resistant to the FLC (CA1 and CA2). Our results showed that AgNPs were effective 

against both strains as well as to isolates considered sensitives to this antifungal agent. 
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However, a high concentration of AgNPs was necessary (600 mg/L). There are few 

studies in the literature that evaluated the effect of AgNPs against resistant clinical 

isolates to azoles. In a study conducted by Longhi et al. (2016)(46), AgNPs produced by 

an eco-friendly method exhibited an antifungal effect with MIC values ranging from 1.74 

to 4.35 mg/L; in addition, these concentrations were not cytotoxic to mammalian cells. It 

is known that physical and chemical properties of AgNPs – including size, size 

distribution, particle morphology and type of reducing agents used for synthesis – are 

much important for determination of cytotoxicity.(47) Studies suggest that smaller size 

particles could cause more toxicity to microorganisms than larger.(48) AgNPs synthesized 

in this study presented spherical shape and regular distribution with size of approximately 

50 nm.(18) 

Some studies have demonstrated that antifungal agents – FLC, NYT, AmB or 

chlorhexidine digluconate – showed synergistic or enhanced activity in combination with 

AgNPs against C. albicans.(49-52) The combination of antimicrobial agents can increase 

the drug efficacy and reduce the adverse effects these drugs. One of the goals of this study 

was evaluated the effect of AgNPs in combination with different antifungals (FLC, NYT 

and AmB) against FFULORAL1, FFULORAL2 (FLC-resistant strains) and SC5314 

(reference strain). In relation to FLC-AgNPs, some combinations were more effective 

than drugs alone to all tested microorganisms. FLC is an azole antifungal used against C. 

albicans infections. In Dentistry, it is the drug of choice since it is effective, better 

tolerated compared to topic and intravenous therapies and more convenient.(53) Longhi et 

al. (2016)(46) also observed a reduction in the FLC-MIC values of resistant clinical isolates 

when combined to AgNPs. It’s known that AgNPs can alter the permeability of the cell 

membrane(54, 55), suggesting that they may facilitate the entry of FLC, which interferes 

with ergosterol biosynthesis. In addition, FLC can also target the fungal cell membrane, 

which further promotes the adhesion of AgNPs to fungal membrane and, consequently, 

enhance the action of AgNPs on C. albicans cell membrane.(50) Our results showed that 

combination of AgNPs with NYT and AmB also was effective against C. albicans. NYT 

and AmB are polyene macrolides that bind to membrane of fungal cells causing alteration 

of cell permeability and the formation of small diameter channels that lead to cell 

death.(56) NYT is frequently used as a topical agent in the treatment of oral candidiasis(57) 

and AmB is used to treat systemic fungal infections. In addition to changing the 

permeability of cell membrane, AgNPs interact with cell wall, release toxic ions, 

penetrate inside the cells, cause DNA damage, etc.(58) Thereby, the effect of the NYT and 
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AmB on cell membrane can have facilitated the entry of AgNPs into the cytoplasm, where 

these particles bind to their targets. In the studies conducted by Silva et al. (2013)(59) and 

Monteiro et al. (2013)(52), NYT-AgNPs exhibited inhibitory effects on biofilms of C. 

albicans and C. glabrata. 

 Some virulence factors, such as morphological transition and biofilm formation, 

have been associated to difficulties on treatment of the infections caused by Candida 

species.(60, 61) The formation of hyphae helps C. albicans to penetrate the host tissues 

leading to the establishment of infection (Sun et al. 2015);(62) moreover, their presence 

favors biofilm formation. In the present study, the ability of AgNPs to inhibit the 

formation of filamentous forms was evaluated, and the results revealed that AgNPs were 

able to reduce approximately 57% the formation of hyphae in the presence of FBS. This 

result reveals that nanoparticles can have an important role in the biofilm formation. To 

verify this, we also evaluated the effect of different concentrations of AgNPs to inhibit 

biofilm formation of C. albicans through PrestoBlue assay. There was a reduction in the 

biofilm formation in all tested concentrations, being dose-dependent (Fig. 4A); in the 

presence of 600 mg/L AgNPs, there was a decrease of approximately 50%. In our study, 

the morphology of cells within the biofilms, both in the absence and in the presence of 

AgNPs treatment, was studied using SEM technique. C. albicans cultures were treated 

with AgNPs at a concentration of 600 mg/L. As a result, we observed scarce biofilms, 

composed mostly of yeast cells and few filamentous forms. True hyphae were absent from 

these biofilms, as shown in Figs. 4C and 4D. These results suggested that AgNPs are able 

to inhibit filamentation and subsequent biofilm formation. In the Figs. 4C and 4D, it is 

possible to observe the nanoparticles on the cells. This reinforces the idea that AgNPs act 

by disturbing the membrane and creating pores provoking ion leakage, generating 

apoptosis and showing ultrastructural changes.(63)  

 In the last years, the number of infections caused by non-Candida albicans 

Candida (NCAC) species, namely due to C. glabrata, has increased significantly.(11, 64, 65) 

Furthermore, C. glabrata resistance to antifungal drugs has been reported.(66, 67) In this 

study, FLC-resistant C. glabrata clinical isolates were not founded. However, we 

investigated the effect of AgNPs on C. glabrata (reference strain) biofilms since there is 

not studies about it in the literature. Our results revealed that AgNPs are able to inhibit 

the C. glabrata biofilm formation even in low concentrations (2.44 to 9.76 mg/L), as 

showed in the Figs. 5A and 5C. C. glabrata cells size (1-4 µm) and the absence of hyphae 

and pseudohyphae(64) can explain this result. In relation to C. albicans, high 
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concentrations of AgNPs were required to reduce formation of the biofilm. In Fig. 5D, 

nanoparticles anchored to cells as well as alterations in the cellular membrane can be 

observed, indicating that AgNPs have any effect on cells, but more detailed analyzes are 

needed to confirm this affirmation. In 24 h-old C. glabrata biofilms, there was a 

significant reduction in the cell viability after treatment with 2.44 mg/L of AgNPs. C. 

glabrata presents the lowest metabolic activity in comparison with other Candida species, 

despite having the highest number of biofilm cultivable cells. Moreover, C. glabrata 

biofilms are constituted by multilayer with blastoconidia packed with total absence of 

pseudohyphae and hyphae.(64) These characteristics may facilitate the action of the 

nanoparticles.  

 In conclusion, this study showed that AgNPs are potent antifungal agents with 

effect on C. albicans and C. glabrata oral clinical isolates, including FLC-resistant 

strains. However, cytotoxicity studies on mammalian cells must be performed. 

Nanoparticles were also effective against C. glabrata mature biofilms. Thus, new studies 

with resistant C. glabrata clinical isolates must be done. Finally, AgNPs associated to 

different antifungal agents used in clinical practice (FLC, NYT and AmB) were effective 

against FLC-resistant C. albicans isolates at low concentrations. 
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Tables 

 

Table 1. Effect of fluconazole (FLC), nystatin (NYT) and amphotericin B (AmB) alone 

or in combination with ‘green’ silver nanoparticles (AgNPs) against FLC-resistant 

Candida albicans oral clinical isolates and reference strain SC5314. 

Drug in 

combination 

and stain 

MIC50
a (in mg/L) 

FICIb INTc 

Alone In combination 

Antifungal AgNPs Antifungal AgNPs 

FLC 

SC5314 0.25 600 

0.063 32 0.303 SYN 

0.125 16 0.527 IND 

0.125 32 0.553 IND 

FFULORAL1 > 64 800 

0.063 16 0.021 SYN 

0.063 32 0.041 SYN 

0.125 16 0.022 SYN 

0.125 32 0.042 SYN 

FFULORAL2 > 64 700 

0.063 16 0.024 SYN 

0.063 32 0.047 SYN 

0.125 16 0.025 SYN 

0.125 32 0.048 SYN 

NYT       

SC5314 0.50 600 

0.125 16 0.277 SYN 

0.125 32 0.303 SYN 

0.25 16 0.527 IND 

0.25 32 0.553 IND 

FFULORAL1 0.50 800 

0.125 16 0.27 SYN 

0.125 32 0.29 SYN 

0.25 16 0.52 IND 

0.25 32 0.54 IND 

FFULORAL2 0.50 700 

0.125 16 0.273 SYN 

0.125 32 0.296 SYN 

0.25 16 0.523 IND 

0.25 32 0.546 IND 

AmB       

SC5314 0.063 600 

0.016 32 0.303 SYN 

0.031 16 0.527 IND 

0.031 32 0.553 IND 

FFULORAL1 0.50 800 

0.031 16 0.083 SYN 

0.031 32 0.103 SYN 

0.063 16 0.145 SYN 

0.063 32 0.165 SYN 

FFULORAL2 1.00 700 

0.063 32 0.108 SYN 

0.125 16 0.148 SYN 

0.125 32 0.171 SYN 

Note: aMIC50, minimum inhibitory concentration. bFICI, faction inhibited concentration index. cSYN, 

synergism; ANT, antagonism; IND, indifference. Synergism was defined as a FICI of ≤0.5, antagonism 

was defined as a FICI of >4.0, and indifference was defined as a FICI of >0.5 to 4 (i.e., no interaction). 
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Figures 

 

Figure 1. MIC50 values for the ‘green’ AgNPs against the reference (gray) and the oral isolates 

of C. albicans (A) and C. glabrata (B). FLC-resistant isolates are in black, while FLC-sensitives 

isolates are in white. AgNP – silver nanoparticles and FLC – fluconazole. 
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Figure 2. Heat map representing the effect of ‘green’ AgNPs alone or in combination with FLC, 

NYT and AmB against C. albicans SC5314 or against the two identified FLC-resistant C. 

albicans isolates. *Combinations considered synergistic according to the fractional inhibitory 

concentration index (FICI). 
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Figure 3. Effect of AgNPs in filamention of C. albicans SC5314. C. albicans cells were cultivated 

in RPMI growth medium supplemented or not with 10% FBS in the presence or absence of the 

‘green’ AgNPs (at 600 mg/L) at 37º C during 24 h, after which the percentage of cells undergoing 

filamentation was quantified as detailed in Materials and Methods. FBS – Fetal Bovine Serum; 

two-way ANOVA followed by the Sidak’s multiple comparisons test, p < 0.05. 
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Figure 4. Effect of ‘green’ AgNPs in biofilm formation prompted by C. albicans SC5314. (A) 

The biofilm formed by C. albicans SC5314 cells on the surface of polystyrene after 24 h of 

cultivation in RPMI medium supplemented or not with increasing concentrations of AgNPs was 

compared using the PrestoBlue assay, as described in Materials and Methods. In panels B, C and 

D are shown pictures obtained by SEM of the biofilm formed under the conditions described 

above in the absence (B) or presence of 600 mg/L of ‘green’ AgNPs; ****-p-value below 0.05. 
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Figure 5. Effect of ‘green’ AgNPs in biofilm formation prompted by C. glabrata CBS138. (A) 

The biofilm formed by C. glabrata CBS138 cells on the surface of polystyrene after 24 h of 

cultivation in RPMI medium supplemented or not with increasing concentrations of AgNPs 

was compared using the PrestoBlue assay, as described in Materials and Methods. In panels B, 

C and D are shown pictures obtained by SEM of the biofilm formed under the conditions 

described above in the absence (B) or presence of 2.44 mg/L of ‘green’ AgNPs; ****-p-value 

below 0.05. 
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Figure 6. Relative absorbance obtained with the PrestoBlue assay for biofilms C. glabrata 

CBS138 formed by 12 h (Early biofilm) and 24 h (Mature biofilm) and treated with ‘green’ 

AgNPs at 2.44 mg/L for 24 h. Error bars display standard deviation of the means. *Indicates 

significant differences (p < 0.05 – two-way ANOVA followed by the Sidak post hoc test) between 

Control and AgNPs groups in the different conditions. AgNPs – silver nanoparticles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

E a r l y

b i o f i l m

M a t u r e

b i o f i l m

0 . 0

0 . 2

0 . 4

0 . 6

0 . 8

1 . 0

C o n d i t i o n s

N
o

r
m

a
l
i
z

e
d

 5
7

0
 n

m

a
b

s
o

r
b

a
n

c
e

C o n t r o l

W i t h  A g N P s

****
***



                                                          Capítulo 5 
 

154 
 

Supplementary Material 

 

 

Figure S1. MIC50 values for the FLC against the reference (white) and the oral isolates of C. 

albicans (A) and C. glabrata (B). FLC-resistant isolates are in black, while FLC-sensitives 

isolates are in gray. FLC – fluconazole. 
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Figure S2. The effect of ‘green’ AgNPs alone or in combination with FLC, NYT and AmB 

against C. albicans SC5314 or against the two identified FLC-resistant C. albicans isolates 

(FFULORAL1 and FFULORAL2). Combinations considered synergistic according to the 

fractional inhibitory concentration index (FICI). 

 

 

 

 

 

 

 

 

 

 

 

 

 



  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CAPÍTULO 6 

Resposta transcritômica de Candida glabrata após exposição às nanopartículas de 

prata sintetizadas por uma via ‘green’
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Resposta transcriptômica de Candida glabrata após exposição às nanopartículas de 

prata sintetizadas por uma via ‘green’ 

 

Resumo 

 

O objetivo deste estudo foi avaliar, comparativamente, as alterações do transcriptoma de 

células de C. glabrata CBS138 após exposição às nanopartículas de prata (NPsAg) 

obtidas pela síntese ‘green’ (no estado planctônico e formando biofilmes) e ao íon prata 

(formando biofilmes). Inicialmente, soluções de nitrato de prata (AgNO3 – Íon Ag+) e de 

NPsAg (utilizando extrato da casca da romã) foram sintetizadas. A concentração 

inibitória mínima (CIM50) da solução de Íon Ag+ e das NPsAg foi determinada utilizando 

o método de microdiluição. O número de Unidades Formadoras de Colônias foi 

quantificado após 24 h de formação do biofilme de C. glabrata na presença do Íon Ag+ 

ou das NPsAg. A resposta transcriptômica das células de C. glabrata frente às NPsAg foi 

determinada em duas situações: nos estados planctônico (após 2 h de exposição) e 

formando biofilmes (após 24 h). A resposta transcriptômica das células expostas às 

NPsAg formando biofilmes foi comparada com a do íon Ag+. Os valores de CIM50 para 

Íon Ag+ e NPsAg foram 1,22 e 2,44 mg/L, respectivamente. Houve uma redução de 

aproximadamente 93% na formação do biofilme quando os biofilmes de C. glabrata 

foram formados na presença do Íon Ag+ e das NPsAg. No estado planctônico, os genes 

relacionados com a biossíntese de metionina e de lisina estão mais expressos, enquanto 

que os genes relacionados com o transporte transmembrana estão menos expressos; e, as 

células expostas às NPsAg responderam de forma distinta em relação ao Íon Ag+, na 

formação do biofilme de C. glabrata. Diante desses resultados, pode-se concluir que, as 

NPsAg exercem o seu efeito na membrana citoplasmática da célula fúngica. Além disso, 

nós observamos efeitos distintos entre o Íon Ag+ e as NPsAg na formação do biofilme. 

 

Palavras-chaves: Prata. Nanotecnologia. Toxicidade. Análise em Microsséries. 
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1. Introdução 

Nos últimos anos, a Nanotecnologia tem sido utilizada para controlar a formação 

de biofilmes através da incorporação de nanopartículas em diversos materiais (Monteiro 

et al. 2011). Neste contexto, as nanopartículas de prata (NPsAg) estão se destacando nas 

áreas da Medicina, Biologia, Química e Física (Song et al. 2009). As NPsAg tem sido 

incorporadas em diferentes materiais odontológicos, tais como: resinas compostas, 

cimento de ionômero de vidro, adesivos, cimentos endodônticos e ortodônticos, implantes 

dentários, resina acrílica, entre outros (Bapat et al. 2018). Na forma nanoparticulada, a 

prata possui uma maior área de superfície por volume (esta característica aumenta a 

interação das nanopartículas com o microrganismo), o que a torna potencialmente mais 

reativa (Chairuangkitti et al. 2013; Prabhu & Poulose, 2012; Wei et al. 2010). 

 Além disso, NPsAg possuem comprovada atividade antimicrobiana contra um 

amplo espectro de microrganismos, bactérias gram-positivas, gram-negativas, fungos 

(como por exemplo, Candida albicans e C. glabrata) e vírus, incluindo cepas resistentes 

às drogas que são habitualmente usadas para tratar infecções causadas por estes 

microrganismos (Rudramurthy et al. 2016; Zhang et al. 2016). Cerca de 650 espécies 

causadoras de doenças já se verificaram serem sensíveis à ação das AgNPs (Monteiro et 

al. 2012; Monteiro et al. 2011; Braydich-Stolle et al. 2010; Kim et al. 2009), o que torna 

estas nanopartículas muito atrativas como potenciais agentes terapêuticos (Ahamed et al. 

2010). No entanto, as técnicas convencionais utilizadas para a síntese dessas 

nanopartículas podem afetar o meio ambiente e o sistema biológico (Ali et al. 2016), 

porque envolvem o uso de substâncias químicas tóxicas. Nesse sentido, a síntese ‘green’ 

tem emergido como uma alternativa amplamente aceita para sintetizar NPsAg, por utilizar 

sistemas biológicos como por exemplo, bactérias, fungos e extratos de plantas (Arumai 

Selvan et al. 2018; Malik et al. 2014; Park et al. 2011). Alguns estudos mostram o 

envolvimento de compostos fenólicos presentes em plantas na redução de íons metálicos 

o que excluiria o uso de substâncias químicas (Kumari et al. 2015; Ahmad et al. 2012). 

Assim, extrato da casca de Punica granatum L. (romã) tem sido utilizado como agente 

redutor para os íons prata (Fernandes et al. 2018; Souza et al. 2018), devido à alta 

quantidade de compostos fenólicos – ácido elágico, elagitaninas e punicalagina – e por 

apresentarem também propriedades antioxidantes (Heber 2011). 

 Apesar deste efeito antimicrobiano amplamente reportado das NPsAg, pouco se 

sabe sobre o mecanismo molecular pelo qual estas nanopartículas exercem toxicidade 

contra as diferentes espécies de microrganismos (Bapat et al. 2018). O mecanismo de 



                                                                                                        Capítulo 6 
 

159 

 

ação mais comum das NPsAg está relacionado com a liberação de íons prata (Ag+), que 

podem causar danos na membrana citoplasmática (sabe-se que nanopartículas formam 

pequenos poros na parede celular de microrganismos gram-negativos causando um 

aumento na permeabilidade celular) e consequentemente levar à perda de viabilidade 

celular (Yang et al. 2012). A liberação de íons Ag+ é maior quando NPsAg menores que 

10 nm são utilizadas comparadas com nanopartículas maiores (Roco, 2004). Outros 

efeitos reportados incluem a interrupção na produção de ATP pela célula e a inibição da 

replicação do DNA (Rizzello & Pompa, 2014). No entanto, permanecem por esclarecer 

de forma mais definitiva quais as respostas celulares quando expostas a NPsAg obtidas 

por uma via ‘green’ e se essas respostas são idênticas às produzidas após exposição ao 

íon Ag+. 

Diante do exposto acima, o objetivo deste estudo foi avaliar comparativamente as 

alterações do transcriptoma de células de C. glabrata CBS138 após exposição às 

nanopartículas de prata (NPsAg) obtidas pela síntese ‘green’ (no estado planctônico e 

formando biofilmes) e ao íon prata (formando biofilmes), a fim de compreender melhor 

o mecanismo de ação das NPsAg e verificar se o efeito das NPsAg sobre as células de 

Candida é diferente do íon Ag+. 

 

2. Materiais e métodos 

2.1. Síntese das soluções experimentais 

As soluções experimentais utilizadas neste estudo foram: Soluções de nitrato de 

prata (AgNO3 – Íon Ag+) e de nanopartículas de prata (NPsAg) sintetizadas por um 

método ‘green’ utilizando extrato da casca da romã. As concentrações finais de cada 

composto foram: para a solução de Íon Ag+ - 1000 mg/L e para a solução de NPsAg – 

2500 mg/L. 

 

2.1.1. Preparo das nanopartículas de prata 

 A síntese ‘green’ das NPsAg foi realizada de acordo com Souza et al. (2018) e 

Gorup et al. (2011). Inicialmente, 0,42 g de nitrato de prata (AgNO3, Merck KGaA, 

Alemanha) foram dissolvidos em 100 mL de água deionizada aquecida a 90º C. Depois, 

5 mL de sal de amônio de ácido polimetacrílico foi adicionado seguido de 0,7 g de extrato 

aquoso da casca da P. granatum. A reação foi mantida sob agitação constante a 95º C por 

10 minutos. Durante o estudo, a solução antimicrobiana foi estocada em frascos âmbar a 

4º C. Os resultados prévios da microscopia eletrônica de varredura mostraram formato 
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esférico e distribuição regular com tamanho de aproximadamente 50 nm, que foram 

utilizados neste estudo. 

 

2.1.2. Preparo da solução de nitrato de prata 

Para a solução de Íon Ag+, 1,57 g de AgNO3 (Merck KGaA) foi dissolvido em 

1000 mL de água deionizada. A solução também foi mantida em frascos âmbar a 4º C. 

 

2.2. Microrganismos e Condições de Crescimento 

 C. glabrata CBS138 foi cultivada em Yeast Peptone Dextrose (YPD) 

suplementado com 2% de ágar por 24 h a 30º C. YPD contém, por litro, 20 g de sacarose 

(Merck Millipore, Portugal), 10 g de extrato de levedura (HiMedia Laboratories, Mumbai, 

Índia) e 20 g de peptone (HiMedia Laboratories). Nos ensaios antimicrobianos, meio 

RPMI ajustado a um pH 7.0 (com NaOH) foi utilizado. RPMI contém, por litro, 20,8 g 

de meio sintético RPMI-1640 (Sigma), 36 g de sacarose (Merck Millipore), 0,3 g de L-

glutamina (Sigma) e 0,165 mol/L de MOPS (3-(N-morfolino) ácido propanosulfônico, 

Sigma).   

 

2.3. Determinação da Concentração Inibitória Mínima (CIM50) e de Unidades 

Formadoras de Colônias (UFCs/mL) 

 A concentração inibitória mínima (CIM50) da solução de Íon Ag+ e das NPsAg foi 

determinada usando o método da microdiluição recomendado pelo Comitê Europeu de 

Testes de Susceptibilidade Antimicrobiana (Rodriguez-Tudela et al. 2008). Para isso, 

células de C. glabrata CBS138 foram cultivados por 17 h em meio de crescimento YPD 

a 30º C com agitação orbital de 250 rpm. Na sequência, as células foram diluídas em meio 

RPMI (Sigma) para obter uma suspensão de células tendo uma densidade óptica 

(DO600nm) de 0,05. A partir destas suspensões, alíquotas de 100 µL foram misturadas na 

placa de poliestireno de 96 poços (Costar) contendo 100 µL de meio RPMI (controle) ou 

com 100 µL deste mesmo meio suplementado com solução de Íon Ag+ ou NPsAg. As 

concentrações de Íon Ag+ e NPsAg testadas variaram de 0,005 a 2,44 mg/L e 0,08 a 39,06 

mg/L, respectivamente. A concentração final do inóculo foi de 0,5 – 2,5 x 105 UFC/mL. 

As placas foram incubadas a 37º C por 24 h e, depois deste período, a densidade óptica 

(DO530nm) foi mensurada em um leitor de microplaca (SpectroStar Nano, BMG Labtech, 

Germany). Valores de CIM50 foram tomados como sendo a primeira concentração do 

antifúngico que reduziu o crescimento dos microrganismos a metade que registrada no 
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meio sem a droga (controle), como definido pelo Comitê Europeu de Testes de 

Susceptibilidade Antimicrobiana (Rodriguez-Tudela et al. 2008). 

 Após o período de incubação (24 h), os biofilmes formados na presença e na 

ausência das do Íon Ag+ e das AgNPs foram raspados com raspadores de células, diluídos 

em PBS e plaqueados em YPD ágar para determinar a quantidade de UFCs/mL. Estes 

experimentos foram realizados em triplicata. 

 

2.4. Curva de Crescimento 

 Células de C. glabrata CBS138 foram inicialmente cultivadas em YPD a 30º C 

com agitação orbital de 250 rpm por 17 h. NPsAg na concentração da CIM50 (2,44 mg/L) 

foram diluídas em RPMI para um volume final de 100 mL em Erlenmeyer. A 

concentração final do inóculo foi de 0,5 – 2,5 x 105 UFC/mL. Os tempos avaliados foram: 

0, 2, 4, 6, 8, 10, 12, 24, 48 e 72 horas. Após cada período experimental, a densidade óptica 

foi determinada em um comprimento de onda de 600 nm. Além disso, uma alíquota em 

cada tempo experimental também foi diluída em PBS, plaqueado em YPD ágar para 

determinar a UFCs/mL. Os experimentos foram realizados em triplicata. 

 

2.5. Análise transcriptômica 

 Com o propósito de aprofundar o conhecimento do impacto das NPsAg sobre a 

fisiologia de C. glabrata, uma análise transcriptômica foi realizada a fim de avaliar quais 

genes estão mais ou menos expressos como resposta à exposição a esta solução 

antimicrobiana. A resposta transcriptômica das células de C. glabrata CBS138 frente às 

NPsAg foi determinada em duas situações: nos estados planctônico e formando biofilmes. 

A resposta transcriptômica das células expostas às NPsAg formando biofilmes foi 

comparada com a do íon Ag+. 

 

2.5.1. Estado Planctônico 

 Células de C. glabrata foram expostas às NPsAg (em uma concentração de 2,44 

mg/L) por 2 h sob agitação constante (250 rpm) a 37º C. Após esse período, as células de 

C. glabrata foram coletadas por meio de centrifugação para a experiência dos 

‘microarrays’. As células foram, então, armazenadas a -80º C para posterior extração do 

RNA. Os ensaios foram realizados em triplicata. 

 

2.5.2. Formando biofilmes  
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 Biofilmes de C. glabrata CBS138 foram formados na ausência e na presença das 

NPsAg (em uma concentração de 2,44 mg/L) e do íon Ag+ (em uma concentração de 1,22 

mg/L) em placas de 6 poços (Greiner Bio One, Alemanha) por 24 h. Após esse período, 

os biofilmes foram coletados, centrifugados (8200 rpm, por 5 min) e, as células foram 

armazenadas a -80º C para posterior extração do RNA. Os ensaios foram realizados em 

triplicata. 

 

2.5.3. Extração do RNA 

Em ambas situações (no estado planctônico e formando biofilmes), a extração do 

RNA foi realizada utilizando o kit RiboPure RNA Isolation (Ambion, Life Technologies, 

CA) de acordo com as instruções do fabricante. A concentração, qualidade e os níveis de 

integridade das amostras de RNA foram controlados usando um Agilent 2100 

Bioanalisador (Agilent) de acordo com as instruções do fabricante. Apenas as amostras 

com razões 28S/18S rRNA entre 1,6 e 2,2 e mostrando uma ausência de degradação foram 

utilizadas nas análises subsequentes. 

 

2.5.4. Experiência de ‘Microarray’ 

Os chips de DNA utilizados para a análise de ‘microarray’ foram manufaturados 

pela Agilent usando um design para C. glabrata (Rossignol et al. 2007). Inicialmente, os 

cDNAs foram sintetizados a partir do RNA total extraído das células que foram expostas 

às soluções experimentais nas diferentes condições. As amostras foram preparadas por 

hibridização (Agilent’s Two-Color Microarray-Based Gene Expression Protocol). Os 

‘microarrays’ hibridizados foram escaneados com um Axon 4000B scanner (Axon 

Instruments) e os dados foram adquiridos com GenePix Pro 5.1 software (Axon 

Instruments). Os dados resultantes foram processados usando o programa BRB-Array 

Tools em associação com o Excel e os ‘fold-changes’ foram estimados utilizando a 

normalização Lowess. Posteriormente, os genes com ‘fold-changes’ maior ou igual a 1,5 

e menor ou igual a -1,5 foram categorizados utilizando o Banco de Dados de Catalógo 

Funcional MIPS (http://mips.helmholtz-muenchen.de/funcatDB/) e o Banco de Dados 

PathoYeastract de C. glabrata (http://pathoyeastract.org/cglabrata/rankbygo.php).  

 

3. Resultados e Discussão 

3.1. Concentração Inibitória Mínima (CIM50), UFCs/mL e Curva de Crescimento 

http://mips.helmholtz-muenchen.de/funcatDB/
http://pathoyeastract.org/cglabrata/rankbygo.php
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 Para que a análise transcritômica fosse significativa e pudesse ser utilizada para 

comparar o íon Ag+ com as NPsAg, um efeito tóxico equivalente nas diferentes condições 

testadas era necessário. Assim, decidimos estudar o efeito de cada estresse 

individualmente de forma a escolher concentrações que levassem a um idêntico nível de 

toxicidade, sobre as quais, posteriormente, seria possível tirar conclusões do ponto de 

vista comparativo. A Figura 1 mostra os valores de CIM50 para Íon Ag+ (A) e NPsAg (B) 

e número de células viáveis (UFCs/mL) (C) após exposição às soluções experimentais. 

Os valores de CIM50 para Íon Ag+ e NPsAg foram 1,22 e 2,44 mg/L, respectivamente. 

Houve uma redução de aproximadamente 93% na formação do biofilme quando os 

biofilmes de C. glabrata CBS138 foram formados na presença do íon Ag+ e das NPsAg 

(as concentrações utilizadas foram baseadas nos valores de CIM50). 

A Figura 2 nos mostra a curva de crescimento de C. glabrata CBS138 (DO600nm e 

UFC/mL) na presença ou na ausência de 2,44 mg/L de NPsAg. Na presença das NPsAg, 

houve uma redução na viabilidade celular de C. glabrata nos tempos avaliados em ambos 

experimentos (densidade óptica (DO600nm) e UFCs/mL. 

 

3.2. Análise transcriptômica 

3.2.1. Estado Planctônico 

 Nós decidimos fazer a comparação em condições planctônicas visto que é uma 

forma mais direta de ver o efeito das ‘green’-NPsAg sobre a fisiologia de C. glabrata. 

 No estado planctônico, as células de C. glabrata tratadas ou não com NPsAg por 

2 h foram recolhidas e, o RNA foi extraído para a análise transcriptômica. No total, 295 

genes foram encontrados ser ‘up-regulated’ e 52 genes foram encontrados ser ‘down-

regulated’ (acima de 1,5-vezes) (com p < 0.05). Em ambas as regulações (up ou down), 

os genes foram agrupados de acordo com a sua função biológica, usando o Banco de 

Dados do Catálogo Funcional MIPS, e as classes funcionais enriquecidas (p < 0,05) foram 

selecionadas (Figura 3). Pode-se observar que as principais funções up-regulated em C. 

glabrata após exposição às NPsAg foram ‘Amino acid metabolism’ e ‘C-compound and 

carbohydrate metabolism’. Além disso, verificou-se que as principais funções down-

regulated como resposta às NPsAg foram ‘Homeostasis of cations’ e ‘Cellular import’. 

 Em relação ao ‘Amino acid metabolism’ e ‘C-compound and carbohydrate 

metabolism’, os genes relacionados à biossíntese da metionina e da lisina foram os mais 

representativos (Tabela 1). A superexpressão dos genes MET e LYS pode ser explicada 

pelo fato de que as NPsAg podem induzir uma alteração no conteúdo lipídico da 
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membrana plasmática, o que pode ter efeitos na importação de aminoácidos. Foi 

demonstrado que o transporte de metionina e de lisina é reduzido em células com maior 

conteúdo de ergosterol e é aumentado em células com menor conteúdo de ergosterol 

(Singh et al. 1979). Portanto, é provável que as células tratadas com as NPsAg tenham 

menores teores de ergosterol, o que poderia predizer um aumento no nível de importação 

de metionina e de lisina. 

 Os genes envolvidos na função ‘Homeostasis of cations (prótons e íons 

metálicos)’ estão sub-expressos em células de C. glabrata tratadas com NPsAg por 2 h 

(Tabela 2). A transição de metais é essencial para muitos processos metabólicos e sua 

homeostase é de fundamental importância para a manutenção dos principais mecanismos 

fisiológicos e, consequentemente, para a viabilidade celular (Nelson, 1999). No entanto, 

como isso também os torna potencialmente tóxicos, as células usam vários mecanismos 

para controlar a toxicidade deste elemento, incluindo um rígido controle do transporte de 

metais transmembrana. O transporte transmembrana mantém um equilíbrio entre a 

quantidade de metal necessária para processos biológicos e a quantidade que pode ser 

tóxica (Askwith e Kaplan, 1998). Desta forma, a repressão destes genes, como resultado 

da exposição às AgNPs, pode indicar que as células percebem o aumento na concentração 

de metal devido à presença das nanopartículas e tentam assim impedir a sua passagem 

através da membrana. Isto pode funcionar como uma ferramenta para manter a 

homeostase do metal dentro das células, enquanto, por sua vez, funciona como um 

mecanismo de resistência contra as NPsAg.  

Quando as células de Candida são expostas a estresses ambientais, como os 

antifúngicos, geralmente, genes envolvidos com transporte de glicose são sobre-

expressos como um meio de garantir que as células tenham energia suficiente para superar 

o estresse que estão sendo submetidas (Pais et al. 2016; Ng et al. 2015). No entanto, o 

contato das células de C. glabrata com as NPsAg desencadeou uma resposta oposta, 

resultando na desativação dos transportadores de membrana (‘Cellular import’ e ‘C-

compound and carbohydrate metabolism’ – CAGL0D02640g, FPS2 e HXT1) (Tabela 2). 

Este resultado divergente pode estar relacionado com o mecanismo de ação ainda não 

completamente descrito das NPsAg, no entanto, é promissor reconhecer que este 

composto parece agir através de um mecanismo diferente quando comparado com os 

antifúngicos utilizados atualmente, dado que desencadeia uma atividade celular distinta. 

 

3.2.2. Formando biofilmes 
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Nesta parte do estudo, nós investigamos se a resposta celular frente às NPsAg é 

diferente ou idêntica àquela produzida pelo íon Ag+. Inicialmente, biofilmes de C. 

glabrata CBS138 foram formados na ausência e na presença das soluções 

antimicrobianas (íon Ag+ - 1,22 mg/L e NPsAg – 2,44 mg/L) por 24 h. Após esse período, 

as células foram recolhidas para extração do RNA e para posterior análise 

transcriptômica. Na Figura 4, nós sumarizamos o número de genes up- ou down-regulated 

(acima de 1,5 vezes) em resposta aos estímulos. Pode-se observar que, 276 genes up-

regulated e 274 genes encontrados serem down-regulated são exclusivos para as NPsAg. 

De acordo com o Banco de Dados do Catálogo Funcional MIPS, algumas funções foram 

específicas às NPsAg em relação ao íon Ag+ tanto nos genes sobre- ou sub-expressos (up- 

ou down-regulated) (Fig. 5). 

 Células de Candida desenvolvem estratégias para crescer e sobreviver em 

diferentes ambientes desfavoráveis. No presente estudo, nós observamos que C. glabrata 

adquire dois mecanismos de proteção para permitir que o patógeno cresça e sobreviva sob 

estresse das NPsAg: através do aumento da síntese endógene de esteróis ou através da 

importação de esteróis exógenos. Nossos dados revelaram que a expressão dos genes 

reguladores da biossíntese de ergosterol e do metabolismo do esterol, bem como os genes 

transportadores do influxo de esterol, estão significativamente aumentados em C. 

glabrata sob estresse com as NPsAg (Tabela 3). Essa característica não foi observada nas 

células tratadas com o íon Ag+. Da mesma forma, os genes transportadores do influxo de 

esteróis (AUS1, UPC2 e TIR3) e os genes biossintéticos do ergosterol (ERG1, ERG11, 

ERG3 e ERG25) são marcadamente regulados positivamente em leveduras quando a 

biossíntese do ergosterol é suprimida em hipóxia ou devido a síntese de esterol defeituosa. 

(Li et al. 2018). Além disso, as células de C. glabrata CBS138 expostas às NPsAg por 24 

h apresentaram uma sobre-expressão de genes relacionados com o efluxo de drogas, tais 

como: CDR1 e PDR1 (função: ‘Detoxification’) (Tabela 3). Esse é o mecanismo 

predominante pelo qual C. glabrata medeia a resistência a uma ampla gama de azóis e 

outros compostos antifúngicos (Fonseca et al. 2014). Genes que estão envolvidos na 

manutenção de processos metabólicos das células de Candida estão sobre-expressos, 

como por exemplo: os genes da função ‘Siderophore-iron transport’ (FET3, AFT1 e 

FTR1). 

 As principais funções que se apresentaram down-regulated após exposição às 

nanopartículas por 24 h foram: ‘Cell cycle’, ‘Aerobic respiration’, ‘Transport facilities’, 
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‘Electron transport’ e ‘Mitochondrion’ (Tabela 4). Assim, o provável mecanismo de ação 

das NPsAg pode estar envolvido com estas funções. 

 

Conclusão 

 Diante dos nossos resultados, pode-se concluir que, as células de Candida no 

estado planctônico podem responder de diferentes formas frente às NPsAg. Além disso, 

as células de C. glabrata responderam de forma diferente frente às NPsAg quando 

comparado com o íon Ag+. Este fato pode nos ajudar a elucidar o mecanismo de ação 

destas nanopartículas e, também, nos ajuda na descoberta de novos alvos terapêuticos.   
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Figuras 

 

 
Figura 1. (A) e (B): Valores de CIM50 para Íon Ag+ (A) e NPsAg (B) contra C. glabrata CBS138. 

A CIM foi determinada pelo método da microdiluição recomendado pelo EUCAST. Valores de 

CIM para cada composto está representado por uma seta. (C): Número de células cultiváveis dos 

biofilmes de C. glabrata CBS138 depois da formação do biofilme na presença ou na ausência do 

Íon Ag+ e das NPsAg representado por UFCs/mL; as concentrações utilizadas foram baseadas nos 

valores de CIM50 (ANOVA 1-critério, seguido pelo teste de Dunnett, com p < 0.05).  
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Figura 2. Curva de crescimento de C. glabrata CBS138 na presença ou na ausência das NPsAg 

(2,44 mg/L) expressa em densidade óptica (DO600nm) (A) e número de unidades formadora de 

colônias por mL (Log10 UFCs/mL) (B). Seta mostrando o ponto que as amostras foram recolhidas 

para extração de RNA. 
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Figura 3. Agrupamento funcional de genes ativados em C. glabrata CBS138 (estado 

planctônico) em resposta às NPsAg por 2 h. Os genes encontrados ser up- (A) ou down-

regulated (B) em resposta às NPsAg foram agrupados de acordo com a sua função biológica, 

usando o banco de dados do Catálogo Funcional MIPS (barras pretas), e as classes funcionais 

enriquecidas (p < 0,05) foram selecionadas. As barras brancas representam a porcentagem de 

genes agrupados em cada classe funcional, utilizando como conjunto de dados de entrada todo 

o genoma de C. glabrata CBS138. 
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Figura 4. Diagrama de Venn resumindo o número de genes 

up- ou down-regulated (acima de 1,5 vezes (fold)) em resposta 

ao Íon Ag+ e às NPsAg nas células de C. glabrata CBS138 

formando biofilmes por 24 h. 

 

 
Figura 5. Agrupamento funcional de genes ativados em C. glabrata CBS138 (formando 

biofilmes) em resposta às NPsAg por 24 h. Os genes encontrados ser up- (A) ou down-

regulated (B) em resposta às NPsAg foram agrupados de acordo com a sua função biológica, 

usando o banco de dados do Catálogo Funcional MIPS (barras pretas), e as classes funcionais 

enriquecidas (p < 0,05) foram selecionadas. As barras brancas representam a porcentagem 

de genes agrupados em cada classe funcional, utilizando como conjunto de dados de entrada 

todo o genoma de C. glabrata CBS138. 
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Tabelas 

 

Tabela 1. Lista dos genes up-regulated em resposta às NPsAg por 2 h em C. glabrata CBS138 de acordo com os grupos funcionais obtidos pelo MIPS Functional 

(http://mips.helmholtz-muenchen.de/funcatDB/). A função biológica indicada foi baseada nas informações disponíveis em Candida Genome Database 

(http://candidagenome.org) e/ou na informação disponível para ortólogo S. cerevisiae.  

ORF Name Gene Name Fold-Change p value Function 

Amino Acid Metabolism 

CAGL0J06402g (LYS20) 12.30 3.75E-03 
Ortholog(s) have homocitrate synthase activity, role in DNA repair, histone displacement, lysine 

biosynthetic process via aminoadipic acid and nucleus localization 

CAGL0F07029g MET13 8.05 9.93E-03 
Ortholog(s) have methylenetetrahydrofolate reductase (NAD(P)H) activity and role in 

methionine biosynthetic process, one-carbon metabolic process 

CAGL0G02585g LYS12 7.57 5.42E-03 Homo-isocitrate dehydrogenase 

CAGL0K10978g (LYS4) 6.41 2.55E-03 
Ortholog(s) have homoaconitate hydratase activity, role in lysine biosynthetic process via 

aminoadipic acid and mitochondrion localization 

CAGL0K07788g (LYS2) 6.28 5.37E-03 
Ortholog(s) have L-aminoadipate-semialdehyde dehydrogenase activity and role in lysine 

biosynthetic process via aminoadipic acid 

CAGL0F06875g (LYS1) 6.02 6.04E-03 
Ortholog(s) have mRNA binding, saccharopine dehydrogenase (NAD+, L-lysine-forming) 

activity and role in lysine biosynthetic process via aminoadipic acid 

CAGL0C03443g LYS9 5.86 1.75E-03 Putative saccharopine dehydrogenase 

CAGL0K06677g MET8 5.77 3.33E-03 
Putative bifunctional dehydrogenase and ferrochelatase; gene is upregulated in azole-resistant 

strain 

CAGL0K08668g MET28 5.03 1.52E-03 bZIP domain-containing protein 

CAGL0D06402g MET15 4.89 3.41E-03 

O-acetyl homoserine sulfhydrylase (OAHSH), ortholog of S. cerevisiae MET17; required for 

utilization of inorganic sulfate as sulfur source; able to utilize cystine as a sulfur source while S. 

cerevisiae met15 mutants are unable to do so 

CAGL0I04994g MET6 4.86 4.03E-03 
5-methyltetrahydropteroyltriglutamate homocysteine methyltransferase; protein abundance 

increased in ace2 mutant cells 

C-compound and carbohydrate metabolism 

CAGL0J06402g (LYS20) 12.30 3.75E-03 
Ortholog(s) have homocitrate synthase activity, role in DNA repair, histone displacement, lysine 

biosynthetic process via aminoadipic acid and nucleus localization 

CAGL0F07029g MET13 8.05 9.93E-03 
Ortholog(s) have methylenetetrahydrofolate reductase (NAD(P)H) activity and role in 

methionine biosynthetic process, one-carbon metabolic process 

CAGL0G02585g LYS12 7.57 5.42E-03 Homo-isocitrate dehydrogenase 

http://mips.helmholtz-muenchen.de/funcatDB/
http://candidagenome.org/
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CAGL0K10978g (LYS4) 6.41 2.55E-03 
Ortholog(s) have homoaconitate hydratase activity, role in lysine biosynthetic process via 

aminoadipic acid and mitochondrion localization 

CAGL0M07612g (FMS1) 3.71 4.85E-03 
Ortholog(s) have polyamine oxidase activity and role in pantothenate biosynthetic process, 

spermine catabolic process 

CAGL0J09240g LYS21 3.68 1.07E-02 Homocitrate synthase; protein abundance increased in ace2 mutant cells 

 

Tabela 2. Lista dos genes down- regulated em resposta às NPsAg por 2 h em C. glabrata CBS138 de acordo com os grupos 

funcionais obtidas pelo MIPS Functional (http://mips.helmholtz-muenchen.de/funcatDB/). A função biológica indicada foi 

baseada nas informações disponíveis em Candida Genome Database (http://candidagenome.org) e/ou na informação disponível 

para ortólogo S. cerevisiae. 

ORF Name Gene Name Fold-Change p value Function 

Cellular import 

CAGL0A01804g HXT1 0.24 2.81E-02 

Uncharacterized ORF; Ortholog(s) have fructose 

transmembrane transporter activity, pentose transmembrane 

transporter activity, role in glucose transmembrane transport, 

mannose transmembrane transport and plasma membrane 

localization 

CAGL0E03894g FPS2 0.27 2.69E-04 

Verified ORF; Glycerol transporter; involved in flucytosine 

resistance; double fps1/fps2 mutant accumulates glycerol, 

has constitutive cell wall stress, is hypersensitive to 

caspofungin in vitro and in vivo 

CAGL0D02640g CAGL0D02640g 0.34 1.02E-02 

Uncharacterized ORF; Has domain(s) with predicted 

transmembrane transporter activity, role in transmembrane 

transport and integral component of membrane, membrane 

localization 

Homeostasis of cations 

CAGL0H10076g CAGL0H10076g 0.28 7.88E-04 
Uncharacterized ORF; Ortholog(s) have plasma membrane 

localization 

CAGL0K07634g GAT1 0.30 4.38E-03 

Uncharacterized ORF; Ortholog(s) have sequence-specific 

DNA binding, transcription factor activity, RNA polymerase 

II transcription factor binding, transcriptional activator 

activity, RNA polymerase II proximal promoter sequence-

specific DNA binding activity 

http://mips.helmholtz-muenchen.de/funcatDB/
http://candidagenome.org/
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CAGL0I07491g (IZH4) 0.32 1.68E-03 
Uncharacterized ORF; Ortholog(s) have role in cellular zinc 

ion homeostasis 

 

Tabela 3. Lista dos genes up-regulated em resposta às NPsAg por 24 h, exclusivamente (diagrama de Venn), em C. glabrata 

CBS138 (formando biofilmes) de acordo com os grupos funcionais obtidas pelo MIPS Functional (http://mips.helmholtz-

muenchen.de/funcatDB/). A função biológica indicada foi baseada nas informações disponíveis em Candida Genome Database 

(http://candidagenome.org) e/ou na informação disponível para ortólogo S. cerevisiae. 

ORF Name Gene Name Fold Change p value Function 

Detoxification 

CAGL0A00451g PDR1 4.35 0.004 

Verified ORF; Zinc finger transcription factor, activator of drug 

resistance genes via pleiotropic drug response elements (PDRE); 

regulates drug efflux pumps and controls multi-drug resistance; 

gene upregulated and/or mutated in azole-resistant strains 

CAGL0E04092g SIT1 6.73 0.004 

Verified ORF; Putative siderophore-iron transporter with 14 

transmembrane domains; required for iron-dependent survival in 

macrophages; mRNA levels elevated under iron deficiency 

conditions; plasma membrane localized 

CAGL0E04334g ERG11 4.38 0.004 

 Verified ORF; Putative cytochrome P-450 lanosterol 14-alpha-

demethylase; target enzyme of azole antifungal drugs; increased 

protein abundance in azole resistant strain 

CAGL0F01419g AUS1 49.18 0.0007 
 Verified ORF; ATP-binding cassette transporter involved in 

sterol uptake 

CAGL0G08624g QDR2 5.77 0.004 

Verified ORF; Drug:H+ antiporter of the Major Facilitator 

Superfamily, confers imidazole drug resistance, involved in 

quinidine/multidrug efflux; gene is activated by Pdr1p; 

upregulated in azole-resistant strain 

CAGL0I08019g YOL075C 4.03 0.001 

Uncharacterized ORF; Ortholog(s) have role in cellular response 

to drug and extrinsic component of fungal-type vacuolar 

membrane, plasma membrane localization 

CAGL0J09944g AQR1 8.88 0.009 
Verified ORF; Plasma membrane drug:H+ antiporter involved 

in resistance to drugs and acetic acid 

http://mips.helmholtz-muenchen.de/funcatDB/
http://mips.helmholtz-muenchen.de/funcatDB/
http://candidagenome.org/
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CAGL0K10714g ROD1 4.14 0.041 

Uncharacterized ORF; Ortholog(s) have ubiquitin protein ligase 

binding activity and role in adaptation of signaling pathway by 

response to pheromone involved in conjugation with cellular 

fusion, positive regulation of receptor internalization 

CAGL0K07392g COT1 3.20 0.01 

Uncharacterized ORF; Ortholog(s) have zinc ion 

transmembrane transporter activity, role in cellular zinc ion 

homeostasis, filamentous growth and fungal-type vacuole 

localization 

CAGL0L10912g TPO4 7.16 0.033 

Uncharacterized ORF; Ortholog(s) have spermidine 

transmembrane transporter activity, spermine transmembrane 

transporter activity, role in spermidine transport, spermine 

transport and fungal-type vacuole membrane, plasma membrane 

localization 

CAGL0L02959g ALY1 4.20 0.003 

Uncharacterized ORF; Ortholog(s) have ubiquitin protein ligase 

binding activity, role in endocytosis, positive regulation of 

ubiquitin-dependent endocytosis, regulation of intracellular 

transport and early endosome, late endosome localization 

CAGL0L02101g BSD2 3.41 0.0097 

Uncharacterized ORF; Ortholog(s) have role in metal ion 

transport, protein targeting to vacuole, ubiquitin-dependent 

protein catabolic process and endoplasmic reticulum, fungal-

type vacuole membrane localization 

CAGL0M01760g CDR1 6.06 8.36E-04 

 Verified ORF; Multidrug transporter of ATP-binding cassette 

(ABC) superfamily, involved in resistance to azoles; expression 

regulated by Pdr1p; increased abundance in azole resistant 

strains; expression increased by loss of the mitochondrial 

genome 

Lipid, fatty acid and isoprenoid metabolism 

CAGL0C03872g TIR3 5.86 0.0004 
Verified ORF; Putative GPI-linked cell wall protein involved in 

sterol uptake 

CAGL0D05566g YEH2 3.29 0.008 

Uncharacterized ORF; Ortholog(s) have sterol esterase activity, 

role in sterol metabolic process and integral component of 

membrane, lipid droplet localization 
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CAGL0D05940g ERG1 6.45 0.009 

Verified ORF; Squalene epoxidase with a role in ergosterol 

synthesis; involved in growth under conditions of low oxygen 

tension 

CAGL0E04334g ERG11 4.38 0.004 

Verified ORF; Putative cytochrome P-450 lanosterol 14-alpha-

demethylase; target enzyme of azole antifungal drugs; increased 

protein abundance in azole resistant strain 

CAGL0F01793g ERG3 4.17 0.006 

Verified ORF; Delta 5,6 sterol desaturase; C-5 sterol desaturase; 

predicted transmembrane domain and endolasmic reticulum 

(ER) binding motif; gene used for molecular typing of C. 

glabrata strain isolates 

CAGL0F07865g UPC2B 27.09 0.0013 
Uncharacterized ORF; Putative Zn(2)-Cys(6) binuclear cluster 

transcriptional regulator of ergosterol biosynthesis 

CAGL0I04246g SUT1 10.78 0.016 
Uncharacterized ORF; Putative transcription factor involved in 

sterol uptake; gene is upregulated in azole-resistant strain 

CAGL0I00330g SCS3 4.38 0.005 
Uncharacterized ORF; Ortholog(s) have role in phospholipid 

biosynthetic process 

CAGL0I07491g IZH4 5.86 0.006 
Uncharacterized ORF; Ortholog(s) have role in cellular zinc ion 

homeostasis 

CAGL0K04477g ERG25 3.51 0.011 

Uncharacterized ORF; Ortholog(s) have C-4 methylsterol 

oxidase activity, role in ergosterol biosynthetic process and 

endoplasmic reticulum membrane, plasma membrane 

localization 

 

Tabela 4. Lista dos genes down-regulated em resposta às NPsAg por 24 h, exclusivamente (diagrama de Venn), em C. glabrata CBS138 

(formando biofilmes) de acordo com os grupos funcionais obtidas pelo MIPS Functional (http://mips.helmholtz-muenchen.de/funcatDB/). 

A função biológica indicada foi baseada nas informações disponíveis em Candida Genome Database (http://candidagenome.org) e/ou na 

informação disponível para ortólogo S. cerevisiae. 

ORF Name Gene Name 
LogFC (wt AgNP 

24 h/wt CTRL) 
p value Function 

Mitochondrion 

CAGL0B01815g MRPL1 0.35 0.0006 
Uncharacterized ORF; Ortholog(s) have structural constituent of ribosome 

activity and mitochondrial large ribosomal subunit localization 

CAGL0B03663g CIT1 0.32 0.02 
Uncharacterized ORF; Ortholog(s) have citrate (Si)-synthase activity and 

peroxisome localization 

http://mips.helmholtz-muenchen.de/funcatDB/
http://candidagenome.org/
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CAGL0D05412g MRPS5 0.35 0.005 
Uncharacterized ORF; Ortholog(s) have structural constituent of ribosome 

activity and mitochondrial small ribosomal subunit localization 

CAGL0E06314g RSM22 0.32 0.005 
Uncharacterized ORF; Ortholog(s) have structural constituent of ribosome 

activity and mitochondrial small ribosomal subunit localization 

CAGL0F01243g MDM38 0.29 0.016 Uncharacterized ORF; Ortholog(s) have ribosome binding activity 

CAGL0G06402g CIR2 0.23 0.00105 Uncharacterized ORF; Ortholog(s) have mitochondrion localization 

CAGL0H08283g HSP10 0.21 0.006 

Uncharacterized ORF; Ortholog(s) have chaperone binding, unfolded 

protein binding activity, role in chaperone-mediated protein complex 

assembly, protein import into mitochondrial intermembrane space, protein 

refolding and mitochondrial matrix localization 

CAGL0H05797g MGR2 0.19 0.002 

Uncharacterized ORF; Ortholog(s) have role in protein import into 

mitochondrial inner membrane, protein import into mitochondrial matrix and 

mitochondrial inner membrane presequence translocase complex, plasma 

membrane localization 

CAGL0H06127g TIM9 0.30 0.0105 

Uncharacterized ORF; Ortholog(s) have protein transporter activity, role in 

protein import into mitochondrial outer membrane, regulation of growth rate 

and mitochondrial intermembrane space protein transporter complex 

localization 

CAGL0H02123g NAM8 0.22 0.0007 

Uncharacterized ORF; Ortholog(s) have mRNA binding activity, role in 

mRNA splice site selection, positive regulation of mRNA splicing, via 

spliceosome and U1 snRNP, U2-type prespliceosome, commitment 

complex, cytoplasm localization 

CAGL0H05137g ALD6 0.30 0.005 

Uncharacterized ORF; Ortholog(s) have aldehyde dehydrogenase 

[NAD(P)+] activity, role in NADPH regeneration, acetate biosynthetic 

process, response to salt stress and cytosol, mitochondrion localization 

CAGL0I00748g NDE1 0.08 0.005 

Uncharacterized ORF; Ortholog(s) have NADH dehydrogenase activity, role 

in NADH oxidation, chronological cell aging, glycolytic fermentation to 

ethanol and mitochondrion, plasma membrane localization 

CAGL0J09790g GGC1 0.16 5.50E-05 

Uncharacterized ORF; Ortholog(s) have guanine nucleotide transmembrane 

transporter activity and role in cellular iron ion homeostasis, guanine 

nucleotide transport, mitochondrial genome maintenance, transmembrane 

transport 

CAGL0K04829g RRG9 0.35 0.004 
Uncharacterized ORF; Ortholog(s) have role in mitochondrial genome 

maintenance 

CAGL0K06655g NGR1 0.16 0.0008 
Uncharacterized ORF; Ortholog(s) have mRNA binding activity, role in 3'-

UTR-mediated mRNA destabilization, mitochondrion organization and P-
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body, cytoplasmic stress granule, perinuclear region of cytoplasm 

localization 

CAGL0K02717g MRP4 0.34 0.0006 
Uncharacterized ORF; Ortholog(s) have structural constituent of ribosome 

activity and mitochondrial small ribosomal subunit localization 

CAGL0K08184g CCP1 0.18 0.002 Verified ORF; Cytochrome C peroxidase 

CAGL0L02079g CTP1 0.29 0.02 

Uncharacterized ORF; Ortholog(s) have tricarboxylate secondary active 

transmembrane transporter activity, role in mitochondrial citrate 

transmembrane transport and plasma membrane localization 

CAGL0L03289g UTH1 0.25 0.0007 
Uncharacterized ORF; Ortholog(s) have role in autophagy of mitochondrion, 

fungal-type cell wall biogenesis, fungal-type cell wall organization 

CAGL0L00451g MRPS17 0.32 0.00022 
Uncharacterized ORF; Ortholog(s) have structural constituent of ribosome 

activity and mitochondrial small ribosomal subunit localization 

CAGL0M07722g CLU1 0.27 0.0021 

Uncharacterized ORF; Ortholog(s) have role in cytoplasmic translational 

initiation and cytoplasmic stress granule, eukaryotic translation initiation 

factor 3 complex localization 

Transport facilities 

CAGL0C01325g COX5b 0.09 0.03412 

Uncharacterized ORF; Ortholog(s) have cytochrome-c oxidase activity, 

nitrite reductase (NO-forming) activity, role in mitochondrial electron 

transport, cytochrome c to oxygen and mitochondrial respiratory chain 

complex IV localization 

CAGL0F00209g TNA1 0.17 0.00943 
Uncharacterized ORF; Has domain(s) with predicted role in transmembrane 

transport and integral component of membrane localization 

CAGL0F00231g MIR1 0.1 1.25E-05 

Uncharacterized ORF; Ortholog(s) have inorganic phosphate 

transmembrane transporter activity, role in phosphate ion transmembrane 

transport and integral component of mitochondrial inner membrane, plasma 

membrane localization 

CAGL0G10131g QCR2 0.07 0.0007 

Uncharacterized ORF; Ortholog(s) have ubiquinol-cytochrome-c reductase 

activity and role in aerobic respiration, mitochondrial electron transport, 

ubiquinol to cytochrome c 

CAGL0G10153g QCR7 0.10 0.00068 Uncharacterized ORF; Ortholog(s) have mitochondrion localization 

CAGL0G06402g CIR2 0.23 0.00105 Uncharacterized ORF; Ortholog(s) have mitochondrion localization 

CAGL0G03487g TMN3 0.31 0.00034 

Uncharacterized ORF; Ortholog(s) have role in cellular copper ion 

homeostasis, cellular response to drug, invasive growth in response to 

glucose limitation, pseudohyphal growth, vacuolar transport 

CAGL0I01408g CYC1 0.01 0.00384 
Uncharacterized ORF; Ortholog(s) have electron transfer activity, role in 

mitochondrial electron transport, cytochrome c to oxygen, mitochondrial 
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electron transport, ubiquinol to cytochrome c and mitochondrial 

intermembrane space localization 

CAGL0I05918g TIM17 0.23 0.002 

Uncharacterized ORF; Ortholog(s) have protein transmembrane transporter 

activity, role in mitochondrial genome maintenance, protein import into 

mitochondrial matrix and mitochondrial inner membrane presequence 

translocase complex localization 

CAGL0I05566g TIM23 0.29 0.00059 

Uncharacterized ORF; Ortholog(s) have mitochondrion targeting sequence 

binding, protein transmembrane transporter activity and role in protein 

import into mitochondrial matrix 

CAGL0I06270g QCR8 0.14 0.00114 

Uncharacterized ORF; Ortholog(s) have ubiquinol-cytochrome-c reductase 

activity, role in aerobic respiration, mitochondrial electron transport, 

ubiquinol to cytochrome c and mitochondrial respiratory chain complex III, 

plasma membrane localization 

CAGL0J06028g MEP2 0.18 0.00178 
Uncharacterized ORF; Ortholog(s) have high-affinity secondary active 

ammonium transmembrane transporter activity 

CAGL0J00429g COX6 0.08 0.00632 Uncharacterized ORF; Cytochrome c oxidase subunit VI 

CAGL0J09790g GGC1 0.16 5.50E-05 

Uncharacterized ORF; Ortholog(s) have guanine nucleotide transmembrane 

transporter activity and role in cellular iron ion homeostasis, guanine 

nucleotide transport, mitochondrial genome maintenance, transmembrane 

transport 

CAGL0L07766g ATO2 0.30 0.03906 

Uncharacterized ORF; Ortholog(s) have acetate transmembrane transporter 

activity, ammonium transmembrane transporter activity, role in ammonium 

transport, nitrogen utilization, plasma membrane acetate transport and 

plasma membrane localization 

CAGL0L03828g CYB5 0.35 0.00888 

Uncharacterized ORF; Ortholog(s) have electron transfer activity, role in 

ergosterol biosynthetic process and endoplasmic reticulum membrane 

localization 

Cell cycle 

CAGL0A02596g SPC110 0.24 0.04591 
Uncharacterized ORF; Ortholog(s) have structural constituent of 

cytoskeleton activity 

CAGL0B00616g SPS2 0.22 0.00092 
Uncharacterized ORF; Ecm33-family protein with a predicted role in cell 

wall biogenesis and organization; predicted GPI-anchor 

CAGL0D02018g HSK3 0.23 0.00224 
Uncharacterized ORF; Ortholog(s) have microtubule plus-end binding 

activity 

CAGL0D04620g CLB2 0.13 0.00813 
Uncharacterized ORF; Ortholog(s) have cyclin-dependent protein 

serine/threonine kinase activator activity 
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CAGL0D04268g CTF18 0.22 0.04123 

Uncharacterized ORF; Ortholog(s) have role in DNA-dependent DNA 

replication maintenance of fidelity and Ctf18 RFC-like complex, nuclear 

chromatin localization 

CAGL0D04642g CLB5 0.08 0.02227 
Uncharacterized ORF; Ortholog(s) have cyclin-dependent protein 

serine/threonine kinase regulator activity 

CAGL0F02035g CTF19 0.20 0.03199 Uncharacterized ORF; Protein of unknown function 

CAGL0F04939g MCM5 0.17 0.04353 
Uncharacterized ORF; Ortholog(s) have role in negative regulation of 

helicase activity and MCM complex, nucleus localization 

CAGL0H02123g NAM8 0.22 0.00069 

Uncharacterized ORF; Ortholog(s) have mRNA binding activity, role in 

mRNA splice site selection, positive regulation of mRNA splicing, via 

spliceosome and U1 snRNP, U2-type prespliceosome, commitment 

complex, cytoplasm localization 

CAGL0H05027g CTF3 0.23 0.02952 

Uncharacterized ORF; Ortholog(s) have role in DNA replication initiation, 

establishment of mitotic sister chromatid cohesion, mitotic spindle assembly 

checkpoint and condensed nuclear chromosome kinetochore localization 

CAGL0H01661g SPS2 0.16 0.00347 
Uncharacterized ORF; Ecm33-family protein with a predicted role in cell 

wall biogenesis and organization; predicted GPI-anchor 

CAGL0H09438g BIM1 0.11 0.03064 

Uncharacterized ORF; Ortholog(s) have ATPase activator activity, 

cytoskeletal adaptor activity, microtubule plus-end binding, protein 

homodimerization activity, structural constituent of cytoskeleton activity 

CAGL0I05544g RAD51 0.20 0.02557 

Uncharacterized ORF; Ortholog(s) have ATP binding, DNA-dependent 

ATPase activity, Swi5-Sfr1 complex binding, double-stranded DNA 

binding, recombinase activity, single-stranded DNA binding activity 

CAGL0J11638g CDC5 0.19 0.00558 

Uncharacterized ORF; Ortholog(s) have centromeric DNA binding, enzyme 

activator activity, phosphoprotein binding, protein serine/threonine kinase 

activity, protein-containing complex binding activity 

CAGL0J01177g ABF1 0.24 0.00027 
Uncharacterized ORF; Has domain(s) with predicted DNA binding activity, 

role in chromatin remodeling and nucleus localization 

CAGL0J08888g TUB4 0.12 0.04367 
Uncharacterized ORF; Ortholog(s) have role in microtubule nucleation, 

mitotic cytokinesis, site selection, mitotic spindle midzone assembly 

CAGL0J06424g MCM6 0.18 0.04856 

Uncharacterized ORF; Ortholog(s) have 3'-5' DNA/RNA helicase activity, 

single-stranded DNA binding, single-stranded DNA-dependent ATP-

dependent 3'-5' DNA helicase activity, single-stranded RNA binding activity 

CAGL0K04543g SPT4 0.25 0.01261 
Uncharacterized ORF; Ortholog(s) have RNA polymerase II core binding, 

rDNA binding, single-stranded RNA binding activity 
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CAGL0K06655g NGR1 0.16 0.00076 

Uncharacterized ORF; Ortholog(s) have mRNA binding activity, role in 3'-

UTR-mediated mRNA destabilization, mitochondrion organization and P-

body, cytoplasmic stress granule, perinuclear region of cytoplasm 

localization 

CAGL0K06633g AME1 0.22 0.04038 

Uncharacterized ORF; Ortholog(s) have role in attachment of spindle 

microtubules to kinetochore, protein localization to kinetochore and COMA 

complex localization 

CAGL0L10252g ASE1 0.23 0.0279 

Uncharacterized ORF; Ortholog(s) have microtubule binding activity and 

role in cell separation after cytokinesis, microtubule bundle formation, 

mitotic spindle elongation, mitotic spindle pole body separation, spindle 

midzone assembly 

CAGL0L03289g UTH1 0.25 0.0007 
Uncharacterized ORF; Ortholog(s) have role in autophagy of mitochondrion, 

fungal-type cell wall biogenesis, fungal-type cell wall organization 

CAGL0L00495g HSC82 0.20 5.1E-05 Verified ORF; Putative heat shock protein 

CAGL0M04323g ACE2 0.24 0.00578 
Verified ORF; Putative transcription factor; null mutation results in 

hypervirulence in immunocompromised mice 
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CONSIDERAÇÕES FINAIS  

 

Com o Capítulo 1, nós concluímos que: 

• É possível obtermos um novo biomaterial contendo em sua composição 

nanopartículas de prata (NPsAg) (obtidas por uma síntese ‘green’ utilizando 

diferentes partes de uma romã) e fosfato de cálcio (β-glicerofosfato de cálcio - 

GPCa) conferindo a este material propriedades antimicrobianas e 

remineralizadoras; 

• Estes compostos apresentaram atividade antimicrobiana contra S. mutans e C. 

albicans, importantes patógenos orais relacionados com a cárie dentária e a 

candidíase bucal; 

• Além disso, os nanocompósitos (NPsAg e NPsAg-GPCa) obtidos com o extrato 

da casca da romã apresentaram atividade antibiofilme semelhante e até mesmo 

melhor do que a clorexidina contra S. mutans. 

 Os Capítulos 2, 3, 4, 5 e 6 foram desenvolvidos com soluções antimicrobianas 

obtidas com o extrato da casca da romã. Com o Capítulo 2, concluí-se que: 

• Estes nanocompósitos (NPsAg e NPsAg-GPCa) não foram citotóxicos às células 

L929 (fibroblastos) e estimularam a liberação de fator de crescimento celular o 

que pode favorecer o reparo tecidual em um processo inflamatório. 

 Os Capítulos 3 e 4 concluíram que: 

• O uso combinado destas soluções antimicrobianas (NPsAg e NPsAg-GPCa) com 

o Tirosol pode ser uma alternativa viável contra patógenos orais. 

 No Capítulo 5, apenas as NPsAg foram avaliadas. É possível observar que: 

• As NPsAg foram efetivas contra isolados clínicos orais de espécies de Candida 

(C. albicans e C. glabrata) incluindo isolados resistentes ao fluconazol. As células 

de C. glabrata foram mais susceptíveis às NPsAg. Além disso, houve uma 

redução no número de células de C. albicans que se mostraram com filamentação 

quando biofilmes foram formados na presença das NPsAg. Houve, também, uma 

redução na formação do biofilme das espécies de Candida na presença desta 

solução antimicrobiana; 
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• A combinação das NPsAg com diferentes agentes antifúngicos (fluconazol, 

nistatina e anfotericina B) foi eficaz contra os isolados clínicos orais resistentes 

ao fluconazol mostrando um efeito sinérgico. 

 E, por fim, no Capítulo 6, uma análise transcriptômica foi realizada a fim de 

avaliar quais genes estão mais ou menos expressos como resposta à exposição às NPsAg. 

A resposta transcriptômica das células de C. glabrata CBS138 frente às NPsAg foi 

determinada em duas situações: nos estados planctônico e formando biofilmes. A resposta 

transcriptômica das células expostas às NPsAg formando biofilmes foi comparada com a 

do íon Ag+. Com este estudo, pode-se concluir que: 

• No estado planctônico, os genes relacionados com a biossíntese de metionina e de 

lisina estão mais expressos, enquanto que os genes relacionados com o transporte 

transmembrana estão menos expressos;  

• As células expostas às NPsAg responderam de forma distinta em relação ao Íon 

Ag+, na formação do biofilme de C. glabrata;  

• As NPsAg exercem o seu efeito na membrana citoplasmática da célula fúngica. 

Além disso, nós observamos efeitos distintos entre o Íon Ag+ e as NPsAg na 

formação do biofilme. 


