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RESUMO 
 
 
 

O impacto de doenças fúngicas e a resistência aos agentes antimicrobianos 

por fungos patogênicos tornou-se um desafio global para a saúde da 

população. No presente trabalho, a síntese de nanocompósitos a base de 

prata-hidroxiapatita (Ag-HAP), foram sintetizados por um método solvotérmico 

assistido por micro-ondas com diferentes concentrações de peso de prata, 

testadas contra espécies de Candida sensíveis e resistentes aos azólicos 

comumente utilizado na plática clínica. Estudos antifúngicos foram conduzidos 

por método de microdiluição – seguindo o protocolo M27 A3 - CLSI. Para todas 

as espécies de Candida testadas, a amostra Ag pura mostrou baixa atividade 

antifúngica quando comparada com as amostras combinadas de Ag-HAP, com 

claro efeito sinérgico, uma vez que a atividade antifúngica foi molhorada 

quando colocados juntos. O principal efeito inibitório foi observado em Ag4%-

HAP e Ag8%-HAP contra Candida krusei, com concentração inibitória mínima 

(CIM) de 31,2µg / mL, seguido por Candida parapsilosis stricto sensu (62,5 µg / 

mL), Candida tropicalis, (62,5 µg / mL), Candida glabrata (125 µg / mL) e 

Candida albicans (125 µg / mL). Além disso, ensaios toxicicológicos foram 

realizados com modelo in vivo, Galleria mellonella devido à similaridade de 

resposta imunológica e níveis de toxicidade entre mamíferos. O teste foi 

executado de duas maneiras: banho e inoculação de todos os nanocompósitos, 

com a mesma concentração utilizada nos testes de microdiluição. Todos NCs 

não apresentaram toxicidade para este modelo. A atividade antifúngica 

específica encontrada por aanálise quantitativa demonstra que os 

nanocompósitos agem de forma diferente conforme os alvos, considerando 

espécies de Candida. Estes resultados mostram um novo potencial antifúngico 

para aplicações tecnológicas e coatings. 

 
 

 

Palavras-chave: materiais nanoestruturados, síntese, Candida spp, 

concentração inibitória mínima, micoses. 

 



  

 

ABSTRACT 

 

 

The impact of fungal diseases and the battle for antimicrobial agents against 

pathogenic fungi has emerged as a main global healthcare challenge. Here, the 

antifungal activity of silver-hydroxyapatite (Ag-HAP) nanocomposites (NCs) with 

different Ag concentrations synthesized by the one-pot microwave-assisted 

solvothermal method was evaluated against sensitive and resistant Candida 

species. Antifungal studies were conducted by microdilution method – protocol 

from the Clinical and Laboratory Standard Institute. The main inhibitory effect 

was seen to Ag4%-HAP against Candida krusei, with minimum inhibitory 

concentration (MIC) of 31.2 µg/mL, followed by Candida parapsilosis Sensu 

Stricto (62.5 µg/mL), Candida tropicalis, (62.5 µg/mL), Candida glabrata (125 

µg/mL) and Candida albicans (125 µg/mL). Furthermore, the toxicity assay was 

performed in the in vivo model Galleria mellonella. The test was executed by 

bathing or inoculating with the same NCs concentration used in the previous 

microdilution tests. For both approaches, all NCs concentrations were not toxic 

to G. mellonella. The specific antifungal activity demonstrates that NCs act 

efficiently against species of Candida. These results show a potential antifungal 

application for well-designed nanostructured Ag-HAP composites. 

. 

 

 

Keywords: nanostructured materials, one-pot synthesis, Candida spp, minimum 

inhibitory concentration, mycoses. 
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CAPÍTULO 1 

 

1 – INTRODUÇÃO E REVISÃO DE LITERATURA 

 

Nas últimas décadas, infecções relacionadas aos fungos, mesmo que 

não sejam tão frequentes quanto às bacterianas ou virais, têm recebido 

especial atenção pelo aumento do número de novos casos (HUFFNAGLE; 

NOVERR, 2013; NETEA et al., 2015). Estima-se que, mundialmente, 1,7 bilhão 

de indivíduos estão acometidos por algum tipo de infecção fúngica, que varia 

desde superficiais até invasivas, podendo ser de caráter agudo a crônico 

(SPITZER; ROBBINS; WRIGHT, 2017). O número de mortes anuais 

associadas a esses tipos de infecções fúngicas é de mais de 1,5 milhão, sendo 

similar às taxas de mortalidade relacionadas à tuberculose e três vezes mais 

do que a da malária (BONGOMIN et al., 2017). 

A maior parte dos processos infecciosos ocasionados por fungos são de 

natureza oportunista, ou seja, ocorrem quando há um déficit no sistema 

imunológico do hospedeiro. Outros fatores, como: tratamento com 

quimioterápicos, transplante de órgãos, uso dispositivos médicos sintéticos, 

doenças de base como lúpus e diabetes, entre outros, podem ser fatores 

predisponentes para desencadear a patogênese fúngica (BROWN et al., 2012). 

Dentre a variedade de micro-organismos potencialmente patogênicos, 

destaca-se a Candida. Este gênero leveduriforme composto por 

aproximadamente 200 espécies é amplamente disperso na natureza e faz parte 

da microbiota humana típica, presente, por exemplo, na cavidade bucal, 

orofaringe, pele, mucosa vaginal, secreções brônquicas, urina e fezes 

(MAYER; WILSON; HUBE, 2013). No âmbito hospitalar, é o microrganismo 

mais comum de infecção fúngica. Neste contexto, as espécies mais frequentes 

são: C. albicans, C. glabrata, C. tropicalis, C. parapsilosis e C. krusei (WHALEY 

et al., 2017). 

Candida albicans ainda é a espécie mais frequente, o que é evidenciado 

por estudos nos Estados Unidos, Europa e Oriente Médio (CLEVELAND et al., 

2015; KLINGSPOR et al., 2015; SHARIFZADEH et al., 2013). Fatores de 

virulência, tais como: dimorfismo, expressão de adesinas e invasinas na 
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superfície celular, formação de biofilmes, e secreção de enzimas hidrolíticas, 

são características desse espécie (KULLBERG; ARENDRUP, 2011). 

A incidência de infecções causadas por espécies de Candida não-

albicans vem aumentando constantemente nos últimos anos. Importantes 

diferenças geográficas na distribuição dessas espécies e padrões de 

suscetibilidade antifúngica, in vitro, podem ser observados (Figura 1) (PAPPAS 

et al., 2018). 

 

Figura 1 – Variações geográficas na distribuição de espécies de Candida. 
Globalmente, Candida albicans é a espécie mais prevalente associada com 
candidíase invasiva; no entanto, a distribuição de Candida não-albicans pode 
variar, como demonstrado na figura. Dados são apresentados da Austrália, 
Brasil, Canadá, Dinamarca, França, Japão e Estados Unidos. 

Fonte: Pappas et al. 2018. 

 

Atualmente, há um grande problema relacionado ao tratamento dessas 

infecções, uma vez que as drogas disponíveis  tem custos elevados, e 

apresentam  efeitos tóxicos aos pacientes. Além disso, a administração de 

doses inadequadas pode promover a seleção de cepas resistentes (SANTOS 

et al., 2018). Muitos estudos documentaram a capacidade dessas espécies  em 

desenvolver alta resistência aos azólicos, classes mais comuns de antifúngicos 

utilizados na prática clínica (LOPEZ-RIBOT et al., 2017), cujo mecanismo de 

ação envolve o bloqueio da síntese do ergosterol, importante constituinte da 

membrana celular dos fungos (SANTOS et al., 2018). 
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Na maioria das infecções por C. albicans, o antifúngico mais comumente 

prescrito é o fluconazol (PAUL; MOYE-ROWLEY, 2014; WHALEY et al., 2017) 

no entanto, diversos mecanismos de resistência são observados, sendo a 

regulação do gene ERG e bomba de efluxo mediadores-chave da resistência a 

essa classe de fármacos (FLOWERS et al., 2012). 

Algumas das espécies não-albicans, como C. glabrata e C. krusei, 

frequentemente apresentam perfis de resistência aos antifúngicos (DIEKEMA 

et al., 2012). Candida glabrata, por exemplo, possui a capacidade de absorver 

esteróis exógenos e crescer com esteróis que não sejam o ergosterol na 

membrana celular. Esse mecanismo permite a evasão do micro-organismo 

frente ao tratamento com azol, adquirindo assim, resistência (WHALEY et al., 

2017). 

Já a Candida krusei é intrinsecamente resistente ao fluconazol, embora 

o mecanismo preciso ainda não é totalmente compreendido. Vários estudos 

têm atribuído a resistência intrínseca de C. krusei aos azólicos à atividade de 

bomba de efluxo e reduzida acumulação do fármaco (KATIYAR; EDLIND, 

2001)(LAMPING et al., 2009). Azólicos mais recentes, como o voriconazol, 

possuem atividade fungicida em frente a C. krusei; no entanto, perfis de 

resistência também já foram reportados (KRISHNASAMY et al., 2018; 

RICARDO et al., 2014) 

Em relação a ação de C. tropicalis e C. parapsilosis, elas são 

naturalmente suscetíveis a maioria dos agentes antifúngicos. No entanto, a 

resistência adquirida pode ocorrer, especialmente para o fluconazol (XIAO et 

al., 2015). 

Com relação a outros antifúngicos, apenas uma nova classe foi 

introduzida nos últimos 30 anos, as equinocandinas (SPITZER; ROBBINS; 

WRIGHT, 2017). No entanto, resistência a essa classe também já foi relatada 

em Candida (WHALEY et al., 2017).  

Diante do exposto, a busca por alternativas eficazes e viáveis aos 

medicamentos antimicrobianos tradicionais torna-se extremamente relevante. 

No cenário atual, pesquisas por novas estratégias de combate e controle de 

doenças microbianas buscam por novas fontes de moléculas bioativas, que 

exerçam sua ação, com poucos efeitos colaterais (BEYTH et al., 2017; 
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FERNANDO; GUNASEKARA; HOLTON, 2018; LAKSHMINARAYANAN et al., 

2018). 

 A nanotecnologia está relacionada à caracterização, produção e 

aplicações de estruturas, dispositivos e sistemas, controlando-se a forma e o 

tamanho em escala nanométrica. Com sua popularização, nanopartículas 

(NPs) podem ser sintetizadas de variadas formas a fim de atingir o produto de 

acordo com sua aplicabilidade, como por exemplo na agricultura, 

microeletrônica, biomedicina. (AARTHI et al., 2018; KUMAR; YADAV, 2009; 

LARA et al., 2018) 

Baseado nisso, sistemas nanoestruturados, tais como, nanopartículas 

poliméricas, nanoemulsões, nanopartículas lipídicas sólidas, lipossomas e 

cristais líquidos, são capazes de promover a liberação e veiculação de 

princípios bioativos com atividade antimicrobiana (QIN et al., 2017). A 

aplicabilidade destes sistemas de liberação de fármacos, além de otimizar a 

solubilização de compostos, podem potencializar a ação terapêutica dos 

mesmos (CHERAGHI et al., 2017). Suas vantagens sobre fármacos 

convencionais também incluem seu tamanho reduzido, diferentes mecanismos 

de ação, redução de toxicidade e alta biocompatibilidade (GONZÁLEZ et al., 

2018). Quando combinadas com NPs de prata (Ag), por exemplo, esses 

compostos têm demonstrado alta atividade em relação ao controle de doenças 

bacterianas e fúngicas (XIE et al., 2014). Esses compostos, quando associados 

à hidroxiapatita (HAP, [Ca5(PO4)3(OH)]), por ser um componente natural da 

estrutura dos ossos e dentes, aumentam a biocompatibilidade, podendo ser 

uma alternativa viável para tratamento de infecções, inclusive aquelas 

causadas por micro-organismos resistentes (MOCANU et al., 2014; XIONG et 

al., 2016). 

 Estudos correlacionando nanopartículas de prata (como potente 

antimicrobiano), combinado a outros compostos (hidroxiapatita, grafeno, ouro) 

têm sido alvo de investigação, com diferentes formas de sínteses e objetivos de 

aplicação. 

Mocanu et al. (2014) sintetizaram uma hidroxiapatita complexa com 

nanopartículas de zinco, prata e ouro, para revestimento de implantes 

ortopédicos e dentários ou utilizados como cimentos ósseos em aplicações 

cirúrgicas. As nanopartículas de prata e hidroxiapatita foram incorporadas em 
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compósitos de matriz polimérica apresentando atividade antimicrobiana contra 

cinco espécies patogênicas: Escherichia coli, Staphylococcus aureus, 

Staphylococcus spp., Bacillus cereus, e Candida albicans. 

Já no estudo de Xie et al. (2014), nanopartículas de hidroxiapatita 

decorada com prata foram sintetizadas com a finalidade de revestir superfícies 

de implantes metálicos para melhorar a osteoindutividade e propriedades 

antibacterianas contra cepas de Staphylococcus epidermidis and Escherichia 

coli, com a finalidade de ser implantado na engenharia de ossos. 

Xiong et al. (2016) sintetizaram nanofios de hidroxiapatita decorada com 

prata para a preparação de um novo tipo de papel inorgânico altamente 

flexível, com propriedade antibacteriana para Escherichia coli e Staphylococcus 

aureus, como um biomaterial funcional promissor.  

Por sua vez, Gutierrez et al. (2018) sintetizaram nanopartículas 

monodispersas de prata com ouro, altamente reativas, com tamanhos menores 

que 5 nm. Neste estudo foi demonstrado alta atividade antifúngica frente a 

espécies de Candida: C. albicans, C. parapsilosis, C. krusei, C. glabrata, e C. 

guilliermondii, a fim de tratar doenças fúngicas em humanos, animais e plantas, 

ou para revestir superfícies cirúrgicas. No entanto, sua aplicabilidade é 

interferida pelo alto custo do ouro. 

Vale ressaltar que nos estudos citados não houve avaliação da 

toxicidade dos compostos visando uma possível biomédica. Modelos 

invertebrados possibilitam demonstrar diferentes respostas toxicológicas ou 

inflamatórias sem empregar mamíferos (IGNASIAK; MAXWELL, 2017; 

POYNTON et al., 2018; TANGUAY, 2018). 

O modelo em Galleria mellonella (Lepidoptera - Pyralidae) tem sido 

utilizada como um modelo essencial para mostrar a virulência de diferentes 

patógenos devido à alta similaridade de resposta imune e níveis de toxicidade 

entre mamíferos, afim de sintetizar novos tratamentos medicamentosos com 

alta aplicabilidade (IGNASIAK; MAXWELL, 2017). 
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2- OBJETIVOS 

 

 Testar atividade antifúngica e toxicidade de nanocompósitos Ag-HAP, 

sintetizado em única etapa assistida por micro-ondas. 

 

2.1 Objetivos específicos:  

 

 Avaliar as características de cristalinidade, morfologia e 

distribuição controlada dos nanocompósitos. 

  Determinar a atividade antifúngica, por microdiluição, frente à 

Candida albicans, C. glabrata, C. krusei, C. parapsilosis stricto 

sensu e C. tropicalis,; 

 Determinar a toxicidade, in vivo, dos nanocompósitos sintetizados 

em modelo invertebrado Galleria mellonella. 
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ABSTRACT: The impact of fungal diseases and the battle to antimicrobial 

agents by pathogenic fungi has developed actually as a main worldwide 

healthcare challenge. Here, the antifungal performance of silver-hydroxyapatite 

(Ag-HAP) nanocomposites (NCs) with different Ag concentrations synthesized 

by the one-pot microwave-assisted solvothermal method were evaluated 

against sensitive and resistant Candida species. Antifungal studies were 

conducted by microdilution method – protocol from the National Committee for 

Clinical Laboratory Standards. The main inhibitory effect was seen to Ag4%-

HAP against Candida krusei, with minimum inhibitory concentration (MIC) of 

31.2µg/mL, followed by Candida parapsilosis stricto sensu (62.5 µg/mL), 

Candida tropicalis, (62.5 µg/mL), Candida glabrata (125 µg/mL) and Candida 

albicans (125 µg/mL). Furthermore, the toxicity assay was made in vivo model 

using Galleria mellonella larvae. The test was executed by bathing or 

inoculating with the same NCs concentration used in the previous microdilution 

tests. All NCs no-showed any toxicity for both approaches. The specific 

antifungal activity demonstrates that NCs act efficiently against species of 

Candida. These results show a potential antifungal application for well-designed 

nanostructured Ag-HAP composites. 
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1. INTRODUCTION 

Nowadays, several fungi diseases become a major problem of public health,1–3 

contributing to the increased morbidity and mortality in immunocompromised or 

immunocompetent patients.4,5 During infection, high doses of antifungal drugs 

are used and are not always effective, leading to antifungal resistance rates.6–9 

Among all fungal infections, Candida species represents the most reported 

organism for colonization or infection in the skin, respiratory and genitourinary 

tract.10–13 Considering the pathogenic species, Candida albicans is the most 

important, with several virulence factors14 and different pattern of antimicrobial 

susceptibility to azoles.15–17 It is broadly dispersed in nature and act as usual 

saprophytic elements of the typical human microbiota. In the nosocomial 

setting, this species represents the most common microorganism of fungal 

infection.18,19 Nevertheless, recently, other non-albicans Candida (NAC) species 

are emerging as agents of nosocomial infectious diseases, as clinical isolates 

worldwide.20 The most common NAC species of clinical importance are Candida 

krusei, Candida glabrata, Candida tropicalis, Candida parapsilosis Sensu 

Stricto, and Candida guilliermondii.4,21,22 Some species, Candida glabrata and 

Candida krusei, presents the inherent antifungal resistance to azoles, especially 

fluconazole and itraconazole, responsible for treatment failure.23,24 Silver (Ag) 

nanoparticles (NPs) can reach cells better than microparticles. The reduced 

size of AgNPs25,26 contributes to the application in antimicrobial control of 

bacterial and fungal diseases.27–31 In addition, these compounds can be 

associated to hydroxyapatite (HAP, [Ca5(PO4)3(OH)]), a natural component of 

bones and teeth structure. The biocompatibility feature of HAP make this NP an 

excellent alternative for nano-biotechnology and nanomedicine.25,33 Others 
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works combined Ag with HAP for application in bone tissue engineering to 

improve antimicrobial effects, getting high biocompatibility and low rejection.33–35 

Ag-loaded HAP nanowires presents high biocompatibility and antibacterial 

activity.25 Au, Ag and Au-Ag nanoreactors synthesized in reverse micelle 

presents antifungal activity against Candida species.36 However, few studies 

report in vivo toxicity tests on nanomaterials with antifungal or antibacterial 

activities. An interesting alternative model is the greater wax moth Galleria 

mellonella (Lepidoptera: Pyralidae), 37 an insect whose larva has been used in 

several kinds of research as a model to show virulence of different pathogens, 

drug treatments and toxicity levels of new compounds.37–39 The goal of this work 

was to perform the one-pot microwave-assisted solvothermal (MAS) synthesis 

of non-toxic Ag-HAP NCs with controlled morphology, homogeneous size 

distribution, and different Ag weight percentage. The antifungal activity of the 

nanomaterials was tested using triphenyl tetrazolium chloride in American Type 

Culture Collection (ATCC) strains of Candida albicans, Candida glabrata, 

Candida krusei, Candida parapsilosis Sensu Stricto, and Candida tropicalis for 

potential biomedical application. The in vivo toxicity tests of NCs synthesized in 

this work were performed in Galleria mellonella larvae by both the contact by 

bath and the injection of the diluted NCs samples in the larvae. Finally, this work 

contributes into the knowledge of biophysiochemical interactions at the nano–

bio interface between Ag-HAP NCs and Candida species. 
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2. EXPERIMENTAL SECTION 

2.1. Materials. Calcium nitrate tetrahydrate (Ca(NO3)2.4H2O, 99% purity), silver 

nitrate (AgNO3, 99% purity), ethanol (CH3CH2OH, 98% purity), sodium 

hydroxide (NaOH, 98% purity), triphenyl tetrazolium chloride (C19H15ClN4, 95% 

purity), sodium dihydrogen phosphate dihydrate (NaH2PO4.2H2O,  99.0% 

purity), RPMI-1640 medium were purchased from Sigma-Aldrich. Besides, 

dimethyl sulfoxide (C2H6OS, 99.9% purity) was obtained from Synth. Finally, the 

aqueous solutions were prepared with Milli-Q® ultrapure water to reach a 

resistivity o  18.2 MΩ. m (at 25°C). 2.2. Syntheses of Ag-HAP NCs. The Ag-

HAP NCs were prepared by a one-pot microwave-assisted solvothermal (MAS) 

adapted from Xiong et al.25 For this purpose, Ca(NO3)2.4H2O (2.88 mmol) and 

AgNO3 (0.145 mmol) were dissolved in 20 mL of distilled water and 12 mL of 

ethanol, under stirring. After that, 20 mL of aqueous solution containing 0.025 

mol of NaOH was added to the mixture. After stirring for 30 min, 10 mL of 0.3 

mol L-1 NaH2PO4.2H2O solution was added to the mix. The resulted solution 

was inserted in Teflon reactor to perform the one-pot synthesis, during 60 

minutes and 140°C by MAS method in the microwave apparatus (2.5 GHz and 

800 W).40 Finally, the powders precipitated from the precursor solution were 

washed four times with deionized water and centrifuged at 7,000 rpm until pH = 

7 and subsequently dried at 90 °C overnight. The Ag-HAP NCs were prepared 

with different Ag content labeled as Ag2%-HAP, Ag4%-HAP, and Ag8%-HAP. 

The pure HAP was obtained as the same method described for Ag-HAP NCs. In 

addition, nanostructured metallic Ag obtained in our previous work,41 was used 

as a control to compare the antifungal and toxicological tests. 2.3. Ag-HAP NCs 

Characterization. The Ag-HAPs NCs were characterized by X-ray diffraction 
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(XRD) with Rigaku equipment, model MiniFle  300 (Cu Kα radiation, λ = 1.5418 

Å) with 2 from 10° to 80°, at 2° min-1. The crystallite sizes of the samples were 

estimated by Scherrer equation to the full width at half maximum (FWHM) of the 

(211), (112), and (002) peaks. The morphology and size of Ag-HAP NCs were 

characterized by field emission scanning electron microscopy (FE-SEM) with 

JEOL microscopy, model JSM 6701F and transmission electron microscope 

(TEM, FEI TTECNAI G2 S-TWIN) operated at an accelerating voltage of 200 kV. 

Energy-dispersive X-ray spectroscopy (EDS) was also collected in a JEOL 

microscope, model SEM 6310 to evaluate the Ag distribution in the Ag-HAP 

NCs. Also, conductive carbon tapes were used for FE-SEM/EDX analyses The 

Fourier transformation infrared (FTIR) spectra were obtained in a Perkin Elmer 

spectrophotometer, model Spectrum Two. The optical images with 

magnification power (400x) were obtained in a Bioval binocular light 

microscope, model L2000. 2.4. Antifungal Susceptibility Testing.  The 

antifungal activity of Ag-HAP NCs, pure HAP, and pure Ag was performed in 

triplicate (100 µL of RPMI with inoculum and 100 µL of NCs solution), according 

to the instruction of CLSI M27-A3 method,42 for Candida albicans (ATCC 

10231), Candida. glabrata (ATCC 2001), C. krusei (ATCC 40147), C. 

parapsilosis Sensu Stricto (ATCC 22019), and C. tropicalis (ATCC 13803), with 

some modifications considering the antifungal drug. The isolates were kept at 

37◦C in RPMI broth media culture after overnight incubation. Each inoculum 

was adjusted according to the protocol, considering the turbidity of 0.5 

MacFarland standard tube. In a 96-well microtitre plates (TPP, Switzerland), 

100 µL of RPMI with fungal inoculum was added into each well. The NCs 

samples were dissolved in 10% dimethyl sulfoxide solution (DMSO) and added 
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into each well in the final concentration ranging from 250 to 1.95 µg/mL. The 

plates were incubated for 24 h, and after, 20 μg/mL of triphenyl tetrazolium 

(TTC) solution (20 μg/mL) was added into ea h well to evaluate the  ungal  ell 

viability after NCs contact. The surviving yeasts reduced the TTC to red 

formazan (1,3,5-triphenylformazan), and the non-surviving yeasts have shown 

no color. Several studies presented the TTC as a  visual colorimetric 

method43,44 to measure the antimicrobial potential because is an redox indicator 

used to see the difference between metabolically active tissues from non-active 

tissues, and cell viability. The mechanism is based on the enzymatic reduction 

of 1,3,5-triphenyltetrazolium (colorless) to 1,3,5-triphenylformazan (colored). In 

alive cells, the activity of dehydrogenases is in all oxidation mechanism even in 

microorganisms.45,46 2.5. In vivo Toxicity Test. The toxicity of all Ag-HAP NCs 

samples were tested in G. mellonella in vivo model.47 Groups of 10 sixth-instar 

larvae of G. mellonella (weight in the range of 250 to 350 mg each) were used 

in each methodology. For toxicity test both methods were performed, larvae 

bathing in Ag-HAP NCs samples and artificial inoculation into de larvae 

hemolymph. For the first, the larvae were submitted to bathing during two 

seconds in each Ag-HAP NCs samples solution (500 µg/mL) to evaluate the 

superficial toxicity. The artificial inculation was performed by injecting 5 µL of 

Ag- AP NCs sample solutions (500 µg/mL) with a  amilton 10 μL 7000.5K  

syringe into the larva’s hemo el through the last right proleg.  The quaternary 

ammonium and DMSO solutions were used  as positive and negative controls, 

respectively. The larvae were incubated at 28°C, deprived of feed and direct 

illumination. Every 12 hours, the larvae were removed from the pre-pupae to 
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delay their metamorphosis. Survival was monitored every 24 hours and the 

statistical analyses were performed by the Log-rank (Mantel-Cox) method. 
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3. RESULTS AND DISCUSSION 

XRD patterns showed in Figure 1 confirm the crystalline phase is hexagonal 

HAP (JCPDS no 86-740). The Ag diffraction peaks (111), (200), (220) and (311) 

relating to cubic structure appears in all NCs samples agreeing to JCPDS no 4-

783. As the Ag content in the NCs increases, the (111) intensity plane becomes 

higher. Xiong et al.25 showed a one-step solvothermal of the Ag NP-decorated 

HAP synthesis at 180°C for 24 h. Here, the XRD results showed in Figure 1 

indicate that crystalline Ag-HAP NCs were obtained at 140 °C for 1 hour by the 

one-pot MAS. Also, the crystallite sizes of the samples were calculated from the 

XRD information by applying the Scherrer parameters,48 to the FWHM average 

of the (211), (112), and (002) peaks. The crystallite sizes determined by this 

method were 17.90, 17.98, 18.96 and 19.70 nm for the HAP, Ag2%-HAP, 

Ag4%-HAP, and Ag8%-HAP, respectively. These results indicate that the 

crystallite size of the NCs increases subtly as the silver concentration in HAP 

increases. 

 

Figure 1. XRD patterns of the Ag-HAP NCs prepared by the one-pot 

microwave-assisted solvothermal process with different Ag content. 
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Figure 2 shows the images collected by transmission electron microscopy 

(TEM). The Figure 2a indicates that the dispersed and homogeneous HAP 

structures have rod-like morphologies of around length 62.7 nm and width 17.4 

nm. The Figures 2b-c show that Ag NPs are homogeneously dispersed over 

HAP in the Ag2%-HAP and Ag4%-HAP samples, respectively. On the other 

hand, the Ag NPs are more agglomerated in the Ag8%-HAP NC. At higher 

magnification, it is possible to verify that the HAP nanoparticles are 

polycrystalline (Figure 2e) and in the inset of this image it is possible to index 

the interplanar distance of 0.344 nm referring to the (002) crystallographic plane 

of the HAP by high-resolution (HR) TEM. In the Figures 2f-h (Ag2%-HAP, 

Ag4%-HAP, 8% Ag-HAP, in that order), spherical Ag NPs have approximately 

size of 16.2, 18.6 and 20.2 nm in diameter can be indexed by (111) plane 

corresponding to an interplanar distance of 0.23 nm, according to its inset 

figures. Thus, as the concentration of Ag increases, there is an increase in the 

number of nanoparticles and also in the size of the Ag NPs. The SAED 

analyzes (Figures 2i-1) show that HAP and other NCs obtained are 

polycrystalline. It is possible to index the crystallography plans (002), (112), 

(130), (222), (213), (004) and (311) for the HAP in the Figure 2i. In the samples 

with different concentrations of Ag, the plans (201), (212), (220) and (231) 

correspondent to HAP appears for the sample of 2% Ag (Figure 2j). The plans 

(202), (130), (221) and (134) confirm the HAP phase for the Ag4%-HAP sample 

(Figure 2k), and the plans (111), (210), (302) and (132), also of HAP structure 

appear in the composition of Ag8%-HAP (Figure 2l). Interestingly, it is not 

possible to index any diffraction pattern for Ag NPs. This fact can be explained 
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by the small size of the Ag NPs and also by the high dispersion of the NCs that 

does not favor the appearance of measurable signal by SAED. 

 

Figure 2: Low magnification TEM images (a–d), high magnification TEM 

images (e–h), and the SAED patterns images (i–l) of the HAP, Ag2%-HAP, 

Ag4%-HAP, and Ag8%-HAP, in that order. The inset in the high 

magnification TEM figures shows HRTEM images. 
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Figures 3a-c shows FE-SEM images of Ag2%-HAP, Ag4%-HAP, and Ag8%-

HAP agglomerations, respectively. Besides, the Figures 3d-f shows the EDS x-

ray mapping of Ag of the Ag2%-HAP, Ag4%-HAP, and Ag8%-HAP, 

respectively. This analysis allowed to confirm that Ag particles are uniformly 

dispersed on the surface of samples. The EDS mapping diagram of O, Ca and 

P elements in NC agglomerations were presented in Figures S1-S3, and the 

analysis confirms a uniform distribution of these elements on the samples. 

Moreover, the Ag quantity in Ag-HAP NCs was estimated by EDS spectra 

(Figure 3g), and atomic percentages of C, O, Na, P, Ca, and Ag were presented 

in Table 1. The expected Ag amounts in the nanocomposites are less than their 

nominal value. This fact can be explained by the loss of Ag ions during the MAS 

synthesis and wash centrifugation step.  The amount of C present in the 

analysis is due to the use of carbon tape to leave conductive samples during 

FE-SEM analysis. Also, the EDX analysis shows that weight ratio Ca/P is about 

2.3. This value is consistent with the stoichiometric ratio of these two elements 

in the hydroxyapatite structure (5 mols Ca (40.078 g x mol-1): 3 mols P (30.974 

g x mol-1). Previous studies,28,49 have reported that Ag-doping HAP results to 

their inclusion in the HAP lattice by exchanging Ca2+ ions. Consequently, the 

pattern molar ratio Ca/P of the materials altered, like this the stoichiometry of 

the HAP was lost. The atomic ratio Ca/P increase from 2.23 for HAP at 2.34 

and 2.35 for Ag2%-HAP and Ag4%-HAP, respectively. Thus, this result 

indicates that at these concentrations Ag does not tend to substitute Ca, 

remaining on the surface of HAP. On the other hand, the 8% sample showed a 

small decrease in the Ca/P ratio which may be the result of the exchange of a 

small amount of Ca atoms by Ag.  In addition, due to the high ratio of surface 
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area to volume, the nanostructured HAP have a considerable fraction of Ca and 

P clusters can be predictable as compared to HAP in the microscale.50 

Table 1. Ag-HAPs NCs chemical composition obtained through EDS 

analysis. The elements were presented in atomic percentage in the 

resulted compound. 

 C O Na P Ca Ag 

HAP 13.88 39.91 1.60 13.09 29.26 - 

Ag2%-HAP 16.66 35.59 1.45 12.59 29.51 1.61 

Ag4%-HAP 14.37 36.88 1.23 12.69 29.84 3.52 

Ag8%-HAP 13.09 39.62 1.73 11.78 26.09 6.63 
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Figure 3: EDX distribution diagram analysis of Ag element of a) Ag2%-

HAP, b) Ag4%-HAP, c) Ag8%-HAP agglomerations, Figures 3d-f shows the 

EDS x-ray mapping of Ag of the Ag2%-HAP, Ag4%-HAP, and Ag8%-HAP 

agglomerations, respectively, and g) EDS spectra of Ag-HAPs NCs. 

FTIR spectra (Figure 4) did not show significance difference between molecules 

on HAP and Ag-HAP NCs surfaces. The bands at 565 and 604 cm−1 are 
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attributed to the O−P−O bond (bending mode) o  the PO4
3-. The typical 

absorption bands at 961, 1025, and 1086 cm−1 are correlated to the symmetric 

and asymmetric stretching modes of PO4
3- anion. The absorption peaks at 1414 

and 1456 cm−1 are as ribed to the C−O bending mode  hara teristi s o  CO2 

surface adsorption on Ag-HAP NCs.  

 

Figure 4: FTIR spectra of HAP and Ag-HAP NCs. 

The antifungal susceptibility testing of Ag-HAP NCs as well as the pure Ag are 

showed in Table 2. The results of Ag 4%-HAP and Ag 8%-HAP were more 

effective in the inhibitory action than the pure Ag and Ag 2%-HAP, independent 

of the Candida species. Although Ag2%-HAP did not show the best action, 

Candida krusei was inhibited with MIC of 125 µg/mL. This event was important 

because this species is resistant to azole drugs and difficult to control, very 

common in systemic diseases, present in 73% of global fungal infection.51 

Interesting, the compound with higher Ag concentration (Ag8%-HAP) did not 
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exhibit the best antifungal activity in comparison to the others. In Figure 6, the 

region 1 indicate the fungal grow control, yet region 2 show DMSO 10% 

solubility test. In the region 3 is possible view sterility control RPMI broth. The 

regions 4 to 9 indicate NCs within fungal culture, and region 10 represent the  

MIC of Ag-HAP NCs that kill the yeasts. These results can be explained 

because pure Ag NPs under high concentrations, tend to agglomerate, which 

could limit its action.25 The HAP did not show any antifungal activity, but when 

associated with Ag, the synergistic effect happened because antifungal 

potential was improved. It is well known that, HAP is highly biocompatible, and it 

is an essential carrier of metallic NPs, such as Ag.52 The best activity of the 

compounds was observed against Candida krusei (Figure 5), Candida tropicalis 

(Figure S6), and Candida parapsilosis stricto sensu (Figure S7), while the 

poorest, for Candida albicans (Figure S4) and Candida glabrata (Figure S5). 

The present investigation detected different result of NPs of Ag antifungal 

activity against Candida krusei, prior described by Szweda et al.53  The Ag 

association with HAP can be an alternative against this species because it is 

difficult to control and should present specific structural targets for Ag-HAP.54  In 

addition, the reason why Ag NPs presents an antifungal activity is because of 

their effective contact with the fungal which destroy the cell membrane and 

inhibits the common growth process due to the damage and loss of membrane 

structure, and due to the creation of pores that may led to the cell annihilation.55 

Ag NPs exercises an antifungal activity against C. albicans and others fungi 

be ause o  the produ tion and a  umulation o   ree hydro yl radi als (•O ) and 

reactive oxygen species (ROS) inside the microorganism cells, which regulates 

and induces the cell death through release of cytochrome c, mitochondrial 
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dysfunctional apoptosis, nuclear fragmentation, the metacaspases activation, 

and DNA destruction.56 

Table 2. MIC results (µg/mL) of the tested NCs against five species of Candida. 

 
NCs samples 

Candida 
Species 

Ag2%-HAP Ag4%-HAP Ag8%-HAP Pure Ag  

C. albicans 250 125 250 250 

C. glabrata 250 125 125 250 

C. krusei 125 31.25 31.25 62.5 

C. parapsilosis 
Sensu Stricto 

250 62.5 62.5 125 

C. tropicalis 250 62.5 62.5 125 

 

 

Figure 5.  Picture of antifungal susceptibility testing of Ag-HAP NCs and 

controls against Candida krusei. Viability test with triphenyl tetrazolium 

(TTC) solution. NCs, nanocomposites; DMSO, dimethyl sulphoxyde; HAP, 

hydroxyapatite; Ag, silver;MIC, minimal inhibitory concentration. 
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The analysis of optical light microscopy, showed the attraction between the 

fungal cell with Ag-HAP NCs, event that did not occur with pure Ag (Figure 6). 

In relation with nanoscale, news phenomenon appears, the electrostatic forces 

are high than the gravity forces and it could explain this attraction,57 due to the 

differences in charge between cell wall and hydroxyapatite. 58,59 The 

mechanism of action has been ascribed to the interaction between the positive 

charge on Ag ion and the negative charge from oxygenated functional groups 

on microbial cell (fungi possess cell walls made of glucans, chitin, mannans, 

and glycoproteins).60 In addiction the pure Ag did not show any attraction with 

yeasts because the HAP is smaller than the pure Ag, and the forces are not so 

strong. Moreover, it is important to consider that the ATCC strains, here 

analyzed, normally present different pattern of antimicrobial susceptibility than 

clinical strains, since the last one are exposed to metabolic stress, with change 

of phenotype.61 The similar inhibitory activity of Ag4%-HAP and Ag8%-HAP 

samples was observed for Candida parapsilosis stricto sensu and Candida 

tropicalis. Once more an interesting result, because both fungal species are 

responsible to severe infectious disease and can form biofilm, resulting in 

microbial communities of difficult control.  
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Figure 6: (a-c) Images of yeast linked to Ag2%-HAP, Ag4%-HAP and 

Ag8%-HAP NCs, respectively; d) pure Ag sample not attracted by the 

yeast. The images were obtained by light microscope magnification power 

(400X). 

 

The toxicity of each compound was tested in the in vivo model Galleria 

mellonella. This model system has similarities with the immune and toxicity 

response of the mammals. The larvae hematocytes work as phagocyte and 

release proteins which are similar to mammalian anti-body).37–39 The initial test 

starts with 10 larvae, the 100% alive organisms. When the experiment was 

finished, the number of larvae alive/ dead was measured to get the final 

number/percentage of survival. The samples Ag2%-HAP, Ag4%-HAP, and 

Ag8%-HAP were non-toxic with statistical significance (P < 0.05) as well as the 

non-associated HAP and pure Ag (P < 0.05). In general, P <0.05 or lower 

means that we are assuming a probability of only 5% that the difference found 

in the in vivo toxicity is not true, although statistically it has been demonstrated. 
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The lower the value of P, the lower the probability of this happening. It could be 

explained because the phagocytosis by macrophage is declined face to 

nanoparticles sized less than 260nm, and the infection response do not appear 

in an important intensity.62 Among these compounds, neither the bathing nor the 

injection of the samples was able to kill the larvae, except the positive control, 

ammonium quaternary (toxic compound), which killed all larvae in 24 hours after 

the bath and 48 hours after injection (Figure 7). Also, high performance in 

antifungal tests and low toxicity was possible probably due to the excellent 

dispersion of Ag NPs in the matrix, the sized very reduced and HAP 

biocompatibility. 

 

Figure 7.  Graphic representation of toxicity test of NCs and controls  in 

Galleria mellonella. The survival percentage of Galleria mellonella when 

inoculated and bathed with toxic quaternary ammonium and innocuous 

DMSO solution (P < 0.05). 
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4. CONCLUSIONS 

In summary, this study shows a one-pot MAS synthesis of non-toxic Ag-HAP 

NCs with different weight concentrations of Ag NPs against five Candida 

species. According to these results, the HAP nanorods works as a non-toxic 

matrix to attract the fungi. On the other hand, the Ag NPs acts as fungicide 

material which can be encompassed by the microorganisms. Interestingly, the 

synthetized NCs have shown a smallest MIC values against Candida krusei, 

and also good activity against other species of Candida. The remarkable 

antifungal performance shown by the NCs could be attributed to the 

electrostatic interaction force between Ag NPs and fungal cell wall surface, with 

specificity for some receptors. Ag NPs can interact with microorganism 

organelles, leading to the protein synthesis reduction, rupture of the cell wall 

and membrane cell, then consequently inhibiting the cellular budding. The in 

vivo non-toxic effect can be due to well-dispersed Ag NPs (in low concentration) 

on HAP nanorods matrix, that protect the host against cell damage. These data 

open new nanotechnological approaches to Ag-HAP-based NCs to control 

fungal diseases without causing toxicity damages. 
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Figure S1: EDS distribution diagram analysis of O, Ca and P elements of 
Ag2%-HAP. 

 

  

  

       

Figure S2: EDS distribution diagram analysis of O, Ca and P elements of 
Ag4%-HAP. 
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Figure S3: EDS distribution diagram analysis of O, Ca and P elements of 
Ag8%-HAP.   

 

 

Figure S4.  Picture of antifungal activity ( MIC assay) of NCs and controls 

against Candida albicans. Line 1: grow control; Line 2: DMSO 10% solubility 

test; Line 3: sterility control RPMI broth; Lines 4 to 9: NCs inside fungal culture; 

boxes 10: minimun inhibitory concentration of NCs that kill the yeasts. 
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Figure S5.  Picture of antifungal activity ( MIC assay) of NCs and controls 

against Candida glabrata. Line 1: grow control; Line 2: DMSO 10% solubility 

test; Line 3: sterility control RPMI broth; Lines 4 to 9: NCs inside fungal culture; 

boxes 10: minimun inhibitory concentration of NCs that kill the yeasts. 

 

 

Figure S6.  Picture of antifungal activity ( MIC assay) of NCs and controls 

against Candida tropicalis. Line 1: grow control; Line 2: DMSO 10% solubility 

test; Line 3: sterility control RPMI broth; Lines 4 to 9: NCs inside fungal culture; 

boxes 10: minimun inhibitory concentration of NCs that kill the yeasts. 
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Figure S7.  Picture of antifungal activity ( MIC assay) of NCs and controls 

against Candida parapsilosis. Line 1: grow control; Line 2: DMSO 10% solubility 

test; Line 3: sterility control RPMI broth; Lines 4 to 9: NCs inside fungal culture; 

boxes 10: minimun inhibitory concentration of NCs that kill the yeasts. 
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CAPÍTULO 3 

 

3- CONCLUSÃO 

 

Este estudo mostra uma síntese em micro-ondas de nanocompósitos Ag-HAP 

não tóxicos com diferentes concentrações de peso de Ag NPs contra cinco 

cepas de Candida. De acordo com esses resultados, os nanobastões HAP 

funcionam como uma matriz não tóxica para atrair os fungos. Por outro lado, o 

Ag NPs atua como material fungicida que altera mecanismos biológicos dos 

microrganismos. Curiosamente, as amostras sintetizadas mostraram  menores 

valores de concentração inibitória mínima contra Candida krusei, e também 

impostante atividade contra outras espécies de Candida. O notável 

desempenho antifúngico mostrado pelos NCs pode ser atribuído à força de 

interação eletrostática entre Ag NPs e superfície da parede celular fúngica, com 

especificidade para alguns receptores. Ags NPs podem interagir com 

microorganismos, levando à redução da síntese protéica, ruptura da parede 

celular e membrana celular, consequentemente inibindo o brotamento celular. 

O efeito não tóxico in vivo pode ser devido a disperssão homogênea de Ag NPs 

na matriz de nanobastões HAP, que protegem o hospedeiro contra danos 

celulares. Esses dados abrem novas abordagens nanotecnológicas para 

nanocompósitos de Ag-HAP para controlar doenças fúngicas sem causar 

danos por toxicidade. 
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