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RESUMO GERAL 

 
A presente tese teve como objetivo geral preparar, caracterizar e avaliar os efeitos 

antimicrobianos de um nanocarreador de miconazol (MCZ) à base de nanopartículas 

magnéticas de óxido de ferro (NPsMOF) funcionalizadas com quitosana (QS). Assim, 

dois subprojetos (SP1 e SP2) foram desenvolvidos e apresentaram os seguintes 

objetivos específicos: SP1) Preparar, caracterizar e avaliar os efeitos do nanocarreador 

NPsMOF-QS-MCZ sobre células planctônicas e biofilmes simples e misto de Candida 

albicans e Candida glabrata; SP2) Avaliar o efeito do nanocarreador na composição de 

três diferentes modelos de biofilmes polimicrobianos patogênicos orais (gengivite, 

prótese total e cárie dentária). A primeira etapa do SP1 consistiu em revestir as 

NPsMOF com QS e carregar este core-shell com MCZ, a fim de caracterizar este 

nanocarreador por métodos físico-químicos. As concentrações inibitórias mínimas 

(CIMs) do nanocarreador foram determinadas pelo método da microdiluição em caldo, 

usando o índice da concentração inibitória fracionária a fim de avaliar se houve 

interação sinergística entre os compostos. Ainda, biofilmes simples e mistos de Candida 

foram formados no fundo de placas de 24 ou 96 poços por 48 h e, em seguida, tratados 

por 24 h com NPsMOF-QS-MCZ carreando MCZ a 31,2 e 78 µg/ml, na presença e 

ausência de um campo magnético externo. Os biofilmes foram avaliados 

quantitativamente por biomassa total, atividade metabólica, contagem de unidades 

formadoras de colônias (UFCs) e composição da matriz extracelular. Os dados foram 

analisados por ANOVA a dois fatores, seguida pelo teste de Holm-Sidak (p<0,05). 

Ainda, a estrutura dos biofilmes foi avaliada qualitativamente por microscopia 

eletrônica de varredura e microscopia confocal. Os resultados do SP1 mostraram que o 

nanocarreador apresentou diâmetro menor que 50 nm e valores de CIM menores do que 

aqueles encontrados para MCZ sozinho, com efeito sinérgico sobre C. albicans. 

NPsMOF-QS-MCZ a 78 µg/ml foi mais eficaz que MCZ sozinho na redução de UFCs e 

atividade metabólica de biofilmes misto e simples de C. albicans. A biomassa total dos 

biofilmes e a matriz extracelular não foram afetadas pelo nanocarreador, e a aplicação 

de um campo magnético externo não melhorou seu efeito antibiofilme. As imagens de 



 

 

microscopia confirmam que tratamentos com o nanocarreador, principalmente na maior 

concentração, apresentaram maior atividade antibiofilme. Com relação ao SP2, as CIMs 

de NPsMOF-QS-MCZ foram determinadas para diferentes espécies microbianas, e 

todos os biofilmes polimicrobianos foram desenvolvidos por 5 dias e tratados por 24 h 

com NPsMOF-QS-MCZ a 64 µg/ml. Após o tratamento, os biofilmes foram avaliados 

quanto à biomassa total, atividade metabólica, contagem de UFCs e análise 

composicional por PCR quantitativo. Microscopia eletrônica de varredura foi usada para 

analisar a estrutura do biofilme. As diferenças entre os grupos foram determinadas por 

teste t não pareado (p<0,05). Os resultados do SP2 mostraram que NPsMOF-QS-MCZ 

foi mais eficaz que MCZ sozinho contra a maioria das células fúngicas e bacterianas 

testadas. Ainda, este nanocarreador foi capaz de reduzir a atividade metabólica, 

biomassa total e UFCs (p<0,05) dos biofilmes, além de alterar a sua ultraestrutura. Por 

fim, NPsMOF-QS-MCZ afetou a composição dos três biofilmes polimicrobianos 

avaliados, reduzindo principalmente os números de Streptococcus spp. e alterando a 

prevalência das espécies nos biofilmes. Em suma, os resultados dos SP1 e SP2 

permitiram concluir que o nanocarreador melhorou o efeito antimicrobiano do MCZ, 

dependendo da espécie e parâmetro de biofilme avaliados. O nanocarreador também 

mostrou potencial para interferir nas interações sinergísticas entre células fúngicas e 

bacterianas dentro de biofilmes polimicrobianos. 

 

Palavras-chaves: Biofilmes; Candida;  Miconazol; Nanopartículas; Óxido ferroso-

férrico; Quitosana. 
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GENERAL ABSTRACT 

 
The present thesis aimed to prepare, characterize and evaluate the antimicrobial effects 

of a miconazole (MCZ) nanocarrier based on iron oxide magnetic nanoparticles 

(IONPs) functionalized with chitosan (CS). Thus, two subprojects (SP1 and SP2) were 

developed and had the following specific objectives: SP1) To prepare, characterize and 

evaluate the effects of the IONPs-CS-MCZ nanocarrier on planktonic cells and single- 

and dual-species biofilms of Candida albicans and Candida glabrata; SP2) To evaluate 

the effect of IONPs-CS-MCZ on the composition of three different models of oral 

pathogenic biofilms (gingivitis, denture and dental caries). The first step of SP1 was to 

coat IONPs with CS and to load this core-shell association with MCZ, in order to 

characterize this nanocarrier by physicochemical methods. The minimum inhibitory 

concentrations (MICs) of the nanocarrier were determined by the microdilution method, 

using the fractional inhibitory concentration index in order to assess whether there was 

synergistic interaction between the compounds.. In addition, single- and dual-species 

biofilms of Candida species were formed at the bottom of 24- or 96-well plates for 48 h 

and, in sequence, treated for 24 h with IONPs-CS-MCZ carrying MCZ at 31.2 and 78 

µg/ml, in both the presence and absence of an external magnetic field. Biofilms were 

quantitatively evaluated by total biomass, metabolic activity, counting of colony 

forming units (CFUs) and extracellular matrix components. Data were analyzed by two-

way ANOVA, followed by Holm-Sidak test (p <0.05). In addition, the structure of 

biofilms was qualitatively evaluated by scanning electron microscopy and confocal 

microscopy. The results from SP1 showed that IONPs-CS-MCZ presented diameter 

smaller than 50 nm, and MIC values lower than those found for MCZ alone, with 

synergistic effect on C. albicans. Moreover, 78 µg/ml IONPs-CS-MCZ was more 

effective than MCZ alone in reducing CFUs and metabolic activity of single biofilms of 

C. albicans and dual-species biofilms. Total biofilm biomass and extracellular matrix 

were not affected by the nanocarrier, and the application of an external magnetic field 

did not improve the nanocarrier effects. Microscopy images confirm that treatments 

with the nanocarrier, mainly in the highest concentration, exhibited greater antibiofilm 

activity. Regarding SP2, the MICs of IONPs-CS-MCZ were determined for different 



 

 

microbial species, and all polymicrobial biofilms were developed for 5 days and treated 

for 24 h with IONPs-CS-MCZ at 64 µg/ml. After treatment, the biofilms were evaluated 

for total biomass, metabolic activity, counting of CFUs and quantitative PCR analysis. 

Scanning electron microscopy was used to analyze the biofilm ultrastructure. 

Differences between groups were determined by unpaired t-test (p<0.05). Results from 

SP2 showed that IONPs-CS-MCZ was more effective than MCZ alone against most 

fungal and bacterial cells tested. Moreover, this nanocarrier was able to reduce the 

metabolic activity, total biomass and CFUs (P <0.05) of the biofilms, besides altering 

their ultrastructure. Finally, IONPs-CS-MCZ affected the composition of the three 

evaluated biofilms, mainly reducing the numbers of Streptococcus spp. and changing 

the prevalence of species in the biofilms. From the results obtained by SP1 and SP2, it 

was possible to conclude that the nanocarrier improved the antimicrobial effect of MCZ, 

depending on the species and biofilm parameter evaluated. Nanocarrier also showed 

potential to interfere in the synergistic interactions among fungal and bacterial cells 

within polymicrobial biofilms. 

 

Keywords: Biofilms, Candida; Miconazole; Nanoparticles; Ferrosoferric Oxide; 

Chitosan. 
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observation (C) for the gingivitis biofilm model non-treated 

(control) and treated with the nanocarrier containing 

miconazole at 64 mg/L (IONPs-CS-MCZ). Magnification of the 

SEM images: 1,000x and 3,500x; Bars: 10 and 5 µm. 

Significant differences between the groups were calculated by 

unpaired t-test (∗ p < 0.05, ∗∗p < 0.01, ∗∗∗ p < 0.001, ∗∗∗∗ p < 

0.0001). White arrows represent adhesion of bacteria to 

yeasts/hyphae. Yellow arrow represents loss of cellular 
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Significant differences between the groups were calculated 

by unpaired t-test (∗ p < 0.05, ∗∗p < 0.01, ∗∗∗ p < 0.001, ∗∗∗∗ 
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Introdução geral 

O ecossistema oral é um ambiente único que proporciona nichos favoráveis à 

colonização e proliferação de diferentes microrganismos, os quais se encontram, na 

maioria das vezes, em associações comunitárias complexas formando biofilmes
1
. Os 

desequilíbrios causados pela falta de higiene oral, uso de certos medicamentos, próteses 

orais, alterações imunológicas e doenças sistêmicas como diabetes e síndrome da 

imunodeficiência adquirida geram alterações na composição do microbioma oral, 

levando ao desenvolvimento de doenças orais como gengivite, cárie dentária e 

candidíases
2-5

. 

  As leveduras do gênero Candida colonizam a cavidade oral de 25 a 75% dos 

indivíduos saudáveis
6-8

. No entanto, em estado de desequilíbrio, fungos oportunistas 

contribuem significativamente para o desenvolvimento de patologias orais
7
. Como um 

exemplo, Candida albicans seguido por Candida glabrata são os microrganismos mais 

frequentemente detectados em candidíases orais, como a estomatite protética 

relacionada à Candida
9,10

. Ainda, C. albicans promove associações sinérgicas com 

outros microrganismos patogênicos, como Streptococcus mutans
11

. Tal associação é 

mediada principalmente pela secreção de glicosiltransferases por S. mutans
12

, já que 

estas exoenzimas produzem α-glucanos que aumentam a adesão de S. mutans à parede 

celular de C. albicans
12,13

. Além disso, a associação destas espécies resulta na secreção 

de baixas concentrações (25-50 µM) da molécula de quorum sensing farnesol por C. 

albicans, o que estimula a formação de biofilmes de S. mutans
14

.  

 Dentre os agentes antifúngicos empregados no tratamento das candidíases 

destaca-se o miconazol (MCZ), um fármaco de amplo espectro do grupo imidazol, 

capaz de combater fungos e algumas bactérias
15

. MCZ tem atividade superior à nistatina 
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no combate à candidíase oral
16

 e é superior em termos de eficácia em relação a outros 

azóis, uma vez que apresenta atividade fungicida e fungistática
17

. Entretanto, esta droga 

pode interagir com outros fármacos, reduzindo sua eficácia, bem como apresentar 

efeitos colaterais como irritação da mucosa, vômito, diarreia e dores de cabeça
16,18

. 

 O conhecimento do microbioma oral como um conjunto heterogêneo de espécies 

que modulam umas às outras, o seu ambiente e também o hospedeiro, auxilia a 

compreender não apenas como ocorre a progressão das doenças, mas também como os 

microrganismos se adaptam às intempéries físicas e químicas
19

. A literatura tem 

relatado com maior frequência o desenvolvimento de resistência microbiana aos 

fármacos convencionais, como o MCZ, e os principais fatores envolvidos são a super-

expressão de bombas de efluxo, alteração do alvo celular da droga e a formação de 

biofilmes
20-23

.  

A fim de resolver esta problemática, os pesquisadores vêm estudando novas 

estratégias que possam contornar os mecanismos de resistência sem estimular o 

desenvolvimento de microrganismos ainda mais resistentes e de difícil erradicação. O 

uso de nanopartículas como sistemas controlados de entrega de drogas tem sido bastante 

investigado, já que os nanocarreadores têm potencial para contornar barreiras físicas e 

químicas, bem como entregar a droga na célula alvo, reduzindo o tempo de exposição e 

a quantidade de fármaco empregada. Como resultado, o uso de nanocarreadores pode 

diminuir os efeitos colaterais dos fármacos, bem como as chances de desenvolvimento 

de mecanismos de resistência por parte dos microrganismos
24-26

. 

 Nessa perspectiva, as nanopartículas magnéticas de óxido de ferro (NPsMOF) 

permitem fácil manipulação com ajuda de um campo magnético externo e a entrega de 

drogas de modo ativo e passivo, além de apresentar alta receptividade pelo tecido ou 
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célula alvo
27

. Ainda, a capacidade de funcionalização do núcleo ou 'core' de óxido de 

ferro com compósitos ou 'shell' de diversas naturezas (ex.: polímeros, surfactantes, ouro, 

silanos, entre outros)
28

 permite reduzir a oxidação das nanopartículas e torná-las mais 

biocompatíveis, favorecendo sua aplicabilidade clínica
28

. A quitosana (QS) é um 

polímero derivado da quitina (obtida da carapaça de crustáceos) que tem se mostrado 

como revestimento apropriado às NPsMOF, já que apresenta propriedades 

antimicrobianas e hemostáticas, além de ser biocompatível e biodegradável
29,30

. Ainda, 

a QS permite a ligação química e o carreamento de diferentes drogas, diversificando o 

campo de atuação dos nanocarreadores
30-32

.  

Embora os nanocarreadores à base de NPsMOF tenham sido testados em 

diversos estudos in vitro e in vivo, revestidos ou não por QS, sua aplicabilidade tem sido 

quase inteiramente voltada para terapias de tratamento do câncer
28,33,34

. Entretanto, 

estudos recentes têm investigado a ação antibiofilme de nanocarreadores de diferentes 

drogas convencionais baseados em NPsMOF, mostrando resultados favoráveis em 

comparação às drogas aplicadas sozinhas
30,32,35

. Por fim, uma outra aplicação é a 

utilização de um campo magnético externo guiado a fim de mover as NPsMOF pelo 

biofilme e criar microcanais que facilitam a penetração de drogas nas camadas mais 

internas do biofilme, promovendo ação antimicrobiana sobre um número maior de 

células
36,37

. 

 Diante de todo o contexto supracitado e tendo em vista que a eficácia 

antimicrobiana de um nanocarreador de MCZ com base em NPsMOF revestidas com 

QS permanece desconhecida, os objetivos do presente estudo foram: 1) preparar e 

caracterizar um novo nanocarreador de MCZ com base em NPsMOF revestidas com QS 

(NPsMOF-QS-MCZ), bem como avaliar seu efeito antimicrobiano sobre biofilmes 
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simples e mistos de C. albicans e C. glabrata, na presença e ausência de um campo 

magnético externo; 2) avaliar o efeito in vitro do nanocarreador NPsMOF-QS-MCZ na 

composição de modelos polimicrobianos de biofilmes orais patogênicos de gengivite, 

prótese total e cárie dentária.  

 Para alcançar os objetivos propostos, o presente estudo foi dividido em dois 

capítulos, como detalhado abaixo: 

 - Capítulo 1: “Novel miconazole nanocarrier based on chitosan-coated iron 

oxide nanoparticles as a nanotherapy to fight Candida biofilms” (artigo nas normas do 

periódico Colloids and Surfaces B: Biointerfaces). 

 - Capítulo 2: “Effect of a miconazole nanocarrier on the composition of three in 

vitro models of pathogenic oral biofilms” (artigo nas normas do periódico Journal of 

Oral Microbiology).   
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Abstract 

Overexposure of microorganisms to conventional drugs has led to resistant species that 

require new treatment strategies. This study aimed to prepare and characterize a 

nanocarrier of miconazole (MCZ) based on iron oxide nanoparticles (IONPs) 

functionalized with chitosan (CS), as well as to test its antifungal activity against 

biofilms of Candida albicans and Candida glabrata. IONPs-CS-MCZ was prepared by 

loading MCZ on CS-covered IONPs and characterized by physicochemical methods. 

Minimum inhibitory concentration (MIC) of the nanocarrier was determined by the 

microdilution method. Biofilms were developed (48 h) in microtiter plates and treated 

with MCZ-carrying nanocarrier at 31.2 and 78 µg/mL, in both the presence and absence 

of an external magnetic field (EMF). Biofilms were evaluated by total biomass, 

metabolic activity, cultivable cells (CFU), extracellular matrix components, scanning 

electron microscopy and confocal microscopy. Data were analyzed by two-way 

ANOVA and Holm-Sidak test (p<0.05). A nanocarrier with diameter lower than 50 nm 

was obtained. Nanocarrier’s MIC values were lower than those found for MCZ, and 

showed synergism for C. albicans and indifference for C. glabrata. IONPs-CS-MCZ 

did not affect total biomass and extracellular matrix. IONPs-CS-MCZ containing 78 

µg/mL MCZ showed superior antibiofilm effect to MCZ in reducing CFU and 

metabolism for single biofilms of C. albicans and dual-species biofilms. The EMF did 

not improve the nanocarrier effects. Microscopy images confirmed the antibiofilm 

effect of the nanocarrier. IONPs-CS-MCZ was more effective than MCZ mainly against 

C. albicans planktonic cells and number of CFU and metabolism of the biofilms. 

Keywords: Antifungal agents; Biofilms; Candida albicans; Candida glabrata; 

Chitosan; Ferric oxide; Miconazole; Nanoparticles. 
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1. Introduction 

 

Candida species are opportunistic yeasts that usually colonize oral cavity, 

vagina, respiratory and intestinal tracts of humans [1, 2]. In fact, around 23 to 49% of 

women over 50 years-old are likely to present vulvovaginal candidiasis [3], while the 

mortality rate of hospitalized patients with invasive candidiasis ranges from 14 to 80% 

[4-6]. Moreover, the Candida genus is present in the oral microbiome of 25 to 75% of 

healthy people [7-9]. However, clinical imbalances caused by immunologic shifts, use 

of dentures, antibiotics, corticosteroids, diabetes, HIV syndrome and other factors can 

lead to oral candidiasis [7, 10-12]. This clinical condition is characterized by 

erythematous, pseudomembranous and hyperplastic lesions, and Candida-related 

lesions may also be present, such as angular cheilitis, rhomboid glossitis and denture 

stomatitis (DS) [7]. Candida albicans followed by Candida glabrata are frequently 

detected in cases of oral candidiasis, besides being the most prevalent species in DS, an 

oral disease that affects from 15 to 70% of complete denture wearers [13-15].  

Miconazole (MCZ) is an imidazole with topical indication for candidiasis, acting 

against fungi and a large set of bacteria [16, 17]. Noteworthy, MCZ has shown 

antimicrobial effect on fluconazole-resistant Candida species [18, 19]. On the other 

hand, MCZ can interact with other drugs, reducing its antimicrobial efficacy, apart from 

presenting local irritation for some patients [5]. C. albicans sessile cells (1 to 10%) may 

also survive even when exposed to high concentrations of MCZ [20], and azole cross 

resistance of C. albicans and C. glabrata to this antifungal has been reported [21, 22].  

In order to find a solution for the above-mentioned limitations, drug delivery 

systems have been developed to increase drug effectiveness and reduce therapeutic 
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concentrations compared to conventional treatments [23]. At this point, iron oxide 

magnetic nanoparticles (IONPs) were approved by the World Health Organization and 

by the Food and Drug administration for clinical use in different biomedical 

applications, including drug hyperthermia, magnetic resonance and design of drug 

delivery systems [24]. Although there are few studies on the antibiofilm activity of 

IONPs, a recent study showed that the magnetic properties of these nanoparticles may 

be exploited by using an external magnetic field to conduct IONPs within the biofilm,  

creating artificial channels that enhance drug penetration, thereby increasing the cell 

death [25].  

IONPs surface may be coated with different organic and inorganic compounds 

(i.e.: surfactants, polymers, gold, silica, peptides and others), which makes these 

nanoparticles more biocompatible and prevents their aggregation and oxidation [26]. In 

this sense, natural polymers such as chitosan (CS) have been used as a nanoparticle 

coating since this polymer has biocompatibility, mucoadhesive, hemostatic and 

antimicrobial properties [26-29]. IONPs-based nanocarriers functionalized with CS 

proved to be effective against C. albicans and different bacteria [30], as well as 

successfully favored the efficacy of broad spectrum drugs such as chlorhexidine against 

oral pathogenic microorganisms in vitro [27]. However, no other work has investigated 

the use of CS-coated IONPs as a therapeutic tool to improve the antifungal effect of 

MCZ. Therefore, the aim of this study was to prepare and characterize a MCZ 

nanocarrier based on CS-coated IONPs, as well as to test its in vitro antifungal activity 

against single- and dual-species biofilms of C. albicans and C. glabrata, in both the 

presence and absence of an external magnetic field. The null hypothesis of the study 

was that the antifungal effect of the IONP-CS-MCZ nanocarrier would not differ from 
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that observed for MCZ alone, regardless of the presence of an external magnetic field 

during the treatment period. 

 

2. Materials and methods 

 

2.1. Preparation and characterization of the IONPs-CS-MCZ nanocarrier  

Colloidal IONPs (Fe3O4) were supplied by nChemi Engenharia de Materiais 

(São Carlos, São Paulo, Brazil), while CS and MCZ were purchased from Sigma-

Aldrich (St. Louis, MO, USA). The preparation and characterization of the IONPs-CS-

MCZ nanocarrier were conducted as described elsewhere [27]. In brief, CS was 

solubilized in 2% acetic acid under constant stirring during 24 h at room temperature. 

CS-coated IONPs were obtained by mixing equal volumes of IONPs and CS, both at 

1400 µg/mL of these components. In order to obtain the IONP-CS-MCZ nanocarrier, 

500 µg MCZ were added to the IONP-CS compound (700 µg/mL), followed by a 1-h 

solubilization process under constant magnetic stirring at room temperature. Next, the 

nanocarrier was characterized by transmission electron microscopy (TEM), dynamic 

light scattering (DLS), X-ray powder diffraction (XRD), Fourier-transform infrared 

spectroscopy (FTIR) and thermogravimetric analysis (TGA) 

 

2.2. Strains and growth conditions 

The present study used two reference strains from American Type Culture 

Collection (ATCC): C. albicans ATCC 10231 and C. glabrata ATCC 90030. Stock 

cultures (-80°) of both strains were aerobically cultivated on Sabouraud Dextrose Agar 

(SDA; Difco, Le Pont de Claix, France) plates at 37°C. After 24 h, colonies of both 
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stains from SDA plates were separately inoculated overnight in Sabouraud Dextrose 

Broth (SDB; Difco) at 37°C. To adjust the inoculum concentration, the fungal cells 

were harvested by centrifugation (8000 rpm, 5 min) and washed twice in phosphate 

buffered saline (PBS; pH 7, 0.1 mol/l). Artificial saliva (AS; pH 6.8)[31] was the 

medium used to resuspend the cells at 1 × 10
7 

cells/mL or 2 × 10
7 

cells/mL, 

respectively, for single- and dual-species biofilms. 

 

2.3. Determination of the minimum inhibitory concentration (MIC) on planktonic cells  

The broth microdilution method was employed to determine the MIC of the 

IONPs-CS-MCZ nanocarrier against the studied strains, as detailed elsewhere [32]. 

Briefly, cell suspensions of C. albicans and C. glabrata were adjusted in saline solution 

to a concentration correspondent to the standard 0.5 of McFarland scale (0.5 to 2.5 × 

10
3 

cells/mL) and then diluted in saline solution (1:5), and subsequently in Roswell Park 

Memorial Institute (RPMI 1640; Sigma-Aldrich) medium (1:20). Then, 100 μL of each 

yeast suspension were added to the wells of a 96-well flat bottom plate (Costar, 

Tewksbury, USA) containing 100 μL of each specific concentration of the nanocarrier 

(0.09-50 µg/mL) previously diluted in RPMI 1640. IONPs (0.13-70 µg/mL), CS (0.13-

70 µg/mL) and MCZ (0.09-50 µg/mL) alone were tested as controls. After incubation 

for 48 h at 37 °C, the MIC values were visually established as the lowest concentrations 

capable of completely (100%) inhibiting the yeasts growth. In order to evaluate the type 

of interaction among the nanocarrier’s compounds, the fractional inhibitory 

concentration (FIC) indexes were calculated, based on the MIC results, as detailed 

elsewhere [33]. MIC assays were repeated in triplicate on three independent occasions. 
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2.4. Biofilm formation and treatment 

For single-species biofilm formation, 200 µL of each yeast suspension (1 × 10
7
 

cells/mL in AS) were added into wells of 96-well flat bottom plates, whereas for dual-

species biofilms 100 µL of each microbial suspension  (2 × 10
7
 cells/mL for C. albicans 

+ 2 × 10
7
 cells/mL for C. glabrata) were incorporated into each well. The microtiter 

plates were then aerobically incubated at 37°C. After 48-h biofilm formation (with 

refreshment of the AS medium after the first 24 h), single- and dual-species biofilms 

were treated during 24 h with the MCZ-containing nanocarrier at two different 

concentrations: 31.2 (IONPs-CS-MCZ31.2) and 78 μg/mL (IONPs-CS-MCZ78). These 

concentrations correspond to 20- and 50-fold the nanocarrier MIC for C. glabrata (1.56 

µg/mL). All biofilm assays had appropriate controls, including 110 μg/mL IONPs, 110 

μg/mL CS, 78 μg/mL MCZ and untreated biofilms as negative control (NC). Biofilm 

treatment was performed in both the presence and absence of an external magnetic field. 

For the set of experiments involving magnetic field, magnetic plates (Supergauss Prod. 

Magnéticos Ltda., São Paulo, Brazil) of 10 x 100 x 150 mm with magnetic flux density 

between 3900~4000 G were positioned under the 96 well-plates during the 24-h 

treatment period.  

 

2.5. Biofilm quantification  

Subsequently to treatment period, all biofilms were rinsed once with PBS to 

remove non-adhered cells. Following, crystal violet (CV) staining and XTT reduction 

assay were employed, respectively, to quantify the total biofilm biomass and metabolic 

activity of biofilm cells, as previously described [34]. For quantification of colony-

forming units (CFUs), the treated biofilms were scraped from the bottom of the plates, 
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suspended in PBS (1 ml) and homogenized in vortex (90 s). Then, serial dilutions in 

PBS were plated on SDA for single biofilms, and on CHROMagar Candida (Difco) for 

dual-species biofilms. The agar plates were incubated at 37°C and the CFUs, counted 

after 24 to 48h [33]. The results of total biomass, metabolic activity and number of 

CFUs were expressed as a function of the well area (Abs/cm
2
 and log10 CFU/cm

2
). 

The compositional analysis of the biofilms’ extracellular matrix was also 

performed. Briefly, single- and dual-species biofilms were developed in 24-well plates 

containing 1 mL of cell suspension, and treated with the nanocarrier and controls, as 

detailed above. For matrix extraction, the resulting biofilms were scraped from the 

wells, resuspended in PBS, sonicated on ice (30 s; 30 w) and vortexed for 2 min. 

Afterwards, biofilm suspensions were centrifuged at 3000 g for 10 min and the 

supernatant, filtered through a nitrocellulose filter (0.22 µm) [35, 36]. The protein 

content of the extracellular matrix was determined by the bicinchoninic acid method 

(BCA kit; Sigma-Aldrich), using bovine serum albumin as standard [37], while the total 

carbohydrate content was estimated using glucose as standard [35, 36, 38]. To assess 

the content of DNA from matrix biofilm, 1.5 µL of the supernatant was pipetted into a 

nanodrop device (Eon Microplate Spectrophotometer; Bio Tek, Winooski, USA) and 

spectrophotometrically analysed  at 260 nm and 280 nm [39]. Total contents of protein, 

carbohydrate and DNA were expressed as a function of the liquid phase of the 

extracellular matrix (mg/mL). 

 

2.6. Structural analysis of biofilms 

Scanning electron microscopy (SEM) and confocal laser scanning microscopy 

(CLSM) were employed to visualize the ultrastructure of dual-species Candida biofilms 
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treated with IONPs-CS-MCZ nanocarrier and controls. For this, biofilms were formed 

at the bottom of 24-well plates for SEM, and on sterile coverslips into 24-well plates for 

CLSM. Biofilm treatment was performed in the absence of an external magnetic field, 

as described above. For SEM preparation, the samples were serially washed in ethanol 

for dehydration (70% for 10 min, 95% for 10 min and 100% for 20 min), air-dried in a 

desiccator, and cut from the bottom of the plates. Samples were then positioned onto 

aluminium stubs before being coated with gold, and qualitatively analyzed by SEM 

(FEG-VP Supra 35; Carl Zeiss, Jena, Thüringen, Germany)[32]. As for CLSM analysis, 

the resulting biofilms were stained with 200 µL of a solution containing 3µg/mL 

SYTO9 green fluorescent dye and 3µg/mL propidium iodide for 20 to 30 min at room 

temperature, protected from light [35]. After, biofilm samples were gently rinsed with 

sterile water and analyzed under a confocal microscope (Nikon C2/C2si, Tokyo, Japan) 

at 488/500-570 nm for SYTO9 dye and 561/570-1000 nm for propidium iodide. 

Fluorescent green and red colors represent living and dead cells, respectively. 

 

2.7. Statistical analysis  

All biofilm assays were conducted in triplicate on three separate occasions. Data 

presented normal (Shapiro-Wilk test) and homogeneous (Cochrane test) distribution, 

except for DNA (C. glabrata and dual-species biofilms) and protein (C. albicans and 

dual-species biofilms). Results were submitted to 2-way ANOVA, considering the 

different compounds and the presence of an external magnetic field as variation factors. 

Holm-Sidak test was applied for multiple-comparisons when applicable. SigmaPlot 

software (version 12.0; Systat Software Inc., San Jose, USA) was used, adopting p < 

0.05 as statistically significant. 
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3. Results 

 

3.1. Characterization of the IONPs-CS-MCZ nanocarrier 

As the characterization results of IONPs alone and CS-coated IONPs have been 

described in a previous study[27], this section presents only the characterization of the 

IONPs-CS-MCZ nanocarrier. TEM and DLS analyzes were used to estimate the 

morphology and average size of the nanocarrier. By TEM, it was possible to observe a 

predominantly spherical shape for IONPs and MCZ particles, with a diameter lower 

than 50 nm for the IONPs-CS-MCZ nanocarrier (Fig. 1a). It was also possible to note 

the MCZ particles adhered to the CS-coated IONPs, thus forming the nanocarrier (Fig. 

1a). In turn, DLS analysis showed that the average hydrodynamic size of the nanocarrier 

was close to 180 nm (Fig. 1b). Regarding the nanocarrier’s crystalline structure, the 

XRD pattern obtained was similar to that seen for IONPs alone, and revealed a spinel-

type structure [27]. 

FTIR analysis revealed the chemical constitution of the IONPs-CS-MCZ 

nanocarrier. Characteristic bands of IONPs[27] and CS[27] were seen in the 

nanocarrier’s FTIR spectrum (Fig. 1c). Absorption peaks around 1585 cm
-1

, 1473 cm
-1

 

(C-C of two dichlorobenzene), 1385 cm
-1 

(C-C and C-H of imidazole) and 1327 cm
-1 

(C-H of two dichlorobenzene), which are indicative of MCZ [40], were also detected 

(Fig. 1c). For TGA, a marked mass loss was seen from 200 degrees Celsius, suggesting 

CS degradation and MCZ melting (Fig. 1d). Analyzing the temperature range from 400 

to 800°C, the thermogravimetric curve for IONPs-CS-MCZ (Fig. 1d) showed a similar 

mass loss pattern to that previously found for IONPs e CS-coated IONPs[27], thus 
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videncing that all MCZ incorporated was successfully conjugated to the IONPs-CS 

compound. 

 

3.2. Determination of the MIC 

Planktonic cell susceptibility results are shown in Table 1. For C. albicans, the 

nanocarrier promoted an 8-fold reduction in the MCZ MIC value compared to the 

antifungal applied alone, while for C. glabrata this reduction was 2- to 4-fold. 

Furthermore, C. albicans was slightly more susceptible to MCZ and nanocarrier than C. 

glabrata, whereas IONPs and CS alone did not inhibit the growth of both strains at 140 

µg/mL. The association of compounds forming the nanocarrier was then classified as 

synergistic and indifferent, respectively for C. albicans and C. glabrata. 

 

3.3. Biofilm quantification  

For single- and dual-species biofilms treated in the presence or absence of an 

external magnetic field, all assessed compounds were not able to promote significant 

decreases in total biomass compared to NC groups (Fig. 2).  

Regarding the metabolic activity of biofilms of C. albicans and mixed, MCZ and 

IONPs-CS-MCZ78 were the only compounds that led to significant reductions 

compared to NCs, both in the presence and in absence of an external magnetic field 

(Fig. 3a and c). IONPs-CS-MCZ78 significantly differed from all other groups and 

produced the highest reductions in biofilm metabolism compared to NCs (93.04-

94.40%; Fig. 3a and c), regardless of the use of a magnetic field. For single biofilm of 

C. glabrata, MCZ, IONPs-CS-MCZ31.2 and IONPs-CS-MCZ78 did not differ from 

each other and promoted significant reductions in the metabolic activity (ranging from 
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64.15 to 98.27%) compared to the NC (Fig. 3b). The use of an external magnetic field 

did not influence the metabolism results for all biofilms (Fig. 3). 

CFU enumeration results for single-species biofilms of C. albicans and C. 

glabrata showed that CS, MCZ and IONPs-CS-MCZ31.2 were able to significantly 

reduce the number of cultivable cells compared to NCs (Fig. 4a and b). However, 

IONPs-CS-MCZ78 was the most effective treatment, differing significantly from all 

groups and promoting cell number decreases in comparison to the NCs ranging from 

1.21- to 1.42-log10, in both the presence and absence of an external magnetic field (Fig. 

4a and b). For C. albicans in dual-species biofilms, IONPS-CS-MCZ78 also exhibited 

the highest reductions compared to the NCs (1.85-2.05-log10; Fig. 4c). As for C. 

glabrata in dual-species biofilms, MCZ and IONPs-CS-MCZ78 were the most effective 

compounds in reducing the number of CFUs, without significant differences between 

them (Fig. 4d). The presence of an external magnetic field influenced only the CFU 

quantification of C. albicans in dual-species biofilms treated with IONPs (Fig. 4c). 

For all evaluated biofilms, treatments with IONPs-CS-MCZ and controls did not 

affect the protein (Table 2), carbohydrate (Table 3) and DNA (Table 4) contents of the 

extracellular matrix. In addition, the use of an external magnetic field during biofilm 

treatment did not interfere with the results of matrix composition. 

 

3.4. Structural analysis of biofilms 

SEM images revealed that the untreated dual-species biofilm consisted of a 

dense and robust network of interconnected yeasts and hyphae, forming a multilayer 

structure (Fig. 5a). Biofilms treated with IONPs, CS and IONPs-CS-MCZ31.2 exhibited 

the same structural pattern observed for the NC group (Fig. 5b, c and e). On the other 
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hand, MCZ and IONPs-CS-MCZ78 produced ruptures in the biofilms, generating less 

dense structures, with more visualization of polystyrene surface areas (Fig. 5d and f). 

Some particle agglomerates (CS and IONPs) were also seen in biofilms exposed to CS 

(Fig. 5c), IONPs-CS-MCZ31.2 (Fig. 5e) and IONPs-CS-MCZ78 (Fig. 5f). According to 

CLSM images, biofilms treated with CS, MCZ, IONPs-CS-MCZ31.2 and IONPs-CS-

MCZ78 showed higher number of non-viable cells compared to the NC group (Fig. 6). 

 

4. Discussion 

The constant exposure of pathogenic microorganisms to conventional drugs has 

stimulated the development of improved mechanisms of resistance, making it difficult 

to treat diseases while creating a generation of over-resistant microorganisms, known as 

superbugs[41]. Within this context, the present study investigated the potential of a 

nanocarrier based on CS-coated IONPs to improve the antifungal efficacy of MCZ 

against pathogenic fungal biofilms. The study's null hypothesis was partially rejected, 

since the nanocarrier effects on planktonic cells and on some biofilm parameters (CFUs 

for all biofilms, and metabolic activity for single biofilms of C. albicans and dual-

species biofilms) were superior to those found for MCZ alone. 

The results of characterization shown in Fig. 1 evidenced the successful 

assembly of IONPs-CS-MCZ as a functional nanocarrier. TEM results confirmed a 

diameter lower than 50 nm for the nanocarrier, which ensures that this conjugate can be 

explored as an alternative nanotherapy. In contrast, DLS results indicated a large 

hydrodynamic diameter (around 180 nm; Fig. 1b). DLS is an indirect method that 

calculates sample size by the frequency of movement of particles in aqueous medium 

[42]. Thus, this technique is very sensitive to aggregation and may generate different 
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results from those obtained for imaging techniques of dried samples, as TEM [42]. Due 

to its biocompatibility, biodegradability and stability in acidic pH, CS is frequently used 

as a coating for IONPs as this polymer usually adsorbs to these nanoparticles through 

glycosidic bonds[43, 44]. In turn, MCZ probably bound to CS via electrostatic attraction 

between the amine groups of CS and the negative charge of MCZ [45]. Taken together, 

these physicochemical phenomena explain how the nanocarrier was formed.  

As for MIC determination, IONPs-CS-MCZ was more effective than MCZ alone 

on C. albicans and C. glabrata planktonic cells (Table 1). For planktonic C. albicans, 

the nanocarrier effect was the result of a synergistic interaction among the compounds 

present in the nanocarrier, as shown by the FIC index. MCZ causes accumulation of 

reactive oxygen species (ROS) in the fungal cytoplasm, which can lead to a fungicidal 

effect. Moreover, a previous study showed that even before ROS can cause cell death, 

the majority of C. albicans cells exposed to MCZ were already necrotic [20]. It was 

suggested that prior to ROS production, MCZ affects the fungal actin cytoskeleton and 

creates channels in the mitochondrial membrane [20]. Regarding the mechanisms of 

antimicrobial action of CS, it was hypothesized that its positive charge interacts with the 

negatively charged cell membrane phospholipids, leading to increase in the membrane 

permeability, leakage of cell contents and, consequently, cell death [46]. CS also 

operates against C. albicans antagonizing the SAGA complex, which coordinates Ada2 

and ABC transporter-encoding genes such as CDR1 and MDR1, and altering the 

integrity of cell surface [47]. In addition, IONPs-CS may increase ROS production [48]. 

All the above-mentioned context could explain the synergistic effect found for IONPs-

CS-MCZ on C. albicans in planktonic culture, since the nanocarrier combines drugs 

with different mechanisms of action. 
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However, C. glabrata showed to be less susceptible to MCZ and nanocarrier, 

with MIC values 2- to 8-fold higher than those found for C. albicans (Table 1). 

Exposure to MCZ may lead to mitochondrial injuries in C. glabrata that cause 

upregulation of efflux pumps genes (Cdr1, Cdr2, Snq2 and Qndr2) associated with 

azole resistance, even before ROS accumulation causes its effect, thus increasing 

resistance to MCZ for this fungal pathogen [49, 50]. Furthermore, although Ada2 

controls antifungal drug tolerance and cell wall integrity in C. glabrata, it has a 

different role from that observed in C. albicans and does not regulate ABC transporter-

encoding genes such as CDR1, CDR2 (PDH1) or SNQ2 [51]. Thus, even if CS may 

attack Ada2 in C. glabrata, a different mechanism is involved, which could justify the 

indifference found for IONPs-CS-MCZ on C. glabrata planktonic cells.  

Regarding biofilm assays, promising results were found for metabolic activity 

and CFU counting, considering that the IONPs-CS-MCZ78 nanocarrier was more 

effective than 78 µg/mL MCZ in reducing these parameters (Figs 3 and 4). These results 

are in agreement with SEM observations, which demonstrated greater ruptures and 

ultrastructure alterations in dual-species biofilms promoted by IONPs-CS-MCZ78, 

compared to other groups (Fig. 5). All treatments also generated biofilms with visually 

higher presence of dead cells in comparison to NC and IONPs alone, as displayed by 

CLSM (Fig. 6). As CS and MCZ alone were able to promote significant reductions in 

CFU and metabolism for some biofilms, the results found for IONPs-CS-MCZ78 may 

reflect a combined action of the antimicrobial effects of CS and MCZ, as justified for 

MIC results. The antibiofilm activity of IONPs-CS-MCZ78 was also dependent on the 

presence of MCZ at 78 µg/mL, since a dose-dependent effect was noted in comparison 

to its counterpart containing 31.2 µg/mL MCZ (IONPs-CS-MCZ31.2). On the other 
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hand, nanocarrier and controls did not affect the total biofilm biomass (Fig. 2) and 

extracellular matrix components (Tables 2, 3 and 4). Therefore, all biofilm results 

analyzed together indicate that the IONPs-CS-MCZ78 nanocarrier was able to cross the 

extracellular matrix without changing it, exclusively acting at cellular level (affecting 

cell viability and metabolism). Indeed, nanocarriers are told built for the purpose of 

circumventing the physical barriers and penetrating at the most profound layers of the 

biofilm, due to its size advantages [26].  

Magnetic nanoparticles may be additionally guided by external magnetic forces 

to the cell target [52]. Inside biofilms, magnetic fields create artificial channels and 

increase drug penetration, improving the antimicrobial effect [25, 53]. In this sense, the 

current study tested whether the presence of a static one-side magnetic field (positioned 

at the bottom of 96-well plates) would add any benefit to the nanocarrier's antibiofilm 

effect. However, in general, the quantitative results showed no differences between 

biofilms treated in both the presence and absence of an external magnetic field. 

Probably, the prolonged time of treatment used (24 h) was sufficient for nanocarrier 

penetration into the deeper layers of biofilms treated in the absence of magnetic field. 

Furthermore, this study did not use a switched magnetic field, which could create 

additional channels and improve drug efficacy [54]. 

Another interesting result was the higher effectiveness of the IONPs-CS-MCZ78 

nanocarrier compared to MCZ alone, mainly for C. albicans in single- and dual-species 

biofilms (Figs 3 and 4). From a clinical perspective, these findings highlight the 

potential of the MCZ nanocarrier as a topical treatment to fight recurrent oral 

candidiasis in which C. albicans play a major role, such as DS. However, to broaden the 

knowledge about this nanocarrier, future studies assessing the MCZ release profiles, 
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different treatment periods, as well as toxicity to human cells caused by IONPs-CS-

MCZ are needed.  

 

5. Conclusion 

The IONPs-CS-MCZ nanocarrier showed superior antifungal effect to MCZ 

alone on planktonic cells of C. albicans and C. glabrata, as well as on some parameters 

of single- and dual-species biofilms (cultivable cells and metabolism). Additionally, the 

nanocarrier advantage was more evident for C. albicans, and the presence of an external 

magnetic field during biofilm treatment did not potentiate the nanocarrier’s antibiofilm 

effect. 
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Table and figure captions 

 

Table 1. Minimum inhibitory concentration (MIC) values of iron oxide magnetic 

nanoparticles (IONPs), chitosan (CS) and miconazole (MCZ), alone or in association, 

for the tested Candida strains 

 

Table 2. Mean values (standard deviation) of the protein content obtained from the 

extracellular matrix of single- and dual-species Candida biofilms after treatment with 

different compounds 

 

Table 3. Mean values (standard deviation) of the carbohydrate content obtained from 

the extracellular matrix of single- and dual-species Candida biofilms after treatment 

with different compounds 

 

Table 4. Mean values (standard deviation) of the DNA content obtained from the 

extracellular matrix of single- and dual-species Candida biofilms after treatment with 

different compounds 

 

Figure 1. Transmission electron microscopy image (a), size distribution histogram (b), 

Fourier-transform infrared spectrum (c) and thermogravimetric analysis (d) for the iron 

oxide magnetic nanoparticles-chitosan-miconazole nanocarrier. Enlarged image in (a) 

represents the core of a chitosan-coated nanoparticle, and miconazole particles bound to 

chitosan. The red circle in (c) shows the region of characteristic bands of the presence of 

miconazole.
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Figure 2. Quantification of total biomass (mean absorbance values per cm
2
) for single- 

(a and b) and dual-species (c) biofilms of C. albicans ATCC 10231 and C. glabrata 

ATCC 90030 treated with 110 μg/ml iron oxide magnetic nanoparticles (IONPs), 110 

μg/ml chitosan (CS), 78 μg/ml miconazole (MCZ) and MCZ-containing nanocarrier at 

31.2 (IONPs-CS-MCZ31.2) and 78 μg/ml (IONPs-CS-MCZ78), in the absence or 

presence of an external magnetic field. Negative control denotes non-treated biofilms 

(NC). Different uppercase and lowercase letters show significant differences among the 

treatments for biofilms treated in the absence and presence of an external magnetic 

field, respectively (2-way ANOVA and Holm-Sidak test, p < 0.05). 

 

Figure 3. Quantification of metabolic activity (mean absorbance values per cm
2
) for 

single- (a and b) and dual-species (c) biofilms of C. albicans ATCC 10231 and C. 

glabrata ATCC 90030 treated with 110 μg/ml iron oxide magnetic nanoparticles 

(IONPs), 110 μg/ml chitosan (CS), 78 μg/ml miconazole (MCZ) and MCZ-containing 

nanocarrier at 31.2 (IONPs-CS-MCZ31.2) and 78 μg/ml (IONPs-CS-MCZ78), in the 

absence or presence of an external magnetic field. Negative control denotes non-treated 

biofilms (NC). Different uppercase and lowercase letters show significant differences 

among the treatments for biofilms treated in the absence and presence of an external 

magnetic field, respectively (2-way ANOVA and Holm-Sidak test, p < 0.05). 

 

Figure 4. Quantification of cultivable cells (mean values of the logarithm of colony-

forming units per cm
2
) for single- (a and b) and dual-species (c and d) biofilms of C. 

albicans ATCC 10231 and C. glabrata ATCC 90030 treated with 110 μg/ml iron oxide 

magnetic nanoparticles (IONPs), 110 μg/ml chitosan (CS), 78 μg/ml miconazole (MCZ) 
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and MCZ-containing nanocarrier at 31.2 (IONPs-CS-MCZ31.2) and 78 μg/ml (IONPs-

CS-MCZ78), in the absence or presence of an external magnetic field. Negative control 

denotes non-treated biofilms (NC). Different uppercase and lowercase letters show 

significant differences among the treatments for biofilms treated in the absence and 

presence of an external magnetic field, respectively (2-way ANOVA and Holm-Sidak 

test, p < 0.05). Within each treatment, asterisk (*) indicates significant difference 

between biofilms treated in the absence and presence of an external magnetic field.  

 

Figure 5. Scanning electron microscopy imagens of dual-species biofilms of Candida 

albicans ATCC 10231 and C. glabrata ATCC 90030 treated with 110 μg/ml iron oxide 

magnetic nanoparticles (b), 110 μg/ml chitosan (c), 78 μg/ml miconazole (d) and 

miconazole-containing nanocarrier at 31.2 (e) and 78 μg/ml (f). Negative control 

denotes non-treated biofilm (a). Magnification: 2500x. Bars: 10 μm. The red arrows in 

images (c), (e) and (f) indicate particle clusters. 

 

Figure 6. Confocal laser scanning microscopy imagens of dual-species biofilms of 

Candida albicans ATCC 10231 and C. glabrata ATCC 90030 treated with 110 μg/ml 

iron oxide magnetic nanoparticles (b), 110 μg/ml chitosan (c), 78 μg/ml miconazole (d) 

and miconazole-containing nanocarrier at 31.2 (e) and 78 μg/ml (f). Negative control 

denotes non-treated biofilm (a). Magnification: 20x. Bars: 100 μm. 
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Table 1. Minimum inhibitory concentration (MIC) values of iron oxide magnetic 

nanoparticles (IONPs), chitosan (CS) and miconazole (MCZ), alone or in association, 

for the tested Candida strains 

 

 MIC (µg/ml)  

 Alone 
In association 

(Nanocarrier) 
  

Species IONPs CS MCZ IONPs CS MCZ FICI Classification 

C. albicans 

ATCC 10231 
> 140 > 140 1.56 0.27 0.27 0.19 < 0.12 Synergism 

C. glabrata 

ATCC 90030 
> 140 > 140 

3.12– 

6.25 
2.18 2.18 1.56 < 0.53 Indifference 

Note: FICI, fractional inhibitory concentration indices for the nanocarrier 

 

 

 

 

 

 

 

 

 

 

 

 

 



- 74 - 
_____________________________________________________________________________ 

 

 

 

Table 2. Mean values (standard deviation) of the protein content obtained from the extracellular matrix of 

single- and dual-species Candida biofilms after treatment with different compounds 

 

 

Biofilms 

Proteins (mg/ml) 

NC IONPs CS MCZ IONPs-CS-MCZ31.2 IONPs-CS-MCZ78 

 Presence of an external magnetic field 

C. albicans ATCC 10231 0.10 (0.05)
 

0.09 (0.00)
 

0.08 (0.01)
 

0.09 (0.02)
 

0.11 (0.03)
 

0.07 (0.02)
 

C. glabrata ATCC 90030 0.04 (0.01)
 

0.07 (0.01)
 

0.08 (0.02)
 

0.04 (0.00)
 

0.06 (0.01)
 

0.06 (0.03)
 

Dual-species biofilm 0.12 (0.09)
 

0.09 (0.04)
 

0.11 (0.04)
 

0.09 (0.05)
 

0.11 (0.02)
 

0.08 (0.00)
 

 Absence of an external magnetic field 

C. albicans ATCC 10231 0.09 (0.02)
 

0.12 (0.08)
 

0.12 (0.06)
 

0.11 (0.05)
 

0.13 (0.05)
 

0.08 (0.01)
 

C. glabrata ATCC 90030 0.06 (0.03)
 

0.10 (0.04)
 

0.09 (0.04)
 

0.05 (0.01)
 

0.06 (0.03)
 

0.05 (0.00)
 

Dual-species biofilm 0.12 (0.08)
 

0.06 (0.03)
 

0.07 (0.02)
 

0.05 (0.01)
 

0.08 (0.04)
 

0.09 (0.06)
 

Note: there were no statistically significant differences among the compounds, regardless of the presence of a magnetic field (2-way 

ANOVA; p<0.05). Negative control (NC); 110 μg/ml iron oxide magnetic nanoparticles (IONPs); 110 μg/ml chitosan (CS); 78 

μg/ml miconazole (MCZ); MCZ-containing nanocarrier at 31.2 (IONPs-CS-MCZ31.2) and 78 μg/ml (IONPs-CS-MCZ78). 
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Table 3. Mean values (standard deviation) of the carbohydrate content obtained from the extracellular matrix 

of single- and dual-species Candida biofilms after treatment with different compounds 

 

 

Biofilms 

Carbohydrates (mg/ml) 

NC IONPs CS MCZ IONPs-CS-MCZ31.2 IONPs-CS-MCZ78 

 Presence of an external magnetic field 

C. albicans ATCC 10231 0.74 (0.24)
 

0.57 (0.13)
 

0.56 (0.07)
 

0.75 (0.46)
 

0.74 (0.09)
 

0.63 (0.14)
 

C. glabrata ATCC 90030 0.47 (0.40)
 

1.09 (0.66)
 

1.16 (0.78)
 

0.42 (0.35)
 

0.82 (0.24)
 

0.59 (0.59)
 

Dual-species biofilm 0.77 (0.26)
 

0.65 (0.11)
 

0.62 (0.19)
 

0.74 (0.27)
 

0.74 (0.04)
 

0.65 (0.21)
 

 Absence of an external magnetic field 

C. albicans ATCC 10231 0.68 (0.26)
 

0.48 (0.17)
 

0.62 (0.42)
 

0.33 (0.09)
 

0.53 (0.15)
 

0.38 (0.31)
 

C. glabrata ATCC 90030 0.81 (0.76)
 

1.15 (0.97)
 

1.50 (0.72)
 

0.80 (0.48)
 

0.80 (0.20)
 

0.85 (0.40)
 

Dual-species biofilm 0.55 (0.37)
 

0.83 (0.15)
 

0.52 (0.21)
 

0.67 (0.03)
 

0.84 (0.55)
 

0.48 (0.25)
 

Note: there were no statistically significant differences among the compounds, regardless of the presence of a magnetic field (2-way 

ANOVA; p<0.05). Negative control (NC); 110 μg/ml iron oxide magnetic nanoparticles (IONPs); 110 μg/ml chitosan (CS); 78 

μg/ml miconazole (MCZ); MCZ-containing nanocarrier at 31.2 (IONPs-CS-MCZ31.2) and 78 μg/ml (IONPs-CS-MCZ78). 
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Table 4. Mean values (standard deviation) of the DNA content obtained from the extracellular matrix of 

single- and dual-species Candida biofilms after treatment with different compounds 

 

 

Biofilms 

DNA (mg/ml) 

NC IONPs CS MCZ IONPs-CS-MCZ31.2 IONPs-CS-MCZ78 

 Presence of an external magnetic field 

C. albicans ATCC 10231 0.03 (0.02)
 

0.03 (0.00)
 

0.02 (0.00)
 

0.04 (0.02)
 

0.04 (0.01)
 

0.04 (0.01)
 

C. glabrata ATCC 90030 0.01 (0.01)
 

0.03 (0.01)
 

0.03 (0.00)
 

0.02 (0.00)
 

0.02 (0.00)
 

0.04 (0.02)
 

Dual-species biofilm 0.04 (0.04)
 

0.03 (0.01)
 

0.03 (0.00)
 

0.04 (0.01)
 

0.04 (0.01)
 

0.04 (0.01)
 

 Absence of an external magnetic field 

C. albicans ATCC 10231 0.03 (0.01)
 

0.03 (0.01)
 

0.02 (0.01)
 

0.03 (0.01)
 

0.04 (0.00)
 

0.03 (0.01)
 

C. glabrata ATCC 90030 0.02 (0.01)
 

0.04 (0.03)
 

0.04 (0.02)
 

0.02 (0.00)
 

0.03 (0.02)
 

0.02 (0.00)
 

Dual-species biofilm 0.03 (0.01)
 

0.03 (0.01)
 

0.03 (0.00)
 

0.03 (0.00)
 

0.04 (0.01)
 

0.03 (0.01)
 

Note: there were no statistically significant differences among the compounds, regardless of the presence of a magnetic field (2-way 

ANOVA; p<0.05). Negative control (NC); 110 μg/ml iron oxide magnetic nanoparticles (IONPs); 110 μg/ml chitosan (CS); 78 

μg/ml miconazole (MCZ); MCZ-containing nanocarrier at 31.2 (IONPs-CS-MCZ31.2) and 78 μg/ml (IONPs-CS-MCZ78). 
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Figure 1.  Transmission electron microscopy image (a), size distribution histogram (b), Fourier-transform infrared spectrum (c) and 

thermogravimetric analysis (d) for the iron oxide magnetic nanoparticles-chitosan-miconazole nanocarrier. Enlarged image in (a) represents the 

core of a chitosan-coated nanoparticle, and miconazole particles bound to chitosan. The red circle in (c) shows the region of characteristic bands 

of the presence of miconazole. 
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Figure 2.  Quantification of total biomass (mean absorbance values per cm
2
) for single- (a and b) and dual-species (c) biofilms of C. albicans 

ATCC 10231 and C. glabrata ATCC 90030 treated with 110 μg/ml iron oxide magnetic nanoparticles (IONPs), 110 μg/ml chitosan (CS), 78 

μg/ml miconazole (MCZ) and MCZ-containing nanocarrier at 31.2 (IONPs-CS-MCZ31.2) and 78 μg/ml (IONPs-CS-MCZ78), in the absence or 

presence of an external magnetic field. Negative control denotes non-treated biofilms (NC). Different uppercase and lowercase letters show 

significant differences among the treatments for biofilms treated in the absence and presence of an external magnetic field, respectively (2-way 

ANOVA and Holm-Sidak test, p < 0.05). 
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Figure 3. Quantification of metabolic activity (mean absorbance values per cm
2
) for single- (a and b) and dual-species (c) biofilms of C. albicans 

ATCC 10231 and C. glabrata ATCC 90030 treated with 110 μg/ml iron oxide magnetic nanoparticles (IONPs), 110 μg/ml chitosan (CS), 78 

μg/ml miconazole (MCZ) and MCZ-containing nanocarrier at 31.2 (IONPs-CS-MCZ31.2) and 78 μg/ml (IONPs-CS-MCZ78), in the absence or 

presence of an external magnetic field. Negative control denotes non-treated biofilms (NC). Different uppercase and lowercase letters show 

significant differences among the treatments for biofilms treated in the absence and presence of an external magnetic field, respectively (2-way 

ANOVA and Holm-Sidak test, p < 0.05). 
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Figure 4. Quantification of cultivable cells (mean values of the logarithm of colony-forming units per cm
2
) for single- (a and b) and dual-species 

(c and d) biofilms of C. albicans ATCC 10231 and C. glabrata ATCC 90030 treated with 110 μg/ml iron oxide magnetic nanoparticles (IONPs), 

110 μg/ml chitosan (CS), 78 μg/ml miconazole (MCZ) and MCZ-containing nanocarrier at 31.2 (IONPs-CS-MCZ31.2) and 78 μg/ml (IONPs-

CS-MCZ78), in the absence or presence of an external magnetic field. Negative control denotes non-treated biofilms (NC). Different uppercase 

and lowercase letters show significant differences among the treatments for biofilms treated in the absence and presence of an external magnetic 

field, respectively (2-way ANOVA and Holm-Sidak test, p < 0.05). Within each treatment, asterisk (*) indicates significant difference between 

biofilms treated in the absence and presence of an external magnetic field.  
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Figure 5. Scanning electron microscopy imagens of dual-species biofilms of Candida albicans ATCC 10231 and C. glabrata ATCC 90030 

treated with 110 μg/ml iron oxide magnetic nanoparticles (b), 110 μg/ml chitosan (c), 78 μg/ml miconazole (d) and miconazole-containing 

nanocarrier at 31.2 (e) and 78 μg/ml (f). Negative control denotes non-treated biofilm (a). Magnification: 2500x. Bars: 10 μm. The red arrows in 

images (c), (e) and (f) indicate particle clusters.   
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Figure 6. Confocal laser scanning microscopy imagens of dual-species biofilms of Candida albicans ATCC 10231 and C. glabrata ATCC 

90030 treated with 110 μg/ml iron oxide magnetic nanoparticles (b), 110 μg/ml chitosan (c), 78 μg/ml miconazole (d) and miconazole-containing 

nanocarrier at 31.2 (e) and 78 μg/ml (f). Negative control denotes non-treated biofilm (a). Magnification: 20x. Bars: 100 μm.
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Abstract 

 

 

Objective: This study aimed to evaluate the effect of a miconazole (MCZ) nanocarrier, 

based on iron oxide nanoparticles (IONPs) and chitosan (CS) (IONPs-CS-MCZ), on the 

composition of three in vitro models of pathogenic oral biofilms (i.e., dental caries, 

denture and gingivitis) formed by Candida albicans and different bacterial species. 

Materials and methods: The planktonic and sessile minimum inhibitory concentrations 

(MICs) of MCZ alone and IONPs-CS-MCZ against different C. albicans strains were 

determined, as well as against all species that formed the three biofilm models. All 

biofilms were developed for 5 days and subsequently treated for 24 hours with IONPs-

CS-MCZ containing MCZ at 64 mg/L. Following treatment, biofilms were assessed for 

total biomass, metabolic activity (XTT reduction assay), colony forming units (CFUs) 

and compositional analysis using quantitative PCR. Scanning electron microscopy 

(SEM) was used to analyze biofilm structure. Differences between groups were 

determined by unpaired t-test (p<0.05). Results: In general, MIC results showed that 

IONPs-CS-MCZ was more effective than MCZ alone against C. albicans and most 

bacterial species investigated. IONPs-CS-MCZ also promoted significant reductions in 

the number of CFUs, total biomass and metabolic activity of the biofilms, as well as 

altering  biofilm ultrastructure. Furthermore, IONPs-CS-MCZ affected the composition 

of the three evaluated biofilms, given that the death of Candida cells was followed by a 

higher number of dead bacterial cells, specially Streptococcus spp. After exposure to the 

nanocarrier, Veillonella dispar, Actinomyces naeslundii and C. albicans were the most 

prevalent species respectively for gingivitis, denture and dental caries models. 

Conclusion: In conclusion, the IONPs-CS-MCZ nanocarrier was efficient against three 
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in vitro models of pathogenic oral biofilms, showing potential to interfere in the 

synergistic interactions among fungal and bacterial cells within polymicrobial consortia 

by changing biofilm composition.  

 

 
Keywords: biofilms; polymicrobial; antimicrobials; miconazole; nanocarriers. 
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Introduction 

 

Oral diseases are extremely frequent around the globe, and the misdiagnosis or non 

treatment can incur in severe systemic consequences. As an example, gingivitis is 

considered by many a common and easy to treat alteration, but when left untreated, can 

lead to periodontitis, a disease that affects 10% of global population, being a major 

cause for tooth loss next to dental caries (1). According to World Health Organization 

(WHO) surveys, dental caries is the most common disease in humans, affecting 49 to 

83.4% of children at scholar age (1). Similarly, the prevalence of denture stomatitis has 

also been increasing along with the numbers of elderly people and denture wearers, as 

well as immunocompromised patients (2-4). 

 Treatment or control of different oral diseases require the understanding of their 

pathogenesis, including identification of causative agents and the implicated 

environmental factors that culminate in development of polymicrobial biofilm 

formation; the key driving factor in pathogenesis of gingivitis, caries and denture 

stomatitis (5). Frequently, Candida albicans participates in this cross-kingdom 

correlation as an opportunistic fungus, whose association with different oral bacteria 

favors the virulence and resistance of these species to conventional treatment (6-8). The 

production of adhesins and carbon sources by Candida allows a synergistic relationship, 

supporting the growth of early and later colonizers of the oral biofilms through well-

characterized interactions between bacterial and fungal surface receptors/proteins (6-9). 

Moreover, C. albicans alone is considered by the WHO as one of the greatest 

pathogenic microorganisms, whose antimicrobial resistance causes major concerns to 

public health (10). 
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 Once the polymicrobial interactions phenomena are understood, circumventing 

the problem of antimicrobial resistance and innovating treatments through the discovery 

and administration of new drugs is becoming increasingly risky, given that constant 

exposure of microorganisms to drugs, even at low levels, generates mutations and new 

resistance mechanisms (11). Azoles are considered a major problem in this sense. Oral 

candidiasis is frequently treated by routine antifungals such as azoles of topical use 

(12). Among those, miconazole (MCZ) has proven to be a good antimicrobial choice 

since its broad-spectrum activity affects both fungi and different bacteria species (13). 

Such activity is clinically desirable for a polymicrobial clinical challenge but reports of 

microbial resistance and azole cross resistance alert us to the risk of over-reliance on 

definitive treatments (14, 15). Thus, alternative strategies such as the use of drug 

nanocarriers enhances the action of conventional drugs by facilitating their delivery to 

target cells and overcoming the biofilm physical barriers, which aims to reduce the 

exposure time and response of microorganisms to drugs (16, 17). 

 To this end, iron oxide magnetic nanoparticles (IONPs) have recently been 

studied for different clinical applications, including hyperthermia, magnetic resonance 

imaging, tissue repair and drug delivery (17). More recently, in vitro studies have 

presented IONPs-based nanosystems with antibiofilm purposes, whose nano and 

magnetic properties promise to meet the optimization needs of antimicrobial treatments, 

interfering with the composition of pathogenic biofilms while bringing balance to 

patient's health (18, 19).   

 Therefore, the aim of the present study was to investigate the effect of a MCZ 

nanocarrier based on IONPs and chitosan (CS), on the composition of three in vitro 

models representative of pathogenic oral biofilms (i.e., dental caries, denture and 



- 89 - 
_______________________________________________ 

 

 

gingivitis) composed by C. albicans and different bacterial species. Furthermore, the 

minimum inhibitory concentrations (MICs) of MCZ and MCZ nanocarrier system for 

planktonic and sessile cells of different C. albicans and bacterial strains were 

determined. The effect of IONPs-CS-MCZ was assessed by XTT reduction assay, 

quantification of total biomass (crystal violet assay), counting of colony forming units 

(CFUs), compositional analysis of the biofilms (qPCR) and scanning electron 

microsscopy (SEM) analysis.  

 

Materials and methods 

 

Assembly and characterization of the IONPs-CS-MCZ nanocarrier 

A stock solution of the nanocarrier was prepared by the mixture of equal volumes of a 

IONPs colloidal suspension (700 mg/L) and CS (700 mg/L) followed by the MCZ 

solubilization (500 mg/L) into the core-shell compound IONPS-CS, as previously 

described for a chlorhexidine-carrier nanosystem (18). Transmission electron 

microscopy, X-ray powder diffraction, fourier-transform infrared sprectroscopy and 

thermogravimetric analysis to confirm the effective incorporation of MCZ into the 

IONPs-CS compound, forming a nanocarrier with a diameter smaller than 50 nm while 

maintaining the nanoparticles' crystalline structure. 

 

Strains and growth conditions 

Twelve strains of Candida albicans were utilised in the current study, including 11 

clinical oral isolates (BC020, BC023, BC037, BC038, BC039, BC117, BC136, BC145, 

BC044, BC146, 3153A) from the Oral Sciences Research Group, University of 
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Glasgow, Glasgow, United Kingdom, and 1 reference strain from American Type 

Culture Collection (ATCC 10231). Stock cultures of all Candida strains kept at -80°C 

were reactivated on Sabouraud dextrose agar (SAB agar) previously to the 

microbiological assays. For the MIC and biofilm assays, a loopful of Candida colonies 

was suspended in 10 mL of Yeast Extract Peptone Dextrose (YPD) medium and grew 

aerobically overnight at 37°C, with broths constantly stirring at 120 rpm. Following 

centrifugation, the fungal cells were adjusted with the aid of a haemocytometer to 2 x 

10
4
, 1 x 10

6 
cells/mL and 1x 10

7 
cells/mL for planktonic, sessile and mature biofilm 

evaluations respectively (15). 

 For the multi-species biofilm models, the following bacterial strains were 

employed: Streptococcus mitis NCTC 12261, Streptococcus oralis NCTC 11427, 

Streptococcus intermedius DSM 20573, Streptococcus mutans NCTC 10449, 

Veillonella dispar NCTC 11831, Actinomyces naeslundii DSM 17233, Lactobacillus 

casei DSMZ 20011, Lactobacillus zeae DSM 20178, Rothia dentocariosa DSM 43762, 

Fusobacterium nucleatum ATCC 10953 and Fusobacterium nucleatum vicentii DSM 

19507. From those, Streptococcus and Rothia species were seeded on Columbia Blood 

Agar base containing 10% defibrinated horse blood (CBA; Sigma–Aldrich, Dorset, UK) 

in 5% CO2 and in aerobiosis, respectively. Strict and facultative anaerobic strains (V. 

dispar, A. naeslundii, F. nucleatum, F. nucleatum vicentii) were cultivated on Fastidious 

Anaerobe Agar base containing 10% defibrinated horse blood (FAA; Sigma–Aldrich, 

Dorset, UK) in anaerobic incubator, while Lactobacillus strains were propagated on De 

Man Rogosa Sharpe Agar (MRS agar; Sigma–Aldrich, Dorset, UK) in 5% CO2. The 

temperature of incubation for all aforementioned bacterial strains was 37°C. Following 

growth on solid agar, a loopful from each bacterial  strain was suspended in 10 mL of 
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specific media (Tryptic Soy Broth (TSB; Sigma–Aldrich, Dorset, UK) for 

Streptococcus species, Brain Heart Infusion broth (BHI; Difco) for A. naeslundii, V. 

dispar and R. dentocariosa, Schaedler’s anaerobic broth (SCH; Oxoid) for 

Fusobacterium and MRS broth for Lactobacillus species) and incubated overnight at 

37°C as previously described (20). After the incubation period, the bacterial cells 

concentration was adjusted to 1 x 10
8
 cells/mL.  

 

Determination of the MICs 

The broth microdilution method was employed to determine the MCZ and IONPs-CS-

MCZ MICs for planktonic (pMIC) and sessile (sMIC) cells of the studied fungal and 

bacterial strains, as detailed elsewhere (15). For planktonic cells, 100 µL of 

standardized cell suspensions (2x10
4 

cells/mL for Candida and 2x10
5
 cells/mL for 

bacterial cells) were pipetted in round-bottom wells of 96-well plates containing 100 µL 

of a 2-fold serial dilution of MCZ and IONPs-CS-MCZ with concentration ranging 

from 0.5-256 mg/L, and the pMIC values were visually determined after 24-48 h. To 

determine the sMIC, 200 µL of the microbial inoculum (1x10
6
 cells/mL for fungal cells 

and 1x10
7 

for bacterial cells) were pipetted in flat-bottom wells of 96-well plates to 

allow the biofilm formation during 24 h. The biofilms were treated with 2-fold serial 

dilutions of MCZ and IONPs-CS-MCZ ranging from 0.5-256 mg/L and incubated at 

37°C under specific aerobic or anaerobic conditions dependent on microbial species. 

After 24 h, the resulting biofilms were gently washed with phosphate buffered saline 

(PBS) and the wells received 100 µL of XTT [2,3-bis(2-methoxy-4-nitro-5-

sulfophenyl)-2H-tetrazolium-5-carboxanilide salt] (Sigma Aldrich). After 2h-incubation 

at 37°C, the absorbance values were read at 490 nm and the sMIC50 and sMIC80 were 
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considered the concentrations that lead respectively to 50% and 80% reduction of XTT 

readings, when compared to the non-treated positive control. 

 

Multi-species biofilm models and treatment 

To assess the effect of IONPs-CS-MCZ on pathogenic biofilms, three different in vitro 

multi-species biofilm models were tested, representative of caries, denture and 

gingivitis developed as previously described (4, 21, 22). The microbial composition of 

each biofilm model is represented in Table 2. For all biofilm models, the bacterial and 

fungal cells were adjusted to 1x10
7 

cells/mL in Todd Hewitt Broth (THB) medium 

supplemented with 0.01 mg/mL hemin and 2 µg/mL menadione in a similar manner to 

as previously described (20, 23). Biofilms were formed at the bottom of wells of 24-

well plates for XTT reduction and biomass quantification assays, and on coverslips for 

CFU counting, qPCR assays and SEM analysis. Biofilm formation consisted of 

inoculating Streptococcus species and Candida strains (500µL) on the first day to 

promote primary colonization, followed by the addition of the remaining species on the 

second day. All biofilms developed anaerobically during additional 4 days, and the 

culture media was replenished every 24 h. Afterwards,  the stock solution of the IONPs-

CS-MCZ nanocarrier was diluted in THB supplemented media to the concentration of 

64 mg/mL of MCZ which was used to treat the biofilms for 24 h. Biofilms minus 

treatment were considered as controls.  

 

XTT reduction, total biomass and SEM analysis 

After the treatment period, the biofilms were gently washed thrice with PBS then 

incubated with 250 µL of XTT (Sigma Aldrich). The plates were then protected from 
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light and incubated for 2 h at 37°C as previously described (15). Next, 100 µL of each 

well's content was transferred to 96-well plates and the absorbance read at 490 nm to 

determine the biofilms' metabolic activity. To quantify biofilm biomass, the crystal 

violet method was applied as discussed elsewhere (15). In short, biofilms received 250 

µL of 0.05% crystal violet for 20 minutes. Then, the remaining dye was removed and 

the biofilms were washed with water to remove any excess dye. The microtiter plates 

were dried at room temperature and biofilms destained with 99% ethanol. Finally, 100 

µL of each well's content were transferred to 96-well microtiter plates and the results 

were read at 570 nm. 

 To analyse the biofilms ultrastructure after exposure to the IONPs-CS-MCZ 

nanocarrier, the coverslips were prepared as reported previously (24). Briefly, the 

resulting biofilms were washed with PBS and fixed in a solution containing 2% 

glutaraldehyde, 2% paraformaldehyde, 0.15% alcian blue and 0.15 M sodium 

cacodylate (pH 7.4), and further processed for SEM analysis. The samples were sputter-

coated with gold and viewed under a JEOL JSM-6400 scanning electron microscope at 

a magnification of 1,000 and 3,500 x (JEOL Ltd, Hertfordshire, UK). 

 

CFU counting and live/dead compositional analysis of biofilms  

Following treatment, the coverslips containing biofilms were gently washed three times 

with PBS, removed from the wells and transferred into bijoux tubes containing 1mL of 

PBS for sonication at 35 kHz for 10 min (20). For CFU counting, 20 µL of each sample 

went through serial dilution in PBS for plating on specific agar media (SAB for 

Candida, and CBA and FAA supplemented with 0.025 mg/mL of Amphotericin B for 

aerobic and anaerobic growth respectively). The CFUs were counted after 48 h (20). 
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 A qPCR viability method was used to count the microbial cells and determine 

the composition of the biofilm models, as previously described (4, 20). In short, the 

sonicated samples were split into 2 Eppendorf tubes containing each one 450 µL. For 

each group, one of the Eppendorfs received 50 µM of propidium monoazide (PMA; 

SigmaAldrich, Dorset, United Kingdom) to quantify the viable cells, prior to incubation 

of all samples in the dark for 10 min. Next, the samples were exposed to 650 W halogen 

light for 5 min. Samples without PMA served as controls to quantify biofilm total cells. 

The DNA was then extracted from the samples by using the kit QIAmp mini DNA 

Extraction Kit (Qiagen, Crawley, United Kingdom), according to the manufacturer’s 

recommendations, and real-time quantitative PCR (qPCR) was employed to quantify the 

total and viable cells of the biofilms. For qPCR 1 µL of sample DNA was added to a 

mastermix solution containing 10 µL of SYBR GreenER
TM

, 7 µL of UV-treated RNase-

free water and 1 µL of 10 µM forward/reverse primers for each microbial species. Table 

3 displays the primers used in the study (4, 20, 22). A total volume of 20 μl was added 

to MicroAmp fast-optical 96-well 0.1 ml reaction plates (Applied Biosystems, 

California, USA) and loaded into the StepOnePlus™ real time system (Applied 

Biosystems, California, USA). The following thermal cycle was used: 95°C for 2 

minutes, 40 amplification cycles of 95°C for 3 seconds followed by 55°C for 30 

seconds. All samples were run in duplicate. Colony forming equivalents (CFEs) were 

quantified using a standard curve of bacterial and fungal CFUs ranging from 1 × 10
3
 to 

10
8
 CFU/mL.  

 

Statistical analysis 
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All microbiological assays were performed in triplicate on two independent occasions. 

Data underwent unpaired t-test with significance level of 5%, using the statistical 

program GraphPad Prism (version 7; La Jolla, CA, United States).  

 

Results 

 

Determination of the MICs 

The results of pMICs for all C. albicans strains revealed the same susceptibility pattern 

to MCZ and IONPs-CS-MCZ, with values ranging from 1.9 to 3.9 mg/L (Table 1). For 

sMIC results, it was possible to observe lower MIC values for the biofilms in response 

to the nanocarrier compared to the MCZ, for both sMIC50 and sMIC80, respectively. The 

analysis of susceptibility of oral strains to MCZ showed that concentrations of 15.6 to 

125 mg/L were needed to inhibit the biofilms, which corresponds to 4- to 64-fold 

change in comparison to planktonic cells (Table 1). As for nanocarrier, lower 

concentrations were required under the same conditions, where fold change ranged from 

0.125 to 8, compared to planktonic condition. A similar pattern was seen for the 

reference strain of C. albicans (ATCC 10231), in which sMIC80 showed fold change of 

16 and 8 compared to planktonic cells, respectively for MCZ and IONPs-CS-MCZ 

(Table 1). 

 Table 2 shows the MIC values of the strains included in the composition of the 

three studied biofilm models (Gingivitis, Denture and Dental caries). For all bacterial 

species, MCZ and IONPs-CS-MCZ displayed the same pMIC values, except for R. 

dentocariosa, for which the nanocarrier showed lower values (>32-fold reduction) 

compared to MCZ. Regarding sMIC50, IONPs-CS-MCZ showed similar or slightly 



- 96 - 

_______________________________________________ 

 

 

lower values compared to MCZ, except for A. naeslundii, whose sMIC50 value for the 

nanocarrier was 4 times higher than that found for MCZ. In addition, the nanocarrier 

showed sMIC80 values lower than MCZ (2- to 8-fold change), except for L. casei, L. 

zeae and R. dentocariosa. Comparing pMIC with sMIC80, 4- to 512- and 1- to 128-fold 

changes were found for MCZ and IONPs-CS-MCZ, respectively. Taken together, the 

results from the preceding section indicate that IONPs-CS-MCZ nanocarrier was more 

effective than MCZ alone against C. albicans and the majority of bacteria species 

investigated in this study. 

 

XTT reduction, total biomass and SEM analysis 

For all evaluated models, the resulting biofilms after exposure to IONPs-CS-MCZ 

resulted in significant reductions in the metabolic activity and total biomass compared 

to the control group, with values ranging from 28 to 86.6%, except for gingivitis model 

biomass, which did not differ from the control group. (Figures 1, 2 and 3). Regarding 

the SEM observation, the control group showed a robust scaffold with dense network of 

interconnected cells. Bacteria were visibly adhered to the yeast and hyphae of C. 

albicans. In turn, exposure to the nanocarrier resulted in a reduction in biofilm thickness 

with certain areas of the coverslips  now visible specifically in the gingivitis and caries 

model, as well as reduced bacterial adhesion to yeast. In addition, cells with altered 

morphology were visualized (collapsed and damaged cell wall structures), suggesting 

cell death (Figures 1C, 2C and 3C). 

 

CFU counting and compositional analysis of the biofilm models 
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The Figure 4 shows the effect of the nanocarrier IONPs-CS-MCZ on the cells that form 

the gingivitis biofilm model. Overall, CFU and CFE quantifications revealed that the 

number of all microorganisms treated with IONPs-CS-MCZ were significantly reduced 

(p<0.05) in comparison to the control group (Figures 4A and B). The compositional 

analysis of the gingivitis biofilm model showed that treatment with the nanocarrier 

promoted reductions in the total number of cells, as well as in the proportion of the 

microorganisms within the biofilm (Figure 4C and Table 4).The greatest change 

occurred for the Streptococcus spp., which was the most predominant consortia in the 

biofilm from the control group (representing 46% of biofilm total cells), yet only the 

third most prevalent in the treated group (15% of the total). 

 In the denture model, the number of CFUs and CFEs of all species after 

treatment with the nanocarrier decreased (p<0.05) compared to the control group, 

except for the CFE numbers of R. dentocariosa (Figures 5A and B). The percentage of 

microorganisms within the denture biofilm was modified after treatment with IONPs-

CS-MCZ (Table 4). Interestingly, the numbers of Streptococcus spp. and V. dispar (first 

and second most prevalent genus/species in the non-treated biofilms) were drastically 

reduced and replaced by A. naeslundii and L. zeae as the most prevalent cells in the final 

composition of the treated biofilms (Figure 5C). 

 Analyzing the caries model biofilm, results of CFU showed that Candida cells 

significantly reduced when exposed to the nanocarrier in comparison to the control 

group (p=0.0234). However, the same pattern was not shown for the CFE counting as 

C. albicans cells reductions were not significant. For all the other microorganisms 

included in this model, there were reductions (p<0.05) in the CFU and CFE counts, 

except for the CFE of L. casei (Figures 6A and 6B). These results are reflected in the 
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percentages of the biofilm composition (Table 4), where C. albicans and L. casei were 

the only species that increased their prevalence in the total number of cells for treated 

biofilms (Figure 6C). 

 

Discussion 

In recent decades, our understanding that microorganisms form complex communities 

and polymicrobial interactions has helped to explain pathogenesis of diverse chronic 

diseases, as well as the biofilms resistance to antimicrobials (25, 26). Furthermore, our 

understanding of polymicrobial biofilms allows us to perceive how an appropriate 

therapeutic intervention can re-establish health while balancing the mechanisms of 

synergism and antagonism among the microorganisms (27). Here, we report for the first 

time the effect of a MCZ nanocarrier against  three different pathogenic biofilm models, 

first evaluating the MICs of MCZ alone and IONPs-CS-MCZ for all studied 

microorganisms, before assessing the changes in number of cells, biofilm ultrastructure 

and species composition for the biofilm models.  

 The results of planktonic and sessile MICs of MCZ and IONPs-CS-MCZ against 

several C. albicans strains showed that the planktonic cells were equally affected by the 

tested drugs (Table 1). However, according to the sMIC80 results, it was possible to 

obtain higher antimicrobial effect at lower concentrations of MCZ against a more 

resistant sessile biofilm, by using a nanocarrier (Table 1). Miconazole has been used for 

over 30 years and is prescribed specially against oral fungal infections for topical use 

(28, 29). Different from other azoles, MCZ has a dual mechanism of action. Besides 

interfering with ergosterol synthesis by inhibition of lanosterol demethylase, it also 

inhibits fungal catalase and peroxidase, therefore increasing intracellular reactive
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 oxygen species and leading to cell death (30). As for CS, literature suggests that the 

interaction between the positively charged drug and the negatively charged bacterial cell 

membranes results in the leakage of intracellular constituents (31, 32). Therefore, the 

lower MIC values found for the IONPs-CS-MCZ could be explained due to the 

synergistic action between CS and MCZ or to the very recurrent hypothesis that drug-

delivery nanosystems are designed to break through physical barriers and meet the cell 

of interest (17, 33) 

 Previous work from our group has led to the development of three different 

biofilm models used in this study (gingivitis, denture and dental caries), taking into 

consideration the main early and later colonizers involved in the development of the 

aforementioned oral diseases (4, 20, 22). Since C. albicans is the flagship of many 

biofilm-related diseases frequently aggravating their progression and virulence, it was 

specially incorporated in all three biofilm models.  

 Data presented in Table 2 showed that IONPs-CS-MCZ was able to act 

effectively against planktonic and sessile cells of most microbial species that make up 

the three studied biofilm models, confirming that it has both antifungal and antibacterial 

activity. Indeed, literature data reports the antibacterial potential of topical use 

concentrations of MCZ, specially against gram-positive bacteria (13).  

 Significant reductions in the number of CFUs and metabolic activity for all 

biofilms, as well as in the total biomass for denture and dental caries biofilm models 

were corroborated by SEM observations, whereby the groups treated with IONPs-CS-

MCZ nanocarrier, less dense biofilms were observed. These findings also indicate that 

the equilibrium of a complex system such as biofilm can be broken by attacking its 

main support system, in this case, the Candida cells (Figures 1, 2 and 3). Tentatively, it
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 could be proposed that bacterial cells were more exposed to nanocarrier action as 

reductions in the number of hyphae occurred. The compositional analysis confirms this 

hypothesis. For all biofilm models, a drastic change in the predominance of the different 

species after treatment with the MCZ nanocarrier was observed. In general, the most 

prevalent species in all biofilm models were aerobic and anaerobic-facultative bacteria, 

such as Streptococcus spp., Veillonella spp. and Actinomyces spp. (Figures 4, 5 and 6). 

After exposure to IONPs-CS-MCZ, it becomes noticeable that, proportionally, the 

reduction in the number of most bacterial cells was much higher than that noted for C. 

albicans, which increased its prevalence within the total number of the biofilm cells 

(Figures 4C, 5C, 6C and Table 4). This trend was expected, especially considering the 

role of Candida in the dimensional correlation within the bacterial community. The 

Candida yeast cell form has around 6.6 µm diameter, but its hyphae are much larger in 

size (34). Thus, they serve as a scaffold for the smaller bacterial cells to attach, which is 

directly correlated to the results observed in the current study.  

For gingivitis and denture models (Figures 4 and 5), low or moderate reductions 

in the number of Candida cells were accompanied by significantly higher reductions in 

the number of bacteria. This occurrence may not be directly associated with the MCZ 

antibacterial effect alone, since one less hyphal cell within the biofilm represents lack of 

support and protection for several small bacterial cells, leading to a cascading reducing 

effect. Interestingly, for the dental caries biofilm model (Figure 6), S. mutans was the 

most affected species, suffering the highest reduction after treatment with the MCZ 

nanocarrier (Figure 6B). This result suggests that MCZ-based formulations may be an 

interesting method of treatment for polymicrobial biofilms that contain recognized 

microbial synergistic associations. In this model, a low reduction of Candida cells was
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 observed, which can be explained by the beneficial Candida-Streptococcus interaction. 

Possibly, S. mutans-derived α-glucans surrounding the fungal cells formed an additional 

"drug capture matrix" that prevented uptake of antifungals, therefore reducing Candida 

cell death (35). 

 These interactions between Candida and bacteria are largely reported, especially 

Candida-Streptococcus interactions. Briefly, C. albicans can promote streptococcal 

proliferation by providing growth stimulating factors and reducing oxygen tension (7). 

On the other hand, some Streptococcus spp. such as S. mutans can produce 

glucosyltranferases that bind to the fungal surface. In addition, this Gram-positive 

bacteria generates extracellular polysaccharides (EPS) in the presence of sucrose, which 

provide binding site for S. mutans while allowing C. albicans to adhere and colonize 

abiotic surfaces (6, 8).    

 Apart from the discussed correlations, other synergistic interactions that occur 

between bacteria are fundamental for the establishment and maintenance of the 

biofilms. Namely, in dental caries biofilm, the production of glucans by S. mutans 

favors the adhesion of L. casei (36). Moreover, the presence of Fusobacterium spp. in 

the dental caries and gingivitis model is only possible due to the early presence of A. 

naeslundii, at the same time that the inclusion of S. oralis possibly stimulates the 

growth of Fusobacterium spp. (37). This may explain how the reductions in the 

numbers of A. naeslundii were followed by even higher reductions in the numbers of 

Fusobacterium spp. cells after treatment with the MCZ nanocarrier (Figures 4B and 

6B). 

 In general, IONPs-CS-MCZ nanocarrier showed a great versatility since it was 

able to significantly reduce the number of cells, biomass and metabolism of the three
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 pathogenic biofilm models tested, as well as to promote changes in their composition. 

This suggests that the nanocarrier has potential to fight important oral diseases 

(gingivitis, caries and denture stomatitis) associated with biofilms formed by microbial 

species that establish beneficial interactions with each other. Nevertheless, future 

studies should be conducted to evaluate the effect of the nanocarrier on microcosm 

biofilms, as well as tests that beneficially explore the magnetic properties of the 

nanoparticles to improve drug delivery accuracy. These analyzes will bring new 

knowledge about the antibiofilm effect of the IONPs-CS-MCZ nanocarrier and will 

favor the delivery of MCZ to the target cells, reducing the drug concentration used. In 

addition, cytotoxicity tests on human cells should also be performed. 

 In summary, IONPs-CS-MCZ nanocarrier affected the composition of the three 

evaluated biofilms, causing high diminution of Streptococcus cells proportion for all 

biofilms and major prevalence of V. dispar, A. naeslundii and C. albicans respectively 

for gingivitis, denture and dental caries models. This alteration was directly related to 

the antibiofilm effect of this compound. Moreover, lower reductions of C. albicans 

resulted in accentuated reductions of bacterial cells for all biofilms.  
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Figure captions 

 

Figure 1.  Results of XTT reduction assay (A), quantification of total biomass (B) 

and scanning electron microscopy (SEM) observation (C) for the gingivitis 

biofilm model non-treated (control) and treated with the nanocarrier containing 

miconazole at 64 mg/L (IONPs-CS-MCZ). Magnification of the SEM images: 

1,000x and 3,500x; Bars: 10 and 5 µm. Significant differences between the groups 

were calculated by unpaired t-test (∗ p < 0.05, ∗∗p < 0.01, ∗∗∗ p < 0.001, ∗∗∗∗ p < 

0.0001). White arrows represent adhesion of bacteria to yeasts/hyphae. Yellow 

arrow represents loss of cellular membrane integrity. 

Figure 2.  Results of XTT reduction assay (A), quantification of total biomass (B) 

and scanning electron microscopy (SEM) observation (C) for the denture biofilm 

model non-treated (control) and treated with the nanocarrier containing 

miconazole at 64 mg/L (IONPs-CS-MCZ). Magnification of the SEM images: 

1,000x and 3,500x; Bars: 10 and 5 µm. Significant differences between the groups 

were calculated by unpaired t-test (∗ p < 0.05, ∗∗p < 0.01, ∗∗∗ p < 0.001, ∗∗∗∗ p < 

0.0001). White arrows represent adhesion of bacteria to yeasts/hyphae. Yellow 

arrow represents loss of cellular membrane integrity. 

Figure 3.  Results of XTT reduction assay (A), quantification of total biomass (B) 

and scanning electron microscopy (SEM) observation (C) for the caries biofilm 

model non-treated (control) and treated with the nanocarrier containing 

miconazole at 64 mg/L (IONPs-CS-MCZ). Magnification of the SEM images: 

1,000x and 3,500x; Bars: 10 and 5 µm. Significant differences between the groups 

were calculated by unpaired t-test (∗ p < 0.05, ∗∗p < 0.01, ∗∗∗ p < 0.001, ∗∗∗∗ p < 
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0.0001). White arrows represent adhesion of bacteria to yeasts/hyphae. Yellow 

arrow represents loss of cellular membrane integrity. 

Figure 4. Results of counting of colony forming units (A), colony forming 

equivalents of viable cells (B) and biofilm percentage composition (C) for 

gingivitis biofilm model non-treated (control group) and treated with nanocarrier 

containing 64 mg/L miconazole (IONPs-CS-MCZ). Significant differences 

between the groups were calculated by unpaired t-test (∗ p < 0.05, ∗∗p < 0.01, ∗∗∗ 

p < 0.001, ∗∗∗∗ p < 0.0001). 

Figure 5. Results of counting of colony forming units (A), colony forming 

equivalents of viable cells (B) and biofilm percentage composition (C) for denture 

biofilm model non-treated (control group) and treated with nanocarrier containing 

64 mg/L miconazole (IONPs-CS-MCZ). Significant differences between the 

groups were calculated by unpaired t-test (∗ p < 0.05, ∗∗p < 0.01, ∗∗∗ p < 0.001, 

∗∗∗∗ p < 0.0001). 

Figure 6. Results of counting of colony forming units (A), colony forming 

equivalents of viable cells (B) and biofilm percentage composition (C) for caries 

biofilm model non-treated (control group) and treated with nanocarrier containing 

64 mg/L miconazole (IONPs-CS-MCZ). Significant differences between the 

groups were calculated by unpaired t-test (∗ p < 0.05, ∗∗p < 0.01, ∗∗∗ p < 0.001, 

∗∗∗∗ p < 0.0001).                          
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Table 1. Values of minimum inhibitory concentration (MIC) of miconazole (MCZ) and MCZ nanocarrier (IONPs-CS-MCZ) for planktonic 

(pMIC) and sessile (sMIC50 e sMIC80 ) cells of different Candida albicans strains 

 

 

MCZ (mg/L) 

 

IONPs-CS-MCZ (mg/L) 

 

pMIC 
sMIC50 

(fold change) 

sMIC80 

(fold change) 
pMIC 

sMIC50 

(fold change) 

sMIC80 

(fold change) 

Clinical oral 

strains (n=10) 
1.9-3.9 

<0.24-31.25 (≤0.125-

16) 
15.6-125 (4-64) 1.9-3.9 

<0.24-3.9 

(≤0.125-2) 

<0.24-15.6 

(0.125-8) 

ATCC (n=1) 
 

3.9 15.6(4) 62.5 (16) 3.9 1.9 (0.5) 31.25 (8) 
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Table 2. Values of minimum inhibitory concentration (MIC) of miconazole (MCZ) and MCZ nanocarrier (IONPs-CS-MCZ) for planktonic 

(pMIC) and sessile (sMIC50 e sMIC80 ) cells of the species included in the different studied biofilm models 

 

 
 

 
Biofilm model 

 
pMIC [mg/l]

 

sMIC50 [mg/l] 
(fold change) 

 

sMIC80 [mg/l] 
(fold change)

 

 MCZ IONPs-CS-

MCZ 

MCZ IONPs-CS-

MCZ 

MCZ IONPs-CS-

MCZ 

C. albicans 3153A C/G/D 4 4 8 (2) <0.5 (0.125) 16 (4) 4 (1) 

S. mitis 12261 G/D 4 4 16 (4) 16 (4) >256 (>64) 64 (16) 

S. oralis 11427 G/D 4 4 4 (1) 4 (1) >256 (>64) 64 (16) 

S. intermedius 20573 G/D <0.5 - 1 <0.5 - 1 64 (64-128) 64 (64-128) 256 (256-512) 64 (64-128) 

S. mutans 10449 C 4 4 128 (32) 64 (16) 256 (64) 64 (16) 

V. dispar 11831 C/G/D 8-16 8-16 32 (2-4) 16 (1-2) >256 (>32) 32 (2-4) 

A. naeslundii 17233 C/G/D 8 8 16 (2) 64 (8) 256 (32) 128 (16) 

F. nucleatum  10953 C/G 4 4 32 (8) 16 (4) 32 (8) 16 (4) 

F. nucleatum vincentii 

10507 
G 2 2 16 (8) 4 (2) 32 (16) 8 (4) 

L. casei  20011 C/D 16 16 >256 (>16) 256 (16) >256 (>16) >256 (>16) 

L. zeae 20178 D 16 16 >256 (>16) 64 (4) >256 (>16) >256 (>16) 

R. dentocariosa 43762 D >128 4-8 32 (<0.125) 32 (4-8) 64 (<0.25) 64 (8-16) 

Note:  Capital letters C, G and D represent, respectively, the Dental caries, Gingivitis and Denture biofilm models.
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Table 3. Bacterial and fungal primer sequences for real time PCR 

 

Target 

 

Primer sequence (5' -  3') 

 

Reference 

C. albicans 

 

F - GGGTTTGCTTGAAAGACGGTA 
Sherry et al., 2018 

R - TTGAAGATATACGTGGTGGACGTTA 

Streptococcus 

spp. 

F - GATACATAGCCGACCTGAG 

Zhou et al., 2018 

R - CCATTGCCGAAGATTCC 

A. naeslundii 

F - GGCTGCGATACCGTGAGG 

Zhou et al., 2018 

R - TCTGCGATTACTAGCGACTCC 

V. dispar 

F - CCGTGATGGGATGGAAACTGC 

Zhou et al., 2018 

R - CCTTCGCCACTGGTGTTCTTC 

Fusobacterium 

F - GGATTTATTGGGCGTAAAGC 

Sherry et al., 2018 

R - GGCATTCCTACAAATATCTACGAA 

L. casei 

F - TGCACTGAGATTCGACTTAA 

Zhou et al., 2018 

R - CCCACTGCTGCCTCCCGTAGGAGT 

L. zeae 

F - TGCATCGTGATTCAACTTAA Ramage et al., 

2019 R - CCCACTGCTGCCTCCCGTAGGAGT 

R. dentocariosa 

F - GGGTTGTAAACCTCTGTTAGCATC Ramage et al., 

2019 R - CGTACCCACTGCAAAACCAG 
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Table 4.  Mean % composition values for each microorganism from the three different biofilm models (Gingivitis, Denture and Dental caries). 

 

 
Gingivitis model 

 

 

 

 

 

 

 

 

Denture model 

 

 

 

 

Dental caries model

 Control IONPs-CS-MCZ Control IONPs-CS-MCZ Control IONPs-CS-MCZ 

CFE/mL 2.1 x 10
9 

3.1 x 10
8 

6.8 x 10
8 

6.4 x 10
6 

5.9 x 10
8 

6.2 x 10
7 

Candida 0.1% 0.3% 2.3% 6.5% 4.6% 35.4% 

Streptococci 46.1% 15.4% 49.4% 9% 17.3% 0.8% 

V. dispar 27.3% 43.6% 25.9% 4.9% 44.8% 33.4% 

A. naeslundii 24.4% 40.5% 21.0% 58.0% 31.6% 13.2% 

Fusobacterium  2.1% 0.2% _ 

 

 

_______ 

____________ 0.6% 0.04% 

L. casei ____________ ____________ 0.4% 3.8% 1.1% 17.1% 

L. zeae ____________ ____________ 0.9% 17.6% ____________ ____________ 

R. dentocariosa 
  0.1% 0.2%   
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Figure 1.  Results of XTT reduction assay (A), quantification of total biomass (B) and scanning electron microscopy (SEM) observation (C) for 

the gingivitis biofilm model non-treated (control) and treated with the nanocarrier containing miconazole at 64 mg/L (IONPs-CS-MCZ). 

Magnification of the SEM images: 1,000x and 3,500x; Bars: 10 and 5 µm. Significant differences between the groups were calculated by 

unpaired t-test (∗ p < 0.05, ∗∗p < 0.01, ∗∗∗ p < 0.001, ∗∗∗∗ p < 0.0001). White arrows represent adhesion of bacteria to yeasts/hyphae. Yellow 

arrow represents loss of cellular membrane integrity. 
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Figure 2.  Results of XTT reduction assay (A), quantification of total biomass (B) and scanning electron microscopy (SEM) observation 

(C) for the denture biofilm model non-treated (control) and treated with the nanocarrier containing miconazole at 64 mg/L (IONPs-CS-

MCZ). Magnification of the SEM images: 1,000x and 3,500x; Bars: 10 and 5 µm. Significant differences between the groups were 

calculated by unpaired t-test (∗ p < 0.05, ∗∗p < 0.01, ∗∗∗ p < 0.001, ∗∗∗∗ p < 0.0001). White arrows represent adhesion of bacteria to 

yeasts/hyphae. Yellow arrow represents loss of cellular membrane integrity. 
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Figure 3.  Results of XTT reduction assay (A), quantification of total biomass (B) and scanning electron microscopy (SEM) observation (C) for 

the caries biofilm model non-treated (control) and treated with the nanocarrier containing miconazole at 64 mg/L (IONPs-CS-MCZ). 

Magnification of the SEM images: 1,000x and 3,500x; Bars: 10 and 5 µm. Significant differences between the groups were calculated by 

unpaired t-test (∗ p < 0.05, ∗∗p < 0.01, ∗∗∗ p < 0.001, ∗∗∗∗ p < 0.0001). White arrows represent adhesion of bacteria to yeasts/hyphae. Yellow 

arrow represents loss of cellular membrane integrity. 
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Figure 4. Results of counting of colony forming units (A), colony forming equivalents of viable cells (B) and biofilm percentage composition 

(C) for gingivitis biofilm model non-treated (control group) and treated with nanocarrier containing 64 mg/L miconazole (IONPs-CS-MCZ). 

Significant differences between the groups were calculated by unpaired t-test (∗ p < 0.05, ∗∗p < 0.01, ∗∗∗ p < 0.001, ∗∗∗∗ p < 0.0001). 
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Figure 5. Results of counting of colony forming units (A), colony forming equivalents of viable cells (B) and biofilm percentage composition 

(C) for denture biofilm model non-treated (control group) and treated with nanocarrier containing 64 mg/L miconazole (IONPs-CS-MCZ). 

Significant differences between the groups were calculated by unpaired t-test (∗ p < 0.05, ∗∗p < 0.01, ∗∗∗ p < 0.001, ∗∗∗∗ p < 0.0001). 
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Figure 6. Results of counting of colony forming units (A), colony forming equivalents of viable cells (B) and biofilm percentage composition 

(C) for caries biofilm model non-treated (control group) and treated with nanocarrier containing 64 mg/L miconazole (IONPs-CS-MCZ). 
Significant differences between the groups were calculated by unpaired t-test (∗ p < 0.05, ∗∗p < 0.01, ∗∗∗ p < 0.001, ∗∗∗∗ p < 0.0001).                          
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ANEXO A 
 

*Normas da revista na qual será submetido o artigo referente ao Capítulo 1 desta tese  

(Colloids and Surfaces B: Biointerfaces). 

 
 

Author Guidelines (Colloids and Surfaces B: Biointerfaces) 

 

Colloids and Surfaces B: Biointerfaces 

An International Journal Devoted to Fundamental and Applied Research on Colloid 

and Interfacial Phenomena in Relation to Systems of Biological Origin 

Editors: Henk Busscher, Hong Chen, Dganit Danino, Deborah Leckband, Alyssa 

Panitch, Yongfeng Zhou 

Colloids and Surfaces B: Biointerfaces is an international journal devoted to 

fundamental and applied research on colloid and interfacial phenomena in relation to 

systems of biological origin, having particular relevance to the medical, pharmaceutical, 

biotechnological, food and cosmetic fields. 

Submissions that: (1) deal solely with biological phenomena and do not describe the 

physico-chemical or colloid-chemical background and/or mechanism of the phenomena, 

and (2) deal solely with colloid/interfacial phenomena and do not have appropriate 

biological content or relevance, are outside the scope of the journal and will not be 

considered for publication. 

The journal publishes regular research papers, reviews, short communications and 

invited perspective articles, called BioInterface Perspectives. The BioInterface 

Perspective provide researchers the opportunity to review their own work, as well as 

provide insight into the work of others that inspired and influenced the author. Regular 

articles should have a maximum total length of 6,000 words. In addition, a (combined) 

maximum of 8 normal-sized figures and/or tables is allowed (so for instance 3 tables 

and 5 figures). For multiple-panel figures each set of two panels equates to one figure. 

Short communications should not exceed half of the above. It is required to give on the 
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article cover page a short statistical summary of the article listing the total number of 

words and tables/figures. 

Your Paper Your Way  

 

We now differentiate between the requirements for new and revised submissions. You 

may choose to submit your manuscript as a single Word or PDF file to be used in the 

refereeing process. Only when your paper is at the revision stage, will you be requested 

to put your paper in to a 'correct format' for acceptance and provide the items required 

for the publication of your article. 

 

To find out more, please visit the Preparation section below. 

 

 

Colloids and Surfaces B: Biointerfaces is an international journal devoted to 

fundamental and applied research on colloid and interfacial phenomena in relation to 

systems of biological origin, having particular relevance to the medical, pharmaceutical, 

biotechnological, food and cosmetic fields. 

Submissions that: (1) deal solely with biological phenomena and do not describe the 

physico-chemical or colloid-chemical background and/or mechanism of the phenomena, 

and (2) deal solely with colloid/interfacial phenomena and do not have appropriate 

biological content or relevance, are outside the scope of the journal and will not be 

considered for publication. 

The journal publishes regular research papers, reviews, invited perspective articles, 

called BioInterface Perspectives, and Protocols (see below). The BioInterface 

Perspective provide researchers the opportunity to review their own work, as well as 

provide insight into the work of others that inspired and influenced the author. Regular 

articles should have a maximum total length of 6,000 words. In addition, a (combined) 

maximum of 8 normal-sized figures and/or tables is allowed (so for instance 3 tables 
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and 5 figures). Short communications should not exceed half of the above. It is required 

to give on the article cover page a short statistical summary of the article listing the total 

number of words and tables/figures. Short Communications submitted to this journal 

will be re-directed to the journal Colloid and Interface Science Communications, which 

is the dedicated letters journal in our family of colloid titles. 

 

Cover Letter  

A cover letter is mandatory and should give the justification of the submission, 

highlights of the article, and a general impact statement. A short statistical summary of 

the article listing the total number of words and tables/figures is also required. 

Protocols 

 

Protocols of methods are welcome to the journal, but these articles have special 

formatting requirements. Manuscripts should be formatted according to the Protocol 

Template. Protocols should deal with fundamental and applied research on colloid and 

interfacial phenomena in relation to systems of biological origin. Protocols should be 

relevant to the medical, pharmaceutical, biotechnological, food or cosmetic fields. 

Protocols will offer expert research guidelines on how to use an experimental set-up. 

The descriptions must be in great detail and troubleshooting tips to solve problems need 

to be included. These protocols contain a summary, introduction, materials, methods 

(with crucial steps highlighted), analyzing procedure (if necessary), expected results and 

conclusions. Figures and flow charts can be included where necessary. You are 

encouraged to use video material, animation sequences and interactive plots to support 

the procedure of your protocol. 

Submission checklist  

 

You can use this list to carry out a final check of your submission before you send it to 

the journal for review. Please check the relevant section in this Guide for Authors for 

more details. 

http://www.journals.elsevier.com/colloid-and-interface-science-communications
https://www.elsevier.com/__data/assets/word_doc/0011/515675/Protocol-template-for-COLSUB.docx
https://www.elsevier.com/__data/assets/word_doc/0011/515675/Protocol-template-for-COLSUB.docx
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Ensure that the following items are present: 

One author has been designated as the corresponding author with contact details: 

• E-mail address  

• Full postal address 

All necessary files have been uploaded:  

Manuscript: 

• Include keywords  

• All figures (include relevant captions)  

• All tables (including titles, description, footnotes)  

• Ensure all figure and table citations in the text match the files provided  

• Indicate clearly if color should be used for any figures in print  

Graphical Abstracts / Highlights files (where applicable)  

Supplemental files (where applicable) 

Further considerations 

• Manuscript has been 'spell checked' and 'grammar checked' 

• All references mentioned in the Reference List are cited in the text, and vice versa 

• Permission has been obtained for use of copyrighted material from other sources 

(including the Internet) 

• A competing interests statement is provided, even if the authors have no competing 

interests to declare 

• Journal policies detailed in this guide have been reviewed 

• Referee suggestions and contact details provided, based on journal requirements 

For further information, visit our Support Center. 

 

Ethics in publishing  

http://service.elsevier.com/app/home/supporthub/publishing/
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Please see our information pages on Ethics in publishing and Ethical guidelines for 

journal publication. 

Studies in humans and animals  

 

If the work involves the use of human subjects, the author should ensure that the work 

described has been carried out in accordance with The Code of Ethics of the World 

Medical Association (Declaration of Helsinki) for experiments involving humans. The 

manuscript should be in line with the Recommendations for the Conduct, Reporting, 

Editing and Publication of Scholarly Work in Medical Journals and aim for the 

inclusion of representative human populations (sex, age and ethnicity) as per those 

recommendations. The terms sex and gender should be used correctly. 

Authors should include a statement in the manuscript that informed consent was 

obtained for experimentation with human subjects. The privacy rights of human 

subjects must always be observed. 

All animal experiments should comply with the ARRIVE guidelines and should be 

carried out in accordance with the U.K. Animals (Scientific Procedures) Act, 1986 and 

associated guidelines, EU Directive 2010/63/EU for animal experiments, or the 

National Institutes of Health guide for the care and use of Laboratory animals (NIH 

Publications No. 8023, revised 1978) and the authors should clearly indicate in the 

manuscript that such guidelines have been followed. The sex of animals must be 

indicated, and where appropriate, the influence (or association) of sex on the results of 

the study. 

Declaration of interest  

 

All authors must disclose any financial and personal relationships with other people or 

organizations that could inappropriately influence (bias) their work. Examples of 

potential conflicts of interest include employment, consultancies, stock ownership, 

honoraria, paid expert testimony, patent applications/registrations, and grants or other 

funding. Authors should complete the declaration of interest statement using this 

https://www.elsevier.com/about/policies/publishing-ethics
https://www.elsevier.com/authors/journal-authors/policies-and-ethics
https://www.elsevier.com/authors/journal-authors/policies-and-ethics
https://www.wma.net/policies-post/wma-declaration-of-helsinki-ethical-principles-for-medical-research-involving-human-subjects/
https://www.wma.net/policies-post/wma-declaration-of-helsinki-ethical-principles-for-medical-research-involving-human-subjects/
http://www.icmje.org/recommendations/
http://www.icmje.org/recommendations/
http://www.who.int/gender-equity-rights/understanding/gender-definition/en/
https://www.nc3rs.org.uk/arrive-guidelines
http://ec.europa.eu/environment/chemicals/lab_animals/legislation_en.htm
https://www.elsevier.com/declaration-of-competing-interests
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template and upload to the submission system at the Attach/Upload Files step. If there 

are no interests to declare, please choose: 'Declarations of interest: none' in the template. 

This statement will be published within the article if accepted. More information. 

Submission declaration and verification  

 

Submission of an article implies that the work described has not been published 

previously (except in the form of an abstract, a published lecture or academic thesis, see 

'Multiple, redundant or concurrent publication' for more information), that it is not 

under consideration for publication elsewhere, that its publication is approved by all 

authors and tacitly or explicitly by the responsible authorities where the work was 

carried out, and that, if accepted, it will not be published elsewhere in the same form, in 

English or in any other language, including electronically without the written consent of 

the copyright-holder. To verify originality, your article may be checked by the 

originality detection service Crossref Similarity Check. 

Preprints 

Please note that preprints can be shared anywhere at any time, in line with 

Elsevier's sharing policy. Sharing your preprints e.g. on a preprint server will not count 

as prior publication (see 'Multiple, redundant or concurrent publication' for more 

information). 

Use of inclusive language  

 

Inclusive language acknowledges diversity, conveys respect to all people, is sensitive to 

differences, and promotes equal opportunities. Articles should make no assumptions 

about the beliefs or commitments of any reader, should contain nothing which might 

imply that one individual is superior to another on the grounds of race, sex, culture or 

any other characteristic, and should use inclusive language throughout. Authors should 

ensure that writing is free from bias, for instance by using 'he or she', 'his/her' instead of 

'he' or 'his', and by making use of job titles that are free of stereotyping (e.g. 

'chairperson' instead of 'chairman' and 'flight attendant' instead of 'stewardess').

http://service.elsevier.com/app/answers/detail/a_id/286/supporthub/publishing
https://www.elsevier.com/authors/journal-authors/policies-and-ethics
https://www.elsevier.com/editors/perk/plagiarism-complaints/plagiarism-detection
https://www.elsevier.com/about/policies/sharing/preprint
https://www.elsevier.com/about/policies/sharing
https://www.elsevier.com/authors/journal-authors/policies-and-ethics
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Author contributions  

 

For transparency, we encourage authors to submit an author statement file outlining 

their individual contributions to the paper using the relevant CRediT roles: 

Conceptualization; Data curation; Formal analysis; Funding acquisition; Investigation; 

Methodology; Project administration; Resources; Software; Supervision; Validation; 

Visualization; Roles/Writing - original draft; Writing - review & editing. Authorship 

statements should be formatted with the names of authors first and CRediT role(s) 

following. More details and an example 

Changes to authorship  

 

Authors are expected to consider carefully the list and order of 

authors before submitting their manuscript and provide the definitive list of authors at 

the time of the original submission. Any addition, deletion or rearrangement of author 

names in the authorship list should be made only before the manuscript has been 

accepted and only if approved by the journal Editor. To request such a change, the 

Editor must receive the following from the corresponding author: (a) the reason for 

the change in author list and (b) written confirmation (e-mail, letter) from all authors 

that they agree with the addition, removal or rearrangement. In the case of addition or 

removal of authors, this includes confirmation from the author being added or removed. 

Only in exceptional circumstances will the Editor consider the addition, deletion or 

rearrangement of authors after the manuscript has been accepted. While the Editor 

considers the request, publication of the manuscript will be suspended. If the manuscript 

has already been published in an online issue, any requests approved by the Editor will 

result in a corrigendum. 

Copyright 

 

Upon acceptance of an article, authors will be asked to complete a 'Journal Publishing 

Agreement' (see more information on this). An e-mail will be sent to the corresponding 

author confirming receipt of the manuscript together with a 'Journal Publishing 

Agreement' form or a link to the online version of this agreement. 

https://www.elsevier.com/authors/journal-authors/policies-and-ethics/credit-author-statement
https://www.elsevier.com/about/policies/copyright
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Subscribers may reproduce tables of contents or prepare lists of articles including 

abstracts for internal circulation within their institutions. Permission of the Publisher is 

required for resale or distribution outside the institution and for all other derivative 

works, including compilations and translations. If excerpts from other copyrighted 

works are included, the author(s) must obtain written permission from the copyright 

owners and credit the source(s) in the article. Elsevier has preprinted forms for use by 

authors in these cases. 

For gold open access articles: Upon acceptance of an article, authors will be asked to 

complete an 'Exclusive License Agreement' (more information). Permitted third party 

reuse of gold open access articles is determined by the author's choice of user license. 

Author rights  

As an author you (or your employer or institution) have certain rights to reuse your 

work. More information. 

Elsevier supports responsible sharing  

Find out how you can share your research published in Elsevier journals. 

Role of the funding source  

 

You are requested to identify who provided financial support for the conduct of the 

research and/or preparation of the article and to briefly describe the role of the 

sponsor(s), if any, in study design; in the collection, analysis and interpretation of data; 

in the writing of the report; and in the decision to submit the article for publication. If 

the funding source(s) had no such involvement then this should be stated. 

Open access  

 

Please visit our Open Access page from the Journal Homepage for more information. 

Elsevier Researcher Academy  

Researcher Academy is a free e-learning platform designed to support early and mid-

career researchers throughout their research journey. The "Learn" environment at 

https://www.elsevier.com/about/policies/copyright/permissions
https://www.elsevier.com/__data/assets/word_doc/0007/98656/Permission-Request-Form.docx
https://www.elsevier.com/about/policies/copyright
https://www.elsevier.com/about/policies/open-access-licenses
https://www.elsevier.com/about/policies/copyright
https://www.elsevier.com/authors/journal-authors/submit-your-paper/sharing-and-promoting-your-article
https://researcheracademy.elsevier.com/
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Researcher Academy offers several interactive modules, webinars, downloadable guides 

and resources to guide you through the process of writing for research and going 

through peer review. Feel free to use these free resources to improve your submission 

and navigate the publication process with ease. 

Language (usage and editing services)  

Please write your text in good English (American or British usage is accepted, but not a 

mixture of these). Authors who feel their English language manuscript may require 

editing to eliminate possible grammatical or spelling errors and to conform to correct 

scientific English may wish to use the English Language Editing service available from 

Elsevier's Author Services. 

Submission 

 

Our online submission system guides you stepwise through the process of entering your 

article details and uploading your files. The system converts your article files to a single 

PDF file used in the peer-review process. Editable files (e.g., Word, LaTeX) are 

required to typeset your article for final publication. All correspondence, including 

notification of the Editor's decision and requests for revision, is sent by e-mail. 

 

For submitting your manuscript to Colloids and Surfaces B: Biointerfaces please go to 

our Elsevier Editorial System (EES) Website at: http://ees.elsevier.com/colsub/ . 

Referees 

 

Please submit, as part of the covering letter with the manuscript, the names, affiliation 

and email addresses of four potential Referees. Appropriate Referees should be 

knowledgeable about the subject but have no close connection with any of the authors. 

In addition, Referees should be from institutions other than (and preferably countries 

other than) those of any of the Authors. 

http://webshop.elsevier.com/languageediting/
http://ees.elsevier.com/colsub/
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NEW SUBMISSIONS  

 

Submission to this journal proceeds totally online and you will be guided stepwise 

through the creation and uploading of your files. The system automatically converts 

your files to a single PDF file, which is used in the peer-review process. 

As part of the Your Paper Your Way service, you may choose to submit your 

manuscript as a single file to be used in the refereeing process. This can be a PDF file or 

a Word document, in any format or lay-out that can be used by referees to evaluate your 

manuscript. It should contain high enough quality figures for refereeing. If you prefer to 

do so, you may still provide all or some of the source files at the initial submission. 

Please note that individual figure files larger than 10 MB must be uploaded separately. 

References 

There are no strict requirements on reference formatting at submission. References can 

be in any style or format as long as the style is consistent. Where applicable, author(s) 

name(s), journal title/book title, chapter title/article title, year of publication, volume 

number/book chapter and the article number or pagination must be present. Use of DOI 

is highly encouraged. The reference style used by the journal will be applied to the 

accepted article by Elsevier at the proof stage. Note that missing data will be 

highlighted at proof stage for the author to correct. 

Formatting requirements  

There are no strict formatting requirements but all manuscripts must contain the 

essential elements needed to convey your manuscript, for example Abstract, Keywords, 

Introduction, Materials and Methods, Results, Conclusions, Artwork and Tables with 

Captions. 

If your article includes any Videos and/or other Supplementary material, this should be 

included in your initial submission for peer review purposes. 

Divide the article into clearly defined sections. 

Figures and tables embedded in text  

Please ensure the figures and the tables included in the single file are placed next to the 
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relevant text in the manuscript, rather than at the bottom or the top of the file. The 

corresponding caption should be placed directly below the figure or table. 

Peer review  

 

This journal operates a single blind review process. All contributions will be initially 

assessed by the editor for suitability for the journal. Papers deemed suitable are then 

typically sent to a minimum of two independent expert reviewers to assess the scientific 

quality of the paper. The Editor is responsible for the final decision regarding 

acceptance or rejection of articles. The Editor's decision is final. More information on 

types of peer review. 

Use of word processing software  

Regardless of the file format of the original submission, at revision you must provide us 

with an editable file of the entire article. Keep the layout of the text as simple as 

possible. Most formatting codes will be removed and replaced on processing the article. 

The electronic text should be prepared in a way very similar to that of conventional 

manuscripts (see also the Guide to Publishing with Elsevier). See also the section on 

Electronic artwork. 

To avoid unnecessary errors you are strongly advised to use the 'spell-check' and 

'grammar-check' functions of your word processor. 

Subdivision - unnumbered sections  

Divide your article into clearly defined sections. Each subsection is given a brief 

heading. Each heading should appear on its own separate line. Subsections should be 

used as much as possible when cross-referencing text: refer to the subsection by heading 

as opposed to simply 'the text'. 

Introduction 

State the objectives of the work and provide an adequate background, avoiding a 

detailed literature survey or a summary of the results. 

Material and methods  

Provide sufficient details to allow the work to be reproduced by an independent 

https://www.elsevier.com/reviewers/what-is-peer-review
https://www.elsevier.com/reviewers/what-is-peer-review
https://www.elsevier.com/authors/journal-authors/submit-your-paper
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researcher. Methods that are already published should be summarized, and indicated by 

a reference. If quoting directly from a previously published method, use quotation 

marks and also cite the source. Any modifications to existing methods should also be 

described. 

Results 

Results should be clear and concise. 

Discussion 

This should explore the significance of the results of the work, not repeat them. A 

combined Results and Discussion section is often appropriate. Avoid extensive citations 

and discussion of published literature. 

Conclusions 

The main conclusions of the study may be presented in a short Conclusions section, 

which may stand alone or form a subsection of a Discussion or Results and Discussion 

section. 

Appendices 

If there is more than one appendix, they should be identified as A, B, etc. Formulae and 

equations in appendices should be given separate numbering: Eq. (A.1), Eq. (A.2), etc.; 

in a subsequent appendix, Eq. (B.1) and so on. Similarly for tables and figures: Table 

A.1; Fig. A.1, etc. 

Essential title page information  

 

• Title. Concise and informative. Titles are often used in information-retrieval systems. 

Avoid abbreviations and formulae where possible. 

• Author names and affiliations. Please clearly indicate the given name(s) and family 

name(s) of each author and check that all names are accurately spelled. You can add 

your name between parentheses in your own script behind the English transliteration. 

Present the authors' affiliation addresses (where the actual work was done) below the 

names. Indicate all affiliations with a lower-case superscript letter immediately after the 

author's name and in front of the appropriate address. Provide the full postal address of 
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each affiliation, including the country name and, if available, the e-mail address of each 

author. 

• Corresponding author. Clearly indicate who will handle correspondence at all stages 

of refereeing and publication, also post-publication. This responsibility includes 

answering any future queries about Methodology and Materials. Ensure that the e-

mail address is given and that contact details are kept up to date by the 

corresponding author.  

• Present/permanent address. If an author has moved since the work described in the 

article was done, or was visiting at the time, a 'Present address' (or 'Permanent address') 

may be indicated as a footnote to that author's name. The address at which the author 

actually did the work must be retained as the main, affiliation address. Superscript 

Arabic numerals are used for such footnotes. 

Highlights 

 

Highlights are mandatory for this journal as they help increase the discoverability of 

your article via search engines. They consist of a short collection of bullet points that 

capture the novel results of your research as well as new methods that were used during 

the study (if any). Please have a look at the examples here: example Highlights. 

Highlights should be submitted in a separate editable file in the online submission 

system. Please use 'Highlights' in the file name and include 3 to 5 bullet points 

(maximum 85 characters, including spaces, per bullet point). 

Abstract 

 

A concise and factual abstract is required. The abstract should state briefly the purpose 

of the research, the principal results and major conclusions. An abstract is often 

presented separately from the article, so it must be able to stand alone. For this reason, 

References should be avoided, but if essential, then cite the author(s) and year(s). Also, 

non-standard or uncommon abbreviations should be avoided, but if essential they must 

be defined at their first mention in the abstract itself. 

https://www.elsevier.com/authors/journal-authors/highlights
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The abstract should be no longer than 250 words 

Graphical abstract  

A graphical abstract is mandatory for this journal. It should summarize the contents of 

the article in a concise, pictorial form designed to capture the attention of a wide 

readership online. Authors must provide images that clearly represent the work 

described in the article. Graphical abstracts should be submitted as a separate file in the 

online submission system. Image size: please provide an image with a minimum of 531 

× 1328 pixels (h × w) or proportionally more. The image should be readable at a size of 

5 × 13 cm using a regular screen resolution of 96 dpi. Preferred file types: TIFF, EPS, 

PDF or MS Office files. You can view Example Graphical Abstracts on our information 

site. 

Authors can make use of Elsevier's Illustration Services to ensure the best presentation 

of their images also in accordance with all technical requirements. 

Keywords 

 

Immediately after the abstract, provide a maximum of 6 keywords, using American 

spelling and avoiding general and plural terms and multiple concepts (avoid, for 

example, 'and', 'of'). Be sparing with abbreviations: only abbreviations firmly 

established in the field may be eligible. These keywords will be used for indexing 

purposes. 

Acknowledgements 

Collate acknowledgements in a separate section at the end of the article before the 

references and do not, therefore, include them on the title page, as a footnote to the title 

or otherwise. List here those individuals who provided help during the research (e.g., 

providing language help, writing assistance or proof reading the article, etc.). 

Formatting of funding sources  

List funding sources in this standard way to facilitate compliance to funder's 

requirements:

https://www.elsevier.com/authors/journal-authors/graphical-abstract
https://webshop.elsevier.com/illustration-services/
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Funding: This work was supported by the National Institutes of Health [grant numbers 

xxxx, yyyy]; the Bill & Melinda Gates Foundation, Seattle, WA [grant number zzzz]; 

and the United States Institutes of Peace [grant number aaaa]. 

It is not necessary to include detailed descriptions on the program or type of grants and 

awards. When funding is from a block grant or other resources available to a university, 

college, or other research institution, submit the name of the institute or organization 

that provided the funding. 

If no funding has been provided for the research, please include the following sentence: 

This research did not receive any specific grant from funding agencies in the public, 

commercial, or not-for-profit sectors. 

Nomenclature and Units  

 

The use of nomenclature and symbols adopted by IUPAC is recommended (Quantities, 

Units and Symbols in Physical Chemistry, Blackwell Scientific, Oxford, 1988). 

Math formulae  

Please submit math equations as editable text and not as images. Present simple 

formulae in line with normal text where possible and use the solidus (/) instead of a 

horizontal line for small fractional terms, e.g., X/Y. In principle, variables are to be 

presented in italics. Powers of e are often more conveniently denoted by exp. Number 

consecutively any equations that have to be displayed separately from the text (if 

referred to explicitly in the text). 

Footnotes 

Footnotes should be used sparingly. Number them consecutively throughout the article. 

Many word processors can build footnotes into the text, and this feature may be used. 

Otherwise, please indicate the position of footnotes in the text and list the footnotes 

themselves separately at the end of the article. Do not include footnotes in the Reference 

list.
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Artwork 

Electronic artwork  

General points 

• Make sure you use uniform lettering and sizing of your original artwork. 

• Embed the used fonts if the application provides that option. 

• Aim to use the following fonts in your illustrations: Arial, Courier, Times New 

Roman, Symbol, or use fonts that look similar. 

• Number the illustrations according to their sequence in the text. 

• Use a logical naming convention for your artwork files. 

• Provide captions to illustrations separately. 

• Size the illustrations close to the desired dimensions of the published version. 

• Submit each illustration as a separate file. 

• Ensure that color images are accessible to all, including those with impaired color 

vision. 

A detailed guide on electronic artwork is available.  

You are urged to visit this site; some excerpts from the detailed information are 

given here.  

Formats 

If your electronic artwork is created in a Microsoft Office application (Word, 

PowerPoint, Excel) then please supply 'as is' in the native document format. 

Regardless of the application used other than Microsoft Office, when your electronic 

artwork is finalized, please 'Save as' or convert the images to one of the following 

formats (note the resolution requirements for line drawings, halftones, and line/halftone 

combinations given below):  

EPS (or PDF): Vector drawings, embed all used fonts.  

TIFF (or JPEG): Color or grayscale photographs (halftones), keep to a minimum of 300 

dpi. 

TIFF (or JPEG): Bitmapped (pure black & white pixels) line drawings, keep to a 

minimum of 1000 dpi.  

TIFF (or JPEG): Combinations bitmapped line/half-tone (color or grayscale), keep to a 

minimum of 500 dpi. 

https://www.elsevier.com/authors/author-schemas/artwork-and-media-instructions
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Please do not:  

• Supply files that are optimized for screen use (e.g., GIF, BMP, PICT, WPG); these 

typically have a low number of pixels and limited set of colors;  

• Supply files that are too low in resolution;  

• Submit graphics that are disproportionately large for the content.  

Color artwork  

Please make sure that artwork files are in an acceptable format (TIFF (or JPEG), EPS 

(or PDF), or MS Office files) and with the correct resolution. If, together with your 

accepted article, you submit usable color figures then Elsevier will ensure, at no 

additional charge, that these figures will appear in color online (e.g., ScienceDirect and 

other sites) regardless of whether or not these illustrations are reproduced in color in the 

printed version. For color reproduction in print, you will receive information 

regarding the costs from Elsevier after receipt of your accepted article. Please 

indicate your preference for color: in print or online only. Further information on the 

preparation of electronic artwork. 

Figure captions  

Ensure that each illustration has a caption. Supply captions separately, not attached to 

the figure. A caption should comprise a brief title (not on the figure itself) and a 

description of the illustration. Keep text in the illustrations themselves to a minimum 

but explain all symbols and abbreviations used. 

Tables 

 

Please submit tables as editable text and not as images. Tables can be placed either next 

to the relevant text in the article, or on separate page(s) at the end. Number tables 

consecutively in accordance with their appearance in the text and place any table notes 

below the table body. Be sparing in the use of tables and ensure that the data presented 

in them do not duplicate results described elsewhere in the article. Please avoid using 

vertical rules and shading in table cells. 

https://www.elsevier.com/authors/author-schemas/artwork-and-media-instructions
https://www.elsevier.com/authors/author-schemas/artwork-and-media-instructions
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Citation in text  

Please ensure that every reference cited in the text is also present in the reference list 

(and vice versa). Any references cited in the abstract must be given in full. Unpublished 

results and personal communications are not recommended in the reference list, but may 

be mentioned in the text. If these references are included in the reference list they 

should follow the standard reference style of the journal and should include a 

substitution of the publication date with either 'Unpublished results' or 'Personal 

communication'. Citation of a reference as 'in press' implies that the item has been 

accepted for publication. 

Reference links  

Increased discoverability of research and high quality peer review are ensured by online 

links to the sources cited. In order to allow us to create links to abstracting and indexing 

services, such as Scopus, CrossRef and PubMed, please ensure that data provided in the 

references are correct. Please note that incorrect surnames, journal/book titles, 

publication year and pagination may prevent link creation. When copying references, 

please be careful as they may already contain errors. Use of the DOI is highly 

encouraged. 

A DOI is guaranteed never to change, so you can use it as a permanent link to any 

electronic article. An example of a citation using DOI for an article not yet in an issue 

is: VanDecar J.C., Russo R.M., James D.E., Ambeh W.B., Franke M. (2003). Aseismic 

continuation of the Lesser Antilles slab beneath northeastern Venezuela. Journal of 

Geophysical Research, https://doi.org/10.1029/2001JB000884. Please note the format of 

such citations should be in the same style as all other references in the paper. 

Data references  

This journal encourages you to cite underlying or relevant datasets in your manuscript 

by citing them in your text and including a data reference in your Reference List. Data 

references should include the following elements: author name(s), dataset title, data 

repository, version (where available), year, and global persistent identifier. Add 

[dataset] immediately before the reference so we can properly identify it as a data 

reference. The [dataset] identifier will not appear in your published article.
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Reference management software  

Most Elsevier journals have their reference template available in many of the most 

popular reference management software products. These include all products that 

support Citation Style Language styles, such as Mendeley. Using citation plug-ins from 

these products, authors only need to select the appropriate journal template when 

preparing their article, after which citations and bibliographies will be automatically 

formatted in the journal's style. If no template is yet available for this journal, please 

follow the format of the sample references and citations as shown in this Guide. If you 

use reference management software, please ensure that you remove all field codes 

before submitting the electronic manuscript. More information on how to remove field 

codes from different reference management software. 

 

Users of Mendeley Desktop can easily install the reference style for this journal by 

clicking the following link: 

http://open.mendeley.com/use-citation-style/colloids-and-surfaces-b-biointerfaces 

When preparing your manuscript, you will then be able to select this style using the 

Mendeley plug-ins for Microsoft Word or LibreOffice. 

Reference formatting  

There are no strict requirements on reference formatting at submission. References can 

be in any style or format as long as the style is consistent. Where applicable, author(s) 

name(s), journal title/book title, chapter title/article title, year of publication, volume 

number/book chapter and the article number or pagination must be present. Use of DOI 

is highly encouraged. The reference style used by the journal will be applied to the 

accepted article by Elsevier at the proof stage. Note that missing data will be 

highlighted at proof stage for the author to correct. If you do wish to format the 

references yourself they should be arranged according to the following examples: 

Reference Style  

 

1. All references made to publications in the text should be presented in a list of 

references following the text of the manuscript. The manuscript should be carefully 

checked to ensure that the information given in the text is exactly the same as that given 

http://citationstyles.org/
http://www.mendeley.com/features/reference-manager
https://service.elsevier.com/app/answers/detail/a_id/26093
https://service.elsevier.com/app/answers/detail/a_id/26093
http://open.mendeley.com/use-citation-style/colloids-and-surfaces-b-biointerfaces
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in the reference list.  

References to the literature should be made according to the numerical system described 

below. 

2. In the text refer to the subject or to the author's name (without initial), followed by 

the reference number in square brackets.  

3. If reference is made in the text to publications written by more than two authors, the 

name of the first author should be used, followed by "et al.". Note that in the reference 

list the names of authors and co-authors should be given in full. 

4. References should be arranged in the order in which they appear in the text. 

5. Use the following system for arranging the references:  

(i) For journals  

N. Levy, N. Garti and S. Margdassi, Colloids Surfaces A: Physicochem. Eng. Aspects, 

97 (1995) 91.  

(ii) For monographs  

B.E. Conway, Ionic Hydration in Chemistry and Biophysics, Elsevier, Amsterdam, 

1981. 

(iii) For edited books  

R.D. Thomas, in E. Buncel and J.R. Jones (Eds.), Isotopes in the Physical and 

Biomedical Sciences, Vol. 2, Elsevier, Amsterdam, 1991, Chapter 7. 

For conference proceedings, symposia etc.  

A.G. Marshall, in P.G. Kistemaker and N.M.M. Nibbering (Eds.), Advances in Mass 

Spectrometry, Proc. 12th International Mass Spectrometry Conference, Amsterdam, 26-

30 August 1991, Elsevier, Amsterdam, 1992, p. 37.  

6. Abbreviations of journal titles should conform to those adopted by the Chemical 

Abstract Service (Bibliographic Guide for Editors and Authors, The American 

Chemical Society, Washington, DC, 1974). If the correct abbreviation is not known, the 

title should be given in full.  

7. Reference to a personal communication should be followed by the year, e.g. A.N. 

Other, personal communication, 1989. 

Journal abbreviations source  

Journal names should be abbreviated according to the List of Title Word Abbreviations.

https://www.issn.org/services/online-services/access-to-the-ltwa/
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Video 

 

Elsevier accepts video material and animation sequences to support and enhance your 

scientific research. Authors who have video or animation files that they wish to submit 

with their article are strongly encouraged to include links to these within the body of the 

article. This can be done in the same way as a figure or table by referring to the video or 

animation content and noting in the body text where it should be placed. All submitted 

files should be properly labeled so that they directly relate to the video file's content. In 

order to ensure that your video or animation material is directly usable, please provide 

the file in one of our recommended file formats with a preferred maximum size of 

150 MB per file, 1 GB in total. Video and animation files supplied will be published 

online in the electronic version of your article in Elsevier Web products, 

including ScienceDirect. Please supply 'stills' with your files: you can choose any frame 

from the video or animation or make a separate image. These will be used instead of 

standard icons and will personalize the link to your video data. For more detailed 

instructions please visit our video instruction pages. Note: since video and animation 

cannot be embedded in the print version of the journal, please provide text for both the 

electronic and the print version for the portions of the article that refer to this content. 

Data visualization  

 

Include interactive data visualizations in your publication and let your readers interact 

and engage more closely with your research. Follow the instructions here to find out 

about available data visualization options and how to include them with your article. 

Supplementary material  

 

Supplementary material such as applications, images and sound clips, can be published 

with your article to enhance it. Submitted supplementary items are published exactly as 

they are received (Excel or PowerPoint files will appear as such online). Please submit 

your material together with the article and supply a concise, descriptive caption for each 

supplementary file. If you wish to make changes to supplementary material during any 

stage of the process, please make sure to provide an updated file. Do not annotate any 

https://www.sciencedirect.com/
https://www.elsevier.com/authors/author-schemas/artwork-and-media-instructions
https://www.elsevier.com/authors/author-resources/data-visualization
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corrections on a previous version. Please switch off the 'Track Changes' option in 

Microsoft Office files as these will appear in the published version. 

Research data  

 

This journal encourages and enables you to share data that supports your research 

publication where appropriate, and enables you to interlink the data with your published 

articles. Research data refers to the results of observations or experimentation that 

validate research findings. To facilitate reproducibility and data reuse, this journal also 

encourages you to share your software, code, models, algorithms, protocols, methods 

and other useful materials related to the project. 

Below are a number of ways in which you can associate data with your article or make a 

statement about the availability of your data when submitting your manuscript. If you 

are sharing data in one of these ways, you are encouraged to cite the data in your 

manuscript and reference list. Please refer to the "References" section for more 

information about data citation. For more information on depositing, sharing and using 

research data and other relevant research materials, visit the research data page. 

Data linking  

If you have made your research data available in a data repository, you can link your 

article directly to the dataset. Elsevier collaborates with a number of repositories to link 

articles on ScienceDirect with relevant repositories, giving readers access to underlying 

data that gives them a better understanding of the research described. 

There are different ways to link your datasets to your article. When available, you can 

directly link your dataset to your article by providing the relevant information in the 

submission system. For more information, visit the database linking page. 

For supported data repositories a repository banner will automatically appear next to 

your published article on ScienceDirect. 

https://www.elsevier.com/authors/author-resources/research-data
https://www.elsevier.com/authors/author-resources/research-data/data-base-linking
https://www.elsevier.com/authors/author-resources/research-data/data-base-linking#repositories
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In addition, you can link to relevant data or entities through identifiers within the text of 

your manuscript, using the following format: Database: xxxx (e.g., TAIR: AT1G01020; 

CCDC: 734053; PDB: 1XFN). 

Mendeley Data  

This journal supports Mendeley Data, enabling you to deposit any research data 

(including raw and processed data, video, code, software, algorithms, protocols, and 

methods) associated with your manuscript in a free-to-use, open access repository. 

During the submission process, after uploading your manuscript, you will have the 

opportunity to upload your relevant datasets directly to Mendeley Data. The datasets 

will be listed and directly accessible to readers next to your published article online. 

For more information, visit the Mendeley Data for journals page. 

Data in Brief  

You have the option of converting any or all parts of your supplementary or additional 

raw data into one or multiple data articles, a new kind of article that houses and 

describes your data. Data articles ensure that your data is actively reviewed, curated, 

formatted, indexed, given a DOI and publicly available to all upon publication. You are 

encouraged to submit your article for Data in Brief as an additional item directly 

alongside the revised version of your manuscript. If your research article is accepted, 

your data article will automatically be transferred over to Data in Brief where it will be 

editorially reviewed and published in the open access data journal, Data in Brief. Please 

note an open access fee of 600 USD is payable for publication in Data in Brief. Full 

details can be found on the Data in Brief website. Please use this template to write your 

Data in Brief. 

Data statement  

To foster transparency, we encourage you to state the availability of your data in your 

submission. This may be a requirement of your funding body or institution. If your data 

is unavailable to access or unsuitable to post, you will have the opportunity to indicate 

why during the submission process, for example by stating that the research data is 

https://www.elsevier.com/books-and-journals/enrichments/mendeley-data-for-journals
https://www.journals.elsevier.com/data-in-brief
https://www.elsevier.com/__data/assets/word_doc/0004/215779/Datainbrief_template.docx
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confidential. The statement will appear with your published article on ScienceDirect. 

For more information, visit the Data Statement page. 

 

Online proof correction  

 

To ensure a fast publication process of the article, we kindly ask authors to provide us 

with their proof corrections within two days. Corresponding authors will receive an e-

mail with a link to our online proofing system, allowing annotation and correction of 

proofs online. The environment is similar to MS Word: in addition to editing text, you 

can also comment on figures/tables and answer questions from the Copy Editor. Web-

based proofing provides a faster and less error-prone process by allowing you to directly 

type your corrections, eliminating the potential introduction of errors. 

If preferred, you can still choose to annotate and upload your edits on the PDF version. 

All instructions for proofing will be given in the e-mail we send to authors, including 

alternative methods to the online version and PDF. 

We will do everything possible to get your article published quickly and accurately. 

Please use this proof only for checking the typesetting, editing, completeness and 

correctness of the text, tables and figures. Significant changes to the article as accepted 

for publication will only be considered at this stage with permission from the Editor. It 

is important to ensure that all corrections are sent back to us in one communication. 

Please check carefully before replying, as inclusion of any subsequent corrections 

cannot be guaranteed. Proofreading is solely your responsibility. 

Offprints 

 

The corresponding author will, at no cost, receive a customized Share Link providing 50 

days free access to the final published version of the article on ScienceDirect. The Share 

Link can be used for sharing the article via any communication channel, including email 

and social media. For an extra charge, paper offprints can be ordered via the offprint 

order form which is sent once the article is accepted for publication. Both corresponding 

https://www.elsevier.com/authors/author-resources/research-data/data-statement
https://www.elsevier.com/authors/journal-authors/submit-your-paper/sharing-and-promoting-your-article/share-link
https://www.sciencedirect.com/
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and co-authors may order offprints at any time via Elsevier's Author Services. 

Corresponding authors who have published their article gold open access do not receive 

a Share Link as their final published version of the article is available open access on 

ScienceDirect and can be shared through the article DOI link. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

https://webshop.elsevier.com/myarticleservices/offprints/
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ANEXO B 
 

*Normas da revista na qual será submetido o artigo referente ao Capítulo 2  desta 

tese(Journal of Oral Microbiology). 

Journal of Oral Microbiology 

Instructions for authors 

Thank you for choosing to submit your paper to us. These instructions will ensure we 

have everything required so your paper can move through peer review, production and 

publication smoothly. Please take the time to read and follow them as closely as 

possible, as doing so will ensure your paper matches the journal’s requirements. 

 

 
For general guidance on every stage of the publication process, please visit our Author 

Services website. 

 

 
For editing support, including translation and language polishing, explore our Editing 

Services website 

This title utilises format-free submission. Authors may submit their paper in any 

scholarly format or layout. References can be in any style or format, so long as a 

consistent scholarly citation format is applied. For more detail see the format-free 

submission section below. 

Contents 

 About the Journal 

 Article Publishing Charge 

 Peer Review 

 Preparing Your Paper 

  

o Structure 

o Word Limits 

o Format-Free Submissions 

o Editing Services 

o Checklist 

 Using Third-Party Material

http://authorservices.taylorandfrancis.com/
http://authorservices.taylorandfrancis.com/
https://www.tandfeditingservices.com/
https://www.tandfeditingservices.com/
https://www.tandfonline.com/action/authorSubmission?show=instructions&journalCode=zjom20#ffs
https://www.tandfonline.com/action/authorSubmission?show=instructions&journalCode=zjom20#ffs
https://www.tandfonline.com/action/authorSubmission?show=instructions&journalCode=zjom20#about
https://www.tandfonline.com/action/authorSubmission?show=instructions&journalCode=zjom20#APC
https://www.tandfonline.com/action/authorSubmission?show=instructions&journalCode=zjom20#peers
https://www.tandfonline.com/action/authorSubmission?show=instructions&journalCode=zjom20#prep
https://www.tandfonline.com/action/authorSubmission?show=instructions&journalCode=zjom20#structure
https://www.tandfonline.com/action/authorSubmission?show=instructions&journalCode=zjom20#words
https://www.tandfonline.com/action/authorSubmission?show=instructions&journalCode=zjom20#ffs
https://www.tandfonline.com/action/authorSubmission?show=instructions&journalCode=zjom20#editing
https://www.tandfonline.com/action/authorSubmission?show=instructions&journalCode=zjom20#checklist
https://www.tandfonline.com/action/authorSubmission?show=instructions&journalCode=zjom20#3p
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 Disclosure Statement 

 Clinical Trials Registry 

 Complying With Ethics of Experimentation 

  

o Consent 

o Health and Safety 

 Submitting Your Paper 

 Data Sharing Policy 

 Publication Charges 

 Copyright Options 

 Complying with Funding Agencies 

 My Authored Works 

 Reprints 

About the Journal 

Journal of Oral Microbiology is an Open Access international, peer-reviewed journal 

publishing high-quality, original research. Please see the journal's Aims & Scope for 

information about its focus and peer-review policy. 

Open Access means you can publish your research so it is free to access online as soon 

as it is published, meaning anyone can read (and cite) your work. Please see our guide 

to Open Access for more information. Many funders mandate publishing your research 

open access; you can check open access funder policies and mandates here. 

Please note that this journal only publishes manuscripts in English. 

Journal of Oral Microbiology accepts the following types of article: Original Articles. 

Article Publishing Charge 

The standard article publishing charge (APC) for this journal is €2100/$2373/£1827. 

 Depending on your location, these charges may be subject to local taxes. 

Find out more about article publishing charges and funding options. 

Peer Review 

Taylor & Francis is committed to peer-review integrity and upholding the highest 

standards of review. Once your paper has been assessed for suitability by the editor, it 

will then be double blind peer reviewed by independent, anonymous expert referees. 

Find out more about what to expect during peer review and read our guidance 

https://www.tandfonline.com/action/authorSubmission?show=instructions&journalCode=zjom20#disclosure
https://www.tandfonline.com/action/authorSubmission?show=instructions&journalCode=zjom20#trials
https://www.tandfonline.com/action/authorSubmission?show=instructions&journalCode=zjom20#ethics
https://www.tandfonline.com/action/authorSubmission?show=instructions&journalCode=zjom20#consent
https://www.tandfonline.com/action/authorSubmission?show=instructions&journalCode=zjom20#hns
https://www.tandfonline.com/action/authorSubmission?show=instructions&journalCode=zjom20#subs
https://www.tandfonline.com/action/authorSubmission?show=instructions&journalCode=zjom20#dsp
https://www.tandfonline.com/action/authorSubmission?show=instructions&journalCode=zjom20#pubCharge
https://www.tandfonline.com/action/authorSubmission?show=instructions&journalCode=zjom20#copyright
https://www.tandfonline.com/action/authorSubmission?show=instructions&journalCode=zjom20#compliance
https://www.tandfonline.com/action/authorSubmission?show=instructions&journalCode=zjom20#authors
https://www.tandfonline.com/action/authorSubmission?show=instructions&journalCode=zjom20#reprints
https://www.tandfonline.com/action/journalInformation?show=aimsScope&journalCode=ZJOM
http://authorservices.taylorandfrancis.com/open-access-factsheets/
http://authorservices.taylorandfrancis.com/open-access-factsheets/
http://authorservices.taylorandfrancis.com/open-access-funder-policies-and-mandates/
http://authorservices.taylorandfrancis.com/wp-content/uploads/2015/11/Open-access-and-funding-the-basics.pdf
http://authorservices.taylorandfrancis.com/what-to-expect-during-peer-review/
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on publishing ethics. 

Preparing Your Paper 

All authors submitting to medicine, biomedicine, health sciences, allied and public 

health journals should conform to the Uniform Requirements for Manuscripts 

Submitted to Biomedical Journals, prepared by the International Committee of Medical 

Journal Editors (ICMJE). 

Structure 

Your paper should be compiled in the following order: title page; abstract; keywords; 

main text introduction, materials and methods, results, discussion; acknowledgments; 

declaration of interest statement; references; appendices (as appropriate); table(s) with 

caption(s) (on individual pages); figures; figure captions (as a list). Please include page 

and line numbers on your paper upon submission. 

Word Limits 

There are no word limits for this journal.  

Format-Free Submission 

Authors may submit their paper in any scholarly format or layout. Manuscripts may be 

supplied as single or multiple files. These can be Word, rich text format (rtf), open 

document format (odt), or PDF files. Figures and tables can be placed within the text or 

submitted as separate documents. Figures should be of sufficient resolution to enable 

refereeing. 

 There are no strict formatting requirements, but all manuscripts must contain the 

essential elements needed to evaluate a manuscript: abstract, author affiliation, figures, 

tables, funder information, and references. Further details may be requested upon 

acceptance. 

 References can be in any style or format, so long as a consistent scholarly citation 

format is applied. Author name(s), journal or book title, article or chapter title, year of 

publication, volume and issue (where appropriate) and page numbers are essential. All 

bibliographic entries must contain a corresponding in-text citation. The addition of DOI 

(Digital Object Identifier) numbers is recommended but not essential. 

 The journal reference style will be applied to the paper post-acceptance by Taylor & 

Francis. 

 Spelling can be US or UK English so long as usage is consistent.

http://authorservices.taylorandfrancis.com/ethics-for-authors/
http://www.icmje.org/urm_main.html
http://www.icmje.org/urm_main.html
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Note that, regardless of the file format of the original submission, an editable version of 

the article must be supplied at the revision stage. 

Taylor & Francis Editing Services 

To help you improve your manuscript and prepare it for submission, Taylor & Francis 

provides a range of editing services. Choose from options such as English Language 

Editing, which will ensure that your article is free of spelling and grammar errors, 

Translation, and Artwork Preparation. For more information, including pricing, visit 

this website. 

Checklist: What to Include 

1. Author details. Please ensure everyone meeting the International Committee of 

Medical Journal Editors (ICMJE) requirements for authorship is included as an author 

of your paper. All authors of a manuscript should include their full name and affiliation 

on the cover page of the manuscript. Where available, please also include ORCiDs and 

social media handles (Facebook, Twitter or LinkedIn). One author will need to be 
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