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Resumo 
 

 



 

 

ARAUJO H.C.  Efeitos antibiofilme e citotóxico de um novo nanosistema carreador 

de clorexidina e fluconazol. 2022 79f. Tese (Doutorado em Ciências, área de Saúde Bucal 

da Criança) - Faculdade de Odontologia de Araçatuba, Universidade Estadual Paulista, 

Araçatuba 2022.  

 

Os objetivos do presente estudo foram montar e caracterizar um novo nanocarreador dual 

de clorexidina (CLX) e fluconazol (FLZ), bem como avaliar seu efeito sobre biofilmes 

microcosmos e sua citotoxicidade sobre queratinócitos orais. Para montar o 

nanocarreador dual, CLX e FLZ foram adicionados a nanopartículas de óxido de ferro 

(NPsOF) previamente revestidas por quitosana (QTS), seguido de um processo de 

solubilização sob agitação magnética. O nanocarreador foi, então, caracterizado por 

microscopia eletrônica de transmissão, difração de raios X, espectroscopia no 

infravermelho por transformada de Fourier e análise termogravimétrica. A suscetibilidade 

de Candida albicans e Candida glabrata no estado planctônico ao nanocarreador dual foi 

determinada pelos valores de concentração inibitória mínima, utilizando o método da 

microdiluição em caldo. Um pool de saliva de 2 doadores saudáveis suplementado com 

espécies de Candida foi usado como inóculo para a formação de biofilmes microcosmos. 

Os biofilmes foram cultivados (72 h) sobre discos de vidro posicionados no Amsterdam 

Active Attachment model e tratados (24 h) com NPsOF-QTS carreando 39 µg/mL de CLX 

+ 156 µg/mL de FLZ (NPsOF-QTS-CLX39-FLZ156), 78 µg/mL de CLX + 312 µg/mL 

de FLZ (NPsOF-QTS-CLX78-FLZ312) e 156 µg/mL de CLX + 624 µg/mL de FLZ 

(NPsOF-QTS-CLX156-FLZ624). NPsOF (218,5 µg/mL), QTS (218,5 µg/mL) e 156 

µg/mL de CLX + 624 µg/mL de FLZ (CLX156-FLZ624) foram testados como controles. 

Posteriormente, foram realizadas as análises de quantificação das unidades formadoras 

de colônias (UFCs), produção de ácido lático (LA), composição da matriz extracelular 

(ME) e viabilidade celular por microscopia confocal de varredura a laser (MCVL). Para 

o ensaio de citotoxicidade, queratinócitos orais humanos (linhagem NOKsi) foram 

expostos a diferentes concentrações do nanocarreador dual, por 24 ou 48 h, e a viabilidade 

celular foi determinada pelo ensaio de redução de MTT. Os dados foram analisados por 

ANOVA ou teste de Kruskal-Wallis, seguidos dos testes de Fisher LSD ou Tukey (α = 

0,05). Os testes de caracterização físico-química mostraram que um nanocarreador dual 

com dimensões em torno de 6 nm foi obtido, sem comprometer a propriedade cristalina 

Resumo 



e a estabilidade de NPsOF. Os compostos que formam o nanocarreador estabeleceram 

uma interação sinérgica em relação ao efeito sobre células planctônicas de Candida. Para 

os ensaios de biofilme, NPsOF-QTS-CLX156-FLZ624 foi o composto mais eficaz na 

redução de UFCs de Streptococcus mutans, Lactobacillus spp., C. albicans e C. glabrata, 

diferindo significativamente dos outros grupos, e esses achados foram confirmados por 

MCVL. NPsOF-QTS-CLX39-FLZ156, NPsOF-QTS-CLX78-FLZ312 e CLX156-

FLZ624 mostraram efeitos antibiofilme similares. O nanocarreador dual também reduziu 

significativamente a produção de AL e a quantidade de carboidratos e ácidos nucleicos 

da ME. Um efeito citotóxico dose-dependente sobre queratinócitos orais foi observado 

para o nanocarreador dual, independentemente do período de exposição testado (24 ou 48 

h). NPsOF-QTS-CLX-FLZ e CLX-FLZ reduziram significativamente a viabilidade dos 

queratinócitos em concentrações de CLX e FLZ iguais ou superiores a 7,8 e 31,25 µg/mL, 

respectivamente. Por fim, a nanoterapia testada no presente estudo é promissora e 

constitui um grande avanço dentro dos métodos alternativos aos antimicrobianos 

tradicionais para o controle da candidíase oral. 

 

Palavras-chave: Biofilmes; Clorexidina; Fluconazol; Nanopartículas magnéticas de 

óxido de ferro; Queratinócitos; Quitosana; Toxicidade. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Abstract 
  



 

 

ARAUJO H.C.  Antibiofilm and cytotoxic effects of a new nanocarrier of 

chlorhexidine and fluconazole. 2022 79f. Tese (Doutorado em Ciências, área de Saúde 

Bucal da Criança) - Faculdade de Odontologia de Araçatuba, Universidade Estadual 

Paulista, Araçatuba 2022.  

 

The objectives of the present study were to assemble and characterize a new dual 

nanocarrier of chlorhexidine (CHX) and fluconazole (FLZ), and evaluate its effect on 

microcosm biofilms and its cytotoxicity against oral keratinocytes. To assemble the dual 

nanocarrier, CHX and FLZ were added to iron oxide nanoparticles (IONPs) previously 

coated by chitosan (CS), followed by a solubilization process under magnetic stirring. 

The nanocarrier was then characterized by transmission electron microscopy, X-ray 

diffraction, Fourier transform infrared spectroscopy, and thermogravimetric analysis. The 

susceptibility of Candida albicans and Candida glabrata in the planktonic state to the 

dual nanocarrier was determined by the minimum inhibitory concentration values, using 

the broth microdilution method. A saliva pool from 2 healthy donors supplemented with 

Candida species was used as an inoculum for microcosm biofilm formation. Biofilms 

were grown (72 h) on glass discs positioned in the Amsterdam Active Attachment model 

and treated (24 h) with IONPs-CS carrying 39 µg/mL CHX + 156 µg/mL FLZ (IONPs-

CS-CHX39-FLZ156), 78 µg/mL CHX + 312 µg/mL FLZ (IONPs-CS-CHX78-FLZ312), 

and 156 µg/mL CHX + 624 µg/mL FLZ (IONPs-CS-CHX156-FLZ624). IONPs at 218.5 

µg/mL, 218.5 µg/mL CS, and 156 µg/mL CHX + 624 µg/mL FLZ (CHX156-FLZ624) 

were tested as controls. Next, analyses of the quantification of colony-forming units 

(CFUs), lactic acid production (LA), composition of the extracellular matrix (EM), and 

viability by confocal laser scanning microscopy (CLSM) were performed. For the 

cytotoxicity assay, human oral keratinocytes (NOKsi lineage) were exposed to different 

concentrations of the dual nanocarrier, for 24 or 48 h, and cell viability was determined 

by the MTT reduction assay. Data were analyzed by ANOVA or Kruskal-Wallis test, 

followed by Fisher LSD or Tukey tests (α = 0.05). The physico-chemical characterization 

tests showed that a dual nanocarrier with dimensions around 6 nm was assembled, without 

compromising the crystalline property and stability of IONPs. The compounds that form 

the nanocarrier established a synergistic interaction in relation to the effect on Candida 

planktonic cells. Regarding biofilm assays, IONPs-CS-CHX156-FLZ624 was the most 
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effective compound in reducing CFUs from Streptococcus mutans, Lactobacillus spp., C. 

albicans, and C. glabrata, differing significantly from the other groups, and these findings 

were confirmed by CLSM. IONPs-CS-CHX39-FLZ156, IONPs-CS-CHX78-FLZ312, 

and CHX156-FLZ624 showed similar antibiofilm effects. The dual nanocarrier also 

significantly reduced LA production and the amount of carbohydrates and nucleic acids 

from the EM. A dose-dependent cytotoxic effect against oral keratinocytes was observed 

for the dual nanocarrier, regardless of the exposure period tested (24 or 48 h). IONPs-CS-

CHX-FLZ and CHX-FLZ significantly reduced keratinocyte viability at CHX and FLZ 

concentrations equal to or greater than 7.8 and 31.25 µg/mL, respectively. In conclusion, 

the nanotherapy tested in the current study is promising and constitutes a major advance 

in alternative methods to traditional antimicrobials for oral candidiasis control. 

 

Keywords: Biofilms; Chitosan; Chlorhexidine; Fluconazole; Keratinocytes; Magnetic 

iron oxide nanoparticles; Toxicity. 
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Dual nanocarrier of chlorhexidine and fluconazole: physico-chemical characterization and 

effects on microcosm biofilms and oral keratinocytes 

Abstract 

This study assembled a dual nanocarrier of chlorhexidine (CHX) and fluconazole (FLZ) and 

evaluated its effects on microcosm biofilms and oral keratinocytes. CHX and FLZ were added to 

iron oxide nanoparticles (IONPs) coated by chitosan (CS), and the nanocarrier was physico-

chemically characterized. Saliva pool from healthy donors supplemented with Candida spp. was 

used as inoculum for biofilm formation. Preformed biofilms (72 h) were then treated (24 h) with 

IONPs-CS carrying different concentrations of CHX (39, 78 or 156 µg/mL) and FLZ (156, 312 or 

624 µg/mL). Next, biofilms were analyzed by colony-forming units (CFUs), lactic acid production 

(LA), composition of the extracellular matrix (EM), and confocal laser scanning microscopy 

(CLSM). Regarding cytotoxicity, human oral keratinocytes (NOKsi lineage) were exposed to 

different concentrations of the dual nanocarrier, for 24 or 48 h, and cell viability was determined 

by MTT reduction assay. Data were analyzed by ANOVA or Kruskal-Wallis test, followed by 

Fisher LSD or Tukey tests (α = 0.05). A dual nanocarrier with dimensions around 6 nm was 

effectively assembled. IONPs-CS carrying 156 µg/mL CHX and 624 µg/mL FLZ was the most 

effective compound in reducing CFUs from microcosm biofilms, and these findings were 

confirmed by CLSM. The nanocarrier also reduced LA production and components from the EM. 

A dose-dependent cytotoxic effect against oral keratinocytes was observed for the nanocarrier, 

regardless of the exposure period evaluated. In conclusion, the dual nanocarrier tested here is 

promising and constitutes a major advance in alternative methods to traditional antimicrobials for 

oral candidiasis control. 

 

Keywords: Biofilms; Chitosan; Chlorhexidine; Fluconazole; Keratinocytes; Magnetic iron oxide 

nanoparticles; Toxicity. 
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Introduction 

The oral cavity harbors a diverse range of at least 2000 microorganisms, and approximately 

100 species are routinely found [1,2], either in the planktonic state or forming biofilms on biotic 

and abiotic surfaces [3]. Oral biofilms are complex, heterogeneous, highly organized microbial 

consortia protected by an extracellular matrix of polysaccharides, proteins, and nucleic acids [4]. 

Biofilm formation is a growing challenge in the biomedical area since in dysbiosis situations it can 

lead to chronic tissue infections, such as cases of oral candidiasis. 

Denture stomatitis is a type of oral candidiasis induced by the use of removable dentures 

and characterized by the presence of both erythemas under the denture support areas and fungal 

colonization of the prosthetic material and mucosal tissues [5]. Candida albicans is the main fungal 

species associated with this pathology [6], however, non-albicans Candida species such as C. 

glabrata, C. tropicalis, and C. parapsilosis may also be related to the disease pathogenesis [7]. The 

ability to form biofilms [8] together with the production of phospholipases and proteinases, besides 

the hemolytic activity [9,10], are important virulence traits of Candida species. These species also 

form inter-kingdom polymicrobial biofilms with other bacterial species, which makes their control 

and eradication difficult [11]. 

For oral candidiasis management, topical or systemic antifungals may be used. Treatment 

with these medicines is aimed at curing oral lesions but may lead to side effects such as 

gastrointestinal and liver disorders [10]. Although fluconazole (FLZ) is the most widely used 

systemic antifungal, some Candida species are resistant to azoles [12,13], particularly C. krusei 

and C. glabrata [14-16]. Furthermore, its fungistatic activity can lead to C. albicans resistance, 

especially if this species is forming biofilms [8] or if the antifungal agent is used for long periods 

of time, with consequent recurrence of infection [17]. This resistance may be intrinsic to antifungal 

therapy and/or acquired during treatment [18]. Factors such as impaired immune function, 

underlying diseases, reduced drug bioavailability, and increased drug metabolism may be 

responsible for Candida resistance to conventional antifungals [18]. Another concern related to 
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FLZ refers to its cytotoxic potential, as previously reported for human fibroblasts and lung 

epithelial lineage cells [19]. 

In addition to antifungals, antimicrobial mouthwashes are used to control oral candidiasis, 

such as chlorhexidine (CHX). This antimicrobial agent acts against bacteria, fungi, and hyphae [20-

22]. For C. albicans oral isolates in the planktonic state, CHX is able to act as a fungicidal agent 

[23], causing damage to microbial cell membranes/walls [24]. However, when tested on biofilms, 

CHX has a limited effect due to the difficulty of reaching the deeper layers [25]. Staining of oral 

tissues and rehabilitative materials, as well as taste disturbances [22] are among the main 

disadvantages of CHX. This antimicrobial at 0.2 and 2% is also highly cytotoxic to human gingival 

fibroblasts [26] and human endothelial cells [27]. 

In view of the aforementioned context, topical formulations based on carrier nanoparticles 

have been investigated as alternative nanotherapies in the control of oral infections, aiming both to 

increase the antibiofilm effects and to reduce the side effects of conventional antimicrobials. In this 

sense, iron oxide nanoparticles (IONPs) have been used as carriers of different classes of medicines 

because they have a greater area of reactivity and ability to cross cells and physical barriers of the 

biofilm and tissues, delivering drugs directly to specific targets [28]. In addition, IONPs may be 

coated with natural polymers, such as chitosan (CS), to stabilize and functionalize the set of 

nanoparticles with medicines [29,30]. This use of CS as a shell of IONPs is related to the favorable 

biological properties of CS, such as biocompatibility, antimicrobial action [31], and 

mucoadhesiveness [32]. 

In the medical field, the use of IONPs as dual carriers of chemotherapeutics has been 

recently described [33,34]. Cisplatin and metformin [34], as well as doxorubicin and cisplatin [33] 

were simultaneously carried by IONPs, showing that dual nanocarriers are more effective than 

medicines carried alone for cancer treatment. In Dentistry, CS-coated IONPs carrying CHX [35,36] 

or FLZ separately [37-39] showed similar or superior antibiofilm effects compared with the 

medicines applied alone (without nanocarrier) on Streptococcus mutans, Enterococcus faecalis, 
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and Candida species in single, dual-species or polymicrobial biofilm models. Despite the potential 

and promising results reported above, the effects of a dual nanocarrier of CHX and FLZ on Candida 

species in polymicrobial biofilms and on oral keratinocytes remain unknown. Consequently, the 

aims of this study were to prepare and characterize a novel dual nanocarrier of CHX and FLZ based 

on CS-coated IONPs, as well as to evaluate its effect on Candida species in salivary microcosm 

biofilms and its cytotoxicity on oral keratinocytes. 

 

Material and methods 

Preparation and characterization of the dual nanocarrier 

CHX, FLZ, and CS were purchased from Sigma-Aldrich (Saint Louis, MO, USA), while 

the colloidal suspension of IONPs at 5000 µg/mL was kindly provided by nChemi (Engenharia de 

Materiais, São Carlos, São Paulo, Brazil). The preparation and characterization steps of the dual 

nanocarrier were based on the protocols previously described by Vieira et al. [35] and de Lima et 

al. [37], with minor modifications. Briefly, CS was solubilized in 2% acetic acid under constant 

stirring for 24 h at room temperature. Subsequently, the coating of IONPs with CS was achieved 

by mixing equal volumes and concentrations (1400 µg/mL) of both compounds. To obtain the dual 

nanocarrier IONPs-CS-CHX-FLZ, 500 and 2000 µg of CHX and FLZ, respectively, were added to 

the compound IONPs-CS (700 µg/mL), followed by a 1 h solubilization process under magnetic 

stirring at room temperature. The physico-chemical characterization of the nanocarrier was 

performed by transmission electron microscopy (TEM; JEOL JEM 2100, Tokyo, Japan), X-ray 

diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), and thermogravimetric 

analysis (TGA). The mean particle size of IONPs, IONPs-CS, and IONPs-CS-CHX-FLZ was 

calculated from the XRD results, using the Debye Scherrer equation, as previously detailed [40].  

 

Candida strains and growth conditions 
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American Type Culture Collection (ATCC) strains of C. albicans (ATCC 10231) and C. 

glabrata (ATCC 90030) were used in the present study. Both Candida species were cultivated on 

Sabouraud dextrose agar (Difco, Le Pont de Claix, France) at 37 °C for 48 h. Then, colonies of 

each species were individually inserted into polypropylene tubes containing 30 mL of Sabourand 

dextrose broth (Difco) and incubated overnight (37 ºC) in an orbital shaker (120 rpm) under aerobic 

conditions. Finally, the tubes were centrifuged (8000 rpm, 5 min), the cell pellets were washed 3× 

with phosphate-buffered saline (PBS; 0.1 M, pH 7.0), and the fungal cell concentration was 

adjusted for 1 × 107 cells/mL in human saliva with the assistance of a Neubauer chamber. 

 

Determination of the minimum inhibitory concentration (MIC) 

The broth microdilution method was employed to determine the MICs of the dual 

nanocarrier IONPs-QTS-CHX-FLZ against Candida strains, following the document M27-A3 of 

the Clinical Laboratory Standards Institute [41], with minor modifications. The nanocarrier 

colloidal suspension was diluted in geometric order in deionized water and subsequently in Roswell 

Park Memorial Institute culture medium (RPMI 1640; Sigma-Aldrich) (1:5). Cell suspensions of 

C. albicans and C. glabrata were adjusted to standard 0.5 on the McFarland scale and diluted in 

0.85% saline (1:5) and in RPMI 1640 culture medium (1:20). Next, 100 μL of each yeast 

suspension were added to the wells of a 96-well U-bottom plate (OLEN-KASVI, São José dos 

Pinhais, PR, Brazil) containing 100 μL of each previously diluted nanocarrier concentration. The 

final concentrations of CHX and FLZ in the nanocarrier ranged from 0.09-50 μg/mL and 0.19-100 

μg/mL, respectively. IONPs (0.97-500 μg/mL), CS (0.54-140 μg/mL), CHX (0.09-50 μg/mL), and 

FLZ (0.19-100 μg/mL) were separately tested as controls. After incubation of the plates for 48 h at 

37 °C, the MIC values were visually determined (100% inhibition of fungal growth). In addition, 

the fractional inhibitory concentration index (FICI) was calculated based on the MIC values to 

ascertain the type of interaction established among the components of the dual nanocarrier, as 

previously detailed [42]. 
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Human saliva collection 

This study was approved by the local Ethics Committee (CAAE:10330919.4.0000.5420) 

and the volunteers signed the Free and Informed Consent Form before saliva collection. Two 

healthy adult volunteers, non-smokers, without systemic diseases and who did not use systemic 

antibiotics (in the last 6 months) or oral antimicrobials in the form of mouthwash (in the last month) 

participated in the study [43]. Donors were instructed not to consume alcoholic beverages and not 

to brush their teeth the night before and on the day of collection. At the time of collection (morning 

period), volunteers were fasting for at least 2 h [43] and chewed a flexible film (Parafilm® M, 

Sigma-Aldrich) to boost saliva production [44], which was stored in polypropylene tubes (on ice). 

Samples from the two participants were dispensed into a single tube, forming a saliva pool [45]. 

This pool was then diluted (1:1) with 60 % glycerol, aliquoted into centrifuge microtubes, and 

stored at - 80 ºC until use [45]. 

 

Microcosm biofilm formation and treatment with the dual nanocarrier 

The microbial inoculum for microcosm biofilm formation was prepared by diluting (1:50) 

the saliva pool in McBain medium [46] supplemented with 0.2% sucrose [45]. This previous 

inoculum was then supplemented with C. albicans and C. glabrata, both at 1 × 107 cells/mL, 

forming the final microbial inoculum. The purpose of this supplementation was to reproduce a 

microcosm of oral candidiasis [38]. A 1.5 mL volume of the final inoculum was added to the wells 

of a 24-well plate (Falcon®; Corning Incorporated-Life Sciences, New York, NY, USA), which 

was closed with the stainless steel lid of the Amsterdam Active Attachment model (AAA). Glass 

discs (12 mm in diameter; Menzel, Braunschweig, Germany) were fixed in the inner position of 

this steel lid, which served as surfaces for biofilm formation [45]. The plate + steel lid assembly 

was anaerobically incubated (Anaerobac; Probac do Brasil Produtos Bacteriológicos Ltda., São 

Paulo, Brazil) at 37 °C for 8 h. After this period, the AAA model lid was placed on a new 24-well 
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plate containing 1.5 mL of fresh McBain supplemented with 0.2% sucrose, followed by anaerobic 

incubation for 16 h. The culture medium was renewed daily, until biofilm formation for 72 h. 

Subsequently, the dual nanocarrier was diluted in McBain medium to obtain 39, 78, and 

156 µg/mL of CHX and 156, 312, and 624 µg/mL of FLZ generating the nanocarriers IONPs-CS-

CHX39-FLZ156, IONPs-CS-CHX78-FLZ312, and IONPs-CS-CHX156-FLZ624. These 

concentrations are equivalent to 100-, 200-, and 400-fold the lowest MIC value of the nanocarrier. 

For biofilm treatment, 1.5 mL of each nanocarrier suspension was added to the wells of a new 24-

well plate. This plate was then closed with the AAA model lid containing the glass discs with the 

biofilms, and incubated in anaerobic conditions for 24 h (37 ºC). Biofilms were also treated with 

IONP and CS alone, both at 218.5 µg/mL and with 156 µg/mL CHX + 624 µg/mL FLZ (CHX156-

FLZ624) without nanocarrier. The exposure of biofilms for 24 h to pure McBain medium 

corresponded to the negative control group (NC). 

 

Biofilm quantification assays 

To quantify the colony-forming units (CFUs), the glass discs were removed from the AAA 

model lid, washed 3 times with PBS, and inserted into polypropylene tubes with 1 mL of PBS. The 

microcosm biofilms were detached from the glass discs by sonication (2 min) and vortexing (1 

min). After, the obtained polymicrobial suspension was diluted in PBS and plated on specific 

culture media to quantify total aerobic and anaerobic organisms, C. albicans, C. glabrata, 

Streptococcus mutans, and Lactobacillus spp., as detailed by Caldeirão et al. [38]. The plates were 

incubated at 37 °C for 48-72 h and the results were presented as Log10 CFU/mL. 

The components of the extracellular matrix (proteins, carbohydrates, and nucleic acids) 

were also quantified. For this, the resulting biofilms after treatment with the different compounds 

were processed as detailed in a previous study [38], and the liquid phase of the matrix was separated 

from the cell pellet by filtration (0.22 µm filter). The tubes containing the cell pellets were stored 

in an oven until the complete drying, and a constant dry weight of the biofilm was obtained. The 
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protein content of the extracellular matrix was quantified by the bicinchoninic acid method (BCA 

kit; Sigma-Aldrich), using a standard curve of bovine serum albumin [47]. Total carbohydrate 

concentration was measured by the sulfuric acid-phenol method [48], based on a standard curve 

with different glucose concentrations. In turn, the total nucleic acid concentration was evaluated 

by a NanoDrop spectrophotometer (Eon Microplate Spectrophotometer; Bio Tek, Winooski, USA) 

at wavelengths of 260 nm and 280 nm [49]. The values for each component of the extracellular 

matrix were normalized by the biofilm dry weight and expressed as mg/g dry weight. 

For lactic acid quantification, the AAA model lid was transferred to a new 24-well plate 

containing buffered peptone water (BPW; 1.5 mL/well) supplemented with 0.2% glucose [45]. 

After incubation of this plate in anaerobic conditions for 3 h at 37 °C, the enzyme lactate 

dehydrogenase (Sigma-Aldrich) was used to establish the lactate concentration in the BPW 

solution, with absorbance reading at 340 nm [50]. A standard curve of sodium L-lactate (Sigma- 

Aldrich) was constructed with concentrations ranging from 0 to 10 mM. 

 

Structural and viability analyses of the biofilm by confocal laser scanning microscopy (CLSM) 

The resulting microcosm biofilms after treatment with nanocarriers and controls were 

washed with PBS and exposed to the fluorescent dyes SYTO9 and propidium iodide from the 

FilmTracer™ Live/Dead™ Biofilm Viability Kit (Invitrogen, Life Technologies Corporation, 

Eugene, OR, USA), following the protocols recommended by the manufacturer. Next, the biofilms 

were examined under a confocal microscope (Nikon C2/C2si, Tokyo, Japan) at × 20 magnification, 

according to previously reported parameters [51]. For each experimental group, three 2D images 

were obtained, which were processed using ImageJ software (Rasband, W.S., ImageJ, U.S. 

National Institutes of Health, Bethesda, MD, USA). Cell viability was also evaluated by CLSM. 

For this, the red fluorescence intensity (dead cells) was divided by the total fluorescence intensity 

(live and dead cells), and the results were represented as % dead cells/total cells [38,39]. 
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Cell cytotoxicity assay 

Human oral keratinocytes of the NOKsi lineage were used in the cytotoxicity assay of the 

nanocarriers, and the cultivation of these cells was based on previously described protocols [36,52], 

with some modifications. In summary, this cell line was cultivated in Dulbecco's Modified Eagle's 

Medium (DMEM; Gibco, Invitrogen Life Technologies, Carlsbad, CA, USA) at 37 °C under 

microaerophilic conditions (5% CO2) until reaching a confluence of 90-100%. Next, the cells were 

seeded in 24-well plates at a concentration of 1×105 cells/mL/well and incubated for 24 h. After 

this period, the pure DMEM medium was replaced by 500 µL of fresh DMEM containing the dual 

nanocarrier with CHX and FLZ concentrations ranging from 0-250 µg/mL and 0-1000 µg/mL, 

respectively, and the plates were incubated for 24 or 48 h. DMEM containing IONPs (0-700 

µg/mL) and CS (0-700 µg/mL) alone, as well as the combination of CHX (0-250 µg/mL) with FLZ 

(0-1000) without nanocarrier were also placed in contact with the oral keratinocytes. Cells exposed 

to pure DMEM medium were considered as negative control (NC). Cell viability after each 

exposure period (24 or 48 h) was evaluated by the colorimetric MTT (3-(4,5-dimethylthiazol-2-

yl)-2,5-diphenyltetrazolium bromide; Sigma-Aldrich) reduction assay, following the protocol 

described by Mosmann [53]. Results were presented as a percentage of cell viability in relation to 

NC. 

 

Statistical analysis 

All microbiological and cytotoxic assays were conducted in triplicate on at least three 

different days. The data showed normal distribution by the Shapiro-Wilk test, except for the CS 

cytotoxicity assay. Biofilm results were evaluated by one-way Analysis of Variance (ANOVA) and 

Fisher LSD’s post hoc test, while cytotoxicity data were submitted to two-way ANOVA and 

Tukey's post hoc test. The CS cytotoxicity results were analyzed by the Kruskal-Wallis and Tukey 

tests. The statistical program used in data analysis was SigmaPlot (version 12.0; Systat Software 

Inc. San Jose, USA), with a significance level of 5%. 
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Results 

Characterization of the dual nanocarrier 

For IONPs alone, TEM analysis showed a cluster of nanoparticles formed by particles 

smaller than 20 nm (Fig. 1A). This cluster made it impossible to accurately characterize the IONPs 

shape. For IONPs-CS-CHX-FLZ, however, the particles were more dispersed and with a 

predominantly spherical shape, maintaining a diameter smaller than 20 nm (Fig. 1B). 

IONPs, IONPs-CS, and IONPs-CS-CHX-FLZ were also analyzed by XRD, and the results 

are represented in Figure 1C. The six typical peaks of magnetite (Fe3O4) with spinel structure were 

observed at 30.1, 35.5, 43.1, 53.5, 57, and 62.6°, representing the indices (220), (311), (400), (422), 

(511), and (440), respectively (JCPDS 86-1352). The crystallographic planes symbolized by the 

diffractograms of the three compounds were similar, indicating that the functionalization of IONPS 

with CS, CHX, and FLZ did not change the crystalline structure of IONPs. According to the Debye-

Scherrer equation, the estimated sizes of IONPs, IONPs-CS, and IONPs-CS-CHX-FLZ were 5.69, 

6.15, and 6.07 nm, respectively. 

Figure 1 D shows the FTIR spectra for IONPs, IONPs-CS, and IONPs-CS-CHX-FLZ. For 

IONPs, the absorption peaks at 582 cm-1 and 638 cm-1 indicate the binding of iron with oxygen 

(Fe-O; stretching vibration), confirming the formation of IONPs [54]. The coating of IONPs with 

CS was also confirmed since peaks at 1382 and 1636 cm-1 were detected in the IONPs-CS sample, 

which may correspond to C-O and C=O bonds (amide group of CS), respectively [55]. 

Furthermore, peaks at 1413 and 1636 cm-1 may also represent the stretching vibration of C-H 

present in the pyranoside ring of CS [35,55]. For IONPs-CS-CHX-FLZ, the representative bands 

of IONPs-CS were maintained, while the presence of CHX was confirmed by its characteristic 

peaks in the range from 1100 to 1600 cm-1, which refer to the stretching vibrations C=N and C-N-

C [56]. The peak around 1093 cm-1 indicates the binding of Cl to the aromatic functional group of 
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CHX [35]. In turn, the presence of FLZ in the nanocarrier sample may be attributed to the C-F bond 

represented by the peaks close to 1000 cm-1 [37]. 

Regarding the thermal behavior of the samples, IONPs lost approximately 42% of the mass 

in the temperature range from 25 to 800 °C (Fig. 1E), which may be linked to the decomposition 

of the polyethylene glycol present on the nanoparticle surfaces. On the other hand, when IONPs 

were coated with CS, the total mass loss of the IONPs-CS compound was higher (73%) compared 

to IONPs in their free form (Fig. 1E). From this result, it was possible to infer that CS effectively 

bound to IONPs, generating a compound with approximately 31% CS. The thermal curve of 

IONPs-CS-CHX-FLZ showed the highest mass loss among the tested compounds (~83%), 

confirming the effective conjugation of CHX and FLZ to the CS-coated IONPs (Fig. 1E). For the 

dual nanocarrier sample, mass losses between 100-250 °C and above 250 °C reflected the 

evaporation of adsorbed water molecules and decomposition of CS, CHX, and FLZ, respectively 

(Fig.1E). 

 

MIC determination 

When IONPs, CS, CHX, and FLZ were tested in combination, forming the dual nanocarrier, 

the MIC values were reduced compared to those obtained for each compound alone, for both 

Candida species tested (Table 1). The compounds that form the nanocarrier established a 

synergistic interaction in relation to the effect on Candida planktonic cells (Table 1). 

 

Microcosm biofilm quantification assays 

For the CFU quantification assay, the IONPs-CS-CHX156-FLZ624 nanocarrier showed the 

best antibiofilm effect against the evaluated microorganisms, significantly differing from the other 

compounds (Fig. 2). When compared to NC, IONPs-CS-CHX156-FLZ624 led to reductions in the 

number of CFUs of 4.81-, 3.38-, 4.79-, 1.9-, 4.54-, and 4.40-log10, respectively for total anaerobes, 

total aerobes, Streptococcus mutans, Lactobacillus spp., C. albicans, and C. glabrata (p < 0.001; 



38 
 

Fig. 2). For total anaerobes, total aerobes, C. albicans, and C. glabrata, treatments with CHX156-

FLZ624, IONPs-CS-CHX39-FLZ156, and IONPs-CS-CHX78-FLZ312 did not differ from each 

other and led to significant reductions in CFUs ranging from 1.25- to 2.94-log10 (Fig. 2A), 2.02- to 

2.34-log10 (Fig. 2B), 1.87- to 2.12-log10 (Fig. 2E), and 1.68- to 1.87-log10 (Fig. 2F), respectively, 

compared to NC. Regarding the cultivable cells of Streptococcus mutans and Lactobacillus spp., 

CHX156-FLZ624 and IONPs-CS-CHX78-FLZ312 behaved similarly and promoted significant 

reductions ranging from 2.75- to 2.99-log10 (Fig. 2C) and 0.46- to 0.98-log10 (Fig. 2D), respectively, 

compared to NC. 

For the quantification of extracellular matrix proteins, all compounds were statistically 

similar to NC, except CHX156-FLZ624, which led to a significant 3.6-fold increase (Table 2). For 

carbohydrate content, however, IONPs, CS, and the dual nanocarrier led to significant reductions 

compared to NC (Table 2). The greatest reductions in carbohydrate levels compared to NC were 

obtained after treatment with IONPs-CS-CHX39-FLZ156 (70.7%; p < 0.001), IONPs-CS-CHX78-

FLZ312 (78.4%; p < 0.001), and IONPs-CS-CHX156-FLZ624 (77.4%; p < 0.001). On the other 

hand, CHX156-FLZ624 promoted an approximately 2-fold increase in carbohydrate content 

compared to NC (p < 0.001; Table 2). For the extracellular matrix nucleic acid content, treatments 

with CS, IONPs-CS-CHX78-FLZ312, and IONPs-CS-CHX156-FLZ624 promoted reductions of 

28.1% (p = 0.032), 37.8% (p = 0.005), and 60.7% (p < 0.001), respectively, compared to NC (Table 

2).  

All compounds tested also significantly reduced lactic acid production compared to NC, 

with reduction percentages ranging from 78.2 to 89.4% (p < 0.001; Fig. 3). 

 

Structural and viability analyses of the biofilm by CLSM 

The CLSM images showed biofilms with a structural arrangement formed by clusters of 

microbial cells (bacteria and fungi) partially covering the surfaces of the glass discs, regardless of 

the analyzed group (Fig. 4). It was also possible to observe greater intensity of red fluorescence, 
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which is indicative of dead cells, in the resulting biofilms after treatment with CHX156-FLZ624 

(Fig. 4D), IONPs-CS-CHX39-FLZ156 (Fig. 4E), IONPs-CS-CHX78-FLZ312 (Fig. 4F), and 

IONPs-CS-CHX156-FLZ624 (Fig. 4G). In turn, the quantitative analysis showed that treatments 

with CS, CHX156-FLZ624, IONPs-CS-CHX39-FLZ156, and IONPs-CS-CHX78-FLZ312 were 

similar to each other and led to increases in the percentage of dead cells ranging from 34.6 to 

45.1%, compared to NC (p < 0.001; Fig. 4H). The highest percentage of dead cells (76.3%) was 

observed after treatment of the biofilm with IONPs-CS-CHX156-FLZ624, significantly differing 

from all other treatments (Fig. 4H). 

 

Cell cytotoxicity assay 

For IONPs, only the concentration of 700 µg/mL was cytotoxic, reducing cell viability by 

60.8 and 50.6% (p < 0.001) compared to NC, respectively for 24 and 48 h of exposure (Fig. 5A). 

For CS, however, concentrations greater than 87.5 µg/mL drastically reduced (~ 90%; p < 0.001) 

cell viability compared to NC, regardless of the exposure period evaluated (Fig. 5B). Comparing 

24 and 48 h, CS at 87.5 and 350 µg/mL was significantly less toxic for the shortest exposure period 

(Fig. 5B). The combination of CHX/FLZ at concentrations ranging from 15.6/62.5 to 250/1000 

µg/mL significantly reduced the viability of oral keratinocytes compared to NC, for all exposure 

periods evaluated. These reductions ranged from 38.7 to 94.6%, with a dose-dependent cytotoxic 

effect (Fig. 5C). Specifically, for the concentration range from 7.8/31.25 to 250/1000 µg/mL, the 

CHX/FLZ compound was more cytotoxic when in contact with keratinocytes for 48 h compared to 

the 24 h exposure period (Fig. 5C). For the dual nanocarrier, significant reductions in cell viability 

compared to NC were also observed for CHX/FLZ concentrations in the range of 15.6/62.5 to 

250/1000 µg/mL, for both exposure periods (Fig. 5D). However, the cytotoxic effect of the 

nanocarrier was more abrupt compared to that found for CHX/FLZ without nanocarrier, 

considering that the reduction in cell viability reached values above 77% for the concentration of 

15.6/62.5 µg/mL, for both exposure periods (Fig. 5D). Comparing the exposure periods, the 
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nanocarrier at 7.8/31.25 µg/mL was significantly more cytotoxic after 48 h of exposure. Significant 

but less marked differences were also observed for concentrations of 15.6/62.5 and 125/500 µg/mL, 

with greater cytotoxicity after 48 h of exposure (Fig. 5D). 

 

Discussion 

The physico-chemical characterization tests employed in the current study showed that a 

dual nanocarrier with dimensions around 6 nm was actually assembled and that the coating of 

IONPs with CS and the binding of CHX and FLZ to the core-shell nanostructure did not 

compromise the crystalline property and stability of the core (IONPs). In fact, it was possible to 

observe by TEM that the nanoparticles were more dispersed in the nanocarrier sample compared 

to those present in the pure colloidal suspension of IONPs (Fig. 1A and B). For the successful 

assembly of the dual nanocarrier, it is important that the compounds establish interactions between 

atoms or electrostatics. In this sense, the multiple positively charged amine groups on the surface 

of the CS are the true connecting links responsible for nanocarrier formation. These groups interact 

with the oxygen from IONPs [36] and are also attracted by negative groups from nanoparticles 

[57]. In addition, CS has a high capacity to chelate metal ions [58]. The presence of CS coating the 

IONPs then prevents the aggregation of nanoparticles, considering that this functionalization 

promotes electrostatic repulsion between nanoparticles coated by positive charge [28]. The amine 

group from CS also establishes a chemical bond with the nitrogen of the imine group from CHX 

[36] and with the -OH or -F groups present in FLZ [37,40], thus forming the nanocarrier. 

Consequently, CS stabilizes IONPs and still serves as a scaffold for CHX and FLZ anchorage, 

protecting medicines from degradation. 

Regarding the antimicrobial effect on Candida planktonic cells, the MIC values for IONPs, 

CS, CHX, and FLZ forming the dual nanocarrier were lower than those found for their counterparts 

in the free form (without nanocarrier), resulting in a synergistic antifungal effect (Table 1). A 

similar trend was noted in a previous study comparing the MIC values of FLZ alone or carried by 
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CS-coated IONPs [37]. However, when this same core-shell structure carried only CHX, an 

indifferent antimicrobial effect in comparison to the medicine alone was observed on C. albicans, 

S. mutans, C. glabrata, and E. faecalis in the planktonic state [35,36]. Given these findings, it 

seems reasonable to assume that the presence of FLZ is essential for the synergistic effect of the 

dual nanocarrier tested in the present study, potentiating the antimicrobial effect of the other 

compounds. Thus, this synergistic antifungal effect may be a reflection of the sum of the 

antimicrobial action mechanisms of IONPs, CS, CHX, and FLZ, which may act on different targets. 

IONPs inhibit the expression of the ERG11 gene involved in the biosynthesis of ergosterol in the 

Candida plasmatic membrane [59] and generate intracellular reactive oxygen species (ROS) that 

cause DNA and protein damage in bacterial and fungal cells [60,61]. The antimicrobial effect of 

CS, however, is related to an interaction caused by electrostatic adsorption between its positive 

charge and the negative charge of microbial cells, which favors the entry of CS inside the cells, 

preventing DNA transcription [62]. The positive charge of CHX is also attracted by the negative 

microbial charge, leading to the formation of pores in the cell membrane followed by cytoplasmic 

coagulation and escape of this content to the extracellular environment [24,63]. On the other hand, 

FLZ blocks the ergosterol biosynthetic pathway, inhibiting the enzyme CYP45O lanosterol 14-α-

demethylase and preventing the conversion of lanosterol to ergosterol in the fungal cell membrane 

[17,64]. 

After the planktonic cell susceptibility assay, the dual nanocarrier at different 

concentrations was evaluated on polymicrobial biofilms simulating a microcosm of oral 

candidiasis, following the same biofilm formation protocol proposed by Caldeirão et al. [38]. For 

CFU quantification of all microorganisms tested and for cell viability analysis by confocal 

microscopy, the nanocarrier IONPs-CS-CHX156-FLZ624 overcame the reducing effects promoted 

by the combination of CHX with FLZ (without nanocarrier) and significantly differed from all 

groups, resulting in a synergistic antibiofilm effect (Figs. 2 and 4). These effects are also related to 

the sum of the different mechanisms of antimicrobial action of the compounds present in the 
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nanocarrier, as previously discussed for MIC results. It is also believed that the core-shell 

nanostructure (IONPs-CS) has diffused through the different layers of the microcosm biofilms, 

facilitating the arrival of medicines (CHX and FLZ) in the deeper portions. This hypothesis is based 

on previous evidence reporting the visualization of Fe atoms by energy-dispersive X-ray 

spectroscopy in the basal layers of biofilms exposed to nanocarriers formed by CS-coated IONPs 

[35,37]. Probably, the transport of CHX with FLZ through the layers of the microcosm biofilm was 

also facilitated by the electrostatic attraction between CS and microbial cell membranes. 

Additionally, CS may increase the action time of medicines administered topically in the oral cavity 

as it is a mucoadhesive compound [65]. 

For all microorganisms quantified from the microcosm biofilm, the results also showed that 

it is possible to halve the concentrations of CHX and FLZ in the nanocarrier (IONPs-CS-CHX78-

FLZ312) and obtain the same antibiofilm effect generated by CHX156+FLZ624 (Figs. 2 and 4). 

These findings are relevant from a cytotoxic point of view, as they may directly reflect the reduction 

of side effects associated with the administration of CHX and FLZ. In this way, it is evident that 

nanocarriers have advantages compared to the administration of medicines in their free form, 

including a modification in pharmacokinetics, protection against rapid deterioration after 

administration, and improved medicine efficiency in the target area. 

Comparing the findings reported here with others previously published, discrepant results 

are noted. Thus, when FLZ was individually carried by IONPs-CS, the effects of the mono 

nanocarrier on single Candida biofilms did not differ from those found for the antifungal applied 

alone [37]. The same trend was found for a mono nanocarrier of CHX applied to S. mutans biofilms 

[35]. For C. albicans, however, IONPs-CS-CHX outperformed the antibiofilm effects of CHX 

alone, depending on the parameter analyzed [35]. Therefore, the construction of a dual nanocarrier 

containing CHX and FLZ is fundamental to improve the effects on microorganisms within 

polymicrobial and inter-kingdom consortia by involving medicines that act on different targets. 
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The results of CFUs and cell viability by confocal microscopy are also associated with the 

type of interaction established between bacteria and fungi within inter-kingdom biofilms. In this 

sense, C. albicans hyphae are essential to increase and maintain biofilm architecture’s complexity 

and serve as attachment points for other yeasts, hyphae, and bacteria [8]. Consequently, the 

complete eradication of C. albicans seen in the present study after biofilm treatment with IONPs-

CS-CHX156-FLZ624 may have contributed to the reduction in CFU numbers of total anaerobes 

and aerobes, S. mutans, Lactobacillus spp., and C. glabrata, considering that these species lost their 

Anchorage [66]. 

Another interesting finding of the present study was that the dual nanocarrier and the 

combination of CHX with FLZ in the free form significantly reduced lactic acid production 

compared to CN (Fig. 3). This result may be attributed mainly to the cell death of Lactobacillus 

spp. and S. mutans after exposure to these compounds, as these microorganisms are closely 

associated with acid production in oral biofilms. Although Candida species are not protagonists in 

the metabolism of sucrose and other sugars into lactic acid, when present in inter-kingdom biofilms 

with acidogenic microorganisms, they do not prevent the production of this type of acid by bacteria 

[67]. Thus, reductions in acid production have major clinical implications, as they could minimize 

both the emergence of carious lesions and the activation of acidic proteolytic exoenzymes produced 

by Candida species, which damage mucosal tissues in cases of oral candidiasis. It should also be 

noted that, although IONPs and CS alone had a not very expressive reducing effect on the viability 

and number of microcosm biofilm cells, these compounds significantly reduced lactic acid 

production, behaving similarly to the other compounds. The mechanisms that led to these effects 

remain unclear and should be explored in the future. 

The dual nanocarrier tested in the present study also showed the potential to affect the 

extracellular matrix of the microcosm biofilm, significantly reducing the concentrations of 

carbohydrates and nucleic acids (Table 2). These effects contribute to disorganizing the biofilm 

architecture, since carbohydrates represent one of the main constituents of the extracellular matrix, 
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while nucleic acids play an important role in the structural and protective properties of the matrix 

[8]. Consequently, a less compact polymicrobial community and less resistance to future 

antimicrobial challenges may have been obtained after exposure to the dual nanocarrier. The results 

of extracellular matrix composition are also related to those found for CFU quantification and cell 

viability by confocal microscopy, considering that the matrix degradation may have enabled the 

penetration of the nanostructure into the various layers of the biofilm, increasing CHX and FLZ 

antimicrobial efficacies. 

Regarding cytotoxicity, the viability of oral keratinocytes was dependent on the 

concentration of the dual nanocarrier, regardless of the exposure period tested (24 or 48 h; Fig. 5). 

Furthermore, in general, IONPs-CS-CHX-FLZ and CHX-FLZ significantly reduced keratinocyte 

viability at CHX and FLZ concentrations equal to or greater than 7.8 and 31.25 µg/mL, 

respectively. Taking into account that IONPs and CS reduced cell viability at concentrations equal 

to or greater than 700 and 87.5 µg/mL, respectively, it is plausible to assume that CHX and FLZ 

are primarily responsible for the cytotoxic effect of the dual nanocarrier, with less interference from 

the core-shell carrier structure. Similar results were previously reported when murine fibroblasts 

were exposed to mono nanocarriers of CHZ, FLZ, miconazole, and cetylpyridinium chloride 

[36,39,68]. The cytotoxic mechanisms of action of CHX and FLZ are varied and cell type 

dependent. For example, CHX may induce DNA damage in oral mucosal cells [69], lead to 

apoptotic and autophagic/necrotic death in osteoblasts [70], and cause an increase in oxidative 

stress and necrosis in human gingival fibroblasts [71]. In turn, FLZ may lead to DNA damage and 

mutagenicity in blood cells, in addition to increasing levels of TNF-α and reducing those of IL-6 

and IL-10 [72]. 

Analyzing the cytotoxicity results together with the microbiological findings, it is evident 

that the MIC values of the dual nanocarrier were not cytotoxic to oral keratinocytes. Otherwise, a 

contrary finding was observed for nanocarrier concentrations that were effective against microcosm 

biofilms. Given this scenario, the use of IONPs-CS carrying lower concentrations of CHX and FLZ 
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would represent a safer alternative for clinical use and with great potential to prevent the emergence 

of oral candidiasis, considering that the nanostructure could hinder biofilm formation due to the 

reduction of Candida planktonic cells. However, in clinical situations where oral candidiasis is 

already installed and associated with biofilm formation, the use of dual nanocarriers at higher 

concentrations would be necessary. Thus, further investigations exploring the effects of the 

nanocarrier on more complex models of oral epithelium, on the composition of the microcosm 

biofilm by next-generation sequencing, and the analysis of the CHX and FLZ release mode from 

the nanocarrier will provide guiding answers on the best administration form of dual nanocarrier-

containing formulations. 

 

Conclusions 

CHX and FLZ were conjugated to CS-coated IONPs, forming a dual nanocarrier with 

dimensions around 6 nm. This nanocarrier showed a synergistic antimicrobial effect on planktonic 

cells of C. albicans and C. glabrata, as well as on cultivable cells of polymicrobial biofilms 

simulating a microcosm of oral candidiasis. The dual nanocarrier also reduced lactic acid 

production by biofilm cells and levels of carbohydrates and nucleic acids in the extracellular matrix. 

For some of the parameters examined, the antibiofilm effects of the dual nanocarrier exceeded 

those promoted by the combination of CHX with FLZ in the free form. Furthermore, a dose-

dependent cytotoxic effect against oral keratinocytes was observed for the dual nanocarrier. 

Finally, the nanotherapy tested in the current study is promising and constitutes a major advance 

in alternative methods to traditional antimicrobials for oral candidiasis control. 
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Table 1. Susceptibility of Candida albicans and Candida glabrata planktonic cells to iron oxide nanoparticles (IONPs), chitosan (CS), chlorhexidine 

(CHX), and fluconazole (FLZ) in their free forms or as a dual nanocarrier. Susceptibility was determined by the minimal inhibitory concentration 

(MIC) values. 

 

Species 

MIC (µg/mL) 

 

FICI 

 

Classification 
Alone  Forming the nanocarrier 

IONPs CS CHX FLZ  IONPs CS CHX FLZ 

Candida 

albicans 
> 500 > 140 3.12 > 12.5  0.27-0.54 0.27-0.54 0.19- 0.39 0.78- 1.56 < 0.25 Synergism 

Candida 

glabrata 
> 500 > 140 3.12 > 50  0.54-1.09 0.54-1.09 0.39- 0.78 1.56- 3.12 < 0.32 Synergism 

Note: FICI, fractional inhibitory concentration index. 
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Table 2. Mean concentrations (standard deviation) of proteins, carbohydrates, and nucleic acids from the extracellular matrix of microcosm biofilms 

after exposure for 24 h to different compounds. Biofilms were exposed to 218.5 µg/mL iron oxide nanoparticles (IONPs), 218.5 µg/mL chitosan (CS), 

chlorhexidine (CHX) at 156 µg/mL + fluconazole (FLZ) at 624 µg/mL (CHX156-FLZ624), and IONPs-CS carrying 39 µg/mL CHX + 156 µg/mL 

FLZ (IONPs-CS-CHX39-FLZ156), 78 µg/mL CHX + 312 µg/mL FLZ (IONPs-CS-CHX78-FLZ312), and 156 µg/mL CHX + 624 µg/mL FLZ 

(IONPs-CS-CHX156-FLZ624). The exposure of biofilms for 24 h to pure McBain medium corresponds to the negative control (NC). 

 

 

 

Matrix 

components 

(mg/g of biofilm 

dry weight) 

Compounds 

 

Negative 

control 

 

Iron oxide 

nanoparticles 

(IONPs) 

 

Chitosan 

(CS) 

 

Chlorehxidine- 

Fluconazole 

(CHX156-FLZ624) 

 

IONPs-CS-

CHX39-

FLZ156 

 

IONPs-CS-

CHX78-

FLZ312 

 

IONPs-CS-

CHX156-

FLZ624 

Proteins 3.41 

(1.31)ab 

6.50 

(0.58)a 

5.14 

(3.55)ab 

12.38 

(2.64)c 

1.59 

(0.30)b 

2.45 

(0.33)b 

1.34 

(1.10)b 

Carbohydrates 256.70 

(39.62)a 

183.26 

(6.32)b 

111.22 

(72.31)c 

519.0 

(29.90)d 

75.18 

(18.57)c 

55.43 

(29.62)c 

57.94 

(5.85)c 

Nucleic acids 8.28 

(1.02)a 

9.94 

(1.62)a 

5.95 

(0.94)b 

8.44 

(0.96)a 

8.10 

(1.83)a 

5.15 

(0.93)bc 

3.25 

(0.61)c 

Note: for proteins, carbohydrates, and nucleic acids, separately, different lowercase letters symbolize significant differences among compounds (one-

way ANOVA and Fisher LSD’s post hoc test; p < 0.05). 
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Figure 1. Transmission electron microscopy of iron oxide nanoparticles (IONPs; image 

A) and chitosan (CS)-coated IONPs carrying chlorhexidine (CHX) and fluconazole 

(FLZ), forming the dual nanocarrier (image B). X-ray diffraction patterns (image C), 

Fourier transform infrared spectroscopy (image D), and thermogravimetric curves (image 

E) for IONPs, IONPs-CS, and IONPs-CS-CHX-FLZ.  
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Figure 2. Effects of dual nanocarriers and controls on the quantification of colony-

forming units (Log10 CFU/mL) of total anaerobes (A), total aerobes (B), Streptococcus 

mutans (C), Lactobacillus spp. (D), Candida albicans (E), and Candida glabrata (F) from 

salivary microcosm biofilms. Biofilms were developed during 72 h and treated for 24 h 

with the following compounds: 218.5 µg/mL iron oxide nanoparticles (IONPs), 218.5 

µg/mL chitosan (CS), chlorhexidine (CHX) at 156 µg/mL combined with fluconazole 

(FLZ) at 624 µg/mL (CHX156-FLZ624), and IONPs-CS carrying 39 µg/mL CHX + 156 

µg/mL FLZ (IONPs-CS-CHX39-FLZ156), 78 µg/mL CHX + 312 µg/mL FLZ (IONPs-

CS-CHX78-FLZ312), and 156 µg/mL CHX + 624 µg/mL FLZ (IONPs-CS-CHX156-

FLZ624). Biofilm exposure for 24 h to pure McBain medium corresponds to the negative 

control (NC). The error bars depict the standard deviations of the means. For each 

microorganism evaluated, different lowercase letters show significant differences among 

compounds (one-way ANOVA and Fisher LSD's test; p < 0.05). 
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Figure 3. Mean concentrations of lactic acid (mM) produced by microcosm biofilms after 

treatment with different compounds. Biofilms were developed during 72 h and treated for 

24 h with the following compounds: 218.5 µg/mL iron oxide nanoparticles (IONPs), 

218.5 µg/mL chitosan (CS), chlorhexidine (CHX) at 156 µg/mL combined with 

fluconazole (FLZ) at 624 µg/mL (CHX156-FLZ624), and IONPs-CS carrying 39 µg/mL 

CHX + 156 µg/mL FLZ (IONPs-CS-CHX39-FLZ156), 78 µg/mL CHX + 312 µg/mL 

FLZ (IONPs-CS-CHX78-FLZ312), and 156 µg/mL CHX + 624 µg/mL FLZ (IONPs-CS-

CHX156-FLZ624). Biofilm exposure for 24 h to pure McBain medium corresponds to 

the negative control (NC). The error bars depict the standard deviations of the means. 

Different lowercase letters show significant differences among compounds (one-way 

ANOVA and Fisher LSD's test; p < 0.05). 
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Figure 4. Structural and viability analyses of the microcosm biofilm by confocal laser 

scanning microscopy. Biofilms were developed during 72 h and treated for 24 h with the 

following compounds: 218.5 µg/mL iron oxide nanoparticles (IONPs; image B), 218.5 

µg/mL chitosan (CS; image C), chlorhexidine (CHX) at 156 µg/mL combined with 

fluconazole (FLZ) at 624 µg/mL (CHX156-FLZ624; image D), and IONPs-CS carrying 

39 µg/mL CHX + 156 µg/mL FLZ (IONPs-CS-CHX39-FLZ156; image E), 78 µg/mL 

CHX + 312 µg/mL FLZ (IONPs-CS-CHX78-FLZ312; image F), and 156 µg/mL CHX + 

624 µg/mL FLZ (IONPs-CS-CHX156-FLZ624; image G). Biofilm exposure for 24 h to 

pure McBain medium corresponds to the negative control (NC; image A). Live and dead 

cells emit green and red fluorescences, respectively. Magnification: 20×. The quantitative 

analysis of cell viability (% of dead cells/total cells) is represented in image H, and 

different lowercase letters show significant differences among compounds (one-way 

ANOVA and Fisher LSD's test; p < 0.05). 
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Figure 5. Percentages of viable human oral keratinocytes (NOKsi lineage) determined by 

the MTT reduction assay after 24 or 48 h of exposure to the following compounds: iron 

oxide nanoparticles (IONPs; image A), chitosan (CS; image B), chlorhexidine (CHX; 

0.12-250 µg/mL) combined with fluconazole (FLZ; 0.48-1000 µg/mL; image C), and CS-

coated IONPs carrying CHX/FLZ (0.12/0.48 to 250/1000 µg/mL; image D). 

Keratinocytes exposed to pure DMEM medium were considered as negative control 

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

concentrations of the compounds, respectively for 24 and 48 h of exposure. Asterisks (*) 

depict significant differences between 24 and 48 h of exposure, for each concentration of 

the compounds (two-way ANOVA or Kruskal-Wallis test followed by Tukey's test; p < 

0.05).  
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ANEXO A 

*Normas da revista na qual será submetido o artigo desta tese (Colloids and Surfaces B: 

Biointerfaces).  

Author Guidelines (Colloids and Surfaces B: Biointerfaces) 

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 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 

https://www.journals.elsevier.com/colloid-and-interface-science-communications
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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 and animation sequences 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. 

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 

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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For further information, visit our Support Center. 

 

Ethics in publishing  

Please see our information on Ethics in publishing. 

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 

Research Council's Guide for the Care and Use of Laboratory Animals 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 competing interest 

Corresponding authors, on behalf of all the authors of a submission, 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. All authors, including 

those without competing interests to declare, should provide the relevant information to 

the corresponding author (which, where relevant, may specify they have nothing to 

declare). Corresponding authors should then use this tool to create a shared statement and 

upload to the submission system at the Attach Files step. Please do not convert the .docx 

template to another file type. Author signatures are not required. 

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 

https://service.elsevier.com/app/home/supporthub/publishing/
https://www.elsevier.com/about/policies/publishing-ethics#Authors
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/
https://www.who.int/gender-equity-rights/understanding/gender-definition/en/
https://www.nc3rs.org.uk/arrive-guidelines
https://ec.europa.eu/environment/chemicals/lab_animals/legislation_en.htm
https://grants.nih.gov/grants/olaw/guide-for-the-care-and-use-of-laboratory-animals.pdf
https://declarations.elsevier.com/home
https://www.elsevier.com/about/policies/publishing-ethics#Authors
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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 compliance, your article may be checked by Crossref 

Similarity Check and other originality or duplicate checking software. 

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). 

Preprint posting on SSRN 

In support of Open Science, this journal offers its authors a free preprint posting service. 

Preprints provide early registration and dissemination of your research, which facilitates 

early citations and collaboration. 

During submission to Editorial Manager, you can choose to release your manuscript 

publicly as a preprint on the preprint server SSRN once it enters peer-review with the 

journal. Your choice will have no effect on the editorial process or outcome with the 

journal. Please note that the corresponding author is expected to seek approval from all 

co-authors before agreeing to release the manuscript publicly on SSRN. 

You will be notified via email when your preprint is posted online and a Digital Object 

Identifier (DOI) is assigned. Your preprint will remain globally available free to read 

whether the journal accepts or rejects your manuscript. 

For more information about posting to SSRN, please consult the SSRN Terms of 

Use and FAQs. 

 

Use of inclusive language 

Inclusive language acknowledges diversity, conveys respect to all people, is sensitive to 

differences, and promotes equal opportunities. Content should make no assumptions 

about the beliefs or commitments of any reader; contain nothing which might imply that 

one individual is superior to another on the grounds of age, gender, race, ethnicity, culture, 

sexual orientation, disability or health condition; and use inclusive language throughout. 

Authors should ensure that writing is free from bias, stereotypes, slang, reference to 

dominant culture and/or cultural assumptions. We advise to seek gender neutrality by 

using plural nouns ("clinicians, patients/clients") as default/wherever possible to avoid 

using "he, she," or "he/she." We recommend avoiding the use of descriptors that refer to 

personal attributes such as age, gender, race, ethnicity, culture, sexual orientation, 

disability or health condition unless they are relevant and valid. When coding terminology 

is used, we recommend to avoid offensive or exclusionary terms such as "master", 

"slave", "blacklist" and "whitelist". We suggest using alternatives that are more 

appropriate and (self-) explanatory such as "primary", "secondary", "blocklist" and 

"allowlist". These guidelines are meant as a point of reference to help identify appropriate 

language but are by no means exhaustive or definitive. 

https://www.elsevier.com/editors/perk/plagiarism-complaints/plagiarism-detection
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
https://www.elsevier.com/open-science
https://www.elsevier.com/solutions/ssrn
https://www.ssrn.com/index.cfm/en/
https://www.ssrn.com/index.cfm/en/terms-of-use/
https://www.ssrn.com/index.cfm/en/terms-of-use/
https://www.ssrn.com/index.cfm/en/ssrn-faq/
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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. 

Article transfer service 

This journal uses the Elsevier Article Transfer Service to find the best home for your 

manuscript. This means that if an editor feels your manuscript is more suitable for an 

alternative journal, you might be asked to consider transferring the manuscript to such a 

journal. The recommendation might be provided by a Journal Editor, a 

dedicated Scientific Managing Editor, a tool assisted recommendation, or a combination. 

If you agree, your manuscript will be transferred, though you will have the opportunity 

to make changes to the manuscript before the submission is complete. Please note that 

your manuscript will be independently reviewed by the new journal. More information. 

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. 

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 

https://www.elsevier.com/authors/journal-authors/policies-and-ethics/credit-author-statement
https://www.elsevier.com/authors/journal-authors/policies-and-ethics/credit-author-statement
https://www.elsevier.com/authors/submit-your-paper/submit-and-revise/article-transfer-service/scientific-managing-editors
https://www.elsevier.com/authors/submit-your-paper/submit-and-revise/article-transfer-service
https://www.elsevier.com/about/policies/copyright
https://www.elsevier.com/about/policies/copyright/permissions
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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 a '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, it is recommended to state this. 

Open access 

Please visit our Open Access page 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 

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 

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://www.elsevier.com/journals/colloids-and-surfaces-b-biointerfaces/0927-7765/open-access-options
https://researcheracademy.elsevier.com/
https://webshop.elsevier.com/language-editing-services/language-editing/
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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 Editorial Manager website 

at: https://www.editorialmanager.com/colsub/default.aspx . 

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. 

 

Queries 

 

For questions about the editorial process (including the status of manuscripts under 

review) or for technical support on submissions, please visit our Support Center. 

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. 
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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 

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 anonymized 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. Editors are not involved 

in decisions about papers which they have written themselves or have been written by 

family members or colleagues or which relate to products or services in which the editor 

has an interest. Any such submission is subject to all of the journal's usual procedures, 

with peer review handled independently of the relevant editor and their research 

groups. 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 

researcher. Methods that are already published should be summarized, and indicated by 
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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 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. 
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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. 

 

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. 

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 
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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: 
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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, it is recommended to 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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Electronic artwork 
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• 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 
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A detailed guide on electronic artwork is available. 

You are urged to visit this site; some excerpts from the detailed information are 
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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. 

Please do not: 

• Supply files that are optimized for screen use (e.g., GIF, BMP, PICT, WPG); these 
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addition to color reproduction in print. 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. 
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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 
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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. 

Preprint references 

Where a preprint has subsequently become available as a peer-reviewed publication, the 

formal publication should be used as the reference. If there are preprints that are central 

to your work or that cover crucial developments in the topic, but are not yet formally 

published, these may be referenced. Preprints should be clearly marked as such, for 

example by including the word preprint, or the name of the preprint server, as part of the 

reference. The preprint DOI should also be provided. 

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 
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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. 

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 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-
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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. 

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 

corrections on a previous version. Please switch off the 'Track Changes' option in 

Microsoft Office files as these will appear in the published version. 
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Research data 

This journal requires 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. When 

sharing data in one of these ways, you are expected 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. 

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). 

Research Elements  

This journal enables you to publish research objects related to your original research – 

such as data, methods, protocols, software and hardware – as an additional paper in 

Research Elements. 

Research Elements is a suite of peer-reviewed, open access journals which make your 

research objects findable, accessible and reusable. Articles place research objects into 

context by providing detailed descriptions of objects and their application, and linking to 

the associated original research articles. Research Elements articles can be prepared by 

you, or by one of your collaborators. 

During submission, you will be alerted to the opportunity to prepare and submit a 

Research Elements article. 

More information can be found on the Research Elements page. 
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Data statement 

To foster transparency, we require you to state the availability of your data in your 

submission if your data is unavailable to access or unsuitable to post. This may also be a 

requirement of your funding body or institution. You will have the opportunity to provide 

a data statement during the submission process. 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 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. 

 
 

Visit the Elsevier Support Center to find the answers you need. Here you will find 

everything from Frequently Asked Questions to ways to get in touch. 

You can also check the status of your submitted article or find out when your accepted 

article will be published 
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