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Resumo

VIEIRA, A.P.M. Sintese e avaliacdo do efeito antibiofilme de um novo
nanosistema composto por nanoparticulas magnéticas de oxido de ferro,
quitosana e clorexidina. 2018 55f. Dissertagcdo (Mestrado em Ciéncia
Odontolégica, area de Saude Bucal da Crianca) - Faculdade de Odontologia de
Aracatuba, Universidade Estadual Paulista, Aracatuba 2018.

Objetivo: Este estudo sintetizou um novo nanosistema carreador de clorexidina
(CLX) baseado em nanoparticulas magnéticas de o6xido de ferro (NMOFs) e
quitosana (QS), e avaliou seu efeito antimicrobiano sobre biofiimes de Candida
albicans e Streptococcus mutans: Metodologia: O nanosistema NMOFs-QS-CLX foi
preparado pela interagdo de CLX sobre NMOFs revestidas com QS, e caracterizado
por difracdo de raios X, espectroscopia de absor¢cdo na regido do infravermelho
médio com transformada de Fourier, microscopia eletrbnica de transmissédo e
dispersdo dinamica de luz. A concentracao inibitéria minima (CIM) do nanosistema
NMOFs-QS-CLX capaz de inibir as cepas no estado planctonico foi determinada de
acordo com o método de microdiluicdo em caldo. Na sequéncia, biofilmes simples e
mistos de C. albicans e S. mutans foram formados durante 24 horas em pocos de
placas de 96 pocos na presenca do nanosistema contendo CLX a 39 (NMOFs-QS-
CLX39) ou 78 pyg/mL (NMOFs-QS-CLX78). Ainda, biofilmes pré-formados (24 horas)
foram tratados durante 24 horas com o0 nanosistema nas mesmas concentragdes. O
efeito antibiofilme foi avaliado através da contagem do namero de células cultivaveis,
guantificacdo da biomassa total e avaliacdo da atividade metabdlica. Controles
apropriados foram incluidos em todas as analises. Os dados foram analisados pelo
teste de Kruskal-Wallis e por ANOVA a um critério, seguidos dos testes Student-
Newman-Keuls e Holm-Sidak, respectivamente (a = 0,05). Resultados: Os
resultados de caracterizagdo confirmaram a formacéo do nanosistema NMOFs-QS-
CLX, sem alteracdo das propriedades cristalinas das NMOFs. Além disso, as bandas
de absorcéo caracteristicas de cada composto foram identificadas no espectro do
infravermelho, e o diametro médio do nanosistema foi menor que 40 nm. Os
resultados de CIM mostraram que o0 nanosistema foi ligeiramente mais efetivo do

que a CLX na inibicdo do crescimento dos microrganismos testados. Biofilmes



formados na presenga do nanosistema NMOFs-QS-CLX39 atingiram patamares
quantitativos similares aqueles observados para CLX a 78 ug/mL. Ainda, para os
biofilmes simples e mistos, o nanosistema NMOFs-QS-CLX78 mostrou efeitos
redutores superiores ou similares aqueles encontrados para CLX a 78 pg/mL e
NMOFs-QS-CLX39. Conclusao: O nanosistema NMOFs-QS-CLX foi efetivo tanto
na inibicdo da formacdo de biofilmes como sobre biofilmes pré-formados de C.
albicans e S. mutans em culturas simples ou mistas. O desenvolvimento desse
nanosistema instaura inumeras possibilidades para exploracéo de terapias baseadas
em nanoparticulas magnéticas como carreadoras de drogas usadas na area médico-

odontolégica.

Palavras-chave: Clorexidina, nanoparticulas, sistemas de entrega de drogas,

biofilmes, Candida albicans, Streptococcus mutans.



Abstract

VIEIRA, A.P.M. Synthesis and evaluation of the antibiofilm effect of a new
nanosystem composed by iron oxide magnetic nanoparticles, chitosan and
chlorhexidine. 2018 55f. Dissertacao (Mestrado em Ciéncia Odontoldgica, &rea de
Saude Bucal da Crianga) - Faculdade de Odontologia de Aracatuba, Universidade
Estadual Paulista, Aracatuba 2018.

Aim: This study synthesized a new chlorhexidine(CHX)-carrier nanosystem based on
iron oxide magnetic nanoparticles (IONPs) and chitosan (CS), as well as evaluated
its antimicrobial effect on biofilms of Candida albicans and Streptococcus mutans.
Method: The IONPs-CS-CHX nanosystem was prepared by CHX interaction to CS-
coated IONPs and characterized by X-ray powder diffraction, Fourier transform
infrared spectroscopy, transmission electron microscopy and dynamic light
scattering. Minimum inhibitory concentration (MIC) of the IONPs-CS-CHX
nanosystem was determined according to the broth microdilution assay. After, mono-
and dual-species biofilms of C. albicans and S. mutans were formed for 24 hours into
wells of 96-well plates in the presence of the nanosystem containing CHX at 39
(IONPs-CS-CHX39) or 78 pg/mL (IONPs-CS-CHX78). Moreover, pre-formed biofilms
(24 h) were treated for 24 h with the nanosystem at the same concentrations. The
antibiofilm effect was determined by quantification of cultivable cells, total biomass
and metabolic activity. Appropriate controls were included in all analyzes. Data were
analyzed by Kruskal-Wallis’ test and one-way ANOVA, followed by Student-Newman-
Keuls and Holm-Sidak tests (a = 0.05). Results: Characterization results confirmed
the nanosystem formation without altering the crystalline properties of the IONPs. In
addition, the characteristic absorption bands of each compound were identified in the
infrared spectrum, and the mean diameter of the nanosystem was lower than 40 nm.
MIC results showed that the nanosystem was slightly more effective than CLX in
inhibiting the growth of the microorganisms tested. Biofilms formed in the presence of
IONPs-CS-CHX39 attained similar quantitative levels to those observed for CHX at
78 ug/mL. Further, for mono- and dual-species biofilms, IONPs-CS-CHX78 showed
similar or superior antibiofilm effects when compared with IONPs-CS-CHX39 and

free CHX at 78 pg/mL. Conclusion: The IONPs-CS-CHX nanosystem was able to



reduce biofilm formation and pre-formed biofilms of C. albicans and S. mutans in
single or mixed cultures. The development of this nanosystem establishes several
possibilities for exploration of magnetic nanoparticle-based therapy as drug carrier

used in health area.

Keywords: Chlorhexidine, nanoparticles, drug delivery systems, biofilms, Candida

albicans, Streptococcus mutans.
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Abstract

This study synthesized and characterized a chlorhexidine (CHX)-carrier
nanosystem based on iron oxide magnetic nanoparticles (IONPs) and chitosan
(CS), as well as evaluated its antimicrobial effect on mono- and dual-species
biofilms of Candida albicans and Streptococcus mutans. Physico-chemical
results confirmed the formation of a nanosystem with size smaller than 40 nm.
Antimicrobial susceptibility testing for planktonic cells showed that the strains
were slightly more susceptible to the nanosystem than to CHX alone. In
general, biofilm quantification assays (cultivable cells, total biomass and
metabolic activity) revealed that CHX-containing nanosystem at 78 pug ml™
displayed similar or superior antibiofilm effects when compared to its
counterpart at 39 pg mli* and free CHX at 78 pg mi™. These findings highlight
the potential of CS-coated IONPs as CHX carrier for fighting biofilm-associated

oral diseases.

Keywords: Chlorhexidine, magnetic nanoparticles, drug delivery systems,

biofilms, Candida albicans, Streptococcus mutans.
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Introduction

The oral cavity exhibits a complex microbiota in which microorganisms of several
species may be organized in well-structured communities, adhered to different
surfaces and enfolded by a matrix of self-synthesized exopolymeric material,
constituting the so-called oral biofilms (Remis et al. 2010). Biofilms constitute one of
the etiological factors of various diseases, such as dental caries and oral candidoses
(Beloin et al. 2014). Streptococcus mutans is considered a cariogenic bacterial
species responsible for dental caries due to its ability to tolerate and proliferate at low
pH, producing lactic acid through carbohydrate metabolism, which creates a
favorable environment to dental demineralization (Krzysciak et al. 2014). On the
other hand, Candida albicans is the main species of the genus Candida associated
with oral candidoses (Kulak et al. 1997). Usually, Candida species are commensal in
healthy individuals, but may become pathogenic in immunosuppressed and elderly
patients, as well as in complete denture wearers (Pittet et al. 1994; Kulak et al. 1997;
Zollner-Schwetz et al. 2008). Furthermore, synergistic interactions between S.
mutans and C. albicans may occur in oral biofilms, favoring dental caries
development and higher Candida adhesion to acrylic surfaces (Ribeiro et al. 2012;
Metwalli et al. 2013; Falsetta et al. 2014).

Chlorhexidine (CHX) is a drug widely employed against pathogenic oral
biofilms, being found in several oral health care products (Scheibler et al. 2017).
Although it has been regarded as a gold standard antimicrobial (Setu et al. 2011), it
has a limited effect on mature biofilms (Shen et al. 2011; Bonez et al. 2013; do Vale
et al. 2017) and may be toxic to different cell types (Tu et al. 2015; Abbaszadegan et

al. 2016). In addition, Bhardwaj et al. (2016) revealed that CHX induced expression
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of vancomycin resistant genes in Enterococcus faecium, which reinforces the
possibility of cross-resistance between CHX and antibiotics (Saleem et al. 2016;
Wand et al. 2017). All these aspects justify the search for alternative strategies to
improve CHX effectiveness on oral biofilms, reducing its concentration of use.

Within this context, nanotechnology has been employed as an excellent
alternative to improve the effect of antimicrobial agents by using drug delivery
nanosystems. Such systems may protect the drug from a rapid degradation or
release, thus increasing its bioavailability and reducing the dose required for
therapeutic success (Khan et al. 2015). Among the compounds used as drug
carriers, iron oxide magnetic nanoparticles (IONPs) draws attention due to their
higher surface energy, good reactivity and biocompatibility (Wilczewska et al. 2012;
Chatterjee et al. 2014; Li et al. 2016). Notably, IONPs surface may be coated with
different compounds for improving their biocompatibility and aiding in the stabilization
and functionalization of the generated nanosystems (Liakos et al. 2014; Hou et al.
2015). Chitosan (CS) is a biocompatible and biodegradable adhesive polymer (Kas
1997) widely used in the functionalization of IONPs (Assa et al. 2016; Mukherjee and
De 2016; Shi et al. 2016; Nehra et al. 2017). In addition to its antimicrobial and
hemostatic properties, CS is also a permeabilizer with good performance in drug
delivery to the oral mucosa (Senel et al. 2000; Badwan et al. 2015).

Recent studies have demonstrated great antimicrobial potential of
nanosystems based on IONPs (El Zowalaty et al. 2015; Gao et al. 2016; Tung le et
al. 2016; Nehra et al. 2017). El Zowalaty et al. (2015) reported a higher antimicrobial
activity of the IONPs-CS-Streptomycin nanosystem on Gram-negative than on Gram-
positive bacteria, also highlighting its action against Mycobacterium tuberculosis. In

turn, topical applications of catalytic IONPs plus hydrogen peroxide (H.O,) ceased
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the progression of carious lesions in rodents, whereas treatment with H,O, alone did
not show considerable effects (Gao et al. 2016). For CHX, however, no study
evaluated its antibiofilm effect when associated to CS-coated IONPs.

In view of the above, the aim of the present study was to synthesize a new
CHX-carrier nanosystem based on IONPs and CS, as well as to evaluate its
antimicrobial effect on C. albicans and S. mutans biofilms. The null hypothesis was
that the antimicrobial effect of the IONPs-CS-CHX nanosystem would not differ from

that found for CHX alone.

Materials and methods

Preparation of the IONPs-CS-CHX nanosystem

The colloidal suspension of IONPs (Fe3O, - magnetite) was kindly provided by
nChemi company, Sdo Carlos, Sdo Paulo, Brazil. A homogeneous CS (Sigma-
Aldrich, St. Louis, MO, USA) solution was prepared according to the protocol
described by Mengistu Lemma et al. (2016), with modifications. Briefly, CS was
solubilized in 2% acetic acid (Sigma-Aldrich) under constant magnetic stirring, during
24 h at room temperature. For IONPs coating with CS, 10 ml of colloidal IONPs at
1400 pg mi™ were added to 10 ml of CS solution at the same concentration, in a
simple mixing process. Next, CHX (500 ug; Sigma-Aldrich) was directly solubilized in
700 pg ml™ IONPs-CS and maintained under constant magnetic stirring (1 h) for

obtaining the IONPs-CS-CHX nanosystem.

Characterization assays
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X-ray powder diffraction (XRD) was used to characterize the crystalline structure of
the particles sample (Souza Neto et al. 2015). A Shimadzu XRD-6000 diffractometer
(Shimadzu, Tokyo, Japan) was employed in this analysis with CuKa radiation (1 =
1,54056 A), at 30 kV and 30 mA. Measurements were performed in the range of 10°
< 20 < 80° with continuous scanning at 2° min™. The structural identification of the
samples was performed by comparing the obtained diffractograms with standardized
tables available in "Powder Diffraction Standards - Powder Diffraction File (PDF)".
Fourier transform infrared spectroscopy (FTIR) was used to identify the functional
groups present in the samples of IONPS, IONPs-CS and IONPS-CS-CHX. All
spectra were recorded in the range of 4000-400 cm™, using the Spectrum 400
spectrometer (Perkin Elmer, Waltham, USA) (Souza Neto et al. 2015). In order to
obtain information regarding morphology and average size, transmission electron
microscopy (TEM) and dynamic light scattering (DLS) were used. Then, the samples
were deposited on a carbon coated 200 mesh copper grid, dried at room temperature
and analyzed in a transmission electron microscope (Tecnai G2 F20 HRTEM; FEI
Company, Hillsboro, USA) at 200 kV. Further, DLS was performed at a fixed angle of
173° on a Malvern Zetasizer Nano ZS (Malvern Instruments Ltd., Malvern, United

Kingdom) equipped with 50 mW 533 nm laser and a digital auto correlator.

Antimicrobial effect of the IONPs-CS-CHX nanosystem

Artificial saliva

Artificial saliva (AS; pH 6.8) was used as culture medium for biofilm formation,
according to the formulation recommended by Lamfon et al. (2003), with minor
alterations. Instead of glucose, AS was supplemented with 1% sucrose. All reagents

were purchased from Sigma-Aldrich.
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Strains and growth conditions

Two standard reference strains from American Type Culture Collection (ATCC) were
employed in the current study: C. albicans ATCC 10231 and S. mutans ATCC 25175.
Glycerol stock cultures of C. albicans and S. mutans stored at -80°C were streaked
onto Sabouraud Dextrose Agar (SDA; Difco, Le Pont de Claix, France) and Brain
Hearth Infusion Agar (BHI; Difco) plates, respectively. Aerobic cultivation was used
for C. albicans, while S. mutans was cultivated in 5% CO,, both at 37°C. After 24 h,
colonies of each strain were separately inoculated in Sabouraud Dextrose Broth
(SDB; Difco) and BHI broth (Difco), respectively for C. albicans and S. mutans, and
incubated overnight under the same conditions described above. Afterwards, the
cells of both species were harvested by centrifugation (8000 rpm, 5 min), washed
twice in phosphate buffered saline (PBS; pH 7, 0.1 mol I'") and resuspended in AS at
1 x 10" and 1 x 10® cells mI™, respectively for C. albicans and S. mutans, based on

the protocol described by Arias et al. (2016).

Determination of the minimum inhibitory concentration

The minimum inhibitory concentration (MIC) of the IONPs-CS-CHX nanosystem
against the tested strains was determined by the broth microdilution assay, as
detailed earlier (Arias et al. 2016). MIC values were defined as the lowest
concentration of the compound without visible microbial growth after 48 h. IONPs, CS
and CHX were also evaluated as controls. For this purpose, all compounds were
diluted in specific culture media to achieve the same concentrations obtained during
the dilution of the IONPs-CS-CHX nanosystem. All experiments were performed on

three different days, each in triplicate.
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Biofilm assays

The effects of the IONPs-CS-CHX nanosystem on mono- and dual-species biofilm
formation by C. albicans and S. mutans, as well as on pre-formed biofilms of these
species were assessed. For mono-species biofilm formation, 200 ul of inoculum (1 x
107 cells mI* in AS for C. albicans; 1 x 10° cells mI* in AS for S. mutans) were
pipetted in the wells of 96-well plates (Costar, Tewksbury, USA), while 100 ul of each
microbial suspension (2 x 10" cells mI™ for C. albicans + 2 x 10° cells mI* for S.
mutans) were inoculated together for dual-species biofilm formation (Arias et al.
2016). All microtiter plates were incubated during 2 h at 37°C in 5% CO,. Next, AS
was removed and the wells, washed once with PBS. The nanosystem was diluted in
AS to attain final CHX concentrations of 39 (IONPs-CS-CHX39) and 78 ug ml*
(IONPs-CS-CHX78), corresponding to 50- and 100-fold the lowest nanosystem MIC,
respectively. These compounds were then pipetted in the wells containing adhered
cells, and the plates were incubated for 24 h (37°C, 5% CO,) in order to allow biofilm
formation.

Regarding the effect on pre-formed biofilms, 200 ul of inoculum in single or
mixed cultures were inoculated into wells, as detailed above, and the plates were
incubated for 24 h. Posteriorly, 24-h biofilms were treated with the IONPs-CS-CHX39
and IONPs-CS-CHX78 nanosystems during 24 h. For both biofilm assays, 110 ug ml’
! IONPs, 110 pg mI* CS and 78 pyg mI* CHX were used as controls. Untreated

biofilm was considered the negative control (NC).

Quantification of cultivable cells, total biomass and metabolic activity
After the treatment periods, the resulting biofilms were washed with 200 pl of PBS to

remove unbound cells, resuspended in PBS and then scraped from the wells. Biofilm
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suspensions were homogenized by vortexing (90 s), serially diluted in PBS and
plated on specific culture media for mono- and dual-species cultures, as detailed
elsewhere (Arias et al. 2016; do Vale et al. 2017). The colony-forming units (CFUs)
were enumerated after 24-48 h of incubation, and a logarithmic transformation was
applied on the results. For quantification of total biomass and metabolic activity, the
well-established methods of crystal violet (CV) staining and XTT reduction were
employed, respectively, as previously described (Fernandes et al. 2016). Biofilm
guantification results were standardized according to the area of the wells (logio CFU

cm and absorbance cm™).

Structural analysis of biofilms

The effects of the IONPs-CS-CHX nanosystem on biofilm formation and on pre-
formed biofilms were also examined by scanning electron microscopy (SEM). Shortly,
dual-species biofilms of C. albicans and S. mutans were grown in 24-well plates
(Costar) containing 1 ml of standardized microbial suspension, and treated with
different concentrations of the nanosystem, as detailed above. Afterwards, biofilms
were processed according to a previously reported protocol (Fernandes et al. 2016),
and qualitatively analyzed in an electron microscope (FEG-VP Supra 35; Carl Zeiss,

Jena, Thiringen, Germany).

Statistical analysis

All biofilm experiments were performed in triplicate, on three different occasions.
SigmaPlot software (version 12.0; Systat Software Inc., San Jose, USA) was used in
the statistical analysis of the results obtained. For the effect on biofilm formation, the

results of C. albicans CFU in dual-species biofilm, as well as those of metabolic



23

activity of mono-species biofilm of S. mutans did not show a normal distribution
(Shapiro-Wilk’s test) and were analyzed by Kruskal-Wallis’ test followed by Student-
Newman-Keuls’ test (a = 0.05). For all other conditions, data showed normal
distribution (Shapiro-Wilk’s test), and significant differences among the treatments
were assessed by one-way analysis of variance (ANOVA) followed by Holm-Sidak’s

post-hoc test. P-values lower than 0.05 were reported as statistically significant.

Results

Characterization assays
The XRD patterns for IONPs, IONPs-CS, and IONPs-CS-CHX nanosystem are
represented in Figure la. All compounds showed typical peaks of face-centered
cubic system (PDF file n°® 86-1362) with crystallographic planes represented by the (1
11),220),(311),(400),(422),(511),(440), (620)and (53 3)indices,
characteristic of magnetite (FezO4) with a spinel structure. The diffractogram
observed for IONPs was similar to those found for IONPs-CS and IONPs-CS-CHX,
indicating that the amount of CS and CHX used in the nanosystem synthesis did not
modify the crystalline structural properties of the nanoparticles.

Figure 1 also shows the FTIR spectra for IONPs, IONPs-CS and IONPs-CS-
CHX. For IONPs (Fig. 1b), absorption peaks at approximately 3440 cm™ and 1635
cm™ migth be attributed to H-O-H stretching and deformation vibrations, respectively,
while the signal observed at 580 cm™ corresponds to the Fe-O stretching vibration,
which is characteristic of magnetite. Representative peaks of IONPs and CS were
observed in Figure 1c, indicating that the nanoparticles were effectively coated by the

polymer. The band at 3440 cm™ may also be associated with N-H and O-H stretching
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of CS (Fig. 1c). In the bands related to C-H stretching present in the CS pyranoside
ring, peaks around 2865 cm™ and 1410 cm™ might represent symmetrical and
asymmetrical vibrations (Fig. 1c). In addition, peaks close to 1650 cm™ and 1055 cm”
! might be attributed to C=0 (amide group of CS) and -C-O-C- (in glycosidic linkage)
stretching vibrations, respectively (Fig. 1c). It was possible to note that the main
absorption bands of IONPs and CS remained in the nanosystem FTIR spectrum after
CHX incorporation (Fig. 1d). Further, the occurrence of signals around 3300 cm™,
1550 cm™, 1080 cm™ and 835 cm™ might be assigned for N-H imines, N-H amine,
and both CI- and CH- bonded to aromatic functional group, respectively, which
confirm the presence of CHX in the nanosystem (Fig. 1d).

The morphology and size of the nanoparticles were observed by TEM and
DLS. As can be seen in Figure 2, IONPs had a predominantly spherical shape (Fig.
2a) with an average diameter of 21 + 7 nm (Fig. 2b). IONPs were completely covered
by CS, maintaining their spherical shape (Fig. 2c), and the average diameter of the
IONPs-CS compound was estimated at 29.9 + 10.7 nm (Fig. 2d). It was also possible
to observe that CHX was homogeneously distributed in the organic layer of CS on
IONPs (Fig. 2e), and the diameter of the IONPs-CS-CHX nanosystem was 33.6 +

10.7 nm (Fig. 2f).

Antimicrobial effect of the IONPs-CS-CHX nanosystem

MIC

For both species analyzed, MIC values of IONPs-CS-CHX were slightly lower than
those observed for CHX applied alone (Table 1). Regardless of the evaluated

compound, S. mutans was more susceptible than C. albicans. Moreover, IONPs and



25

CS were not able to inhibit C. albicans and S. mutans growth at the highest

concentration tested (140 pg ml™).

Effect on biofilm formation

Mono- and dual-species biofilms of C. albicans and S. mutans developed in the
presence of CHX, IONPs-CS-CHX39 and IONPs-CS-CHX78 displayed significantly
lower number of CFUs when compared to the NC (Table 2). In addition, nanosystems
showed statistically similar effects on CFUs in comparison to CHX, except for mono-
species biofilm of C. albicans, in which the reduction promoted by IONPs-CS-CHX78
(4.27-log1p) was statistically higher than that observed for CHX (1.77-logi0) and
IONPs-CS-CHX39 (1.80-logip), as compared to the NC. For all strains, IONPs and
CS did not significantly reduce the number of CFUs compared to the NC, except for
the treatment of S. mutans in mono-species culture with IONPs, which promoted a
significant decrease of 1.93-logio (p = 0.012).

For total biofilm biomass, the IONPs-CS-CHX78 nanosystem promoted the
highest reductions when compared to the NC, with values of 78.8 (p < 0.001), 63.4 (p
< 0.001) and 68.5% (p = 0.049), respectively for C. albicans, S. mutans and mixed
biofilms (Table 2). However, no significant differences were observed among CHX,
IONPs-CS-CHX39 and IONPs-CS-CHX78. Biofilms formed in the presence of IONPs
showed statistically similar biomass to that verified for the NC, whereas CS had a
significant reducing effect only for mono-species biofilms.

Comparing to the NC, C. albicans and dual-species biofilms grown in the
presence of CHX, IONPs-CS-CHX39 and IONPs-CS-CHX78 showed pronounced
reductions in the metabolic activity, ranging from 93.3 to 100% (p < 0.001), despite

the differences among the treatments were not significant (Table 2). However, the
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metabolism was not significantly reduced when those biofilms were formed in the
presence of IONPs and CS. For S. mutans, no treatment significantly reduced biofilm
metabolism in comparison to the NC.

Dual-species biofilm developed in the presence of IONPs (Fig. 3b) displayed
an arrangement similar to that noted for the NC (Fig. 3a), being characterized by
multilayers of hyphae covering the surfaces, few yeasts and agglomerates of cocci
attached to the fungal cells. Comparing to the NC, biofilms formed in the presence of
CS (Fig. 3c), CHX (Fig. 3d) and IONPs-CS-CHX39 (Fig. 3e) revealed less dense
structures, with lower and higher number of hyphae and yeasts, respectively. The
greatest disruption in biofilm formation was seen for IONPs-CS-CHX78, which

showed some yeasts and sparse cocci, both partially covering the surface (Fig. 3f).

Effect on pre-formed biofilms

Regarding the CFU quantification for C. albicans in mono-species biofilm, only the
treatments with CHX and nanosystems promoted significant reductions when
compared to the NC, and IONPs-CS-CHX78 was significantly more effective than
CHX and IONPs-CS-CHX39, achieving a 3.04-log;o decrease (Table 3). For this
fungus in dual-species biofilm, only the treatments with IONPs-CS-CHX39 and
IONPs-CS-CHX78 had significant effects on the number of CFUs, reaching
reductions of 1.57-logipo and 3.25-logso, respectively, as compared to the NC. It was
also possible to note a significant difference between these treatments (p = 0.004).
For S. mutans in mono- and dual-species biofilms, CHX, IONPs-CS-CHX39 and
IONPs-CS-CHX78 were effective in reducing the CFU number, attaining decreases

ranging from 3.06- to 5.85-log:9, compared to the NC.
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For mono-species biofilm of C. albicans, treatments with CS, CHX, IONPs-CS-
CHX39 and IONPs-CS-CHX78 promoted significant reductions in the total biomass of
19.6 (p = 0.033), 28.5 (p = 0.003), 29.1 (p = 0.003) and 44.3% (p < 0.001),
respectively, as compared to the NC (Table 3). Contrarily, no treatment significantly
decreased S. mutans biofilm biomass, whereas for dual-species biofilm only the
IONPs-CS-CHX78 nanosystem was able to promote a significant reduction in
comparison to the NC (44%; p = 0.008).

Treatment with the IONPs-CS-CHX78 nanosystem was more effective in
reducing C. albicans biofilm metabolism (94.9%; p < 0.001) than CHX (53%; p =
0.001), when compared to the NC (Table 3). Comparing to the NC, treatments with
CS, CHX, IONPs-CS-CHX39 and IONPs-CS-CHX78 exhibited significant decreases
in S. mutans biofilm metabolism, ranging from 92.6 to 98.7%, but without statistically
significant differences among these treatments. For dual-species biofilms, metabolic
activity was only significantly reduced after treatment with CHX (89.7%; p < 0.001)
and IONPs-CS-CHX78 (94.4%; p < 0.001), as compared to the NC, and these
treatments did not differ from each other.

The NC (Fig. 3g), IONPs (Fig. 3h) and CS (Fig. 3i) groups demonstrated a
compact arrangement of interconnected cellular elements (yeasts, hyphae and cocci)
totally covering the surfaces. After treatment with CHX (Fig. 3j) and IONPs-CS-
CHX39 (Fig. 3k), slightly less dense structures were observed when compared to the
NC, and the greatest disruption was seen for IONPs-CS-CHX78 (Fig. 3l). Energy
dispersive spectroscopy (EDS) mapping for biofilm treated with IONPs-CS-CHX78
(Fig. 3m-3q) showed the presence of C, O and Fe atoms. In addition, it was possible
to note Fe atoms (which are characteristic of IONPs) homogenously distributed in the

sample (Fig. 3n).
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Discussion

The growing microbial resistance to classical antibiotics has stimulated the
development of studies focusing on the creation of new compounds to combat
infectious diseases (Beloin et al. 2014). In this sense, the current study synthesized a
CHX-carrier nanosystem and evaluated its antibiofilm effect on two important oral
pathogens, aiming to potentiate the antimicrobial effect of one of the most commonly
used drugs in Dentistry (Bonez et al. 2013). The results allowed to partially reject the
null hypothesis, since C. albicans and S. mutans in planktonic state were slightly
more susceptible to the nanosystem than to CHX alone. In addition, the IONPs-CS-
CHX78 nanosystem showed superior antibiofilm effect when compared to CHX for
some of the parameters analyzed.

As for nanosystem synthesis, IONPs were superficially modified by CS and,
posteriorly, the IONPs-CS compound was charged with CHX. This method used in
the synthesis and functionalization was effective, as confirmed by all nanosystem
characterization assays (Figs. 1 and 2). IONPs coating with CS was performed in
acid medium, which might favor the electrostatic interactions and/or hydrogen bonds
between protonated groups of amines present in the CS and negatively charged
groups on IONPs surface (Assa et al. 2016). Also, CHX may have established
covalent bonds or chemical interactions with CS, given that CHX ability to bind to CS
was reported in a study where CHX-loaded CS microspheres were able to promote
prolonged release of the drug into oral cavity (Giunchedi et al. 2002).

MIC results showed that the IONPs-CS-CHX nanosystem was slightly more
effective at inhibiting microorganisms’ growth than free CHX, whereas the controls

(IONPs and CS) were not able to impede C. albicans and S. mutans growth (Table
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1). These findings reveal that there was no synergistic interaction among the
compounds present in the nanosystem against the microorganisms tested, but a
tendency of improvement of the CHX action when attached to CS-coated IONPs.
Previous studies have also reported an improved antimicrobial effect of some drugs
when carried by IONPs (Hussein-Al-Ali et al. 2014; Wang et al. 2017), including CHX
(Tokajuk et al. 2017). CHX is a biguanide derivative with broad spectrum of action
against bacteria and fungi. Its well-known mechanisms involve disturbances in
permeability or attacks on membranes with consequent protein denaturation,
respectively when at low or high concentrations (Karpinski and Szkaradkiewicz 2015;
Tokajuk et al. 2017). However, the functionalization of IONPs with CHX showed to be
able to modulate these mechanisms of action, being the induction of oxidative stress,
as well as the oxidation of cellular structures, additional mechanisms proposed when
CHX was associated with IONPs (Tokajuk et al. 2017).

As the maturation stage of a biofilm is determinant for its antimicrobial
susceptibility, the present study evaluated the effect of the IONPs-CS-CHX
nanosystem on biofilm formation and on pre-formed biofilms of C. albicans and S.
mutans. In general, quantification results for mono- and dual-species biofilms
revealed that IONPs-CS-CHX78 had similar or superior effects in comparison to CHX
alone (Tables 2 and 3). Furthermore, biofilms formed in the presence of IONPs-CS-
CHX39 attained similar quantitative levels to CHX at 78 pg ml* (Table 2). These
findings are extremely relevant and indicate that CHX binding to a magnetic
nanocarrier did not reduce its effectiveness against biofilms, and emphasize the
possibility of using nanosystems containing lower concentrations of CHX, which
might even decrease possible side effects related to this drug. Analyzing together all

biofilm quantification data, it is possible to infer that the reductions in total biomass
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promoted by CHX-containing compounds are related to decreases in CFU number
and in production of extracellular matrix. This last phenomenon might be a reflection
of the reductions in metabolic activity observed for mono- and dual-species biofilms.
Additionally, quantitative results are in line with SEM observations, where it was
possible to note that IONPs-CS-CHX78 promoted the most notable structural
changes in biofilms (Fig. 3).

For all biofilms evaluated, IONPs alone were not able to significantly decrease
the CFU number, total biomass and metabolic activity, when compared to NC (Tables
2 and 3). These results are conflicting with others described in the literature.
Borcherding et al. (2014), for instance, found that IONPs induced biofilm formation by
Pseudomonas aeruginosa. On the other hand, Chifiriuc et al. (2013) showed an
inhibitory effect of IONPs on the development of mature fungal biofilms. The strain
type as well as the IONPs concentration are factors that may interfere in the
antimicrobial effect (Dinali et al. 2017), which could explain the divergences noted in
the above-mentioned studies.

An inverse trend was observed for free CS, which exhibited significant
inhibitory effect on biomass and metabolism for some mono-species biofilms, despite
having no effect on the number of cells (Tables 2 and 3). Taken together, these
findings suggest a reducing effect of CS on biofilm extracellular matrix. A previous
study demonstrated that this polysaccharide inhibited C. albicans and S. mutans
growth at concentrations of 1.5 and 0.5 mg ml™* (Costa et al. 2014), respectively,
which are higher than those used in the nanosystem synthesis of the current study
(110 pg mlY). Thus, CS may have contributed to the antibiofilm action of the
nanosystem by its effect on the extracellular matrix, altering the CHX release profile

or facilitating drug penetration into deeper layers of the biofilm. EDS mapping for
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dual-species biofilm treated with IONPs-CS-CHX78 (Fig. 3) reinforces this last
hypothesis, considering that the presence of dispersed and homogeneously
distributed Fe atoms in the sample may be an indicative of the nanosystem capacity
to penetrate in the biofilm layers.

From a clinical point of view, the results of the present study suggest that the
IONPs-CS-CHX nanosystem may be used in order to fight biofilm-associated oral
diseases as preventive or therapeutic agent. Furthermore, this nanotechnology-
based therapy could act as an alternative to mouth-rinse formulations containing
CHX and ethanol in their composition, considering possible harmful effects of this
alcohol (Tokajuk et al. 2017). However, as this is the first report on antibiofilm effect
of the IONPs-CS-CHX nanosystem, future studies should assess its interaction with
other pathogens, bearing in mind the polymicrobial nature of the oral cavity and
possible implications of its in vivo use. Another important aspect to be explored is the
magnetic property of IONPs, which may allow the delivery to a target location, as well
as the CHX release profile from the nanosystem and its cytotoxic effects. All these
relevant topics will contribute to define treatment protocols closer to clinical reality.

In conclusion, the IONPs-CS-CHX nanosystem was able to reduce biofilm
formation and pre-formed biofilms of C. albicans and S. mutans in single or mixed
cultures. Moreover, IONPs-CS-CHX78 showed similar or superior antibiofilm effects
when compared with IONPs-CS-CHX39 and free CHX. The development of this
nanosystem establishes several possibilities for exploration of magnetic nanoparticle-

based therapies as drug carrier used in Dentistry.
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Table and figure captions

Table 1. Minimum inhibitory concentration (MIC) values for iron oxide magnetic
nanoparticles (IONPs), chitosan (CS), chlorhexidine (CHX), and IONPs-CS-CHX

nanosystem against the tested strains.

Table 2. Mean (SD) values for the quantifications assays of mono- and dual-species
biofilms of C. albicans ATCC 10231 and S. mutans ATCC 25175 grown in the
presence of 110 pg ml* iron oxide magnetic nanoparticles (IONPs), 110 pg ml*
chitosan (CS), 78 pg ml™* chlorhexidine (CHX), and nanosystem containing CHX at

39 (IONPs-CS-CHX39) and 78 pg mi™! (IONPs-CS-CHX78).

Table 3. Mean (SD) values for the quantifications assays of mono- and dual-species
pre-formed biofilms of C. albicans ATCC 10231 and S. mutans ATCC 25175 treated
with 110 pg ml™t iron oxide magnetic nanoparticles (IONPs), 110 ug mi™ chitosan
(CS), 78 pg ml? chlorhexidine (CHX), and nanosystems containing CHX at 39

(IONPs-CS-CHX39) and 78 ug ml™* (IONPs-CS-CHX78).

Figure 1. X-ray diffraction patterns (a) and FTIR spectra (b, ¢ and d) for IONPs,
IONPs-CS, and IONPs-CS-CHX nanosystem. FTIR, Fourier transform infrared
spectroscopy; IONPs, iron oxide magnetic nanoparticles; CS, chitosan; CHX,

chlorhexidine.

Figure 2. TEM images (a, ¢ and e) and histograms of particle size distribution

obtained by DLS (b, d and f) for IONPs (a and b), IONPs-CS (c and d), and IONPs-
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CS-CHX nanosystem (e and f). TEM, transmission electron microscopy; DLS,
dynamic light scattering; IONPs, iron oxide magnetic nanoparticles; CS, chitosan;

CHX, chlorhexidine.

Figure 3. SEM images of dual-species biofilms (C. albicans and S. mutans) formed
in the presence of different compounds for 24 h (a-f), and pre-formed biofilms treated
with the same compounds during 24 h (g-1). SEM, scanning electron microscopy; NC,
negative control; IONPs, iron oxide magnetic nanoparticles; CS, chitosan; CHX,
chlorhexidine. Magnification: 2500x. Bars, 10 um. Energy dispersive spectroscopy
mapping for biofilm treated with IONPs-CS-CHX78 (m-g) showing the presence of

Fe, O and C atoms. Magnification: 1000x. Bars, 20 pm.
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Table 1. Minimum inhibitory concentration (MIC) values for iron oxide magnetic
nanoparticles (IONPs), chitosan (CS), chlorhexidine (CHX), and IONPs-CS-CHX

nanosystem against the tested strains.

Species IONPs CS CHX IONPs-CS-CHX
MIC (ug mi™ MIC (ug mi™ MIC (ug mi™ MIC (ug mi™h)
S. mutans > 140 > 140 0.78 — 1.56 0.78

C. albicans > 140 > 140 6.25-125 3.125-6.25
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Table 2. Mean (SD) values for the quantifications assays of mono- and dual-species biofilms of C. albicans ATCC 10231 and S.

mutans ATCC 25175 grown in the presence of 110 pg mi™ iron oxide magnetic nanoparticles (IONPs), 110 pyg ml™ chitosan (CS),

78 pug ml™* chlorhexidine (CHX), and nanosystem containing CHX at 39 (IONPs-CS-CHX39) and 78 pug ml™ (IONPs-CS-CHX78).

NC IONPs CS CHX IONPs-CS-CHX39 IONPs-CS-CHX78
Number of cultivable cells - Logyo CFU cm™ (SD)
Mono-species biofilms
C. albicans 6.09 (0.33)> 597 (0.34)* 5.99(0.04)*  4.32(0.02)° 4.29 (0.12)° 1.82 (0.15)°
S. mutans 5.17 (0.45)*  3.24(0.39)° 5.02(0.29)*  0.33(0.58)° 1.14 (0.86)° 1.17 (0.81)°
Dual-species biofilms
C. albicans 6.43(0.07) 6.38(0.13)*> 5.15(0.15)*®  3.74(0.38)™ 3.80 (0.41)*° 0.52 (0.46)°
S. mutans 459 (0.62)*> 3.88(0.80)* 4.56(0.88)°  0.56 (0.09)° 1.17 (0.19)° 1.16 (0.24)°
Total biomass — Absorbance (570 nm) cm™ (SD)
Biofilms
C. albicans 1.61(0.09)*  1.62(0.08)>  0.65(0.16)°  0.47 (0.06)™ 0.44 (0.06)"° 0.34 (0.12)°
S. mutans 0.82 (0.12)*>  0.81(0.04)*  0.41(0.07)°  0.46 (0.02)° 0.39 (0.05)° 0.30 (0.12)°
Dual-species  1.24 (0.37)* 1.25(0.30)* 0.81(0.45)*®  0.57 (0.15)%® 0.58 (0.19) 0.39 (0.14)°
Metabolic activity - Absorbance (490 nm) cm™ (SD)
Biofilms
C. albicans 1.20 (0.15)*  1.33(0.09)*  0.98 (0.18)"  0.04 (0.03)° 0.08 (0.03)° 0.01 (0.01)°
S. mutans 0.18 (0.07)>  0.14 (0.04)>  0.02(0.03)*  0.01(0.01)* 0.01 (0.02)? 0.01 (0.01)?
Dual-species  1.08 (0.16)* 1.28(0.13)>  0.93 (0.31)*  0.04 (0.04)° 0.03 (0.01)° 0.00 (0.00)°

Note: Within each quantification assay and type of biofilm, different lowercase letters denote significant differences among the
treatments (1-way ANOVA or Kruskal-Wallis’ test followed by Holm-Sidak’s or Student-Newman-Keuls’ tests, respectively; p <
0.05). NC: negative control (untreated biofilms). SD = standard deviation.



42

Table 3. Mean (SD) values for the quantifications assays of mono- and dual-species pre-formed biofilms of C. albicans ATCC
10231 and S. mutans ATCC 25175 treated with 110 pg ml™ iron oxide magnetic nanoparticles (IONPs), 110 ug ml™ chitosan (CS),

78 pug ml™ chlorhexidine (CHX), and nanosystems containing CHX at 39 (IONPs-CS-CHX39) and 78 pug ml™* (IONPs-CS-CHX78).

NC IONPs CS CHX IONPs-CS-CHX39 IONPs-CS-CHX78
Number of cultivable cells - Logyo CFU cm™ (SD)

Mono-species biofilms

C. albicans 6.42 (0.11)> 6.33(0.09)* 6.39(0.12)*  4.67 (0.19)° 5.86 (0.19)° 3.38 (0.03)¢
S. mutans 6.02 (0.24)> 557 (0.25)*  4.46(0.41)°  0.17 (0.15)° 0.19 (0.33)° 0.19 (0.33)°
Dual-species biofilms

C. albicans 6.49 (0.17)*  6.40 (0.16)> 5.78(0.05)*®  5.66 (0.35)* 4.92 (0.71)° 3.24 (0.63)°
S. mutans 6.11 (0.34)*  6.01(0.21)> 5.95(0.46)*  1.04 (0.47)° 3.05 (0.19)° 1.01 (0.52)°
Total biomass — Absorbance (570 nm) cm™ (SD)

Biofilms

C. albicans 1.58 (0.04)> 1.55(0.13)*® 1.27(0.12)*  1.13(0.14)™ 1.12 (0.06)* 0.88 (0.12)°
S. mutans 0.59 (0.11)* 0.66(0.18)> 0.52(0.17)*  0.58 (0.11)? 0.49 (0.09)? 0.42 (0.12)*
Dual-species ~ 1.50 (0.41)®  1.49(0.43)*> 1.22(0.32)*®  1.08 (0.15)* 1.10 (0.23) 0.84 (0.15)°
Metabolic activity - Absorbance (490 nm) cm™ (SD)

Biofilms

C. albicans 0.98 (0.04)*  1.09(0.09)*> 0.98 (0.18)*  0.46 (0.08)° 1.00 (0.17)2 0.05 (0.04)°
S. mutans 0.81 (0.36)* 0.63(0.46)>  0.03 (0.02)°  0.06 (0.05)° 0.02 (0.01)° 0.01 (0.01)°
Dual-species  1.07 (0.06)>  1.06 (0.26)*  0.94 (0.27)®>  0.11 (0.03)° 1.12 (0.10)2 0.06 (0.02)°

Note: Within each quantification assay and type of biofilm, different lowercase letters denote significant differences among the
treatments (1-way ANOVA followed by Holm-Sidak’s test, p < 0.05). NC: negative control (untreated biofilms). SD = standard
deviation
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Figure 1. X-ray diffraction patterns (a) and FTIR spectra (b, ¢ and d) for IONPs,

IONPs-CS, and IONPs-CS-CHX nanosystem. FTIR, Fourier transform infrared

spectroscopy; IONPs, iron oxide magnetic nanoparticles; CS, chitosan; CHX,

chlorhexidine.



44

b 30 Size distribution by number

25

30 35 40 45 50 55
Particle Size (nm)

d 304  Size distribution by number

30 35 40
Particle Size (nm)

Size distribution by number

25 30 35 40 45 50 55
Particle Size (nm)

Figure 2. TEM images (a, ¢ and e) and histograms of particle size distribution
obtained by DLS (b, d and f) for IONPs (a and b), IONPs-CS (c and d), and IONPs-
CS-CHX nanosystem (e and f). TEM, transmission electron microscopy; DLS,
dynamic light scattering; IONPs, iron oxide magnetic nanoparticles; CS, chitosan;

CHX, chlorhexidine.
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Figure 3. SEM images of dual-species biofilms (C. albicans and S. mutans) formed in the presence of different compounds for 24 h

(a-f), and pre-formed biofilms treated with the same compounds during 24 h (g-l). SEM, scanning electron microscopy; NC, negative
control; IONPs, iron oxide magnetic nanoparticles; CS, chitosan; CHX, chlorhexidine. Magnification: 2500x. Bars, 10 um. Energy
dispersive spectroscopy mapping for biofilm treated with IONPs-CS-CHX78 (m-q) showing the presence of Fe, O and C atoms.

Magnification: 1000x. Bars, 20 pum.
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Manuscript preparation

1. General guidelines

On the title page, please give the word count of your paper, as follows:
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YInclude the Abstract, Introduction, Materials and methods, Results, Discussion,
Acknowledgements, table titles and all figure captions. Do not include the title page,
author list and affiliations, any words that form part of a table or figure, the reference
list, and supplemental material, as these are excluded from the word count.
2 Give the word number but do not include in the totall.

34 Give the word number (or word equivalents), but do not include in the total.
Manuscripts should normally be no more than 8,000 words and should not contain
more than 10 figures (excluding supplemental material). However, this can be
reviewed on a case-by-case basis in consultation with the editor if necessary.
Authors who would like to submit mini-reviews or reviews should discuss them with
the editor-in-chief or an associate editor beforehand. Mini-reviews should not exceed
7,000 words and reviews should be nolonger than 9,000 words (excluding
references). They should provide an original critical appraisal of the subject area
which adds to the existing body of knowledge and indicates directions for further
exploration.

e Manuscripts are accepted only in English. Either American or British English
spelling may be used, but must be consistent within an article. Please use
single quotation marks, except where ‘a quotation is “within” a quotation’.

o For clarity, authors are requested to use the simple past tense for stating what
was done, either by others or by themselves, including the procedures,
observations, and data of the study being reported. The Materials and
Methods and Results sections should be written exclusively in the past tense.
Present tense is correct for statements of fact and when reporting your own

general conclusions. For more guidance please click here.
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Papers should be written in the third person using the passive voice. Please
avoid the use of first and second person pronouns (‘I', ‘we’, ‘our’, 'you', your').
Non-English speaking authors should have their manuscripts checked for
correct use of English before submission.

For further information on language editing and translation services and
correctly preparing a manuscript for submission please visit the Taylor &
Francis Author Services website.

Manuscripts should be compiled in the following order: title page; abstract;
keywords; main text; acknowledgments; references; tables(s) with caption(s)
(on individual pages); figure(s) with caption(s) (as a list); supplemental
material (as appropriate).

Abstracts of 100-150 words are required for all manuscripts submitted.

Each manuscript should have up to 6 keywords.

In the Materials & Methods section, full details must be given of all the
materials used, such that the work could be repeated exactly by other
investigators. Where specific products are named, the manufacturer's name
and location (city and country) must be included.

Search engine optimization (SEO) is a means of making articles more visible.
Please consult our guidance here.

Section headings should be concise. Level 1: Bold, Lower case; Level
2: Bold, italic ; Level 3: Non-bold, italic; Level 4: Italic followed by a dot, then
lead straight on into text.

The first mention in the text of the Latin name(s) of species used in an
investigation should include the full generic and specific name(s), together with
the authority. Thereafter, the generic name(s) may be abbreviated to the initial
capital letter. All Latin binominals should be italicised (but not in italicised
subheadings), but NOT the names of phylla, classes or orders.

All the authors of a manuscript should include their names, affiliations, postal
addresses, telephone numbers and email addresses on the cover page of the
manuscript. One author should be identified as the corresponding author. The
affiliations of all named co-authors should be the affiliation where the research
was conducted. If any of the named co-authors moves affiliation during the
peer review process, the new affiliation can be given as a footnote. No
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changes to affiliation can be made after a manuscript has been accepted. The
email address of the corresponding author will be published in the article.

All persons who have a reasonable claim to authorship must be named in the
manuscript as co-authors; the corresponding author must be authorised by all
co-authors to act as an agent on their behalf in all matters pertaining to
publication of the manuscript, and the order of names should be agreed by all
authors.

Biographical notes on contributors are not required.

Please supply all details required by any funding and grant-awarding bodies
under the heading Funding in a separate paragraph as follows:

For single agency grants

This work was supported by the <Funding Agency> under Grant [number xxxx].

For multiple agency grants

This work was supported by the <Funding Agency #1> under Grant [number xxxx];

<Funding Agency #2> under Grant [number xxxx]; and <Funding Agency #3> under

Grant [number xxxx>]. Funding information should appear on the title page of the

manuscript.

Authors must also incorporate a Disclosure Statement which  will
acknowledge any financial interest or benefit they have arising from the direct
applications of their research.

For all manuscripts non-discriminatory language is mandatory. Sexist or racist
terms must not be used.

Authors must adhere to Sl units (eg mg! ™ pgm =3 CFUcm % mWm ?s™).
Units are not italicised.

Please note that dots are not used in abbreviations such as 'eg' and 'ie'.

Poster presentations and conference papers cannot be cited unless they are
documented in published proceedings accessible to everyone. Therefore
please ignore the conference paper and conference poster section of the
reference guide. The name of the publisher and the place of publication and
the page numbers of the article must be clearly stated in all cases. Where a
reference is only available online, please include the doi or url.

When using a word which is or is asserted to be a proprietary term or trade
mark, authors must use the symbol ® or ™.

2. Style guidelines
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Description of the Journal's article style

Description of the Journal's reference style

No more than 5 text citations are permitted in support of any statement made.
The reference list should be arranged alphabetically and chronologically.
Papers submitted to, but not accepted by, a named journal may not be cited.
Papers accepted by a named journal but not yet published should be cited in
the text and reference list as Names of Authors/Year/Forthcoming. Please
include the doi if one is available.

Guide to using mathematical symbols and equations

3. Tables and figures

It is in the author's interest to provide the highest quality figure format
possible. Please be sure that all imported scanned material is scanned at
the appropriate resolution: 1200 dpi for line art, 600 dpi for grayscale and
300 dpi for colour and halftones (photographs).

Figures must be saved separately to text. Please do not embed figures in the
manuscript file.

Figure files should be saved as one of the following formats: TIFF (tagged
image file format), PostScript or EPS (encapsulated PostScript), and should
contain all the necessary font information and the source file of the application
(e.g. CorelDraw/Mac, CorelDraw/PC).

Tables and equations must be submitted in a format which can be edited (eg
Word) and not as images.

All tables and figures must be numbered consecutively in the order in which
they appear in the manuscript (e.g. Table 1, Table 2, Figure 1, Figure 2). In
multi-part figures, each part should be labelled (e.g. Table 1a, Table 2b, Figure
la, Figure 1b). Figures and tables should be numbered in the order in which
they are cited in the text.

Table and figure captions must be saved separately, as part of the file
containing the complete text of the manuscript, and numbered
correspondingly.

The filename for a graphic should be descriptive of the graphic, e.g. Figurel,
FigureZ2a.

All microscope images must show a clear, well-defined scale bar, with its

value.
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4. Publication charges

Submission fee

There is no submission fee for Biofouling.

Page charges

There are no page charges for Biofouling.

Colour charges

Online colour publication is free, and the journal has a limited print colour budget.

Authors should restrict their use of colour to situations where it is necessary on

scientific, and not merely cosmetic, grounds. If it is necessary for figures to be

reproduced in colour in the print version, a charge may apply. Charges for
colour figures are £250 per figure ($395 US Dollars; $385 Australian Dollars; 315
Euros). If you wish to have more than 4 colour figures, figures 5 and above will be
charged at £50 per figure ($80 US Dollars; $75 Australian Dollars; 63 Euros).

Depending on your location, these charges may be subject to Value Added Tax.

5. Compliance with ethics of experimentation

Authors must ensure that research reported in submitted manuscripts has
been conducted in an ethical and responsible manner, in full compliance with
all relevant codes of experimentation and legislation. All manuscripts which
report in vivo experiments or clinical trials on humans or animals must include
a written Statement in the Methods section that such work was conducted with
the formal approval of the local human subject or animal care committees, and
that clinical trials have been registered as legislation requires.

Authors must confirm that any patient, service user, or participant (or that
person’s parent or legal guardian) in any research, experiment or clinical trial
who is described in the manuscript has given written consent to the inclusion
of material pertaining to themselves, and that they acknowledge that they
cannot be identified via the manuscript; and that authors have anonymised
them and do not identify them in any way. Where such a person is deceased,
authors must warrant they have obtained the written consent of the deceased
person’s family or estate.

Authors must confirm that all mandatory laboratory health and safety
procedures have been complied with in the course of conducting any
experimental work reported in the manuscript; and that the manuscript

contains all appropriate warnings concerning any specific and particular
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hazards that may be involved in carrying out experiments or procedures
described in the manuscript or involved in instructions, materials, or formulae
in the manuscript; and include explicitly relevant safety precautions; and cite,
and if an accepted standard or code of practice is relevant, a reference to the
relevant standard or code. Authors working in animal science may find it useful
to consult the Guidelines for the Treatment of Animals in Behavioural
Research and Teaching.
6. Reproduction of copyright material
If you wish to include any material in your manuscript in which you do not hold
copyright, you must obtain written permission from the copyright owner, prior to
submission. Such material may be in the form of text, data, table, illustration,
photograph, line drawing, audio clip, video clip, film still, and screenshot, and any
supplemental material you propose to include. This applies to direct (verbatim or
facsimile) reproduction as well as “derivative reproduction” (where you have created
a new figure or table which derives substantially from a copyrighted source).
You must ensure appropriate acknowledgement is given to the permission granted to
you for reuse by the copyright holder in each figure or table caption. You are solely
responsible for any fees which the copyright holder may charge for reuse.
The reproduction of short extracts of text, excluding poetry and song lyrics, for the
purposes of criticism may be possible without formal permission on the basis that the
quotation is reproduced accurately and full attribution is given.
For further information and FAQs on the reproduction of copyright material, please
consult our Guide

7. Supplemental online material

Authors are strongly encouraged to submit their datasets, animations, movie files,
sound files or any additional information for online publication. This will appear in a
'‘Supplemental Material' tab along with your article when it is published
online. Supplemental material must be clearly labelled as such and submitted
separately from the main document, either as one file or, where there are
several files, one zipped file.

« Information about supplemental online material

Manuscript submission
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Click here for information regarding anonymous peer review.

Copyright and authors' rights

To assure the integrity, dissemination, and protection against copyright infringement
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