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Abstract
Introduction Fluoride-containingmaterials have been suggested
to control enamel demineralization around orthodontic brackets
during the treatment with fixed appliances. The improvement of
their properties has been made through innovations, such as the
application of nanotechnology by incorporation of nanofillers.
Objective This in vitro study evaluated the capacity of fluo-
ride releasing and enamel demineralization inhibition of
fluoride-releasing nanofilled cement around orthodontic
brackets using an artificial caries biofilm model.
Materials and methods Forty bovine enamel discs were select-
ed by evaluating surface microhardness and randomized into
four groups (n=10): non-fluoride-releasing microfilled compos-
ite, fluoride-releasing microfilled composite, resin-modified
glass ionomer cement (RMGI), and fluoride-releasing nanofilled
composite (FN). After brackets bonding in each disc, the spec-
imens were subjected to a cariogenic challenge through a
Streptococcus mutans biofilm model. After the experimental
period, the biofilm formed around the brackets was collected
for fluoride analysis and the mineral loss around the brackets
was determined by integrated demineralization via cross-
sectional microhardness measurement at 20 and 70 μm from
the bracket margin. Additionally, samples of each group were
subjected to energy-dispersive X-ray spectroscopy (EDX) anal-
ysis examined under a scanning electron microscopy (SEM).
ANOVA followed by Tukey test were applied for fluoride
concentration and mineral loss data, respectively.

Results At both distances, only RMGI statistically differed
from the other groups presenting the lowest demineralization,
although there was a trend to a lower demineralization of
enamel around brackets in FN group. Similar condition was
found to fluoride concentration and EDX/SEM analysis.
Conclusions Under the cariogenic exposure condition of this
study, the fluoride-releasing nanofilled material had similar
performance to fluoride-releasing microfilled materials.
Clinical relevance The presence of nanofillers in the fluoride-
releasing materials studied did not promote further benefits
against caries lesion development around brackets and
presented inferior demineralization inhibition than the resin-
modified glass ionomer material.

Keywords Nanotechnology . Biofilm . Fluoride-releasing
materials . Orthodontic brackets . EDX element analysis

Introduction

One of the main problems related to orthodontic treatment is
the development of demineralized areas around brackets dur-
ing fixed orthodontic therapy [1], which is reported to occur in
short time and with high rates among patients [2]. The fixed
orthodontic appliance components as brackets, arch wires, O-
ring, and metal ligature ties do create additional retentive sites,
encouraging biofilm accumulation [3]. Microbiological
changes after brackets placement towards increased levels of
cariogenic species such as Streptococcus mutans [4], which
may result clinically in a higher enamel demineralization
adjacent to orthodontic appliances. Over time, this condition
associated with patient's caries risk factors may result in active
white spot lesions, and if untreated, cavitated caries lesions
can occur [5].

Adjunctive preventive strategies to avoid the increase of
caries risk for patients with fixed orthodontic treatment in-
volve the use of fluoride, a well-documented anticaries agent,
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able to promote remineralization of early caries and to inhibit
demineralization [6, 7]. One of these preventive methods is
focused on development of various fluoride-releasing mate-
rials to be used as orthodontic bonding agents [8]. This is
particularly interesting since these materials with sustained
release of fluoride ions will be applied adjacent to the
brackets, an area with great association to enamel demineral-
ization. This way, materials for the adhesive fixation of the
brackets also were formulated to release fluoride, typically by
the inclusion of fluoride-containing compounds such as
fluoroaluminosilicate glasses, yttrium fluoride, stannous fluo-
ride, or organic amine fluorides [9].

Nowadays, there are numerous available fluoride-
containing orthodontic cements in the dental market including
glass ionomers, resin-modified glass ionomer cements,
polyacid-modified composites (compomer), and composites
[10, 11]. The glass ionomer materials are highlighted by their
anticariogenic properties due to their capacity to release and
store fluoride [12]. However, the disadvantage of glass
ionomer material for orthodontic use is its low bond strength
to dental substrate leading to more bracket debond failure
[12]. The inclusion of filler in composite for bonding ortho-
dontic brackets has been done in order to increase the shear
bond strength to the enamel structure without reducing the
low flowability, well-known characteristic of these materials
[13].

The application of nanotechnology has changed the size
scale in dental research materials. Dental materials ap-
proaching nanoscale dimensions exhibit unusual properties
with numerous applications [14]. The nano-sized material
particles can be dispersed in higher filler concentrations and
polymerized into the resin system to increase filler loading of
composites. It has led to the optimization of individual mate-
rial characteristics and claims impart distinct advantages, such
as superior polishability and better mechanical and wear prop-
erties [15]. Additionally, the distribution of nanoparticles re-
sults in a smoother, satisfactory consistency, and adequate
flowability of the material [16]. Due to the benefits from the
nanofiller incorporation, the manufacturers of the recently
commercially available nanofilled resin-based orthodontic
bonding agent claims that it is a material with ideal flowability
able to show significantly improved surface smoothness and
high immediate shear bond strength values of metal brackets
bonded to bovine enamel. Those entire features combined
with fluoride release capacity.

The ability to release fluoride is quite a complex process,
and different factors such as the fluoridated particle type and
size, different matrices, setting mechanisms, as well as silane
treatment may influence the process of ion migration [17, 18].
It is possible that the adoption of nanofiller loading might have
implications on fluoride-releasing mechanism of bonding or-
thodontic brackets due to specific features promoted by pres-
ence of nanofiller. Numerous studies on the amount of fluoride

provided by fluoride-releasing materials and its effect on
enamel demineralization have been published [19, 20], but an
insight into fluoridated composite resins containing nanofillers
is still lacking. The purpose of this study was to investigate the
concentrations of fluoride found in a S. mutans cariogenic
biofilm grown around orthodontic brackets bonded with fluo-
ridated composite containing nanofillers and to compare it to a
fluoride-releasing microfilled composite, a non-fluoride-
releasing microfilled composite and a resin-modified glass
ionomer cement. Another aim was to evaluate the extent of
enamel demineralization around the brackets after these mate-
rials had been used.

Materials and methods

Four commercially available materials, including a non-
fluoride-releasing microfilled composite (MC) that was cho-
sen to be the negative control group for fluoride release, a
fluoride-releasing microfilled composite (FM), a resin-
modified glass ionomer cement (RMGI) as a positive control
group, and a fluoride-releasing nanofilled composite (FN)
were used in the experiment (Table 1).

Specimen preparation

Forty polished enamel discs (diameter 5.0 mm and thick
2.0 mm) were prepared from the labial surface of 90 freshly
extracted, sound bovine mandibular incisors (Fig. 1). The
bovine teeth were stored in 0.01 % (w/v) thymol solution at
4 °C, and they were used within 1 month after extraction. The
discs were prepared using a water-cooled diamond core drill
(trephine) and a bench-type drilling machine (Schulz S/A,
Joinville, SC, Brazil). The samples were serially flattened with
water-cooled abrasive discs (320, 600, and 1,200 grit Al2O3

papers; Buehler, Lake Bluff, IL, USA) and polished with felt
paper and diamond spray (1 μm; Buehler) mounted in a
polishing machine (Arotec SA, Cotia, SP, Brazil). After sam-
ple preparation, the discs were kept in refrigerated and humid-
ity environment prior the experiments.

The surface Knoop hardness number (KHN) was deter-
mined by performing five indentations (FM 100, Future Tech,
Tokyo, Japan) in the center of the enamel surface, with pa-
rameters set at 50 g and 5 s for selection and randomization
distribution purposes. Enamel discs presenting mean
microhardness values (302.4±22.1 KHN) were randomly
assigned in each group (n=10) according to a computer gen-
erated randomization list.

A bracket clamp (Ref. 75.01.022; Morelli®, Sorocaba, SP,
Brazil) was used to hold and keep the standard edgewise incisor
metal brackets (Morelli®; slot 0.018 in.) in position on the most
central area of the enamel disc surface after using the cements
according to the respective manufacturer's instructions for each
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material (Table 1). Except for RMGI group, which was not
etched, a conventional etching procedure with 37 % phos-
phoric acid was performed and the bonding materials were
applied to the bracket base and pushed against the enamel
surface. In order to standardize bonding pressure and cement
thickness, a 453.6-g Gillmore needle was held vertically on

the bracket while excessive material around the bracket base
was removed with a clinical probe and the material was then
light-activated for 20 s from the mesial and the distal sides
with a LED (Optilight LD Max (Gnatus, Ribeirão Preto, SP,
Brazil) with a power density of 600 mW/cm [2] at a fixed
distance and angle to the surface.

Table 1 Commercial materials used in this study

Group/material Type Composition Batch no. Manufacturer

MC/natural ortho Non-fluoride-releasing
microfilled composite

BisGMA, glass borosilicate, UDMA, silic,
barium glass, PEGMA, DMAEMA, camphorquinone,
hidroxitoluene, and pigments

10111434 Novo DFL, Rio de
Janeiro, RJ, Brazil

FM/orthodontic
fill magic

Fluoride-releasing
microfilled composite

BisGMA, methacrylic acid esters, fluorosilicate glass 016/10 Vigodent AS, Rio de
Jainero, RJ, Brazil

RMGI/vitremer Resin-modified glass
ionomer cement

Polyacrylic-itaconic acid with pendant methacrylate,
water, HEMA, fluoroaluminosilicate glass

0707500147 3M ESPE, Denatal
products, Saint
Paul, MS, USA

FN/orthocem Fluoride-releasing
nanofilled composite

Methacrylate monomers such as BisGMA, TEGDMA,
phosphate methacrylates, stabilizers, fluorosilicate glass,
camphorquinone, co-initiator and silicium dioxide
nanoparticles

040410 Dentscare Ltda.,
Joinville, SC,
Brazil

HEMA hydroxyethyl methacrylate, BisGMA bisphenol glycidyl methacrylate, UDMA urethane dimethacrylate, TEGDMA tetraethylene glycol
dimethacrylate; PEGMA poly(ethylene glycol) dimethacrylate, DMAEMA dimethylaminoethyl methacrylate

Fig. 1 Schematic diagram illustrating the set up for this study. A enamel
disc samples (5 mm diameter); B bonding procedures.CBrackets bonded
on central area. D Fixation of the slabs in the device (5-day microbial

model). EBiofilm removal for fluoride analysis. FDemineralized enamel
area around brackets submitted to SEM/EDX analysis.G Transversal cut
to cross-sectional microhardness analysis
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S. mutans microbial biofilm model

The enamel bracket set, which provide minimal bonding
materials beneath the brackets and similarly mimics the clin-
ical situation, was prepared for this study [10]. The sets were
fixed in the lids of glass container vessels with plastic rods,
immersed in sterile distilled water, and sterilized prior to
inoculation for biofilm growth as described by Zanin et al.
[21]. S. mutans strain UA159 was first grown in an overnight
culture of Brain Heart Infusion medium (BHI, Difco, Sparks,
MD, USA) in a 5 % CO2 atmosphere (Thermo Fisher
Scientific Inc., Waltham, MA, USA) to prepare the inoculum
to grow mono-specie biofilms. Each enamel disc was placed
into an individual container, which was filled with 5 mL of
BHI, supplemented with 5 % fresh prepared sucrose (w/v)
[22]. Inoculation of each BHI-containing recipient was
performed only once on the first day. Every 24 h, the medium
was replaced with pre-warmed fresh BHI with 5 % sucrose
during 5 days. The inspection for contamination of the cul-
tures in the media was verified everyday using Gram staining
and plating samples onto a new fresh BHI agar media.

Concentrations of acid-soluble fluoride in the biofilm

After experimental period, the biofilms grown around the
brackets were removed for fluoride analysis. The fluoride
content in the plaque samples was measured according to
the method described by Cury et al. [23]. Briefly, their
wet weight was verified after completely removing the
biofilms with a sterile scalpel, placing them in pre-
weighed microcentrifuge tubes. The plaque samples and
microcentrifuge tubes were weighed and final weights
registered. The weights were obtained by subtracting the
weight of the microcentrifuge tubes from the final value.
Following this step, 0.5 M hydrochloric acid solution—HCl
(0.50 mL/10 mg of wet biofilm) was appended. After extrac-
tion for 3 h at room temperature via agitation, the samples
were centrifuged and TISAB II solution (containing 20 g
NaOH/L) was added to supernatant in order to maintain pH
5.0 and to eliminate the interference effect of complexion ions
[24]. The amount of acid-soluble fluoride (F) was determined
electrochemically using a fluoride-sensitive electrode (model
96–09; Orion Research, Cambridge, MA, USA) and an ion
analyzer Orion EA-940. The standard solutions were used to
plot the calibration graph. All determinations were performed
in triplicate and the fluoride concentration expressed as mi-
crograms per milligram of biofilm.

Cross-section microhardness analysis

Enamel discs were longitudinally sectioned through the center
of the bracket. One of the remaining halves of each slab was
randomly selected to be analyzed. It was embedded in acrylic

resin, the cut surface being exposed, for subsequent flattening
and polishing, respectively. Microhardness was measured
using a Knoop indenter with 25 g load for 5 s. Each three
lanes of 15 indentations was made in duplicate (each side of
bracket), which the lanes were 20 and 70 μm distant from the
bracket margin [25]. The 50 μm distance between the lanes
was established to minimize interactions between neighboring
marks. The first ten indentations were spaced 10 μm from the
previous one and the last ones at 20 μm intervals.
Integrated demineralization (ΔS) was calculated according
to Sousa et al. [25].

SEM/EDX analysis

In order to investigate alterations in chemical composition
(element quantities) contained in the enamel sample, scanning
electron microscopy (SEM)/energy-dispersive X-ray spec-
trometer (EDX) analysis was performed for all groups. After
biofilm removal, the demineralized samples were rinsed and
stored in a desiccator with silica gel for at least 2 h to remove
remnants of water. After that, samples were mounted on SEM
stubs with a conductive double-sided adhesive carbon tape
previously on the analysis and inserted into a vacuum cham-
ber. Five points in each surface were selected around the
bracket. The system used in this study presents one EDX
detector used for qualitative and quantitative microanalysis.
The EDX detector is the third generation, the X-flash-6® that
does not require liquid nitrogen cooling and is about 10 times
faster than the conventional Si (Li) detectors. The X-rays have
to pass the radiation entrance window of the detector before
entering the active volume of detector. Only this detector was
used in EDX analysis. Normalized high resolution spectra of
the main elements' concentration in weight percent were
performed and later calculated by an EDX using the
backscattered electron collector attached to a scanning elec-
tron microscope (TESCAN Model VEGA II\XMU, Brno,
Czech Republic) operating at 30 kV and working distance of
20 mm. Data acquisition and analysis were performed using
Quantax 800 software (Bruker AXS, Karlsruhe, Baden-
Württemberg, Germany).

Statistical analysis

Statistical analyses were performed with SPSS for 13.0
Windows (SPSS Inc. Chicago, IL, USA). The normality
and homogeneity were checked for each response variable.
For fluoride concentration and elemental concentration,
one-way ANOVA and Tukey's post hoc tests were applied.
For ΔS and cross-section microhardness analysis (CSMH)
per depth, data were transformed using Box-Cox power
transformation to the linear equation as suggested by the
software [23]. ANOVA and Tukey tests were performed at
a significance level of p<0.05.
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Results

Concentrations of acid-soluble fluoride in biofilm

Group RMGI exhibited significantly higher fluoride amounts
in biofilm compared to the other tested materials (p<0.05), as
expected. The FN group released more fluoride compared to
the FM, but afterward, both materials exhibited similar fluo-
ride concentrations, which were not significantly different
(p>0.05) (Table 2). Group MC expressed the lowest value.

CSMH

ΔS related to RMGI group was statistically lower (p<0.05) in
relation to all groups. The findings show that there was a trend
to lower demineralization of enamel around brackets fixed by
the FN group comparing to FM and MC groups, but the
difference among them was not statistically significant
(Table 2). The microhardness data at each depth from the
enamel surface are expressed in Fig. 2.

SEM/EDX analysis

In the EDX analysis, the main elements observed in the
enamel were calcium (Ca), phosphorus (P), oxygen (O), and
fluorine (F). Minor quantities of other elements: sodium (Na),
magnesium (Mg), chlorate (Cl), silica (Si), and carbon (C)
were also observed in the present study. Elemental mappings
showed calcium and phosphorus primarily detected, while
fluorine and oxygen were identified in reduced amounts.
Means and standard deviation of percentage of elemental
concentration in weight (weight percent) detected in the sam-
ples are summarized in Fig. 3. A quantitative element analysis
revealed no statistically significant differences in Ca, P, and O

content among the groups (p>0.05); exception to F, which
presented a significantly higher amount in RMGI group.

Discussion

The incorporation of nanoparticles in resin material may allow
the production of materials for the adhesive fixation of
brackets with better flowability and higher mechanical prop-
erties than for microfilled materials. Also, this process could
alter characteristics of the ion-releasing materials [17, 26]. The
in vitro study mainly showed that the fluoride-releasing com-
posite containing nanoparticles for bonding orthodontics
brackets exert similar performance of the microfilled compos-
ite in relation to fluoride-release and anticaries effect. This
showed that nanofiller incorporation did not improve the
fluoride release and consequently did not alter the anticaries
potential of this material.

In the present study, the microfilled control material used in
this study (natural ortho) was chosen since it presents similar
composition to microfilled control material refereed in previ-
ous orthodontic studies (Transbond XT). Besides, although
microradiography is considered as gold standard method for
determining mineral loss, microhardness analysis was used
due to its great correlation demonstrated by excellent linear
relation between square root of KHN and the mineral volume
percent [27]. Additionally, microhardness presents sensitivity
to detect the demineralization on enamel subsurface areas as
the artificially caries lesions produced in the present study. It is
important to remember that even though polishing procedures
change natural enamel surface, roughness is important for the
exact hardness measurement being a requirement for
performing surface microhardness analysis, which was carried
out for standardization and selection of the samples. Thus,
polishing procedures were submitted to all samples, conse-
quently applying this variable to all groups not interfering in
the present results.

According to KHN data, enamel demineralization in vitro
was inhibited to a certain degree in our study. Among the
tested materials, the control group RMGI exhibited signifi-
cantly higher performance in all performed analysis compared
to the other tested materials. In agreement with other studies
[28, 29], our results have demonstrated that resin-modified
glass ionomer materials showed a fluoride-releasing capacity
sufficient to promote lower enamel mineral loss over the
tested composite resin materials [30]. This was an expected
outcome since the total amount of fluoride released differs
significantly between the resin-modified glass ionomer ce-
ments and the composite resins. It has been suggested that
this superior performance of RMGI is attributed to some
factors as the acid–base setting reaction between the
fluoride-containing aluminosilicate glass powder base and
the polyacid liquid results in the liberation of fluoride ions

Table 2 Mean and standard deviations of fluoride concentration (micro-
gram per gram wet biofilm) and demineralization at studied distances for
each tested material

Group F (μg/g wet
biofilm)

ΔS at distance from bracket base

20 μm 70 μm

MC (n=10) 0.27(0.08)b 5,320.44(1,241.06)a 4,661.94(1,615.80)a

FM (n=9) 0.91(0.56)b 5,204.19(1,761.33)a 4,573.67(122.77)a

RMGI (n=8) 10.50(4.20)a 876.55(440.80)b 1,392.37(916.74)b

FN (n=10) 1.48(1.24)b 4,017.63(1,872.54)a 4,228.56(1,990.69)a

The same superscript letter indicate no statistically significant
difference between the indicated groups (p>0.05)

MC non-fluoride-releasing microfilled composite, FM fluoride-releasing
microfilled composite, RMGI resin-modified glass ionomer cement, FN
fluoride-releasing nanofilled composite
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[29]. In poly-salt matrix, fluoride ions can be bound in strong
complexes with the metal ions, especially aluminum and the
pore liquid, in which the fluoride ions are loosely bound and
free to move [31].

In our results, KHN for 50–120 μm in depth at both
analyzed distances showed significant difference for FN

group expressing a trend to better performance of fluoride-
releasing nanofilled composite than microfilled materials. The
ΔS and fluoride concentration data from FN group also sup-
ported this condition; however, they were not significantly
different. Only few previous studies investigated fluoride
release from nanomaterials. In a previous study, Kusgöz

Fig. 2 Mean ± standard deviation
of the mean values (n=10) of
enamel Knoop hardness
according to the materials and
depth of analysis at 20 μm (a) and
at 70 μm (b) from the edge of the
bracket base. Small letters
indicate statistically significant
difference between groups at each
distance (p<0.05)

Fig. 3 Means and standard
deviation of percentage of
elemental concentration in weight
(weight percent) of the main
elements found in enamel around
the brackets (n=10). Asterisk
indicates statistical significant
difference
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et al. [32]. compared fluoride release of a nanofilled resin-
based fissure sealant and an unfilled resin-based fissure seal-
ant. The authors observed that the nanofilled sealant released a
bit more fluoride than the unfilled sealant, but these results
were not significantly different. These finding are consistent
with results of the present study, showing that there is no
significant influence on ion fluoride release, but it was able
to show higher values than microfilled materials. It can be
hypothesized that nanoparticles present in resin matrix of
commercial materials can be related to this situation since
the studied fluoride-releasing nanofilled composite presents
100 % of its reinforcement particles (silicon dioxide) in
nanoscale.

On the other hand, Xu et al. [33]. showed that a nanocom-
posite containing calcium fluoride (CaF2) had a higher fluoride
release capacity when compared to the control. This fact may
be related to the nano-CaF2 surface area, which presented a
surface area nearly 20-fold higher surface area than a tradition-
al 1 μm CaF2. This clearly suggests that the size of particles
from fluoride source itself presents more relevance for an
anticaries effect than the simple presence of nanoparticles in
resin matrix.

Fluoride release from composite resin materials is based on
the diffusion process where initial leaching of fluoride from
glass particles in the surface layer of the material may account
for this mechanism. Fluoride ions diffuse through fluid and
plaque from the composite to the adjacent enamel surface
[34]. The SEM/EDX analysis explored the possibility of
different ion diffusion rates from fluoride-containing
nanomaterials to the enamel adjacent to bonded bracket and
consequently alteration in chemical composition of enamel
around the tested materials. The amounts (weight percent) of
fluoride found for both fluoride-releasing composite resins,
regardless of the presence of nanoparticles, were very low or
undetectable. Although other methods might be used to deter-
mine firmly bound F formed in enamel such as removing an
enamel layer by acid action, the SEM/EDX analysis currently
used may be considered reproducible since similar results
were found with fluoride-releasing composite resins by
Gjorgievska et al. [18] in a study that aimed to determine the
extent to which ions released from fluoride-containing dental
restorative materials migrated through the enamel. Besides,
the use of acid to determine firmly bound F in enamel could
introduce bias in microhardness analysis due to demineraliza-
tion justifying the use of the nondestructible SEM/EDX anal-
ysis. In relation to the calcium and phosphorus content in the
surface enamel around the brackets, the values were similar in
all groups showing that no material was able to promote a
more significant diffusion of ions in the enamel surface.

Overall, the present evidences that RMGI present anticaries
effect are based on ΔS data obtained by microhardness anal-
ysis. This way, our results showed that under the conditions of
this investigation, only RMGI was capable of decreasing

demineralization around orthodontic brackets and the inclu-
sion of nanofillers fluoridated composite resin did not provide
greater inhibition of demineralization.

Future research should focus in applying the nanotechnol-
ogy to preventive dentistry in attempt to improve fluoride-
releasing capacity of dental materials. Until then, oral hygiene
and other regular fluoride sources should be suggested for the
orthodontic patient.
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