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Abstract

Objective: To evaluate the use of nanosilver fluoride in the enamel remineralization process
through optical coherence tomography. Material and Methods: All samples were submitted to
demineralization process by pH cycling during 14 days and randomly distributed into three
groups (n = 11): Nanosilver Fluoride (NSF), Sodium fluoride (NaF), and negative control.
Optical coherence tomography images were acquired at three different moments: initial stage
(To), post caries formation (T1), and post pH cycling (T2). The integrity of the enamel surface
and the measurement of the volume loss for the tissue after pH cycling in comparison to initial
images were obtained from optical coherence tomography images. Results: After analyzing the
exponential decay of A-scans from each group, it was possible to identify differences in light
propagation among samples. In T1 it is not possible to visualize the dentin-enamel junction,
probably due to the higher back scattering of the demineralized enamel, which does not allow
light to reach the dentin. The decay curves obtained from NaF and nanosilver fluoride groups
showed similar behavior, while the negative group showed lower extinction coefficient.
Conclusion: Nanosilver fluoride showed the best effect against caries compared to conventional
fluoride treatments.

Keywords: Nanotechnology; Fluorides; Dental Enamel; Tooth Demineralization.
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Introduction

Dental caries is the most prevalent disease of the oral cavity. It occurs due to the
demineralization of tooth surfaces by the action of organic acids that originate from the fermentation
of carbohydrates by bacteria and organic matrix degradation [17].

Importantly, deciduous teeth have greater permeability, lower bond strength to dental
adhesive materials, and lower microhardness when compared to permanent teeth [27. The lower
dimension of the hydroxyapatite lattice, when compared to permanent dentition, also plays an
important role in lowering the acid resistance of deciduous teeth [87. The presence of a thick
aprismatic layer in the deciduous enamel at its outermost surface [47] and the fact that the enamel of
deciduos teeth is more porous than that of permanent teeth, leading to the milky appearance of the
temporary dentition, are also specific characteristics of deciduous teeth. These make them more
susceptible to dental caries, and early diagnosis is required to prevent dental caries progression [5].

The demineralization process is dynamic and may be reversed if detected in its early stages.
Caries progression occurs when periods of demineralization are more frequent than periods of
remineralization. Thus, dental caries occurs when there is an imbalance between demineralization
and remineralization. Although small mineral loss may not be clinically visible at earlier stages, the
lesion is already present. As demineralization progresses, a whitish area appears as the enamel
continues losing minerals [67]. Mineral loss due to disease progression causes visual changes in the
tooth surface, starting at the subclinical stage (white spots), followed by cavitation [77].

There has been a search for new methods for early caries detection and optical techniques
represent a significant advance in non-invasive imaging methods [87]. Among optically based
diagnostic techniques, optical coherence tomography (OCT) allows accurate evaluation of structural
mineral loss. It is a non-invasive, non-destructive, non-ionizing, real-time diagnostic method with
high sensitivity and specificity in detecting early lesions on smooth and occlusal surfaces [97.
Optical coherence tomography stands out mainly due to its clinical applicability, both for early
diagnosis and follow-up of lesion progression, and thus, it was chosen to evaluate the efficiency of the
remineralization treatment in the present study. Table 1 includes a literature review on the early

diagnosis of dental caries through optical coherence tomography.

Table 1. Studies published in 2013-2017 regarding OCT’s application to caries diagnostics.
Authors Objective Conclusion

Fried et al. [107]  Quantitative evaluation of enamel remineralization by the OCT was able to clinically monitor enamel
CP-OCT System (1,321 nm) in vivo before and after the remineralization.
application of fluoride.

Nakagawa [11]  To assess the extent of caries on smooth surfacesvia the OCT was suitable for early diagnosis but
SS-OCT System (1,310 nm) in vitro as compared to a dependent on clinical experience and the

confocal laser scanning microscope (CLSM) interpretation of the images
Hilsen and Jones To evaluate and compare three methods, Midwest Caries MID and CP-OCT were not superior to
[12] ID (MID), visual photographic examination (CAM), and CAM for use in teledentistry.

in vitro CP-OCT (1,310 nm), for use in the detection of
enamel demineralization.
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Mota et al. [137]

Gomez et al.

[14]

Liu and Jones

[15]

Nazari et al.

[16]

Holtzman et al.

[17]

Cara et al. [18]

Shimada et al.

[19]
Nakajima et al.

[20]

Ibusuki et al.

[21]

Chan et al. [22]

Wijesinghe et al.
[23]

Chan et al. [24]

Lee et al. [25]

Ueno et al. [267]

Maia et al. [27]

To evaluate morphological changes in caries via the SR-
OCT system (930 nm) and compare the results with those
achieved via polarized light microscopy in vitro.

of International Caries
Detection and  Assessment (ICDAS), fiber-optic
transillumination (FOTI), SS-OCT (1,815 nm), and

quantitative light-induced fluorescence (QLF) in the

Evaluate the performance

diagnosis of occlusal caries iz vitro.

Evaluate caries in cracks via the SS-OCT System (1,325
nm) as compared to high-resolution x-ray tomography
images n wvitro.

A longitudinal #n wvitro study evaluated the subsurface
enamel lesion progression after 8, 9, and 15 days under
hydrated and dry conditions via SS-OCT (1,310 nm).

of light
fluorescence the International Caries Detection and
Assessment System II (ICDAS II), intraoral digital
radiography, and SS-OCT (1,310 nm) pre- and post-

Detection of occlusal caries by means

sealant in vitro.

To evaluate the demineralization of the enamel by the
SR-OCT System (930 nm) by calculating the optical
attenuation coefficient and the area under the A-scan
signal, as subsequent with
microhardness analysis iz vitro.

well as comparison
To compare SS-OCT images (1,330 nm) and bitewing to
assess the depth of proximal caries in the posterior teeth
in ivo.

To evaluate SS-OCT (1,880 nm) for use as a diagnostic
tool for occlusal caries in deciduous teeth as compared
with visual inspection and with confocal laser scanning
microscope images in vitro.

In witro evaluation of SS-OCT (1,330 nm) use in the
quantification of white spot depth in comparison with
confocal laser scanning microscopy (CLSM) and light
microscopy images, as well as with the ICDAS #n vivo.

To evaluate the ability to diagnose the depth of initial
lesions 7n vitro through 2D images captured via CP-OCT
(1,817 nm) as comparing to histology via polarized light
microscopy.

Evaluation of the evolution of occlusal caries in the
enamel in wvitro via the SD-OCT System (1,310 nm):
partially and completely demineralized.

To evaluate the ability of the CP-OCT System (1,321 nm)
to monitor caries remineralization on smooth surfaces i
VLY0.

Natural enamel caries lesions were assessed in wvitro via
the detection of the surface layer with PS-OCT (1,317
nm), and dehydration rate measurements were performed
with NIR reflectance and thermal imaging modalities.

To evaluate the intensity and attenuation of an SS-OCT
signal (1,310 nm) in the dentin and enamel via the
variation of mineral density as compared to transverse
microradiography images iz vitro.

Evaluate the morphological differences between sound
dental structure and artificially induced white spot lesions
in human teeth viaquantitative light-induced fluorescence
(QLF) and alterations of the light attenuation coeflicient
via SR-OCT (930nm) in vitro.

Equivalent results, but OCT has clinical
applicability, and the other method does
not.

They were equivalent, but visual inspection
sufficient for and the

was diagnosis

determination of caries depth.

OCT was accurate in evaluating the lesion
in terms of depth but not in terms of lateral
extension.

Hydrated samples are more suitable for
evaluating reflectance.

There was betterperformance on the part of
OCT for surfaces with and without sealant.

Both methods were able to characterize
dental enamel demineralization.

OCT responded satisfactorily to enamel, but
it had limitations when caries were located
in the dentin.

The results indicate that SS-OCT was able
to diagnose caries in primary teeth.

The in wvitro results of the SS-OCT were
compatible with those of microscopy, and i
vivo, SS-OCT was able to establish the
depth of the lesion.

CP-OCT minimized the
reflexivity at the surface of the lesion. It was

interference of

suitable for monitoring iz vivo and in vitro
lesions.

SD-OCT was able to produce quantitative
result in all situations.

CP-OCT
microstructural

able to evaluate

changes

was
resulting from
enamel remineralization.

The OCT system was able to measure the
caries quantitatively.

There
attenuation of the signal in demineralized

was increased intensity and
and healthy enamel; in dentin, this was true
only to a depth of 75 um.

Both were suitable. SR-OCT
revealed more intense optical changes than

QLF.

However,

CP-OCT: Cross-Polarization Optical Coherence Tomography; SS-OCT: Swept-Source Optical Coherence Tomography; SR-OCT:
Spectral-Radar Optical Coherence Tomography; SD-OCT: Spectral-Domain Optical Coherence Tomography.
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Once diagnosed, appropriate procedures are required. Non-invasive treatments for early
caries developed significantly since the demineralization mechanism became fully understood. There
are several fluoride-based compositions at different concentrations available for topical application.
Silver-added preparations based on silver diamine fluoride have also been developed [28-317 as an
alternative method of treating caries lesions due to its remineralization effect, which is promoted by
the bactericidal action of silver. However, the disadvantage of this approach is that it stains the teeth
in black, limiting the aesthetic quality of treatment. With the advent of nanotechnology, specifically
nanosilver fluoride (NSF), a compound based on silver nanoparticles, chitosan, and sodium fluoride
[82,387, proved to efficiently control dental caries [34-37].

The objective of this study was to evaluate the efficiency of NSF in the enamel

remineralization process through optical coherence tomography.

Material and Methods
Specimen Preparation and Experimental Design

Caries lesions were induced in all samples. For the artificial induction of dental caries, 0.056M
acetate buffer solution containing 1.28 mM calcium, 0.74 mM phosphate and 0.03 pg fluorine/mL
with pH 5.0 was used. Specimens were individually immersed in solution volume of 2 mL/mm? for
16 hours, remaining at 37°C during the experimental period and then submitted to demineralization
process by pH cycling. Samples were randomly distributed into one of three groups (n = 11)

according to the applied treatment (Table 2).

Table 2. Description of the studied groups.

Groups Type Remineralizing Solution
G1 Experimental Nanosilver Fluoride (NSF)
G2 Positive control Sodium Fluoride (NaF)
G3 Negative control None

Samples in the negative control group did not receive any remineralizing solution, being
only washed in deionized water and kept in phosphate-buffered-saline solution (8 g/L NaCl; 2 g/L
KCl; 2 g/L Na2HPO4; 2 g/L KH2PO4; pH = 7.0) for ionic enamel restoration until further OCT
images could be acquired at three different moments: initial stage ('T0), after chemical induction of
caries (T1), and after pH cycling (T2) [387.

Firstly, caries lesion was induced in samples through the application of an acid solution that
removed minerals from the enamel to induce the formation of a subsurface lesion. For the artificial
induction of dental caries, 0.05 M acetate buffer solution containing 1.28 mM calcium, 0.74 mM
phosphate, and 0.03 pg fluorine/mL solution with pH 5.0 was used. Samples were individually
immersed in 2 mL/mm? volume of this solution for 16 hours at 37°C [387.

Then, pH cycling was carried out over 14 days. The daily procedure included immersing

samples in demineralizing solution for 6 hours, followed by 18 hours of immersion in remineralizing
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solution. The demineralizing solution was composed of 2.0 mmol/L Ca, 2.0 mmol/L P, and 75
mmol/L acetate buffer and pH 4.4, while the remineralizing solution was composed of 1.5 mmol/L
Ca, 0.9 mmol/L P, 130 mmol/L KCl, and 20 mmol/L sodium cacodylate buffer and pH 7.0. All
samples were individually washed with deionized water for one minute prior to the application of the
test substance (positive control, experimental solution, or negative control). All samples were
washed again with deionized water before being immersed in the solution for the new cycle.

Solutions were maintained at temperature of 37°C in biological stove (397, as shown in Figure 1.

WASHING IN DEIONIZED
WATER

(PH 4.4) DURING H
AT 370C

DEIONIZED WATER,
FOLLOWED BY
IMMERSION IN
REMINERALIZING
SOLUTION (PH 7.0) DURIN
18H AT 37°C

Figure 1. Routine for 24h pH cycling stages, repeated for 14 days.

NSF Synthesis and Characterization

To prepare NSF, 1.0 g of chitosan was dissolved in 200 mL of 2% (V/V) acetic acid solution.
The solution was stirred overnight and then vacuum filtered. Later, 60 mL of the chitosan solution
were placed in ice bath under stirring. Then, 4.0 mL of 0.012 mol/L silver nitrate solution (AgNO3)
were added and left for 30 minutes before adding sodium borohydride (NaBH4).

AgNO3 / NaBH4 mass ratio of 1:6 was maintained via dropwise addition. The reduction of
Ag+ ions began immediately, and the solution color changed from colorless to light yellow and
finally to red. After 45 minutes in the ice bath, the colloid was removed from the bath and allowed to
reach room temperature. NalFF was added at concentration of 5,000 ppm and kept under stirring until
its complete dissolution. Soon after synthesis, NSI' was stored in refrigerator [33,40]. UV-vis

spectroscopy and transmission electron microscopy (TEM) were performed for NSF characterization

[417].
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Optical Coherence Tomography

Specimens were analyzed by optical coherence tomography at three-time points: before
chemically-induced caries (T0), after caries induction (T1), and post-cariogenic challenge (T2). A
commercial OCT system model (Callisto - Spectral Domain OCT System, Thorlabs Inc., New Jersey,
USA) was used [427]. To provide a brief overview, Callisto uses a superluminescent diode laser
operating at 930 nm central wavelength as a light source, with 100 nm spectral bandwidth and 3
mW maximum optical power. This model makes images of samples with 7 pm axial resolution when
it is immersed in air and 5.3 pm axial resolution when immersed in water. The transverse resolution
does not depend on the background, being set at 8 um. The axial scan rate is 1.2 kHz, which allows
capturing two frames per second with 105 dB sensitivity.

Callisto SD-OCT captures data in a matrix of 512 lines x 2,000 columns. The A-scan mode
projects Y-axis data as dependent on the deep light penetration, limited to 1.7 mm. The B-scan mode
creates proper 2D-OCT images, which are composed of all 2,000 A-scans captured along width of up
to 6 mm, corresponding to 1.7 mm maximum depth penetration (in air). A complimentary 3D mode
was composed of B-scans captured in a sequence of 250 um steps, until the complete mapping of
surfaces and subsurfaces of samples was achieved. Three-dimensional images allow the user to

visualize B-scans along XY, XZ, and YZ planes.

OCT Imaging Analysis

OCT results were processed in ImageJ software (National Institute of Health, USA) [437]
with computational routine that averaged 50 user-selected A-scans. In fact, the choice of the region
of interest (ROI) is important because it ensures that the analysis is meaningful. For this, the central
region of the OCT images of specimens was chosen, where the surface was plane. This allowed the
depth of the OCT signal penetration to be similar among the 50 A-scans. This analysis qualitatively
examines the changes that occurred in the optical properties of the enamel because the profile of the
OCT signal at a certain depth in the sample will be affected by the demineralization and
remineralization process. The integrity of the enamel surface and the measurement of the volume

loss for the tissue after pH cycling in comparison to initial images were obtained from OCT images.

Ethical Aspects

This experimental in vitro study was carried out with the approval of the Ethics Committee
for Research with Humans of the Federal University of Paraiba (CAAE: 48033215.0.0000.5188) and
the Declaration of Helsinki.

Results
UV-VIS analysis showed a peak at 400 nm, confirming the presence of silver nanoparticles in
the compound, and TEM images showed monodisperse and spherical silver particles with diameter

of 8.7 £ 3.1 nm, as shown in Figure 2.

’




Pesqui. Bras. Odontopediatria Clin. Integr. 2019; 19:e4002

Figure 2. Silver nanoparticles in the NSF validated by transmission electron microscopy image and UV-
vis spectrophotometry.

Figure 3 shows a representative image of a sound tooth sample before being submitted to pH
cycling. The figure shows the enamel layer over the dentin and a dark line between them, which
represents the dentin-enamel junction (DEJ). An A-scan (yellow curve) is shown, in which the tissue

interfaces are evidenced by the peaks in the graph.

Figure 3. OCT image showing the enamel and dentin layers and also the dentin-enamel junction. These
anatomical structures are confirmed by the A-scan of a selected point, presented in the form of yellow
lines, showing the peaks of various tissue layers due to the differences in the irrefractive indexes.

Differences can be observed in teeth submitted to cariogenic challenge, as shown in Figure 4.
For instance, in T1 images (4b and 4e), it is not possible to visualize the DEJ, probably due to the
higher back scattering of the demineralized enamel, which does not allow light to reach the dentin.

By analyzing the exponential decay of A-scans from each group, it is possible to identify

differences in light propagation in samples, especially at T2. It was observed that the decay curves
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obtained from Nal" and NSF show similar behaviors, while the negative control group has lower

extinction coefticient (Figure 5).

Figure 4. Sequence of images obtained from representative samples at different moments during pH
cycling, showing changes in the deciduous teeth. (a), (b), and (c) were obtained from the NSF group,
while (d), (e), and (f) were obtained from the negative control group. (a) and (d) show the samples at
To, that is, before the pH cycling. (b) and (e) were taken at T1, and (c) and (f) were taken at the end of
Te.

-+ = NaF
NS F
----- Negative control

E xtinction C oefficient (Arb. Units)

-0,2 0,0 0,2 0,4 0,6 0,8 1,0 1,2 1,4 1,6 1,8

Depth (mm)

Figure 5. Exponential decay of A-scans obtained from each group — NaF, NSF, and the negative
control group — at T2.

Discussion
The use of optical methods for the diagnosis of minimal structural changes has proven to be

effective in dental practice and less invasive than other methods. If early diagnosed, caries lesions can
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be treated [48-457. Visual and tactile methods for caries detection and radiographic examination
may not be as effective as OCT.

Optical coherence tomography stands out in this context because it is clinically applicable
and has high sensitivity and specificity for early diagnosis of caries [17]. In addition, it is capable of
detecting structural changes via qualitative and quantitative analysis [46]. It is important to note
that OCT has limitations, specifically low penetration capacity due to signal attenuation and
scattering. However, given the enamel thickness (on the order of 1-2 mm), it is quite appropriate. In
the presence of caries, greater scattering can further reduce image quality at greater depths. Another
important consideration regarding image quality is the technical parameters of the OCT equipment
used, such as central wavelength of the light source and bandwidth, which are important in
determining the axial resolution [477].

Another factor to be considered is that depending on the wavelength, there is likely greater
variation in the total attenuation of the signal in the enamel than in the dentin. In this context, an
OCT image has good quality when there is high axial resolution, in addition to good contrast and
reasonable depth penetration. Thus, based on the characteristics of the examined object, parameters
such as central wavelength, bandwidth, and optical instrumentation must be adjusted so that the
advantages of this system overcome disadvantages.

The studies shown in Table 1 describe various OCT systems operating at different
wavelengths that are used for the diagnosis of changes in tooth enamel. Short-wavelength OCT
systems, such as our 980 nm or 900 nm systems, are ideal for high-resolution imaging as compared
to systems with a 1,300 nm center wavelength [487. Thus, for the in vitro evaluation of enamel
demineralization, the 930nm SD-OCT system is superior for the diagnosis of structural enamel
alterations.

Regarding the results obtained, Figure 38 shows an A-scan superimposed over a
representative OCT image captured from a healthy deciduous tooth. This overlap allows observing
the sensitivity of the technique in detecting the light propagation that occurs during the penetration
of the incident beam. Along the path of the A-scan, it is possible to observe the presence of two
peaks, the first is at the air-enamel interface and the second is at the enamel-dentin interface. These
peaks indicate changes in the refraction index that occur when light propagates into a new and
different medium. This is important in evaluating the penetrative behavior of light during A-scan
formation.

In this study, NSF was tested as a dental enamel remineralizing agent. It was compared to
NaF and to a negative control via OCT images. Figure 4 shows the light propagation behavior from
the enamel surface to the dentin in the various phases in the NSF group and negative control group.
It could be observed that on the enamel surface, in phases T0 (Figure 4a and 4d) and T2 (Figure 4c),
it was possible to observe the entire length of the enamel layer, including the differentiation between
prismatic and aprismatic layers, the enamel/dentin junction, and the dentin. In phase T1 (Figure 4b),

it was not possible to differentiate the enamel from the dentin. Similar results were observed in
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phases T1 (Figure 4e) and T2 (Figure 4f) for the negative control group. This behavior can be
explained by enamel demineralization. In this situation, there is an intense increase in backscattering
in this region, so the light does not reach deeper layers, where the dentine is found. This is justified
by the caries induction in the enamel in phase T1 in all three groups.

This fact corroborates literature findings, suggesting that in the presence of caries, there is
greater scattering due to the modification of the scattering properties in carious enamel, which can
further reduce image quality at greater depths [487. In the negative control group, this intense back
scattering was repeated in T2 (Figure 4f), whereas in NSF and Nal" groups, there was a reversal, and
backscattering was decreased in T2 (Figure 4c). In the negative control group, lower backscattering
reduction was observed, because this group was not able to remineralize induced caries lesions.
Figure 5 shows the performance of enamel remineralization based on the analysis of A-scans
obtained from OCT images. NaF and NSF groups showed similar behavior during the A-scan
analysis of the T2 remineralization pattern, which demonstrates the equivalent abilities of these
fluorides to remineralize the demineralized enamel. On the other hand, A-scan of the control group
presented much lower scattering coefficient when compared to the remineralization pattern observed
in T2.

Regarding the performance of NSF, the results indicate that silver nanoparticles do not
interfere with the action of fluoride. This can be explained by the inherent ionic stability of silver
[32]. This finding is especially important in deciduous teeth due to a peculiar feature of their enamel:
these teeth are less thick and have enamel layer that corresponds to almost half the size of the
permanent teeth, and is more permeable and less hard than that of permanent teeth [2,37. Decidious
enamel is also prone to the progression of caries, which occurs about 1.5 times faster than in
permanent teeth [97. In contrast, it is important to emphasize that despite these disadvantages in
relation to permanent teeth, deciduous teeth are more sensitive to fluoride treatment. This may be
explained by the greater permeability of the deciduous enamel, which is about 150 times greater than
in permanent teeth, allowing the fluoride diffusion [27]. The use of NSF for enamel remineralization
in deciduous teeth may enhance the performance of fluoride with antimicrobial action of silver
nanoparticles added to this compound. Since this enamel is more sensitive to acid action, the
bactericidal potential of silver will be able to increase the effect of fluoride without causing staining,

while preserving the remineralization potential [84,35,48-50].

Conclusion
Nanosilver fluoride is as efficient as Nal in remineralizing dental enamel and the SD-OCT
system is sensitive for the evaluation of enamel remineralization in deciduous teeth based on A-scan

evaluation of images obtained.
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