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Abstract
Objectives This study aimed to investigate the influence of Nd:YAG laser and aluminum oxide sandblasting on the shear bond
strength (SBS) of lingual brackets and to optically analyze the behavior of the enamel morphology.
Materials and methods Thirty-five bovines’ incisors teeth were divided into 5 groups (n = 7), according to the surface precon-
ditioning: G1, control group; G2, Nd:YAG laser; G3, laser + aluminum oxide sandblasting (Al2O3); G4, Al2O3; and G5, Al2O3 +
laser. All groups had lingual brackets bonded and shear debonded after 72 h. SBS values were analyzed, and the enamel
morphology was evaluated by optical coherence tomography (OCT) and scanning electron microscope (SEM), before and after
preconditioning surface. The optical attenuation coefficient (α) analysis was obtained from OCT images. Data analysis used the
ANOVA test, followed by post hoc Tukey, Kruskal Wallis, and post hoc Dunn tests (significance of 5%).
Results The SBS values presented similarly among groups, but the value of α showed statistical difference (p-value = 0.0124)
between G3 and G5 with the others. Optical analyses indicated a melting on the enamel that suffered laser irradiation for G2 and
G5 and crystal surface disorganization for G4. Sandblasting partially removes the melting of the laser effect (G3).
Conclusion The sandblasting is a dispensable step for bonding lingual brackets, and the melting of the enamel after laser
irradiation does not compromise the bracket adhesive resistance.
Clinical relevance The Nd:YAG laser became an interesting tool to prevent caries and decrease prevalence of white spot lesions
in orthodontic treatments, without systemic effects in patients with genetic high risks of caries.
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Introduction

Background

Dental caries is a chronic infectious disease that affects billions
of people worldwide, with large individual differences in disease
activity. It is estimated that 20% of the population has caries by
genetic factors that have not enough response to fluor therapy
and hygiene habits, being indicated intensified traditional pre-
vention and immunostimulatory therapeutics [1]. In general, or-
thodontic brackets are considered a risk factor of white spot
lesions (WSL) because it allows plaque accumulation around
the appliance [2], which is one of the main etiologic factors of
theWSL, followed by acid production and loss of tooth calcified
substance [3]. About 75% of the orthodontic patients have an
incidence of WSL, and recently, 4.6% of the global economy is
a burden of dental diseases [4].
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The introduction of lingual brackets, in the 1970s, came to
improve the aesthetic of the patient during treatment.
However, the diminished inter-bracket distance and the gum
proximity of the bracket position decrease the cleaning effi-
ciency and increase the WSL’s risks [5]. Usually, the base of
prototyped lingual bracket covers the whole lingual surface
and decreases this risk [6, 7]. However, patients wearing
non-prototyped lingual brackets showed more plaque reten-
tion and S. mutans counts after bonding, even more than buc-
cal appliances [8], as it intensifies the risk of caries disease.
Additionally, the lingual enamel is thicker than the buccal [9]
and, once installed, could increase the caries propagation to
the other tissues.

During the lingual bracket bonding, the initial protocol in-
cludes the aluminum oxide sandblasting [10] before the acid
etching to increase the surface contact area [11–15]. After acid
etching, the enamel demineralization that promotes superficial
hydroxyapatite loss and porosities is considered a WSL risk
factor. To minimize these lesions is indicated fluoride appli-
cation directly onto the enamel adjacent to bracket [16], asso-
ciated with bonding materials [17] or with laser irradiation
[18, 19]. The ability of Nd:YAG laser to promote fluoride
uptake and prolong its releasing time in an oral environment
points to a demineralization resistance with reduction of caries
potential up to 45.9% [20].

The laser irradiation changes chemically and morphologi-
cally the enamel surface that could influence shear bond
strength (SBS) of the brackets. To guarantee the SBS during
the treatment, the enamel should be prepared to assure SBS of
brackets between 5.9 and 7.8 MPa [21]. No studies have re-
ported if the changes on enamel after lasing disturb the SBS of
lingual brackets and if the aluminum oxide sandblasting al-
lows the SBS to increase without removing the laser effect of
enamel protection.

Objectives

The aim of this study was to investigate the influence of
Nd:YAG laser and/or aluminum oxide sandblasting on the
shear bond strength of lingual brackets for direct bonding.
Optical evaluation of the enamel behavior was carried out
before, during, and after procedures, through noninvasive op-
tical analysis.

Materials and methods

This study was carried out after approval by the Animal Ethics
Committee from IPEN (CEUA-IPEN/SP n. 107/12). Thirty-
five bovine incisor teeth, free from caries, cracks, fractures,
deep dental grooves, surface decalcification, abrasions, and
stains, were selected and disinfected with 1 % chloramine-T

solution (7 days) (ISO/TS11405) and stored in deionized wa-
ter at 4 °C [22].

The specimen size caculation [23], the equation N = 4σ2

(Zcrit + Zpwr)
2 / D2 was used, where N is the total specimen

size, σ is the standard deviation (value 0.204), Zcrit is the
significance level (1.96, for 5% significance), Zpwr is the sta-
tistical power (1.282, for study power of 90 %), and D is the
expected mean value difference (equals to 0.5). This calcula-
tion resulted in approximately 7 specimens per group.

Specimens’ preparation

Approximately 2 mm of the incisal surface was removed from
the teeth with a diamond disc (Pretty Dental, São Paulo,
Brazil) mounted in the micromotor and handpiece to standard-
ize the positioning of brackets and the shear bond strength
procedure (Fig. 1). The groups were divided according to
the preconditioning methods of lingual surfaces (n = 7): G1,
control group; G2, Nd:YAG laser irradiation; G3, Nd:YAG
laser irradiation and aluminum oxide sandblasting; G4, alumi-
num oxide sandblasting; G5, aluminum oxide sandblasting
and Nd:YAG laser irradiation.

Orthodontics lingual brackets (Forestadent, Pforzheim,
Germany) with quadrangular base were used by a mesh with
dimensions of 3.26 mm × 3.26 mm (base area, 10.62 mm2).

The aluminum oxide sandblasting (50 μm, 60 psi, BIO-
ART, SP, Brazil) was applied perpendicular to the tooth lin-
gual surface, within the distance of 10 mm during 3 s [11].

For pulsed laser irradiation (Nd:YAG laser Power TM
ST6, Lares Research®, USA), the lingual surfaces were cov-
ered with a thin layer (~ 100 μm) of a photoabsorber com-
posed of triturated coal (particles of ± 10 μm diameter) diluted
in equal parts of deionized water, and 99% ethanol [20] spec-
imens were irradiated twice in manual contact: once in a hor-
izontal way and the other in a vertical way (30 s each) to
guarantee that all the surface was irradiated as per clinical
application. The employed laser protocol is shown in Table 1.

All teeth were cleaned with pumice stone (SSWhite
Duflex, Rio de Janeiro, Brazil), then washed (10 s), air dried
(10 s) and the bracket bonded after respective pretreatments,
according to the manufacturer instructions (kit Transbond XT/
Lot: N821727/3M Unitek, Monrovia, CA, USA), including
37 % phosphoric acid etching (Condac, FGM, Joinvile,
Brazil) for 30 seconds on the designated space for bonding,
followed by water spray (10 s), air dried (10 s), primer appli-
cation, primer photoactivation (20 s) and resin application on
the brackets base for positioning on the tooth surface.

To standardize the resin flow before the curing, an adapted
tensiometer (Morelli, São Paulo, Brazil) was used with 1200
gf for 5 s, and all the excesses of resin were removed by an
exploratory probe. The LED curing unit (LED Ortholux™
Luminous Curing Light; 3M ESPE, Minnesota, EUA) had
1600 mW/cm2 of irradiance tested before the experiment,
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and the photoactivation was done for 10 s on each side of the
brackets (distance of 2–3 mm).

After 24 h of storage in deionized water, specimens were
vertically embedded in a chemically activated acrylic resin
(Jet, São Paulo, Brazil) aided by a device for specimens’ in-
clusion (useful tip section of 5 mm × 0.5 mm, Odeme, 467,
Santa Catarina, Brazil). After inclusion, another 48 h storage
occurred in deionized water, totalizing 72 h between the bond-
ing procedure and the shear bond strength.

Shear bond strength analysis

The shear bond strength test was performed according to ISO/
TS11405 by a universal test machine (Instron 5567, Texas,
EUA) with 1 kN cell load and 0.5 mm/min speed. Specimens
were positioned for the chisel to have contact with the bracket-
adhesive-enamel interface when sliding in a parallel vector to
the bracket’s base until it fractures or the adhesive bond
breaks. The force was recorded in Newtons (N) and divided

by the base bracket area in order to obtain the resistance value
of shear bond strength in megapascal (MPa).

Scanning electron microscope (SEM) analysis

For each stage, the groups were evaluated by low vacuum
SEM (Hitachi TM3000, Tokyo, Japan) to analyze the enamel
surface morphology. It was operated with 15 kV, and images
were captured and analyzed at magnitudes of × 3000.

Optical Coherence Tomography (OCT) analysis

An OCT system, OCP930SR (Thorlabs Inc., NJ, USA), pro-
duced cross-sectional (2D) images from the scanned speci-
mens . The base uni t conta ins a l igh t source , a
superluminescent diode (SLD), operating at a central wave-
length of 930 nm, with a spectral width of 100 nm and 29 kHz
A-scan rate, and it can capture 8 frames per second (fps),
composed of 512 lines, 2000 columns, and axial resolution
of 6.2μm. The generated images had 6mmof transverse scan,
and the distance between the cuts and measurements in the
cervico-incisal direction was 1 mm. The enamel refractive
index considered was 1.6 [24].

Optical attenuation coefficient (α)

A custom software using MATLAB programming language
(MATLAB, MathWorks Inc, Massachusetts, USA) was spe-
cially developed to analyze the optical decay of specimen
images obtained by OCT. The software identifies the air-
specimen interface. The operator selects a region of interest
(ROI) delimiting the analysis where the average A-scan was
calculated after aligning the A-scan by the air-specimen

Fig. 1 Schematic drawing of the
incisal tooth surface removal to
help positioning the brackets

Table 1 Parameters of
Nd:YAG laser
irradiation

Laser Nd:YAG

Wavelength 1064 nm

Average power 0.6 W

Pulse frequency 10 Hz

Width of pulses 100 μs

Pulse energy 60 mJ

Energy density (fluency) 84.9 J/cm2

Duration of the irradiation 30 s

Fiber diameter 300 μm

1153Clin Oral Invest (2021) 25:1151–1158



interface. An exponential fit, based on Beer’s Law, was ap-
plied to average A-scan to obtain the α. This analysis was
repeated for several sequential acquisitions giving an arith-
metic α value for each group. It calculated the variation (Δ)
considering the final average values (T1—immediately after
the group’s preconditioning) minus initial average values
(T0—before any treatment), for intergroup comparison [24].

Data analysis

Shapiro-Wilk normality tests were performed to verify the
normality of obtained data with a significance of 95% (power
of 90%). For intergroup comparison of SBS data, the ANOVA
and post hoc Tukey tests were done (considering normal data
and unpaired tests). For the optical attenuation coefficient, the
Kruskal Wallis test and the post hoc Dunn test were used. Tests
were performed in the GraphPad Prism software (version 6 for
MacOS, GraphPad Prism Software, California, USA).

Results

Shear bond strength

The shear bond strength demonstrated the difference in the
intergroup comparison (p-value = 0.0034) (Table 2). The post
hoc comparison between groups showed differences between
G3 and G2 (p-value = 0.0155) and G5 and G2 (p-value =
0.0050) and no differences between the other groups: G1/G2
(p-value = 0.9912), G1/G3 (p-value = 0.8779), G1/G4 (p-val-
ue > 0.9999), G1/G5 (p-value = 0.4107), G2/G4 (p-value =
0.2031), G3/G4 (p-value > 0.9999), G3/G5 (p-value >
0.9999), and G4/G5 (p-value > 0.9999).

SEM and OCT

The analysis of the enamel superficial morphology by SEM
resulted in the images shown in Fig. 2. By SEM analysis, G2
presented a fusion and recrystallization of enamel surface (melt-
ing). In G3 and G4, surfaces showed roughness and irregulari-
ties, with multiple elevations, different heights, and rounded

borders, showing superficial depressions of the particles impact,
with linear forms. In G5 the surface presented the aspect of a few
enamel fusions associated with micro-craters and some cracks.

Through OCT images (Fig. 3), it was observed that the
laser melting effect in G2 was present as dense points on
enamel surface line. In the specimens of G4, the effect of
aluminum oxide sandblasting was represented as a large
straight refraction area under the enamel surface line showing
a different optical decay from G3 that sandblasting effect was
more concentrated in points on the sub-superficial layer and
less reflective. In G5, the center of the image presented less
optical decay than lateral areas, but nevertheless, it also pre-
sents interleaved areas of higher optical decay.

Optical attenuation coefficient (α)

The analysis of the variation (Δ) on the optical attenuation
coefficient α showed a statistically significant difference (p-
value = 0.0124) among the groups G5/G2 (p-value= 0.0420)
and G5/G4 (p-value = 0.0498) and no differences between the
others: G2/G3 (p-value = 0.3605), G2/G4 (p-value > 0.9999),
G3/G4 (p-value = 0.4096), and G3/G5 (p-value > 0.9999). The
G3 and G5 were similar and both presented a decrease in their
final α values, while G2 and G4 had increased (Table 3).

Discussion

The present study is, to the best of our knowledge, the first that
reports the SBS for direct bonding on the lingual surface of
anterior teeth with lingual brackets. It was motivated by the
increased demand for preventive caries protocol with lasers in
orthodontics [20, 25] and the possibility to optically evaluate
the changes during the procedures. The 20% of the patients
with high caries risk due to genetic factors have an indication
to intensified traditional prevention and immunostimulatory
therapeutics [1]. However, it could result in fluorosis or other
systemic compromises, which could be mitigated by the laser
application.

The statistical similarity between direct and indirect bracket
bonding [14, 26] led the present study to choose the simplicity

Table 2 Measurements
description of shear bond strength
of groups (MPa)

Groups Minimum Mean (± SD) Median Maximum CI

G1—Control 6.22 11.61 (± 5.79)a,b 9.76 20.07 (8.73; 14.49)

G2—Nd:YAG 4.60 7.82 (± 4.32)a,b 7.01 14.16 (5.32; 10.31)

G3—Nd:YAG + Al2O3 4.41 15.36 (± 7.17)a 13.31 26.19 (11.23; 19.50)

G4—Al2O3 10.71 13.23 (± 5.26)a,b 11.36 24.21 (10.20; 16.27)

G5—Al2O3 + Nd:YAG 10.83 16.20 (± 6.68)a 14.15 28.20 (12.34; 20.05)

SD standard deviation. ANOVA and post hoc Tukey tests. CI 95% of confidence interval of the mean
a,b intergroup statistical significance
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of the direct technique. Regarding the use of bovine instead of
human teeth, it is known that the bovine incisor teeth have
chemical and microstructural similarities with human tooth
becoming adequate for enamel adhesion studies, as reported
in [22, 27, 28]. Most important for the present work, the au-
thors of ref. [27] have shown that there is no statistically sig-
nificant difference between SBS values between bovine and
human teeth. Besides, the use of human premolars would

demand resin compensations to adapt to the utilized bracket,
compromising the specimen standardization.

The present SBS results agree with a meta-analysis which
shows values ranging from 3.5 to 27.8MPa (mean, 13.4MPa;
SD, 5.7) [29]. Furthermore, based on the minimal adhesive
resistance for clinical demand on orthodontics treatments—
5.9 to 7.8 MPa [21]—all the groups of this study presented
favorable results. Additionally, our results agree with those of

Fig. 3 OCT images after
preconditioning (T1) of enamel
surface: a G1 initial control; b G2
after Nd:YAG laser irradiation; c
G3 after laser irradiation + Al2O3;
d G4 after Al2O3; e G5 after
Al2O3 + Nd:YAG laser irradia-
tion. On OCT images, the laser
effect is shown by dotted arrows
and sandblasting effect by white
arrows

Fig. 2 SEM images after preconditioning (T1) of enamel surface: aG1 initial control; bG2 after Nd:YAG laser irradiation; cG3 after laser irradiation +
Al2O3; d G4 after Al2O3; e G5 after Al2O3 + Nd:YAG laser irradiation
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Sfondrini et al. [30] of SBS—between 16.74 ± 5.18 MPa—
using the same lingual brackets in similar tests conditions of
sandblasting procedure associated to H3PO4, but on the buccal
enamel. The present study also agrees with other results that
considered questionable the association of sandblasting and
H3PO4 for increase lingual bracket bonding protocol [31].

It is important to note that the reporting of SBS inherently
assumes a uniform interfacial shear stress, whereas the actual
situation involves stress concentrations both at the loading
platen (chisel) and at local microstructural irregularities, in this
study either in the literature.

The sandblasting improves the micro-retention after etching
because the aluminum oxide particles (50 μm of diameter) by
randomly conditioning the enamel prisms (5 μm of diameter),
providing a surface without debris or plaque [32], and removing
different parts of the surface [33], consequently increasing the
SBS values. It exposes the subjacent prismatic structure [34]
and increases the superficial roughness. The etching does an
additional demineralization of the enamel structure, enhancing
the area of surface contact [34]. It consequently increases the
union strength. Morphologically, this alteration appears as
large structural disorganization of enamel prisms in the
SEM images—especially when Al2O3 was the final step (G3
and G4- Fig. 2c and d)—and, in the OCT analysis (Fig. 3c and
d), as an increase in depth penetration compared to the other
protocols (Figs. a, b and e).

The chemical and morphological alterations on the enamel
after lasing by Nd:YAG changed the balance of Ca/P in 10 to
20μm in depth according to the temperatures reached. Between
100 °C and 650 °C, the hydroxyapatite presents an expansion
of their unit mesh. Until 1100 °C there is a continuous expan-
sion of hydroxyapatite crystallite sizes and tricalcium phosphate
formation (β-TCP). Above 1100 °C, the β-TCP phase is
converted into α-TCP. It allows the hydroxyapatite melting
(at 1280 °C) creating a new phase (tetracalcium diphosphate).
These matrix crystallographic alterations reduce the water per-
meability and carbonate amount and enhance the hydroxyap-
atite crystal sizes. It indicates an additional resistance to acid
contents that help to prevent dental caries [35, 36], because it
decreases the critical pH for irradiated enamel tissue.

The melted enamel could increase the adhesive mechanical
bonding [37, 38] once the surface alterations were similar to
micro-craters—on tested output—as seen in the microscopical
analysis (Fig. 2b) [37]. The melting effect is seeing as dense
points on enamel superficial line in OCT images (Fig. 2b).

The results of the preconditioning association groups (G3
and G5; Fig. 3 c and e) are new in the literature, to the best of
our knowledge. It is speculated that the subsequent treatment
of Nd:YAG laser further increased the contact surface of the
sandblasted enamel and simultaneously eliminated the weak
structures caused by the sandblasting. The Al2O3 removes
partially the melting effect (G3), and the laser irradiation is
effective even on disorganized surfaces (G5). It also implies
that the protective laser effect could be active without harm the
SBS. Furthermore, considering the SBS, the present results
demonstrated no differences in the pretreatment protocols test-
ed. It corroborates with other studies that showed no differ-
ence to the traditional protocol [11, 39–43].

Beer’s law relates the light attenuation through the material
properties with its traveled distance. Different biological tis-
sues, or states of a tissue (healthy or diseased), present differ-
ent optical attenuation coefficients (α). Several studies have
reported the behavior of the attenuation coefficient α carried
out between healthy and demineralized enamel [24, 34,
44–46]. Differently, the present study proposed to identify
the attenuation coefficient differences due to different types
of preconditioning.

The higher is the α, the less is the light transmission [24,
46], due to light scattering and absorption. In the laser (Fig.
3b) and Al2O3 (Fig. 3d) groups, the final surface promoted a
higher light scattering. It was possible due to a higher density
(in the case of the laser), or with great structural disorganiza-
tion (in the case of sandblasting) [46]. It increases the light
reflection on the surface and reduces the light propagation
within the specimen.

After preconditioning, the associated groups (G3 and G5)
presented a decrease in the α. This fact indicates greater light
transmission in these images and low interaction with scatter-
ing centers [45], probably due to the lower mineral content on
enamel sandblasted by Al2O3 particles that removes the cen-
tral enamel [34]. The values of α were similar for both pre-
conditioning orders presented.

The study limitation was the relatively large variations in
the individual SBS values within the different sample groups
because of the substrate heterogeneity. For better standardiza-
tion, 2 mm of incisal surface was removed from all teeth, to
allow the chisel work without obstacles, and the device for
specimen inclusion was used to standardize the angle of the
chisel and the interfacial shear bond. Additionally, care was
taken with the sample calculation, supported by literature.
Further research in this area should exploit the OCT for
in vivo images of lingual brackets region in human teeth,
looking for WLS and caries development.

Table 3 Measurements variation of α before and after pretreatment on
enamel surface

Groups Δ (± SE) (μm−1) p-Value of Δ

G2—Nd:YAG 1.04 (± 0.37)a (↑) 0.0062

G3—Nd:YAG + Al2O3 − 0.67 (± 0.52)a,b (↓) < 0.0001

G4—Al2O3 0.92 (± 0.48)a (↑) 0.0637

G5—Al2O3 + Nd:YAG − 2.57 (± 1.13)b (↓) 0.1893

SE standard error. Kruskal Wallis and post hoc Dunn tests. Δ is a varia-
tion of α before and after pretreatment
a,b intergroup statistical significance
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Conclusions

All protocols employed in this work, using lasers and conven-
tional ways, led to SBS within the recommended values in the
literature. The irradiation with Nd:YAG laser and/or alumi-
num oxide sandblasting presented enamel structural modifica-
tions that maintains the clinical adhesive performance.

Sandblasting preconditioning did not increase significantly
the SBS in bonding protocols and mechanically reduces the
laser melting effect.
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