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Abstract

Objectives To evaluate the effects of Nd:YAG laser irradiation on the microstructures of dentin surfaces and the long-term
bond strength of dentin under simulated pulpal pressure.

Materials and methods Under simulated pulp pressure, 30 freshly extracted caries-free third molars were cut into 2-mm-
thick dentin samples and then divided into five groups: the control and laser groups (93.3 J/em?; 124.4 J/cm?; 155.5 J/cm?;
186.6 J/cm?). Scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS), X-ray diffraction (XRD),
attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR), and Vickers hardness were used to analyze
the surface morphology, composition, and mechanical properties of the dentin before and after laser irradiation. Another 80
caries-free third molars were removed and treated as described above, and the resin was bonded to the dentin surface with
Single Bond Universal (SBU) adhesive in self-etch mode to make stick specimens. Microtensile bond strength (LTBS),
confocal laser scanning microscopy (CLSM), and interfacial silver nanoleakage tests before and after 10,000 times thermo-
cycling were then performed to analyze the bonding properties and interfacial durability of each group.

Results SEM observations revealed that the surfaces of all laser group specimens were rough with open dentin tubules.
Laser irradiation altered the surface composition of dentin while removing some collagen fibers but did not affect its surface
hardness or crystallographic characteristics. Furthermore, laser irradiation with an energy density of 124.4 J/cm? signifi-
cantly promoted the immediate and aging bond strengths and reduced nanoleakage compared to those of the control group.
Conclusions Under simulated pulp pressure, Nd:YAG laser pretreatment altered the chemical composition of dentin and
improved the immediate and long-term bond strength.

Clinical relevance This study investigated the optimal parameters for Nd: YAG laser pretreatment of dentin, which has poten-
tial as a clinical method to strengthen bonding.

Keywords Laser irradiation - Nd:YAG laser - Dentin - Bonding durability - Adhesive

Introduction

Modern bonding techniques have improved dramatically
since the introduction of acid etching to enamel bonding
by Buonocore [1]. Dentin, on the other hand, has a more
complex bonding mechanism than enamel due to its struc-
tural complexity. Dentin is a tubular, liquid-rich mineralized
tissue composed of inorganic matter, organic matter, and
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water, with organic matter accounting for as high as 30% of
the total composition [2]. The dentin tubules contain dentin
fluid and are connected to the pulp, and the diameters and
water contents of the tubules vary with the layer of the den-
tin [3]. The surface of dentin has wettability and there is a
smear layer after cutting, which prevents direct interaction
between the adhesive and dentin [4]. Therefore, it is neces-
sary to pretreat the dentin surface to improve the bonding
effect.

The etch-and-rinse technique for dentin bonding relies on
the adhesive penetrating both the dentin tubules and demin-
eralized collagen fiber network and insitu polymerization,
forming resin tags and a hybrid layer to generate the main
retention force [5]. Due to the complexity of the structure
of the collagen fiber network and progressive penetration of
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the adhesive monomers, it is difficult for existing adhesives
to completely penetrate and encapsulate the demineralized
collagen fibers, resulting in exposed collagen fibers at the
bottom of the hybrid layer [6]. In addition, residual water
molecules in this area form localized water-rich and resin-
poor zones, which expand over time. Moreover, the acti-
vated endogenous collagen hydrolases in dentin gradually
degrade the exposed collagen fibers, ultimately leading to
the destruction of the bonding interface and the failure of
adhesive restorations [7].

Lasers were introduced into the medical field in the 1960s,
and since then, their applicability in various areas of the
dentistry fields has expanded rapidly [8]. Thus far, the main
types of lasers used include Er,Cr:YSGG lasers, Er:YAG
lasers, Nd:YAG lasers and diode lasers [9-11]. Compared
with traditional instruments, laser therapy is faster, safer
and more effective because it does not generate vibration,
noise or pain nor does it touch the tooth surface [12, 13].
Furthermore, laser irradiation preserves additional tooth
tissue and reduces the invasive treatments [14]. Laser irra-
diation of dentin roughens the surface, removes the smear
layer and opens the dentin tubules, thereby creating ideal
conditions for bonding [15]. In addition, after laser irradia-
tion, a microspace is formed in the dentin, which makes the
dentin resistant to acid and less susceptible to corrosion,
thus protecting the bonding interface [16]. However, some
scholars have suggested that laser irradiation can degrade
some collagen, and the remaining denatured collagen fibers
fuse together, limiting the penetrability of the resin in dentin
and preventing the improvement in the bonding strength of
dentin [17]. This inconsistency may be related to the differ-
ent types of lasers and parameters used in the experiments.

Nd:YAG lasers are infrared pulsed lasers with a wave-
length of 1064 nm. This laser light source has a solid active
medium consisting of neodymium-doped yttrium alumin-
ium garnet crystals, which can be effectively absorbed by
colored tissues [18]. Therefore, light is not absorbed by
healthy dentin, and surrounding healthy tissues can be pro-
tected; in contrast, dark caries absorb a large portion of the
energy [19]. Second, the energy of the Nd:YAG laser is less
absorbed in dentin and water and instead disperses in or
penetrates biological tissues [20]. This laser can raise the
temperature of the tissue to the melting point. The surface
of melted dentin rapidly cools and returns to a solid state,
presenting the occurrence of a lava-like appearance [21]. In
addition, due to its wavelength and pulsation characteris-
tics, the Nd:YAG laser has a good bactericidal effect and
can eliminate pathogenic bacteria residing inside the deep
layers of dentin [22].

Dentin tubules communicate with the pulp chamber, and
the dentin fluid will slowly flow from the tubules to the den-
tin surface by capillary movement under pulpal pressure
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[23]. The permeability and surface wetness of dentin affect
the quality of the bonding interface [3]. Therefore, when
testing the in vitro bond strength of adhesives to simulate
in vivo conditions, simulating pulp pressure is an impor-
tant and reliable strategy for evaluating resin-dentin seal-
ing and durability. Multiple researchers have shown that
dentin bond strength decreases to a relatively great extent
in experimental groups employing pulp pressure, which
closely resembles the degradation of the bonding interface
in clinical practice [24]. In experiments that do not feature
this technique, the decline in bond strength may be slowed
and the effect of bonding materials can be exaggerated,
which is not conducive to proper evaluation and selection of
bonding materials [25].

Recently, some new adhesives that have been labeled as
“universal” or “multi-mode”, have been widely used in clin-
ical practice. Their most important feature is that they are
not affected by the bonding mode and can be used in etch-
and-rinse mode or self-etch mode, which provides a more
convenient operation for the clinic. However, it has been
shown that the use of phosphoric acid to dissolve intertubu-
lar dentin on the surface of laser-prepared teeth may lead to
dentin demineralization at unpredictable depths, which may
interfere with the diffusion of the bonding monomer [26].
In addition, compared to those in the self-etch mode, the
amount of calcium ions in dentin decreased after phosphate
acid etching, and the hydroxyapatite crystals were almost
completely removed. This may affect the chemical inter-
actions between the hydroxyapatite crystals and the MDP
monomer, thus affecting the bonding efficiency [27].

This study aims to explore the effects of Nd:YAG laser
pretreatment on the microstructures of dentin surfaces and
bond durability under simulated pulp pressure. The null
hypothesis posits that the application of laser irradiation on
the dentin surface before bonding has no significant effect
on the microstructure of dentin, bond strength, and interfa-
cial nanoleakage characteristics.

Materials and methods
Sample preparation

One hundred and ten freshly extracted, healthy third molars
were collected after obtaining approval from the Ethics
Committee for Human and Animal Studies of the Institute
of Stomatology of Jilin University. There were no restora-
tions, caries, fractures, or endodontic or periapical disease
in the teeth prior to extraction. Organic debris and tissue
residues were removed from the surface using scalpel
blades and periodontal scrapers and stored for no more
than 3 months in a 0.5% chloramine-T solution at 4 °C. The
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storage solution was replaced weekly. The enamel and den-
tin were cut from the crown with the laboratory low-speed
cutter (Kejing, China) under running water. The root was
subsequently removed 1 mm below the cemento enamel
junction in order to expose the pulp cavity, and the pulp
soft tissue was removed with forceps. Measurements were
conducted with a thickness caliper, with 2 mm serving as
the standard thickness at the highest pulp horn. To create
a standard smear layer, the prepared dentin samples were
sanded under running water in a circular motion on 600-grit
SiC paper for 60 s.

Simulated pulpal pressure

A perforation was made at the midpoint of the acrylic plate,
followed by the insertion of a 16-gauge stainless steel nee-
dle. The opposite end of the needle was connected to a 50
mL syringe barrel. Dentin samples were fixed to an acrylic
plate with cyanoacrylate adhesive and dental wax, and the
syringe was filled with deionized water so that the height
from the horizontal plane in the syringe to the dentin surface
was 15 cm, thus simulating a pulpal pressure of 1.47 kPa. At
37 °C, this pressure was maintained for 24 h before proceed-
ing with subsequent manipulation.

Experimental design

The Nd:YAG laser device utilized in this investigation was
a LighterWalker (Fotona, Germany) operating at a wave-
length of 1064 nm with a tip fiber diameter of 320 um. The
dentin samples were randomly divided into 5 groups accord-
ing to the energy density parameters of the Nd:YAG laser;
Group 1 received no treatment, while the energy density
parameters of the remaining 4 groups were calculated based
on the laser power, frequency, and fiber diameter, which
were 93.3 J/em?, 124.4 J/em?, 155.5 J/em?, and 186.6 J/em?,
respectively. The laser was irradiated in noncontact mode
with a scanning time of 60 s. A fixation device was fab-
ricated using self-curing acrylic resin during laser irradia-
tion to maintain a stable distance of 2 mm at an angle of
90° from the surface of the dentin samples. The irradiations
were moved in a sweeping fashion by hand, and a zigzag

Table 1 Nd:YAG laser treatment parameters for each group of dentin
specimens

Group Fiber Power  Frequency  Energy
Diameter Density
Group 1 — — — —
(Control)
Group 2 320 pm 0.75W 10 Hz 93.3 J/cm?
Group 3 320 pm W 10 Hz 124.4 J/cm?
Group 4 320 pm 125W 10Hz 155.5 J/cm?
Group 5 320 um 15W  10Hz 186.6 J/cm?

scan was performed on the whole dentin surface during the
exposure period. The experimental grouping and design
schematic are shown in Table 1; Fig. 1.

Microstructure of dentin
SEM-EDS analysis

One dentin sample was selected at random from each group
and immersed in 2.5% glutaraldehyde solution (Solarbio,
China) for 24 h. The sample was then dehydrated with
progressively stronger ethanol solutions (25%, 50%, 75%,
95%, and 100%) for 20 min each and submerged in hexa-
methyldisilazane (HMDS; Sigma, USA) for 10 min. After
drying and Au coating, SEM (S-4800; Hitachi, Japan) was
used to examine the surface morphology of the dentin at
an accelerating voltage of 15 kV. Moreover, EDS (EDAX
Genesis 2000; Ammetek, USA) was used to detect and
record changes in the compositions of the samples within
the observation area. Four EDS measurements were taken
for each sample, and the Ca and P contents (wt%) and Ca/P
weight ratio (WR%) were recorded.

ATR-FTIR analysis

Two dentin samples were chosen at random from each
group, and ATR-FTIR spectra (Nicolet; Madison, USA)
were acquired. The average value was obtained by randomly
selecting and testing five distinct places on the surface of
the sample. The spectral data were expressed as absorbance
values and were analyzed with OMNIC 8 software (Nico-
let, Madison, USA). The PO,v3 band (900-1200 cm™" cor-
responds to hydroxyapatite (HAP) crystals and the amide
I band (1570-1790 cm™') corresponds to dentin collagen
fibers. The area ratio of the main phosphate to the amide
I band represents the relative amount of the mineral to the
organic matrix (PO,/amide I) when evaluating the effect of
laser irradiation on the collagen fibers of dentin.

XRD analysis

According to the preparation requirements of the XRD sam-
ples, 1 molar was selected from each group, and 1-mm-thick
slices of dentin were cut perpendicular to the long axis of
the tooth. Each sample was first sanded with water sandpa-
per and then polished and ultrasonically cleaned. After laser
treatment, the specimens were analyzed using an X-ray dif-
fractometer (Rigaku Dmax, Japan) in continuous scanning
mode with an accelerating voltage of 40 kV and a current of
40 mA. The scanning speed was 4°/min, and the scanning
range was 20-60°.
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Fig. 1 Schematic overview of specimen preparation and experimental design in A and B, respectively

Hardness measurements

Two dentin samples were chosen at random from each
group, and the surface hardness values of the specimens
were examined with a Vickers hardness tester (HMV-
G21ST; Shimadz, Japan) with a load of 980.7 mN and a
dwell time of 10 s after laser treatment. The values for each
dentin sample were averaged after 4 measurements in a
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relatively flat and uniform location, with each indentation
being 100 pm apart.

Bonding performance
Dentin bonding procedures

After the dentin samples were cemented to the pulp pressure
model for 24 h, the dentin surfaces were first irradiated at a
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uniform rate with the Nd:YAG laser energy density param-
eter set for each group and then blown dry. The SBU adhe-
sive (3M ESPE, USA) was applied on the dentin surface
in a self-etching mode according to the manufacturer’s rec-
ommendations. After the adhesive procedures, two layers of
resin composite (Filtek Z350, 3M ESPE, USA) with thick-
ness of 2 mm each were applied and light cured separately
for 20 s (light intensity 1000 mW/cm?). All of the samples
were then stored in deionized water at 37 °C in the dark for
24 h to completely cure the resin.

UTBS and failure mode analysis

Fourteen samples of dentin-composite resin were chosen at
random from each group, and half of them were embedded
in epoxy resin and then cut into 0.9 X 0.9-mm sticks using
a diamond saw (n=35). The cross-sectional area of each
stick should not exceed 1 mm?. The sticks were adhered to
a microtensile mold using cyanoacrylate glue. The immedi-
ate pTBS was evaluated with universal testing equipment
(AG-X plus; Shimadzu, Japan) at a loading rate of 1 mm/
min until the sticks broke. Measure the exact cross-sectional
area of each sample after fracture and the uTBS is deter-
mined by dividing the maximum load at which a specimen
breaks by its cross-sectional area. The remaining samples
underwent 10,000 thermal cycles, alternating between water
baths at temperatures of 5 and 55 °C for 30 s each, and the
above operations were subsequently repeated.

The fracture pattern of the specimen was observed under
a stereomicroscope. The failure modes were recorded as
adhesive failure (failure at the adhesive interface), cohesive
failure (failure in the dentin or composite resin), or mixed
failure (combined adhesive and cohesive failure).

SEM analysis

The laser group with the optimal parameter (124.4 J/cm?)
was chosen for SEM analysis based on the u'TBS results.
Two samples of dentin-composite resin were selected from
each group (control and laser), and half of them were embed-
ded in epoxy resin and then cut into 1-mm-thick slabs along
the long axis of the tooth. Selected slabs near the center of
the tooth were first demineralized with 37% phosphoric acid
gel for 2 min and then immersed in 1% NaClO for 10 min.
After rinsing them in running water and fixing them in 2.5%
glutaraldehyde solution for 24 h, the samples were dehy-
drated with increasing concentrations of ethanol solution
and placed in HMDS for 10 min. They were then air-dried,
coated with Au, and finally fixed on the SEM sample stage
to observe the microstructure of the bonding interface. This
process was repeated for the remaining half of the samples
after 10,000 thermal cycles.

CLSM analysis

One dentin slab was selected from each of the control and
laser groups, and rhodamine B (RB) was mixed into the
SBU adhesive at 0.1 wt%. The bonding procedure was the
same as the Dentin bonding procedures described above.
After cutting the samples into 0.5-mm-thick resin-dentin
slabs, SiC papers were used to grind and polish the sam-
ples step by step to 3000 mesh. To prevent tissue shrinkage
caused by drying and dehydration, the samples were kept
moist before observation and analysis were conducted. The
prepared samples were placed on coverslips, and images
were captured inside the bonding surface along the fixed
axis with CLSM (LSM-800; Carl Zeiss, Germany).

Nanoleakage analysis

Two teeth in each group were selected to prepare dentin
slabs for nanoleakage assessment according to the SEM
analysis procedures described above. The slabs were first
coated with nail varnish, excluding the area within 1 mm of
the bonding interface, and then immersed in 50 wt% ammo-
niated silver nitrate solution in the darkness for 24 h. Subse-
quently, the samples were rinsed under deionized water for
5 min to thoroughly remove the soaking solution and then
placed in a photodeveloping solution under fluorescent light
for 8 h. The samples were polished step by step under run-
ning water with SiC papers and cleaned by ultrasonic vibra-
tion. Finally, the samples were coated with Au and analyzed
using FE-SEM in the backscattered electron mode. This
process was repeated for the remaining half of the samples
after 10,000 thermal cycles.

Statistical analysis

The EDS, ATR-FTIR, microhardness and pTBS results
exhibited normal distributions and homogeneous variances.
Therefore, the differences in EDS, ATR-FTIR and micro-
hardness values between the various treatment groups were
analyzed with one-way ANOVA and Tukey’s post hoc tests.
The uTBS values before and after aging at different energy
densities were analyzed by two-way ANOVA, followed by
Tukey’s post hoc multiple comparison tests. The signifi-
cance level was set at P <0.05.

Results
SEM-EDS analysis

According to the morphological observations, the surface
of the dentin in the control group was relatively flat, with
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Laser

Control

Fig. 2 SEM surface examination of control dentin and laser-treated
dentin (3000x, A and B) (5000x, a and b)

the smear layer blocking the dentin tubules. The dentin sur-
face pretreated with the Nd:YAG laser was irregularly cra-
tered due to recrystallization of the molten dentin, which
resembled lava. The smear layer on the dentin surface disap-
peared, and the dentin tubules were open (Fig. 2).

The EDS plot showed changes in the chemical composi-
tions of the dentin surfaces before and after laser irradia-
tion at different energy densities (Fig. 3A). The Ca and Ca/P
ratios on the dentin surface increased following Nd:YAG
laser irradiation, but the variations in the values did not dif-
fer among the four groups with different energy densities.

Table 2 Differential comparison of the chemical composition of dentin
surfaces among the groups

Control ~ 93.3 J/cm? 124.4J/cm? 155.5J/cm® 186.6 J/cm®
Ca 3442 39.17 39.71 39.98 40.66
(2427 (198 (121 (0.86)° (1.55)°
P 2250 23.76 23.74 2425 24.20
0.84)*  (1.22)*  (0.65) (0.59)* (0.50)*
Ca/P 1.53 1.65 1.67 1.65 1.68
0.052  (0.01)*  (0.05)° (0.32)° (0.09)°

Values are the means (standard deviation). Different letters in the row
meant statistical significance (p <0.05)

Furthermore, the differences in P contents between the
groups before and after laser irradiation were not statisti-
cally significant (Table 2).

ATR-FTIR analysis

The ATR-FTIR spectra and PO,/amide I ratios for the con-
trol and each experimental group are shown in Fig. 3B,
C. The infrared spectra of the laser-irradiated dentin
showed no additional peak formation. In comparison to
the control group (6.14+0.23), the peak corresponding
to the amide I band (1570-1790 cm™') was significantly
weaker in all the laser groups and the ratios of PO,/amide
I (933 J/em™ 8.63+0.71; 1244 Jiem* 8.18+0.74;
155.5 J/em?: 8.62 +0.22; and 186.6 J/cm?: 7.70 +0.62) were
significantly greater.
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Fig. 3 (A) Changes in the chemical composition of dentin surface
before and after laser irradiation. (B) The ATR-FTIR spectrums of
control dentin and laser-treated dentin. (C) Column graph of the apa-
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XRD analysis

The dentin of both the control and experimental groups
were characterized with an X-ray diffractometer, and the
corresponding spectra are displayed in Fig. 3D. All of the
diffraction peaks corresponded well to the main characteris-
tic diffraction peaks in the standard JCPD card of hydroxy-
apatite, and the peak shapes of each group before and after
laser irradiation were similar.

Hardness measurements

Table 3 displays the hardnesses of the dentin before and
after laser irradiation. The microhardness of the dentin
surface was slightly lower after laser pretreatment than in
the control group, but the difference was not statistically
significant.

MTBS and failure mode analysis

The mean and standard deviations of the immediate and
aging pTBS are shown in Fig. 4A. The results of the pnTBS
were analyzed with two-way ANOVA (variables: surface
treatment and 10,000 thermal cycles) (Table 4). The main
effects of the surface treatment (F=21.420, p<0.001) and
aging (F=63.520, p<0.001) were significant, while the
interaction effect was not significant.

Table 3 Hardness values obtained for the different experimental groups

Groups Hardness (HV)
Control 71.11 (3.98)*
93.3 J/cm? 70.91 (3.55)?
124.4 J/cm? 69.58 (5.70)*
155.5 J/em? 69.04 (3.63)
186.6 J/cm? 71.05 (5.58)*

Values are the means (standard deviation). Different letters meant
statistical significance (p <0.05)

The immediate bond strengths in all of the laser groups,
except for the group treated with the 186.6 J/cm? energy
density, were significantly higher than that of the control
group. In particular, the group irradiated by a laser with an
energy density of 124.4 J/cm? exhibited the highest bond
strength, and the difference in pnTBS among the remain-
ing experimental groups was not significant. After 10,000
thermal cycles, the 124.4 J/cm? group still exhibited greater
bond strength than the aging control group. The pTBS did
not significantly differ among the other groups, except for
that of the 124.4 J/cm? group. Moreover, the bond strengths
of both the control and laser groups were significantly lower
after aging.

Figure 4B displays the results of both the immediate and
aging fracture patterns. The fracture pattern of each group
was primarily dominated by adhesive fracture, followed
by mixed fracture, and the percentage of adhesive fracture
increased after aging. The proportions of adhesive fractures

Fig.4 (A) Immediate and aged
microtensile bond strength test 60 -
results. Different upper case
letters represent statistically
significant differences between
different energy density groups
(»<0.05). Different lower case
letters indicate statistically sig-
nificant differences between the
groups before and after thermo-
cycling (p <0.05). (B) Prevalence
(in percent) of the failure mode in
each group

Microtencile bond strength (MPa)

- Immediate
I 10000 thermal cyclings

Mixed [ Adhesive

Cohesive
100

S =N 23
S S =

Distribution of failure patterns (%)
S

Conirol 933 Vem* 1244 Mem®  15551cm®  186.6 Jiem? Control ‘ 93.3 Jem® ; Trem? 1 Tem®  186.6 Jem?
A B
Ta‘ble 4 TWO'Way ANOVA for Source Type III sum of squares  df Mean square ~ F Sig.
“;IOCT";@“S‘IG bond strength of the 02t d model 11649.553° 9 1294395 16814 0.000
u

group Intercept 275314.685 1 275314.685 3576.233 0.000
Thermocycling 4890.020 1 4890.020 63.520 0.000
Energy Density 6596.062 4 1649.015 21.420 0.000
Thermocycling*energy Density 163.471 4 40.868 0.531 0.713
Error 26174.744 340  76.985

“R2 = 0,308 (Adjusted Total 313138.297 350
Corrected total 37824.297 349

R?=0.290)
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Fig.5 SEM examination of the bonding interface before and after laser
irradiation of the different groups. The images increase in magnifica-
tion from left to right (1000x, 3000x)

Control Laser Control Laser

A B

Fig. 6 The evaluation influence of Nd:YAG laser on the durability of
resin—dentin bonding interface. (A) CLSM image of bonding interface
of different groups. Lower case letters are 3D reconstructed images of
upper case letters. (B) Representative images (1000x) of interfacial
nanoleakage expression of different groups

in the experimental group were lower both immediately and
after aging compared to the control group. The percent-
age of adhesive fractures in the laser group tended to first
decrease and then increase with progressive increases in
laser energy density.

SEM analysis

Figure 5 displays SEM images of the bonding interface of
each group. Few short resin tags, which were cylindrical
in shape with smooth surfaces, were formed in the dentin
tubules of the immediate control group. There were more
and thicker resin tags deeper into the dentin tubules for the
laser groups than for the control group. The surfaces of the
resin tags were relatively rough, with a few short lateral
branching protrusions. At the bonding interface after aging,
the morphologies of the tubules and the number of resin tags
were roughly similar to those under immediate conditions,
respectively.

CLSM analysis

The results of the CLSM observation of the bonding inter-
face are shown in Fig. 6A. Three-dimensional reconstruc-
tion displayed the overall morphology of the hybrid layer
resin tags at a certain depth without limiting the layer sweep
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depth. The resin tags that formed at the bonding interface
in the control group were short and sparse. In contrast, the
density and penetration depth values of the resin tags in the
laser group significantly increased.

Nanoleakage

Figure 6B displays the FE-SEM images of each group of
nanoleakage both before and after aging, and the highlighted
area at the bottom of the hybrid layer arose due to silver ion
deposition. Under immediate conditions, the degree of sil-
ver staining at the interface was much lower in the Nd:YAG
laser pretreatment group than in the control group, and the
bonding interface was spotted or discontinuous with sparse
silver staining lines.

Significantly greater levels of nanoleakage were observed
after aging than before. In the aging control group, a dense
and continuous layer of silver particles was observed at the
bonding interface. In contrast, in the aging laser-pretreated
groups, the silver particles exhibited a continuous and
sparse distribution.

Discussion

The existing bonding process mainly utilizes two different
techniques: etch-and-rinse approach (E&R) and self-etch
approach (SE). The E&R technique removed the smear
layer, resulting in the formation of a demineralized dentin
layer on the dentin surface. However, because the depth of
penetration of the adhesive monomer cannot reach the depth
of acid etching, the exposed collagen fibers were hydro-
lyzed in the wet environment provided by residual moisture,
which led to microleakage [28, 29]. SE adhesives reduce the
difference between the depth of demineralization and pen-
etration because they occur simultaneously [30]. However,
the SE adhesives did not eliminate the smear layer but rather
modified it, which may impact dentin bonding [31].

Since they are applied in the oral cavity, lasers have dem-
onstrated unique advantages when combined with or used
as an alternative to traditional methods. The Nd:YAG laser
is also increasingly used to treat clinical oral diseases, such
as root canal disinfection, tooth bleaching, peri-implantitis,
dentin hypersensitivity, and surgical procedures [32-35].
Some scholars have also studied the effects of laser irra-
diation on dental hard tissues. Laser irradiation of tooth
tissues not only reduces microleakage but also has a bac-
tericidal effect [36]. However, there has been contradictory
reporting of the effects of laser irradiation in the litera-
ture. The Nd:YAG laser primarily affects dentin through
thermal action, which generates high temperatures even
within a short action time and induces apatite crystals to
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melt, recrystallize and form a crater [37]. This study was
designed to assess the effects of laser irradiation on the sur-
face characteristics and adhesive qualities of dentin. These
goals were achieved by simulating the pressure of the pulp
in vitro and by setting parameters, such as power, frequency,
and fiber diameter, based on previous experiments to deter-
mine the most suitable laser parameters. The results showed
that the laser treatment altered the dentin surface morphol-
ogy and performed better in terms of uTBS and interfacial
nanoleakage. Therefore the null hypothesis was rejected.

The SEM results indicated that pretreating the dentin
surface with Nd:YAG laser increased its roughness and
opened the dentin tubules, which was consistent with the
observations of Ozdogan et al. [38]. The open dentin tubules
facilitated the penetration of subsequent adhesives and the
formation of a hybrid layer. Moreover, an increase in rough-
ness increased the bonding area of the dentin surface, which
was conducive to the combination of resin and the dentin
surface to form a mechanical inlay. The statistical results of
the EDS test data showed that the content of Ca was signifi-
cantly greater after laser irradiation, suggesting a decrease
in the solubility of the dentin surface, which may improve
the acid resistance to a certain extent and prevent the occur-
rence of secondary caries [19]. According to Yoshida et al.,
SBU adhesives contain the 10-MDP monomer, which can
stably bind to Ca [39]. The chemical structure of -OP(OH)?
can form a 4 nm thick hydrophobic nanolayer structure with
calcium ions; these ions are tightly adsorbed on the surface
of HAP and can provide additional chemical binding sites
for the adhesive, thus enhancing the durability of dentin
bonding [40, 41].

Laser irradiation instantaneously increases the surface
temperature of the dentin. It has been shown that when the
surface temperature of dentin reached 60-80 °C, collagen
fibers began to degenerate, coagulate or necrose [42]. Based
on the ATR-FTIR spectral analysis, the relative collagen
content on the dentin surface was dramatically reduced
following laser irradiation compared to the control group,
suggesting that the collagen was removed from the dentin
bonding interface. Benetti et al. [43] used ATR-FTIR to ver-
ify the changes in bone tissue induced by laser irradiation
and found that the concentrations of all organic components
and water were significantly reduced. Some studies have
similarly shown the ablation of collagen fibers by scanning
electron microscopy [44]. These changes may affect the
diffusion of the resin in the collagen fibers and the forma-
tion of hybrid layer, which is not conducive to obtaining
good bond strength. In contrast, Gan et al. [45] discovered
that laser treatment enhanced the longevity of dentin bond-
ing by removing collagen fibers and water, thereby form-
ing a dry bonding interface and preventing dentin collagen
degradation.

Some scholars believe that the thermal effect produced
by a laser leads to melting and recrystallization of the den-
tin surface, thereby changing the inorganic phase structure
and composition of the hard tissue [46]. For dentin bond-
ing, a change in the inorganic crystal phase changes the
ionic distribution on the dentin surface, which affects the
chemical reaction pattern between the adhesive and den-
tin and subsequently changes the bonding effect [47]. The
XRD patterns generated before and after laser irradiation
were similar, indicating that the inorganic phase of the den-
tin was unchanged and that the main component was HAP
crystals. These results were consistent with the ATR-FTIR
spectra. The laser energy density parameters employed in
this work did not increase the surface temperature of the
dentin enough to change the inorganic phase structure.

Al-Omari [48] and Lee et al. [49] concluded that Nd: YAG
is a high-energy-density laser, and the irradiated dentin sur-
face exhibited lesser hardness compared to the normal den-
tin surface. On the contrary, some scholars have found that
the application of Nd:YAG laser resulted in significantly
greater hardness of the dentin [42]. The change in hardness
is still controversial, and further research is needed. The
results of this study showed no significant effect of the laser
treatment on dentin surface hardness.

Low-energy laser irradiation can seal most dentin
tubules, preventing the adhesive from penetrating into the
tubules and ultimately affecting the bonding effect. A higher
energy density may cause the formation of microcracks
after tooth tissue bursts, while the high temperatures gen-
erated may harm the dental pulp [50]. Therefore, it is par-
ticularly important to screen lasers with the correct energy
density. This study examined the impact of laser irradia-
tion on the bonding strength of dentin through the utiliza-
tion of the microtensile testing method, which is currently
the universal standard bond strength testing method [51].
The effect of the Nd:YAG laser on pulp safety is one of the
necessary factors to be considered because it lacks a cool-
ing system. Some scholars have found that when the tem-
perature increases to 5.5°C, irreversible damage to the pulp
occurs, so the laser power should be controlled within 1.5 W
[52]. In addition, the pulpal temperature is related not only
to the power of the laser but also to the thickness of the
dentin. Santis et al. [23] demonstrated that when the thick-
ness of remaining dentin tissue is below 1 mm, an increase
in temperature during laser irradiation may cause damage
to the pulp tissue. Therefore, we standardized the remain-
ing dentin at the highest pulp horn, which can ensure the
safety of the pulp and simulate the experimental effect of
pulp pressure.

There is still a lack of consensus among different schol-
ars on the experimental results of resin-dentin bond strength
after pretreatment of dentin with Nd:YAG laser, which may
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be related to the type and brand of laser, treatment method
and time, and energy density parameters [53]. The bond
durability between the adhesive system and tooth struc-
ture is crucial for long-term success of the restoration.
Thermal cycles can simulate the intraoral environment to
a certain extent. Blumer et al. [54] reported that 10,000
thermal cycles were equivalent to 1 year of function in the
oral environment. In this study, both immediately and after
thermal cycling, the laser irradiation group has significantly
greater W'TBS values compared to the control group, espe-
cially when an Nd:YAG laser with an energy density of
124.4 J/em? was used. It is shown that laser irradiation not
only improved the short-term bond strength of the dentin
under simulated pulpal pressure but also reduced the detri-
mental effects of aging on the bond strength to some extent,
thus improving the longevity of the bonding interface.
This difference may have arisen from the stable interaction
between 10-MDP-Ca salts and dentin collagen fibers at the
molecular level, which protects the exposed collagen fibers
from degradation by matrix metalloproteinases (MMPs) and
maintains the integrity of the bonding interface [55, 56]. In
addition, In addition, there exist variations in bond strength
among the different energy density parameter groups. As
the energy density increased sequentially from Group 2
to Group 5, the uTBS values tended to first increase and
then decrease slightly, both immediately and after aging.
The elevated bond strength was attributed to the increased
roughness and surface area of the dentin and penetration of
the adhesives through the dentin tubules. The subsequent
decrease in bond strength may have occurred due to the high
energy density of the laser, which caused microfractures on
the dentin surface, affecting the stability and integrity of the
bonding interface [38]. In addition, high-energy lasers may
not be able to control the degree of demineralization, result-
ing in suboptimal resin penetration of deep demineralized
dentin and insufficient formation of the hybrid layer.

The observations of fracture patterns indicated that the
distributions of the results were similar both immediately
and after aging, with adhesive fracture predominating and
increasing after thermal cycling; this was consistent with
the results obtained by Ozdogan [38] and Ribeiro et al. [57].
The weakness of the bonding was mainly concentrated at
the bonding interface between the adhesive and dentin or
composite resin, affecting the durability of the bonding.
Moreover, the proportion of adhesive fractures tended to
first decrease and then slightly increase with increasing
energy density, indicating that laser irradiation with suitable
parameters can reduce the proportion of adhesive fractures
to a certain extent.

Observation of the overall morphologies of the resin tags
at the bonding interface and the penetration of the adhesive
into the dentin by SEM and CLSM can help to more visually
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analyze the reasons for contributing to the enhancement of
dentin bond strength through laser irradiation. The densities
and lengths of the resin tags formed in the laser groups were
markedly greater than those in the control group. However,
in the laser groups, a few short protrusions appeared on the
relatively rough surface of the resin tags. These results all
indicated that laser irradiation is beneficial for enhancing
dentin bonding under conditions that simulate pulp pressure.

Nanoleakage is often regarded as a crucial metric for
assessing the sealing ability and bonding performance of
adhesive systems or interventions [58]. In this study, the
degrees of nanoleakage at the bonding interface of the laser-
irradiated samples in both the immediate and aging groups
were significantly reduced compared to those in the control
group, which is consistent with the pTBS and SEM results.
This difference may be due to the water-insoluble MDP-
Ca salt protecting the bonding interface and collagen fibers
from degradation [59]. de Oliveira et al. [60] found under
TEM that there were no gaps or debonding areas between
the irradiated dentin and the adhesive layers, and there was
less silver deposition at the bonding interface. This indi-
cated that the laser-irradiated hybrid layer had good sealing
ability and integrity, which can effectively prevent water
ingress and facilitate bonding durability.

The limitation of this study is that only the self-etch mode
of SBU and one type of dentin substrate were used. Whether
the use of the etch-and-rinse mode or other dentin sub-
strates, such as caries-affected dentin can achieve the same
effect remains to be further explored in future experiments.

Conclusions
To summarize, the following conclusions could be drawn:

1. Under conditions that simulate pulp pressure, Nd:YAG
laser irradiation changed the surface morphology and
composition of dentin but did not affect its mechanical
properties or crystallographic characteristics.

2. Nd:YAG laser irradiation improved the immediate bond
strength of dentin, facilitated a reduction in nanoleakage
at the bond interface, and reduced to some extent the
effect of thermocycling on the long-term bond strength.
The energy density of 124.4 J/cm* was determined to be
optimal in this study.
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