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Abstract
Purpose This study has compared morphological characteris-
tics of dentin and enamel surfaces after cavity preparation by
conventional methods and Er:YAG laser irradiation in differ-
ent settings by using an Er:YAG laser scanner.
Methods Thirty-five human teeth were randomly divided into
seven groups that received cavity preparations as follows: G1
and G2 with high-speed drill with diamond and carbide burs,
respectively, and G3 to G7 with Er:YAG laser scanner
(λ = 2940 nm) operating at pulse energies (energy densities)
of 420 mJ (840 J/cm2), 490 mJ (980 J/cm2), 560 mJ (1120 J/
cm2), 630 mJ (1260 J/cm2) and 700 mJ (1400 J/cm2), respec-
tively. The lased groups were treated with Er:YAG laser scan-
ner in non-contact mode, keeping both frequency (20 Hz) and
pulse duration (300 μs) fixed. Samples were sectioned and
scanning electron micrographs of the lateral wall of the cavi-
ties were taken at different magnifications.
Results The results showed that both groups of conventional
cavity preparations exhibited enamel and dentin surfaces cov-
ered by smear layer, with no dentin-enamel boundary being
identifiable. All lased groups showed clear enamel-dentin
boundaries and clean surfaces of enamel and dentin with

different micro-morphologies. The morphology of lased
dental surfaces presented homogeneous alterations.
Conclusions The Er:YAG scanner-assisted cavity preparation
produced topographies in the entire dental surfaces and whose
morphological characteristics were more favourable to further
adhesion of resin restorations than the conventional ones.
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Introduction

The Er:YAG (erbium:yttrium-aluminium-garnet) laser is an
effective tool for dental hard tissue removal [1, 2]. This
high-power laser removes enamel and dentin with less thermal
damage to the surrounding tissue or dental pulp [2].
Additionally, this laser system can produce clean cuts in dental
hard tissues with reduced amount of bacteria [3] and other
debris [4]. Furthermore, Er:YAG laser has better patient com-
pliance compared to conventional high-speed drills [5].

The Er:YAG emits light with a wavelength of 2.94 μm
which is coincident with the absorption peak of the major
components of the dental hard tissue, i.e. hydroxyapatite, wa-
ter and collagen, which have absorption peak in the 2.9-μm
region [6, 7]. Dental hard tissue ablation is based on the con-
cept of thermomechanical process [8, 9]. In this process, light
energy is absorbed bywatermolecules and hydroxyl groups in
hydroxyapatite. This causes vaporization followed by
micro-explosions resulting from the increased steam pressure
within the tissue before ejection of microscopic organic and
inorganic particles of the substrate.

In many in vitro and in vivo studies in which Er:YAG laser
was used for caries removal and/or cavity preparation [10, 11],
the laser irradiation has been performed in a manual mode by
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using a regular handpiece. This technique, although efficient,
is not capable of ablating homogeneously the whole substrate
surface. To circumvent this problem, especially in vitro stud-
ies, it would be better to work with an Er:YAG laser equip-
ment capable of irradiating the dental surfaces in a scanned
mode.

An Er:YAG laser scanner equipment meant for dermato-
logical uses is available (Fotona XS Dynamis, Fotona,
Slovenia). This laser enables to manually adjust the pilot beam
of the Er:YAG scanner with a pre-programmed lasing pattern,
which ensures that the whole surface to be treated will receive
an equal amount of energy, resulting in a uniformly lased area.
Additionally, this makes it possible to prepare a cavity
throughout the tooth surface with exact diameter and homo-
geneous ablation.

These characteristics of the Er:YAG laser scanner would
be of importance for more accurate comparisons of dental
surface morphologies obtained with different laser irradiation
parameters. For that reason, this study aimed to qualitatively
compare the morphological characteristics of dentin and
enamel surfaces after cavity preparation by conventional
methods and Er:YAG laser irradiation in different settings
by using an Er:YAG laser scanner. It was expected that the
SEM examination of enamel and dentin after cavity prepara-
tion showed important topographical differences between the
substrates obtained with laser and those obtained with burs
(conventional cavity preparation). Our null hypothesis is that
both cavity preparation methods would produce similar su-
perficial topographies.

Materials and methods

Human third molars extracted for therapeutic purposes were
used after due permission from the patients and then selected
for study. Thirty-five freshly extracted teeth, all sound and free
from caries, were selected before being cleaned with running
water and detergent and stored in normal saline solution at
4 °C for further experimental procedures. The teeth were di-
vided into seven groups, as follows:

G1: (n = 5) conventionally prepared with diamond bur
G2: (n = 5) conventionally prepared with carbide bur
G3: (n = 5) laser prepared with 420-mJ pulse energy
G4: (n = 5) laser prepared with 490-mJ pulse energy
G5: (n = 5) laser prepared with 560-mJ pulse energy
G6: (n = 5) laser prepared with 630-mJ pulse energy
G7: (n = 5) laser prepared with 700-mJ pulse energy

The teeth were then mounted on silicon to proceed with
laser-assisted cavity preparation. Buccal or lingual surfaces of
the molar were selected for class V cavity preparation as these
surfaces are relatively broad and flat, which helps visualizing

the shape and size of the pilot beam. The cavities presented a
3-mm diameter circular shape, as programmed through the
machine, with a depth of approximately 3–4 mm.

Laser and settings

The specimens were irradiated with an Er:YAG laser
(λ = 2940 nm) equipped with a scanner handpiece (Fotona
XSDynamis; Fotona, Slovenia). The irradiations were done in
both non-contact and focus mode by keeping the frequency
(20 Hz) and pulse duration (300 μs) fixed for all experimental
groups, with five different pulse energies being used (Table 1).
The Fotona XS Dynamis has a scanner pattern of lasing of
different shapes. The round pattern was chosen, which was
applied with the exact diameter of cavity by manually
adjusting the pilot beam of the Er:YAG scanner. After selec-
tion of the shape and diameter of the pilot beam, only holding
the handpiece in a fixed position produced a well-defined
round-shaped cavity. The pilot beam was adjusted to irradiate
a 3-mm diameter area (spot size of 0.7 mm). As the dermato-
logical Er:YAG laser scanner is not equipped with a suitable
water supply to avoid intense temperature increase, an
air-water spray device was used concomitantly (Biolase
Waterlase MD Turbo, Biolase, USA) to provide cooling at a
ratio of 60% air and 60% water (for 15 ml water/min) during
irradiations.

For preparation of conventional cavities, an airotor
handpiece (Kavo Super LUX2, Kavo, Germany) with dia-
mond or carbide burs was used. The diameters of the cavities
were the same of those of the lased cavities (3 mm).

Scanning electron microscopy

Immediately after cavity preparation, all the teeth were sec-
tioned at the enamel-cement junction to separate the crown

Table 1 Laser and settings used for cavity preparation

Parameters Er:YAG laser scanner for cavity preparation

Wavelength (nm) 2940

Pulse frequency (Hz) 20

Pulse energy (mJ) 420, 490, 560, 630 and 700

Pulse width (μs) 300

Energy density (J/cm2) 725, 852, 974, 1095 and 1218

Applicator Scanner handpiece

Water cooling Yes, from other equipment

Overlap 20%

Scanner mode PR mode

Turbo mode Turbo 1

Delay 1 s
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from the roots. Next, the crowns were sectioned perpendicular
to their long axis at the centre of the prepared cavities in order
to expose their lateral walls.

For further scanning electron microscopy examination, the
specimens were fixed in 2.5% glutaraldehyde and 0.1 M
phosphate-buffered solution for 24 h at room temperature,
dehydrated in ascending grades of ethanol, submitted to chem-
ical drying in hexamethyldisilazane (HMDS, Electron
Microscopy Sciences, Fort Washington, PA, USA) and finally
sputter-coated with 30-nm gold layer (Sputter SCD030,
Duchmesser 54mm, Balzers Union FL-9496, Lichtenstein).
Scanning electron micrographs of two specimens per group
were obtained with an ESEMXL30 FEGmicroscope (Philips,
Frankfurt/Main, Germany) operating at 10.00 kV in different
magnifications (×65, ×1000 and ×6500).

Results

Scanning electron micrographs (Fig. 1) illustrate the overall
micro-morphology of the lateral walls of the cavities in all
groups at low magnification (×65).

Both groups of conventional cavity preparations (G1 and
G2) exhibited enamel and dentin surfaces covered by smear
layer (Fig. 1a, b, respectively), with no clear dentin-enamel
boundaries being identifiable. In those cavities prepared with
diamond bur, the entire surface presented a striatum morphol-
ogy resembling a negative image of the diamond bur surface
(Fig. 1a). However, cavities prepared with carbide bur exhib-
ited a relatively smooth surface (Fig. 1b).

Figure 1c–g illustrates the lateral walls of cavities prepared
with laser irradiation (G3 to G7). Surfaces were free of smear
layer and it was possible to observe clear enamel-dentin
boundaries. However, at this magnification, it was not possi-
ble to observe remarkable differences between the lased
groups regarding enamel and dentin topographies.

The scanning electron micrographs (Fig. 2) illustrate the
enamel micro-morphology in the lateral walls of the cavities
in all experimental groups at higher magnifications (×1000
and ×6500). These images showed a more evident presence
of smear layer in the conventionally prepared cavities (G1 and
G2) and no enamel prisms could be identified in the electron
micrographs (Fig. 2a–d). In addition, each laser group (G3 to
G7) exhibited different enamel morphologies (Fig. 2e–n).

Cavities prepared with 420-mJ pulse energy (G3) exhibited
a rough enamel surface represented by irregular dissolution of
prismatic structure, with open prisms and a glass-like appear-
ance in the inter-prismatic areas (Fig. 2e, f). The typical keyhole
pattern of the enamel was not evident (Fig. 2e) and some sharp
jagged projections of the prisms were seen (Fig. 2f). Cavities
prepared with 490-mJ pulse energy (G4) exhibited enamel sur-
face that was also rough, but the prism exposure seemed to
follow a regular pattern through shallow grooves (Fig. 2g, h).

There was a parallel sequence of densely packed prisms alter-
nating with lateral and sharp jagged projections of the prisms
(Fig. 2h). The prismatic structure of enamel was well visualized
in cavities prepared with 560-mJ pulse energy (G5—Fig. 2i, j),
including the keyhole pattern with an overall roughness on the
surface. The prisms also seemed to follow a regular pattern
through shallow and sinuous grooves (Fig. 2i), which at higher
magnification showed to be composed of exposed prisms in
different directions (Fig. 2j). The 630-mJ pulse energy (G6)
also created a rough enamel surface similar to that of 560-mJ,
i.e. composed by jagged structures of enamel prisms (Fig. 2k, l)
and structures resembling inorganic re-crystallization. The 700-
mJ pulse energy (G7) created a rough and porous enamel sur-
face. Occasional cracks and signs of re-crystallization were also
seen forming thin scales on the top of the prisms (Fig. 2m), with
the prismatic structure being somewhat masked (Fig. 2n).

The scanning electronmicrographs (Fig. 3) illustrate dentin
micro-morphologies in the lateral walls of the cavities in all
experimental groups at higher magnifications (×1000 and
×6500). In cavities conventionally prepared with burs, these
surfaces appeared to be covered with a thick and irregular
smear layer (Fig. 3a–d) and no open dentin tubule was ob-
served. However, dentine surfaces of cavities prepared with
laser were mostly characterized by opened dentinal tubules in
an irregularly ablated inter-tubular dentin (Fig. 3e–n). These
surfaces were free of smear layer and the dentinal tubules
exhibited a protuberant peritubular collar in a scaled
inter-tubular dentin. Such characteristics were more evident
in those cavities prepared with pulse energies of 560 mJ
(G5—Fig. 3i, j) and 630 mJ (G6—Fig. 3k, l). In these groups,
the dentin exhibited a honeycomb appearance. In groups
where lower pulse energies were used (G3 and G4), a smaller
number of open tubules was observed (Fig. 3e–h, respective-
ly). On the other hand, when higher pulse energy was used
(700 mJ, G7), only a few open dentin tubules were found and
no peritubular collar was observed either (Fig. 3m, n).

Discussion

Er:YAG laser is widely used nowadays by dentists worldwide
to perform various soft tissue and hard tissue procedures. The
delivery systems in which dental equipment are almost the
same in every case are represented by a contra-angled
handpiece fitted with sapphire tips. Manual movement of the
handpiece is necessary to perform the procedures. Even though
numerous research works have been performed with this equip-
ment, in such cases, one can never state with certainty that
every area of the tissue is receiving the same amount of energy.
In addition, the human perception is the only way to judge
which is the best procedure. So, it is highly logical to perform
a pre-programmed uniform lasing action on a certain measured
area by using a scanner handpiece in research works in order to
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obtain an even more precise result. At the time of this study,
such a scanner handpiece was not available, and for this reason,
the Fotona XS Dynamis scanner device (which is essentially a
dermatological Er:YAG scanner equipment) was used.

In the present study, it was expected that the SEM examina-
tion of enamel and dentin after cavity preparation showed im-
portant topographical differences between the substrates ob-
tained with laser and those obtained with burs (conventional
cavity preparation). The cavity surfaces prepared with conven-
tional method using air-motor handpiece with diamond and
carbide burs produced relatively smooth and flat surfaces.
These surfaces were completely covered by debris and smear
layer, exhibiting the typical morphological pattern observed
elsewhere [4, 12, 13]. The dentin-enamel junction as well as
the enamel prisms and dentin tubules were not evident due to
the abundant smear layer throughout the enamel and dentin

surfaces. This surface topography resulting from the conven-
tional cavity preparation is not suitable for adhesion; thus, the
search for other cavity preparation methods is justified, such as
the use of Er:YAG laser.

In fact, the morphology of the enamel and dentin surfaces
obtained after cavity preparation with Er:YAG laser revealed a
completely different topography compared to that of conven-
tional cavity preparation. The Er:YAG laser irradiation resulted
in a rough topography with a micro-retentive morphological
pattern [14], which is characteristic of the thermomechanical
ablation process. Additionally, differences in the topography
were also observed as a result of different pulse energy applied
during laser cavity preparation. Basic structural elements of
enamel and dentin were clearly distinguishable.

The topography of both substrates (e.g. dentin and enamel)
obtained with laser irradiation was mostly favourable for

Fig. 1 Scanning electron
micrographs of the overall walls
of the specimens in all groups:
conventional cavity preparation
with diamond bur (G1) (a) and
carbide bur (G2) (b); laser cavity
preparation with 420-mJ pulse
energy (G3) (c); 490-mJ pulse
energy (G4) (d); 560-mJ pulse
energy (G5) (e); 630-mJ pulse
energy (G6) (f); and 700-mJ pulse
energy (G7) (g). Original
magnification at ×6500
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Fig. 2 Scanning electron
micrographs of the lateral walls of
the enamel in all groups:
conventional cavity preparation
with diamond bur (G1) (a, b) and
with carbide bur (G2) (c, d); laser
cavity preparation with 420-mJ
pulse energy (G3) (e, f); 490-mJ
pulse energy (G4) (g, h); 560-mJ
pulse energy (G5) (i, j); 630-mJ
pulse energy (G6) (k, l); and 700-
mJ pulse energy (G7) (m, n).
Original magnification at ×1000
and inserts at ×6500
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Fig. 3 Scanning electron
micrographs of the lateral walls of
the dentin in all groups:
conventional cavity preparation
with diamond bur (G1) (a, b) and
carbide bur (G2) (c, d); laser
cavity preparation with 420-mJ
pulse energy (G3) (e, f); 490-mJ
pulse energy (G4) (g, h); 560-mJ
pulse energy (G5) (i, j); 630-mJ
pulse energy (G6) (k, l); and 700-
mJ pulse energy (G7) (m, n).
Original magnification at ×1000
and inserts at ×6500
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adhesion. The Er:YAG laser is able to determine these topog-
raphies, as widely described in the literature [12, 13, 15, 16].
Lin et al. [17] also proposed that the shear bond strength value
is much higher in non-etched laser cavities than in non-etched
bur ones. Additionally, other authors have shown higher values
of bond strength when cavities were prepared with laser [18,
19] compared to those prepared with conventional instruments.

On the other hand, some studies show a decrease of bond
strength values in laser-treated surfaces compared to the sur-
face prepared by conventional drill [20–25]. One of the rea-
sons for the adverse effect on adhesion might be that erbium
lasers induce a thermal damage to the collagen fibre network
[16], which hampers the diffusion of resin into the surface [20]
and forms a hybrid layer [26], thus resulting in lower shear
bond strength [20].

The dentin has higher absorption coefficient and lower ab-
lation threshold for Er:YAG laser compared to the enamel
tissue, as demonstrated by Stock et al. [27], who used the same
parameters, irradiation spot size and optical fibre. This occurs
because the dentin has greater organic content [1, 27, 28] and
water (12% weight and 25% volume) [29–31], resulting in
faster and higher mass removal.

Based on the water content of enamel (3% weight and 12%
vol), studies showed that this tissue water is rapidly superheat-
ed by the laser irradiation until the water is absorbed [29–31].
The optical to thermal energy exchange will create a rapid
phase conversion of water to steam and increase the internal
pressure due to a sudden volume expansion, resulting in ejec-
tion of the inorganic structure [1, 32, 33]. These specific ab-
sorption and rapid expansion properties of water afford the
principles of the water-mediated photothermal-mechanical ab-
lation on the enamel surface by the Er:YAG laser [34].

In the present study, the first signs of vitrification were
found at an energy output of 630 mJ, with more sites being
seen at a higher pulse energy output of 700 mJ. A previous
study detected the first signs of enamel vitrification at an ener-
gy output of 250 mJ, and more abundant and widespread areas
of vitrification at an energy of 400 mJ [35]. Some authors
reported that the occurrence of vitrification can be associated
to the effect of the water-cooling system [35]. By correlating
our study to the previous one, we can infer that the late vitrifi-
cation found in our work could be explained by the use of an
efficient external cooling system during irradiation of the spec-
imens. Water appears to act as a surface coolant by reducing or
eliminating the local thermal stress induced by the laser irradi-
ation [36], especially when higher energy settings are used.

Vitrification is a result of the re-crystallization of the dentinal
apatite and formation of an additional phase of calcium phos-
phate. The degree of vitrification is associated with the amount
of laser energy applied to the tissue, which inevitably generates
heat. The heat generated by laser might induce an intense and
rapid temperature increase in the dentin below the irradiated
site. Due to the low coefficient of thermal diffusion in the

dentinal tissue, the heat is not dispersed and instead concentrat-
ed in a limited area below the lased surface. Therefore, rapid
and substantial heat output from the laser produces an intense
thermal expansion of the dentin below the lased surface. This is
followed by a rapid contraction during the subsequent cooling
phase, resulting in high internal tension. In addition, light ener-
gy can be transmitted to the underlying dentinal layers, causing
a collision wave. This mechanical action as well as the internal
tensions generated may contribute to the formation of micro-
fractures and micro-cracks in the hard dental tissue [37],
resulting in negative influence on the bond strength [38].

The morphological analysis of the dental hard tissue irra-
diated with Er:YAG scanner at 560 mJ showed enamel with
irregular surface, better visualization of the prismatic structure
with keyhole appearance and no smear layer. The irradiated
dentin surface also revealed absence of smear layer, exposing
open dentinal tubules with a micro-retentive pattern and hon-
eycomb appearance. These morphological characteristics are
in accordance with previous studies [39–41].

Final considerations

Thus, it is conceivable to suggest that irradiating the hard dental
tissue with Er:YAG scanner-assisted cavity preparation at
560 mJ and suitable refrigeration produces a surface topogra-
phy which is more appropriate for further resin restoration and
with no alterations compared to the conventional methods.
Based on the present study, it is possible to infer that the devel-
opment of a scanner handpiece for dental laser equipment
would make dental hard tissue management (e.g. cavity prepa-
ration and surface conditioning) much easier, faster and effi-
cient for the clinician. Even though the microscopic morpholo-
gy produced by scanner seemed to be much more favourable in
terms of future tooth restoration, further studies are necessary to
prove this precisely. Moreover, bond strength studies should be
conducted to validate the results obtained in the present study.
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