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Abstract In the treatment of dental caries, less invasive
methods are strongly required. However, conventional dental
lasers cannot always achieve selective removal of caries or
good bonding with a composite resin. Based on the optical
absorption characteristics of dentin, wavelengths around 6 pm
are promising in this regard. Our previous study indicated the
possibility of selective removal of demineralized dentin using
ananosecond pulsed laser at wavelengths around 6 um. In the
present study, the optimal laser irradiation conditions were
investigated for achieving selective removal of demineralized
dentin. Bovine dentin was used, and its laser ablation charac-
teristics were evaluated. The results indicated that
demineralized dentin could be selectively removed, without
causing cracking or damage to sound dentin, at laser wave-
lengths of 5.75 and 5.80 um and average power densities of
30-40 W/cm?. These optimal laser irradiation conditions also
realized higher bonding strength with a composite resin than
was possible using an Er:YAG laser. The use of nanosecond
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pulses allowed the thermal confinement condition to be satis-
fied, leading to a reduction in tissue damage, including deg-
radation of dental pulp vitality. Thus, a nanosecond pulsed
laser at 5.8 um was found to be effective for less invasive
caries treatment.

Keywords Nanosecond pulsed laser - 5.8 um wavelength - In
vitro - Bovine dentin - Selective demineralized dentin
removal - Tensile bonding strength

Introduction

Less invasive treatment and preservation of teeth, referred to
as minimal intervention (MI), are strong requirements in den-
tistry [1]. The use of Er:YAG (A=2.94 um) and Er,Cr:YSGG
lasers (A=2.78 um) has already been introduced as an alter-
native approach to conventional dental drills because it leads
to increased levels of comfort due to the lack of noise or
vibration. However, it has been reported that these lasers
sometimes exhibit poor selectivity for dental caries removal
and that the bonding strength between the irradiated dentin
surface and a composite resin can be low [2—4]. Therefore,
there is a need to develop new laser techniques for less
invasive treatment of caries.

The interaction between a laser beam and biological tissue
depends mainly on the optical absorption characteristics of the
target tissue. In general, there are three sets of absorption
bands at wavelengths of about 3, 6, and 9 um in dentin.
Conventional dental lasers operate at wavelengths of about
3 um, where strong absorption by water occurs. This can
result in either excessive or insufficient ablation of carious
dentin because slight changes in moisture level can have a
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significant impact on the ablation rate [2, 5]. Furthermore,
thermal damage induced by Er:YAG laser irradiation of a
dentin surface leads to a reduction in bonding strength with
a composite resin [3, 4, 6]. A laser beam with a wavelength of
about 9 um is strongly absorbed by calcium phosphate but is
inappropriate because sound dentin exhibits stronger absorp-
tion than caries and is thus more effectively removed. How-
ever, at wavelengths of about 6 pum, the organic materials that
form the basis of demineralized dentin have strong absorption
bands referred to as amide 1 and amide 2 bands. In our
previous study, the fundamental ablation properties of dentin
at laser wavelengths of 5.6-6.6 um were investigated [7, 8].
The results indicated that selective removal of demineralized
dentin, due to a difference in the amount of ablation for sound
and demineralized dentin, could be achieved with less damage
to sound dentin, especially at wavelengths around 5.8 pm.

The purpose of the present study was to optimize the laser
irradiation conditions for the selective removal of bovine
demineralized dentin, based on the fact that it has a different
mineral content to sound dentin. This was a basic in vitro
study for realizing less invasive treatment of dental caries.
Laser ablation tests were carried out at wavelengths around
5.8 umusing amid-infrared tunable nanosecond pulsed laser.
After optimization of the laser irradiation conditions, the
bonding strength between the irradiated sound dentin surface
and a composite resin was evaluated in order to determine the
compatibility of this approach with dental adhesive
procedures.

Materials and methods
Sample preparation
Sound bovine dentin plates were prepared by cutting bovine

anterior teeth to produce dentin discs with dimensions of
about 5x5x1 mm’. The samples were cut from the interior

of'the teeth, at a distance of at least 0.5—1 mm from the dentin—
enamel junction. Demineralized dentin plates, which are car-
ious dentin models with lower mineral content, were prepared
by immersing sound dentin plates in a 0.1 M lactic acid
solution (20006-75, Nacalai Tesque Inc., Japan) for 24 h at
37 °C while stirring [9]. The sound and demineralized dentin
plates were dried at room temperature and used for the laser
irradiation experiments.

The samples were prepared using a rigid protocol and had
consistent mechanical properties and mineral contents. Table 1
shows the Vickers hardness and Ca content of the bovine
dentin samples. The Vickers hardness was measured at ten
positions in each sample using a dynamic microhardness
testing machine (DUH-211, SHIMADZU, Japan) with a max-
imum load of 196 mN and an indentation depth of 5 um. The
Ca content was also measured at ten positions in each sample
using an energy dispersive X-ray spectrometer (JED-2300,
JEOL, Japan) at an accelerating voltage of 20 kV and a
magnification of 37x. No appreciable variation in Vickers
hardness or Ca content was found within the same dentin
group, indicating the consistency of the sample preparation
process.

Figure 1 shows absorption spectra for sound and
demineralized bovine dentin in the mid-infrared range.
The absorption coefficient was measured by a Fourier trans-
form infrared (FTIR) spectrometer (MB3000, ABB, Swit-
zerland) using the KBr method (KBr-FTIR) [10]. The ab-
sorbance of the demineralized dentin, which was soft
enough to be sliced with a cryostat microtome (CM1850,
Leica Microsystems, Germany), was measured using the
FTIR spectrometer coupled with an infrared microscope
(uMax, Pike Technologies, USA). The thickness of the
sliced dentin was measured using a confocal laser micro-
scope (LEXT OLS3100, Olympus, Japan). From the mea-
sured absorption spectra and thicknesses of the
demineralized dentin discs, the absorption coefficient p,
was calculated using Beer—Lambert’s law.

Table 1 Vickers hardness and Ca

content for sound and Sample 1 Sample 2 Sample 3 Sample 4 Sample 5
demineralized bovine dentin
Sound dentin
Vickers hardness (—) 53.5 55.5 523 56.9 52.7
SD* 6.0 4.5 6.1 6.1 2.6
Ca content (mol%) 13.9 15.4 15.2 14.2 15.2
SD 0.5 0.6 0.3 0.3 0.3
Demineralized dentin
Vickers hardness (—) 7.7 7.9 9.5 5.6 8.7
SD 1.6 0.8 1.6 0.7 1.3
Ca content (mol%) 0.4 0.4 0.6 0.5 0.7
SD 0.1 0.1 0.1 0.1 0.2

4 SD Standard deviation
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Fig. 1 Optical absorption spectra for sound and demineralized bovine
dentin. Hydroxyapatite was eluted during the demineralization process,
and no absorption band associated with PO stretching was observed for
demineralized dentin. Absorption bands due to OH stretching and amide
bands were stronger in demineralized dentin than in sound dentin

Light source

A nanosecond pulsed laser beam produced by difference-
frequency generation (DFG) was used. Figure 2 shows a
schematic of the DFG laser setup. The DFG laser was jointly
developed by RIKEN, Japan, and Kawasaki Heavy Industries,
Ltd., Japan [11]. It has a tunable wavelength range of 5.5—
10 um, a pulse duration of 5 ns, and a repetition rate of 10 Hz.
Mid-infrared output was obtained by DFG by inserting two
AgGaS, crystals between a Q-switched Nd:YAG laser (Tem-
pest 10, New Wave Research Inc., USA) with a wavelength of
1064 nm and a tunable Cr:forsterite laser with a wavelength
range of 1150-1350 nm. The Cr:forsterite laser was pumped
by a Q-switched Nd:YAG laser (Tempest 300, New Wave
Research Inc., USA), and the wavelength was tuned by rotat-
ing the rear mirror of an optical resonator. In this study, a DFG
laser wavelength range of 5.70-6.00 um was used.

Irradiation setup
Sound and demineralized bovine dentin samples were arranged
horizontally on an XYZ-stage and irradiated with a laser beam

with a diameter of about 100-150 um focused using a para-
bolic mirror (/=10 cm). The average power density was varied

Non-linear optical crystal (AgGasS,)

Nd:YAG laser A=A A

(A,=1.064 pm) M
Cr:forsterite laser \@’ ‘w
(A=1.15 -1.35 um) DFG output

(A3=5.5 -10 um)

Fig. 2 Schematic diagram of mid-infrared tunable nanosecond pulsed
laser based on difference-frequency generation (DFG)

in the range 10-40 W/cm?, and the irradiation time was set to
1 s using an electric shutter (F77-4, Suruga Seiki, Japan).

Evaluation

After the irradiation experiments, a gold coating was applied to
the samples using an ion sputtering system (E-1010, Hitachi,
Japan) for 60 s at a discharge current of 15 mA. The irradiated
regions were then observed using a scanning electron micro-
scope (SEM; JCM-5700, JEOL, Japan). The ablation depths
were measured using the confocal laser microscope.

Tensile bonding strength tests

The compatibility of the irradiated sound dentin surface with
adhesive restoration procedures was evaluated by tensile
bonding strength tests. Five sound bovine dentin plates were
first prepared, with dimensions of about 1x1 c¢m?® and with
dental tubules running perpendicular to the irradiated surface.
A motorized stage (SG SP 20-20, Sigma Koki, Japan), which
was moved linearly at a constant rate, was used. The scanning
speed was calculated by dividing the beam size by the irradi-
ation time per spot (1 s). An area of about 5x5 mm? was
irradiated using the DFG laser with a wavelength of 5.80 um
and an average power density of 30 W/cm?, and an Er:YAG
laser (Erwin® AdvErL, Morita, Japan) with a pulse energy of
100 mlJ, a repetition rate of 10 Hz, a pulse duration of ~200 us,
and a water flow rate of 2 ml/min. The irradiation conditions
for the Er:YAG laser were the same as those used in clinical
settings. To simulate a clinical situation, the samples were kept
soaked in normal saline solution before and after laser irradi-
ation. After irradiation, the samples were mounted on a brass
jig, leaving a circular region with a diameter of 3 mm exposed
for the tensile bonding strength tests. A self-etching primer
(Clearfil® Mega Bond, Kuraray Medical, Japan) was applied
to the irradiated dentin surface, and then a composite resin
(Clearfil® AP-X, Kuraray Medical, Japan) was bonded to the
surface. The samples were kept in water at 37 °C for 24 h, and
the tensile bonding strength was then measured using a uni-
versal testing machine (IM-20, Intesco, Japan) at a crosshead
speed of 0.3 mm/min.

Results

Dependence of ablation characteristics on laser irradiation
conditions

Figure 3 shows SEM images of the surface morphology of
sound and demineralized dentin irradiated at wavelengths of
5.80 and 6.00 um with different power densities. As can be
seen, for a wavelength of 5.80 um, a large amount of
demineralized dentin was removed compared with sound dentin.
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Fig.3 SEM images of irradiation
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On the other hand, at a wavelength of 6.00 pm, the irradiation
spots had similar sizes for sound and demineralized dentin, so
that selective removal of demineralized dentin was not realized.

Table 2 shows differences in ablation depth for sound and
demineralized dentin under different irradiation conditions.
The values in brackets represent the actual ablation depths
(in microns) for sound and demineralized dentin, respectively.
Ablation depth differences of less than 0.5 um were consid-
ered to be within the experimental error and were listed as
zero. For almost all irradiation conditions, demineralized den-
tin was removed faster than sound dentin, leading to differ-
ences in ablation depth. In terms of high ablation speed for
demineralized dentin and minimal damage to sound dentin,
wavelengths of 5.75-5.80 um, and average power densities of
30-40 W/ecm? were found to be optimal.

Figure 4 shows cross-sectional SEM images of the bound-
ary (indicated by the dotted line) between the sound and
demineralized dentin after irradiation at wavelengths of 5.80
and 6.00 um for different times. Here, the demineralization
time was about 12 h and this produced a demineralized layer
with a thickness of about 50 im on the plates. A single sample
was used for each laser wavelength, and different regions of
the two samples were irradiated for different times. It can be
seen that longer irradiation times led to larger ablation depths.
In the case of the wavelength of 6.00 um, the ablation process
did not terminate when the boundary was reached, so that for
longer irradiation times, sound dentin was also removed. In
contrast, at a wavelength of 5.8 um, the ablation process is
naturally terminated at the boundary, indicating highly selec-
tive removal of demineralized dentin.

Table 2 Differences in ablation depth between sound and demineralized bovine dentin

Wavelength (pum)
5.70 5.75 5.80 5.85 5.90 6.00
Average power density (W/ecm?) 10 0 (0, 0) 0 (0, 0) 0(0.2,0) 15.9 (0, 15.9) 17.2(0.1,17.3)  14.5(0.5, 15)
15 0(0,0) 0(04,0.1) 8.8(0.2,9) 20.0 (0.7,20.7)  17.0 (12.6,29.6) 15.4 (8.6,24)
20 0(0,0) 104 (0, 10.4)  22.1(1,23) 35.7(2.7,383) 19.0(22.2,41.3) 6.3 (24.6,30.8)
25 24(0,2.4) 28.8(1.3,30.1) 35.7(0.8,36.5) 21.4(12.2,33.6) 18.8(32.4,51.2) 3.9(36.7,40.6)
30 11.8(0.3,12.2) 379 (3.4,41.3) 46.3(5.7,52) 29.4 (25,54.3)  13.2(44.6,57.8) 5.5(43.8,49.2)

35 37.6(0,37.7)
40 —

46.7 (5, 51.7)
48.5 (7, 55.4)

46.2 (113, 57.5)
51.9(9.3,61.2)

30.4 (32, 62.4)
14.9 (32.2, 47)

10.1 (52.3, 62.3)
114 (49.1, 60.5)

12 (52.6,53.7)
0.7 (57.4, 58.1)

The values in brackets are the measured ablation depths (in microns) for sound (left) and demineralized (right) dentin
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Fig. 4 Cross-sectional SEM
images of bovine dentin after
laser irradiation at a wavelength
of 5.80 or 6.00 um for 1-5 s
5.80 um

30 W/cm?2

Tensile bonding strength measurements

Figure 5 shows the results of tensile bonding strength measure-
ments for an unirradiated sample, a sample irradiated using the
DFG laser, and a sample irradiated using a standard Er:YAG
dental laser. It can be seen that for optimized DFG laser condi-
tions, the bonding strength is significantly higher than that ob-
tained using the Er:YAG laser and is comparable with that for the
unirradiated surface. This indicates that the DFG laser is com-
patible with dental restoration procedures using composite resin.

Discussion

The absorption coefficients (u,) for the sound and

demineralized dentin were 415 and 155 cm ', respectively,

at a wavelength of 5.80 um. At the absorption peak wave-

length of 6.00 um, the corresponding values were 1024 and

2266 cm ', respectively. The thermal relaxation time Tiperm

and stress relaxation time 7yeqs are given by
o |

Tiherm = 7o = ——
M4 4oy

w
.
o
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Fig. 5 Tensile bonding strength for different irradiation conditions

= (2)

Tstress — —

where §, is the optical penetration depth (=1/,), « is the
thermal diffusivity, and ¢ is the speed of sound. The « value
for dentin was taken to be 1.83x 107> [12], and the ¢, values
for the sound and demineralized dentin were taken to be
3.68%10° and 1.60x10° cm/s, respectively [13]. Using these
parameters, Tiem and Tyyess Were calculated, and the results are
shown in Table 3.

The interval between DFG laser pulses in the present study
was 0.1 s, which is longer than 7,ey, for dentin. Thus, the
interaction time 7, corresponds to the pulse duration (5 ns).
Because 7, is comparable with 7.5, photomechanical inter-
actions were induced. Under the conditions used in this study,
it is considered that vaporization of organic material or hy-
droxyapatite was the dominant mechanism involved in abla-
tion. In addition, when the demineralized dentin was irradiated
at a wavelength of 5.80 wm, stress waves were generated
because the stress confinement condition (Tin<Tygess) Was
satisfied.

As shown in Table 2, demineralized dentin was removed
more rapidly than sound dentin, and differences in ablation
depth were observed for almost all irradiation conditions. One
reason for this is thought to be a difference in hardness be-
tween the sound and demineralized dentin. During the demin-
eralization process, hydroxyapatite was eluted, leaving organic
material as the basis of the demineralized dentin [14—18]. The
increased ablation depth for demineralized dentin has been
previously reported to be the result of its lower mechanical
strength [19]. The ablation rate is considered to depend on
mechanical properties such as hardness or elasticity.
Neglecting the effects of bacteria or bacterial products, the
demineralized dentin produced in the present study is expected
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Table 3 Optical and physical

properties of sound and fia (cm ") Tihermal (IS) Tstress (1)

demineralized bovine dentin for ]

different irradiation conditions. 2.94 yum (Er:YAG) Sound dentin 982 0.14 2.8

Has Tthermals and Tstress A the ab-

sorption coefficient, thermal re- 5.80 um Sound dentin 415 0.79 6.6

lgxati_on time, anc} stress relaxa- Demineralized dentin 155 5.7 41

tion time, respectively 6.00 um Sound dentin 1,024 0.13 27
Demineralized dentin 2,266 0.027 2.8

to be very similar to carious dentin. Therefore, carious dentin
is also expected to have a reduced hardness, allowing it to be
selectively removed [20].

It has been reported that the mechanical properties are
strongly affected by whether the tests are carried out under
wet or dry conditions [17, 21-23]. In the present study, the
dentin was completely dried, but in clinical situations, it may
be wet or only dry on the surface. Angker et al. reported that
sound dentin had almost the same hardness and elastic mod-
ulus whether it was wet or dry, whereas carious dentin was
significantly softer when wet. This suggests that under clinical
conditions, an even larger difference in ablation rate between
sound and carious dentin would exist.

Selective removal of demineralized dentin was realized at a
wavelength of 5.80 um, since the stress confinement condi-
tion was satisfied, so that stress waves were generated in
addition to vaporization. At other wavelengths, the stress
confinement condition was not satisfied, so that the ablation
process involved only vaporization of dentin tissue. Thus, a
wavelength of 5.8 um is superior for selective removal of
demineralized dentin.

The tensile bonding strength between the composite
resin and the dentin surface irradiated by the DFG laser
was significantly higher than that for the surface irradiated
using a standard dental Er:YAG laser. One factor that
leads to a reduction in bonding strength is thought to be
thermal damage to the irradiated dentin surface. This
leads to degradation of the organic material which is the
basis of demineralized dentin. The degree of thermal
damage can be considered in terms of the thermal con-
finement condition, which is expressed as 7, <<Tiherm- In
the present study, 7, corresponds to the pulse duration 7.
If this condition is satisfied, the temperature rise in the
dentin can be limited to the optical penetration region, and
thermal damage does not extend into wider areas [24, 25].
Since for DFG laser irradiation at 5.80 um, the 74 value of
5 ns is much smaller than the Tipem value of 800 us, the
thermal confinement condition is satisfied. Thus, less
thermal damage to the dentin surface and good tensile
bonding strength with the composite resin can be
achieved. On the other hand, for the Er:YAG laser at a
wavelength of 2.94 um, the t4 value is 250 ps, which is
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actually larger than the 7o value of 140 us, so that the
thermal confinement condition is not satisfied. This leads
to extended thermal damage over a wide area and a lower
tensile bonding strength due to degradation of the dentin
substrate. These results highlight the advantages of short
laser pulses for achieving less thermal damage to the
dentin surface and good tensile bonding strength.

Thermal effects on dental pulp vitality should be also
considered when carrying out laser treatment for caries. In
irradiated tissue, the optical penetration depth d, (=1/p,) is
defined as the depth at which the energy of incident light
decreases to 1/e (=37 %) of its original value and beyond this
depth thermal effects can be considered to be small. For sound
bovine dentin, d, is about 24 um at a wavelength of 5.80 um,
which is close to the dentin surface and far from the dental
pulp. Therefore, no thermal effects on dental pulp vitality are
expected, based on the optical properties of the tissue in-
volved. However, further experiments taking pathological or
biochemical effects into consideration should be carried out to
determine if this is in fact the case.

Conclusion

The use of a nanosecond pulsed laser with a wavelength of
5.8 um allowed the realization of selective removal of
demineralized dentin with minimal damage to sound dentin.
The irradiated surface exhibited a high tensile bonding
strength with a composite resin, because the thermal confine-
ment condition was satisfied. A future study will focus on the
application of this method to human carious dentin.
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