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Abstract: The purpose of this study was to evaluate the effects of diode laser irradiation with different
wavelengths on the surface roughness (Ra) and chemical composition of sandblasted and acid-etched
(SLA) titanium implants. Three types of diode lasers with different wavelengths were irradiated
on the titanium implants at output powers of 1.0, 2.0, and 3.0 W. The mean Ra values for all spots
were measured using a scanning probe microscope. Analysis of variance tests were performed to
verify the differences in the Ra between groups according to the type of lasers or power out (o« = 0.05).
For analyzing chemical composition, atomic and weight percent ratios of titanium, oxygen, and carbon
were measured using energy-dispersive spectrometry (EDS). The mean Ra of titanium disc was
higher in the 3.0-W output than in 1.0-W or 2.0-W output, but there was no statistically significant
difference (p > 0.05). In EDS analysis, it was difficult to find a clear difference in the titanium, oxygen,
and carbon element ratios between the laser-irradiated and nonirradiated groups. The irradiation of
diode laser with 1.0, 2.0, and 3.0 W output for 15 s decontaminated the SLA titanium surface without
damage. However, additional clinical trials will be needed to verify the results of the present study.
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1. Introduction

Dental implants are viable treatment options for the replacement of missing teeth [1]. However,
bacterial adhesion on implant surfaces can provoke inflammation, resulting in progressive alveolar
bone loss [2]. Therefore, decontaminating implant surfaces is essential to treat peri-implantitis [3].

Various therapeutic techniques, such as tetracycline administration and the use of plastic curettes
and ultrasonic devices have been used for peri-implantitis treatment [4-6]. However, these conventional
methods are inadequate in eliminating bacteria on roughened implant surfaces [7]. Narrow and deep
bony defects make it difficult to remove dental biofilms from the implant surface [4]. Furthermore,
cleaning dental implants with curettes might cause crack lines on the implant surface which could
increase plaque deposition [8].
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Recently, with their bactericidal effects, applications of laser systems have been suggested to be
adjunctive methods for decontaminating infected implant surfaces to the mechanical debridement [9].
The main goal of a laser can be the elimination of bacteria on rough implant surfaces. Moritz et al. [10]
reported that laser application on the periodontal pocket can significantly reduce total bacterial
counts as well as specific bacteria, such as actinobacillus actinomycetemcomitans, prevotella intermedia,
and porphyromonas gingivalis. It is also known that laser irradiation has other advantages, such as tissue
ablation without contact, less bleeding, and limited pain and scar formation [9].

Diverse laser systems with various wavelengths, such as neodymium (Nd:YAG), erbium (Er:YAG),
and CO; lasers, have been used for the decontamination of the implant surface [11]. While typical
diode lasers have a wide range of wavelengths, dental diode lasers with wavelengths ranging from
805 to 980 nm have been used in the clinical practice of dentistry for at least 15 years [7] because of
their small size and reduced cost, compared to other types of laser systems [11].

However, some studies have demonstrated damage and alterations on titanium surfaces because
of the laser irradiation [12,13]. Therefore, the irradiation treatment should be carefully selected to
avoid thermal or physical damage to the implant surface [14]. To the best of our knowledge, there have
been few reports regarding the change in titanium surfaces after various diode laser applications and
appropriate energy for decontaminating titanium surfaces without changing these surfaces. The aim
of this study was to compare the surface roughness and component changes of sandblasted and
acid-etched (SLA) titanium implants before and after various diode laser irradiations so that the proper
irradiation power and exposure time of diode laser for decontaminating a titanium disc surface can
be addressed without damage. The null hypothesis was that there would be no difference in surface
roughness according to the different dental diode lasers and output power.

2. Materials and Methods

2.1. Dental Laser

Since the previous study verified the stability of implant treatment using a diode laser with
940 nm [14], three dental diode lasers with wavelengths from 940 to 980 nm were used in the present
study: K2 mobile (Hulaser, Seoul, Korea) with a wavelength of 980 nm, EpiCTM 10 (Biolase, CA, USA)
with a wavelength 940 nm, and Saeshin diode laser with a wavelength 980 nm (Saeshin, Daegu, Korea).
The laser fiber tip has a circular shape with a diameter of 400 um, and an identical tip was used for three
dental diode lasers. The laser fiber tip was unmoved, and in contact vertically with the titanium disk
surface while irradiation was performed for a period of 15 s. The three dental diode lasers were used
only in the continuous wave mode with a flexible fiber with a focused spot size of 0.4 mm diameter.
All the preselected laser parameters for the three lasers can be seen in Table 1. All the preselected
laser parameters were determined using a calibrated power meter system (Novall; Ophir Photonics,
North Logan, UT, USA).

Table 1. Parameters of three dental diode lasers.

Laser Types Output Power Actual Power  Power Density (W/cm?)  Energy Density (kJ/cm?)

1.0W 1.1812 W 969.2 14

K2 mobile
(A = 980 nm) 2.0W 2.2378 W 1905.2 28
3.0W 3.4866 W 2715 40
1.0W 0.7628 W 607.4 9

Epic 10 ™
(A = 940 nm) 20W 1.4548 W 11574 17
3.0W 22612 W 1788 26
1.0W 0.8604 W 668.6 10

Saeshin

(A = 980 nm) 20W 1.6334 W 1334.6 20

3.0W 2.4698 W 1957.8 29
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2.2. Preparation of Titanium Implants and Laser Irradiations

SLA (sandblasted and acid-etched) titanium implants (10 mm in diameter and 2 mm thick;
Dentis, Daegu, Korea) were used. The reason the titanium disc was SLA treated prior to the experiment
is to reproduce the surface of a commercial dental implant. The SLA of the titanium disc was performed
by the implant manufacturer (Dentis, Daegu, Korea). A total of 10 titanium implants were prepared.
Nine out of 10 discs were designated as experimental groups and divided into three groups based on
the laser used: group 1 was irradiated using the K2 mobile laser, group 2 was irradiated using the Epic
10™ laser, and group 3 was irradiated using the Saeshin diode laser. The remaining one titanium disc
was designated as a control without laser irradiation.

Three titanium implants in each experimental group were irradiated with lasers at different power
settings. The first disc of each experimental group was irradiated at 1.0 W power setting for a period of
15 s with continuous wave mode. The second disc of each experimental group was irradiated at 2.0 W,
and the third disc was irradiated at 3.0 W for the same period in the continuous wave mode.

Titanium disks were sterilized before irradiation and stored individually in sterile microtubes after
irradiation. Titanium implants were irradiated at three spots, and the titanium implants were irradiated
with just a single 7t (0.4/2)? area of the beam within a 1.5 X 1.5 mm square (Figure 1). Within the range
of each spot per specimen was irradiated under the same conditions at the same power setting with
the same type of laser. Before using three types of dental diode lasers, the temperature of implant
surface was confirmed during irradiation using a calibrated thermometer system (midi LOGGER
GL240; GRAPHTEC, Yokohama, Japan). The laser fiber tip has a circular shape, and the same fiber
tip was used for three dental diode lasers. The laser fiber tip was unmoved, and in contact vertically
with the titanium disk surface while irradiation was performed for a period of 15 s. After cooling
completely, the laser was irradiated at the next spot. All diode lasers were irradiated by the same
investigator (H.-K.K.), and when irradiating the spots, the laser was irradiated carefully within spot
area to prevent irradiation of other spots. The energy-dispersive spectrometry (EDS) was analyzed
immediately after laser irradiation, considering the contamination of the sample.

Spot 1

1.5mm

1.5mm

10 mm in diameter

Figure 1. Schematic illustration showing three laser irradiation spots on one specimen.
2.3. Surface Roughness

For measuring the surface roughness of titanium discs, scanning probe microscope
(Veeco Instrument, New York, NY, USA) was used. The topographic analysis was performed at
each experimental and control spot, and surface roughness (Ra) values, defined as the arithmetic mean
deviation of the roughness profile, were recorded. The surface roughness of titanium implants was
measured five times for each area irradiated, and the average for each spot was recorded.
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2.4. Energy-Dispersive Spectrometry

For analyzing chemical characterization of each spot, EDS was performed using a field emission
scanning electron microscope (5-4800, Hitachi, Ltd., Tokyo, Japan). Spectra were obtained under
the following conditions: 5.1 X 10° Pa vacuum, 20 kV accelerating voltage, 73 nA beam current,
%500 original magnification with a 0.26 X 0.26 mm sampling window, 100 s acquisition time, and from
30% to 40% dead time. EDS represented the atomic and weight percent ratios of titanium, oxygen,
and carbon for each spot.

2.5. Statistical Analysis

To determine the sample size, pilot experiments were conducted, and the size of the appropriate
sample was calculated to be three per group, using the power analysis software (G * Power v3.1.9.2;
Heinrich-Heine-Universitat) (effect size (f) = 3.34; actual power = 99.99%; power = 99%; o = 0.05).
Mean values and standard deviations of Ra values for three spots in one specimen were calculated.
One-way ANOVA (analysis of variance) tests were performed to verify the differences in the surface
roughness between groups according to the type of lasers, output power, and surface temperature.
Tukey honestly significant difference tests were performed as a post hoc test. Results were considered
to be significant for p values < 0.05.

3. Results

Figure 2 shows the results of comparison of temperature after laser irradiation using three types
of dental diode lasers.
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Figure 2. Comparison of temperature after laser irradiation using three types of dental diode lasers.
(A) 1W, (B) 2W, (C) 3W.



Appl. Sci. 2020, 10, 4167 5 0f 10

The surface temperature per output power was significantly different depending on the type of
laser (p < 0.001) (Table 2). On the other hand, as a result of post hoc test, there were no significant
differences in the surface temperatures of Epic 10™ and Saeshin (p > 0.05) (Table 2).

Table 2. Comparison of temperature after laser irradiation using three types of dental diode lasers.

Distance from Laser Irradiation

Output Laser

Power Types 0 mm 1mm 2mm 3 mm 4 mm 5 mm
Surface Temperature (Mean + SD, °C)

K2 mobile ~ 436.6 + 18 118.3 +24.32 883+ 622 751+572  692+522 67.8+432
Low Epicl0 ™ 3017 +21.6° 61.8+25P 552 +4.70 485+35P  451+21P 4244240
Saeshin 2746 +11.3°  744+153P 555+39b 472435  435+33P 427+27P

P <0.001 8 <0.001 8 <0.001 § <0.001 8 <0.001 8 <0.001 8
K2 mobile  630.8+24.82  135.6+1832  109.3+492  952+472 86+262  822+282
sow  Epic10 ™ 4297+168>  775+123P 61.8+64° 50.7 +3.5° 49+320 4474270
Saeshin 3967 +155°  853+11.5P 688 +3.1P 59.9+29P  541+1.6° 51.7+17P

P <0.0018 <0.0018 <0.001§ <0.001 8 <0.0018 <0.001 8
K2mobile  811.4+2322  171.5+2482  129.6+1222 107.6+332 101.3+423 915x35%2
sow  Epic10 ™ 5433+ 159P 91.6 +4.6P 784 +7.8" 665+34P  61.6+08° 559+19P
Saeshin 5103+ 145" 1079+ 156" 81.5+7.6P 67.7+21%  637+26° 576+22P

P <0.0018 <0.001 8 <0.001 8 <0.001 8 <0.001 8 <0.001 8

§ Significant by one-way ANOVA; p < 0.05. Different letters (*,°) indicate the significant differences among the laser
groups by Tukey HSD test; p < 0.05.

3.1. Surface Roughness

Table 3 shows the mean surface roughness (Ra) value for each SLA titanium disc. Each specimen
consisted of three irradiation spots; therefore, the average of Ra values was represented. Ten specimens
were under different conditions for the laser types and output power.

Table 3. Mean surface roughness (Ra) values of sandblasted and acid-etched (SLA) titanium implants
under various laser types and output powers.

No. of Disc Group Laser Types Output Power R, Value (n = 3, um)
No. 1 Control group No irradiation 0.177 £ 0.018
No. 2 1.0W 0.147 £ 0.007

Experimental K2 mobile
No. 3 Group 1 (A = 980 nm) 20W 0.204 + 0.029
No. 4 3.0W 0.183 = 0.073
No. 5 1.0W 0.182 = 0.070
; - 10TM
No. 6 Experimental Epic 10 20W 0.174 + 0.043
Group 2 (A =940 nm)
No. 7 3.0W 0.267 = 0.095
No. 8 1.0W 0.144 + 0.067
Experimental Saeshin
No. 9 Group 3 (A = 980 nm) 20W 0.158 + 0.056
No. 10 3.0W 0.166 = 0.040
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Figure 3 shows the difference in mean surface roughness (Ra) values of SLA titanium implants
according to various laser types and output powers. Figure 2A represents mean Ra values of four groups
according to the laser types irradiated. The control group was the specimen without laser irradiation,
and its Ra value was measured to be 0.177 + 0.034 pm. Mean Ra values of the experimental groups
after laser irradiation were measured to be 0.178 + 0.023 pm for the K2 mobile group, 0.208 + 0.020 pm
for the Epic 10™ group, and 0.156 + 0.020 um for the Saeshin diode laser group, respectively. Mean Ra
values were higher in the K2 and Epic 10™ groups and lower in the Saeshin diode laser group than
that of the control group. However, the difference in mean Ra values was not statistically significant
between any two groups. Figure 2B represents mean Ra values of four groups based on the output
power. Mean Ra values were measured to be 0.158 + 0.021 um for 1.0 W group, 0.178 + 0.021 um for
2.0 W group, and 0.205 + 0.020 pm for 3.0 W group, respectively. In the 1.0 W group, mean Ra values
were lower than those of the control group. In the 2.0 and 3.0 W laser groups, mean Ra values were
higher than those of the control group. As the output values increased, the average Ra values also
tended to increase. However, the difference in mean Ra values was not statistically significant between
any two groups (p > 0.05).
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Figure 3. Bar diagrams showing the difference in mean surface roughness (Ra) values according to
laser types and output powers: (A) a comparison of mean Ra values between various laser types,
(B) a comparison of mean Ra values between various output powers.

3.2. Atomic and Weight Percentage

Table 4 shows the atomic and weight percentages of carbon, oxygen, and titanium atoms on the SLA
titanium implants under various types of laser and output powers. The atomic percentage represents
the percentage as a function of the number of atoms, whereas the weight percentage represents the
percentage as a function of weight. The atomic and weight percentages of carbon, oxygen, and titanium
atoms in the control group were similar to those in the experimental groups. Statistical comparisons
between groups could not be performed because of the small number of samples.
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Table 4. Atomic and weight percentages of carbon, oxygen, and titanium atoms on the SLA titanium
implants under various laser types and output powers.

Weight Percentage Atomic Percentage
Group Laser Types Output 8 & 8

Powers C (o] Ti C (o] Ti

1.0W 0 4.50 95.50 0 12.36 87.64
Experimental K2 mobil
Group 1 mobile 20W 0 3.50 96.50 0 9.0 90.20
3.0W 291 5.01 92.08 9.77 12.64 77.59
E ) 1.0W 2.10 4.24 93.65 7.31 11.08 81.62
xperimenta .

%mup 5 Epic10TM 20w 243 505 9252 827 1289 7885

3.0W 217 491 92.92 743 12.64 79.92
1.0W 1.89 5.79 92.32 6.45 14.79 78.76

Experimental .
Group 3 Saeshin 20W 0 411 95.89 0 1138 88.62
3.0W 0 452 9548 0 1240  87.60
Control Group No irradiation 2.03 433 9365 705 1129 81.66

3.3. Scanning Electron Microscope Images and EDS

Figure 4 represents the scanning electron microscope (SEM) images and EDS analyses of SLA
titanium surfaces irradiated with various types of lasers and nonirradiated specimens. Figure 4A shows
a nonirradiated titanium surface with the highest peak of titanium in the EDS analysis. Carbon and
oxygen showed lower peaks compared to titanium. The peaks of titanium, oxygen, and carbon on
the nonirradiated titanium surface represented similar patterns on titanium specimens irradiated
with diverse laser types. Additionally, SEM images of titanium implants, which were irradiated with
various types of diode lasers were similar to those without laser irradiation (Figure 4).

Figure 4. Scanning electron microscope (SEM) images and energy-dispersive spectrometry (EDS)

analyses of SLA titanium surfaces irradiated with various types of lasers and nonirradiated
specimens: (A) control specimen, (B) specimen irradiated with K2 mobile laser, (C) Epic 10™
laser, and (D) Saeshin laser.

4. Discussion

We examined the changes in the surfaces of SLA titanium implants irradiated with diverse types
of diode lasers. Previous studies [7,8] have focused on only the alteration in SEM images when diode
lasers are irradiated on titanium implants or implants. Romanos et al. [7] reported that the diode laser
(980 nm) did not damage the titanium surface. Fox et al. [8] reported that the titanium surface was
significantly altered when scaling using a metal instrument. In this work, however, we intended to
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observe the changes in surface roughness and chemical characterization beyond alterations in SEM
images when the diode laser was irradiated at titanium discs.

Diode lasers emit light between 805 and 980 nm [15]. In this study, three kinds of diode lasers
were used. The wavelengths of the K2 mobile, Epic 10™  and Saeshin diode lasers were 980, 940,
and 980 nm, respectively. In the case of Epic 10™ having a wavelength of 940 nm, which is relatively
smaller than 980 nm, the surface roughness values were slightly higher than those of the other two laser
groups. This is because diode lasers with shorter wavelengths tend to have higher energy per photon,
which might damage the surface, such as by forming a crack or crevice, consequently increasing
the surface roughness [9]. In the case of the 3.0-W irradiation, the surface roughness values were
slightly higher than those irradiated at 1.0 and 2.0 W. This is likely due to the higher intensity of laser
irradiation. Laser irradiation might lower the surface roughness by melting the titanium surface [16].
We observed lower surface roughness values at lower powers, such as 1.0 W, compared to the control
specimen. However, there were no statistical differences in surface roughness between laser-irradiated
and nonirradiated discs, so more studies must be conducted for validation. The different laser types
with different wavelengths used in this work did not significantly affect the Ra of titanium disks.
Further research is needed using lasers with more diverse wavelengths.

When diode lasers were irradiated at titanium implants, Tosun et al. [12] reported a decrease
of 28% at 0.25 W, 61% at 0.5 W, 95% at 0.75 W, and 100% at 1.0 W in Staphylococcus aureus. In the
present study, the energy density at 1.0-W power was 14, 9, and 10 kJ/cm? by K2 mobile, Epic 10TM,
and Saeshin, respectively (Table 1), and the energy density at 1.0-W power in the Tosun et al. study
was 12 kJ/cm? [12]. Tosun et al. confirmed a 95% bactericidal effect at 9 kJ/cm? [12]. Therefore, 1.0-W
output power was selected as a minimum intensity, and it was assumed that diode lasers had a
bactericidal effect under all conditions. Further research is needed for the bactericidal effect through
laser irradiation in peri-implantitis treatment [17].

An increase in surface temperature was inevitable when a diode laser was irradiated on a titanium
disc. A temperature rise of more than 10 °C has been reported to adversely affect bone tissues due to
alkaline phosphatase denaturation [11,18]. Eriksson and Albreksson et al. [19] reported that, with an air
flow of 2.5 L/min, irradiating a diode laser at 3.0 W in the continuous mode for 10 s avoided exceeding
the threshold temperature. Here, diode lasers were irradiated at Ti disks for 15 s at a maximum output
power of 3.0 W to see if titanium surface changes occurred at temperatures slightly above the threshold
temperature. The present study was conducted without water cooling and showed a high surface
temperature of above 200 °C at all output powers at the laser irradiation site. In addition, further study
is needed to confirm a setting value suitable for more clinical use by lowering the temperature rise of
the implant surface by applying less time and power than setting value applied in the present study.
Additionally, in clinical practice, open flap treatment is necessary to ensure sufficient cooling of the
implant surface. Therefore, additional research is required under water cooling conditions, and the
temperature rise must be taken into account when laser irradiation is applied to dental implants in
clinical practice.

Titanium is a highly reactive element and exists in the form of TiO, [20]. Titanium and oxygen
signals in the EDS analysis showed that the titanium disc surface consisted of a titanium oxide
layer [21]. The thickness of the titanium oxide is known to be 2—6 nm, and EDS analysis provides
compositional information averaged over a depth of 1 um [22]. The carbon signal in the EDS analysis
could be due to surface contamination [21]. The SLA surface has undergone an acid etching process,
which washes away any remaining elements on the titanium surface [23]. Thus, it was difficult to
find a clear difference in the titanium, oxygen, and carbon element ratios between the laser-irradiated
and nonirradiated groups. Therefore, it is suggested that the diode laser does not seem to change the
chemical composition of the titanium disc surface.

On the other hand, the effects of laser irradiation on the implant surface under salivary conditions
have not been evaluated in this work. The chemical composition of the titanium surface can be
influenced by microbial pH occurring in vivo. Therefore, further studies are needed under intraoral
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conditions. In decontaminating the implant surface, an increase in surface roughness can make the
osseointegration difficult after treatment [5]. Therefore, it is necessary to irradiate a laser that can
remove the contamination and increase the proper surface temperature without increasing the surface
roughness of the implant. Further research is needed to confirm these conditions. Finally, the possibility
that the beam at the fiber tip has a non-uniform intensity distribution has not been eliminated from
the measurements in the present study. Further study is needed the measurement of the beam profile
using a charged coupled device camera system.

5. Conclusions

In this study, alterations in the surface roughness and chemical composition of SLA titanium
implants were investigated after irradiation with diode lasers of various wavelengths. The temperature
of the implant surface during laser irradiation was significantly different according to the type of
dental diode laser. The mean surface roughness of the titanium disc irradiated at 940 nm was slightly
higher than that at 980 nm. Moreover, the mean surface roughness of the titanium disc was higher at
3.0 W compared with those at 1.0 and 2.0 W. However, the type of laser and power did not significantly
change the RA, so the irradiation of a diode laser with 1.0, 2.0, and 3.0 W for 15 s can decontaminate
the SLA titanium surface without damaging titanium. Nevertheless, these findings were conducted
in vitro, and clinical trials will be needed to verify the results of this study.
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