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Featured Application: This study provides information about the effects of laser irradiation pro-
vided against peri-implant infection on titanium and supports the best choice of having lesser
titanium implant damage.

Abstract: Over the past 10 years, the number of dental implants has grown significantly. This increase
has consequently led to an elevation of the statistics related to cases of peri-implantitis. Laser therapy
has conquered a place among the therapies of excellence to treat peri-implantitis. However, the laser
device used could influence the therapy’s success. The aim of this comparative experimental work
was to highlight the differences in the work on grade 4 titanium surfaces of the most commonly
used laser lights in this field, taking into consideration any structural damage that lasers could
cause to implant surfaces. The lasers examined were a 980 nm diode laser; a 1064 nm Nd:YAG laser;
and a new generation of 1064 nm Nd:YAG Q-switch nano pulsed laser. We evaluated the titanium
temperature increase, the pre- and post-treatment two-dimensional surface appearance observed
under the scanning electron microscope; finally, the three-dimensional pre- and post-treatment
topographic analysis was assessed using atomic force microscopy. We showed that the 1064-nm
Q-switch Nd:YAG nanosecond pulsed laser appears to be more suitable for the preservation of
implant morphology because of the absence of the induction of metal damage.

Keywords: peri-implantitis; titanium surfaces; biofilm; decontamination; implant

1. Introduction
Implant-supported prosthesis is considered one of the finest and most common ap-

proaches used to replace missing teeth [1]. About 12 million dental implants are placed
every year worldwide [2]. However, a significant increase in peri-implant diseases was
recently described. Similar to periodontal diseases, the main cause of peri-implant diseases
is dental plaques, which supports correlated pathogenic bacterial growth [3]. Indeed,
periodontal health is influenced by various factors such as oral hygiene, genetic and epi-
genetic factors, systemic health, and nutrition [4,5]. The recent literature shows that the
prevalence of peri-implantitis is equal to 10% of the implants and 20% of the patients, while
peri-implant mucositis affects about 30% of the sites and 50% of the subjects treated [2].
However, despite many preventive treatment approaches being suggested, nowadays,
it is not possible to identify a reliable and consistent therapy for the treatment of these
pathologies [6]; the prevention and sudden management of early symptomatology appear
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to be the most effective protocol [7,8]. Indeed, it is known that the incidence of peri-implant
diseases can be minimised through routine dental biofilm control. Recently, laser therapies
have gained acceptance for the management of peri-implant mucositis [6].

Systematic reviews point out the wide range of wavelengths, powers, energies, time,
and number of applications suggested for peri-implant disease treatments, leading to the
conclusion of a non-univocal approach [9–12]. However, semiconductor lasers such as
diodes and solid-state lasers, including 1064-nm Neodymium-Doped Yttrium Aluminum
Garnet (Nd:YAG) and Erbium:YAG, seem to better support laser therapy advances [13].
Indeed, according to the wavelengths employed and the therapy parameters administered,
several laser features through photodynamic therapies and photobiomodulation as well as
surgery can be exploited. Therefore, diseased tissue may be removed [7,8], inflammation
reduced [11], and wound healing improved [14]; pathogenic bacteria can be killed or
inhibited, and natural microbiota can be stimulated [15]. In particular, the evidence-
based literature shows that laser therapies can decontaminate the implant surface and
surrounding areas [6] and stimulate disease-impacted tissue recovery [9,16,17].

However, the incomplete knowledge of interactions between the peri-implant tita-
nium with laser wavelengths and clinical parameters limits the laser application in peri-
implantitis management [18]. The authors suggested that lasers can damage titanium
screws because of temperature and trigger tissue necrosis [19] and microbiota biofilm
alterations [20]. Therefore, despite the effective support of laser therapies, the clinical
application remains operator-dependent.

Recently, promising results on peri-implantitis were obtained by Namour and collabo-
rators [21] using a new 1064-nm Q-switch Nd:YAG nanosecond pulse. Indeed, effective
decontamination with the 1064-nm Nd:YAG laser was observed. However, its effects on
implant prosthesis materials such as titanium are not yet fully known.

Therefore, our comparative in vitro study aimed to test the effects of 1064-nm Q-switch
Nd:YAG nanosecond pulse on titanium surfaces. Plus, the new laser effects were compared
with 1064-nm Nd:YAG and 980-nm diode lasers routinely employed for peri-implantitis
management through laser therapy [11].

The predictor variable of this study was the peculiar ability of the 1064-nm Q-switch
Nd:YAG nanosecond pulse to emit pulses in nanoseconds (ns) and provide a peak power
of about 25 kW [21].

The primary variable was to point out the effect of this laser on titanium surfaces.
The secondary object of the investigation was to show the reliability of 1064-nm Q-

switch Nd:YAG nanosecond pulse employment compared to the 1064-nm Nd:YAG and
980-nm diode laser. Scanning electron microscopy was used to evaluate the titanium
grade 4 surface after laser treatments, and the analysis of roughness change with three-
dimensional reconstruction was performed through atomic force microscopy to point out
the different effects of irradiations.

2. Materials and Methods
2.1. Study Design

Grade 4 titanium disc samples “FINOFRAME TI-4” (FINO-Gmbh, Mangesfeld 18,
97708 Bad Bocklet, Germany) were used in our study because this is the most commonly
used grade of titanium to produce dental implants [22]. The sample was divided into
4 equal slides, as shown in (Figure 1). One slide was not treated and considered as a control
(a). Three slides were treated with the lasers 1064-nm Nd-YAG (b), 980-nm diode (c), or
1064-nm Q-switch Nd:YAG nanosecond pulse (d), through the parameters described in
Table 1. All of the lasers used were produced by the Italian company DMT Srl. (20851—Via
Nobel 1 Lissone (MI)-Italy).
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able to mimic the saliva composition, humidity, pH, and temperature characteristics of 
the oral environment. Essentially, a thermostatic bath with a recirculation pump (Grant 
model ST 12; Grant Instruments Cambridge, SG8 6GB, Cambridgeshire, United Kingdom) 
was filled with distilled water to keep the temperature constant and contain a cubic glass 
tank (15 cm for side) immersed. A stub was then glued to the bottom of the cubic glass 
tank by a two-component adhesive (Tintoke 3M, Saint Paul, Minnesota, USA) to support 
the titanium disc. Fifty centilitres of a salivary substitute solution (0.103 g/L of CaCl, 0.019 
g/L MgCl·6H2O, 0.544 g/L KH2POA, 2.24 g/L KCl, and TCP-KOH buffer, final pH = 7.0) 
was added [23]. The pH of the artificial saliva was balanced by measuring it with the Five 
Easy Plus pH Meter FP20-Std-Kit, (Mettler Toledo, Columbus, OH, USA). The 
thermostatic tank with a recirculation pump was activated to induce a temperature of 37.5 
°C, which was measured with the double probe K thermocouple thermometer, HI 935002 
digital thermometer, K probe, 2 inputs (HANNA INSTRUMENTS Italia srl—Viale Delle 

Figure 1. Design of the treated area on a titanium grade 4 disc: (a) no-treated area (control); (b) area
treated with 1064 nm Nd-YAG; (c) area treated with 980 nm Diode; (d) area treated with 1064 nm
Q-Switch Nd-YAG.

Table 1. Laser specifics and parameters of irradiation. Parameters were chosen according to the
therapies for peri-implant disease programs that each company of laser device set.

LASER 1064 nm Nd-Yag
b

980 nm Diodo
c

1064 nm Q-Switch
Nd-Yag

d

WAVELENGTH 1064-nm 980-nm 1064-nm
PRIMARY POWER 10 W 7 W 1.5 W

POWER PEAK 3500 W 15 W 25 KW
FREQUENCY 200 Hz 1000 Hz 500 Hz

PULSE DURATION 50–500 us 1 ms—CW 3 ns
CLASS MEDICAL

EQUIPMENT IIB IIB IIB

CLASS OF THE
LASER IV IV IV

PARAMETERS
USED FOR THE

STUDY

1.5 W
50 us pulse

10 Hz
3500 W power peak

1.5 W gated mode
10 ms Ton
10 ms Toff

320 um fiber

1.5 W
3 ns pulse
20,000 Hz

25,000 W power peak

Since the oral environment could influence the effects on peri-implants, a bioreactor
simulating the saliva and titanium interaction was designed (Figure 2). The bioreactor was
able to mimic the saliva composition, humidity, pH, and temperature characteristics of the
oral environment. Essentially, a thermostatic bath with a recirculation pump (Grant model
ST 12; Grant Instruments Cambridge, SG8 6GB, Cambridgeshire, United Kingdom) was
filled with distilled water to keep the temperature constant and contain a cubic glass tank
(15 cm for side) immersed. A stub was then glued to the bottom of the cubic glass tank
by a two-component adhesive (Tintoke 3M, Saint Paul, Minnesota, USA) to support the
titanium disc. Fifty centilitres of a salivary substitute solution (0.103 g/L of CaCl, 0.019 g/L
MgCl·6H2O, 0.544 g/L KH2POA, 2.24 g/L KCl, and TCP-KOH buffer, final pH = 7.0) was
added [23]. The pH of the artificial saliva was balanced by measuring it with the Five Easy
Plus pH Meter FP20-Std-Kit, (Mettler Toledo, Columbus, OH, USA). The thermostatic tank
with a recirculation pump was activated to induce a temperature of 37.5 �C, which was mea-
sured with the double probe K thermocouple thermometer, HI 935002 digital thermometer,
K probe, 2 inputs (HANNA INSTRUMENTS Italia srl—Viale Delle Industrie, 11—35010
Ronchi di Villafranca Padovana, Italy). Additionally, the humidity was maintained at
around 93 Kg/m3 and measured with the HI9564 digital thermo-hygrometer (HANNA
INSTRUMENTS Italia srl) [24,25].
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Figure 2. Oral cavity bioreactor simulator. The bioreactor consisted of a thermostatic bath (A) filled
with distilled water to keep the temperature constant at 37.5 �C (A,E). The bath contained a cubic
glass tank (B) immersed. A stub supported the titanium disc on the tank bottom (C). Salivary
substitute solution (D) was kept shaking at 20 rpm (F) to allow the oscillating artificial saliva to
touch the titanium surface of the samples (left). The titanium disc was pre-incubated inside the
bioreactor for 7 days before the experiments took place. The irradiation was performed at 0 rpm,
with an optical fibre able to irradiate the titanium disc slides (b,c,d) according to the parameters
described in Table 1 (right). (a) Not-irradiated slide (control). The pH (7.0), temperature (37.5 �C),
and humidity (93 kg/m3) were monitored through a pH Meter, a thermocouple, and a digital
thermo-hygrometer, respectively.

The structure was placed on the top of an orbital shaker (SLA-OS-200. Scitech LabApp
Ltd., Micklefield, Leeds, LS25 9BP, UK) set at 20 rpm to allow the oscillating artificial saliva
to touch the titanium surface of the samples. The titanium discs were pre-incubated inside
the bioreactor for 7 days before the experiments took place.

According to Namour and collaborators [21], the irradiation was performed with
a 320 µm optical fibre provided by the laser device companies for each laser employed.
The fibre was fixed to a Laboratory Stand at a distance of 500 µm from the surface of the
treated area. The setup allowed for keeping the 50 mm2 irradiated surface constant and
also avoided reaching parts of the other group.

To mimic the clinical treatments in vivo, the irradiations were performed through the
parameters described in Table 1 and according to both Świder and collaborators [11] and
Namour and collaborators [21].

The precision of the irradiated power was secured by the Pronto-250 power meter
(Gentec Electro-Optics, Inc., Quebec, QC, Canada).

During the treatment, the temperature was monitored through an FLIR ONE Pro-iOS
professional thermal imaging camera (FLIR Systems, Inc., designs, Portland, OR, USA)
(dynamic range: �20 �C/+400 �C; resolution 0.1 �C).
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2.2. Scanning Electron Microscope (SEM) Analysis
The irradiated slide samples and the slide control were morphologically evaluated

using an SEM Hitachi S-2500, (Hitachi Sefton Park Bells, Hill Stoke Poges, Buckinghamshire,
SL2 4HD, UK). It was not necessary to carry out a metallisation of the sample surfaces since
titanium presents an electrical conductivity that is useful for SEM analysis.

All images were acquired in secondary electrons at 10 KV with 50⇥ magnification and
recorded with a Nikon F50 digital camera.

2.3. Atomic Force Microscopy
In order to obtain quantitative information regarding the surface profile (i.e., surface to-

pography), we employed atomic force microscopy (AFM) to image with high resolution the
surface, before and after laser treatments. Every sample was carefully ultrasonicated and
cleaned with distilled water and 70% ethanol. Contact mode AFM images were obtained
using a Nanowizard JPK Bioafm (Bruker) and a Zeiss optical microscope (Axio Zoom V16)
to find and position the AFM probe onto the area of interest. CSG11-A cantilevers (Mikro-
Masch), with a nominal spring constant K = 0.1 N/m, were used for acquisitions. Images
were collected in pure water over a 70 ⇥ 70 µm2 area at a resolution of 256 ⇥ 256 pixels, a
constant deflection of 150 nm, and a scan rate of 0.4 Hz. We selected at least 3 images for
each sample for roughness analysis. Data were processed using the Mountains® software
Premium 9.2.9994 courtesy of Digital Surf, France, and a plane correction process was per-
formed on all the AFM topographical images [26]. The changes in roughness parameters
and the surface topography of each sample were investigated before and after the titanium
surface interaction with the three lasers used. The selected roughness parameters are the
most widespread among relevant amplitude parameters and were calculated following the
ISO 25178 standard as reported below [27,28].

Roughness average:

Sa = . . .
1

MN

M�1

Â
k=0

N�1

Â
i=0

|z(xk, yi)|

where M ⇥ N = total number of scan points.
Root mean square:

Sq =

r
1

MN

M�1

Â
k=0

N�1

Â
k=0

[z(xk, yk)]
2 (1)

Peak-to-peak height: Sz = zmax � zmin, defined as the height difference between the
highest and lowest pixel in the image.

The results of the quantitative analysis were expressed as mean value ± standard
error. Statistical analyses were performed using one-way ANOVA plus Tukey’s post-test
and p-values  0.01 were regarded as statistically significant.

3. Results
3.1. Analysis of Temperature after Laser Treatments

The detection of any surface temperature increase was carried out during irradiation
(Table 2).

Table 2. Increase in temperature during laser-titanium interactions.

T0 T1 DT

980 nm Diode 31.2 �C 57 �C 25.8 �C

1064 nm Nd-YAG 31.2 �C 55.4 �C 24.2 �C

1064 nm Q-switch
Nd-YAG nano 31.2 �C 34.1 �C 2.9 �C
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From a basic starting point of 31.2 �C, the treatment with the 980 nm diode laser
reached 57 �C in two seconds of interaction, thus raising the temperature by 25.8 �C.

Using the 1064-nm Nd-YAG laser, starting from 31.2 �C, it reached 55.4 �C within
two seconds of interaction, raising the temperature by 24.2 �C.

Finally, in the two-second interaction with the 1064-nm Q-switch Nd:YAG nanosecond
pulse laser, starting from 31.2 �C, we arrived at 34.1 �C with a temperature increase of
2.9 �C.

3.2. Scanning Electron Microscope (SEM) Results
The scanning electron microscope images show the effects caused by the interaction of

the different irradiated laser parameters on the grade 4 titanium surface.
Compared to the control image (Figure 3A), the 980 nm diode laser did not seem

to negatively affect the grade 4 titanium surface (Figure 3B). However, the regular and
compact texture of the control sample changed in apparently more surface roughness due
to the exposure of irregular micro-crystallites of the average dimension of about 50 µm. A
very small increase in the dimension of the micropores and their irregular shape could also
be observed after the treatment with a 980 nm diode laser.
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The same interpretation can be obtained from the image relating to the exposure to the
1064-nm Q-switch Nd:YAG nanosecond pulse laser, which did not seem to notably change
the surface morphology of the grade 4 titanium sample examined (Figure 3C), although a
moderate alteration of the roughness also occurred in this case.

On the contrary, in the portion of the sample treated with the 1064-nm Nd-YAG
laser, significant morphological alterations can be seen. Indeed, melting-like effects on the
metal surfaces are visible, which can reach deformations in the range of 3 mm (Figure 3D).
Rounded and overlapped plates of about 0.5 mm in diameter with very irregular boundaries
but with a smooth cup-shape covered all of the surfaces analysed.

3.3. Atomic Force Microscopy Results
Figure 4 shows representative 3D AFM topography images of the control region and

the three treated regions. AFM topography imaged (70 µm ⇥ 70 µm) of the control region
and the three treated regions after a plane fitting procedure to compensate for sample tilt.
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the three treated regions after a plain fitting procedure to compensate for the simple tilt.

Figure 5 shows the height distribution graphs calculated for each image shown in
Figure 4. The height differences, calculated as the width of the graphs corresponding to
90% of the distribution (distance between cursors c1 and c2), are reported in the following
Table 3 and Figure 5.
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Figure 5. Height distribution histograms of the four images reported in Figure 3. c1 and c2 define the
regions corresponding to 90% of the height values.

Table 3. The width of 90% of the height distributions for each image is reported in Figure 4.

Sample Height Difference (c1–c2) [µm]

Control Ti 0.4246
980 nm Diode 0.4771

1064 nm Q-switch Nd-YAG nano 0.4184
1064 nm Nd-YAG 3.7050

In order to quantify surface roughness, we calculated three different parameters for
each sampled region, namely average roughness Sa, root mean square Sq, and peak-to-peak
height Sz. Table 4 and Figure 6 report average roughness values and standard errors for
each region.
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Table 4. Roughness parameters from the surface analysis of AFM topography images. Average and
standard error values were calculated over n images.

Sample Roughness Parameters

Sa [µm] Sq [µm] Sz [µm] n

Control Ti 0.109 ± 0.007 0.147 ± 0.013 2.470 ± 0.538 4
980 nm diode 0.140 ± 0.036 0.174 ± 0.041 1.824 ± 0.300 5

1064 nm Q-switch Nd-YAG nano 0.150 ± 0.002 0.157 ± 0.006 4.842 ± 0.605 6
1064 nm Nd-YAG 0.868 ± 0.550 1.189 ± 0.651 9.278 ± 3.010 3
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4. Discussion
The main aim of this work was to test the effects of the 1064-nm Q-switch Nd:YAG

nanosecond pulse on titanium surfaces, compared to the 1064-nm Nd:YAG and 980-nm
diode lasers routinely employed for peri-implant infection management.

Given the great growth in the use of different laser wavelengths for the treatment of
periodontal and peri-implant disease [21], it was important to carry out an investigation.
The focus of our study was to highlight possible harmful behaviours dictated by the
interaction of these devices with the materials used for the dental implant. From the
data collected from our experiments, significant differences can be seen based on the
type of laser interacting with the grade 4 titanium sample. Observation of the sample
under the scanning electron microscope showed us a damaged surface when it interacted
with 1064-nm Nd:YAG, where the conspicuous morphological changes comparable to
craters [29] constituted sections that are colonisable by bacterial species that are capable of
worsening the peri-implant health conditions of the host [21,30]. On the other hand, the
images relating to the sample interacting with a 980nm diode laser and 1064-nm Q-switch
Nd:YAG nanosecond pulse laser showed no signs of damage to the morphology of the
grade 4 titanium surface, but only a slight modification of the surface. This is due to
the removal of the more external coating and as a consequence of the exposure to the
micro-crystallites of titanium and of some micropores that induce a very slight increase in
roughness, as confirmed by the AFM results.

From the roughness parameter evaluation, the results showed a small increase in
Sa values for 1064-nm Q-switch Nd:YAG nanosecond pulse and 980-nm diode-treated
parts, with respect to control values, but this is quite negligible when compared to the
1064-nm Nd:YAG treated one. This can indicate that the average absolute deviations
of the roughness irregularities are comparable for these considered surfaces, while the
treatment with 1064-nm Nd:YAG generated greater defects on the titanium surface. These
considerations can be confirmed by the values of the Sq parameter, which is even more
sensitive to surface deviations, and can be considered a reliable complementary parameter.
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The height distribution histograms also showed a greater height difference for the
1064-nm Nd:YAG-treated surface when compared to the other regions, as specified in
Figure 6. The height axis of the histograms highlighted the higher and more spread
surface irregularities for the 1064-nm Nd:YAG-treated surface, with histograms showing
the presence of different peaks within the considered region c1–c2.

For a deeper evaluation, the Sz parameter was calculated since it is more sensitive
to randomly distributed peaks or valleys. Both Nd:Yag-treated regions showed higher
Sz values when compared to the region treated with the 980-nm diode and the control;
nevertheless, if one compares 1064-nm Nd:YAG-treated areas with 1064-nm Q-switch
Nd:YAG nanosecond pulse-treated ones, the former would always show significantly
higher Sz values.

In conclusion, the results obtained from the roughness analysis suggest that 1064-nm
Nd:YAG treatment can be considered the most invasive, while both the 1064-nm Q-switch
Nd:YAG nanosecond pulse and 980-nm diode do not significantly affect surface topography.
Our 1064-nm Nd:YAG effects meet well with recent work on the erbium-doped yttrium
aluminum garnet laser (Er: YAG) at 4 W and 400 mJ/pulse, which induced melting, micro-
cracks, signs of coagulation, and microfractures on grade-4 titanium [31]. Conversely,
the Er: YAG at 1 W and 100 mJ/pulse affected the titanium surface, which decreased its
porosity and micro-roughness; both represent a positive alteration in terms of prevention
of bacterial adhesion [31].

Lastly, considering that the defined thermic rise begins at 5 �C [17] for biological tissue,
such as the bone around implants during the osseointegration, we observed that only the
1064-nm Q-switch Nd:YAG nanosecond pulse laser was able to perform its action, without
increasing the temperature of the metal beyond that threshold. The 980 nm diode lasers
and 1064 nm Nd:YAG instead created a very high-temperature difference and were not
compatible with the health of the bone cells around the implant.

5. Conclusions
According to our primary and secondary variables, our data clearly showed that

the irradiation device mode and the parameters administered affected the titanium grade
4 surface in different ways. The 1064-nm Q-switch Nd:YAG nanosecond pulse appears
to be more suitable for the preservation of implant morphology because of the lack of
evidence of the induction of metal damage and, as shown by Namour et al. [21], the efficacy
of bacteria decontamination.

The roughness analysis carried out on the acquired AFM topography images revealed
the more invasive nature of the 1064-nm Nd:YAG treatment on the sampled titanium
surface when compared to the other lasers considered. On the contrary, from this analysis,
the difference between 1064-nm Q-switch Nd:YAG nanosecond pulse and 980-nm diode
treatments was not significantly different.

Therefore, in order to confirm the effectiveness of the new 1064-nm Q-switch Nd:YAG
nanosecond pulse treatment, in terms of the absence of relevant surface alterations, a deeper
comparative study between the 1064-nm Q-switch Nd:YAG nanosecond pulse and 980-nm
diode should be carried out.
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