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ABSTRACT 
 

Introduction: The prevalence of implant treatment has increased tremendously over 

the past few decades. In the process of either treating peri-implantitis or during the implant 

maintenance phase, it has been noted that certain implant decontamination methods may 

generate particles from implant surfaces.  This may result in potential for disease 

exacerbation and irreversible damage to the implant surface. Although the Er: YAG 

(erbium-doped yttrium aluminum garnet) laser has been considered to have the best 

properties for the decontamination of the implant surface, there is limited data on the 

amount of titanium and zirconia particles that can be generated and released in the process.  

 

Purpose: The aim of this in vitro study was to investigate the possible generation 

of titanium and zirconia particles when the Er:YAG laser is used as a tool for implant 

decontamination and to assess for any possible surface alterations that may have resulted 

from the use of the Er:YAG laser.  

 

Materials and Methods: Six (N=6) Ti-Zirconium alloy (Roxolid®; Straumann® 

USA) and six (N=6) yttra-stabilized tetragonal zirconia (PURE® Ceramic; Straumann® 

USA) machined material discs, as well as two (N=2) expired Ti sandblasted acid-treated 

implants (Ti SLA® Implant; Straumann USA) and two (N=2) expired acid-etched 

zirconium-dioxide ceramic implants (PURE® Ceramic ZLA® Implant; Straumann® USA) 

were irradiated with the Er:YAG laser (LiteTouchTM)  using the gentle treatment mode for 

implant decontamination for 30 and 60 seconds. The coolant water generated during laser 

irradiation was collected and filtered through polycarbonate track etch (PCTE) hydrophilic 
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membrane filters using a vacuum filtration assembly unit. The PCTE membranes were then 

analyzed for presence of titanium and zirconia particles using a Field Emission Gun 

Scanning Electron Microscope (FEG-SEM). The elemental composition of the particles 

was compared with that of the implants and discs using Energy-dispersive X-ray 

spectroscopy (EDS). The surfaces of the discs and implants were also inspected for 

morphological alterations. The average surface roughness (Ra, Ry, Rz) of the discs before 

and after laser application were measured using a 2-dimensional surface profilometer. A 

paired sample t-test was used for statistical analysis to compare the surface roughness 

values before and after laser application. 

 

Results: No titanium or zirconia particles were collected after laser irradiation of 

the material discs after laser irradiation. Titanium and zirconia particles were detected after 

laser irradiation on the implants. There were no surface topographical alterations evident 

at higher magnification for the titanium and zirconia material discs, and implants after laser 

irradiation. There was a statistically significant decrease in all surface roughness 

parameters measured (Ra, Ry, Rz) after 60 seconds of laser irradiation for the zirconia discs. 

 

Conclusions: Within the limitations of this study, the Er:YAG laser used in gentle 

treatment mode for implant decontamination resulted in no visible damages to the titanium 

and zirconia implant surfaces. There were some titanium and zirconia particles produced 

during the laser irradiation on implants but no produced over discs. Additional in-vitro and 

clinical studies will have to be conducted to assess the clinical significance of these 

particles.  
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CHAPTER 1 

INTRODUCTION 

There has been a large increase in the prevalence of dental implants over the past 

two decades. In the United States, implant placement is projected to rise between 5.7 to 23% 

by  2026 (1). Other than the well-known titanium (Ti)  alloy dental implants, zirconia 

implants have also become more prominent over the past decade, presenting an alternative 

choice of implant material for both clinicians and patients (2). A systematic review by 

Albrektsson and colleagues in 2012 estimated the 5-year survival rate of titanium dental 

implants to be 97.7% and the 10-year implant survival rate to be 94.9% (3). With regards 

to zirconia implants, reported survival rates ranged from 87% to 100% with follow-up 

periods of 1 to 7.8 years (2). Despite the high survival rates, biological complications such 

as peri-implant mucositis and peri-implantitis can still occur. 

Peri-implantitis is a pathological condition occurring in tissues around dental 

implants, characterized by inflammation in the peri-implant connective tissue and 

progressive loss of supporting bone. The onset of peri-implantitis may occur early during 

follow-up and progress in a linear and accelerating pattern (4). A recent study calculated 

weighted mean implant-based and subject-based peri-implantitis prevalence of 9.25% and 

19.83% respectively over a three-to-eighteen year follow-up after implant restoration (5). 

Peri-implant soft tissues seem to display a stronger inflammatory response when compared 

to gingiva around teeth (6, 7). Carcuac and Berglundh found that in comparison to 

periodontitis lesions, peri-implant lesions were more than twice as large and contained 

significantly larger inflammatory cell infiltrates (8), making treatment more difficult.  
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The etiology of peri-implantitis has not been fully elucidated (9, 10). Differences 

in biomarker levels and ratios between peri-implantitis and periodontitis have been found, 

suggesting that these disease processes are somewhat distinct (9). Contrary to the popular 

notion that bacteria biofilm may be the primary driving cause behind peri-implant bone 

loss, there has been rising evidence of a new theory, namely, that peri-implant marginal 

bone loss may be independent of a microbial cause and instead have an etiology due to 

overreaction of the immune system to foreign antigens at the implant surface (10, 11). 

Metal particle release has been proposed as a possible etiologic factor, with reference to 

aseptic loosening in the field of orthopedics, described as a local periprosthetic osteolysis 

around joint replacements triggered by wear debris in the absence of bacteria (12, 13). The 

introduction of Ti particles into peri-implant tissues in a murine model induced an aseptic 

foreign body reaction, negatively impacting the health of the peri-implant tissues through 

its activation of macrophages which induced a M1 macrophage phenotype that promoted 

local secretion of inflammatory cytokines (14). Ti particles have also been identified in 

human oral soft tissue biopsies surrounded by inflammatory infiltrate in peri-implantitis 

cases (15-17). Although Ti and other metal-like particles were also found in healthy sites, 

peri-implantitis sites presented with higher amounts (18). The size of these particles ranged 

from 100 nm to 54 µm (18). Free soluble Ti ions which have cytotoxic effects can form Ti 

particles which can further induce the activation and secretion of interleukin-1β (IL-1β) 

(19), an inflammatory cytokine that stimulates bone resorption through the activation of 

the Receptor Activator of Nuclear Factor Kappa-Β Ligand (RANKL) gene (20). Submicron 

Ti particles with a mean size of 0.24 μm stimulated production of  high levels of IL-1β, 

interleukin- 6 (IL-6) and tumor necrosis factor‐α (TNF- α) from macrophages (21). A 
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review by Messous and colleagues summarizes the cytotoxic effects of submicron and 

nano-scale Ti debris on cells of the immune system in Figure 1 (22). Other than causing an 

upregulation of pro-inflammatory cytokines and osteoclast activity, degenerative changes 

were also reported in macrophages and neutrophils that phagocytosed the Ti microparticles 

(23). Human osteoblast cells cultured in medium containing Ti‐based nanoparticles were 

also found to have mutations (24), further proving the cytotoxic and genotoxic potential of 

Ti debris generated from dental implants (23).  

 

 

 
Figure 1: Schematics of the effect of commercially pure Ti debris on surrounding cells and 

tissues (22) 

 

 A systematic review by Delgado-Ruiz and colleagues summarized the potential 

causes of Ti particle and ion release in implant dentistry (Figure 2), which can occur during 

the surgical or prosthetic rehabilitation as well as the maintenance phases of treatment (25). 
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Displacement of Ti particles into the peri-implant soft tissue can occur via the stripping of 

Ti particles from instruments and drills used during the implant bed preparation as well as 

directly from the implant during its placement (13, 25, 26). Micromotion at the implant-

abutment connection as well as the choice of implant abutment material can also result in 

the release of particles into the peri-implant tissues (25). Wear and corrosion together with 

environmental factors lead to material degradation in a process called tribocorrosion; 

leading to further release of Ti particles (27).  

 

 

Figure 2: Summary of potential sources of titanium particle and ion release (25) 

 

The maintenance phase for dental implants, which is crucial to the preservation of 

health in peri-implant tissues, involves the regular removal of the accumulated plaque 

biofilm, similar to the periodontal maintenance therapy performed around teeth. The 

decontamination of the implant surface to remove bacterial biofilm is also a paramount 

step in the treatment of peri-implantitis (28). A variety of methods have been proposed to 

decontaminate the implant surface, which include: chemotherapeutic agents (citric acid, 



 5 

chlorhexidine, etc.), air-abrasive devices with glycine powder, antimicrobial photodynamic 

therapy and lasers (light amplification by stimulated emission of radiation) (28). In vitro 

studies have shown that ultrasonic scaling around implants can increase the amount of Ti 

particle release and induce a stronger inflammatory response (29, 30). Thus, rather than 

attenuating disease progression, they may contribute to the exacerbation of peri-implantitis 

instead. Due to their low pH values, certain chemotherapeutic agents can cause damage to 

the Ti oxide layer as well as corrosion and pitting of the Ti surface especially when 

combined with physical rubbing during their application (31). Air-abrasion methods and 

laser decontamination methods, depending on their specific parameters can result in 

various magnitudes of alterations to the implant surface. A study which compared the use 

of air powder and the Er:YAG (erbium-doped yttrium aluminum garnet) laser for implant 

decontamination found that both methods have potential to remove cytotoxic bacterial 

components from implant surfaces although the laser was superior as it resulted in no 

surface alterations unlike the air powder system which caused microscopically visible 

alterations of the implant surface (32). There are various strengths and limitations to each 

method and thus, there is no defined gold standard for implant decontamination. 

Unfortunately, it appears that all existing methods, especially if utilized at suboptimal 

parameters, can have negative effects of different magnitudes on the implant surface (25). 

It is vital that research is continued to assess a method that will generate the least amount 

of wear debris and damage to the implant surface, but still remain effective in bacterial 

biofilm removal.    

Laser therapy has been increasingly regarded as an effective, minimally invasive 

procedure in periodontal therapy that is associated with minimal patient discomfort (33). 
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Laser treatment can be applied as a monotherapy, and also as an adjunct to surgical and 

nonsurgical treatment (34). Their specific therapeutic goals include root surface 

debridement and detoxification, reduction in specific or overall subgingival bacterial 

composition, subgingival curettage, suppression of inflammation, biostimulation, and 

periodontal regeneration (34). Regarding implant therapy, lasers can be utilized for soft 

and hard tissue management during implant placement, to reduce pain and inflammation, 

and promote osseointegration and tissue regeneration (low-level laser therapy) and to treat 

peri-implant diseases during maintenance (35). Depending on their wavelength, lasers have 

different tissue penetration depths and thus different applications in dentistry. The 

neodymium-doped yttrium aluminium garnet (Nd: YAG), carbon dioxide (CO2), diode and 

Er:YAG lasers have all been tested for their efficacy and suitability for peri-implantitis and 

implant maintenance therapy (35). However, the Nd :YAG laser, which has a wavelength 

of 1,064nm and is deeply penetrating, has been reported to readily cause thermal reactions, 

such as melting, cracks and crater formation, on the Ti implant surface when used at its 

standard energy settings (35). Although both the CO2 and diode lasers generally do not 

result in morphological changes to the Ti implant surface, they carry the risk of heat 

generation and possible carbonization of the adjacent bone tissue (35). Out of the different 

types of lasers, the Er:YAG laser with a wavelength of 2,940nm has been considered to 

have the best response for both degranulation and decontamination of the implant surface 

(36). It has a high bactericidal effect against periodontopathic bacteria at a low energy level 

(37, 38), and can therefore be used safely without risk of local damage to adjacent tissue at 

the appropriate irradiation parameters. Among all dental lasers, the Er:YAG laser also has 

the highest absorption into water, which minimizes the thermal effects on the surrounding 
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tissues during irradiation (35). In-vitro studies have also demonstrated its minimal effect 

on the biocompatibility of the implant surface as it does not affect the attachment of human 

osteoblast-like cells to it (39-41), and even promoted the proliferation of human gingival 

fibroblasts (32) to contaminated implant surfaces. Even though the Er:YAG laser appears 

to be highly promising in its application for peri-implantitis therapy and implant 

maintenance, however, there are still limited studies investigating Ti particle release during 

the laser decontamination process (25). There are also few studies investigating the effects 

of the Er:YAG laser on zirconia implant surfaces. Thus, the purpose of this study to 

investigate the generation of Ti and zirconia particles from Ti and zirconia implant surfaces 

during the Er:YAG laser decontamination process and to evaluate for any morphological 

changes to the implant surfaces as a result of the laser irradiation.   
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CHAPTER 2 

AIMS AND OBJECTIVES 

The aim of this study is to investigate the generation of debris/particles and surface 

morphological modifications created by Er:YAG laser irradiation during decontamination 

of Ti alloy and Zirconia implants in vitro. 

 

The specific objectives of this study are: 

1. To determine whether Ti and zirconia particles would be shed from Ti alloy and 

ceramic implants and discs during a decontamination process using a Er:YAG laser 

2.  To evaluate for surface alterations that may have occurred on the surface of the 

implants and discs as a result of the decontamination process 

 

 
  



 9 

CHAPTER 3 

RESEARCH SIGNIFICANCE 

As discussed previously, the release of Ti particles into the peri-implant tissues has 

the potential of exacerbating inflammation and peri-implantitis disease progression. 

Various decontamination methods employed during implant maintenance may contribute 

to the particle release from implants. With the rising popularity of zirconia as an implant 

material, it is essential to understand the impact of implant decontamination methods on 

both Ti alloy and zirconia implants. A recent in vitro study by Schwarz and colleagues 

showed a detrimental effect of not only Ti particles, but also zirconia particles on the 

viability of human gingival fibroblasts (42). Although the Er:YAG laser is being regarded 

as the most promising laser system to manage peri-implantitis (35), to the best of the 

authors’ knowledge, there are no studies measuring Ti or zirconia particles released during 

or after Er:YAG laser decontamination of Ti and zirconia implants.  
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CHAPTER 4 

MATERIALS AND METHODS 

4.1 Test Samples 

 The generation of debris/particles after the laser irradiation was evaluated in two 

types of samples including discs and implants. Six (N=6) Ti-Zirconium alloy (Roxolid®; 

Straumann® USA) and six (N=6) yttria-stabilized tetragonal zirconia polycrystal (Y-TZP) 

(PURE® Ceramic; Straumann® USA) machined discs with 5 mm in diameter and 2 mm 

in thickness were used.  These discs are commonly used for allergy testing and were 

provided by Straumman® which is the same company the fabricates the implants. In 

addition to the discs, two (N=2) Ti sandblasted acid-treated implants (Ti SLA® Implant; 

Straumann USA) and two (N=2) acid-etched zirconium-dioxide ceramic (PURE® Ceramic 

Implant System; Straumann® USA) dental implants were used.  All the implants had 

expired for clinical use, with the expiry date being within 13 months of the study. 

The twelve discs were divided into 4 groups based on the duration of laser irradiation 

and their material composition.   

• Group Ti-30 (N=3) consists of Ti-Zirconium alloy discs that received 30 seconds 

of Er:YAG laser irradiation and were each named Ti-30A, Ti-30B, and Ti-30C 

• Group Ti-60 (N=3) consists of Ti-Zirconium alloy discs that received 60 seconds 

of Er:YAG laser irradiation and were each named Ti-60A, Ti-60B, and Ti-60C 

• Group Cer-30 (N=3) consists of Y-TZP discs that received 30 seconds of Er:YAG 

laser irradiation and were each named Cer-30A, Cer-30B, and Cer-30C 

• Group Cer-60 (N=3) consists of Y-TZP discs that received 60 seconds of Er:YAG 

laser irradiation and were each named Cer-60A, Cer-60B, and Cer-60C 
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The four implants were divided into 2 groups based on the duration of laser irradiation 

and their material composition. 

• 1 Ti SLA® Implant and 1 PURE® Ceramic ZLA® Implant were irradiated with the 

Er:YAG laser for 30 seconds and were named Ti-Imp-30 and Cer-Imp-30 

respectively  

• 1 Ti SLA® Implant and 1 PURE® Ceramic ZLA® Implant were irradiated with the 

Er:YAG laser for 60 seconds and were named Ti-Imp-60 and Cer-Imp-60 

respectively  

 

4.2 Laser Apparatus and Settings 

All sixteen samples were irradiated with the Er:YAG laser (2,940 nm; 

LiteTouchTM) at settings recommended by the manufacturer for implant decontamination 

(40 mJ, 0.80 W, 20 Hz) with the laser tip positioned 1 mm away from the surface of the 

discs/implants (see Figure 3). Distilled water was used as water coolant. The water spray 

was set at level 6 out of a maximum of 8 to prevent any unwanted splashes of water. The 

laser tip measures 1.3 mm in diameter and 19 mm in length and its maximum allowable 

energy is 500-700 mJ according to the manufacturer.  
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4.3 Experimental Setup for Laser Irradiation and Debris Collection 

To irradiate the materials (implants and discs) with the laser, a custom-made device 

was fabricated (Figure 3).  The rig was designed to replicate clinical settings where the 

clinician moves the laser tip over the implant surface in a continuous fashion. The testing 

rig consisted of a holding grip that served to keep the laser handpiece at a fixed location. 

The laser handpiece was positioned to keep the distance between the laser tip and the 

surface of the disc or implant fixed at 1 mm. The disc/implant was placed on a flat sample 

holder, which was connected to a linear actuator that moved the disc or implant in a 

longitudinal fashion at an approximate speed of 5 mm/s (Figure 3). The setup guaranteed 

an even laser irradiance over the surface of the sample.  

 

 

Figure 3: Photograph of the custom-made device a) Holding fixture for the laser handpiece 
and the linear actuator, b) Laser tip positioned at 1mm away from implant sample on the 
extension of the linear actuator which is moved longitudinally as indicated by the white 
arrow 

 

To collect the potential debris/particles shed after laser irradiation, a 2000 mL 

beaker was positioned underneath the holder as shown in Figure 4. The beaker measures 

193 mm tall and 131 mm in diameter. The beaker collected all the coolant water generated 
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during the Er:YAG laser irradiation, which should contain all the generated debris from 

the sample. A dry and clean beaker was used for each experiment. 

 

 

Figure 4: Photograph of the collection of coolant water with a 2000ml beaker during laser 
irradiation 

 

The collected water was then passed through a standard vacuum filtration assembly 

(Figure 5) containing polycarbonate track-etch (PCTE) hydrophilic membrane filter 

measuring 25 mm in diameter with 0.01 micron pore size. The filter has the capacity to 

trap and collect particles greater than 10 nm of mean diameter. A new membrane/filter was 

used for every experiment. After all the water was filtrated, the membrane was gently 

stored in a sealed container for SEM evaluation. 
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Figure 5: Photograph of vacuum filtration assembly 

 

4.4 Structural and Chemical Evaluation of Filtered Particles, Discs and Implants 

High resolution microscopy was used to evaluate changes in the morphology of the 

surfaces of the discs and implants, and to search for trapped particles in the membrane after 

filtration. The microscope consisted of an FEG-SEM (Quanta™ 450 FEG) operating at a 

high-vacuum acceleration voltage of 20 kV. The chemical composition of the discs, 

implants and particles was evaluated using Energy-dispersive X-ray spectroscopy (EDS) 

(Oxford EDS). First, the 16 PCTE membranes were scanned for presence of Ti and zirconia 

particles. The elemental composition of any particles detected was measured and compared 

with that of the material discs/implants to distinguish between contaminants and true 

particles which sloughed off from the discs/implants. Second, the external surfaces of the 

twelve discs and four implants were also imaged before and after laser irradiation to 

To vacuum source 

Filter holder containing 
PCTE membrane, 
supported by stainless 
steel clamp

15ml Graduated 
Glass funnel

Silicone stopper

125ml filter flask
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evaluate for potential surface morphological alterations that may have resulted due to the 

laser irradiation.  The elemental composition of all the samples was measured using 

elemental analysis and expressed as atomic percentages. 

 

4.5 Surface Roughness Measurements on Discs 

The surface roughness of the discs before and after laser irradiation were measured 

using a two-dimensional stylus surface profilometer (Surfcorder SE-1700, Kosaka, Tokyo, 

Japan). Surface roughness measurements were conducted across three lines as depicted in 

Figure 6. An average of the three measurements was calculated.  

 

Figure 6. Surface roughness measurements across material discs 

 

Three principal surface roughness parameters were recorded including Ra 

(arithmetical mean roughnes), Ry (maximum peak), Rz (ten point mean roughness) as 

presented in Figure 7 (42) 

3

1

2
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Figure 7: Definitions and graphs explaining Ra, Ry, Rz surface roughness parameters(43) 

 

4.6 Statistical Analysis 

The surface roughness values (Ra, Ry, Rz) were described by the mean and 

standard deviation for each of the 12 discs before and after laser application. A student’s t-

test was used for statistical analysis to compare the mean surface roughness values for each 

of the 12 discs before and after laser application. A p-value of less than 0.05 was considered 

to be statistically significant and a p-value of less than 0.001 was considered to be highly 

statistically significant.  
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CHAPTER 5 

RESULTS 

5.1 Chemical Composition of Original Discs and Implants 

The chemical composition of the discs before irradiation was verified using EDS. 

This was necessary to compare elemental composition of trapped particles versus original 

material to confirm if they originate from the discs. The elemental composition of both the 

Ti alloy and the zirconia discs before irradiation is presented in Figures 8 and 9 

respectively. The elemental composition was displayed as atomic percentage. 92.2% of the 

atoms in the Roxolid® Ti alloy discs are titanium, and 33.6% the atoms in the PURE® 

ceramic material discs are zirconium (Zr), which matches the theoretical chemical 

compositions of the discs and implants by weight and mass as provided by the 

manufacturing company (Straumann® USA) can be found in Appendix A. 

 

 

Figure 8. Elemental composition of the Roxolid® Ti material discs before irradiation 
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Figure 9. Elemental composition of the PURE® ceramic material discs before irradiation 

 

 Similar elemental composition analysis was conducted for the implant groups. 

Figures 10 and 11 show the elemental composition of the Ti implants and the ceramic 

implants respectively. The Ti implant showed a higher oxygen atomic percentage (12.8%) 

and a lower Ti atomic percentage (79.7%) than the machined titanium disc (Figure 10), as 

well as a carbon atomic percentage of 7.5%, which was not present in the disc. No 

zirconium was noted which may be due to the EDS detecting only the titanium oxide layer 

on the implant surface.  

 

 

Figure 10. Elemental composition of the Ti SLA® Implant before irradiation 
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Likewise, the ceramic implant showed a higher oxygen atomic percentage 

(42.7%) and a lower zirconium atomic percentage (11.6%) than the machined ceramic 

disc, (Figure 11). It also showed a high carbon atomic percentage (44.9%) and small 

traces of calcium (0.2%) which was not present in the discs.  

 

 

Figure 11. Elemental composition of the PURE® Ceramic ZLA® Implant before 
irradiation 
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5.2 Particle Release from the Discs  

No Ti or zirconia particles were detected in the membranes for any of the 

evaluated disc groups after the 30- and 60-seconds laser irradiation. 

 

5.3 Particle Release from the Titanium SLA® Implants 

Ti particles were found in the membranes that filtered the coolant water generated 

during the 30- and 60-seconds laser irradiation of the titanium SLA® implants. The 

particles generated from Ti-Imp-30 and Ti-Imp-60 can be observed in Figure 12 and 13. 

Some particles displayed the same honeycomb surface as the implant, which originated 

from many microporosities and microporosities secondary to the large grit sand-blasting 

and acid etching (Figure 12). The size of the particles ranged from 5 µm to 25 µm. 

Elemental composition analysis of the particles confirmed the presence of Ti which atomic 

percentages ranged from 7.7% to 24.3%, with some traces of copper (Cu) (0.2% to 0.4%). 

Particles also contained carbon (C) (63.7% to 77.4%) and oxygen (O) (12.3% to 18.9%). 

As there were no other sources of Ti in the experiment set-up other than the implants, 

results strongly suggest that the Ti particles were generated from the implants.  

No measurement was able to be done for the exact number of particles generated 

due to the limitations of the study and thus no comparison could be made regarding the 

quantity of particles generated from Ti-Imp-30 and Ti-Imp-60.  
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Figure 12. Ti particles generated from the Ti SLA® Implants after 30 and 60 seconds of 
laser irradiation. (A) shows a particle generated from Ti-Imp-30, measuring approximately 
10 µm by 20 µm; (B) shows the corresponding EDS analysis for (A); (C) shows a particle 
generated from Ti-Imp-60, measuring approximately 10 µm in diameter; (D) shows the 
corresponding EDS analysis for (C); (E) shows an image of the Ti SLA® Implant before 
irradiation Morphological characteristics of the particles in (A) and (C) matches with those 
observed in (E). 
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5.4 Particle Release from the PURE® Ceramic Implants 

  Zirconia particles were found in the membranes which filtered the coolant water 

generated during the 30 seconds laser irradiation of the PURE® ceramic implant (Cer-Imp-

30). No zirconia particles were found for samples during the 60 seconds laser irradiation 

of the PURE® ceramic implant (Cer-Imp-60). In addition, there was no evident match of 

the surface morphological characteristics of the zirconia particles to that of the ceramic 

implant surface (Figure 13). The size of the particles ranged from approximately 5 to 10 

µm (Figure 13), which was lower than those found for Ti groups (5-25 µm).   
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Figure 13. Zirconia particles generated from the PURE® Ceramic Implants after 30 
seconds of laser irradiation. (A) shows a particle generated from Cer-Imp-30, measuring 
approximately 10µm by 20µm; (B) shows the corresponding EDS analysis for (A); (C) 
shows a particle generated from Cer-Imp-30, measuring approximately 10µm in diameter; 
(D) shows the corresponding EDS analysis for (C); (E) shows an image of the PURE® 
Ceramic Implant at magnification of 15,000x, HFW= 27.6µm. No matching was found 
after comparing the surface morphology between the implant and the particles 
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5.5 Surface Alterations to Discs  

Changes on surface morphology of discs and implants after laser irradiation were 

observed in the microscope. A line (shaded area) was observed on the Ti discs at low 

magnification (70x, HFW = 5.92mm) corresponding with the path of laser irradiation 

after 30 seconds and after 60 seconds of laser irradiation (Figure 14). The thickness of the 

line was ~800 µm, which is smaller than the diameter of the laser tip (1,300µm). 

However, no evident surface topographical alterations were observed at higher 

magnification (500x, HFW = 414 µm).  

 

 

Figure 14: Image of Ti disc after 30 seconds of laser irradiation 
Magnification of 70x, with HFW = 5.92mm 
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5.6 Changes in Surface Roughness Values of the Discs 

Overall, all surface roughness parameters (Ra, Ry and Rz) decreased after 30 and 

60 seconds of laser irradiation for both the Ti and ceramic discs (Figures 15—17). The raw 

data for surface roughness values are presented in Appendix B-C.  The Ti-30 discs had a 

statistically significant decrease in all surface roughness parameters, with a mean 

percentage decrease of 43.10% (0.10 ± 0.06 µm; p = 0.014) in Ra values, 45.07% (0.84 ± 

0.48 µm; p = 0.014) in Ry values, and 49.49% (0.69 ± 0.43 µm; p = 0.015) in Rz values. 

The Ti-60 discs had a mean percentage decrease of 18.83% (0.04 ± 0.02 µm; p = 0.155) in 

Ra values, 28.99% (0.40 ± 0.01 µm; p = 0.025) in Ry values, and 37.65% (0.40 ± 0.12 µm; 

p = 0.005) in Rz values, with the decrease in Ry and Rz being statistically significant. The 

Cer-30 discs had a mean percentage decrease of 27.71% (0.05 ± 0.03 µm; p = 0.182) in Ra 

values, 33.36% (0.43 ± 0.13 µm; p = 0.129) in Ry values, and 32.63% (0.29 ± 0.17 µm; p 

= 0.098) in Rz values, with none of the decreases reaching statistical significance. The Cer-

60 discs had a highly statistically significant decrease in all surface roughness parameters, 

with a mean percentage decrease of 42.59% (0.09 ± 0.03 µm; p ≤ 0.001) in Ra values, 

40.75% (0.59 ± 0.13 µm; p ≤ 0.001) in Ry values, and 42.74% (0.44 ± 0.04 µm; p ≤ 0.001) 

in Rz values.  
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Figure 15: Ra before and after 30- and 60-second laser irradiation for discs. Ti-30 showed 
a statistically significant decrease (p = 0.014, N=3), Cer-60 showed a highly statistically 
significant decrease (p ≤ 0.001, N=3). *p <0.05; **p ≤ 0.001 
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Figure 16: Ry before and after 30 and 60 second laser irradiation for discs. Ti-30 and Cer-
30 groups showed statistically significant decreases (p = 0.014, p = 0.025 respectively, 
N=3). Cer-60 showed a highly statistically significant decrease (p ≤ 0.001, N=3). *p <0.05; 
**p ≤ 0.001 
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Figure 17: Rz before and after 30 and 60 second laser irradiation for discs. Ti-30 and Ti-
60 showed statistically significant decreases (p = 0.015 and p = 0.005 respectively, N=3). 
Cer-60 showed a highly statistically significant decrease (p ≤ 0.001, n=3). *p <0.05; **p ≤ 
0.001 
 

5.7 Surface Alterations to Implants 

For both implant systems (Ti and ceramic), other than a decrease in amount of 

contaminants for Ti-Imp-60 (indicated by yellow arrow in Figure 18), no evident surface 

topographical alterations were observed at higher magnifications after 30 and 60 seconds 

of laser irradiation. The images of the implants before and after laser irradiation can be 

found in Figure 18 for the Ti SLA® Implants and Figure 19 for the PURE® Ceramic 

Implants. 
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Figure 18: SEM images of Ti SLA® Implants before and after Er:YAG laser irradiation. 
A and B are images of Ti-Imp-30 before laser irradiation at HFW = 2.76mm and HFW = 
82.9 µm respectively; B and D are images of Ti-Imp-30 after 30 seconds of laser irradiation 
at HFW = 3.19 mm and HFW = 82.9 µm respectively; E and F are images of Ti-Imp-60 
before laser irradiation at HFW = 2.76mm and HFW = 414 µm respectively; G and H are 
images of Ti-Imp-60 after 60 seconds of laser irradiation at HFW = 2.76mm and HFW = 
414 µm respectively; yellow arrows indicate contaminants. 
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Figure 19: SEM images of PURE® Ceramic Implants before and after Er:YAG laser 
irradiation. A and B are images of Cer-Imp-30 before laser irradiation at HFW = 2.76mm 
and HFW = 691 µm respectively; B and D are images of Cer-Imp-30 after 30 seconds of 
laser irradiation at HFW = 2.76mm and HFW = 691 µm respectively; E and F are images 
of Ti-Imp-60 before laser irradiation at HFW = 3.19mm and HFW = 13.8 µm respectively; 
G and H are images of Cer-Imp-60 after 60 seconds of laser irradiation at HFW = 3.19mm 
and HFW = 13.8 µm respectively.  
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CHAPTER 6 

DISCUSSION 

 According to an extensive search of the literature, this was the first study to evaluate 

for particle release from implants and implant-material discs during Er:YAG laser 

irradiation using clinical decontamination settings. A custom-made device was designed to 

replicate clinical settings where the clinician moves the laser tip over the implant surface 

in a continuous fashion. The laser tip was positioned at an acute angle to the implant/disc 

surface in this setup (Figure 1). Ti particles were discovered in the membranes which 

filtered the coolant water generated during the Er:YAG laser irradiation of the Ti SLA® 

implants but not the machined material discs, indicating a possible effect of surface 

treatment on the vulnerability of the material to the laser. Zirconia particles were also 

discovered in the membranes which filtered the coolant water generated during the 30-

second Er:YAG laser irradiation of the PURE® ceramic implant but surprisingly not for 

the 60-second Er:YAG laser irradiation of the PURE® ceramic implant. That may be due 

to the difficulty of capturing all water aerosol generated during the laser irradiation. It could 

also be that the particles generated were smaller than 0.01 microns, the pore size of the 

PCTE membrane filters used. Nonetheless, the discovery of Ti and zirconia particles in the 

coolant water collected highlights a possible biological complication for routine implant 

decontamination treatments using the Er:YAG laser.  

The clinical implications of metal particles around prostheses were first discussed 

in the field of orthopedics, where there were rising concerns of the effect of metal particles 

produced during aseptic loosening around hip prostheses on the function, proliferation, and 

viability of osteoblasts (44). O’Connor and colleagues demonstrated that particle size was 
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a critical factor, with Ti particles measuring 1.5 to 4 μm having the greatest effect on 

osteoblast proliferation and viability in vitro (44). Jäger and colleagues concluded that 

particles in the phagocytosable size range of 0.3–10 μm appeared to be the most 

biologically active ones, with the highest cytotoxic potential (45). Schwarz’s study 

investigated the effects of differently sized Ti (60-80nm, 100nm) and Zr particles (2 μm 

and 75 μm) and found that all particles had a detrimental effect on the viability of 

osteosarcoma-derived osteoblasts (SaOs-2) and human gingival fibroblasts (HGF) (42).  

Some other studies showed high cytotoxic effects of nano-sized Ti particles (46-48). For 

example, nano-sized Ti particles (20 to 250 nm) were associated with a higher intracellular 

uptake and cytotoxic effects in periodontal ligament fibroblasts than micro-sized Ti 

particles (0.3 to 43 μm) (46). Cai’s study investigated Ti nano-sized Ti particles (14nm to 

196nm) and found that cytotoxicity dramatically increases around a critical particle size of 

100 nm (47). In the present study, the sizes of the Ti and zirconia particles found ranged 

from 5 µm to 25 µm, with the majority falling within the phagocytosable size range of 0.3–

10 μm as mentioned by Jäger and colleagues (45). Additional studies must be conducted 

prior to passing conclusions concerning the cytotoxicity of particles generated from 

implants during Er:YAG irradiation. 

 In the present study, there were no surface topographical noticeable modifications 

to the material discs nor implants after Er:YAG laser irradiation. This is consistent with 

the results of many other similar in vitro studies that also investigated the safety of the 

Er:YAG laser on Ti SLA® surfaces although the laser parameters and their descriptions 

all varied greatly (40, 49, 50). In this study, the laser parameters were 40mJ, 0.80 W, 20 

Hz, with the laser tip positioned 1mm away from the implant/disc surface. Shin’s study 
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showed that the SLA® implant surfaces were not altered even when Er:YAG laser energies 

of up to 100- and 140-mJ/pulse at 10 Hz were applied at 0.5mm from the surface for two 

minutes (49).  Alternatively, Taniguchi’s study found that 30 mJ/pulse (10.6 J/cm2/pulse) 

at 30 Hz with water cooling in near contact mode was acceptable but at 40mJ with water 

cooling, there was slight melting of the microstructural edges on the SLA® surface. There 

are many factors that can affect the true energy intensities of the laser irradiation. Other 

than the settings for the pulse energy (mJ), pulse rate (Hz) and power (W), there are various 

other important parameters: amount of water spray, distance between tip to surface, tip 

movement speed, pulse width, condition of the tip (used vs unused) and the type of laser 

delivery systems (fiber optic, hollow waveguide, and direct delivery) which have different 

energy distribution profiles and intensities (50). The angulation of the working laser tip 

also needs to be specified in the studies. A study showed that switching between 5 different 

angulations of the working laser tip (15°, 30°, 45°, 60°, and 90°) had a strong influence on 

the amount of root substance removal, however, changes in surface roughness of the root 

was not affected (51, 52). Therefore, it is difficult to reach conclusions as to what can be 

considered the upper threshold of safe Er:YAG laser parameters as there is a lack of 

standardization of description of laser parameters across all studies.  

There was limited data on the effects of Er:YAG laser on zirconia implants. 

Another preliminary study that also employed the same laser device as our study found that 

zirconia implants showed a decrease in surface roughness after Er:YAG laser irradiation, 

but no thermal defects were noted (53). Stübinger and colleagues found that although there 

were no visible surface alterations noted via SEM, Er:YAG irradiation can penetrate 

through the material and the effects of the laser to the mechanical and physical properties 
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of the zirconia still remains largely unknown (54). More investigation is required before 

the Er:YAG laser can be recommended for treatment of ailing zirconia implants. 

Regarding surface roughness, consistent with this research, most studies reported a 

decrease in surface roughness but no thermal defects when proper irradiation parameters 

were used (40, 53, 55, 56). However, similar to the reporting of laser system parameters, 

there is a lack of standardization in the reporting of surface roughness parameters. The 

most commonly utilized surface roughness parameter across studies is Ra, which 

represents the mean arithmetical roughness. If only Ra values were considered in the 

present study, only the Ti-30 and Cer-60 groups showed a statistically significant decrease 

in surface roughness. However, if the Ry and Rz values are considered, the titanium discs 

which received 60 seconds of laser irradiation (Ti-60) also showed a significant decrease 

in surface roughness values. A study which assessed changes in Ra values of SLA® discs 

after 60 seconds of Er:YAG laser irradiation (100mJ/pulse, 12.8 J/cm2) also found a 

significant reduction in surface roughness, as well as a significant increase in surface 

wettability and a higher cell viability rate of human osteoblast-like SaOs-2 cells. The 

decrease in surface roughness is considered to be a positive effect in attenuating disease 

progression by increasing surface wettability and reduction of bacterial adhesion (40, 56), 

which can promote re-osseointegration of the ailing implant.  

The type of surface treatment performed on the implants by the manufacturer also 

appeared to be critical to its susceptibility to damage from Er:YAG laser irradiation. 

Studies showed that anodized surfaces seemed to be less stable and more vulnerable to 

damage than other surfaces at the same laser intensities (49, 50). Cytotoxicity of the 

particles can also be affected by the type of surface treatment of the material (22, 57). 
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Surface treatment can create coating materials such as aluminum oxide (Al2O3), aluminum 

hydroxide (Al (OH)3),  silicon dioxide (SiO2) around the particles and these coating 

materials appear to reduce the surface reactive activity of titanium dioxide (TiO2) particles 

and thus reduce its cytotoxicity (57). In the present study, we only observed the generation 

of Ti and zirconia particles from the sand blasted and acid etched implants, but not the 

machined implant-material discs. The surface treatment process of the implants includes 

blasting the implant surface with 250–500 µm alumina particles followed by acid etching 

in hydrochloric acid and sulfuric acid solutions at high temperatures to create macro- and 

micro-porosities. These surface irregularities may be the reason why the implants are more 

susceptible to particle generation compared to the smoother machined discs during 

Er:YAG laser irradiation.  

   

6.1 Limitations 

 Despite the significant results, this study still has limitations. The number of 

implant samples was limited to four in total. In addition, these implants were expired, and 

although the expiry date is mainly related to the sterility of the package, it may still have 

an impact on our results. Only implants with SLA® and ZLA® surfaces were included in 

our study. However, the type of surface treatment performed on the implants by the 

manufacturer is critical to its susceptibility to damage from Er:YAG laser irradiation. Even 

from our study, the machined material discs displayed no particle release under the same 

laser intensities, unlike the sand blasted acid etched implant surfaces. Although it was the 

authors’ original intentions to include an active control (water coolant only without laser 

irradiation), that was not possible due to restrictions in settings of the laser device. In a 
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study which evaluated for the production of Ti particles when an ultrasonic scaler is used 

on an implant, metallic particles were detected even when implants were subjected to the 

ultrasonic coolant water without the scaler tip touching the implant (30). Lastly, we were 

unable to include three-dimensional surface roughness values nor quantify any surface 

roughness changes for the implants due to restrictions in equipment and processing 

software. three-dimensional surface roughness values. A three-dimensional analysis will 

offer a more comprehensive description of the surface topography as compared to a two-

dimensional surface characterization.  

 

6.2 Future studies 

 This preliminary study explored the possible generation of Ti and zirconia 

implants during implant decontamination using an Er:YAG laser with a small sample size. 

There was also very limited data found with regards to the effects of the Er:YAG laser on 

zirconia implant surfaces. Additional studies with a larger sample size should be conducted 

to explore Ti and zirconia particle release from implant surfaces at different laser 

intensities, angles of irradiation and distances between tip and surface and with different 

laser types (diode, CO2, neodymium-doped yttrium aluminium garnet (ND-YAG)). The 

cytotoxicity of the particles generated from implants should also be further investigated. In 

addition, evaluating implants with different surface treatments would provide a complete 

scope of the potential effect of laser decontamination on peri-implantitis.  
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CHAPTER 7 

CONCLUSIONS 

This study evaluated the generation of debris/particles from Ti and zirconia discs 

and implant systems while being irradiated with an Er:YAG laser (LiteTouch™) operated 

under decontamination settings (40 mJ/0.80 W/20 Hz) for 30 to 60 seconds. 

Decontamination of machined discs without surface treatment resulted in no visible surface 

damage or generated particles for both materials and irradiation time although a decrease 

in mean surface roughness was observed after Er:YAG laser irradiation of the discs. On 

the contrary, particles of Ti and zirconia were observed after irradiating implants with 

surface treatment. The size of the articles ranged from 5 μm to 25 μm. Additional studies 

will have to be conducted to assess the clinical implications of these particles.  
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APPENDIX A 

COMPOSITION OF MATERIALS FROM MANUFACTURER 

Table 1. Composition of the Roxolid® (Straumann® USA) material  

Element Composition Weight % 
Oxygen (O) 0.240% max 
Iron (Fe) 0.050% max 
Carbon (C) 0.050% max 
Nitrogen (N) 0.020% max 
Hydrogen (H) 0.005% max 
Titanium (Ti) ~85.000% 
Zirconium (Zr) ~15.000% 

 

Table 2. Composition of the PURE® ceramic (Straumann® USA) material  

Element Mass percentage % 
ZrO2 (Zirconium dioxide) + HfO2 (Hafnium IV oxide) + 
Y2O3 (Yttrium oxide) 

≥ 99.0 

Y2O3 (Yttrium oxide) > 4.5 to ≤ 6.0 
HfO2 (Hafnium IV oxide) ≤ 5 
Al2O3 (Aluminium oxide)  ≤ 0.5 
Other oxides ≤ 0.5 
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APPENDIX B 

MEAN SURFACE ROUGHNESS OF DISCS BEFORE AND AFTER LASER 

IRRADIATION 

Table 3. Mean surface roughness of discs before and after laser irradiation 

 Before Laser After Laser 
Ra (µm) Ry (µm) Rz (µm) Ra (µm) Ry (µm) Rz (µm) 

Ti-30(A) 0.28 ± 
0.02 

2.11	 ± 
0.22 

1.78 ± 
0.25 

0.11 ± 
0.02 

0.87 ± 
0.16 

0.62 ± 
0.10 

Ti-30(B) 0.25 ± 
0.02 

2.10 ± 
0.26 

1.35 ± 
0.20 

0.14 ± 
0.03 

1.12 ± 
0.40 

0.72 ± 
0.20 

Ti-30(C) 0.18 ± 
0.01 

1.40 ± 
0.10 

1.08 ± 
0.19 

0.14 ± 
0.03 

1.09 ± 
0.17 

0.78 ± 
0.05 

Ti-60(A) 0.17 ± 
0.04 

1.37 ± 
0.41 

0.99 ± 
0.23 

0.16 ± 
0.08 

0.97 ± 
0.32 

0.73 ± 
0.21 

Ti-60(B) 0.22 ± 
0.02 

1.57 ± 
0.18 

1.18 ± 
0.13 

0.19 ± 
0.05 

1.16 ± 
0.21 

0.69 ± 
0.20 

Ti-60(C) 0.17 ± 
0.01 

1.21 ± 
0.04 

0.98 ± 
0.07 

0.11 ± 
0.02 

0.81 ± 
0.08 

0.54 ± 
0.01 

Cer-30(A) 0.13 ± 
0.02 

0.84 ± 
0.16 

0.54 ± 
0.08 

0.08 ± 
0.02 

0.53 ± 
0.09 

0.41 ± 
0.08 

Cer-30(B) 0.19 ± 
0.01 

1.38 ± 
0.11 

0.99 ± 
0.04 

0.11 ± 
0.03 

0.81 ± 
0.19 

0.53 ± 
0.10 

Cer-30(C) 0.23 ± 
0.01 

1.69 ± 
0.21 

1.16 ± 
0.07 

0.21 ± 
0.07 

1.27 ± 
0.40 

0.88 ± 
0.25 

Cer-60(A) 0.22 ± 
0.05 

1.53 ± 
0.11 

1.01 ± 
0.04 

0.10 ± 
0.01 

0.92 ± 
0.20 

0.59 ± 
0.07 

Cer-60(B) 0.19	 ± 
0.05 

1.43 ± 
0.57 

0.98 ± 
0.50 

0.11 ± 
0.01 

0.72 ± 
0.05 

0.57 ± 
0.02 

Cer-60(C) 0.19 ± 
0.03 

1.38 ± 
0.30 

1.06 ± 
0.19 

0.13 ± 
0.00 

0.93 ± 
0.21 

0.58 ± 
0.12 
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APPENDIX C 

MEAN DECREASE IN SURFACE ROUGHNESS OF DISCS BEFORE AND 

AFTER LASER IRRADIATION 

 

Table 4. Mean decrease in surface roughness values of discs after laser irradiation 

Note: *: statistically significant p≤0.05;     **: highly statistically significant p≤0.001 
 

 

 Mean Decrease in Surface Roughness P-value 

 Ra (µm) Ry (µm) Rz (µm) Ra Ry Rz 

Ti-30 0.11 ± 0.06 0.84 ± 0.48 0.69 ± 0.43 0.014* 0.014* 0.015* 

Ti-60 0.04 ± 0.02 0.40 ± 0.01 0.40 ± 0.12 0.155 0.025* 0.005* 

Cer-30 0.05 ± 0.03 0.43 ± 0.13 0.29 ± 0.17 0.182 0.129 0.098 

Cer-60 0.09 ± 0.03 0.59 ± 0.13 0.43 ± 0.04 0.001** 0.001** 0.000** 


