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Abstract

:

Peri-implantitis has become a common complication, accompanied by soft tissue inflammation. Porphyromonas gingivalis infection is the major cause of inflammation and progressive bone loss in the jaws. The surface property of titanium implants is a key factor in the alteration of osseointegration and P. gingivalis adhesion. However, the interplay between P. gingivalis and the surface properties of implants, subjected to different treatments, is not well described. Therefore, we focused on the surface properties of titanium implants; titanium disks that were autoclaved alone were used as controls. Those that were autoclaved and then subjected to low-temperature plasma (LTP) at 85 W and 13.56 MHz and with 100 mTorr of argon gas at room temperature for 15 min formed the experimental group. LTP-treated disks had smoother surfaces than the control group disks. The physical properties, such as scanning electron microscope (SEM), energy dispersive X-ray spectrometer (EDX), and X-ray photoelectron spectroscopy (XPS), demonstrated the surface composition was changed after LTP treatment. Further, osteoblastic cell proliferation enhancement was observed in the LTP-treated titanium surfaces. The results also revealed relatively less P. gingivalis adhesion to the LTP-treated disks than on the control disks on spectrophotometry and SEM. These findings clarified that P. gingivalis adhesion is reduced in implants subjected to LTP treatment. Thus, LTP treatment of peri-implantitis with the settings used in the present study is an option that needs further investigation.
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1. Introduction


The development of dental implants is a milestone in clinical dental therapy [1,2,3,4]. Titanium (Ti) has been considered a material suitable for dental implant fixtures and abutments for oral rehabilitation [5,6]; however, many biological and physical complications can occur after dental implantation [7,8,9]. One of the major reasons for these complications is microbial infection that can damage oral tissues [10,11,12,13,14]. Peri-implantitis, one of the most common conditions triggered by pathogenic infections, is an inflammatory disease that manifests as a site-specific lesion in the soft tissue with bone loss around an osseointegrated implant [15,16,17,18,19]. It is induced by microbial proliferation on biofilms attached to the implant surfaces [20]. Previous studies have demonstrated that microorganisms causing peri-implantitis include spirochetes and gram-negative anaerobes, particularly Porphyromonas gingivalis [10,21,22]. P. gingivalis has been identified as a periodontal pathogen that is not only commonly present in most patients with severe diseases, such as periodontitis, but also is capable of governing host cells to produce virulence factors [23]. The overall increase in the prevalence of peri-implantitis suggests that anaerobic plaque bacteria play a role in its progression [24,25]. Peri-implantitis causes bone loss around the implant that eventually leads to implant loss. Thus, treatment involves the regeneration of the soft and hard tissues for the restoration of implant support along with the prevention of bacterial infections. Microbial infection plays a major role in dental implant failure; therefore, effective prevention of and reduction in bacterial accumulation on the implant surfaces are the main priorities in dental therapy.



In order to investigate the appropriate method for reducing the incidence of peri-implantitis, investigators have focused on different aspects of decreasing pathogen accumulation during plaque and calculus formation [16,17,18]. Moreover, to improve conditions at the bone–implant interface, several studies on surface treatment have demonstrated effective and efficient removal of plaque and calculus with metal curettes and conventional ultrasonic scalers [26,27,28,29,30,31,32]. However, although the use of nonmetallic instruments and air abrasives causes less damage to the implant surface, it does not completely eliminate plaque and calculus [29,33].



Previous studies have shown that low-temperature plasma (LTP) treatment is frequently used for cleaning, preparing, and modifying biomaterial and implant surfaces in the field of dentistry [34]. The advantages of LTP treatment include reduced contact angle, spread of osteoblastic cells, and no residues on the implant surface; however, physicochemical changes, including changes in the content of hydrocarbon and functional hydroxyl groups as well as surface free energy levels have been observed in implants. According to some reports on the effect of LTP treatment on Ti surfaces, LTP treatment improves cell adhesion by changing the surface roughness, wettability, and functional protein configuration of implants as well as by the creation of biofunctional groups [35,36,37]. Moreover, the combination of LTP treatment with fibronectin grafting has increased the surface hydrophilicity and surface roughness of Ti disks, thereby further enhancing cell adhesion as well as enhancing cell migration, proliferation, and differentiation [38,39,40]. Owing to these kinds of interactions between dental implant surfaces after LTP treatment and cells, particularly odontoblasts, LTP is a promising treatment for stimulating re-osseointegration of dental implants after peri-implantitis. As some in vitro studies have concluded, argon plasma technology could be used efficiently to sterilize a peri-implantitis–contaminated implant surface [41] and to promote osteoblast attachment and spreading [42]. In canine and rabbit in vivo studies, LTP has been used only for implant insertion where it has demonstrated enhanced osseointegration and, hence, higher bone formation [43,44,45].



However, the effects of various physical treatments of surface implants against P. gingivalis have not been intensively described. In this study, the effects of LTP treatments on Ti surfaces were evaluated. The surface properties and P. gingivalis adhesion, as well as colony formation on Ti surfaces with LTP treatment, were investigated.




2. Materials and Methods


2.1. Titanium Disk Preparation


Grade II Ti disks (BioTech One, Inc., Taipei, Taiwan), 10 mm in diameter and 1 mm thick, were ultrasonically cleaned in a detergent solution for 15 min and in pure distilled water for another 15 min. The same procedure was then performed with acetone for 15 min and then twice in pure distilled water. Lastly, the well-cleaned titanium disks were autoclaved at 121 °C for 20 min and dried. The disks (n = 6 for each test) were divided into the following two groups: the control (Ctrl-Ti) group consisted of disks subjected only to high pressure and high temperature (autoclaving), and the LTP-treated (LTP-Ti) group consisted of disks subjected to LTP treatment after autoclaving.




2.2. Low-Temperature Plasma Treatment


In the LTP-treated group, disk surfaces were cleaned with LTP (PJ Plasma Surface Treatment System; AST Products Inc., North Bellericca, MA, USA) at 85 W and 13.56 MHz and with 100 mTorr of argon gas at room temperature for 15 min [39].




2.3. Scanning Electron Microscopic Analysis of Surfaces


Each disk surface was coated with gold nanoparticles and observed under a 20-kV scanning electron microscope (SEM, SU-3500; Hitachi High-Technologies, Kyoto, Japan). Images were taken from at least five random, nonoverlapping specimen areas at 1000× magnification.




2.4. Energy Dispersive Spectrometry


Elemental composition analyses of the samples were performed with field emission scanning using the same SEM apparatus coupled with an energy dispersive X-ray spectrometer (EDS, SU-3500; Hitachi High-Technologies, Kyoto, Japan).




2.5. X-Ray Photoelectron Spectroscopy


X-ray photoelectron spectroscopy (XPS; ESCA system; VG Scientific, West Sussex, UK) with a 1486.6-eV monochromatic X-ray source was used in the elemental and chemical analyses of the treated surfaces. This technique is widely used to understand the details of both surface element distribution and chemical bonding and has been identified as a surface-sensitive quantitative spectroscopic method of measuring the elemental composition in the range of parts per thousand, chemical state, empirical formula, and electronic state of elements that exist within a material [46]. Spectra were collected at an electron take-off 90° angle to the disk surfaces.




2.6. Examination of Surface Wettability


In order to assess surface wettability, the contact angle of the substrate to the given liquid (water droplet) was measured. The contact angle is the angle between the line that represents the apparent solid surface and the tangent to the liquid–vapor interface. A linear goniometer (Digidrop Goniometer; GBX, Romans, France), comprising a base platform, a 35-mm camera, a sample holder, and an external lighting system to illuminate the disk, was used to measure this angle. A 4-μL water droplet (Milli-Q; Millipore Sigma, Bedford, MA, USA), filtered at 20 °C, was applied to the test surface. Each developed slide was projected on a standardized tracing table, after which the image was tracked, and the contact angle was measured. Advancing contact angles for each water droplet were calculated and measured.




2.7. Examination of Surface Roughness


Average surface roughness (Ra) of the Ti disks was measured using a profilometer (TR200, An-Bomb Instrument Co., Ltd., Tinan, Taiwan). The average surface roughness value was described in micrometers (µm). The program was set as per the manufacturer’s protocol.




2.8. Cell Viability


The cells were cultured over periods of 24, 48, and 72 h at 5% CO2, 37 °C, and 100% humidity. The 0-h starting point was defined as the time when the MG-63 cells on the differently treated Ti surfaces were cultured in the prepared Dulbecco’s modified Eagle’s medium (HyClone, Logan, UT, USA) and harvested. The spectrophotometric methyl tetrazolium assay was performed with the Cell Proliferation Kit I MTT (Cat. No. 11 465 007 001; Roche, Mannheim, Germany), following a protocol that was previously described in our laboratory [47].




2.9. Porphyromonas gingivalis Culture


ATCC® 33277 bacteria strain (Microbiologics Ltd., St. Cloud, MN, USA) was anaerobically cultured on tryptic soy agar (ATCC Medium: 260 Trypticase soy agar, Manassas, VA, USA) at 37 °C for 72 h. Subsequently, trypticase, soy broth was used to dilute the bacterial concentration, and 106 CFU/mL of broth was used for each experiment.




2.10. Quantification of Substrate and Products


The adhesion of Porphyromonas gingivalis was quantitatively measured by optical density. After incubation, bacterial adhesion on the discs was quantified via spectrophotometric evaluation every 24 h for 5 d. For OD measurements, 1 mL of new growth medium was added onto each disk surface and vortexed. The OD of the adherent bacteria biomass of each well was measured at 660 nm and 570 nm using a spectrophotometer reader (GENESYSTM 10 Series Spectrophotometer, Thermo Fisher Scientific, Waltham, MA, USA) [48]. Optical density measurement is commonly used to establish correlations among biomass concentration, bacterial growth, and bacteria cell population in any culture [49]. It is defined as the absorbance per unit length, and the bacterial concentration is often related to the turbidity of a liquid culture determined by measuring the absorbance [50].




2.11. Bacteria Counting Analysis


Subsequent to the treatment of titanium disk with only autoclaving (Ctrl-Ti group) and treatment with low-temperature plasma after autoclaving (LTP-Ti group), they were exposed to P. gingivalis (106 CFU/mL) via incubation. The LTP-Ti group disks were harvested every 24 h during the 5 d. Thereafter, each disk was coated with gold nanoparticles and observed under a 20-kV SEM (SU-3500) following the scanning electron microscopic analysis of the surfaces protocol, as described previously.




2.12. Statistical Analyses


All the experimental values are presented as means ± standard errors for at least 3 independent recordings. Data were analyzed with the SPSS software (Ver. 18, IBM Corp., Armonk, NY, USA) and EXCEL.





3. Results


3.1. Surfaces Electron Microscopic Analysis


Low-temperature plasma–treated titanium had a smoother surface. The SEM examination revealed irregular surfaces on the Ctrl-Ti disks (Figure 1A) and smoother surfaces on the argon LTP-Ti disks (Figure 1B).




3.2. Energy Dispersive Spectrometry


Atomic configuration showed no differences between the two groups of titanium disks treated with energy dispersive spectrometry analysis. The EDS analyses showed the numbers of elements in both the groups of Ti disks. Neither group showed any remarkable difference in the elements (Table 1). In the component configuration, only the carbon weight percentages were significantly different between the two groups.



The main elements on the titanium (Ti) disks that were only treated by autoclave (Ctrl-Ti condition) and those treated with low-temperature plasma (LTP) after autoclaving (LTP-Ti condition). Each value represents the percentage by weight. * p < 0.05.




3.3. X-ray Photoelectron Spectroscopy


The surfaces of the treated titanium disks showed similar elements with the XPS examination. The XPS examination was performed to analyze the changes in the elements in each disk (Figure 2). The two groups of the Ti disks showed no significant differences after the treatments, indicating that the elemental composition in both the groups was sustained with high similarity.




3.4. Examination of Surface Wettability


Low-temperature plasma–treated titanium disks have better surface wettability. In order to address the surface hydrophilicity of the two groups of disks, surface wettability was analyzed with contact angle measurements (Figure 3). Lower contact angles indicated that the disk surface was hydrophilic, and the water droplet appeared flatter [39]. The contact angles in the LTP-Ti disks were lower than those in Ctrl-Ti disks (autoclaved only), indicating that the LTP-treated surface had superior hydrophilicity and significantly high surface wettability.




3.5. Surface Roughness Examination


Low-temperature plasma–treated titanium disks have smoother surfaces. Figure 4 depicts the surface roughness measurements obtained from each disk. The average surface roughness of both the groups of disks after the treatments was quantified. The values obtained from disks in the Ctrl-Ti and LTP-Ti groups were 0.167 ± 0.004 μm and 0.092 ± 0.007 μm, respectively (Figure 4). These findings indicate that LTP-Ti disks were significantly smoother than the Ctrl-Ti disks (p < 0.05).




3.6. Cell Viability


Low-temperature plasma–treated titanium disks have better cell viability. According to previous results, Ti surfaces treated with LTP were flat and had high wettability; this might provide an environment conducive to cell culture. MG-63, a human cell line derived from osteosarcoma, was used to examine cell growth on the Ti disks in this study (Figure 5). In order to measure cell viability, cells were harvested after 24, 48, and 72 h for the MTT assay. The results showed that the LTP-Ti disks expressed significantly more cell growth than the Ctrl-Ti disks. This observation indicated higher cell viability after LTP treatment; therefore, the decrease in surface roughness enabled initial cell adhesion. Thus, LTP treatment produced an environment for cell attachment and enhanced cell growth.



Cells were harvested after 24, 48, and 72 h of culture for the MTT assay and for measuring the absorbance at 570 nm. Ctrl-Ti, control condition (autoclaving only). LTP-Ti, autoclaving followed by low-temperature plasma (LTP) treatment. ** p < 0.01.




3.7. Porphyromonas Gingivalis Adhesion and Growth


Low-temperature plasma–treated titanium disks reduce the adhesion of P. gingivalis. In order to examine the P. gingivalis behavior on each Ti disk, the two groups of Ti disks were exposed to P. gingivalis at 106 CFU/mL and collected at the indicated time points (Figure 6). At each time point, the attachment of P. gingivalis to the treated Ti disks was quantified. During 5 d after exposure, the LTP-treated disks had relatively low P. gingivalis adhesion.



Porphyromonas gingivalis colonies grow less on low-temperature plasma–treated titanium disks. Bacterial growth after their adhesion to the disks was examined. Each specimen was collected at the indicated time after treatment and subjected to SEM analysis (Figure 7). LTP-Ti disks demonstrated less bacterial colony formation than Ctrl-Ti disks, consistent with the findings depicted in Figure 6.



During the 5 d of observation, the quantified data demonstrated a remarkable increase in the accumulation of P. gingivalis in all the disks 3 d after exposure (Table 2), implying that the initial exposure to the bacteria resulted in its attachment to the disks. The complete data suggest that surface roughness plays a critical role in the initial adhesion of P. gingivalis, leading to infection.



Titanium disks treated with autoclaving only (Ctrl-Ti condition) and those treated with both autoclaving and low-temperature plasma (LTP-Ti condition) were exposed to P. gingivalis (106 CFU/mL) via incubation for up to 5 d and were harvested at the indicated time points. Data represent the quantified results from scanning electron micrographs. * p < 0.05, ** p < 0.01, *** p < 0.001.





4. Discussion


LTP treatment has previously been identified as a method used in etching, sputtering, plasma ion implantation, and plasma polarization or as a spray on metal-based materials. The LTP treatment of Ti implant surfaces is shown to improve cell attachment via alteration of the surface roughness and wettability; both parameters were reduced after LTP treatment.



In a previous study, argon plasma was effective in removing impurities from commercially pure titanium surfaces [51]. The sputtering achieved with the argon LTP in this study helped inhibit the adhesion of P. gingivalis organisms that are obligate anaerobe bacteria associated with advanced periodontal disease, late colonizers on implant surfaces exposed to the oral environment, and associated with peri-implantitis [52]. LTP sputtering is a possible treatment to improve the surface topography and biofunctionality of the dental implants. Furthermore, LTP treatment in this study enhanced the spread of the osteoblast-like cells and their attachment to the titanium disks; simultaneously, it decreased P. gingivalis attachment and growth. These findings are consistent with those of Canullo et al. [42], who, after studying 720 disks with three different types of surfaces, concluded that LTP could be efficiently used to sterilize an implant surface contaminated with peri-implantitis. Annunziata et al. [41] assessed the effects of the argon plasma treatment on different titanium implant surfaces, previously exposed in vitro to bacterial contamination, and also concluded that LTP could be used efficiently to sterilize an implant surface contaminated with peri-implantitis. With regard to osteoblasts, Canullo et al. were only able to indicate a potential for osteoblast attachment and spreading due to LTP treatment; however, our study demonstrated that LTP treatment enhanced these actions. These results are consistent with previous findings suggesting the possibility of using LTP in the treatment of dental peri-implantitis and osseointegration. Although the bacterial adhesion of materials probably cannot be fully avoided after LTP treatment, it can be minimized and controlled via artificial means [53]. However, LTP treatment also decreased the Ti surface roughness; this is in accordance with previous findings with plasma sputtering, wherein the initial average roughness was 167 nm and the final average roughness was 92 nm. These results can be related to the low current (13.56 MHz) used in the LTP-Ti condition to treat the Ti disk surfaces [54].



In a recent study, Matos et al. created a 3-species biofilm composed of Streptococcus sanguinis, Actinomyces naeslundii, and Fusobacterium nucleatum onto commercially pure titanium surfaces coated with LTP [25]. They found that plasma treatments increased the wettability of commercially pure titanium surfaces. They also found that LTP treatment enhanced the surface free energy while maintaining the surface roughness properties of commercially pure titanium. The treated surface exhibited improved surface characteristics while keeping the bacterial proliferation under control. Matos et al. were able to conclude that the surface treatment of titanium implants with plasma technology is a viable, promising strategy for extending the longevity of dental implants. In this study, similar conclusions can be drawn even though LTP treatment was performed with sputtering on the Ti disk surfaces rather than a coating; both wettability and surfaces roughness decreased, and this facilitated the growth of the MG-63 cells but limited the colonization by P. gingivalis on the Ti disk surfaces. As some studies have indicated, rougher surface, wettability, and high surface energy increase bacterial colonization [55].



Results of the correlation analysis during initial P. gingivalis colonization confirmed that the attachment of the bacteria to the surface was positively mediated by its roughness; lower surface roughness led to less bacterial adhesion (data not shown). Thus, Ti implants with smoother surfaces after LTP at 85 W and 13.56 MHz and with 100 mTorr of argon gas at room temperature for 15 min treatment may reduce microbial adhesion during the initial infection phase, thereby decreasing inflammation and reducing the possibility of peri-implantitis. These findings reveal that LTP sputtering may be considered as a useful method for obtaining a smoother implant surface and can prevent P. gingivalis infections, without damaging the dental implant surface. Moreover, the posttreatment surface roughness decreased in the implant surfaces, suggesting that LTP sputtering could be used for peri-implantitis treatment for a longer duration and with better clinical results. However, LTP treatment did not stop the MG-63 cells from growing during the study period; this is because mechanical approaches, such as the ones used clinically to control and remove biofilm were not used in this study, and thus, the cells were allowed to grow on the disk surfaces.




5. Conclusions


Considering the limitations of the present study, it is appropriate to conclude that LTP sputtering is beneficial in the treatment of peri-implantitis, owing to the low levels of microbial adhesion, reduced incidence of inflammatory conditions, and the resultant reduction in the risk of developing peri-implantitis.
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Figure 1. Implant surface images obtained with scanning electron microscopy (SEM). (A) Surface of the titanium disk treated with only autoclaving (Ctrl-Ti group). (B) Surface of the titanium disk treated with low-temperature plasma (LTP) after autoclaving (LTP-Ti group). 
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Figure 2. X-ray photoelectron spectroscopy (XPS) analysis of the treated titanium disks. The XPS survey spectrum shows the atomic ratio of each treated disk. (A) Control disks (Ctrl-Ti condition), subjected only to autoclaving. (B) Disks treated with low-temperature plasma (LTP; LTP-Ti condition) after autoclaving. 
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Figure 3. Measurement of the contact angle on each treated surface. Contact angle (θ) was considered the index of surface wettability, indicated by the angle formed by a water droplet on the disk surface. Quantitative analysis indicated that the surface wettability of low-temperature plasma (LTP)–treated (LTP-Ti) disks was improved in comparison with the control (Ctrl-Ti) disks (autoclaved only). * p < 0.05. 
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Figure 4. The effect of various treatments on the surface roughness of titanium disks. Roughness was lower in the disks treated with low-temperature plasma (LTP; LTP-Ti condition), indicating that they had smoother surfaces than the control (Ctrl-Ti) disks. * p < 0.05, ** p < 0.01, *** p < 0.001. 
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Figure 5. Viability of the MG-63 cells on treated titanium disks according to the MTT assay. 
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Figure 6. Adhesion of Porphyromonas gingivalis to the surfaces of the titanium disks after treatment. After treatment, each disk was exposed to P. gingivalis (106 CFU/mL), cultured for up to 5 d, and harvested at the indicated time points. At 1 d and other time points after exposure, the disks treated with low-temperature plasma (LTP-Ti condition) demonstrated lower bacterial adhesion than the control (Ctrl-Ti) disks. * p < 0.05, ** p < 0.01, *** p < 0.001. 
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Figure 7. Effect of treatment on Porphyromonas gingivalis growth on the titanium disks. Disks treated with autoclaving only (Ctrl-Ti condition) and those treated with both autoclaving and low-temperature plasma (LTP; LTP-Ti condition) were exposed to P. gingivalis (106 CFU/mL) via incubation for up to 5 d after which they were harvested at the indicated time points. Representative scanning electron micrographs illustrate the bacterial growth. A relatively low number of bacterial colonies were observed on the LTP-Ti disks. Magnification: 2000×; scale bar: 20 μm. 
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Table 1. Energy dispersive spectrometer values.
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Treatment

	
Component




	
Ti

	
O

	
C






	
Crtl-Ti

	
93.62

	
4.70

	
2.83




	
LTP-Ti

	
92.80

	
5.70

	
1.9




	
p-value

	
0.302

	
0.131

	
* 0.038
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Table 2. Growth of Porphyromonas gingivalis on the treated titanium disks.
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Treatment

	
Culturing Days after P. gingivalis Cultured




	
1

	
2

	
3

	
4

	
5






	
Crtl-Ti

	
63.10 cfu/cm2

	
1584.90 cfu/cm2

	
1,258,925.41 cfu/cm2

	
15,848,931.92 cfu/cm2

	
25,118,864.32 cfu/cm2




	
LTP-Ti

	
19.95 cfu/cm2

	
91.20 cfu/cm2

	
316,227.77 cfu/cm2

	
794,328.23 cfu/cm2

	
1,584,893.19 cfu/cm2




	
p-value

	
*** p < 0.001

	
*** p < 0.001

	
* p < 0.05

	
*** p < 0.001

	
* p < 0.05








Unit: cfu/cm2
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