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Abstract

:

Until now, in clinical dentistry, antibacterial photodynamic therapy (aPDT) has been restricted to in-office treatments, which hampers repeated applications. This pilot study tested the benefit of a commercially available Lumoral® device designed for regular periodontal dual-light aPDT treatment at home. Seven patients with peri-implant disease applied dual-light aPDT daily in addition to their normal dental hygiene for four weeks. A single Lumoral® treatment includes an indocyanine green mouth rinse followed by 40 J/cm2 radiant exposure to a combination of 810 nm and 405 nm light. A point-of-care analysis of active-matrix metalloproteinase (aMMP-8), visible plaque index (VPI), bleeding on probing (BOP), and peri-implant pocket depth (PPD) measurements was performed on day 0, day 15, and day 30. Reductions in aMMP-8 (p = 0.047), VPI (p = 0.03), and BOP (p = 0.03) were observed, and PPD was measured as being 1 mm lower in the implant (p = ns). These results suggest a benefit of regular application of dual-light aPDT in peri-implantitis. Frequently repeated application can be a promising approach to diminishing the microbial burden and to lowering the tissue destructive proteolytic and inflammatory load around dental implants. Further studies in larger populations are warranted to show the long-term benefits.
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1. Introduction


Dental implants have been used to replace lost teeth for decades [1]. Dental implants’ durability is excellent, and their success rate is high. Still, inflammation at the peri-implant tissues is frequent [2,3]. Dental implant health is assessed similar to periodontal tissues around natural teeth: by measuring the peri-implant probing pocket depth (PPD), bleeding on probing (BOP), suppuration, and radiographic findings [4,5]. The primary etiologic reason for the progression of bone destruction and the inflammation of peri-implant tissue is the accumulation of oral biofilm. Peri-implant disease results from bacterial infection and develops due to the host immune response to an overwhelming bacterial insult. The elimination of bacterial biofilm from the implant surface is the primary objective when treating peri-implant disease [6,7].



Antibacterial photodynamic therapy (aPDT) and antibacterial blue light (aBL) are emerging treatment methods auxiliary to mechanical debridement for periodontitis and peri-implantitis [8,9,10,11,12,13]. The aPDT is a combination of light and externally applied light photosensitizer. Indocyanine green (ICG) is a widely used aPDT photosensitizer in dentistry due to low toxicity, water solubility, and light absorption at the near-infrared (NIR) wavelengths, which are safe and have good tissue penetration [10,14]. The light energy absorbed by ICG is discharged either as a thermal vibration or by further moving to the outer-most electron ring of a nearby oxygen molecule, thus mediating the antibacterial effects [8,9,10,11,12,14,15,16]. The method of action in aBL is based on the absorption of light by bacterial cells [17]. The photosensitizing molecules within the bacteria are considered to be primarily porphyrins and flavins. The combined use of aBL and aPDT has shown an enhanced antibacterial action with the ability to provide a sustained antibacterial effect on a bacterial biofilm [16,18,19].



Collagenase-2/neutrophil collagenase or matrix metalloproteinase (MMP)-8 is a collagenolytic host proteinase. The active form (aMMP-8) reflects and predicts periodontal tissue destruction and inflammation. The aMMP-8 is a promising candidate biomarker used to diagnose, grade, and predict periodontitis and peri-implantitis as well as to monitor their treatments [20,21,22,23,24,25,26,27,28,29]. Chairside aMMP-8 test kits (PerioSafe®/ImplantSafe®/ORALyzer®) are commercially available as quantitative point-of-care kits for periodontitis and dental peri-implantitis. Accurate quantitative reading of aMMP-8 can be conveniently performed chairside [20,28,30,31]. An increased level of aMMP-8 is an initial sign of an inflammatory reaction in the periodontium. Several studies support the diagnostic validity of aMMP-8 peri-implant sulcular fluid analyses in diagnosing peri-implant disease and in differentiating healthy and diseased dental implant patients [20,21,22,23,24,25,26,27,28,29,32].



Repeated antibacterial treatment by dual-light aPDT performed at home can be used to improve oral hygiene. The aim of the study was to preliminarily test the ability of the anti-plaque and anti-inflammatory effects of the daily application of dual-light aPDT in peri-implant disease patients, monitored by the aMMP-8 point-of-care method. We hypothesized that improved oral hygiene performance by dual-light aPDT would reduce collagenolytic inflammation and burden without adverse effects.




2. Materials and Methods


The study was conducted in accordance with the ethical principles of the Declaration of Helsinki. The study was approved by the ethics committee of the Hospital District of Helsinki and Uusimaa (HUS/1271/2019), and all participants provided written informed consent before enrolment.



2.1. Study Design and Participants


This experimental pilot study followed an interventional pre-post protocol. The inclusion criteria were (1) implant patients arriving for a maintenance visit at a dental clinic (Hammasklinikka Kruunu, Tampere, Finland); (2) a diagnosis of peri-implant mucositis or peri-implantitis by a dentist according to the definitions described below; and (3) written informed consent. The exclusion criteria included (1) smoking; (2) diabetes; (3) a need for a hopeless teeth extraction, or open cavities in need of immediate endodontic treatment; or (4) the presence of a major physical limitation or restriction that prohibits the hygiene procedures used in the study protocol. Seven patients were enrolled, four males and three females. Their ages ranged from 65 to 89 years. A single implant with screw crown in each patient was selected for the study, with three implants being from the mandibulae and five being from the maxilla. All implants were produced by Nobel Biocare®. The patients were asked to continue with their regular home care and routine oral hygiene habits during the study period. The patients were instructed to perform an improved oral hygiene protocol by including dual-light aPDT in their regular home care for four weeks before the actual mechanical maintenance treatment. The patient characteristics are presented in Table 1.




2.2. Dental Examination


The dental examinations were performed at the beginning of the study (time point 1), after 15 days (time point 2), and after 30 days (time point 3). An oral clinical investigation at each time point included an assessment of the visible plaque index (VPI) (scaling 0–3 on all tooth surfaces), BOP (yes/no, 1/0), and PPD (mm). A millimeter-grade Ball-Tip Screening probe, WHO, AEEP23/WHOBX (American Eagle Manufacturing Co., New Bern, NC, USA) was used. A digital intra-oral radiograph was acquired using Sirona Heliodent plus (Dentsply Sirona, New York, NY, USA), and Soredex Digora Optime (KaVo Dental GmbH, Biberach, Germany) software was used for the analysis of alveolar bone destruction to define peri-implantitis [33,34]. Clinical photographs were shot at all time points with an iPhone® 8 mobile phone 12 MP camera with f/1.8 aperture, six-element lens, optical stabilization, and Wide Color capture deployment (Apple Inc., Cupertino, CA, USA).



The diagnostic definition of peri-implant health and disease was based on the criteria published by Renvert et al. [33] and Berghlundh et al. [34]. Healthy peri-implant tissue was defined by the absence of peri-implant signs of soft tissue inflammation, including redness, swelling, and profuse BOP, together with the absence of further additional bone loss following initial healing. The definition of peri-implant mucositis (n = 3) was based on the presence of peri-implant signs of inflammation described above in combination with a lack of additional bone loss following initial healing. Peri-implantitis (n = 4) was defined by the presence of peri-implant signs of inflammation with radiographic evidence of bone loss (>2 mm) and increased probing depths ≥ 3 mm with the presence of BOP, swelling, and possible suppuration [33,34].




2.3. Improved Oral Hygiene Protocol by Dual-Light Photodynamic Treatment


Antibacterial photodynamic therapy was performed using Lumorinse® mouthwash (Lumoral, Espoo, Finland) in conjunction with a Lumoral® light applicator (Lumoral, Espoo, Finland). Lumorinse® (Lumoral, Espoo, Finland) is a CE-marked effervescent tablet including 7 mg of ICG and is used by dissolving in 30 mL of water, which produces a mouthwash with an ICG concentration of 250 µg/mL. The mouthwash is swished for 1 min, enabling ICG to adhere to dental plaque before light application. Lumoral® (Lumoral, Espoo, Finland) is a CE-marked medical device providing simultaneous 405 nm aBL and 810 nm near-infrared (NIR) LED light in a mouthguard form. Together with Lumorinse® (Lumoral, Espoo, Finland), the product offers simultaneous aBL and aPDT action on dental plaque. The Lumoral® light applicator is placed in the mouth, and during 10 min use, the device delivers a radiant exposure of 40 J/cm2 light with approximately half of the light energy as aBL and half as NIR light. Thus, the device gives light to the whole dentition, with the 48 LEDs illuminating both dental arches (Figure 1).



In addition to their regular homecare habits, the study subjects were asked to use the dual-light aPDT method once a day for the first two weeks until time point 2, after which they used the method twice daily until time point 3. The device use was integrated into home care in such a way that the study subjects were asked to brush their teeth as usual after each use of the device. Subjects’ commitment to the treatment protocol and to the device use was checked by interview and was based on the subject’s statement.




2.4. Peri-Implant Sulcus Fluid (PISF) Collection and Analysis Samples


The ImplantSafe® test (Dentognostics, Jena, Germany) and ORALyzer® digital aMMP-8 reader (Dentognostics, Jena, Germany) were used to quantify aMMP-8 (ng/mL) in PISF. The PISF samples were obtained by inserting a collection strip into the peri-implant pocket in the sulcus point exhibiting the worst clinical situation for 30 s. Then, according to the manufacturer’s instructions, the strip was place in the elution fluid for five minutes. After five minutes of incubation, the elution tube was swirled a couple of times. The dipstick was then immersed into the elution fluid for 15 s and placed into the reading compartment of the ORALyzer® device (Dentognostics, Jena, Germany). The ImplantSafe® test (Dentognostics, Jena, Germany) can read qualitatively after 5 min; the reading window shows one blue line (test is valid, test negative, 20 ng/mL) or two lines (test is valid, test positive, ≥20 ng/mL). The ORALyzer® device (Dentognostics, Jena, Germany) read the test quantitatively. The aMMP-8 enzyme test results were documented by photography (iPhone 8).




2.5. Statistical Methods


SAS 9.4 software was used for the power calculations (SAS Institute, Cary, NC, USA) and GraphPad software version 9.1.0 (GraphPad Software, La Jolla, CA, USA) to analyze the data and to create the graphs. A Wilcoxon nonparametric analysis of paired groups was performed to compare the difference of continuous variables (aMMP-8, VPI, and PPD) and chi-square contingency analysis for the dichotomous variable (BOP) between the pretreatment and final measurements. A p-value less than 0.05 was considered statistically significant.



We performed a power calculation for the required sample size based on our recently published study on ICG-assisted aPDT on dental plaque [35]. In this study, we evaluated the aMMP-8 levels four days after repeated aPDT administration. We acknowledged the difficulty of estimating the sample size based on somewhat different patient populations and treatment durations. Moreover, we considered that the current study was intended as a pilot for peri-implant disease and involved a longer duration of treatment and that the same patients acted as their own representative controls.



Calculated (SAS 9.4, SAS Institute, Cary, NC, USA) from the previous study design and assigning 5% for alpha errors and 20% for TYPE II errors (80% power), we arrived at a sample size of six patients (Figure 2). To allow for possible dropout, we chose to recruit seven patients to this pilot study.





3. Results


All seven participants, aged 65–89 years, completed the whole protocol. None of the participants had diabetes or rheumatoid arthritis, and they were all non-smokers. One had asthma, and two had a diagnosis of heart disease. The year of placement of the prosthetic reconstruction ranged from 2009 to 2016, with a median of 2.62 years since placement.



At the beginning of the study (time point 1), all study subjects had gingival bleeding at the area of the selected implant (BOP 7/0). The amount of dental plaque by VPI ranged from 0 to 2, with a median of 1. The probing depth ranged from 2 to 6 mm with a median of 4 mm. The aMMP-8 ranged from 10 to 170.8 ng/mL, with a 72.6 ng/mL median. In four implants, X-ray imaging showed >2 mm peri-implant bone loss from the estimated bone level.



At time point 2, after two weeks of once-a-day dual-light aPDT use, two subjects showed negative BOP at the area of the selected implant (BOP 5/2). One patient showed a reduction in plaque, with VPI reducing from 1 to 0. The others had no change in the amount of dental plaque. The probing depth stayed the same in all subjects. The aMMP-8 level measurements ranged from 10 to 138.9 ng/mL, with a 37.1 ng/mL median.



At time point 3, after another two weeks of regular dual-light aPDT use but now twice a day, three subjects had no bleeding at the gingiva around the studied implant (BOP 4/3). VPI showed a level-one plaque score in one patient, while all others had scores of 0. One patient had a reduction of 1 mm in probing depth, while others showed no change. The aMMP-8 level measurements ranged from 10 to 109.8 ng/mL, with a median of 23.6 ng/mL (Figure 3 and Figure 4). No adverse events were observed.




4. Discussion


This initial study suggests a benefit of home-applied dual-light aPDT in patients with peri-implant disease. We observed improved hygiene in all subjects measured by a reduction in VPI. The aMMP-8 in PISF levels were clearly reduced, being in line with the decrease in inflammation measured by BOP. In one implant, a 1 mm reduction in PPD was measured four weeks after the beginning of the study. The significance of this observed reduction in inflammation lies in none of the study subjects receiving any professional treatment until after the study. All improvements were achieved at home by enhanced oral hygiene.



The root cause of peri-implant disease is tissue reaction to bacterial biofilm. Mechanical biofilm removal is the standard of care for disease management and aims for a reduction in bacterial colonization on the surface of the implant [35,36]. Because of the proven insufficiency of mechanical treatment in peri-implantitis, adjunctive local antibacterial treatments have been explored. Chlorhexidine [37], despite being a potent antiseptic, showed disappointing results in a recent meta-analysis by Liu et al. [38]. They found no clear benefit of CHX in the nonsurgical management of peri-implant mucositis and could not draw conclusions in the nonsurgical management of peri-implantitis [36]. Adjunctive antimicrobials, such as minocycline and doxycycline, have outperformed CHX, with improvements in inflammatory changes and probing depths. However, long-term use of antimicrobials is not feasible, and novel approaches are welcome.



Strong evidence supports the use of aMMP-8 in oral fluids in the assessment of the activity and severity of peri-implant disease [39]. Peri-implant tissues consist principally of type I collagen, and MMP-8 is the predominant enzyme responsible for the degeneration of both peri-implant soft and hard tissues. An increased level of MMP-8 in oral fluids is associated with peri-implant disease, especially in a clinically active phase, but it must be emphasized that the levels of aMMP-8, but not latent or total MMP-8, reflect the peri-implant disease activity [38]. The aMMP-8 PoC test used in this study measures the active form of MMP-8 and has been widely validated as a numerical measurement of implant tissue status [24,25,26,27,28,29,30,31,32]. In this study, PISF collection was performed in a single sulcus site at the diseased implant, not circumferentially. The method of PISF collection can have an effect on the aMMP-8 results [40].



We observed a negative BOP in three studies at four weeks after dual-light aPDT use. The absence of BOP is a precise measurement for periodontal stability with a negative predictive value of 98% [41]. This is a clear indication of a reduction in inflammation in the tissues around the implant, and the simultaneous reduction in aMMP-8 levels strengthens the credibility of the observations. Most probably, the change reflects the observed reduction in the bacterial triggering load, measured by VPI. While the predictive value of BOP has limitations due to several reasons [42], we used a standardized tool for the BOP to ensure appropriate reliable measurement, including avoiding traumatic instead of pathologic induction of bleeding [42]. Because of the particularly low patient number in this early feasibility study, which resembles a case report series, a Gaussian distribution cannot be assumed and nonparametric statistical analysis methods were used.



Antibacterial photodynamic therapy and aBL have been presented as new antibacterial methods. Both methods provide a significant dose-dependent antibacterial action [10,16]. Nikinmaa et al. (2020) recently showed the advantage of combining aPDT and aBL [16]. This combination, called dual-light, showed a significantly increased antibacterial effect when compared with either part itself. Furthermore, they were able to produce a more sustained antibacterial effect of dual-light by inducing repeated use when compared with aPDT or aBL. Even though a lack of antibacterial resistance formation has been stated regarding aPDT and aBL [41], both methods show some adaptation when applied continuously [16]. The dual-light approach was shown to be significantly more resistant to bacterial adaptation [16].



The rapid development in LED technology has provided an opportunity to attack dental plaque [43] with light-based antibacterial treatment applications (www.lumoral.com; Koite Health LTD, Espoo, Finland). LED technology can bring the treatment location from clinics to home. Antibacterial photodynamic therapy is a potent antibacterial tool, but results in periodontitis have been generally disappointing. In most of these studies, the treatment has been applied only once [44]. In the few studies where the aPDT has been used repeatedly, only one or two repetitions have been applied at the early phase of the study period [45,46]. Treatment frequency can have a significant impact in results. The antibacterial action of aPDT, when compared head-to-head with scaling and root planing (SRP), has shown early results comparable with those of SRP [47]. We claim that the replacement of mechanical cleaning with aPDT is probably not an answer, but these results show the potential of its use as an adjunctive therapy. If this kind of efficacy can be brought even partly to home use, we can at least hope to see clinical benefits. The ability of the ICG in the mouth rinses to end up in the peri-implant pocket is probably somewhat limited [46], which can make a difference in in-clinic aPDT application. However, the antibacterial action, when measured as a plaque reduction in the supragingival plaque, seems to work. There is a limited number of studies in which several aPDT applications have been used [45]. In the studies where aPDT has been used several times, the results have been significantly better [46,47]. Indeed, a continuous application of aPDT can have benefits not shown in the current literature. To our knowledge, no significant side effects exist with aPDT, which subsequently could provide the best alternative to CHX treatment.



This is a small study with a limited population size and a relatively short study period of only one month. Our power calculations, based on a restricted number of available patient data, are weak and provide an initial reference at best. With an increasing number of patients being treated in small but cumulating pilot experiments, it is our aim to obtain further evidence for designing larger clinical trials with enough data to perform power calculations with better resolution and higher confidence. However, the observations reported here definitely encourage further studies. The use of a cross-over design would be a good option when studying a treatment such as Lumoral® (Lumoral, Espoo, Finland), where the use of a placebo is particularly difficult [48]. Use of the dual-light aPDT method should not replace routine oral hygiene or standardized professional mechanical treatments but can act as an additional tool for preventing periodontal disease and supporting the treatment of already established disease. Dual-light therapy can be used by anyone, but it is most beneficial for people who need to improve the health of their connective tissues or for those for whom traditional tooth brushing is not possible or is challenging. There are several risk factors increasing implant failure, including higher age, smoking, diabetes or metabolic syndrome, previous head and neck radiation, and history of postmenopausal hormone replacement therapy [49,50,51]. Connective tissue infection progresses many times faster in implant teeth, and the healing process is more complicated than in natural teeth [52].




5. Conclusions


This pilot study suggests that dual-light therapy might be a promising adjunctive homecare tool to keep high-cost implants secure from peri-implantitis. It is easy and safe to use without any adverse effects. However, further studies are warranted to define the effectiveness of the treatment.







Author Contributions


Conceptualization, H.L., T.P., T.T. and T.S.; methodology, H.L., T.P., E.K. and T.S.; software, H.L., T.P. and E.K.; validation, H.L., T.P., I.T.R., T.T., E.K. and T.S.; formal analysis, investigation, H.L.; resources, H.L., T.P. and T.S.; data curation, T.T. and T.S.; writing—original draft preparation, H.L., T.P., I.T.R., T.T., E.K. and T.S.; writing—review and editing, H.L., T.P., I.T.R., T.T., E.K. and T.S.; visualization, T.P., E.K. and H.L.; supervision, T.S.; project administration, T.T. and T.S.; funding acquisition, I.T.R., T.T. and T.S. All authors have read and agreed to the published version of the manuscript.




Funding


This article received financial support from research grants from Helsinki and Uusimaa Hospital District (HUS): TYH 2022225, TYH2016251, TYH2017251, TYH2018229, TYH2019319, Y1014SL017, Y1014SL018, Y1014SULE1, Finnish Dental Association Apollonia, Karolinska Institutions Apollonia. Open access funding provided by University of Helsinki.




Institutional Review Board Statement


This study was conducted in accordance with the ethical principles of the Declaration of Helsinki. This study was approved by the ethics committee of the Hospital District of Helsinki and Uusimaa (HUS/1271/2019), and all participants provided written informed consent before enrolment.




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


The data supporting the results reported here are available from the corresponding author upon request.




Conflicts of Interest


Timo Sorsa is the inventor of the following patents: 1274,416-patent U.S. 5,652,223, 5,736,341, 5,864,632, 6,143,476, and US 2017/0023571A1 (issued June 6, 2019); WO 2018/060553 A1 (issued May 31, 201); 10,488,415 B2, Japanese Patent 2016-554676; and South Korean patent 10-2016-7025378. Tommi Pätilä is a member of the board of Koite Health company. The company has filed patents P21233F100 and P22769F100 and owns trademarks related to antibacterial dual-light. Koite Health develops, sells, and markets dual-light antibacterial products for the prevention and treatment of dental and periodontal infections.




References


	



Van Velzen, F.J.; Ofec, R.; Schulten, E.A.; Bruggenkate, C.M.T. 10-year survival rate and the incidence of peri-implant disease of 374 titanium dental implants with a SLA surface: A prospective cohort study in 177 fully and partially edentulous patients. Clin. Oral Implants Res. 2015, 26, 1121–1128. [Google Scholar] [CrossRef] [PubMed]

	



French, D.; Grandin, H.M.; Ofec, R. Retrospective cohort study of 4,591 dental implants: Analysis of risk indicators for bone loss and prevalence of peri-implant mucositis and peri-implantitis. J. Periodontol. 2019, 90, 691–700. [Google Scholar] [CrossRef] [PubMed]

	



Heitz-Mayfield, L.J.A.; Salvi, G.E. Peri-implant mucositis. J. Clin. Periodontol. 2018, 45 (Suppl. S20), S237–S245. [Google Scholar] [CrossRef] [PubMed]

	



Alassy, H.; Parachuru, P.; Wolff, L. Peri-Implantitis Diagnosis and Prognosis Using Biomarkers in Peri-Implant Crevicular Fluid: A Narrative Review. Diagnostics 2019, 9, 214. [Google Scholar] [CrossRef]

	



Araujo, M.G.; Lindhe, J. Peri-implant health. J. Clin. Periodontol. 2018, 45 (Suppl. S20), S230–S236. [Google Scholar] [CrossRef]

	



Heitz-Mayfield, L.J.A. Peri-implant diseases: Diagnosis and risk indicators. J. Clin. Periodontol. 2008, 35 (Suppl. 8), 292–304. [Google Scholar] [CrossRef]

	



Heitz-Mayfield, L.J.A.; Mombelli, A. The Therapy of Peri-implantitis: A Systematic Review. Int. J. Oral Maxillofac. Implant. 2014, 29, 325–345. [Google Scholar] [CrossRef]

	



Cieplik, F.; Deng, D.; Crielaard, W.; Buchalla, W.; Hellwig, E.; Al-Ahmad, A.; Maisch, T. Antimicrobial photodynamic therapy—What we know and what we don’t. Crit. Rev. Microbiol. 2018, 44, 571–589. [Google Scholar] [CrossRef]

	



De Sousa, D.L.; Lima, R.A.; Zanin, I.C.; Klein, M.I.; Janal, M.N.; Duarte, S. Effect of Twice-Daily Blue Light Treatment on Matrix-Rich Biofilm Development. PLoS ONE 2015, 10, e0131941. [Google Scholar] [CrossRef]

	



Konopka, K.; Goslinski, T. Photodynamic Therapy in Dentistry. J. Dent. Res. 2007, 86, 694–707. [Google Scholar] [CrossRef]

	



Wang, Y.; Wang, Y.; Wang, Y.; Murray, C.K.; Hamblin, M.R.; Hooper, D.C.; Dai, T. Antimicrobial blue light inactivation of pathogenic microbes: State of the art. Drug Resist. Updat. 2017, 33–35, 1–22. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.; Zhu, Y.; Chen, J.; Wang, Y.; Sherwood, M.E.; Murray, C.K.; Vrahas, M.S.; Hooper, D.C.; Hamblin, M.R.; Dai, T. Antimicrobial blue light inactivation ofCandida albicans:In vitroandin vivostudies. Virulence 2016, 7, 536–545. [Google Scholar] [CrossRef] [PubMed]

	



Sculean, A.; Deppe, H.; Miron, R.; Schwarz, F.; Romanos, G.; Cosgarea, R. Effectiveness of photodynamic therapy in the treatment of periodontal and peri-implant diseases. Oral Biofilms 2021, 29, 133–143. [Google Scholar] [CrossRef]

	



Alander, J.T.; Kaartinen, I.; Laakso, A.; Pätilä, T.; Spillmann, T.; Tuchin, V.; Venermo, M.; Välisuo, P. A Review of Indocyanine Green Fluorescent Imaging in Surgery. Int. J. Biomed. Imaging 2012, 2012, 1–26. [Google Scholar] [CrossRef] [PubMed]

	



Courval, A.; Harmouche, L.; Mathieu, A.; Petit, C.; Huck, O.; Séverac, F.; Davideau, J.-L. Impact of Molar Furcations on Photodynamic Therapy Outcomes: A 6-Month Split-Mouth Randomized Clinical Trial. Int. J. Environ. Res. Public Health 2020, 17, 4162. [Google Scholar] [CrossRef] [PubMed]

	



Nikinmaa, S.; Alapulli, H.; Auvinen, P.; Vaara, M.; Rantala, J.; Kankuri, E.; Sorsa, T.; Meurman, J.; Pätilä, T. Dual-light photodynamic therapy administered daily provides a sustained antibacterial effect on biofilm and prevents Streptococcus mutans adaptation. PLoS ONE 2020, 15, e0232775. [Google Scholar] [CrossRef] [PubMed]

	



Yoshida, A.; Sasaki, H.; Toyama, T.; Araki, M.; Fujioka, J.; Tsukiyama, K.; Hamada, N.; Yoshino, F. Antimicrobial effect of blue light using Porphyromonas gingivalis pigment. Sci. Rep. 2017, 7, 5225. [Google Scholar] [CrossRef]

	



Nikinmaa, S.; Podonyi, A.; Raivio, P.; Meurman, J.; Sorsa, T.; Rantala, J.; Kankuri, E.; Tauriainen, T.; Pätilä, T. Daily Administered Dual-Light Photodynamic Therapy Provides a Sustained Antibacterial Effect on Staphylococcus Aureus. Antibiotics 2021, 10, 1240. [Google Scholar] [CrossRef]

	



Hentilä, J.; Laakamaa, N.; Sorsa, T.; Meurman, J.; Välimaa, H.; Nikinmaa, S.; Kankuri, E.; Tauriainen, T.; Pätilä, T. Dual-Light Photodynamic Therapy Effectively Eliminates Streptococcus Oralis Biofilms. J. Pharm. Pharm. Sci. 2021, 24, 484–487. [Google Scholar] [CrossRef]

	



Heikkinen, A.M.; Räisänen, I.T.; Tervahartiala, T.; Sorsa, T. Cross-sectional analysis of risk factors for subclinical periodontitis; active matrix metalloproteinase-8 as a potential indicator in initial periodontitis in adolescents. J. Periodontol. 2018, 90, 484–492. [Google Scholar] [CrossRef]

	



Lähteenmäki, H.; Umeizudike, K.A.; Heikkinen, A.M.; Räisänen, I.T.; Rathnayake, N.; Johannsen, G.; Tervahartiala, T.; Nwhator, S.O.; Sorsa, T. aMMP-8 Point-of-Care/Chairside Oral Fluid Technology as a Rapid, Non-Invasive Tool for Periodontitis and Peri-Implantitis Screening in a Medical Care Setting. Diagnostics 2020, 10, 562. [Google Scholar] [CrossRef] [PubMed]

	



Lee, W.; Aitken, S.; Sodek, J.; McCulloch, C.A.G. Evidence of a direct relationship between neutrophil collagenase activity and periodontal tissue destruction in vivo: Role of active enzyme in human periodontitis. J. Periodontal Res. 1995, 30, 23–33. [Google Scholar] [CrossRef] [PubMed]

	



Mancini, S.; Romanelli, R.; Laschinger, C.A.; Overall, C.M.; Sodek, J.; McCulloch, C.A. Assessment of a Novel Screening Test for Neutrophil Collagenase Activity in the Diagnosis of Periodontal Diseases. J. Periodontol. 1999, 70, 1292–1302. [Google Scholar] [CrossRef] [PubMed]

	



Räisänen, I.T.; Heikkinen, A.M.; Siren, E.; Tervahartiala, T.; Gieselmann, D.-R.; Van Der Schoor, G.-J.; Van Der Schoor, P.; Sorsa, T. Point-of-Care/Chairside aMMP-8 Analytics of Periodontal Diseases’ Activity and Episodic Progression. Diagnostics 2018, 8, 74. [Google Scholar] [CrossRef]

	



Räisänen, I.T.; Sorsa, T.; Van Der Schoor, G.-J.; Tervahartiala, T.; Van Der Schoor, P.; Gieselmann, D.-R.; Heikkinen, A.M. Active Matrix Metalloproteinase-8 Point-of-Care (PoC)/Chairside Mouthrinse Test vs. Bleeding on Probing in Diagnosing Subclinical Periodontitis in Adolescents. Diagnostics 2019, 9, 34. [Google Scholar] [CrossRef]

	



Räisänen, I.T.; Umeizudike, K.A.; Pärnänen, P.; Heikkilä, P.; Tervahartiala, T.; Nwhator, S.O.; Grigoriadis, A.; Sakellari, D.; Sorsa, T. Periodontal disease and targeted prevention using aMMP-8 point-of-care oral fluid analytics in the COVID-19 era. Med. Hypotheses 2020, 144, 110276. [Google Scholar] [CrossRef]

	



Sorsa, T.; Tjäderhane, L.; Salo, T. Matrix metalloproteinases (MMPs) in oral diseases. Oral Dis. 2004, 10, 311–318. [Google Scholar] [CrossRef]

	



Sorsa, T.; Gieselmann, D.; Arweiler, N.B.; Hernández, M. A quantitative point-of-care test for periodontal and dental peri-implant diseases. Nat. Rev. Dis. Prim. 2017, 3, 17069. [Google Scholar] [CrossRef]

	



Sorsa, T.; Alassiri, S.; Grigoriadis, A.; Räisänen, I.T.; Pärnänen, P.; Nwhator, S.O.; Gieselmann, D.-R.; Sakellari, D. Active MMP-8 (aMMP-8) as a Grading and Staging Biomarker in the Periodontitis Classification. Diagnostics 2020, 10, 61. [Google Scholar] [CrossRef]

	



Sorsa, T.; Tjäderhane, L.; Konttinen, Y.T.; Lauhio, A.; Salo, T.; Lee, H.; Golub, L.M.; Brown, D.L.; Mäntylä, P. Matrix metalloproteinases: Contribution to pathogenesis, diagnosis and treatment of periodontal inflammation. Ann. Med. 2006, 38, 306–321. [Google Scholar] [CrossRef]

	



Sorsa, T.; Gursoy, U.K.; Nwhator, S.; Hernández, M.; Tervahartiala, T.; Leppilahti, J.; Gürsoy, M.; Könönen, E.; Emingil, G.; Pussinen, P.; et al. Analysis of matrix metalloproteinases, especially MMP-8, in gingival crevicular fluid, mouthrinse and saliva for monitoring periodontal diseases. Periodontology 2015, 70, 142–163. [Google Scholar] [CrossRef] [PubMed]

	



Golub, L.M.; Räisänen, I.T.; Sorsa, T.; Preshaw, P.M. An Unexplored Pharmacologic/Diagnostic Strategy for Peri-Implantitis: A Protocol Proposal. Diagnostics 2020, 10, 1050. [Google Scholar] [CrossRef] [PubMed]

	



Renvert, S.; Persson, G.R.; Pirih, F.Q.; Camargo, P.M. Peri-implant health, peri-implant mucositis, and peri-implantitis: Case definitions and diagnostic considerations. J. Clin. Periodontol. 2018, 45, S278–S285. [Google Scholar] [CrossRef] [PubMed]

	



Berglundh, T.; Armitage, G.; Araujo, M.G.; Avila-Ortiz, G.; Blanco, J.; Camargo, P.M.; Chen, S.; Cochran, D.; Derks, J.; Figuero, E.; et al. Peri-implant diseases and conditions: Consensus report of workgroup 4 of the 2017 World Workshop on the Classification of Periodontal and Peri-Implant Diseases and Conditions. J. Clin. Periodontol. 2018, 45 (Suppl. S20), S286–S291. [Google Scholar] [CrossRef] [PubMed]

	



Heitz-Mayfield, L.J.A.; Heitz, F.; Lang, N.P. Implant Disease Risk Assessment IDRA–a tool for preventing peri-implant disease. Clin. Oral Implant. Res. 2020, 31, 397–403. [Google Scholar] [CrossRef]

	



Mishler, O.P.; Shiau, H.J. Management of Peri-implant Disease: A Current Appraisal. J. Evid. Based Dent. Pr. 2014, 14, 53–59. [Google Scholar] [CrossRef]

	



Liu, S.; Limiñana-Cañal, J.; Yu, J. Does chlorhexidine improve outcomes in non-surgical management of peri-implant mucositis or peri-implantitis? A systematic review and meta-analysis. Medicina Oral, Patología Oral Y Cirugía Bucal 2020, 25, e608–e615. [Google Scholar] [CrossRef]

	



Al-Majid, A.; Alassiri, S.; Rathnayake, N.; Tervahartiala, T.; Gieselmann, D.-R.; Sorsa, T. Matrix Metalloproteinase-8 as an Inflammatory and Prevention Biomarker in Periodontal and Peri-Implant Diseases. Int. J. Dent. 2018, 2018, 1–27. [Google Scholar] [CrossRef]

	



Hashim, D.; Cionca, N.; Combescure, C.; Mombelli, A. The diagnosis of peri-implantitis: A systematic review on the predictive value of bleeding on probing. Clin. Oral Implant. Res. 2018, 29 (Suppl. S16), 276–293. [Google Scholar] [CrossRef]

	



Lupi, S.M.; Redoglia, L.; Baena, A.R.Y.; Garbelli, G.; Baena, R.R.Y. Detection of peri-implant inflammation by the use of a matrix metalloproteinase-8 chair-side test. Minerva Stomatol. 2019, 68, 168–176. [Google Scholar] [CrossRef]

	



Tavares, A.; Carvalho, C.M.B.; Faustino, M.A.; Neves, M.G.P.M.S.; Tomé, J.P.C.; Tomé, A.C.; Cavaleiro, J.A.S.; Cunha, Â.; Gomes, N.C.M.; Alves, E.; et al. Antimicrobial Photodynamic Therapy: Study of Bacterial Recovery Viability and Potential Development of Resistance after Treatment. Mar. Drugs 2010, 8, 91–105. [Google Scholar] [CrossRef] [PubMed]

	



Lang, N.P.; Adler, R.; Joss, A.; Nyman, S. Absence of bleeding on probing an indicator of periodontal stability. J. Clin. Periodontol. 1990, 17, 714–721. [Google Scholar] [CrossRef] [PubMed]

	



Nikinmaa, S.; Moilanen, N.; Sorsa, T.; Rantala, J.; Alapulli, H.; Kotiranta, A.; Auvinen, P.; Kankuri, E.; Meurman, J.; Pätilä, T. Indocyanine Green-Assisted and LED-Light-Activated Antibacterial Photodynamic Therapy Reduces Dental Plaque. Dent. J. 2021, 9, 52. [Google Scholar] [CrossRef] [PubMed]

	



Mylona, V.; Anagnostaki, E.; Parker, S.; Cronshaw, M.; Lynch, E.; Grootveld, M. Laser-Assisted aPDT Protocols in Randomized Controlled Clinical Trials in Dentistry: A Systematic Review. Dent. J. 2020, 8, 107. [Google Scholar] [CrossRef]

	



Monzavi, A.; Chinipardaz, Z.; Mousavi, M.; Fekrazad, R.; Moslemi, N.; Azaripour, A.; Bagherpasand, O.; Chiniforush, N. Antimicrobial photodynamic therapy using diode laser activated indocyanine green as an adjunct in the treatment of chronic periodontitis: A randomized clinical trial. Photodiagnosis Photodyn. Ther. 2016, 14, 93–97. [Google Scholar] [CrossRef]

	



Kura, S.; Viswa, C.R.; Amarender, R.A.; Harish, R.B.; Chakravarthy, R.; Anumala, N. Effect of a single session of antimicrobial photodynamic therapy using indocyanine green in the treatment of chronic periodontitis: A randomized controlled pilot trial. Quintessence Int. 2015, 46, 391–400. [Google Scholar] [CrossRef]

	



Herrera, D. Insufficient evidence for photodynamic therapy use in periodontitis. Evid. -Based Dent. 2011, 12, 46. [Google Scholar] [CrossRef]

	



Antczak-Bouckoms, A.A.; Tulloch, J.F.C.; Berkey, C.S. Split-mouth and cross-over designs in dental research. J. Clin. Periodontol. 1990, 17, 446–453. [Google Scholar] [CrossRef]

	



Moy, P.K.; Medina, D.; Shetty, V.; Aghaloo, T.L. Dental implant failure rates and associated risk factors. Int. J. Oral Maxillofac. Implant. 2005, 20, 569–577. [Google Scholar]

	



Elani, H.W.; Starr, J.R.; Da Silva, J.D.; Gallucci, G.O. Trends in Dental Implant Use in the U.S., 1999–2016, and Projections to 2026. J. Dent. Res. 2018, 97, 1424–1430. [Google Scholar] [CrossRef]

	



Monje, A.; Catena, A.; Borgnakke, W.S. Association between diabetes mellitus/hyperglycaemia and peri-implant diseases: Systematic review and meta-analysis. J. Clin. Periodontol. 2017, 44, 636–648. [Google Scholar] [CrossRef] [PubMed]

	



Derks, J.; Tomasi, C. Peri-implant health and disease. A systematic review of current epidemiology. J. Clin. Periodontol. 2015, 42, S158–S171. [Google Scholar] [CrossRef] [PubMed]








[image: Cimb 44 00085 g001 550] 





Figure 1. The dual-light aPDT device was used in the study. (A) The packaging provided for the study subjects included the effervescent ICG tablets (*) to be dissolved in 30 mL of water, for which a measuring cup (**) was provided. A power source (***) was provided for the mouthguard-type light applicator (B). The mouthpiece (*) is composed of 48 LED components (**) able to provide 405 nm and 810 nm light simultaneously. Symmetrically assembled LEDs provided light for both the maxillary and mandibular dental arches. The button on the control unit provided a treatment time of 10 min (***). Dissolved mouth rinse can be seen in the glass. 
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Figure 2. The power calculation. 
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Figure 3. The dots represent the measured individual values, the bars represent the mean, and the error bars are the standard error of the mean. (A) There was a reduction in aMMP-8 measured from PISF between the pretreatment and after four weeks of treatment. The red line represents the normal value in PISF measurements in implant patients. (B) After two weeks of single-use of the dual-light aPDT device, a suggestive reduction in VPI was measured. After the subsequent use of twice a day, VPI was significantly lower. (C) Bleeding on probing was positive in all study subjects at the beginning of the study. However, it was measured negative in three patients at four weeks. (D) One implant pocket showed a reduction in PD during the four-week study period. 
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Figure 4. This 89-year-old patient (A) showed buccal bone loss, assessed using an intraoral X-ray (B), and a gingival fistula at the study implant D13 (C). The visual plaque index measured 1/3 at the beginning of the study, with a probing depth of 4 mm. The aMMP-8 value in the peri-implant sulcular fluid was 78.18 ng/mL at the beginning of the study (D). After two weeks of Lumoral® dual-light aPDT treatment repeated once a day, the aMMP-value was 51.70 (D), after which the Lumoral® treatment was repeated twice a day for the next two weeks. At four weeks, the aMMP-8 was 23.76 ng/mL, and the visual plaque index measured 0/3. In this patient, bleeding on probing was measured positive though the whole study period, and no change was observed in the probing depth. 
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Table 1. The patient characteristics.
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Patient Characteristics (n = 7)






	
Gender (M/F)

	
4/3




	
Age (years)

	
65−89




	
Smoking (yes/no)

	
0/7




	
Diabetes (yes/no)

	
0/7




	
Rheumatic (yes/no)

	
0/7




	
Asthma (yes/no)

	
1/6




	
Heart disease (yes/no)

	
2/5
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