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Abstract

:

In view of increasing antibiotic resistance, antimicrobial photodynamic therapy (aPDT) is an alternative treatment method used to eradicate the microbial community of oral biofilms that can be responsible for different oral infections. In order to investigate changes in the microbial composition after application of aPDT with visible light and water-filtered infrared A (VIS+wIRA) in combination with indocyanine green (ICG), oral microorganisms of the initial and mature biofilm were evaluated by mass spectrometry (MALDI-TOF-MS). To determine surviving microorganisms using MALDI-TOF-MS, an in situ biofilm was irradiated with VIS+wIRA for five minutes in the presence of ICG (300 and 450 µg/mL, respectively). Treatment with chlorhexidine (0.2%) served as positive control. Identified microorganisms of the initial biofilm treated with ICG showed a clear reduction in diversity. The microbial composition of the mature oral biofilm also showed changes after the implementation of aPDT, which mainly resulted in a shift in the percentage of bacterial species. The resulting destruction of the microbial balance within the oral biofilm by aPDT using VIS+wIRA and ICG can be seen as an advantageous supplementary approach in the adjunctive treatment of periodontitis and peri-implantitis.
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1. Introduction


The treatment of biofilm-associated diseases is one of the most important challenges in medicine, especially due to increasing antibiotic resistance. Consisting of different bacterial species and extracellular polymeric substance, biofilms can be found in many border areas in the human body and can cause serious infections in the ears, urinary tract, around catheters or implants and especially in the oral cavity [1]. More than 60% of all microbial infections seem to be related to microbial biofilms [2]. This also includes oral biofilms consisting of more than 700 different microorganisms, of which not all are known to date [3,4,5]. Numerous bacteria colonize the oral cavity from birth, considered to be physiological [6]. The question of “which bacterial composition is defined as healthy oral flora” still remains open. In this context, diverse literature reports describe the health-promoting properties of individual microorganisms, such as Actinomyces spp., Neisseria spp., Granulicatella spp., Veillonella spp. and some streptococci [7]. Zaura et al. (2009) investigated the microbial composition of healthy oral cavities with the aim of identifying a core microbiome that is said to be responsible for the development of functional stability and homeostasis [8]. The study showed a large number of matching bacterial sequences in unrelated subjects, a fact which supports the theory of a basic core microbiome [8]. The predominant phyla found in the study were Firmicutes (genera Streptococcus, Granulicatella and Veillonella), Actinobacteria (genera Actinomyces, Rothia and Corynebacterium), Proteobacteria (genera Neisseria and Haemophilus), Fusobacteria and Bacteroidetes (genera Prevotella, Porphyromonas and Capnocytophaga).



However, oral bacteria also have the potential to trigger serious diseases [3]. Pathogens, such as Aggregatibacter actinomycetemcomitans or Porphyromonas gingivalis, which belong to the group of Gram-negative bacteria, are suspected of causing periodontal diseases [7,9,10]. With regard to the problematic formation of dental plaque and caries, Gram-positive cocci and rods are often involved. These Gram-positive cocci include bacterial species such as Streptococcus mutans, Streptococcus mitis and Streptococcus oralis, while the Gram-positive rods include bacterial species such as lactobacilli or representatives of Actinomyces spp. [6,11]. In addition to causing periodontal infections, the subgingival biofilm can also be involved in the development of systemic diseases [12]. Despite the developments of chemical agents for microbial inactivation, the concern of microorganisms developing resistance within the biofilm remains [13]. It is therefore necessary to find further supportive therapeutic approaches that specifically destroy the balance of microorganisms in the biofilm, as this is responsible for microbial resistance [14].



In contrast to the unfavorable results of conventional oral biofilm treatments, the application of antimicrobial photodynamic therapy (aPDT) as a non-invasive, biofilm-specific photochemical technique promises a cost-effective treatment of oral infections and can be considered as an adjunctive treatment method to antibiotic therapy [15,16]. For aPDT, a photosensitizing substance, the presence of oxygen and a suitable light source with a wavelength complying with the absorption spectrum of the photosensitizer are required in order to exert an unspecific damaging effect [17]. Upon illumination, the photosensitizer absorbs radiation energy, which leads to the excitation of its state and results, via stable intermediate steps, in the generation of reactive oxygen species (ROS) [13]. Conversely, part of the excited photosensitizer remains unstable and does not carry out any subsequent reactions, but releases its energy as fluorescence or heat [18]. Common broadband halogen lamps or light-emitting diodes (LED) are suitable as light sources for the purpose of light-induced activation [13,19,20,21]. Nevertheless, the limited emission wavelength spectrum associated with low-cost LED devices and halogen lamps leads to tissue overheating [22].



Protection of an irradiated structure can be accomplished by the already described broadband light source, consisting of a combination of visible light wavelengths (VIS) with water-filtered infrared A (wIRA) radiation [23]. The water filter reduces the main proportions of infrared B and infrared C, so that the radiation is limited to the wavelength range of VIS and wIRA (VIS+wIRA) [24]. In contrast to conventional halogen lamps, radiators emitting wIRA enable higher energy transfer into the tissue and reduce the thermal load on superficial tissue layers at the same time [25]. Additional advantages can be seen in an increased partial pressure of oxygen in the tissue and an improved blood flow to the tissue, which promotes tissue regeneration and pain relief [26,27].



Numerous studies have already reported high rates of reduction in viable microorganisms by aPDT of oral biofilms using VIS+wIRA in combination with photosensitizers such as toluidine blue (TB) and chlorine e6 (Ce6) [23,28]. Similar promising results regarding the number of surviving bacteria were also achieved in a recent study with the photosensitizer indocyanine green (ICG) [29]. This anionic photosensitizer is characterized by low toxicity, good tolerance and rare occurrence of side effects [30]. Based on many years of use as a diagnostic agent, for example, for examining liver function, in the field of ophthalmology and in dermatology, in which the photosensitizer was injected intravenously for examining circulatory conditions, a safe use of ICG can be considered [31,32]. The high affinity to bind to proteins and rapid elimination via the liver prevent accumulation in the body and consequently repeated applications of the photosensitizer are possible [30]. However, it is still unknown whether the microbial population in the biofilm treated with ICG remains pathogenic, and further biofilm formation is to be expected.



For this reason, the current study examined the influence of aPDT with VIS+wIRA in combination with ICG on the in situ microbial community after a biofilm formation period of two hours and three days, respectively. The composition of surviving microorganisms from the treated initial and mature oral biofilms was determined by the culture technique. The obtained results serve as a prerequisite for further clinical studies to gain knowledge on the possible use of ICG as a photosensitizer with VIS+wIRA as an adjunctive to conventional methods in the treatment of periodontal infections in dentistry.




2. Materials and Methods


2.1. Photosensitizer and Light Source


In contrast to many previous studies on aPDT, the photosensitizer ICG (perio green®, elexxion, Singen, Germany) was used. The optical absorption spectrum of ICG showed maximum absorption peaks in the range from 800 to 830 nm [33]. Due to the contraindication given by the manufacturer regarding iodine allergy, it can be assumed that about 5% iodide is added to improve the solubility of the photosensitizer [34]. For the preparation of the ICG solution, the substance had to be dissolved with water (Aqua ad iniectabilia Braun, B. Braun, Melsungen, Germany) as a solvent in concentrations of 300 and 450 µg/mL ICG [32]. The dissolved ICG was stored in the dark for no longer than four hours in order to exclude premature light-induced photochemical reactions and to prevent a reduced effect of the photosensitizer [35].



Since the binding to plasma proteins leads to a concentration-dependent shift in the absorption spectrum of ICG, a light source with a broad wavelength spectrum was chosen [36]. For the purpose of light-induced excitation, a VIS+wIRA broadband radiator (Hydrosun® 750 FS, Hydrosun Medizintechnik, Müllheim, Germany) with a 7 mm water cuvette was used, as described in other studies [23,37,38,39]. Instead of the standard light filter, an orange filter of type BTE 31 was investigated, which emphasizes the desired emission in relation to the absorption spectrum of protoporphyrin IX of more than twice the conventional filter (BTE 595). Due to the absorption by the water molecules, there is a continuous wavelength spectrum from 570 to 1400 nm with local minima at 970, 1200 and 1430 nm [40]. The radiator was set up at a distance of 20 cm from the specimens prepared and deposited in a water bath. For all irradiated test groups, an effective irradiation with VIS+wIRA of 200 mW/cm2 was applied, which consisted of approximately 48 mW/cm2 VIS and 152 mW/cm2 wIRA [23]. Emissions of ultraviolet radiation as well as infrared B and C, which were emitted by the halogen lamp (dimensions: 28 × 27 × 28 cm) with a power consumption of 750 W (nominal voltage: 230 V, 50–60 Hz), were negligible due to absorption by the water filter [41].




2.2. Sample Preparation and Biofilm Formation


For the preparation of the specimens, incisors from 2-year-old BSE-free cattle that were slaughtered at a slaughterhouse were used (Emil Färber GmbH & Co. KG, Freiburg, Germany). In the manufacture of the cylindrical specimens (diameter: 5 mm, surface: 19.63 mm2, height: 1.5 mm), only the tooth surfaces facing the cheek were used, as has already been described in other studies [42]. The bovine enamel slabs (BES) were polished using a wet grinder (Knuth-Rotor-3, Struers, Willich, Germany) using sandpaper (grit sizes from 250 to 4000) with decreasing grain size. Finally, the specimens were cleaned according to a disinfection protocol as described in earlier studies [43]. With the help of a situation model of the upper jaw, an individually adapted maxillary splint made of polymethylmethacrylate (PMMA) was manufactured for each of the study participants, to whose side wings six BES were attached using an addition-curing silicone (Panasil® initial contact X-Light, Kettenbach, Eschenburg, Germany) [28]. The maxillary splint enabled precise positioning of the BES in the interdental area facing the cheek between the premolars and molars and prevented movements of the tongue or cheek from causing disturbances in biofilm formation during the study period [37].



A total of 12 BES were worn for a duration of two hours or three days by each of the healthy study participants. Three healthy volunteers (average age: 28 years) were selected. Pathological abnormalities were excluded during the clinical examination of general and dental health. Other exclusion criteria were smoking, pregnancy or breastfeeding, the presence of dry mouth, taking medication or using mouthwash solutions such as CHX or antibiotics in the past three months. The study protocol was reviewed and approved by the local ethics committee (no. 502/13). An explanation and declaration of consent were signed by all participants in advance and are available in writing. In order to avoid interruptions in biofilm formation, the maxillary splints with the specimens were not cleaned during each period and were only removed and temporarily stored in sterile saline solution (0.9% NaCl) during meals and oral care. After biofilm formation, the BES were removed from the mouth and released from the splint. The specimens were then rinsed with 0.9% NaCl to remove non-adherent salivary remnants and bacteria before the biofilm was treated further [43].




2.3. Treatment and Cultivation of Biofilm Samples


After the natural biofilm formation, the BES with the adhering biofilm were placed in previously prepared solutions in multiwell cell culture plates (24-well multiwell plate, Greiner Bio-One, Frickenhausen, Germany) and incubated for two minutes in the dark to allow the photosensitizer to penetrate the biofilm without any influence of daylight. An effect by daylight may interfere with the effects of the novel light source consisting of VIS+wIRA. In addition to the concentrations of 300 and 450 µg/mL ICG to be tested, an untreated sample served as negative control (0.9% NaCl), while a sample treated with 0.2% chlorhexidine (CHX) served as positive control. The irradiation with VIS+wIRA was carried out for the samples with the photosensitizer for five minutes at 37 °C in a water bath, while the control groups stayed in the dark.



After treatment, the BES were transferred to sterile tubes (Eppendorf Tubes®, Eppendorf, Wesseling-Berzdorf, Germany) with 0.9% NaCl and were ultrasonicated for two minutes to remove the adherent bacteria of the initial (two hours) and mature biofilm (three days) from the enamel surface. The tubes were then vortexed using a vibration mixer (Vortex-Genie™ 2, Scientific Industries SI™, New York, NY, USA) for 30–45 s in order to release the microorganisms in the solution. The suspensions of the BES treated with aPDT, the untreated BES (negative control) and BES treated with CHX (positive control) were diluted according to a dilution series with 0.9% NaCl up to 1:104 for the initial biofilm and up to 1:106 for the mature biofilm. Each dilution was plated onto CBA and HCB plates followed by cultivation in an incubator (Heracell™ 150, Thermo Fisher Scientific Inc., Waltham, MA, USA) at 37 °C under aerobic conditions and anaerobic conditions using airtight reagent containers (Anaerocult® A, Merck, Darmstadt, Germany). The subsequent quantification of the cultured microorganisms was carried out by visual determination of the CFU on the plates using a colony counter (WTW BZG 40, Xylem Analytics Germany Sales, Weilheim, Germany) and was part of a previous study [29].




2.4. Differentiation of the Microbial Composition


The bacterial colonies obtained after cultivation on the nutrient media were initially counted and differentiated according to their appearance, smell and hemolysis behavior. The creation of subcultures by means of a fractional three-eyelet smear was used to isolate noticeable bacteria in order to obtain pure cultures of the various microorganisms in the biofilm. The precise identification of the pure cultures was carried out using matrix-assisted laser desorption ionization-time-of-flight mass spectrometry (MALDI-TOF-MS) and was performed in a MALDI Biotyper (MALDI Biotyper Microflex LT, Bruker Daltonik, Bremen, Germany) already described previously [44]. According to the manufacturer’s information and settings, mass analysis spectra of the individual pure cultures were obtained which were compared using the Brucker Biotyper program (version 3.0, Bremen, Germany) with a reference database containing about 3740 reference mass analysis spectra. Resulting matches were given using a logarithmic scale value. An identification of the species corresponded to a value of ≥2.0, whereas a value of ≥1.7 only provided reliable information about the genus. At values below 1.7, there was no significant correspondence between the mass analysis spectrum obtained and the database entries. In the case of questionable results, the analysis of the bacterial culture was repeated several times until a clear assignment was possible.




2.5. Statistical Analysis


Due to the small sample numbers and massive detected microbial parameters, only a descriptive depiction of the results was performed.





3. Results


In the present study, the initial and mature supragingival biofilm was cultivated in vivo on bovine enamel slabs which were fixed on individual splint systems worn by three healthy volunteers. The oral biofilm was treated by visible light and water-filtered infrared A (VIS+wIRA) in combination with indocyanine green (ICG) and the surviving bacteria were isolated and identified using the culture technique and matrix-assisted laser desorption ionization-time-of-flight mass spectrometry (MALDI-TOF-MS). Untreated biofilm samples were used as negative control and biofilm samples treated with chlorhexidine (CHX) served as positive control.



3.1. Reduction in Bacterial Diversity within the Initial Biofilm after Treatment with VIS+wIRA in Combination with ICG as Photosensitizer


By differentiating the microbial mass analysis spectra, individual bacterial species could be recorded and their proportion in the bacterial community determined. The comparison of the detected microorganisms in the untreated negative control with those of the positive control treated with CHX and the microbial composition of the biofilm treated the tested concentrations of ICG showed that there was a change in the oral biofilm composition. The percentages in the following explanation for the respective formation time refer to all examined subjects together.



In the negative control of the initial biofilm after two hours, shown in Figure 1a, four different groups of bacteria were identified. Within Firmicutes, numerous streptococci (67.59%), Gemella spp. (4.81%) and Veillonella spp. (1.34%) were detected. In addition, Actinobacteria like Actinomyces spp. (10.33%), Rothia spp. (4.50%) and Atopobium spp. (1.58%), and the Proteobacteria Neisseria spp. (6.31%), Eikenella spp. (1.58%), Haemophilus spp. (0.79%) and Lautropia spp. (0.79%), were registered. Furthermore, Capnocytophaga, from the phylum of Bacteroidetes, was found to a small extent (0.39%) (Figure 1b). The evaluation of different streptococci in Figure 1c, which accounted for the largest percentage of initially adhering bacteria, shows a dominance of Streptococcus mitis with 75.85% over other streptococci such as Streptococcus oralis (16.34%), Streptococcus sanguinis (5.83%), Streptococcus parasanguinis (1.28%) and Streptococcus australis (0.70%).



By using 0.2% CHX in the positive control, the composition of bacteria in all subjects was limited to Firmicutes (Figure 2a). As can be seen in Figure 2b, the diversity of 11 different bacterial genera in the negative control was reduced to streptococci (100.00%), whereby only S. mitis (75.00%) and S. sanguinis (25.00%) could be determined (Figure 2c).



In the samples treated with a concentration of 300 µg/mL ICG, a shift in the percentages of Firmicutes (50.0%), Actinobacteria (46.4%) and Proteobacteria (3.6%) was found compared to the untreated control, whereas representatives of Bacteroidetes could no longer be detected (Figure 3a). Further, also noticeable is the reduction in bacterial genera after the irradiation of the initial biofilm shown in Figure 3b, which were limited to Streptococcus spp. (39.29%), Granulicatella spp. (10.71%), Rothia spp. (35.71%), Actinomyces spp. (10.71%) and Moraxella spp. (3.57%). The barely predominant proportion of streptococci consisted equally of S. mitis (45.45%) and S. parasanguinis (45.45%) as well as a smaller proportion of S. sanguinis (9.09%) (Figure 3c).



In the case of the tested concentration of 450 µg/mL ICG, the photosensitizer as part of the aPDT was able to kill all pathogens in all examined subjects, so that no microorganisms could be identified.




3.2. Change in the Microbial Composition of Mature Oral Biofilm after Performing aPDT with ICG


In the evaluation of the untreated negative control of the mature oral biofilm, apart from Firmicutes, Proteobacteria and Actinobacteria, also Fusobacteria and representatives of Bacteroidetes could be distinguished (Figure 4a). Similar to the initial biofilm, streptococci represented the largest proportion of bacteria within the microbial composition of the mature oral biofilm with 42.64%, as shown in Figure 4b. With regard to the percentage distribution, Campylobacter spp. followed with 15.35% and with almost 10% Gemella spp. (9.82%) and Neisseria spp. (9.60%), which were also present in the biofilms. In addition, smaller proportions of Veillonella spp. (6.77%), Eikenella spp. (1.14%), Haemophilus spp. (0.74%), Actinomyces spp. (5.42%), Rothia spp. (4.50%), Fusobacterium spp. (2.26%), Capnocytophaga spp. (0.39%) and Prevotella spp. (0.01%) could be identified. Within the dominant genera of streptococci, S. mitis showed an especially high proportion of 82.53%. Further, proportions of S. gordonii (7.94%), S. sanguinis (6.62%) and S. oralis (2.91%) were also detected (Figure 4c).



The comparison of the positive control in Figure 5a and the negative control (Figure 4) shows that even after using CHX, Firmicutes (64.4%), Actinobacteria (22.3%), Proteobacteria (12.0%), Bacteroidetes (0.8%) and Fusobacteria (0.5%) could be found, whereby a shift in the respective percentages could be determined. Furthermore, the bacterial genera of the examined mature biofilm showed only a slight change in diversity, so that the genera Streptococcus, Gemella, Veillonella, Granulicatella, Rothia, Actinomyces, Campylobacter, Neisseria, Eikenella, Capnocytophaga and Fusobacterium could be detected (Figure 5b). More than half of the identified bacteria (50.56%) belonged to streptococci which were mainly represented by S. mitis (59.08%). Detected streptococci also include S. oralis, S. gordonii, S. parasanguinis and S. sanguinis, as shown in Figure 5c.



According to the illustration of the biofilm treated with 300 µg/mL ICG shown in Figure 6a, five different bacterial strains were still present. In addition to a reduced proportion of Firmicutes (37.5%) and Proteobacteria (4.1%), a particularly high proportion of Bacteroidetes (22.3%) and Fusobacteria (11.3%) was noticeable compared to the negative control (Figure 4). The detected bacterial genera in Figure 6b, which are Streptococcus, Veillonella, Actinomyces, Rothia, Capnocytophaga, Fusobacterium, Campylobacter, Neisseria, Eikenella, Lautropia and Haemophilus, only suggest a slight reduction in diversity. Although streptococci represented a smaller proportion of the microbial composition compared to the untreated control, these microorganisms formed the largest genus (33.00%) within the biofilm samples treated with ICG. The identified streptococci consisted of S. oralis (47.07%), S. sanguinis (39.97%), S. parasanguinis (12.89%), S. mitis (0.03%) and Streptococcus spp. (0.03%) (Figure 6c).



Even after treatment with aPDT and a higher concentration of 450 µg/mL ICG, Firmicutes, Proteobacteria, Actinobacteria, Bacteroidetes and Fusobacteria could be detected, as shown in Figure 7a. In comparison with the untreated control, the percentage of Firmicutes was reduced to 33.7% with the help of the tested concentration, leading to an increase in the other percentages. However, no clear reduction in the number of bacterial genera was found (Figure 7b). Apart from a reduced proportion of streptococci (27.74%), Veillonella spp. (5.95%), Neisseria spp. (18.78%), Campylobacter spp. (5.54%), Haemophilus spp. (3.66%), Eikenella spp. (2.75%), Lautropia spp. (0.92%), Actinomyces spp. (14.65%), Rothia spp. (9.86%), Capnocytophaga spp. (5.49%), Porphyromonas spp. (1.83%) and Fusobacterium spp. (2.26%) could also be classified. As can be seen in Figure 7c, the streptococci were largely composed of S. oralis (62.71%), but also of S. parasanguinis (26.73%), S. gordonii (7.26%) and S. sanguinis (3.30%).





4. Discussion


Microorganisms within biofilms are highly resistant towards antibiotics and disinfectants [45,46]. Hence, complementary procedures, such as aPDT, offer a good opportunity to eradicate bacteria also within the oral biofilm [23,38,47]. Based on promising results with other photosensitizers, the effect of aPDT using VIS+wIRA in combination with ICG on oral biofilm composition was examined after formation periods of two hours and three days [28]. In contrast to the other studies with ICG, the biofilm examined was generated in situ on bovine enamel slabs and subjected to aPDT ex vivo. A previous study showed that VIS+wIRA in combination with ICG significantly reduced the number of planktonic bacteria within human saliva as well as the viable counts of oral microorganisms within initial adhesion and mature oral biofilms [29]. In the present study, the aim was to investigate whether aPDT with VIS+wIRA as the light source and ICG as the photosensitizer is able to change the diversity of living bacteria in the biofilm and to influence their microbial balance.



In terms of density, mineralization and structure, bovine enamel slabs (BES) show almost identical physicochemical properties to human enamel samples and are therefore well suited for the generation of biofilms in situ [42,48,49]. Due to these advantages, BES were used in this study.



Unlike most previous experiments with ICG, broadband heat radiation filtered by a water band was used in this study. The halogen lamp of the radiator produces a wide emission wavelength spectrum in the range of 570–1400 nm, which can be seen as an advantage over conventional LED and laser light sources with a limited wavelength spectrum. The additional water filtering largely reduces the proportion of released infrared B and infrared C in order to reduce unwanted skin damage and to prevent overheating as caused by conventional halogen lamps [25,50,51]. An increase in the temperature of the tooth pulp was also observed when using LED lamps, which can be assessed as a disadvantage [52]. Due to their high penetration capacity by VIS+wIRA, microorganisms can be affected even in deeper tissue layers, characterized by a reduced effect of antibiotics under oxygen deficiency in the subcutaneous tissue [53]. Additionally, the penetration of VIS+wIRA in deeper tissue layers provides an opportunity to reduce bacteria in the poorly accessible biofilm. The depth effect of VIS+wIRA is also evident in an increased tissue perfusion, a temperature rise of 2.7 °C in a tissue depth of 2 cm and an increase in the prevailing oxygen partial pressure by 30% [53,54,55]. The resulting activation of the immune system and promotion of wound healing are a potential positive aspect, especially with regard to the treatment of periodontitis or peri-implantitis, which are based on an inflammatory process with locally weakened immune defense [56]. In addition, the increased tissue blood flow enables the elimination of bacterial toxins and improves the local defense against infection in the affected tissue via subsequent immunomodulation effects [25]. The irradiation time in the present study was set to five minutes in order to simulate a realistic duration of use in daily dental practice with regard to an adjunctive treatment.



In contrast to other dyes, ICG, as a representative of the polymethine group, has been approved by the Food and Drug Administration (FDA) and shows differences in its effects compared to established photosensitizers [57,58]. Since most of the absorbed light is converted into fluorescence and heat during application, ICG can be assumed to mainly have a photothermic effect in combination with a photodynamic effect [18,59]. In oncology, in addition to the fluorescence of the photosensitizer, the combined effects of the formation of reactive oxygen species and the hyperthermia effect of ICG are used to detect tumors and to eliminate them in a minimally invasive manner [60]. A substance-removing effect of pathologically altered tissue could also be demonstrated in cariology through the use of aPDT in combination with ICG [61,62]. Due to the nonspecific reaction of ICG-based aPDT, heat-induced tissue damage is possible, so that a suitable irradiance and duration of use should not be exceeded [63]. Using ICG with a low laser power (200–400 mW), on the other hand, might be gentle on the tissue and, in addition to microbial elimination including antibiotic-resistant microorganisms, could lead to an improvement in wound healing [32].



After carrying out the aPDT and successfully cultivating surviving microorganisms, visible bacterial colonies were classified according to morphological and biochemical criteria and transferred to pure cultures. Due to the cultivation, difficulties arose in differentiating the total microbial population of the biofilm. Different nutrient requirements and growth rates of the different bacterial species, which can compete with each other, only allow a smaller part of the bacterial composition to be recorded with this method, since not all bacterial species are cultivable and thus visible on the nutrient media [64]. According to the literature, it is not possible to cultivate the majority of the microorganisms that colonize the oral cavity [65]. Within the limits of this method, MALDI-TOF-MS was used to precisely identify cultivable bacteria. The method was characterized by its ease of use, short analysis times and high precision at a relatively low cost [44]. Mass spectrometry can also reliably identify all bacteria stored in databases, independent of the nutrient media, and is able to replace time-consuming biochemical differentiation methods for routine use [66,67]. The identification of bacteria using biochemical methods requires an additional 48 h after obtaining the pure bacterial cultures compared to the five minutes analysis time of pure bacterial isolates using MALDI-TOF-MS [44]. Furthermore, the comparison of MALDI-TOF-MS with the 16S rDNA sequencing method, considered the gold standard in bacterial identification, revealed the excellent discriminatory power of MALDI-TOF-MS to differentiate critical oral lactobacillus species, which have substantial similarities in their 16S rDNA genes [44].



In addition to the bacteria-eliminating effect of ICG reported in an earlier study, the influence of aPDT on the composition of the oral biofilm could be also meaningful for the adjunctive treatment of periodontitis and peri-implantitis [3,4,5,29]. In the untreated initial biofilm, numerous bacterial species were identified, and can be summarized in 11 bacterial genera. These microorganisms mainly belonged to the early colonization group [68]. At almost 68%, oral streptococci were the predominant microorganisms of the initial biofilm. This result is also reflected in the literature, which describes a biofilm with an oral streptococcal fraction of 60–90% a few hours after cleaning the tooth surfaces [69].



Treatment with CHX (0.2%) almost completely killed all microorganisms with the exception of a few streptococci, which confirms the bactericidal effect of the concentration used [70]. The initial biofilm was shown to be more easily eradicated by CHX than the mature biofilm. This is in agreement with already described results in the literature [71]. As a possible explanation, the higher susceptibility of Gram-positive bacteria, which form the majority of the microorganisms of the initial biofilm, to CHX compared to Gram-negative bacteria can be considered [72].



In all subjects, a high reduction in diversity at a lower ICG concentration and the complete elimination of all microorganisms at a higher ICG concentration was achieved by aPDT. The results of a high reduction in diversity show the effectiveness of aPDT with ICG, especially at the beginning of biofilm formation. This could be due to the fact that the initial biofilm is still unstable and therefore susceptible to antimicrobial substances [73,74]. The reduction in the number of bacteria and the low diversity of the initial biofilm hinder further biofilm formation, as the lack of early colonizers means that biofilm formation could be disturbed or only partially possible [75].



In contrast to the initial adhesion, the treatment of the mature oral biofilm was characterized by the presence of numerous other bacterial species which could be classified into 12 different bacterial genera. Oral streptococci also accounted for the largest proportion of the total bacterial count in this stable bacterial network. Unlike the microbial composition of the initial biofilm, late colonizers were also found, such as Campylobacter spp., Capnocytophaga spp., Veillonella spp. and Fusobacterium spp., which have an important function as bridging agents within the biofilm [76,77].



In the mature oral biofilm, treatment with CHX showed only a reduction in diversity to 11 different bacterial genera. This result emphasizes the higher resistance of the microorganisms within the mature biofilm compared to the initially adhered microorganisms, which apart from a few streptococci were eradicated. This increased tolerance of microorganisms growing in biofilms to antimicrobial agents is attributed to the presence of a biofilm matrix, also known as an extracellular polymeric substance (EPS), which due to its high viscosity can slow down drug diffusion or even act as a barrier. Additionally, an altered gene expression from local biofilm bacteria compared to planktonic cells is suspected [13].



A similarly small change in the composition was achieved with the tested ICG concentrations, which was mainly based on a shift in the percentages of the total microbial composition. According to these changes, the decline in Firmicutes is particularly noticeable, with Gram-positive bacteria such as Gemella spp. and Streptococcus spp. in particular decreasing. Primary colonizers as oral streptococci are essential for further biofilm formation, since late colonizers can only indirectly bind to the pellicle via these microorganisms [78]. Therefore, a reduction in these species leads to disturbances of the structural balance within the biofilm and makes it more difficult for further microorganisms to attach. Bacteroidetes, which belong to the Gram-negative bacteria, have been less reduced by ICG, which increases their proportion within the irradiated biofilm. This suggests that Gram-positive bacteria in particular are highly susceptible to aPDT with ICG, similar to the experience with CHX [72]. Although individual bacterial genera could be completely eliminated by treatment with the photosensitizer, the diversity of the biofilm was not changed or only changed slightly. Both the initial adhesion and the mature biofilm showed a heterogeneous composition of surviving microorganisms in the individual test subjects. This could mainly be attributed to individual saliva compositions and the different microbiological compositions of the individual participants before treatment. There are different reports regarding certain bacteria such as so-called mutans streptococci, consisting of Streptococcus mutans and Streptococcus sobrinus, which should be considered pathogenic in the supragingival oral biofilm regarding the development of caries. However, the ecological caries hypothesis and the extended ecological caries hypothesis consider a wide range of bacteria within the oral biofilm as the etiological cause of caries [79]. This means a balance within the total supragingival oral biofilm can be considered as pathogenic if exposed to a certain diet containing a high proportion of carbohydrates like sugar. Hence, an alteration of biofilm diversity by aPDT may reduce its pathogenicity.




5. Conclusions


The treatment of the initial and mature biofilm with VIS+wIRA in combination with ICG causes a change in the biofilm composition in addition to the primary reduction in the number of living bacteria. Gram-positive microorganisms appear to be more sensitive to treatment with VIS+wIRA and ICG. Hence, the balance of microorganisms within the oral biofilm seems to be disturbed by this novel aPDT applied here. This can be considered as a successful adjunctive treatment method for peri-implantitis and periodontitis and can increase the susceptibility of the oral biofilm to further therapeutic interventions involving conventional antimicrobials. The clinical impact of this novel approach should be evaluated in studies involving dental patients suffering from periodontitis or peri-implantitis.







Author Contributions


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




Funding


This research was funded by the Swiss Braun Science Foundation and in part by the German Research Foundation (DFG, AL 1179/2-1).




Acknowledgments


Bettina Spitzmüller is acknowledged for skillful technical laboratory assistance.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.




References


	



De Melo, W.C.; Avci, P.; de Oliveira, M.N.; Gupta, A.; Vecchio, D.; Sadasivam, M.; Chandran, R.; Huang, Y.-Y.; Yin, R.; Perussi, L.R.; et al. Photodynamic inactivation of biofilm: Taking a lightly colored approach to stubborn infection. Expert Rev. Anti Infect. Ther. 2013, 11, 669–693. [Google Scholar] [CrossRef]

	



Lewis, K. Riddle of biofilm resistance. Antimicrob. Agents Chemother. 2001, 45, 999–1007. [Google Scholar] [CrossRef]

	



Paster, B.J.; Boches, S.K.; Galvin, J.L.; Ericson, R.E.; Lau, C.N.; Levanos, V.A.; Sahasrabudhe, A.; Dewhirst, F.E. Bacterial diversity in human subgingival plaque. J. Bacteriol. 2001, 183, 3770–3783. [Google Scholar] [CrossRef] [PubMed]

	



Dewhirst, F.E.; Chen, T.; Izard, J.; Paster, B.J.; Tanner, A.C.R.; Yu, W.-H.; Lakshmanan, A.; Wade, W.G. The human oral microbiome. J. Bacteriol. 2010, 192, 5002–5017. [Google Scholar] [CrossRef] [PubMed]

	



Griffen, A.L.; Beall, C.J.; Firestone, N.D.; Gross, E.L.; DiFranco, J.M.; Hardman, J.H.; Vriesendorp, B.; Faust, R.A.; Janies, D.A.; Leys, E.J. CORE: A phylogenetically-curated 16S rDNA database of the core oral microbiome. PLoS ONE 2011, 6, e19051. [Google Scholar] [CrossRef] [PubMed]

	



Sanderink, R.B.A. Curriculum orale Mikrobiologie und Immunologie; Quintessenz-Verlag: Berlin, Germany, 2004; ISBN 978-3-87652-443-6. [Google Scholar]

	



Sanz, M.; Beighton, D.; Curtis, M.A.; Cury, J.A.; Dige, I.; Dommisch, H.; Ellwood, R.; Giacaman, R.A.; Herrera, D.; Herzberg, M.C.; et al. Role of microbial biofilms in the maintenance of oral health and in the development of dental caries and periodontal diseases. Consensus report of group 1 of the Joint EFP/ORCA workshop on the boundaries between caries and periodontal disease. J. Clin. Periodontol. 2017, 44, S5–S11. [Google Scholar] [CrossRef]

	



Zaura, E.; Keijser, B.J.; Huse, S.M.; Crielaard, W. Defining the healthy “core microbiome” of oral microbial communities. BMC Microbiol. 2009, 9, 259. [Google Scholar] [CrossRef]

	



Rupf, S.; Jentsch, H.; Eschrich, K. Lebensraum Mundhöhle: Mikroorganismen und orale Erkrankungen. Biol. Unserer Zeit 2007, 37, 51–59. [Google Scholar] [CrossRef]

	



Demmer, R.T.; Papapanou, P.N.; Jacobs, D.R., Jr.; Desvarieux, M. Bleeding on probing differentially relates to bacterial profiles: The Oral Infections and Vascular Disease Epidemiology Study. J. Clin. Periodontol. 2008, 35, 479–486. [Google Scholar] [CrossRef]

	



Hellwig, E.; Klimek, J.; Attin, T. Einführung in die Zahnerhaltung; Elsevier, Urban&FischerVerlag: Munich, Germany, 2007; ISBN 3-437-05580-1. [Google Scholar]

	



Maddi, A.; Scannapieco, F.A. Oral biofilms, oral and periodontal infections, and systemic disease. Am. J. Dent. 2013, 26, 249–254. [Google Scholar]

	



Cieplik, F.; Tabenski, L.; Buchalla, W.; Maisch, T. Antimicrobial photodynamic therapy for inactivation of biofilms formed by oral key pathogens. Front. Microbiol. 2014, 5. [Google Scholar] [CrossRef] [PubMed]

	



Beighton, D. Can the ecology of the dental biofilm be beneficially altered? Adv. Dent. Res. 2009, 21, 69–73. [Google Scholar] [CrossRef] [PubMed]

	



Diogo, P.; Fernandes, C.; Caramelo, F.; Mota, M.; Miranda, I.M.; Faustino, M.; Neves, M.; Uliana, M.P.; de Oliveira, K.T.; Santos, J.M. Antimicrobial photodynamic therapy against endodontic Enterococcus faecalis and Candida albicans mono and mixed biofilms in the presence of photosensitizers: A comparative study with classical endodontic irrigants. Front. Microbiol. 2017, 8, 498. [Google Scholar] [CrossRef] [PubMed]

	



Meimandi, M.; Ardakani, M.R.T.; Nejad, A.E.; Yousefnejad, P.; Saebi, K.; Tayeed, M.H. The effect of photodynamic therapy in the treatment of chronic periodontitis: A review of literature. J. Lasers Med. Sci. 2017, 8, S7. [Google Scholar] [CrossRef] [PubMed]

	



Braun, A. Antimikrobielle photodynamische Therapie im Rahmen der Endodontie und Parodontitistherapie. Zahnmed. Up2date 2010, 4, 599–611. [Google Scholar] [CrossRef]

	



Fekrazad, R.; Khoei, F.; Hakimiha, N.; Bahador, A. Photoelimination of Streptococcus mutans with two methods of photodynamic and photothermal therapy. Photodiagnosis Photodyn. Ther. 2013, 10, 626–631. [Google Scholar] [CrossRef]

	



Araújo, T.S.D.; Rodrigues, P.L.F.; Santos, M.S.; de Oliveira, J.M.; Rosa, L.P.; Bagnato, V.S.; Blanco, K.C.; da Silva, F.C. Reduced methicillin-resistant Staphylococcus aureus biofilm formation in bone cavities by photodynamic therapy. Photodiagnosis Photodyn. Ther. 2018, 21, 219–223. [Google Scholar] [CrossRef]

	



Azizi, B.; Budimir, A.; Bago, I.; Mehmeti, B.; Jakovljević, S.; Kelmendi, J.; Stanko, A.P.; Gabrić, D. Antimicrobial efficacy of photodynamic therapy and light-activated disinfection on contaminated zirconia implants: An in vitro study. Photodiagnosis Photodyn. Ther. 2018, 21, 328–333. [Google Scholar] [CrossRef]

	



Decker, E.-M.; Bartha, V.; von Ohle, C. Improvement of antibacterial efficacy through synergistic effect in photodynamic therapy based on thiazinium chromophores against planktonic and biofilm-associated periodontopathogens. Photomed. Laser Surg. 2017, 35, 195–205. [Google Scholar] [CrossRef]

	



Nagata, J.Y.; Hioka, N.; Kimura, E.; Batistela, V.R.; Terada, R.S.S.; Graciano, A.X.; Baesso, M.L.; Hayacibara, M.F. Antibacterial photodynamic therapy for dental caries: Evaluation of the photosensitizers used and light source properties. Photodiagnosis Photodyn. Ther. 2012, 9, 122–131. [Google Scholar] [CrossRef]

	



Karygianni, L.; Ruf, S.; Follo, M.; Hellwig, E.; Bucher, M.; Anderson, A.C.; Vach, K.; Al-Ahmad, A. Novel broad-spectrum antimicrobial photoinactivation of in situ oral biofilms by visible light plus water-filtered infrared A. Appl. Environ. Microbiol. 2014, 80, 7324–7336. [Google Scholar] [CrossRef] [PubMed]

	



Hoffmann, G. Wassergefiltertes Infrarot A (wIRA) in der Dermatologie. Haut. Dermatol. Allergol. Kosmetol. 2013, 24, 228–229. [Google Scholar]

	



Fuchs, S.M.; Fluhr, J.W.; Bankova, L.; Tittelbach, J.; Hoffmann, G.; Elsner, P. Photodynamic therapy (PDT) and waterfiltered infrared A (wIRA) in patients with recalcitrant common hand and foot warts. Ger. Med. Sci. 2004, 2, 2. [Google Scholar]

	



Dobson, J.; Wilson, M. Sensitization of oral bacteria in biofilms to killing by light from a low-power laser. Arch. Oral Biol. 1992, 37, 883–887. [Google Scholar] [CrossRef]

	



Garcez, A.S.; Hamblin, M.R. Methylene blue and hydrogen peroxide for photodynamic inactivation in root canal—a new protocol for use in endodontics. Eur. Endod. J. 2017, 2, 29. [Google Scholar] [CrossRef]

	



Al-Ahmad, A.; Tennert, C.; Karygianni, L.; Wrbas, K.T.; Hellwig, E.; Altenburger, M.J. Antimicrobial photodynamic therapy using visible light plus water-filtered infrared-A (wIRA). J. Med. Microbiol. 2013, 62, 467–473. [Google Scholar] [CrossRef]

	



Burchard, T.; Karygianni, L.; Hellwig, E.; Follo, M.; Wrbas, T.; Wittmer, A.; Vach, K.; Al-Ahmad, A. Inactivation of oral biofilms using visible light and water-filtered infrared A radiation and indocyanine green. Future Med. Chem. 2019. [Google Scholar] [CrossRef]

	



Cherrick, G.R.; Stein, S.W.; Leevy, C.M.; Davidson, C.S. Indocyanine green: Observations on its physical properties, plasma decay, and hepatic extraction*. J. Clin. Investig. 1960, 39, 592–600. [Google Scholar] [CrossRef]

	



Bäumler, W.; Abels, C.; Karrer, S.; Weiß, T.; Messmann, H.; Landthaler, M.; Szeimies, R.-M. Photo-oxidative killing of human colonic cancer cells using indocyanine green and infrared light. Br. J. Cancer 1999, 80, 360–363. [Google Scholar] [CrossRef]

	



Hopp, M.; Biffar, R. Photodynamische Therapie–Blau vs. Grün. Laser J. 2013, 16, 14–25. [Google Scholar]

	



Giraudeau, C.; Moussaron, A.; Stallivieri, A.; Mordon, S.; Frochot, C. Indocyanine green: Photosensitizer or chromophore? Still a debate. Curr. Med. Chem. 2014, 21, 1871–1897. [Google Scholar] [CrossRef] [PubMed]

	



Chiniforush, N.; Pourhajibagher, M.; Shahabi, S.; Bahador, A. Clinical approach of high technology techniques for control and elimination of endodontic microbiota. J. Lasers Med. Sci. 2015, 6, 139–150. [Google Scholar] [CrossRef] [PubMed]

	



Ott, P. Hepatic elimination of indocyanine green with special reference to distribution kinetics and the influence of plasma protein binding. Pharmacol. Toxicol. 1998, 83, 1–48. [Google Scholar] [CrossRef] [PubMed]

	



Landsman, M.L.; Kwant, G.; Mook, G.A.; Zijlstra, W.G. Light-absorbing properties, stability, and spectral stabilization of indocyanine green. J. Appl. Physiol. 1976, 40, 575–583. [Google Scholar] [CrossRef]

	



Al-Ahmad, A.; Wiedmann-Al-Ahmad, M.; Fackler, A.; Follo, M.; Hellwig, E.; Bächle, M.; Hannig, C.; Han, J.-S.; Wolkewitz, M.; Kohal, R. In vivo study of the initial bacterial adhesion on different implant materials. Arch. Oral Biol. 2013, 58, 1139–1147. [Google Scholar] [CrossRef]

	



Al-Ahmad, A.; Bucher, M.; Anderson, A.C.; Tennert, C.; Hellwig, E.; Wittmer, A.; Vach, K.; Karygianni, L. Antimicrobial Photoinactivation using visible light plus water-filtered infrared-A (VIS + wIRA) alters in situ oral biofilms. PLoS ONE 2015, 10, e0132107. [Google Scholar] [CrossRef]

	



Vollmer, A.; Al-Ahmad, A.; Argyropoulou, A.; Thurnheer, T.; Hellwig, E.; Attin, T.; Vach, K.; Wittmer, A.; Ferguson, K.; Skaltsounis, A.L. Antimicrobial photoinactivation using visible light plus water-filtered infrared-A (VIS+ wIRA) and hypericum perforatum modifies in situ oral biofilms. Sci. Rep. 2019, 9, 1–15. [Google Scholar] [CrossRef]

	



Piazena, H.; Kelleher, D.K. Effects of infrared-A irradiation on skin: Discrepancies in published data highlight the need for an exact consideration of physical and photobiological laws and appropriate experimental settings. Photochem. Photobiol. 2010, 86, 687–705. [Google Scholar] [CrossRef]

	



Hoffmann, G. Principles and working mechanisms of water-filtered infrared-A (wIRA) in relation to wound healing. GMS Krankenh. Interdiszip. 2007, 2, Doc54. [Google Scholar]

	



Karygianni, L.; Follo, M.; Hellwig, E.; Burghardt, D.; Wolkewitz, M.; Anderson, A.; Al-Ahmad, A. Microscope-based imaging platform for large-scale analysis of oral biofilms. Appl. Environ. Microbiol. 2012, 78, 8703–8711. [Google Scholar] [CrossRef]

	



Al-Ahmad, A.; Follo, M.; Selzer, A.-C.; Hellwig, E.; Hannig, M.; Hannig, C. Bacterial colonization of enamel in situ investigated using fluorescence in situ hybridization. J. Med. Microbiol. 2009, 58, 1359–1366. [Google Scholar] [CrossRef] [PubMed]

	



Anderson, A.C.; Sanunu, M.; Schneider, C.; Clad, A.; Karygianni, L.; Hellwig, E.; Al-Ahmad, A. Rapid species-level identification of vaginal and oral lactobacilli using MALDI-TOF MS analysis and 16S rDNA sequencing. BMC Microbiol. 2014, 14. [Google Scholar] [CrossRef] [PubMed]

	



Stewart, P.S.; Costerton, J.W. Antibiotic resistance of bacteria in biofilms. Lancet 2001, 358, 135–138. [Google Scholar] [CrossRef]

	



Chambless, J.D.; Hunt, S.M.; Stewart, P.S. A three-dimensional computer model of four hypothetical mechanisms protecting biofilms from antimicrobials. Appl. Environ. Microbiol. 2006, 72, 2005–2013. [Google Scholar] [CrossRef] [PubMed]

	



Dascalu, M.L.; Sarosi, C.; Moldovan, M.; Badea, M.E. A study on revealing agents in the context of photodynamic therapy in dental medicine—A literature review. Defect Diffus. Forum 2017, 376, 54–65. [Google Scholar] [CrossRef]

	



Nakamichi, I.; Iwaku, M.; Fusayama, T. Bovine teeth as possible substitutes in the adhesion test. J. Dent. Res. 1983, 62, 1076–1081. [Google Scholar] [CrossRef] [PubMed]

	



De Dios Teruel, J.; Alcolea, A.; Hernández, A.; Ruiz, A.J.O. Comparison of chemical composition of enamel and dentine in human, bovine, porcine and ovine teeth. Arch. Oral Biol. 2015, 60, 768–775. [Google Scholar] [CrossRef]

	



Hoffmann, G. Wassergefiltertes Infrarot A (wIRA) zur Verbesserung der Wundheilung. GMS Krankenh. Interdiszip. 2006, 1, 1–14. [Google Scholar]

	



Wilson, B.C.; Patterson, M.S. The physics, biophysics and technology of photodynamic therapy. Phys. Med. Biol. 2008, 53, R61–R109. [Google Scholar] [CrossRef]

	



Leprince, J.; Devaux, J.; Mullier, T.; Vreven, J.; Leloup, G. Pulpal-temperature rise and polymerization efficiency of LED curing lights. Oper. Dent. 2010, 35, 220–230. [Google Scholar] [CrossRef]

	



Hartel, M.; Hoffmann, G.; Wente, M.N.; Martignoni, M.E.; Büchler, M.W.; Friess, H. Randomized clinical trial of the influence of local water-filtered infrared A irradiation on wound healing after abdominal surgery. Br. J. Surg. 2006, 93, 952–960. [Google Scholar] [CrossRef] [PubMed]

	



Mercer, J.B.; de Weerd, L. The effect of water-filtered infrared-A (wIRA) irradiation on skin temperature and skin blood flow as evaluated by infrared thermography and scanning laser Doppler imaging. Thermol. Int. 2005, 15, 89–94. [Google Scholar]

	



Von Felbert, V.; Schumann, H.; Mercer, J.B.; Strasser, W.; Daeschlein, G.; Hoffmann, G. Therapy of chronic wounds with water-filtered infrared-A (wIRA). GMS Krankenh. Interdiszip. 2007, 2, Doc52. [Google Scholar]

	



Erne, P. Parodontitis und Periimplantitis: In den menschlichen Körper disseminierende Biofilm-Infekte. Quintessenz 2008, 59, 273–285. [Google Scholar]

	



Alam, A.; Chavan, A.J. Methods of Using Indocyanine Green (ICG) Dye. U.S. Patent US20040156782A1, 12 August 2004. [Google Scholar]

	



Ocsoy, I.; Isiklan, N.; Cansiz, S.; Özdemir, N.; Tan, W. ICG-conjugated magnetic graphene oxide for dual photothermal and photodynamic therapy. RSC Adv. 2016, 6, 30285–30292. [Google Scholar] [CrossRef] [PubMed]

	



Engel, E.; Schraml, R.; Maisch, T.; Kobuch, K.; König, B.; Szeimies, R.-M.; Hillenkamp, J.; Bäumler, W.; Vasold, R. Light-induced decomposition of indocyanine green. Investig. Ophthalmol. Vis. Sci. 2008, 49, 1777–1783. [Google Scholar] [CrossRef] [PubMed]

	



Porcu, E.P.; Salis, A.; Gavini, E.; Rassu, G.; Maestri, M.; Giunchedi, P. Indocyanine green delivery systems for tumour detection and treatments. Biotechnol. Adv. 2016, 34, 768–789. [Google Scholar] [CrossRef]

	



McNally, K.M.; Gillings, B.R.D.; Dawes, J.M. Dye-assisted diode laser ablation of carious enamel and dentine. Aust. Dent. J. 1999, 44, 169–175. [Google Scholar] [CrossRef]

	



De Sant’anna, G.R.; Dos Santos, E.A.P.; Soares, L.E.S.; Do Espírito Santo, A.M.; Martin, A.A.; Duarte, D.A.; Pacheco-Soares, C.; Brugnera, A. Dental enamel irradiated with infrared diode laser and photoabsorbing cream: Part 1—FT-Raman study. Photomed. Laser Surg. 2009, 27, 499–507. [Google Scholar] [CrossRef]

	



Pourhajibagher, M.; Chiniforush, N.; Parker, S.; Shahabi, S.; Ghorbanzadeh, R.; Kharazifard, M.J.; Bahador, A. Evaluation of antimicrobial photodynamic therapy with indocyanine green and curcumin on human gingival fibroblast cells: An in vitro photocytotoxicity investigation. Photodiagnosis Photodyn. Ther. 2016, 15, 13–18. [Google Scholar] [CrossRef]

	



Fuchs, G.; Schlegel, H.G.; Eitinger, T. Allgemeine Mikrobiologie; 8., vollst. überarb. und erw. Aufl.; Thieme: Stuttgart, Germany, 2007; ISBN 978-3-13-444608-1. [Google Scholar]

	



Aas, J.A.; Paster, B.J.; Stokes, L.N.; Olsen, I.; Dewhirst, F.E. Defining the normal bacterial flora of the oral cavity. J. Clin. Microbiol. 2005, 43, 5721–5732. [Google Scholar] [CrossRef] [PubMed]

	



Seng, P.; Drancourt, M.; Gouriet, F.; La Scola, B.; Fournier, P.; Rolain, J.M.; Raoult, D. Ongoing revolution in bacteriology: Routine identification of bacteria by matrix-assisted laser desorption ionization time-of-flight mass spectrometry. Clin. Infect. Dis. 2009, 49, 543–551. [Google Scholar] [CrossRef] [PubMed]

	



Bizzini, A.; Durussel, C.; Bille, J.; Greub, G.; Prod’hom, G. Performance of matrix-assisted laser desorption ionization-time of flight mass spectrometry for identification of bacterial strains routinely isolated in a clinical microbiology laboratory. J. Clin. Microbiol. 2010, 48, 1549–1554. [Google Scholar] [CrossRef] [PubMed]

	



Marsh, P.; Martin, M.V. Orale Mikrobiologie: 60 Tabellen; Thieme: Stuttgart, Germany, 2003; ISBN 978-3-13-129731-0. [Google Scholar]

	



Nyvad, B.; Kilian, M. Microbiology of the early colonization of human enamel and root surfaces in vivo. Eur. J. Oral Sci. 1987, 95, 369–380. [Google Scholar] [CrossRef]

	



Lange, D. Über den Einsatz von Chlorhexidindigluconat (CHX) als antimikrobiell wirkendes Medikament in der Stomatologie. Dent For 1995, 2, 9–15. [Google Scholar]

	



Shen, Y.; Stojicic, S.; Haapasalo, M. Antimicrobial efficacy of chlorhexidine against bacteria in biofilms at different stages of development. J. Endod. 2011, 37, 657–661. [Google Scholar] [CrossRef]

	



Cieplik, F.; Jakubovics, N.S.; Buchalla, W.; Maisch, T.; Hellwig, E.; Al-Ahmad, A. Resistancteria—Is there cause for concern? Front. Microbiol. 2019, 10, 587. [Google Scholar] [CrossRef]

	



Mah, T.-F.C.; O’Toole, G.A. Mechanisms of biofilm resistance to antimicrobial agents. Trends Microbiol. 2001, 9, 34–39. [Google Scholar] [CrossRef]

	



Donlan, R.M.; Costerton, J.W. Biofilms: Survival mechanisms of clinically relevant microorganisms. Clin. Microbiol. Rev. 2002, 15, 167–193. [Google Scholar] [CrossRef]

	



Arweiler, N.B.; Netuschil, L. The oral microbiota. In Microbiota of the Human Body; Schwiertz, A., Ed.; Springer International Publishing: Cham, Switzerland, 2016; Volume 902, pp. 45–60. ISBN 978-3-319-31246-0. [Google Scholar]

	



Kolenbrander, P.E. Coaggregation of Fusobacterium nucleatum, Selenomonas flueggei, Selenomonas infelix, Selenomonas noxia, and Selenomonas sputigena with Strains from 11 Genera of Oral Bacteria. Infect. Immun. 1989, 57, 10. [Google Scholar] [CrossRef]

	



Kolenbrander, P.E.; Palmer, R.J.; Periasamy, S.; Jakubovics, N.S. Oral multispecies biofilm development and the key role of cell–cell distance. Nat. Rev. Microbiol. 2010, 8, 471–480. [Google Scholar] [CrossRef] [PubMed]

	



Teughels, W.; Van Assche, N.; Sliepen, I.; Quirynen, M. Effect of material characteristics and/or surface topography on biofilm development. Clin. Oral Implant. Res. 2006, 17, 68–81. [Google Scholar] [CrossRef] [PubMed]

	



Anderson, A.C.; Rothballer, M.; Altenburger, M.J.; Woelber, J.P.; Karygianni, L.; Lagkouvardos, I.; Hellwig, E.; Al-Ahmad, A. In-vivo shift of the microbiota in oral biofilm in response to frequent sucrose consumption. Sci. Rep. 2018, 8, 1–13. [Google Scholar] [CrossRef] [PubMed]








[image: Antibiotics 09 00532 g001 550] 





Figure 1. Column diagrams of the different microorganisms of the initial biofilm in the untreated control. The composition is shown in strain (a), genus (b) and bacterial species within the highest genus (c). All percentages given refer to all examined subjects. The bars depict the average values in percentage of three discs (one from each volunteer). In addition to the average values, the standard deviations are also presented in parentheses. 
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Figure 2. Graph of the surviving microorganisms after treatment of the initial biofilm with CHX. The subdivision is made into strain (a), genus (b) and bacterial species (c), whereby the occurrence is given in percentage, based on the total number of all detected bacteria in all subjects. The bars depict the average values in percentage of three discs (one from each volunteer). In addition to the average values, the standard deviations are also presented in parentheses. The high standard deviations are caused by the fact that bacteria were detected only in the initial adhesion of two volunteers after the treatment with CHX. All of these bacteria are members of the genus Streptococcus, of which Streptococcus mitis was detected only in the initial biofilm of one volunteer and Streptococcus sanguinis survived in the initial oral biofilm of two participants. 
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Figure 3. Presentation of the reduced diversity after application of aPDT in combination with 300 µg/mL ICG on the initial biofilm. The graph is divided into strain (a), genus (b) and bacterial species of the dominant genus of all examined subjects (c). The proportion of bacteria is given in percentages. The bars depict the average values in percentage of six discs (two from each volunteer). In addition to the average values, the standard deviations are also presented in parentheses. 
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Figure 4. Diagrams illustrating the diversity of in situ generated biofilm samples after a formation time of 3 days. The depiction of the negative control shown is divided into strain (a), genus (b) and bacterial species of the most representative genus (c). All percentages shown refer to the total of the determined microorganisms in all subjects. The bars depict the average values in percentage of three discs (one from each volunteer). In addition to the average values, the standard deviations are also presented in parentheses. 
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Figure 5. Illustration of the changed composition of the mature oral biofilm after treatment with 0.2% CHX. Division of diversity into bacterial strain (a), genus (b) and bacterial species of the proportionately largest genus (c). All determined percentages take into account the results of all examined subjects. The bars depict the average values in percentage of three discs (one from each volunteer). In addition to the average values, the standard deviations are also presented in parentheses. 
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Figure 6. Graph of the microbial composition of the mature oral biofilm after application of aPDT in combination with 300 µg/mL ICG. The percentages shown are related to total samples divided into strain (a), genus (b) and bacterial species of the dominant genus (c). The bars depict the average values in percentage of six discs (two from each volunteer). In addition to the average values, the standard deviations are also presented in parentheses. 
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Figure 7. Visualization of surviving microorganisms within the mature biofilm treated with 450 µg/mL ICG after aPDT. The percentages of the bacteria in the total microbial composition of all examined subjects are given. The graph shows a division into strain (a), genus (b) and dominant bacterial species (c). The bars depict the average values in percentage of six discs (two from each volunteer). In addition to the average values, the standard deviations are also presented in parentheses. 
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