

  applsci-10-06996




applsci-10-06996







Appl. Sci. 2020, 10(19), 6996; doi:10.3390/app10196996




Article



The Invasion of Bacterial Biofilms into the Dentinal Tubules of Extracted Teeth Retrofilled with Fluorescently Labeled Retrograde Filling Materials



Eyal Rosen 1,2,*,†, Shlomo Elbahary 1,†, Sohad Haj-Yahya 1, Lotof Jammal 1, Hagay Shemesh 3 and Igor Tsesis 1





1



Department of Endodontics, Maurice and Gabriela Goldschleger School of Dental Medicine, Tel Aviv University, Tel Aviv 6997801, Israel






2



Center for Nanoscience and Nanotechnology, Tel Aviv University, Tel Aviv 6997801, Israel






3



Department of Endodontology, Academic Centre of Dentistry Amsterdam (ACTA), University of Amsterdam and VU University, 7822 Amsterdam, The Netherlands









*



Correspondence: dreyalr@post.tau.ac.il; Tel./Fax: +972-3-6409254






†



E. Rosen and S. Elbahary shared equal contribution.









Received: 5 September 2020 / Accepted: 5 October 2020 / Published: 7 October 2020



Abstract

:

In this study, we evaluated the invasion of bacteria into the dentinal tubules of retrofilled extracted human teeth, and the influence of different fluorescently labeled retrograde filling materials on the bacterial invasion and viability, by means of confocal laser scanning microscopy (CLSM). The root apices of extracted teeth were cut, prepared, and filled retrogradely using either intermediate restorative material (IRM), mineral trioxide aggregate (MTA), or Biodentine. The roots were filled with Enterococcus faecalis bacteria from their coronal part for 21 days. Then, 3-mm-long apical segments were cut to get root axial slices, and the bacteria were fluorescently stained and evaluated by CLSM. Bacterial penetration into the dentinal tubules favored the bucco-lingual directions. The filling materials penetrated up to 957 µm into the tubuli, and the bacteria, up to 1480 µm (means: 130 and 167 μm, respectively). Biodentine fillings penetrated less and the associated bacteria penetrated deeper into the tubuli compared to MTA or IRM (p = 0.004). Deeper filling penetration was associated with shallower penetration of both dead and live, or live alone, bacteria (p = 0.015). In conclusion, the current study enables better understanding of the microbiological–pathological course after endodontic surgical procedures. It was found that even with retrograde fillings, bacteria invade deep into the dental tubules, where deeper filling penetration prevents deeper penetration of the bacteria and adversely affects the viability of the bacteria.
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1. Introduction


The rationale of retrograde filling material in endodontic surgery is to inhibit bacterial biofilm invasion and to prevent the invasion of bacterial toxins and byproducts into the surrounding periradicular tissues, in order to treat and prevent periapical pathology [1]. Retrograde filling is also expected to entomb any remaining bacteria in a way that would prevent bacterial invasion into the dentinal tubules, and that would eventually result in bacterial death [1]. However, studies have found that following endodontic surgery, bacterial biofilms may still colonize the root canals and also penetrate deep into the dentinal tubules [2].



As part of modern endodontic surgery protocols, a variety of retrograde filling materials are used, such as intermediate restorative material (IRM) [3], mineral trioxide aggregate (MTA) [4], and Biodentine [4].



This invasion of the bacterial biofilm manifests in the ability of viable bacteria to penetrate deep into the tubuli [5]. Thus, the depth of bacterial invasion into the dentinal tubules and their viability reflect the extent of the invasion. In a recent study, confocal laser scanning microscopy (CLSM) was used to assess the invasion of bacteria into the root apices following retrograde filling [2]. It was demonstrated that even in the presence of retrograde fillings, viable bacteria penetrated deep into the dentinal tubules [2]. However, in that study, only the bacteria were stained and evaluated using CLSM; the filling material penetration into the tubuli and its effect on the proliferating bacteria were not evaluated and remain unknown.



Recently, in another study, CLSM was used to evaluate fluorescently labeled filling material penetration into the dentinal tubules [6]. Thus, it seems beneficial to use CLSM to simultaneously evaluate both the retrograde filling material interface with the dentinal walls and its penetration into the tubuli, and its effects on the invasion of bacteria at the apically prepared and filled root canal and dentinal tubules [2,6,7,8]. This study enables a better understanding of the microbiological–pathological course after endodontic surgical procedures, and our null hypothesis is that the presence and type of a retrograde filling material will not affect bacterial invasion into the tubuli.



Therefore, the objectives of the study were to assess the invasion of bacterial biofilms into the tubuli of retrofilled extracted human teeth, by measuring their depth of penetration and viability, and to assess the influence of different fluorescently labeled root-end filling materials on bacterial invasion using an established CLSM experimental model.




2. Materials and Methods


2.1. Teeth Collection, Preparation, and Distribution into Groups


Based on a previously established experimental model [2], 70 single-rooted, freshly extracted human teeth were kept in 0.05% sodium hypochlorite liquid and were selected for the experiment. The experiment was approved by the Tel-Aviv University Ethics Committee on 27 March 2018, and all methods were implemented according to the relevant regulations and guidelines. All included teeth were fully developed and presented with a single straight root canal (curvature of <5 degrees) [9]. The following teeth were excluded: teeth in which the ratio of long to short canal diameters was >2 (“long oval canals”) [10], root canals without apical patency or with an apical diameter of >#25 K-file, previously endodontically treated teeth, and teeth with root resorption. The crowns of the included teeth were cut, and 13-mm-long root specimens were obtained. The working length was assessed by a #15 stainless steel K-file (K-file; Dentsply Maillefer, Tulsa, OK, USA) extending beyond the apical foramen. The root canals were prepared to apical diameter #30 with standard hand K-files (K-file; Dentsply Maillefer, Tulsa, OK, USA) by the “balanced force technique” [11]. Copious irrigations were performed during the instrumentation by 5% sodium hypochlorite solution. Eventually, final irrigations were done in order to remove the smear layer (17% EDTA followed by 5% sodium hypochlorite). Then, Zakaria high-speed burs (Zakaria; Mailleffer, Ballaigues, Switzerland) were used to cut the apical 3 mm of the root apices without bevel. Three-millimeter retrograde preparations were made using diamond-coated ultrasonic retro-tips (AS3D tip; Satelec, Paris, France) [2]. Paper points were used to dry the prepared retrograde cavities. Before the retrograde filling, a standard gutta percha cone was adjusted 3 mm short of the root apex in order to control the retrograde filling depths. To avoid sealer contamination between the retrograde material and the dentin, no sealer was used.



In order to allow for analysis under CLSM, each retrograde filling material was mixed in accordance with the manufacturer’s instructions and was fluorescently labeled by adding dye (Alexa Fluor 350 dye; Life Technologies, Carlsbad, CA, USA) at an estimated ratio of 0.1% (weight) during mixing [6]. The filling was carried into the retrograde cavities by carriers (Dovgan Carriers; Quality Aspirators, Duncanville, Texas).



The prepared samples were then randomly allocated into eight experimental and control groups:




	
(n = 15): Retrograde 3 mm preparations filled with fluorescently labeled MTA (ProRoot; Dentsply Tulsa Dental, Johnson City, TN, USA).



	
(n = 15): Retrograde 3 mm preparations filled with fluorescently labeled IRM (IRM; Dentsply, Mannheim, Germany).



	
(n = 15): Retrograde 3 mm preparations filled with fluorescently labeled Biodentine (Biodentine; Septodont, Saint-Maur-des-Fossés, France).



	
(n = 5): Retrograde 3 mm preparations, not filled (Positive control).



	
(n = 5): Teeth without retrograde preparation or filling. The whole external root surface including the apical foramen was sealed with 2 layers of nail varnish (Negative control) [12,13].



	
(n = 5): Like Group 1 but without ensuing bacterial contamination (MTA negative control).



	
(n = 5): Like Group 2 but without ensuing bacterial contamination (IRM negative control).



	
(n = 5): Like Group 3 but without ensuing bacterial contamination (Biodentine negative control).








All specimens were then stored at 100% humidity and 37 °C for 24 h to allow for setting of the retrograde materials.




2.2. The Experimental Model


To avoid bacterial penetration across lateral canals or gaps in the cementum, 2 layers of nail varnish (Lilliput Nagellack; Wiesbaden, Germany) were applied to the external surfaces of the roots, without covering the prepared apical areas [13]. Then, the roots were placed in a previously described experimental model [2] (Figure 1a).



The roots were placed in 1.5 mL plastic Eppendorf tubes (disposable scintillation vials; Sigma-Aldrich, St. Louis, MO) and then placed in a glass vial (clear glass vial; Sigma-Aldrich, St. Louis, MO, USA) tightly through the rubber cap. The interfaces between the Eppendorf, the root, and the rubber cap were sealed using cyanoacrylate adhesive (Krazy Glue; Columbus, OH, USA).




2.3. Simulation of Enterococcus Faecalis Bacterial Infection


Ethylene oxide gas was used to sterilize the roots [14]. Then, a growth medium for streptomycin-resistant T2 strain E. faecalis bacteria (ATCC 29212, Manassas, VA, USA) was autoclaved. Since E. faecalis is resistant to streptomycin sulfate, 0.5 mg/mL streptomycin sulfate (Sigma-Aldrich; St. Louis, MO, USA) was then added to avoid possible contamination by other bacterial species [15].



The roots were then coronally filled with E. faecalis bacterial suspension using a pipette and incubated at 100% humidity and 37 °C. The bacterial suspension was freshly prepared and replaced every day up to 21 days [2] (Figure 1b).




2.4. Preparing the Roots for the Assessments


Following 21 days of incubation, the roots were fixed in a self-cure acrylic repair material (UNIFAST Trad; GC, St. Alsip, IL, USA). Then, in order to prepare samples of root dentin axial slices for the assessments, 3 mm sections of the root ends were cut vertically to the long axis of the root, using water cooling and a 500 rpm diamond saw (Isomet; Buehler, Lake Bluff, IL, USA). [2]. In order to validate the model, one slice from each tooth was scanned in Environmental SEM (ESEM). The ESEM slices were viewed in environmental “wet” mode using a Philips XL30 ESEM-Feg (FEI/Philpips Electron Otpics, Eindhoven, The Netherlands) (working conditions: 5 °C, 2.9–5.9 torr gas pressure, 80% relative humidity, 6–9 kV). Five interesting spots on each sample were selected.



The prepared samples were stained using a Live and Dead Bacterial Viability kit (L-7012 Molecular Probes; Eugene, OR, USA) [2], which contains two distinct vials of the two component dyes (propidium iodide and SYTO 9 in a 1-to-1 mixture) for the staining of the evaluated bacteria. The excitation/emission maxima of the dyes were 480–500 nm for the SYTO 9 (staining live bacteria in green), 490–635 nm for propidium iodide (staining dead bacteria in red) [7], and 365–440 nm for the Alexa Fluor 350 (retrograde filling material stained in blue) [16].




2.5. Confocal Laser Microscopy Assessment


Following the staining of the bacteria and the filling materials, their fluorescence was assessed by CLSM (Leica TCS SP5; Leica Microsystems CMS, Wetzlar, Germany). The evaluations were performed at the mesial, distal, buccal, and lingual areas of the root dentin axial slices. The red, green, and blue fluorescence was displayed using single-channel and simultaneous triple-channel imaging [2,16], producing images of the bacteria and of the fillings at a resolution of 1024 × 1024 pixels.



The images were then evaluated using dedicated software (LAS AF, version 2.6.0.7266; Leica Microsystems CMS, Wetzlar, Germany). The slices were assessed by a × 4 lens, and the extent of fluorescence staining within the buccal, lingual, mesial, and distal areas of the slices was assessed [2,6]. The following measurements were performed to assess the invasion of the bacteria into the dental tubuli (penetration depth and viability), and to assess the influence of the retrograde filling on the bacterial invasion (Figure 2):




	
The depths of bacterial invasion and filling penetrations within the tubuli were measured at the buccal, lingual, mesial, and distal areas of the root dentin axial slices, defining the root canal wall as the beginning point (Figure 2f).



	
The bacterial viability was calculated as the proportions of live and dead bacteria.



	
The correlation between the filling material type and penetration depth, and that between the bacterial invasion depth and viability, was determined.









2.6. Statistical Evaluation


The results were statistically analyzed using SPSS software (SPSS version 22; SPSS Inc., Chicago, IL, USA). One-way ANOVA tests were performed to assess the fluorescence at the buccal, lingual, mesial, and distal areas and to evaluate the level of fluorescence staining within each area (in the same group and between the different groups), the depth of bacterial penetration into the dentinal tubules, and the depth of filling penetration into the tubules. Pearson’s Chi-squared test was performed to check for dependency between the bacterial viability and the filling material used. Chi-squared tests with Yates’ continuity correction were performed to evaluate the bacterial viability effect difference between the materials. p < 0.05 was considered statistically significant.





3. Results


Bacterial fluorescence was not detected in the negative control specimens, and fluorescence was detected in all the specimens of the positive control group.



The extents of the stained areas (bacteria and filling) were larger in the lingual and buccal areas compared to the distal and mesial areas. However, the differences between these areas was not statistically significant between the different retrograde filling material groups (p = 0.094) (Figure 2a,f).



Looking at all groups, the filling material and bacterial penetration depths within the tubuli were variable, with minimal and maximal filling penetration depths of 11 and 957 μm, respectively (mean of 130 ± 158 μm), and minimal and maximal bacterial penetration depths of 9 and 1480 μm, respectively (mean of 167 ± 317 μm) (Table 1). In addition, a negative correlation was found between the depth of filling material penetration and the bacterial penetration, where greater penetration depth of the filling material into the tubuli was associated with significantly shallower bacterial penetration depth (live and dead bacteria combined) (p = 0.015).



When comparing the filling and bacterial penetration depths between the filling groups, in the Biodentine group, bacteria penetrated deeper within the tubuli, while the filling penetration depths were shallower in comparison to the other materials (IRM, MTA) (p = 0.004) (Table 1).



Generally, more dead bacteria were detected compared to live bacteria in all the experimental groups (p = 0.003), without significant differences between the filling materials (p = 0.087) (Figure 3).



However, a significant negative correlation was found between the depth of filling material penetration and the penetration depth of live bacteria, where deeper filling penetration was associated with shallower penetration depths of live bacteria (p = 0.024) (Figure 4 and Figure 5).




4. Discussion


Following endodontic surgery, bacteria may still invade a retrofilled root canal and deep into the dentinal tubules [1,17], potentially leading to an inflammatory reaction when bacterial by-products invade the surrounding periradicular tissues [18]. These bacteria form biofilms, which are complex ecological communities that use diverse mechanisms to secure themselves against a harsh environment, including the immune system and antibacterial agents [19].



Gram-positive facultative anaerobes are the most commonly detected bacteria in endodontically treated teeth presenting with persistent endodontic infections [2]. Among them, E. faecalis plays a major role in bacterial biofilm invasion and is considered a suitable model for assessing root canal bacterial invasion [2,8].



Many microscopic, microbiological, and histological experimental models have been used to assess bacterial invasion within endodontically treated root canals [20,21]. The most common traditional experimental model is the two-chamber bacterial leakage model, which is used to assess the diffusion of bacteria from an upper chamber and over the retrograde filling to a suspension placed in the lower chamber. However, it has been reported that this traditional model suffers from many inherent limitations, such as a lack of proper control groups and histological evaluation, and that its reliability is compromised [22,23,24].



Additional ex vivo models to simulate and assess bacterial invasion, such as the traditional dye-penetration model [25] or the high-pressure replica technique used to assess the pore morphologies and apical leakage of sealers in retrofilled teeth [26], are restricted because in these traditional models indirect evaluations are used, incapable of demonstrating the real routes of bacterial invasion, and because of the absence of proper histological controls in these models [22]. Furthermore, under the adverse conditions of a filled root canal, bacteria can increase their stress tolerance by entering a dormant state where they are viable but not culturable [5,27], thus challenging the efficacy of traditional culture-based studies [5,19,27].



The authors of a recent study established a novel and reliable experimental model that enabled them to trace and quantify biofilm invasion into the dentinal tubules [2]. With this CLSM-based model, the actual routes of bacterial invasion are tracked histologically, and negative and positive histological controls are used to verify the suitability of the experimental model. Furthermore, the true viability of the proliferating bacteria, even when they enter a dormant, not-culturable state, can be assessed [5,19,27]. As a result, using CLSM together with live/dead bacterial staining techniques offers information regarding both the magnitude of the dentin infection and the vitality of the proliferating bacteria within the infected tubuli in situ [2,8], thus enabling a better understanding of the microbiological–pathological course after endodontic surgical procedures [2].



In the current study, we used this CLSM-based experimental model to assess the invasion of bacterial biofilms into the dentinal tubules. Furthermore, bacterial invasion was assessed in the presence of fluorescently labeled retrograde filling materials. The use of CLSM to assess the penetration of the retrograde filling materials into the tubuli [6,28], while assessing the depth of the bacterial invasion into the tubuli and their viability, provides a comprehensive view of the microbial–pathological process following surgery. Bacterial fluorescence was not detected in the negative control group, while fluorescence was detected in the positive control group specimens, confirming the reliability of the experimental model.



The rationale of a retrograde filling material is to inhibit bacterial biofilm growth and the outflow of bacterial byproducts and toxins into the surrounding periradicular tissues [29]. In addition, the root-end filling is expected to entomb any remaining bacteria beneath the filling in a way that would eventually result in bacterial death [30]. However, studies found bacterial biofilm at the interfaces between the filling and the canals’ dentin walls, and also deep in the dentinal tubules [7,15]. In order to provide a comprehensive view and analysis of the relationships between the proliferating biofilm and the filling material, in the current study, different filling materials were fluorescently labeled in order to evaluate and understand the influence of the filling materials and their penetration depths into the tubuli on bacterial invasion within the tubuli.



The same as in a previous study [2], in the current study, we found a pattern of bacterial invasion and filling penetration in which the bucco-lingual direction was preferred compared to the mesio-distal direction, regardless of the type of filling material. This finding was also supported by previous investigations [2,23,24,31]. The fact that both the fillings and the bacteria penetrated deeper in the bucco-lingual direction may be associated to an anatomical–physiological phenomenon, “the butterfly effect”, which means a butterfly-like appearance observed on the cross sections of roots that are associated with higher sclerosis down the tubuli at the distal and mesial sides of the root canal [24]. This phenomenon is commonly detected in single-rooted human teeth in a broad range of ages [32,33]. Similarly, in a study by Rechenberg et al. [24], histological observations revealed that the penetration of microorganisms might predominantly happen through tubular aspects of the dentin, whereas atubular or sclerotic dentin and the interfaces between dentin and sealer remained bacteria-tight [24]. Thus, it seems that while a two-chamber model is not suitable for the evaluation of bacterial leakage, it reliably reflects the invasion of bacteria into the tubuli [2,23,24].



The bacterial invasion depths into the dentinal tubules were variable, reaching as deep as 1480 μm (with a mean of 167 μm), which corroborates the findings of a previous study [2]. Peters et al. [34] evaluated the viable endodontic bacteria in the root dentin of infected teeth presenting with apical periodontitis using culturing methods. They found that in the majority of the roots, bacteria were identified deep within the dentin near the cementum. They also found that an anaerobic culturing method is more sensitive than histology in identifying these bacteria in the dentin. Within that scope, confocal microscopy seems to be a promising technique to assess bacterial penetration within the tubuli because it enables us to evaluate live and dead bacteria, as well as bacteria in dormant, not-culturable states [5,19,27]. Thus, CLSM is capable of assessing the actual level of bacterial invasion within the tubuli in situ [2].



In the current study, bacterial penetration into the dentinal tubules was significantly influenced by the type of filling material and its penetration depth into the dentinal tubules. For all materials, it was found that deeper filling penetration within the tubuli was significantly related with shallower bacterial penetration. This finding confirms that an appropriate retrograde filling material may inhibit bacterial penetration across the dentin into the periradicular tissues of teeth following root end resection and filling [35]. The fact that the Biodentine fillings penetrated less, and their associated bacterial penetration depths were deeper compared to the MTA and IRM groups (p < 0.05), may suggest that the type of root end filling material and its ability to penetrate into the tubuli may play a significant part in the risk of bacterial invasion following endodontic surgery (Figure 4).



Biodentine is a material based on calcium silicate that has several applications, including as a root-end filling material used in endodontic surgical procedures [36]. The material is prepared by the silicate-based cement technique with some adjustments aimed to improve its physical properties and handling. It had been claimed that Biodentine has a fast setting time due to its increased particle size, the addition of calcium chloride to its liquid constituent, and its decreased liquid content [35,37]. However, its bigger particle size may also explain its shallower penetration depth into the dentinal tubules compared with the other materials and its lesser ability to prevent bacterial invasion deep into the dentinal tubules as compared to the other evaluated materials.



Generally, in the presence of a filling material, significantly more dead bacteria than live bacteria were detected within the dental tubules (p = 0.003, Figure 3), without significant differences between the filling materials (p = 0.087). Nevertheless, deeper filling penetration was associated with shallower penetration depths of live bacteria (p = 0.015) (Figure 4). The fact that in the present investigation the viability of the proliferating bacteria was influenced by the filling material penetration depth, rather than by the filling material type, may seemingly contradict the results of other studies that focused on the direct antimicrobial properties of different retrograde filling materials by assessing their spectra of affected bacteria, effectiveness periods, and antimicrobial mechanisms [37,38,39,40,41]. Torabinejad et al. [38] reported that MTA has no effect on any of the strict anaerobic bacteria and some antibacterial effect on several of the facultative bacteria, whereas other materials such as IRM possess antibacterial properties on both groups of bacteria [38]. Additional studies have reported that immediately after its setting, IRM has antibacterial effects on E. faecalis and sustains these capabilities for at least one day [39], while others [40] reported identical effects in root-end fillings. Others claimed that Biodentine possesses antibacterial capabilities because of its relatively high pH that has an inhibitory effect on bacteria, and because of alkalization of the ecosystem that leads to the decontamination of neighboring soft and hard tissues [37,41].



However, in addition to the direct antibacterial effect of the retrograde filling material, its capability to penetrate and to entomb the bacteria is responsible for the prevention of bacterial invasion [1]. Our findings suggest that the antibacterial properties of the retrograde filling material are related to its penetration capacity deep into the tubuli.



In the current study we used an ex vivo model to simulate an in vivo clinical scenario. It should be noted that the experimental methods used to assess biofilm formation do not accurately simulate true in vivo conditions; therefore, the methods’ ability to provide clinically relevant information is limited. However, in the current study, we used representative surfaces to grow the biofilm—ex vivo dentin tissue samples—which are more likely to provide information that is relevant to true in vivo endodontic infections [42].




5. Conclusions


Given the limitations of this ex vivo model, this study enables better understanding of the microbiological–pathological course after endodontic surgical procedures. It was found that even with retrograde fillings, bacteria invade deep into the dental tubules (up to 1480 μm). This invasion is variable and is affected by the root tubular anatomy and by the root-end filling material and its actual penetration depth into the dentinal tubules. The ability of a filling material to penetrate deep into the dental tubules is associated with lesser penetration of the bacteria and reduced viability of the invading bacteria. Additional clinical studies are indicated to elucidate the clinical implications of bacterial invasion into retrofilled root ends following endodontic surgery. In addition, clinical and experimental assessments of retrograde filling materials should take into consideration not only the direct antimicrobial effect of the filling material but also its chemical and physical properties that affect its penetration capacity deep into the tubuli.
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Figure 1. (a): Illustration of the tested model. (b): Scanning electron microscopy (SEM) images demonstrating bacterial penetration into the dentinal tubules. 
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Figure 2. (a–f): Demonstrating confocal laser scanning microscopy (CLSM) images (magnification scale; a: 0–750 μm, b–f: 0–100 μm), from the positive control group) of the E. faecalis bacterial invasion into the dentinal tubules. Live bacteria are presented in green (e), dead bacteria are presented in red (d), and the retrograde filling is presented in blue (c). The bacteria and the filling materials can be seen at high (b–e) and low (a,f) magnification. The minimal, maximal, and mean depths of bacterial and filling penetration within the tubuli were assessed by defining the canal wall as the beginning point (f). 
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Figure 3. Average percentages of detected dead bacteria (red) and live bacteria (green). There were significantly more dead bacteria than live bacteria in all the experimental groups (Chi-squared, p = 0.003). 
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Figure 4. Fluorescence penetration amounts for the different groups (presented as the number of pixels × 9800) (one-way ANOVA). 
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Figure 5. CLSM images presenting the detected fluorescence of the different experimental groups following 21 days of bacterial contamination. Dead (red) and live (green) bacteria within the tubuli, and the filling material (blue) are demonstrated. 






Figure 5. CLSM images presenting the detected fluorescence of the different experimental groups following 21 days of bacterial contamination. Dead (red) and live (green) bacteria within the tubuli, and the filling material (blue) are demonstrated.



[image: Applsci 10 06996 g005]







[image: Table] 





Table 1. Presents the penetration depths (in μm) of the retrograde filling materials and bacteria within the tubuli. The minimal and maximal bacterial penetration depths into the dentinal tubules were 1 and 1480 μm, respectively, with a mean of 167 μm. The minimal and maximal filling penetration depths into the dentinal tubules were 0 and 957 μm, respectively, with a mean of 130 μm. In the Biodentine group, in comparison to the other materials (mineral trioxide aggregate (MTA), intermediate restorative material (IRM)), bacteria penetrated deeper into the dentin (b: one-way ANOVA, p = 0.0021), while the filling depth was lower (a: one-way ANOVA, p = 0.04). In the control group, bacteria penetrated deeper into the dentin in comparison to other groups (c: one-way ANOVA, p = 0.00018).
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Filling Material Penetration

	
Bacterial Penetration

	
Group




	
SD
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Max
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SD

	
Median

	
Max

	
Min






	
198

	
183

	
644

	
58

	
158

	
146

	
500

	
33

	
MTA




	
158

	
311

	
957

	
11

	
342

	
129

	
996

	
9

	
IRM
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93 a

	
535 a

	
32

	
451

	
663 b

	
1480

	
160

	
Biodentine




	
-

	
-

	
-

	
-

	
189

	
1200 c

	
1610

	
890 c

	
Control
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