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Aim: The aim to this study is to evaluate the biocompatibility and antibiofilm actions of two nano-hydroxy apatite (NHA).

Methodology: Nano-hydroxy apatites are biomaterials use in direct contact with living tissues. Therefore, they should be tested for their safety beside assessment of their minimum inhibitory (MIC) and minimum bactericidal concentration (MBC) using broth microdilution method. One hundred and twenty extracted bovine incisors were collected and cleaned to ensure the absence of any defects. Enamel blocks with different size (2 × 2 × 3 mm) and (5 × 5 × 2 mm) were prepared from their labial surfaces using an isomet saw. Enamel blocks are used for detecting the suitable concentration will be used in the following experiments using energy dispersive X-ray analysis (EDX). The remaining enamel blocks divided into 5 equal groups to detect inhibitory effect against bacterial adhesion to the initial enamel caries like lesions using viable count technique beside the antibiofilm activity against mature biofilm of Streptococcus mutans (S. mutans) using confocal laser microscopy. The remaining enamel blocks were used as a representing data for detecting surface topography for each group by using the scanning electron microscopy (SEM).

Result: The data showed safety of NHA suspensions. Additionally, only NHA suspension of large nanoparticle size (NHA-LPS) had MIC of 1.25 mg/ml against S. mutans. Also, have the higher percentages of Ca and P in the enamel blocks. Furthermore, the lowest level of bacterial adhesion was recorded in (group III) treated by NHA-LPS which was non-significantly different with the positive control group V. Biofilm thickness in group IV treated with NHA-small particle size (SPS) recorded high biofilm thickness followed by group III. Interestingly, group III showed greater killing effect against mature biofilm which is slightly higher than the positive control group V. In group III, surface topography revealed very smooth enamel surface with closed pores. Accordingly, NHA-LPS suspension had antiadhesive, antibacterial, and antibiofilm effect against cariogenic S. mutans representing a promising possibility to be recommended for safe effective remineralization.
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INTRODUCTION

Dental caries is the most widespread disease that affects all ages (1). It is defined as dynamic, complex, multifactorial (2) biofilm-related oral disease (3) that starts with microbial shifts within the complex biofilm and is affected by salivary flow and composition, increased rate of dietary sugar, exposure to fluoride (F) and preventive behavior (4).

Bacteria play an important role in dental caries; they are organized into a yellowish film known as dental plaque on teeth surfaces. Most caries active bacteria appear to be Streptococcus mutans (S. mutans), Lactobacillus, Veillonella and Actinomyces species (5). Research on the bacteriology of dental caries has focused on the S. mutans and its ability to ferment sucrose to produce significant amounts of acid and extracellular polysaccharides (plaque) (5).

The adhesion of bacteria may be affected by a variety of microbiological, physical, chemical, and material-related parameters (6–9). The adhering parameters can be significantly influenced by the topography of substrate surface (10) where different studies (11–13) showed that the roughened enamel surface could significantly increase susceptibility to bacterial adhesion (14).

Continuous balanced demineralization and remineralization are natural dynamic processes in enamel. If the balance is interrupted and demineralization process dominates (15), it may eventually lead to increase in the porosity, surface roughness (15), and development of carious lesions (15). Thus, it is a major advancement to treat early caries lesions by non-invasive methods that depend on remineralization (16), utilizing a lot of products used as remineralizing agent such as chewing gums, toothpastes, mouth rinses, fissure sealant, and remineralizing pastes (17).

Over the last few decades, fluoride varnish is known to enhance a remineralization as a non-invasive treatment (18). However, reservations have been expressed about total intake of fluoride and fluorosis (17). Recently, alternative remineralizing materials have been suggested such as casein phosphopeptide-amorphous calcium phosphate (CCP-ACP), nano-hydroxyapatite (NHA); both of them are reported to have anticariogenic effects (19, 20), in addition to tri-calcium phosphate, ACP Technology, and Xylitol spray (21).

Later, nanotechnology was used in dentistry for developing preventive therapeutic agents and bioactive dental restorative materials (1). NHA are biomaterials manufactured for the purpose of medical use in direct contact with living tissues. Therefore, they should be tested for their safety and usefulness prior to their applications. Both of phosphate (PO4) and calcium (Ca) crystals are found in NHAs similar to those present in enamel, dentin, and cementum so the later were recommended as remineralizing agents because of being an important source for Ca and PO4 ions (22). Therefore, it was interesting to test the potential of two different NHA products in reducing the bacterial adhesion to the initial carious lesions on the enamel surface and their effect against the mature biofilm of S. mutans.



MATERIALS AND METHODS

Material used in this study is NHA suspension of large nanoparticle size (NHA-LPS) (length: 86.64 nm, width: 17.43 nm) which is prepared at the Institute of Nano-science and Nanotechnology, Kafrelsheikh University, Kafrelsheikh, Egypt (23). NHA-SPS is a ready-made powder (length 30–40 nm, width: 8–12) from Nano-stream, Egypt (NHA paste Desensibilize Nano P, FGMD dental Product, Brazil). Sodium Fluoride (NaF) Varnish 5% was obtained from President Dental, Germany. Demineralizing solution (2.2 mMol calcium chloride [CaCl2], 2.2 mMol sodium phosphate, 0.05 M acetic acid, 1 M potassium hydroxide [pH 4.2]) (24) and artificial saliva (0.0856% sodium chloride, 0.1200% potassium chloride, 0.0052 magnisum chloride × 6 H2O, 0.0148 CaCl2 × 2 H2O, 0.2000 Mannitol, 0.0456 KH2PO4, 0.1000 Carbomer 974P, 0.4000 NaOH 10%, and Purified water) (25) both are made in faculty of pharmacy Tanta University. Dexorotatory 1,4-Dithiothreitol (DTT), brain heart infusion broth (BHI), Mitis salivarius agar, Resazurin blue stain, acridine orange fluoresces green (AO), and propidium iodide fluoresces red (PI) were obtained from SIGMA-ALDRICH, Germany.

Test microorganism, the test bacterial strain (gram +ve S. mutans ATCC® 25175™) was obtained from Microbiological Resources Centre (MIRCEN), Cairo, Egypt.

Cell line WI-38 (ATCC® CCL-75™) VACSERA which is normal fibroblast derived from lungs was obtained from Alexandria Medical Research Institute.

This research was designed as a controlled in vitro study. All the study steps were performed in the laboratories of the Faculties of Dentistry and Pharmacy, Tanta University.

Approval of this research was obtained from Research Ethics Committee, Faculty of Dentistry, Tanta University. The design and procedures of the present study were accomplished according to the research guidelines adopted by research Ethics Committee, Faculty of Dentistry, Tanta University.


Preparation of the Powder Aqueous Suspension


Nano-Hydroxyapatite Synthesis and Characterization

(a) NHA-LPS (length: 86.64 nm, width: 17.43 nm) was prepared at the Institute of Nano-science and Nanotechnology, Kafrelsheikh University, Kafrelsheikh, Egypt (23).

(b) NHA-SPS is a ready-made powder (length 30–40 nm, width: 8–12) from Nano-stream, Egypt.

For making suspension ready for application, the two NHA powders were dissolved in distilled water according to required concentrations.



Cytotoxicity Test

Fibroblast cells were cultured in a standard condition (5% CO2, 37 ± 1°C) in a Steri-cycleTM 381. Cells were removed from culture asks with 0.25% trypsin-ethylene di amine tetra acetic acid solution (Lonza, USA) and seeded in 96-well at-bottomed plates (Nunc, Nunclon™ Surface Roskilde, Denmark) in a concentration of 1 × 104 cells per well in 100 μl Dulbecco's Modified Eagle Medium (Lonza, USA). Approximately 200 mg/ml of tested powder was mixed properly in the first well by suction and pipetting 5–8 times. Approximately 100 μl was withdrawn from the first well and transferred to the second, mixed as previously done then transferred to third and so on till the concentration of the tested powder reach to 0.39 mg/ml with leaving last raw as a negative control (without adding any powder). Each tested powder was incubated in standard conditions for 5 min and 1 h, then the medium with the tested powders was discarded and the wells were washed with phosphate-buffered saline (pH 7). The cell viability was determined using 3-(4, 5-Dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) dye (SIGMA-ALDRICH, Germany). Approximately 100 μl MTT was added to each well and plates were incubated for 3 h at 37 ± 1°C in 5% CO2. The MTT solution was then discarded and 100 μl of dimethyl sulfoxide analytical grade (Stanlab®Lublin, Poland) was added in each well. After shaking for 10 min, the absorbance values were recorded at 490 nm using an Epoch® microplate spectrophotometer (BIORAD, Japan). The changes in cell morphology were evaluated using the inverted phase contrast microscope CK × 41 (Olympus, Tokyo, Japan). Cell viability was calculated according to the formula: V = (Ab:As) 100%, where V is cell viability percentage, Ab is the mean absorbance of the test enamel block, and As is mean Absorbance of the blank (26).



Determination of Minimum Inhibitory and Minimum Bactericidal Concentration Test

The microtiter broth dilution method is used for detecting MIC and MBC of both powders in which the chosen strain was grown in BHI broth and the bacterial growth was adjusted to 0.5 McFarland standard. The NHA powder (200 mg/ml) solution under investigation was prepared and diluted in BHI broth by dispensing 100 μl of the broth into all wells of the microtiter plate. In the first well, 200 mg was added and properly mixed by suction and pipetting 5–8 times. About 200 μl was serially diluted. A total of 100 μl was withdrawn from the first well and transferred to the second, mixed as previously done then transferred to third and so on till the concentration of the tested powder reach to 0.39 mg/ml. Then 100 μl was discarded from the last well. Approximately 10 μl from Resazurin blue stain (0.001% [w/v]) was used as a color indicator (27). Also, 10 μl from the diluted bacteria (0.5 McFarland) was added by micropipette into all wells except final row as a negative control. Then the plates were incubated in 37°C for 12–18 h. Approximately 10 μl of the wells content was directly plated on the mitis salivarius agar. Wherever the least concentration results in no colony growth was considered as MBC. On the other hand, the least concentration that the bacterial growth was considered as MIC (28).



Teeth Selection

One hundred and twenty freshly extracted bovine incisors in death were collected, cleaned, polished, and carefully examined using a magnifying glass lens to ensure the absence of any defects (29). The selected teeth were kept in 0.1% thymol solution (SIGMA-ALDRICH, Germany) at 4°C to be used within 1 month (30).



Enamel Blocks Preparation

Fifty enamel blocks (2 × 2 × 3 mm) were randomly selected from the extracted bovine teeth and prepared from the labial surfaces of the teeth using an isomet saw (5000 Linear Precision Sawbuehler® LTD, USA) for the detection of S. mutans adhesion to enamel surfaces (31). Another 20 enamel blocks (5 × 5 × 2 mm) are used for Energy Dispersive X-ray analysis (EDX) (JEOL JSM-6510LV, Japan) to detect which concentration will be used (30 and 100 mg/ml) for both powders. Also, another 10 enamel blocks (5 × 5 × 2 mm) representing the different groups were used to detect the surface topography by the scanning electron microscopy (SEM) (FESEM, JEOL JSM-6510LV, Japan), while the other 40 enamel blocks (5 × 5 × 2 mm) were used to detect the thickness of mature biofilm and live/dead bacteria by the confocal laser microscopy. All enamel blocks were covered by 2 layers of nail polish except top of the enamel blocks (32). All were kept in a daily fresh mix of artificial saliva in an incubator (Binder CB 150 CO2 Incubator, China) at 37°C until used for a maximum of 21 days (33). The enamel blocks were randomly divided into 5 equal groups according to the material used for treatment as presented in the experimental design of the study (Table 1).


Table 1. The experimental design of the study.

[image: Table 1]



Lesion Creation

The enamel blocks were removed from the artificial saliva and immersed individually in 10 ml of demineralizing solution in test tubes which composed of (2.2 mMol calcium chloride [CaCl2], 2.2 mMol sodium phosphate, 0.05 M acetic acid, 1 M potassium hydroxide [pH 4.2]) (24) at 37°C for 96 h to create initial enamel caries like lesions. The pH of the solution was checked daily using digital pH meter and adjusted to 4.2 to avoid super saturation (34).

The tested materials were applied to groups II–V according to manufacturer instructions as follows (Table 2).


Table 2. The application of the material.

[image: Table 2]

Elemental analysis for 20 enamel blocks with initial caries was performed by EDX to measure Ca and P ions levels to detect which concentration will be used in the study. Blocks were treated by 30 and 100 mg/ml of NHA-LPS suspension or NHA-SPS suspensions (n = 5).



Detection of Antiadhesive Effect of NHA Preparations Against S. mutans Adhesion to Enamel Surfaces

All the enamel blocks were autoclaved at 115.5°C for 40 min to ensure complete sterilization then washed with distilled water (35). Sterile swabs of bacterial suspension equivalent to 0.5 McFarland of standard bacteria S. mutans were spread on the mitis salivarius agar which is a selective media for the tested organism (36). The desired enamel blocks were then placed on the agar surface and incubated in CO2 incubator for 48 h at 37°C. The enamel blocks were taken from the medium and washed with 15 cc normal sterile saline solution and placed in 1 cc sterile saline solution (37) and for 5 min in the vortex with 2,800 rpm, to remove the bacteria from the surface of enamel blocks and to spread it in normal saline (37). Serial dilutions of 1:10, 1:100, and 1:1,000 of the above suspension was prepared in normal sterile saline (38) and 0.1 cc of each dilution was spread on the surface of mitis salivarius agar (39). Incubation was performed in 37°C for 18–24 h, then the grown colonies were counted and the results were reported in terms of colonies forming unit (CFU)/ml (37).



Evaluation of the Antibacterial Effect of the Tested Materials on Mature Biofilm

All enamel blocks were autoclaved at 115.5°C for 40 min for sterilization (35), washed with distilled water, and allowed to dry in their corresponding test tubes. BHI broth was used as a nutrient for the culture of S. mutans (40). All the enamel blocks were incubated for 14 days at 37°C in an anaerobic condition for making mature biofilm. The medium was changed daily to renew media and provide new nutrition to allow bacterial growth and biofilm maturation (40). The biofilm formed on the surface was used in the subsequent experiments. A randomly selected 8 enamel blocks were used to represent each group. The corresponding materials were applied to the mature biofilm as previously mentioned.



Preparation of Sterile Saliva

Undiluted sterile saliva was prepared according to De Jong and Van der Hoeven (41) with some modifications (41). Approximately 25 ml of stimulated whole saliva (SWS) was collected every day from a single volunteer to minimize salivary composition variations between individuals. The volunteer was asked to chew on sugar-free gum to stimulate the saliva production. The collection was done using ice-chilled test tubes. The aggregation of protein in the SWS enamel blocks was minimized by adding DTT to a concentration of 2.5 mM. Upon addition of DTT, the saliva was stirred slowly for 10 min before it was centrifuged at 864 × g for 30 min. The supernatant obtained was then filter-sterilized through a disposable 0.2 μm low protein-binding filter (Supor® EKV Membrane Filters) into sterile test tubes. The sterile SWS was then stored at −20°C in ice. Prior to use, it was thawed and centrifuged once again to remove any precipitate (42).



Staining of Biofilm for Examination by Confocal Microscope

After applying materials on mature biofilms, all biofilms on enamel blocks were stained with 1 ml of 0.01% AO in a dark environment for 30 min and rinsed with distilled water to remove excess dye then stained again by PI in a dark environment for 30 min and rinsed with distilled water then allowed to dry (40).



Laser and Stain Specification

Confocal illumination was performed using argon laser which was adjusted to 525 nm laser for AO and to 460 nm emission for PI. The fluorescence from the stained cell was viewed under confocal scanning laser microscope (LSM 710, Carl Zeiss, Jena, Germany). PI dye has the ability to enter only through the membranes of dead cells and binds with bacterial RNA and DNA or one with reversibly damage emitting red fluorescence. While AO stains nucleic acids of the live cells and exhibits green fluorescence after the staining procedure (43). For the AO staining, the excitation and emission wavelengths for RNA were 460 and 650 nm, respectively, and for PI, the excitation and emission wavelengths were 525 and 595 nm, respectively (44). After the staining procedure, the corresponding enamel blocks were immediately subjected to confocal laser scanning microscope. Available Lens: 10×, 20×, 40× oil & 63× oil. Confocal images were analyzed and quantitated (live/dead ratios) using Software version: ZEN imaging software (ZEN 2012 blue edition) and the image stacks were viewed with LSM browser (45). The percentage of death of biofilm cells determined by LIVE/DEAD technique was obtained as follows:

Percentage of death biofilm cells = biofilm volume of red fluorescence/total biofilm volume of green and red fluorescence × 100% (46).



Scanning Electron Microscopy Analysis to Detect Surface Topography

Ten enamel blocks, one represented each group were gold coated with Sputter Coating Evaporator (SPI Module—Sputter Carbon/Gold Coater, Japan) and examined under SEM (FESEM, JEOL JSM-6510LV, Japan) magnifications (×5,000) at 20 KV. The most representative images of enamel surface topography were captured.




Statistical Analysis

The data related to the effect of different materials on bacterial colonies and thickness of mature biofilm were collected, tabulated, and statistically analyzed. Numerical variables were expressed by descriptive statistics as mean, standard deviations, and range. Regression analyses were performed to analyze the relation between the viability and concentration. One-way ANOVA and Tukey's test were used to compare different groups and different concentrations. The p-value <0.05 was considered significant difference & p-value <0.001 was considered highly significant difference. Statistical analyses were performed using Statistical Package for Social Sciences (SPSS version 25). The null hypothesis is that all the materials under investigation will exhibit the same effect.




RESULTS


Cytotoxicity Test

Cytotoxicity test of different concentrations of NHA powders on the viability of normal fibroblasts following incubation for 5 min or 1 h. There is no recorded cytotoxicity for both powders when tested at 10 mg/ml with no significant difference (p > 0.05) in regard to incubation time as shown in Figures 1, 2. Increasing the concentration of the test NHA to 30 mg/ml for 5 min resulted in a slight but non-significant reduction in the cellular viability (97 and 87%) for NHA-LPS and NHA-SPS suspensions, respectively. Furthermore, extending the incubation time to 1 h revealed also slight but non-significant (p > 0.05) decrease in the viability of fibroblasts as shown in Figure 3, indicating safety of both powders at the test concentrations (10 and 30 mg/ml) and incubation period, as revealed by ANOVA test which recorded non-significant difference (p > 0.05). Moreover, a significant concentration-dependent decrease in the viability was also observed for both powders tested above 30 mg/ml recording an IC50 at concentrations ranged between 80 and 90 mg/ml.


[image: Figure 1]
FIGURE 1. Fibroblasts cells imaged with phase-contrast microscope showing their morphology after contact with NHA-SPS suspension. (a) For 1 h at concentration 10 gm/ml, Images show lowest cell density with loss of normal spindle morphology. About 50% of cells became rounded, no granules in the cytoplasm. Cell lysis and empty spaces show between cells. (b) For 1 h at concentration 2.5 gm/ml, images show little spindle cells shrunk, separating from the substrate and visible intraplasmic granules. (c) For 5 min at concentration 10 gm/ml, images show lowest cell density with the loss of normal spindle morphology. About 50% of cells became rounded, no granules in the cytoplasm. Cell lysis and empty spaces show between cells. (d) For 5 min at concentration 2.5 gm/ml, images show little spindle cells shrunk, separating from the substrate, and visible intraplasmic granules. (e) Normal fibroblast cells as a control.



[image: Figure 2]
FIGURE 2. Fibroblasts cells imaged with phase-contrast microscope showing their morphology after contact with NHA-LPS suspension. (a) For 1 h at concentration 10 gm/ml, images show lowest cell density with the loss of normal spindle morphology. About 50% of cells became rounded, no granules in the cytoplasm. Cell lysis and empty spaces show between cells. (b) For 1 h at concentration 2.5 gm/ml, images show little spindle cells shrunk, separating from the substrate and visible intraplasmic granules. (c) For 5 min at concentration 10 gm/ml, images show lowest cell density with the loss of normal spindle morphology. Approximately 50% of cells became rounded, no granules in the cytoplasm. Cell lysis and empty spaces show between cells. (d) For 5 min at concentration 2.5 gm/ml, images show little spindle cells shrunk, separating from the substrate, and visible intraplasmic granules. (e) Normal fibroblast cells as a control.



[image: Figure 3]
FIGURE 3. Effect of test NHA suspensions on the viability of normal fibroblasts at different time intervals. (A) For NHA-SPS suspension for 5 min. (B) NHA-LPS suspension for 5 min. (C) NHA-LPS suspension for 1 h. (D) NHA-SPS suspension for 1 h.




Minimum Inhibitory Concentration and Minimum Bactericidal Concentration

Broth microdilution assay revealed that only NHA-LPS suspension had MIC (1.25 mg/ml) and MBC (2.5 mg/ml) against S. mutans as presented in Table 3. On the other hand, NHA-SPS suspension did not inhibit the growth of the tested organism below 10 mg/ml suggesting that it may have high inhibitory concentrations and also indicating the potency of NHA-LPS suspension.


Table 3. Minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) of test NHA suspensions.

[image: Table 3]



Elemental Analysis of Ca and P

Table 4 and Figure 4 presented the elemental analysis of Ca and P percentages (W%) detected by EDX in the initial caries like lesions induced in the enamel blocks and treated by both NHA suspensions, at 30 and 100 mg/ml. The results showed no significant differences for the percentages of Ca and P in the treated enamel blocks between the two test concentrations of both suspensions as recorded in Table 3. ANOVA test recorded the p-values > 0.05 except for p percentages in the NHA-SPS suspension where these was a significant difference between the two concentration (p-value < 0.05). Overall, the percentages of Ca and P were higher in enamel blocks treated with NHA-LPS aqueous suspension.


Table 4. Mean values (wt. %) of Ca and P elements in the initial caries like lesions induced in the enamel blocks and treated by NHA suspensions for 10 days, as well as the statistical analysis recorded by ANOVA test.

[image: Table 4]


[image: Figure 4]
FIGURE 4. Bar chart showing the mean (P) and (Ca) values (wt. %) throughout the steps of treating sample by 3 and 10% of 1st and 2nd aqueous suspension.




Bacterial Adhesion Test

Regarding bacterial adhesion test (Figure 5), the mean values (CFU/ml) in all groups are presented in Table 5 and Figure 6. The highest level of bacterial adhesion was found on the untreated initial enamel caries like lesions in group I (4.65). However, nearly comparable values were found when the initial enamel caries like lesions was treated with Desensibilize Nano p paste in the group II (positive control 1) and NHA-SPS suspension in group IV and recording values of (3.33 and 3.69) for both groups, respectively. On the other hand, a markedly lower value (0.69) was found in group III when the initial enamel caries like lesions was treated by NHA-LPS suspension. Additionally, no bacterial adhesion was found in the group V (positive control 2) where the initial enamel caries like lesions was treated by NaF varnish. ANOVA test revealed a highly significant difference between the 5 tested groups (p = 0.000). Thus, pairwise Tukey's test was performed to compare between each two groups. It revealed highly statistically significant values of bacterial adhesion in group III and group V vs. all other tested groups. While groups I, II, and IV recorded no significant difference compared to each other.


[image: Figure 5]
FIGURE 5. Mitis salivarius containing petridish, showing treated enamel block sample covered with a thin layer of S. mutans bacterial suspension (a), viable count of S. mutans following vortexing of enamel block, serial dilution and incubation for 18–24 h (b).



Table 5. Mean values of the logarithmic number of bacterial colonies (log10 CFU/ml), representing bacteria adhered to the enamel surface in all test groups and statistical analysis.

[image: Table 5]


[image: Figure 6]
FIGURE 6. Mean values of the number of bacterial colonies (log10 CFU/ml) in all test groups.




Biofilm Thickness

Regarding the effect of test materials on biofilm thickness, the mean values (μm) were presented in Table 6, and Figures 7, 8. Groups could be arranged in descending order as group IV treated with NHA-SPS suspension (334.80), group III treated with NHA-LPS suspension (309.20), group I untreated initial enamel caries like lesions (230.90), group II treated by Desensibilize Nano p paste (183.70), and the lowest biofilm thickness was found in group V treated by NaF varnish (121.20). The ANOVA test revealed a statistically significant difference between the five tested groups (p = 0.009). The pairwise Tukey's test was performed to compare each two groups. It revealed a statistically significant (p = 0.027) higher value of the biofilm thickness in group IV vs. group V (p = 0.007). While no significant difference was observed between the other tested groups (p > 0.05).


Table 6. Mean values of bacterial biofilm thickness (μm) in all tested groups and statistical analysis.

[image: Table 6]


[image: Figure 7]
FIGURE 7. Mean values of bacterial adhesion in all tested group.



[image: Figure 8]
FIGURE 8. Side view of confocal scanning microscopic images of biofilm thickness obtained from virtual addition of multiple horizontally captured images at different depth levels. (a) Untreated enamel caries like lesions (group I), (b) desensibilize nano p (group II), (c) NHA-LPS suspension (group III), (d) NHA-SPS suspension (group IV), and (e) na F varnish (group V).




Antibiofilm Action

Concerning the antibiofilm action of test materials, this was demonstrated by statistical analysis of the average percentage of dead bacteria to the total bacterial count on the enamel surface of each group. As shown in Table 7 and Figure 9, group III recorded a very high percentage of dead bacteria (98.33%) which was slightly higher than the positive control group V (96.25%). However, the lowest percent of dead bacteria (17.94%) was recorded in group I. Representative confocal microscopic images (Figure 10) denoting the level of living to dead bacteria in all tested groups were presented, showing dead bacteria in red or yellow while live bacteria in green color. The pairwise Tukey's test compared between each two groups, it revealed a high statistically significant difference between group I vs. each of the other groups (p < 0.001) beside the presence of statistically significant difference recorded between the other groups.


Table 7. Statistical analysis of the average percentage values of dead bacterial in all tested groups.
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[image: Figure 9]
FIGURE 9. Representation of the average percentage values of dead bacteria in all tested groups.



[image: Figure 10]
FIGURE 10. Top view 3D image of confocal scanning microscope showing live (green) and dead (red or yellow) bacteria. (A) Untreated enamel caries like lesions (group I), (B) Desensibilize nano p (group II), (C) NHA-LPS suspension (group III), (D) NHA-SPS suspension (group IV), and (E) Sodium Fluoride (NaF) varnish (group V).




Scanning Electron Microscopy Evaluation

Scanning electron microscopy evaluation of the surface topography was performed as representative samples for all the studied groups and presented in Figure 11. Surface topography of the initial enamel caries like lesions, after acid etching (group I), revealed a lot of pores due to partial decalcification and dissolution of the prisms or interprisms. Initial enamel caries like lesions treated with group II of Nano p paste (positive control of NHA) showed multiple remnants of coating NHA appeared on the surface resulting in roughness of enamel surface (Figure 11B). On the other hand, using NHA-LPS and NHA-SPS suspensions (group III and IV, respectively) resulted in remineralized lesions with filling the dark spaces but very smooth enamel surface was observed following treatment with NHA-LPS suspensions (group III) as shown in Figures 11C, D. However, group IV (the positive control; NaF varnish) showed that some of the pores were closed but still pores could be seen opened indicating weak remineralization effect (Figure 11E).


[image: Figure 11]
FIGURE 11. Scanning electron microscopy (SEM) image × 5,000 showing, (A) outer surface of untreated enamel caries like lesions showing obvious dissolution of the prisms or interprisms creating micro surface irregularities showed by yellow arrow (group I), (B) Desensibilize nano p (group II) showed smooth enamel surface showed by red arrow, (C) NHA-LPS suspension showing very smooth enamel surface and synthetic enamel surface showed by red arrow (group III), (D) NHA-SPS suspension showing few remnants of NHA showed by red arrow (group IV), and (E) NaF varnish showing some closed pores showed by red arrow and others still opened showed by yellow arrow (group V).





DISCUSSION

Dental caries is a multifactorial biofilm-related disease (3) where bacteria play an important role due to being organized into a yellowish biofilm on teeth surfaces. Most caries active bacteria include S. mutans, Lactobacillus, Veillonella and Actinomyces species (5). Thus, acidogenic and aciduric S. mutans were selected for this study considering it as a major etiological challenge in the development of dental caries (47). This pathogen is known to be the main initiator of dental caries. It can produce glycosyltransferase (GTFs) and water insoluble extracellular polymeric substance from sucrose, leading to adhesion to tooth surface and contribution to form a biofilm (37).

Nano-hydroxyapatite has been incorporated in different commercial oral care preparation. According to the manufacturers, the maximum incorporation of NHA powder was 100 mg/ml while the concentration reached 200 mg/ml in paste and aqueous suspension. Therefore, we decided to test the effect of different concentration of NHA-LPS and NHA-SPS suspensions on the viability of normal fibroblasts using MTT assay at different time intervals to determine the safe concentration that could be used in further tests such as remineralization, antibacterial, and antibiofilm. It was found that both test suspensions showed no recorded cytotoxicity at concentrations ranged between 10 and 30 mg/ml, indicating safety of both powders at this range. Similar data were reported by Zhao and co-workers (48), Szymonowicz et al. (26), and Lamkhao et al. (49).

Concerning the antibacterial effect of NHA aqueous suspensions, the present study showed that NHA-LPS suspension recorded MBC of 2.5 mg/ml and MIC of 1.25 mg/ml. However, NHA-SPS suspension had no direct antibacterial action, Ciobanu et al. (50) combined silver with NHA to add an antibacterial effect while no MIC or MBC recorded even at high concentration (200 mg/ml) (51). Similar results were reported by Lim et al. (52). However, Lamkhao et al. (49) evaluated the antibacterial activity of different hydroxyapatite preparations using well diffusion method on nutrient agar plates. They reported that commercial and filtering hydroxy-apatite (HA) did not have any activity against Gram-positive bacteria while microwave-HA showed superior antibacterial effect. This might be due to the method of synthesis and nano-shape and particle size of NHA powder (48, 49).

Regarding EDX experiment, it was performed in order to aid in selecting the suitable remineralization concentration from the safe range that would also be evaluated against S. mutans mature biofilm. The results revealed slightly high remineralizing effect exerted following the use of 30 mg/ml of NHA-LPS suspensions without the significant difference in the concentration of Ca and P ions between both tested concentrations (30 and 100 mg/ml). So based on these data, the suggested concentration was 30 mg/ml for both test suspensions due to effectivity and safety. In another study, it was found that 100 mg/ml showed the optimal remineralizing effect (53) but it was not recommended in ours due to very high toxicity and absence of significant difference compared to the other concentration in regard to the remineralization. Also, NHA was found to drive the incorporation of large amounts of Ca and PO4 ions from oral environment into the crystal lattice forming NHA minerals. This remineralized enamel will be significantly resistant to future acid demineralization (54).

Microbial adhesion is considered the first step in biofilm formation which is known to be affected by a variety of microbiological-, physical-, chemical-, and material-related parameters (3, 6, 9). Also, it can be significantly influenced by the topography of substrate surface (10) where different studies (11, 13) reported that the roughened enamel surface could significantly increase the susceptibility to bacterial adhesion (14). Interestingly, the results of adhesion test in the present work showed that NHA-LPS suspension had anti-adherence activity because it recorded the least logarithmic number of bacterial colonies (0.69) with no significant difference compared to the positive control (NaF varnish; 0) while great significant differences were recorded with other groups indicating strong anti-adherence activity. Consequently, the application of this powder could decrease the biofilm formation and hence prevent the dental caries initiation. This came in an agreement with other studies reported that NHA introduced in the dental research field could block the specific bacterial adhesins, reduce the bacterial adherence, and interfere with the bacterial biofilm formation (13, 55–57).

Regarding mature biofilm thickness recorded for all test groups, it was found that group III (treated with NHA-LPS suspension) and group IV (treated with NHA-SPS suspension) showed significantly higher data (309.20 and 334.80 μm, respectively) compared to the positive control groups (group II; 183.70 and group V; 21.20 μm).

On the other hand, group III recorded very high level of dead bacteria (98.33%) which was significantly different with group IV (35.33%) while non-significantly different with group V (96.25%) indicating potent antimicrobial activity of NHA-LPS suspension that not only inhibited the bacterial growth but also killed live bacteria. Guerreiro-Tanomaru and co-workers (58) mentioned that the use of 100 mg/ml of NHA resulted in just one-log reduction in the mature biofilm of Enterococcus faecalis. Interestingly, our findings indicated potent antibiofilm activity of NHA-LPS that was used at 30 mg/ml and produced 98.33% dead bacteria. However, the increased biofilm thickness was explained by Miseon et al. (59) who reported that NHA can enhance biofilm thickness by inducing the transcription of glucosyltransferase enzyme leading to an increase in the production of insoluble glucans. In addition, NHA nanoparticles can act as a filler (22, 55) because it can fill the micropores and depressions of enamel surface (60) creating a new layer of synthetic enamel around the tooth surface, rather than hardening the existing layer, that chemically changes into calcium halo phosphate [Ca5(PO4)] (55) which was confirmed by our SEM results that revealed hard and smooth enamel surface following treatment by NHA-LPS suspension. This is reported to be more effective than NaF which forms hydroxyapatite particles, through providing Ca, PO4, and F ions to demineralized enamel (61). Moreover, NaF just provided surface coating deposits covering the pores of demineralized teeth forming a surface-zone of remineralization (superficial layer) without filling the lesion body (62). In addition, NaF was reported to have a little retention time on the enamel surface after which it dissolved and hence it had a limited local effect (63).

In conclusion, also limitation of this study as it was an in-vitro study so it cannot simulate cycles of re/demineralization in oral cavity, teeth used are bovine teeth not human, the used bacteria was only one strain of S. mutans that caused initiation of dental caries and the initial enamel caries was made chemically not by bacterial effect, the data of the present work showed that NHA-LPS suspension had potent antibacterial and antiadhesive actions that could prevent biofilm formation. This was caused by its bactericidal effect against mature biofilm of S. mutans beside its remineralizing effect; it can fill pores of initial enamel caries rather than closing pores superficially like NaF. Last, this powder was characterized by very low cost, safe, and locally synthesized in Egypt. Additionally, further preclinical as well as clinical studies are required in future to evaluate the antibacterial, antibiofilm, and remineralizing effect of NHA-LPS with larger particle size rather than that usually used (20–40 μl).
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