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Abstract

:

This study aimed to investigate the antibacterial [minimal inhibitory concentration (MIC) and minimal bactericidal concentration (MBC)] and antibiofilm activity [log10 colony forming unit/mL (CFU/mL) and biofilm disruption] of copper-doped phosphate glass (CDPG) against Streptococcus oralis, Enterococcus faecalis, Lactobacillus casei, Staphylococcus aureus, Escherichia coli, and Pseudomonas aeruginosa. Methods: the antibacterial activity was determined using microbroth dilution and time-kill assay. The antibiofilm activity was investigated using crystal violet and confocal laser scanning microscopy. Bacteria growing in absence of CDPG were used as controls. Results: the MIC was ≥125 mg of CPDG/mL; the log10 CFU/mL reduction ranged from 2.66–3.14 to 6.23–9.65 after 4 and 24 h respectively. Generally, no growth was observed after 24 h of treatment with CDPG; the MBC was 250 mg/mL for L. casei and S. oralis while 500 mg/mL for the rest of the bacteria. The highest and lowest antibiofilm activity was observed against S. oralis and E. coli respectively. Three patterns of complete biofilm disruption were seen: (i) large areas with E. fecalis and S. oralis, (ii) medium-size pockets with S. aureus and P. aeruginosa, or (iii) small areas with E. coli and L. casei. Conclusion: CDPG can be potentially used as an antibacterial and an antibiofilm agent against oral biofilm-forming bacteria.






Keywords:


copper-doped phosphate glass; time-kill assay; antibacterial activity; antibiofilm assay and confocal scanning microscopy












1. Introduction


The oral mucosal surfaces constantly encounter an overabundance of microorganisms [1]. Several bacterial strains are commonly present in the oral cavity and responsible for many diseases such as caries, periodontitis, osteomyelitis, endodontic infection, and mucosal infections, which involve both Gram-positive microorganisms (Enterococcus faecalis, Staphylococcus aureus, Streptococcus oralis, and Lactobacillus casei) and Gram-negative bacteria (Pseudomonas aeruginosa and Escherichia coli) [2,3,4].



Dental biofilm is an exceedingly complex, multispecies ecosystem where oral microorganisms interact cooperatively or competitively with each other [5]. Biofilm consists of bacteria or fungi that aggregate and aid in the onset and/or the progress of infection. It is therefore considered the major etiological factor for many dental diseases. Biofilm formation is a vital virulence factor of many oral pathogens. It starts with the attachment of primary colonizers (e.g., Streptococci and Actinomyces) followed by bridging species (e.g., Fusobacterium nucleatum) and subsequently by late colonizers (e.g., Porphyromonas gingivalis and Tannerella forsythia) [6,7]. During this process, complex microbial communities will be formed and become embedded within an extracellular polymeric matrix [8] that constitutes 90% of the biofilm. This matrix confers protection to the pathogenic microorganisms from external antimicrobial agents and also helps to evade the host defense mechanism [9,10]. Although numerous studies focused on developing antimicrobial agents to overcome the virulence factors which render them less effective, most of these efforts are in vain to achieve the desired outcomes. The rapid disintegration of most antimicrobial agents by multiple antibacterial resistance mechanisms is also another challenge presently being faced globally [11,12].



Phosphate-based glasses, a class of the third generation of biomaterials, have recently gained great interest for potential tissue engineering and drug delivery applications [13]. They are degradable and the degradation can be effortlessly controlled by changing the glass chemistry. They can be modified with various metallic oxides that could induce antibacterial [14,15] or remineralizing actions [16]. Examples of these oxides include copper oxide [14], titanium dioxide [15], and gallium oxide [17]. They can also be prepared in a variety of forms as a powder [18], microspheres [15], and fibers [19] to modulate their therapeutic potential. Copper-doped phosphate glasses, for example, are effective as an antibacterial agent against Gram-positive cariogenic cocci (Streptococcus mutans), Gram-negative, rod-shaped, opportunistic multidrug-resistant bacteria Pseudomonas aeruginosa [18], and Gram-positive skin-related Staphylococcus epidermidis [14]. Titanium-doped phosphate glasses have also proven to be biocompatible [20,21] with a promising antibacterial action against S. mutans when they were incorporated into total-etch dental adhesives [15]. Furthermore, copper-doped mesoporous glass nanospheres modified experimental dental composites could be a promising path for future investigations of antibacterial properties and ion release [22]. Limited research has been conducted on the antibacterial efficacy of copper-doped phosphate glasses on multiple oral microorganisms and their biofilm-forming capacity, which has led to the research gap in the antibacterial efficacy of copper-doped phosphate glasses on oral monomicrobial and polymicrobial biofilm. This study aimed to investigate the potential use of copper-doped phosphate glass (CDPG) as an antibacterial agent against oral biofilm-forming bacteria without the problem of developing antibiotic-resistant strains. Therefore, the antibacterial and antibiofilm activity of CDPG was tested against typical oral bacteria like E. fecalis, S. oralis, and L. casei as well as common multidrug-resistant bacterial pathogens like E. coli, P. aeruginosa, and S. aureus. The tested species involve both Gram-positive and negative microorganisms that are commonly involved in many diseases, as highlighted above. The null hypothesis postulated was that there is no antibacterial and antibiofilm activity of copper-doped phosphate glass (CDPG) against oral biofilm-forming bacteria. If proven successful, this CDPG can be incorporated within various dental materials such as cements, adhesives, and fissure sealants to achieve potent antibacterial functions. It could also serve as an active component in mouth rinses, toothpaste, gels, or any other products to reduce the burden of oral microorganisms.




2. Results


2.1. Scanning Electron Microscopy


As observed in Figure 1a, the glass particles had irregular-shaped morphology and their size varied from 20–100 µm.




2.2. Antibacterial Activity


2.2.1. Preliminary Antibacterial Activity and Microbroth Dilution Method


The antibacterial activity of CDPG was assessed against both Gram-positive and Gram-negative bacteria. A preliminary test to check the antibacterial activity of CDPG was performed against all six bacterial strains at different time points in hours. A fixed concentration of 500 mg/mL of CDPG was used for this test. It was observed that the growth of all of the six bacterial strains was completely inhibited by 500 mg/mL of CDPG at 24 h and 48 h. Preliminary testing indicated the antibacterial activity of CDPG. Figure 1b shows a representative picture of the same. Although the bacterial strains could withstand the antibacterial activity of CDPG at 2 h, 4 h, and 6 h, they were completely killed by CDPG at 24 h and 48 h. The MIC of CDPG was determined by the microbroth dilution method. Doubling dilutions of CDPG ranging from 500 mg/mL to 0.25 mg/mL were tested against all six bacterial strains. The minimum concentration of CDPG at which bacterial growth was completely inhibited and visualized with the naked eye, was considered to be the MIC. It was observed that 125 mg/mL of CDPG was the MIC for all the six bacterial strains tested. The uniformity of the results for all of the six bacterial strains tested is shown in Figure 1c. Concentrations of CDPG less than 125 mg/mL did not show any antibacterial activity against all the tested bacterial strains.




2.2.2. Time-Kill Assay


The time-kill assay was performed with 500, 250, and 125 mg/mL CDPG concentrations. Data from the time-kill assays of each microorganism were presented as log10 CFU/mL at different time points, as shown in Figure 2. Generally, the average log10 CFU/mL in the time-kill assay ranged between 5.56 to 5.09 after 4 h of interaction; 4.28 to 4.005 after 8 h of interaction; 3.41 to 0 after 24 h of interaction among the three concentrations of CDPG. All six strains of viable bacteria were completely killed by CDPG at 24 h at 500 mg/mL. It was observed, however, that the common oral microbes—L. casei and S. oralis—were completely killed by CDPG at 24 h at a MIC of 250 mg/mL as well.





2.3. Antibiofilm Activity


A preliminary evaluation of the antibiofilm activity of CDPG was performed by crystal violet staining. The antibiofilm activity was observed with 100 mg/mL of CDPG. The biofilm formed by all the bacteria inoculated with 100 mg/mL of CDPG was significantly lower (p < 0.05) than their respective control strain of bacteria grown in the absence of CDPG, see Figure 3. S. oralis showed the highest reduction in biofilm with CDPG treatment, while E. coli showed the lowest reduction in biofilm with CDPG treatment.



Confocal Laser Scanning Microscopy (CLSM) and Disruption of Biofilm


The disruption of biofilm, formed by each bacterial strain on hydroxyapatite, by CDPG was visualized by DAPI staining under CLSM. The control samples showed either uniform, thick, or multiple layers of biofilm. On the other hand, the samples treated with 100 mg/mL CDPG for 24 h postbiofilm formation showed one of the three types of disruption of biofilm—(i) large areas of complete disruption of biofilm as observed in E. fecalis and S. oralis; (ii) medium-size pockets of complete disruption of biofilm as observed in S. aureus and P. aeruginosa, or (iii) smaller areas of complete disruption of biofilm as observed in E. coli and L. casei (Figure 4).






3. Discussion


This study aimed to investigate the antibacterial and antibiofilm activity of CDPG. In a previous study, the antibacterial activity of CDPG fibers has been tested against S. epidermidis and compared with copper oxide-free fibers [11]. The results showed a significant reduction in the number of bacteria attached to CDPG fibers when compared to the control fibers. The higher the copper oxide content, the higher the reduction in the number of attached bacteria. Fibers containing 1 and 5 mol% copper oxides showed 1log10CFU reduction, while those containing 10 mol% showed over 2log10CFU reduction [14]. Similar findings were also observed when the bacteria were grown in the presence of fiber extracts [14]. In another study, CDPG microspheres or microparticles containing 10 mol% copper oxide were used to impart antibacterial action to an experimental phosphate-substituted methacrylate dental adhesive. The results showed that the antibacterial action against S. mutans and P. aeruginosa varies according to the form of CDPG where CDPG microspheres showed a significantly higher reduction in P. aeruginosa than microparticles while the opposite was observed for S. mutans [18]. In these studies, the antibacterial action of CDPG was related to the release of copper ions during glass degradation. The amount of copper released varies according to the form (particle, microspheres, or fibers) and the copper oxide content of the glass [14,18]. Regardless of the importance of copper as a cofactor for many enzymatic processes, it is toxic to bacteria by the production of reactive oxygen species (ROS) that cause damage to the bacterial DNA [23].



In the present study, the antibacterial and antibiofilm activity of CDPG was tested against typical oral bacteria like E. fecalis, S. oralis, and L. casei as well as common multidrug-resistant bacterial pathogens like E. coli, P. aeruginosa, and S. aureus. It was observed that the MIC of CDPG was 125 mg/mL while the minimum bactericidal concentration (MBC) of CDPG was 500 mg/mL. As highlighted in a previous study, the bactericidal activity was observed with increasing concentrations of copper [24], and with 500 mg/mL of CDPG, more copper ions are expected to be released into the medium than with 125 mg/mL. The time-kill assay indicated that the oral pathobionts S. oralis and L. casei were completely killed at 24 h with 250 mg/mL, whereas the other bacteria, which are stronger pathogens, required 500 mg/mL to be completely killed by 24 h. The pathogens require a higher concentration of CDPG to be killed when compared to the pathobionts as they inherently carry multiple virulence genes and genes for resistance to chemicals and drugs [25].



Antibiofilm activity was studied by the crystal violet assay. Crystal violet is a dye that belongs to the triphenylmethane dyes family. Crystal violet binds through ionic interactions with bacterial cellular components like DNA [26], proteins [27], and biofilm polysaccharides [28]. The biofilm formation is visualized as a ring around the inner surface of the well after the crystal violet dye is flushed away. Then, this biofilm could be solubilized and measured spectrophotometrically by transferring it to a 96-well plate that has a flat bottom and is optically clear. Since the crystal violet stains the matrix of extracellular DNA, proteins, and polysaccharides, this assay does not correspond directly to the number of viable bacterial cells in the biofilm. The antibiofilm activity was visualized by treating a 24-h bacterial biofilm with CDPG, followed by a crystal violet assay. The spectrophotometric readings of CDPG-treated bacterial biofilms were recorded and compared to untreated bacterial biofilm. The disruption of biofilm varied between the bacteria tested and these results were in concordance with the confocal laser scanning microscopy (CLSM) visualization of the disrupted biofilm on the treatment with CDPG.



As explained above, the antibiofilm activity of CDPG was detected by the crystal violet assay. The antibiofilm activity was observed at a concentration lesser than the antimicrobial concentration (MIC). Results showed that the highest antibiofilm activity of CDPG was observed against S. oralis while the lowest activity was observed against E. coli. This finding could be related to the nature of both bacteria; S. oralis is generally an oral commensal while E. coli is a pathogen that causes multiple diseases. Hence, the virulence factors of the pathogen (E. coli) are far more developed and thus more difficult to kill when compared to the commensal bacteria as S. oralis [29]. S. oralis is an oral commensal and opportunistic pathogen. It is well known that S.oralis forms a strong biofilm in the presence of mucins from human saliva. S. oralis is an early colonizer that commences plaque formation by binding to the salivary pellicle on the surface of the tooth [30]. In the present study, the antibiofilm activity was assessed in vitro in the absence of human saliva containing mucins and salivary pellicle. This could be the reason for the CDPG to exhibit the highest antibiofilm activity on S.oralis, although it forms an efficient biofilm in the oral cavity.



The disruption of biofilm also varied between bacteria; these results were in concordance with the confocal laser scanning microscopy (CLSM) visualization of the disrupted biofilm on the treatment with CDPG. CLSM detected (i) large areas of complete disruption with E. fecalis and S. oralis, (ii) medium-size pockets of complete disruption with S. aureus and P. aeruginosa, and (iii) small areas of complete disruption with E. coli and L. casei. This could be attributed to the type of biofilm secreted by the respective bacteria, the presence of pili, the amount of glycocalyx present around the bacteria along with the presence of adhesins [31]. The null hypothesis postulated that there was no antibacterial and antibiofilm activity of copper-doped phosphate glass (CDPG) against oral biofilm-forming bacteria. According to the results of this study, CDPG showed significant antibacterial activity against all the tested bacteria as well as a significant reduction in biofilm formation. Therefore, the null hypothesis was rejected.




4. Materials and Methods


4.1. Glass Preparation


Copper-doped phosphate glass (CDPG), having 50 P2O5, 30 CaO, 10 Na2O, and 10 CuO, was prepared using the melt quenching process [15,16]; the number indicates the mol% of each component. The raw materials used for the glass preparation are phosphorus pentoxide, calcium hydrogen phosphate, sodium dihydrogen phosphate, and copper oxide. The raw materials were mixed and melted in an air furnace (Carbolite, model RHF 1500, UK) at 1100 °C for 2 h. The molten glass was then quenched to room temperature and left to cool overnight. The cooled glass was grounded into a powder using a Retsch PM100 milling machine (Retch GmbH, Germany).




4.2. Scanning Electron Microscopy


The glass powder was fixed to a metal stub using a sticky tap and sputter coated with gold-palladium alloy for 120 s using Quorum Technology Mini Sputter Coater, SC7620 under argon atmosphere, 10−2 mbar chamber pressure, 18 mA plasma current, and 1 kV applied voltage. The morphology of CDPG was investigated using scanning electron microscopy (Tescan VEGA XM variable pressure SEM).




4.3. Antibacterial Activity


For this study, E. faecalis (ATCC 219212), S. aureus (ATCC 29213), E. coli (ATCC 25922), P. aeruginosa (ATCC 27853), S. oralis (ATCC 6249), and L. casei (ATCC 393) were used. These organisms were cultured in brain–heart infusion broth (BHIB, Biolife, Milan, Italy), and the turbidity was matched to 0.5 McFarland for the different assays.



4.3.1. Preliminary Test for Antibacterial Activity


A preliminary screening test for testing the antibacterial activity of CDPG was performed. For this, all the bacterial strains used in the study were tested against a fixed concentration of 500 mg/mL of CDPG. Briefly, the bacterial strains were inoculated into BHIB containing 500 mg/mL of CDPG and incubated at 37 °C and 60 rpm in a microtiter plate for 48 h. Then, 10 µL of test inoculum was plated onto BHIA at 2 h, 4 h, 6 h, 24 h, and 48 h and incubated at 37 °C for 24 h. The growth or absence of bacterial growth on the BHIA plate was recorded.




4.3.2. Detection of Minimum Inhibitory Concentration (MIC) of CDPG by the Microbroth Dilution Method


The MIC of the CDPG was evaluated according to Clinical and Laboratory Standards Institute guidelines (CLSI) by the microbroth dilution method [32]. Concentrations of CDPG ranging from 0.25 mg/mL to 500 mg/mL were prepared in BHIB by the microbroth double dilution method and tested against the bacterial strains (inoculum of 105 CFU/mL). The results were recorded after an incubation period of 24 h at 37 °C. The lowest concentration of CDPG at which visible bacterial growth was not detected was identified as the minimum inhibitory concentration.




4.3.3. Time-Kill Assay


A time-kill assay was performed as described previously [33]. Three concentrations of CDPG were tested; 500 mg/mL, 250 mg/mL, and 125 mg/mL against a fixed concentration of bacteria (105 CFU/mL) [34]. Briefly, the bacterial strains were inoculated into BHIB containing different concentrations of CDPG and incubated for 24 h at 37 °C and 60 rpm in a microtiter plate. Bacterial strains inoculated and incubated for the same period, in the absence of CDPG, were used as a control set. Then, 10 µL of test inoculum were plated onto BHIA at 0 h, 2 h, 4 h, 6 h, 8 h, and 24 h and incubated at 37 °C for 24 h. Readings were recorded and colony forming units/mL (CFU/mL) were calculated. This was then converted to log10 values and compared with those values for the control (bacteria growing in absence of CDPG). The data were plotted as mean ± standard deviation as a function of time with a nonlinear regression using GraphPad Prism 5.





4.4. Antibiofilm Activity Using Crystal Violet Assay


In this study, 150 µL aliquots of bacteria in a BHIB suspension at a final concentration of 1.0 × 108 CFU/mL were transported to a 96 well microplate and incubated at aerobic conditions for 24 h at 37 °C to allow for the biofilm formation [35]. After incubation, the microplate contents were emptied from each well and supplemented with 150 µL of fresh BHIB with CDPG and incubated at 37 °C for 24 h. CDPG was used at a concentration of 100 mg/mL, a concentration that is slightly smaller than the MIC, which was observed at 125 mg/mL. A control set without CPDG was also incubated. The wells were then washed gently thrice and were stained with 150 µL of 0.1% (wt/vol) crystal violet solution and incubated at room temperature for 15 min. Then, the wells were washed twice with phosphate buffer saline (PBS) and 150 µL of 95% ethanol was added to each well. The plates were incubated at room temperature for 10 min. The solution in each well was then transferred to a fresh microtiter plate, and the optical density (OD) was measured at 570 nm. The assay was done in triplicate, and the results were recorded as mean ±SD for both the test and the control.



Visualization of Biofilm Disruption by Confocal Laser Scanning Microscopy


Confocal laser scanning microscopy was carried out to confirm the results of crystal violet staining. Hydroxyapatite pellets of 3 mm3 were placed in each well of a 24-well microtiter plate. Then 1 mL of BHIB was added and inoculated with 5 µL of respective bacterial strain (0.5 McFarland). The samples were then incubated at 37 °C for 24 h for the formation of the biofilm. For each bacterial strain, there were two sets—control and test. On day 2, the used media was removed, and each well was supplemented with 1 mL of fresh BHIB. Only for the test wells, CDPG at a concentration of 100 mg/mL was added and incubated at 37 °C for 24 h at 60 rpm. The control wells on the other hand received no CDPG. On day 3, the hydroxyapatite pellets were carefully taken from the wells, placed on a 90 mm Petri dish (ABDOS Life Science, Roorkee, India), stained with DAPI (4′,6-diamidino-2-phenylindole, Abcam, UK), incubated at room temperature for 15 min in the dark, and observed under confocal laser scanning microscopy (CLSM, Nikon, Eclipse Ti, Japan). DAPI binds preferably to dsDNA and its blue fluorescence is proportional to the amount of the present DNA. Accordingly, DAPI was used to stain all cells in the biofilm [36].





4.5. Statistical Analysis


A one way analysis of variance (ANOVA) was used to test the significant difference between groups followed by t-tests to identify the pairwise difference among the groups. The statistical analysis was carried out using GraphPad Prism 5 software (San Diego, CA, USA) with a significance level of p value of ≤0.05.





5. Conclusions


According to the results of this study, significant antibacterial activity against all the tested bacteria was observed at 24 and 48 h of incubation with CDPG at a concentration of 250 mg/mL for the oral pathobionts and 500 mg/mL for multidrug-resistant pathogens. The average log10 CFU/mL reduction ranged from 2.66 to 9.65 according to the concentration of CDPG, time of treatment, and bacterial species. L. casei and S. oralis were completely killed by 250 mg/mL of CDPG after 24 h of treatment. E. coli, E. fecalis, S. aureus, and P. aeruginosa, were completely killed by 500 mg/mL of CDPG after 24 h of treatment. Furthermore, a significant reduction in biofilm formation was observed for all the tested bacteria grown in the presence of 100 mg/mL of CDPG. Accordingly, CDPG could be used as an antibacterial agent as well as an antibiofilm agent against oral biofilm-forming bacteria without the problem of developing antibiotic-resistant strains. However, further research on biocompatibility of the CDPG need to be carried out before the animal studies and human trials.
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Figure 1. (a) Scanning electron microscopy image of copper-doped phosphate glass particles at 100× magnification. (b) Representative picture of preliminary test of antibacterial activity (i) Test—E. faecalis exposed to 500 mg/mL CDPG at different time points in hours (ii) Control—E. faecalis not exposed to 500 mg/mL CDPG. (c) Representative image for determination of MIC by broth microdilution method. All six bacterial strains showed a uniform MIC of 125 mg/mL. 
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Figure 2. Time Kill assay of different bacteria. 
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Figure 3. Crystal violet assay for evaluation of the antibiofilm activity of CDPG. * refers to the significant difference from the control with p value < 0.05. 
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Figure 4. CLSM images showing the disruption of biofilm, produced by different bacterial strains on hydroxyapatite discs, caused by 100 mg/mL CDPG in comparison to the control bacteria growing in the absence of CDPG. Yellow arrows indicate multiple layers of biofilm formed by bacteria. Green arrows indicate large areas of complete disruption of biofilm as seen with E. fecalis and S. oralis. Red arrows refer to medium-size pockets of complete disruption of biofilm as seen with S. aureus and P. aeruginosa, while orange arrows refer to small areas of complete disruption of biofilm as seen with E. coli and L. casei. 
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