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Biofilm inhibition in oral pathogens by nanodiamonds

Abstract
[bookmark: OLE_LINK16][bookmark: OLE_LINK17][bookmark: OLE_LINK10]The complex microbial community, e.g., biofilms residing in our oral cavity, have recognized clinical significance, as they are typically the main causes for infections. Particularly, they show high resistance to conventional antibiotics, and alternatives including nanotechnology are being intensively explored nowadays to provide more efficient therapeutics. The diamond nanoparticles, namely nanodiamonds (NDs) with many promising physico-chemical properties, have been demonstrated to work as an effective antibacterial agent against planktonic cells (free floating state). However, little is known about the behaviors of NDs against biofilms (sessile state). In this study, we uncovered their role in inhibiting biofilm growth, as well as their disrupting effect on preformed biofilm in several selected orally and systemically important organisms. The current findings will advance the mechanistic understanding of NDs on oral pathogens, and might accelerate corresponding clinical translation.
Introduction
[bookmark: OLE_LINK28][bookmark: OLE_LINK29][bookmark: OLE_LINK64][bookmark: OLE_LINK65][bookmark: OLE_LINK66][bookmark: OLE_LINK67][bookmark: OLE_LINK68][bookmark: OLE_LINK69][bookmark: OLE_LINK78][bookmark: OLE_LINK79][bookmark: OLE_LINK70][bookmark: OLE_LINK71][bookmark: OLE_LINK72][bookmark: OLE_LINK73][bookmark: OLE_LINK74][bookmark: OLE_LINK75][bookmark: OLE_LINK76][bookmark: OLE_LINK77][bookmark: OLE_LINK80][bookmark: OLE_LINK81][bookmark: OLE_LINK82][bookmark: OLE_LINK83][bookmark: OLE_LINK84][bookmark: OLE_LINK85][bookmark: OLE_LINK86][bookmark: OLE_LINK87][bookmark: OLE_LINK88]The ongoing coronavirus pandemic has urged an increasing demand for face masks which have been proven to mitigate transmission globally. As a result, people are “forced” to notice the oral hygiene caused mainly by resident microorganisms including bacteria and fungi. The human oral cavity, being full of water and nutrients, provides a perfect environment for microbes to reside and develop from single bacteria to highly spatio-temporally organized communities called biofilms. The key oral diseases, dental caries (tooth decay), periodontitis (gum diseases) and candidiasis are all caused by tenacious, pathogenic biofilms that form in the mouth.1-6 Dental caries is one of the most common diseases to affect humankind, affecting more than 3 billion people (48% of the population) worldwide. It is caused by a dominance of acid-producing bacteria that form biofilms on the surface of the teeth.1, 2 While several microorganisms are involved in the process, Streptococcus mutans (S. mutans), a Gram-positive bacterium is considered pivotal for the onset of this disease.7 By contrast, Porphyromonas gingivalis (P. gingivalis), a Gram-negative pathogen is the keystone pathogen responsible for periodontal (gum) diseases, which results in loss of teeth.8 With a global prevalence of 11.2%, periodontitis is the 6th most prevalent disease in human beings.9, 10 These diseases have a substantial global financial and public health burden, due to the associated treatment costs and effects on the quality of life. Notably, microbial dysbiosis in the oral cavity has been linked to whole-body systemic diseases such as obesity, Alzheimer’s and cardiovascular disease.11-13
[bookmark: OLE_LINK92][bookmark: OLE_LINK93][bookmark: OLE_LINK94][bookmark: OLE_LINK89][bookmark: OLE_LINK90][bookmark: OLE_LINK91]Notwithstanding bacteria, the most severe infection of the oral cavity is attributed to fungi/yeasts, due to their highly invasive nature. Candida species cause a variety of oral diseases including caries in young children (early childhood caries) and oropharyngeal mucosal infections (candidiasis).14-16 Specifically, immunocompromised, hospitalized and elderly patients are at a high risk of developing this disease.16 Candida albicans (C. albicans) is the most common human fungal pathogen, and is commonly used as the model organism to study fungal pathogenesis and effectiveness of novel therapies. More recently, the widespread use of immunosuppressive therapy and broad-spectrum antimycotics have positioned another yeast, Candida glabrata (C. glabrata) as an important opportunistic pathogen. There is evidence to show that C. glabrata possesses both innate and acquired resistance against antifungal drugs.17
[bookmark: _Hlk50495212][bookmark: OLE_LINK99][bookmark: OLE_LINK100][bookmark: OLE_LINK101][bookmark: OLE_LINK102]As such, biofilms are highly resistant to antimicrobial therapies, and tolerate even the most modern antimicrobials up to 1000 times that of their planktonic counterparts.18 Although many promising antibiotics have been developed so far, antimicrobial resistance is one of the biggest global threats,19, 20 and there is an obvious incentive to prevent the formation of biofilms. Therefore, a pressing need is to develop novel antifouling strategies that can prevent biofilm formation. As a comparison, the emerging bactericidal nanoparticles (NPs) have shown great potential in winning the battle against such multi-drug resistant superbugs.21-23 Notwithstanding the tremendous significance of NPs to combat microbial pathogenesis, a detailed understanding of their influence on biofilms which are much more pivotal to clinical treatments, is yet to be explored.
[bookmark: OLE_LINK105][bookmark: OLE_LINK106][bookmark: OLE_LINK30][bookmark: OLE_LINK31][bookmark: OLE_LINK107][bookmark: OLE_LINK108]The nanoscale diamond particles, namely nanodiamonds (NDs), possessing a unique combination of many promising features including optical and spectroscopic properties, superior robustness and stability, excellent biocompatibility and flexible surface properties, have attracted significant growth of interest in their biomedical usage over recent years.24-28 In spite of extensive works using NDs as labeling,29-31 imaging,32-34 sensing35-38 and drug delivery agents39-41 in mammalian cells, only a limited number of remarkable studies42-54 have been conducted with bacterial (or fungal) cells. For example, the commercially available detonation NDs, with nearly spherical shape and a typical size of ~10 nm, have been proposed as antibacterial agents in the most studied model system Escherichia coli.42-50 Furthermore, NDs have also been shown to be biocompatible to humans in the oral cavity,52 which is the foundation for the potential expansion of NDs for a broad spectrum of applications. As another important type of NDs in the market, the high pressure high temperature (HPHT) counterparts normally have an irregular shape with varying size from few tens to hundreds of nm.55 Considering the significant potential of applying NDs (especially the HPHT type with stable color centers) as therapeutic and diagnostic agents, it is decisive to introduce this promising candidate to pathogenic biofilms. Unfortunately, little work has been done with HPHT type NDs even in planktonic cells until now,53 not mentioning the void in biofilm studies. 
[bookmark: OLE_LINK121][bookmark: OLE_LINK122]Here, for the first time, we have performed systematic microbiological studies of high quality HPHT NDs on several oral and systemically important pathogens (Fig. 1). Those “on purpose” chosen microorganisms include fungi (C. albicans and C. glabrata) and bacteria (S. mutans and P. gingivalis), all of which are known to cause common human oral diseases. From the determined sub-inhibitory concentration by the routine test of NDs on planktonic cells, we have further investigated their capability of inhibition, as well as their role in gene regulation during biofilm formation. Furthermore, we also studied the effects of NDs on disrupting preformed biofilms, in a time and concentration dependent manner. These achievements further our mechanistic understanding of NDs on oral pathogens, paving the way for their clinical and translational applications such as drug carriers and/or additives in the human oral cavity.
[image: ]
Fig. 1. Illustration of experimental design to investigate the effects of NDs on oral pathogens. (a) Morphology and crystallinity characterizations of NDs. The scanning electron microscope (SEM) and transmission electron microscope (TEM) images show the typical irregular shape of the HPHT NDs, and the selected area electron diffraction (SAED) pattern shows the (220) plane of the same ND viewed under TEM. And the picture under the TEM, SEM and SAED is an illustrative picture of NDs. (b) The “on purpose” chosen planktonic fungi (C. albicans and C. glabrata) and bacteria (S. mutans and P. gingivalis) cells were allowed to grow biofilms on the NDs-coated slides to study the effects of NDs on biofilm inhibition. And preformed fungi and bacteria biofilms were treated with NDs to study the effects of NDs on preformed biofilm.
[bookmark: OLE_LINK26][bookmark: OLE_LINK27]Results and discussions
[bookmark: OLE_LINK32][bookmark: OLE_LINK14][bookmark: OLE_LINK15]The effects of NDs on biofilm formation
As discussed earlier, inhibiting biofilms is considered a high-value target in novel therapeutics. In most pathogens, the development of antimicrobial resistance is intrinsically linked to mechanisms that govern its growth and survival.56-60 Therefore, current microbiological philosophies are based on the inhibition of key virulence targets without inhibiting growth or the survival of these organisms. This is also essential considering that the oral cavity contains both beneficial and pathogenic organisms and indiscriminate suppression of all the organisms is not considered favorable.57
[bookmark: OLE_LINK54][bookmark: OLE_LINK55]One of the key highlights of this work was to investigate whether biofilm development to a surface can be “inhibited” by NDs. To achieve biofilm inhibition without microbial killing, We first determined the effects of NDs on planktonic killing of fungal and bacterial cells (details can be found in Supporting Information). The planktonic suspensions were treated with varying concentrations of NDs. As shown in Fig. S2, we identified that concentrations >2.5 mg/mL killed more than 80% C. albicans. Therefore, concentrations lower than this cut-off value were designated as sub-inhibitory (sub-lethal) concentrations. Similarly, the range of sub-inhibitory concentrations were established for the other pathogens (Fig. S2).
Then, the effect of sub-inhibitory concentrations of ND on inhibition of biofilm formation was studied. NDs were precoated onto the chamber slides, and the bacterial and fungal pathogens were allowed to grow biofilms on the NDs-coated slides for 24h. As shown in Fig. 2a, all the sub-inhibitory concentrations inhibited the formation of biofilm by C. albicans, and the quantitative analyses (counting the number of attached fungal cells/mm2) confirmed a significant reduction in a dose-dependent manner (Fig. 2b). The highest inhibition (79%) was achieved by the precoated 2.5 mg/mL NDs. As a comparison, the S. mutans biofilms were significantly inhibited at rather low concentrations (0.15 mg/ml) (Fig. 2d). Furthermore, NDs had also been found to inhibit C. glabrata and P. gingivalis biofilms (Fig. S3).
The relationship between the concentration of NDs and biofilm inhibition could be explained from the coverage of NDs film on substrate. We performed an experiment to check the coating performance of the NDs with different concentrations on chamber slides. As can be seen from the SEM images with a large field of view in Fig. 3, the coverage of the NDs film on substrate is concentration-dependent, when the concentration of NDs is lower than 5 mg/mL, and there is almost no difference among the NDs films (i.e., all of them are uniformly covered on the substrate) when the concentration of NDs is higher than 5 mg/mL. Therefore, the coverage of NDs films on substrate is strongly concentration-dependent for C. albicans biofilms (0.62 to 2.5 mg/mL) and P. gingivalis (0.02 to 1.25 mg/mL), i.e., the higher the concentration of NDs used, the more substrate coverage was achieved by NDs, potentially resulting in a rougher attachment surface, which further inhibited the formation of biofilms. As for C. glabrata (Fig. S3), concentrations lower than 2.5 mg/mL had no significant effects on the biofilms, and higher concentrations were required for biofilm inhibition. From Fig. 3, we know that the 2.5 mg/mL NDs films is much more uniformly covered on the substrate compared with the other two lower concentrations (0.62 and 1.25 mg/mL), which indicates that the C. glabrata is much more sensitive to the coverage of the NDs film on the substrate. 
[bookmark: OLE_LINK58][bookmark: OLE_LINK59]However, the low concentration of NDs used for S. mutans biofilm inhibition (0.15 to 0.62 mg/ml), likely did not significantly influence the attachment surface of the biofilms. Therefore, other mechanisms may be involved in this inhibition. Since both the NDs (with a zeta potential of -39.6 mV) and the microbial cell walls are negatively charged, the reduced adhesion and biofilm inhibition may attribute to the electrostatic repulsion between the two entities.61 Furthermore, one study showed that ND-coated substrate at a specific concentration (0.075%) increased Staphylococcus aureus adhesion than an uncoated control.54 In principle, this was attributed to competing factors such as wettability or nanoroughness of the ND, which may have contributed to the increased adhesion of bacteria. 

[image: ]
[bookmark: OLE_LINK131][bookmark: OLE_LINK132][bookmark: OLE_LINK11][bookmark: OLE_LINK20]Fig. 2. The effects of NDs on biofilm formation. (a-c) C. albicans, (d-f) S. mutans. (a, d) Confocal laser scanning microscope (CLSM) images of the fungal and bacterial pathogens grown on chamber slides coated with sub-inhibitory concentrations of NDs, and visualized by Live/Dead staining (live cells were green labeled). (b, e) The quantitative analyses of attached cells/mm2 calculated using Cell-C software. (c, f) Relative gene-expression analysis using quantitative Real Time Polymerase Chain Reaction (qRT-PCR). 18SrRNA and 16SrRNA were used as a house-keeping gene for fungi and bacteria respectively, and the fold changes were calculated using 2-ΔΔct. * p  0.05, ** p  0.01, *** p  0.001, **** p  0.0001, and ns, not-significant.
[bookmark: OLE_LINK18][bookmark: OLE_LINK19][image: ]
[bookmark: OLE_LINK33]Fig. 3. SEM images of the NDs films coated on chamber slides using different NDs concentrations (a) 0.625 mg/mL, (b) 1.25mg/mL, (c) 2.5 mg/mL, (d) 5 mg/mL, (e) 7.5 mg/mL, and (f) 10 mg/mL.

From the afore-mentioned experiment, it was apparent that sub-inhibitory concentrations of NDs inhibited the development of biofilm. While purely physical effects such as  electrostatic repulsion is a likely reason for biofilm inhibition by NDs as described above,44 it is also possible that NDs modulated genetic pathways that govern biofilm formation. It has been shown elsewhere that direct physical interactions of nanoparticles such as chitosan and the microbial cell wall resulted in differential gene regulation in the fungal cells.62 Therefore, we further performed the the qRT-PCR analysis, and the results showed that the tested biofilm-inhibitory concentration of NDs significantly downregulated the genes that regulate biofilm formation and other key virulence aspects of C. albicans (Fig. 2c). The transcriptional regulator BRG1 was significantly downregulated by NDs treatment. The genes ALS1 and SAP8 are crucial for adhesion and biofilm formation with the aid of key transcriptions factors EFG1 and TEC1 via the RAS1/PKA signaling pathway, respectively. Therefore, the observed biofilm inhibition by NDs might be attributed to the significant downregulation of genes like ALS1, SAP8, EFG1, RAS1.
Notably, the transcriptional factor EFG1 is a hyphal regulator and ∆efg1 mutant C. albicans strains have been shown to be devoid of hyphal formation,63 which is a key virulence factor in C. albicans. As shown in Fig. 2c, NDs treatment downregulated EFG1 by about 1.5-fold. Furthermore, the development of resistance to antifungals is related to multidrug efflux pumps and the ∆efg1 mutant strains showed increased susceptibility towards azoles, regardless of the efflux pumps. Therefore, the downregulation of EFG1 by NDs might contribute to strategies that reduce the resistance development towards azoles.64 This hypothesis needs further experimental validation, which will be performed in future studies. In addition, downregulation of the hyphal regulatory gene HGC1, suggested that NDs might have an impact on the hyphal morphogenesis of C. albicans. Taken together, our gene expression data reveals that NDs can prevent C. albicans biofilms and potentially modulate virulence. 
It is well known that S. mutans forms biofilms in a sucrose-dependent and independent manner.65 Here, we focused on sucrose-dependent biofilm formation as it produces a dense exopolymeric matrix, enhancing the tolerance to most antimicrobials.66, 67 Glucosyl transferases genes (gtfC) plays an important role in adhesion of S. mutans to the tooth surface by producing water soluble and insoluble glucans from the sucrose, contributing to its organization of biofilms.68, 69 NDs treatment did not have any effect on the gtfC gene (Fig. 2f), suggesting that biofilm inhibition by NDs was not caused by its effect on the adherence phase. S. mutans has a well-established competence pathway (quorum-sensing) which produces the signaling molecule, i.e., the Competence Simulating Peptide (CSP), in a cell-density dependent manner. The CSP functions under the help of membrane bound histidine kinase receptor (ComD) and the response regulator (ComE), playing a pivotal role in biofilm formation and bacteriocin production.70, 71 NDs treatment significantly downregulated comDE, indicating its effects on biofilm inhibition. The gene smu630, which plays an important role in biofilm formation of S. mutans was significantly downregulated, although the mechanism and functional roles of this gene is not fully understood.72
LuxS is a next major quorum-sensing pathway in S. mutans, and it regulates inter-species communication, acid tolerance and stress response pathways.73 Notably, NDs downregulated luxS in S. mutans, which may eventually affect the multiple pathways related to the luxS.74, 75 The dnaK gene, which plays an important role in neutralizing heat and acid shock response, was significantly downregulated, indicating that S. mutans was not able to overcome the stress in response to NDs treatment. However, NDs were found have no effect on the genes such as gyrA and ftsZ that regulate the growth and metabolism of S. mutans, showing that the biofilm-inhibitory NDs concentrations have little effect on the S. mutans’ growth and metabolism. Overall, the gene expression data depicted that precoated NDs affect biofilm formation and virulence in S. mutans by targeting the various quorum-sensing related pathways.
[bookmark: OLE_LINK42][bookmark: OLE_LINK43]The genes tested in this work are related to adhesion to substrate and biofilm formation.56-58 Therefore, it is clear that NDs is preventing the formation of biofilm by downregulating the genes that govern adhesion and biofilm formation. In fact, the cells are not moving out of or escaping the biofilm. The phenotype analysis shows that ND is “preventing” biofilm formation. And the qRT-PCR results help us in identifying the potential mechanism of this as it shows that adhesion genes and biofilm formation genes are significantly downregulated by ND. Taken together, NDs inhibit biofilm formation by a combination of electrostatic repulsion and gene regulation, rather than lethal effects on the microbial cells. 
The effects of NDs on preformed biofilms
[bookmark: OLE_LINK24][bookmark: OLE_LINK25]From the above studies, it is apparent that NDs had significant inhibitory effects on the formation of biofilms. Next, we interrogated if NDs could eradicate 24 h preformed biofilms. In clinical circumstances, infected sites are colonised by dense biofilms. Here, the applied treatments must penetrate the biofilm to rapidly kill the microbial cells and clear the infection. Typically, the preformed biofilms require higher concentrations of antimicrobials compared to their planktonic counterparts, which was also true for the NDs. 
[bookmark: OLE_LINK8]Our results (Fig. 3) showed that NDs treatment of C. albicans with at least 2 times and 3 times of the planktonic inhibitory concentration, could only eradicate ~50% of the biofilm biomass at the concentrations tested (5 and 7.5 mg/mL), reinforcing the well-known finding that biofilms are remarkably tolerant to antimicrobial treatments. Confocal microscopy with fluorescent probes to stain live and dead cells was used to visualise the effect of NDs on biofilms. From this, the percentage of dead (red-stained) cells in the biofilms was calculated. Significantly, 24 h treatment with 7.5 mg/mL NDs killed about 91.98% dead cells in C. albicans biofilms. Similarly, 2.5 mg/mL NDs treatment for 24 h resulted in 83.92% dead S. mutans biofilm cells (Fig.4). Similar effects of killing of biofilm cells was also observed with C. glabrata and P. gingivalis (Fig. S5).

[image: ]
Fig. 4. The effects of NDs on preformed biofilms. (a-c) C. albicans, (d-f) S. mutans. (a, d) The CLSM images of live (green labeled) and dead (red labeled) cells, clearly showing the increased number of dead cells and reduced number of attached live cells compared to the control. (b, e) Since a majority of the dead cells may be washed away during specimen processing, we quantitatively analysed the number of attached live cells/mm2 calculated using Cell-C software. It is immediately evident that NDs treatment significantly reduced the number of attached live cells in both the pathogens. (c, f) The reduction in biofilm biomass and the percentage of dead cells, quantitatively measured using safranin and XTT assays after treating the biofilms with NDs for varying time periods (1h, 24h). * p  0.05, ** p  0.01, *** p  0.001, **** p  0.0001, and ns, not-significant.
A notable finding was that the attached number of live cells/mm2 was significantly reduced in all the 4 organisms following NDs treatment, in comparison with the control. We hypothesized that the dissolution of the biofilm matrix by the addition of NDs resulted in loose dead cells that were subsequently washed away. 
Our investigations revealed that 1 h treatment with NDs resulted in more dead cells than 24 h treatment in both the fungal (C. albicans and C. glabrata) biofilms. There are two possible reasons for this effect. This data correlated well with the finding that biomass reduction at 24 h treatment was less than what was achieved with 1 hour treatment in both the fungal biofilms. The dense biofilm potentially precluded the penetration of ND to completely kill the microbes housed in the deeper layers of the biofilm. Another possible reason for this finding maybe attributed to the so-called persister cells, which have been critically linked to treatment failure. Persister cells are a small portion of clonal population which are able to survive the transient exposure of the antimicrobials (in this case, the NDs). Persisters enter into a metabolically inactive state as a response to antifungal stress. As soon as the effect of the antimicrobial is reduced, persisters are able to revive and repopulate the biofilm. In line with the above statement, we hypothesize that the majority of the fungal cells were killed but a small proportion of cells (persister cells) remained viable. From the XTT and biomass data (Fig 4), it is obvious that brief exposure of ND showed enhanced killing and biomass reduction in biofilms. However, the persister cells then repopulated the biofilm, resulting in an increase in the number of viable cells compared to 1 h treatment.76  However, the study of persister cells is beyond the scope of this work and further detailed studies are required. Nevertheless, it is noteworthy that despite such increase, the total number of attached live cells in the ND treated biofilms was significantly less than that of the untreated control. 
Another likely explanation for this finding may be explained from the procedural standpoint. During the washing step for specimen processing, dead cells are likely to be washed away. The increased red stained cells in the confocal microscopic analysis indicate a large number of dead cells as described earlier. During specimen processing for XTT assay, these dead cells may have been washed away, resulting in an apparent reduction in the calculated number of dead cells. 
In the case of bacterial pathogens, brief exposure (1 h) of NDs to S. mutans biofilms showed no disruption in the biofilms biomass, but could kill a significant percentage of bacterial cells. This indicated that the dead cells were embedded onto the biofilm matrix, which remained intact following NDs treatment, in contrast to the C. albicans biomass. Unlike the brief exposure, prolonged exposure (24 h) of NDs showed a significant reduction in biomass with increased dead cells. Imaging analysis was also corroborated with the XTT and safranin assays. A similar effect was observed for P. gingivalis mature biofilms on brief and prolonged exposure, but much higher concentrations (10 mg/mL) of NDs were required to disrupt biofilms. Taken together, our findings demonstrate that NDs can inhibit formation of biofilms and require rather large concentrations to disrupt biofilms, but could not completely clear preformed biofilms. 

Conclusion
[bookmark: OLE_LINK12][bookmark: OLE_LINK13][bookmark: OLE_LINK22][bookmark: OLE_LINK23]Herein, we reported a systematic microbiological study of HPHT NDs on several preselected oral pathogens including fungi (C. albicans and C. glabrata) and bacteria (S. mutans and P. gingivalis). It was shown that NDs had antimicrobial effects on both planktonic cells and biofilms, and particularly they could significantly inhibit the formation of biofilms at sub-inhibitory concentrations. Our gene analysis revealed that NDs could potentially modulate several important pathways when inhibiting biofilms development. Furthermore, the preformed biofilms showed a much higher tolerance to NDs compared with their planktonic counterpart. These findings demonstrate the potential of NDs as a promising antimicrobial platform for many clinical applications, especially in the regimes of dentistry. 
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