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Abstract:
The direct application of light for photo-disinfection potentially provides a safe and novel modality to inhibit or eliminate cariogenic bacteria residing upon and within dentine. This study aimed to both; characterize the pattern of transmission of 405 nm light through molar dentine at different tooth locations, as well as, determining the irradiation parameters that are antibacterial for Streptococcus mutans under various growth conditions, including lawns, planktonic cultures, and biofilms. To determine the amount of light (405 nm) transmitted at different anatomical tooth locations; irradiance values were recorded after blue light (470 - 4054 mW/cm2) had traversed through occlusal, oblique, and buccal dentine sections; and three thicknesses - 1, 2 and 3 mm were investigated. To determine tubular density; scanning electron micrographs from 2 mm outer (dentine-enamel junction) and inner (pulp) dentine sections were analysed. For photo-disinfection studies; S. mutans was irradiated using the same 405 nm wavelength light at a range of doses (110 – 1254 J/cm2) in both biofilm and planktonic cultures. The inhibitory effect of the irradiation on bacterial lawns was compared by measuring zones of inhibition; and for planktonic cultures both spectrophotometric and colony forming unit (CFU) assays were performed. A live/dead staining assay was utilised to determine the effect of irradiation on bacterial viability in mature biofilms. Data indicated that increasing dentine thickness decreased light transmission significantly irrespective of its orientation. Occlusal and oblique samples exhibited higher transmission compared with buccal dentine. Oblique dentine 405 nm light transmission was comparable with that of occlusal dentine independent of section thickness. An increased tubule density directly positively correlated with light transmission. Irradiation at 405 nm inhibited S. mutans growth in both biofilm and planktonic cultures and a dose response relationship was observed. Irradiation at doses of 340 and 831 J/cm2 led to significant reductions in bacterial growth and viability; as determined by CFU counting and live/dead staining. Data suggests that phototherapy approaches utilising a 405 nm wavelength have therapeutic potential to limit cariogenic bacterial infections both at the surface and within dentine.
Highlights:
· Dentine microstructure and tubular density affect 405 nm light transmission. 
· Higher light transmission was achieved in occlusal and oblique dentine in comparison with buccal dentine.
· 405 nm light inhibit S. mutans initial biofilm formation, and also kills bacteria in mature biofilms. 
· The first study to utilise the same light source for dentine light penetration studies and photo-disinfection.
· These data have the potential to inform clinical translational approaches for caries prevention, management and treatment.
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1. Introduction
Dental caries is a prevalent and debilitating disease which affects all ages and sectors of the population. Despite advancements in early detection and treatment, it remains one of the most common bacterially driven dental diseases globally and is a significant healthcare and economic burden. Advancement of the disease can cause significant pain and suffering for the patient and eventually can result in tooth loss [1],[2]. The key causative factor is the initial infection by the Gram positive facultative anaerobic bacterium, Streptococcus mutans [3]. S. mutans rapidly grows on the tooth surface and ferments a range of sugars which acidifies the local environment enabling further colonisation by acidogenic and acid producing bacteria. Consequently, the conditions generated by the bacterial biofilm result in demineralisation and breakdown of the tooth’s hard tissues, enabling the bacteria to infiltrate through the tooth’s enamel and dentine [4-8]. Notably, S. mutans can be isolated from both incipient and cavitated carious lesions [9],[10]. If incipient caries is untreated, deeper lesions develop, leading to pulp infection, tissue necrosis, peri-apical pathologies and ultimately tooth loss [11]. 
Effective disease management therefore should aim to minimise S. mutans infection at an earlier a stage as possible alongside modification of the patient’s diet. The delivery of chemical antibacterial compounds (e.g. in toothpastes or mouth washes) to inhibit initial biofilm formation and growth is the current treatment of choice, however this approach is not always effective [12-15]. When a carious lesion is advanced, its clinical treatment involves the removal of the infected tissue which is then replaced with a restoration which aims to restore the tooth’s functionality. However, these restorations have a finite lifespan and frequently re-treatment procedures are required due to secondary caries, resulting in additional tooth tissue loss over time [16]. 
The use of direct and indirect light therapy approaches has previously been explored for photo-disinfection of dental tissues. Photodynamic therapy (PDT) provides one such approach utilising a light-activated sensitizer to generate reactive oxygen species (ROS) which subsequently exert antibacterial action [17]. Studies have explored its potential use for the treatment of dental caries in vitro and ex vivo, using photosensitizers such as toluidine blue and curcumin activated by wavelengths of 450 nm and 633 nm, respectively. Variable results were obtained and diffusion of the photosensitizer within the biofilm was shown to be a potential limitation of this approach [18],[19].
Recent studies have now indicated that direct light irradiation could be used for bacterial killing.  Compared with PDT, direct light potentially results in excitation of locally derived bacterial chromophores which subsequently release ROS, exerting an antibacterial affect [20]. Intracellular porphyrins are proposed as the main endogenous photosensitizers, which have an absorption peak within the violet/blue spectral range, i.e.  390 - 425 nm [21-23]. Indeed, a recent in vitro study has indicated that irradiation at 405 nm could be used directly to inhibit cariogenic bacteria residing within biofilms [24]. Other ex vivo studies have also demonstrated the potential efficacy of direct light application for dental tissue disinfection, however, frequently, neither details of the light parameters, nor the orientation of the dentinal tissues used were reported [25-28].
Importantly, for dental applications, photo-disinfection approaches should be able to kill bacteria on the tooth surface and located within the dentinal tubules [8]. Notably, the dentine’s tubular structure is complex and has an S-shaped curvature or linear orientation depending upon their location within the tooth. Furthermore, tubules are conical due to the deposition of intratubular dentine which has been deposited at increased levels at the outer dentinal margins as the tooth ages [29],[30]. Consequently, dentine is optically anisotropic, and light scattering, also due to dentine’s non-homogenous composition, is relatively high in the near ultraviolet - Near Infrared light spectrum. Notably, at the dentine’s outer-surface scattering is lower compared with locations closer to the pulp where there is a higher dentinal tubule density with wider diameters [31].
Notably, the light dose/energy density (J/cm2) is directly related to reductions in bacterial viability and the delivered dose is dependent upon both; light irradiance/power density (W/cm2) and irradiation time (seconds). Therefore, decreased irradiation times for antibacterial action can potentially be obtained by using high energy irradiation [32]. To identify potential therapeutic irradiation parameters for use in a clinically relevant time-frame for dental tissue photo-disinfection, it is important to determine the optical characteristics of dentine at the target wavelength. Notably, differences in absorption and transmission at different anatomical tooth locations will influence how light could be delivered to disease areas. This study, for the first time, utilises the same light source, which is comprehensive photo-physically characterised, and aims to both; i) determine 405 nm light transmission through dentine, and ii) identify 405 nm light irradiation parameters that have direct antimicrobial efficacy for S. mutans which have the potential to be used both prophylactically and to treat different stages of carious infection.













2. Materials and Methods
2.1. Dentine specimens
Seventy-five non-carious human permanent molars (aged 20 – 40 of approximately equal gender) were used in this study (Ethical Approval Ref.: BCHCDent398.ToothBank / REC Ref.: 14/EM/1128 / IRAS Ref.: 161303). All teeth were stored at -80°C prior to use.

2.1.1. Dentine light transmission
Teeth were fixed in acrylic blocks using impression compound sticks (Kerr®; USA) to enable sectioning. A water-cooled low speed saw (IsoMet™, BUEHLER®, USA) was used and a primary cut was made to remove the surface layer of enamel. Dentine discs (n=45); from randomly selected samples, were sliced and assigned to three main groups; cross-sectional occlusal, oblique and longitudinal buccal sections. Each group contained three sub-groups of thicknesses: 1 mm, 2 mm, and 3 mm (n=5 each). Polishing of surfaces using a carborundum stone (CARBORUNDUM®, France) was performed; after which discs were washed under running tap water and stored at room temperature in distilled water (E-POD®, Millitrack®, Germany) until light transmission measurements were undertaken. Compressed air was administrated to surface dry specimens prior to testing. A spectrometer; USB4000-VIS-NIR (Ocean Optics, USA); connected with 200 µm optical fibre sensor /detector and a glass cosine corrector (5 mm), were calibrated using deuterium/halogen light source DH2000 (Ocean Optics, USA). Transmission of light at 405nm (AURA light engine®, lumencor®, USA) in each sample was recorded with the dentine disc aligned between the light source (7 mm) above, and the detector below. Specimens were oriented with the pulpal side downward [see Supp. figure 1]. Increasing irradiation power settings were applied to investigate the potential of delivering light which was able to penetrate the dentine and may be used for antibacterial action in a clinically relevant time-frame. An irradiance reading (mW/cm2) was obtained for 10 increasing power outputs of the light source (470, 968, 1473, 1923, 2360, 2774, 3152, 3503, 3768, and 4054 mw/cm2). Each reading was recorded in triplicate and an average value was calculated. The percentage of light transmitted was calculated in reference to an initial characterization of the light source; measuring its absolute irradiance at distances of 1, 2, 3 mm between the light source and the sensor through atmospheric air. This percentage was calculated using an average of 10 measurements (i.e. at 10 gradual power settings) for each sample; after which, a mean from 5 measurements (per group) was calculated.

2.1.2. Dentinal tubule characterisation
Dentine discs (n=30) from non-carious molar teeth were randomly sectioned and assigned to six groups (2 mm thick) (n=5 per group). To assess the dentinal tubule density at different depths, three groups (occlusal, oblique, and buccal) were obtained with two sub-groups within each group; namely outer and inner. Outer sections were adjacent to the dentine-enamel junction (DEJ), while inner sections were located adjacent to the pulp chamber. All sectioning/slicing procedures were performed as described above. To ensure complete smear layer removal in preparation for imaging, samples were rinsed under running tap water, then each sub-group was treated in an ultrasonic bath (In-Ceram Vitasonic, VITA; Germany) for 10 minutes in a mixture of 5% sodium hypochlorite (Acros Organics, Fisher Scientific, UK) and 17% ethylene-diamine-tetraacetic acid (EDTA) (CanalPro EDTA 17%; COLTENE); relying on a previously published protocol [33]. This was followed by a further 10 minute treatment in an ultrasonic bath of distilled water. Specimens were allowed to dry at 37°C (Hybaid Shake ‘n’ Stack, ThermoFisher Scientific; USA) for at least 72 hours before imaging. Specimens were gold sputter coated (Emitech K550X, Quorum Technologies; UK) under argon for 3 minutes at 20 mA at a distance of 45 mm to obtain a gold coating thickness of 21 nm.  Specimens were imaged using a scanning electron microscope (SEM) (EVO MA10, Carl Zeiss; Germany). Micrographs were captured at 2000x magnification under high vacuum and electron high tension (EHT) voltage of 20 kV. Dentinal tubule numbers were quantified using ImageJ software (National Institutes of Health; USA). Subsequently, the number of tubules per unit area (mm2) were calculated using the following formula; ‘n X 106 / Z’, where ‘n’ is the actual tubule count per image and ‘Z’ is the area of the image in μm2 [34]. 

2.2. Bacteria:
S. mutans (ATCC 3209) was retrieved from frozen stocks (-80°C) and incubated (37 °C) aerobically (Heracell™ 150i, ThermoFisher Scientific, USA) for 24 hours on brain heart infusion (BHI) agar (Sigma-Aldrich®, USA). Subsequently, a representative colony was inoculated into 10 ml of BHI broth (Sigma-Aldrich®, USA), and incubated (37 °C) overnight (18-24 hours) in a shaking incubator at 100 rpm (NB-205, N-Biotek, Korea).

2.2.1. Light irradiation characterisation in bacterial cultures
Closed plate irradiation was used to avoid cross-contamination of bacterial cultures. Irradiation (AURA light engine®, Lumencor®, USA) from beneath the plates was performed to minimize the Rayleigh scattering of blue light in air [35], and maximize its penetration within bacterial layers [36]. Light characterisation was performed with the light source at a distance of 5 mm from the underside of the culture plate to better represent the use of light in a dental cavity where direct application to a cavity wall would not be clinically feasible. To determine irradiance values, the detector USB4000-VIS-NIR (Ocean Optics, USA) was placed in contact with the agar surface orientated towards the underside of the agar dish [see Supp. figure 2(a)]. Using the 405 nm wavelength the irradiance readings (mW/cm2) were obtained at 10 gradual power outputs (470 - 4054 mW/cm2). Readings were recorded three times and an average was obtained. Data were used to generate a calibration curve. A calibration curve; using a similar approach was also generated for black-walled 96 well plates (4titude®; UK), with the light source placed in contact with the flat transparent underside of the well (6mm); with the sensor in contact with the base of the well. As the diameter of the light source (7 mm) and the well were comparable, this experimental set-up ensured consistent saturation of the light beam within each black-walled well in the culture plate. No light leakage between wells was detected [see Supp. figure 2(b)]. Calibration curves were used to estimate irradiation doses applied using each experimental set-up; ‘Dose (J/cm2) = Irradiance (W/cm2) X Time (seconds)’.

2.2.2. S. mutans viability analysis
Bacterial lawns: Overnight bacterial cultures were diluted in fresh BHI broth to an optical density (OD) of 0.1 (≃ 108 CFU/ml) using a 7315 spectrophotometer (Jenway, UK) with an absorbance wavelength of 600 nm. Using a sterile cotton swab (Sterilin™, Thermofisher Scientific, USA); S. mutans was lawned onto the BHI agar.  Subsequently, a non-irradiated plate served as the negative control; while experimental plates were exposed at six increasing doses of 110, 154, 273, 366, 456, and 573 J/cm2 – one dose per plate. Each dose was delivered using two different regimens; either with i) increased time/decreased power (IT/DP), or ii) increased power/decreased time (IP/DT) [see Table 1]. This protocol was adopted to identify optimal conditions which may have direct clinical application whilst minimising any potential heating effects. Following irradiation agar plates were incubated (37 °C) for up to 24 hours. Standardized images were obtained (SX620 HS, Canon, Japan) for each plate and diameter of zones of inhibition (ZOI) were measured using ImageJ software (National Institutes of Health; USA). Each ZOI was measured at three different orientations along horizontal, vertical and diagonal axes, and an average ZOI diameter was obtained. Studies were repeated four times.
[bookmark: _Hlk53754271]Planktonic culture assay:  S. mutans was grown, sub-cultured, and diluted as described above. Subsequently, 200 µl of diluted cultures were transferred into a well of a black-walled 96-well plate. Two control wells were not exposed to light in each plate and a range of doses were applied including: 249, 340, 608, 831, 1014, and 1254 J/cm2. (IT/DP) and (IP/DT) modes were also investigated [see Table 2]. Doses were applied to individual wells in each plate. Subsequently, plates were incubated at 37°C for up to 24 hours. To determine bacterial cell viability and killing after irradiation, turbidity and colony forming units (CFU) assays were performed. For the turbidity assessment, the OD of wells was read at 600 nm using an ELx800™ Microplate Reader (BioTek™, USA). The survival rate was calculated based on the equation: ‘Treated wells OD / Control wells OD X 100’. Experiments were performed in triplicate. Two doses were investigated; 340 J/cm2 (378 mW/cm2 for 15 minutes) and 831 J/cm2 (418 mW/cm2 for 33 minutes) to assess reductions in colony forming units. Colony counts for samples in irradiated and non-irradiated wells were performed using the Miles and Misra method [37]. The number of colonies per millilitre (CFU/ml) was calculated using the formula: ‘Average number of colonies for a dilution x 50 x dilution factor’. Finally, ‘Log10’ of each (CFU/ml) was calculated. This experiment was repeated three times; each in duplicate (two plates per experiment).


	Irradiance (mW/cm2)
	Irradiation time
	Dose (J/cm2)

	122
	15 minutes
	110 (IT/DP)

	251
	7 minutes + 13 seconds
	110 (IP/DP)

	172
	15 minutes
	154 (IT/DP)

	251
	10 minutes + 12 seconds
	154 (IP/DT)

	152
	30 minutes
	273 (IT/DP)

	251
	18 minutes + 6 seconds
	273 (IP/DT)

	122
	50 minutes
	366 (IT/DP)

	191
	31 minutes + 54 seconds
	366 (IP/DT)

	152
	50 minutes
	456 (IT/DP)

	191
	39 minutes + 42 seconds
	456 (IP/DT)

	191
	50 minutes
	573 (IT/DP)

	251
	38 minutes
	573 (IP/DT)


Table 1: Irradiation parameters applied when exposing S. mutans lawns to 405 nm light. The light source was placed at a 5 mm distance from the underside of the agar plate (see Supp. Figure 2).


	Irradiance (mW/cm2)
	Irradiation time
	Dose (J/cm2)

	277
	15 minutes
	249 (IT/DP)

	539
	7 minutes + 40 seconds
	249 (IP/DT)

	378
	15 minutes
	340 (IT/DP)

	539
	10 minutes + 30 seconds
	340 (IP/DT)

	338
	30 minutes
	608 (IT/DP)

	539
	18 minutes + 48 seconds
	608 (IP/DT)

	281
	50 minutes
	831 (IT/DP)

	418
	33 minutes + 7 seconds
	831 (IP/DT)

	338
	50 minutes
	1014 (IT/DP)

	418
	40 minutes + 25 seconds
	1014 (IP/DT)

	418
	50 minutes
	1254 (IT/DP)

	539
	38 minutes + 46 seconds
	1254 (IP/DT)


Table 2: Irradiation parameters applied when exposing planktonic cultures to 405 nm light. The light source was placed in contact with the base of a well in a 96 well plate (see Supp. Figure 2).


Mature biofilm assay: Overnight cultures were vortexed (IEC Centra CL2, Thermofisher Scientific, USA), then centrifuged at 5,000 RPM for 5 minutes. Afterwards, the supernatant was removed and replaced with 10 ml of sterile phosphate buffered saline (PBS), vortexed, then re-centrifuged. This step was repeated, before replacing the supernatant again with 10 ml of sterile PBS. Subsequently, the OD was adjusted to 0.5 Mcfarland standard (Pro-Lab Diagnostics, UK) (equivalent to 1.5 X 108 CFU / ml) using PBS. 40 µl of the diluted culture was pipetted into each well of a 96-well plate; supplemented with 160 µl of BHI broth - with 1% sucrose (Sigma-Aldrich®, USA). The cultures were incubated at 37°C, shaking at 80 rpm for four days. On the fourth day of culture, media was removed from wells; replaced with PBS, and the formed biofilms were irradiated. Two wells per 96-well plate were irradiated for each dose of 340 J/cm2 and 831 J/cm2. Two control wells were included containing one positive control (non-irradiated) and a negative control which included biofilm treatment with 70% ethyl alcohol for 20 minutes; applied immediately prior to imaging. Immediately after light delivery, the live/dead staining protocol (Filmtracer™ LIVE/DEAD™ Biofilm Viability Kit, ThermoFisher Scientific, USA) was performed. To prepare a working solution, 3 µl of SYTO® 9 stain and 3 μL of propidium iodide were added to 1 ml sterile PBS. After PBS removal from wells, 200 µl of the working solution was added to each well and the plate was incubated in the dark at room temperature for 30 minutes. The stains were removed by washing with PBS, and biofilms were gently disrupted by aspiration; and 100 µl was pipetted into a µ-Dish 35 mm high Glass Bottom (ibidi ®, Germany) for imaging using a confocal microscope (LSM 700, Carl Zeiss; Germany) with excitation/emission at 480/500 nm and 490/635 nm. Image analysis for quantification of the live/dead bacterial cell percentages was performed using ImageJ software. To estimate the percentage of dead cells, the following formula was used: ‘(Dead Cells/Total Cell Number) X 100’. The experiment was performed three times; in duplicates.
2.2.3. Light absorption and temperature measurement in media                                                                                                                The light detector USB4000-VIS-NIR (Ocean Optics, USA) was positioned beneath the agar and absolute irradiance values were obtained. These values were deducted from reference values to calculate the amount of light absorbed by the agar. The percentage of light absorbed was based on an average of 6 measurements. The amount of blue light transmitted to the surface of the BHI agar was 67.86 % ± 2.03 when irradiating the plate at a 5 mm distance; indicating that the percentage of blue light absorbed before reaching the agar surface was 32.14 %. For BHI broth; absorbance was determined through 200 µl fresh BHI broth in well of a 96-well plate using a microplate reader (BioTek™, USA). The transmission percentage was calculated using the formula ‘Absorbance (OD) = - log10 Transmittance’ [38]. Absorbance readings were obtained three times. The percentage of light transmitted through the BHI broth was calculated to be 29.36 % ± 0.24. Therefore, the amount of light absorbed in the broth was 70.53%.
K- Type thermocouples attached to a TC-08 data logger (Pico Technology; UK) were used for temperature measurements. Thermocouples were either attached to the surface of the agar or positioned within wells containing 200 µl broth following generation of access portals within the plastic ware. All temperature investigations were performed at room temperature in triplicate. Temperature elevation was always directly related to the power/ irradiance setting administered regardless of either; the duration of exposure or the eventual dose. Once the irradiation commenced, temperatures increased until a stationery plateau phase was reached. The highest temperature reached at the BHI agar surface was 31.18°C, and 37.99°C for the BHI broth [see Supp. table 1]. Both temperatures are within the range of normal incubation and growth for S. mutans [39].

2.3. Statistical analysis: 
Light transmission through dentine and tubule quantification data were analysed using one-way ANOVA; for comparisons of more than two groups. Tukey’s post hoc test was applied for pairwise comparisons. For antimicrobial data; the Kruskal-Wallis test was used to determine significant differences between groups. The Bonferroni test was applied for pair-wise comparisons. The significance value was set at p ≤ 0.05. Data were analyzed using SPSS 17 (IBM®, USA).


3. Results
3.1. Dentine light transmission 
Data demonstrated that light transmission decreased as dentine thickness increased for all orientations. Percentage of light transmitted through 1 mm dentine; in all sections (occlusal, oblique, buccal), was statistically significant compared with both the 2 and 3 mm dentine specimens (P<0.001). The amount of light transmitted through either occlusal or oblique sections was consistently greater than the amount of light transmitted through buccal sections at all three thicknesses studied. No significant differences were found between occlusal and oblique dentine in terms of light transmission for the thicknesses examined. In the 1 and 3 mm dentine sections, light transmission in occlusal sections was significantly greater than in buccal dentine sections (P=0.033; P=0.040, respectively). It is notable that the percentage of light transmitted through each specimen was not significantly different regardless of the light source’s power output. Light therefore appeared to be transmitted along the tubules occlusally and obliquely; compared to degrading at sites of change of orientation in tubular direction buccally [see Figure 1 & Supp. table 2]. Dentinal tubule quantification data revealed that occlusal and oblique dentine sections exhibited the highest tubular density in comparison with the buccal dentine. These data correlated directly with the light transmission results where the higher tubular density detected in the occlusal and oblique sections yielded higher percentages of light transmission. This was in contrast to the buccal sections which exhibited a lower dentinal tubular density. There were no significant differences between any outer and inner counts within the same section. Notably, both the inner occlusal (P=0.024) and inner oblique (P=0.004) counts were significantly higher than the inner buccal counts [see Figure 2]. 


[image: C:\Users\hp\Desktop\New folder\Manuscript 1_Final version\Pics Finals\Fig. 11000.tif]
Figure 1:  (a) Bar chart showing of light transmission percentages through occlusal, oblique, and buccal dentine; at 3 separate tissue thicknesses (n=5) (mean +/- S.D.). Significance level set at P ≤ 0.05. The different letters (A-F), within each of the different thickness groups indicate statistically significant differences between the differently oriented sample groups. (b) SEM images of buccal dentine sections at the locations where a change of orientation in tubular direction occurs. The tubules are not circular, but rather elongated; occluding the light beam instead of allowing transmission.
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Figure 2: (a) Representative SEM images of outer (DEJ) and inner (pulp) dentine sections from each group; occlusal, oblique, and buccal. These Images were used to quantify the dentinal tubules.                (b) Bar chart showing the tubular density through occlusal, oblique, and buccal dentine (n=5) (Mean +/- S.D.). Significance level set at P ≤ 0.05. Different letters are statistically significantly different. 


3.2. S. mutans viability following irradiation 
Results indicated that 405 nm light irradiation inhibited S. mutans growth in a dose dependent relationship based on zone of inhibition (ZOI) measurements. There were no significant differences in ZOI diameter between single doses when applied either in the IT/DP or IP/DT mode. Delivering a dose of 573 J/cm2 in both modes; IT/DT and IP/DT resulted in a significantly greater ZOI compared with the 110 J/cm2 (IP/DT) (P=0.012) (P=0.016). Delivery of 573 J/cm2 IP/DT resulted in a significantly wider ZOI compared with 110 J/cm2 IT/DP delivery (p=0.047) [see Figure 3]. All agar plates were re-incubated for an additional 48 hours; and ZOIs were still maintained indicating that the effect of 405 nm light was bactericidal rather than bacteriostatic. To address the hypothesis that 405 nm irradiation may exert an indirect affect due to i) activation of media components, or ii) degradation of nutrients, the agar was irradiated prior to the seeding of the bacterial lawn. Notably, bacteria grew over the area where the agar was illuminated and no ZOI was observed. Additionally, irradiation with the plate lid removed, directly from above, was performed and ZOIs were also observed. To address the hypothesis that blue light may be specifically degrading or sensitizing BHI agar; irradiation of bacterial lawns was conducted on Tryptone Soy Agar, similar inhibitory effects were observed. 

To determine the effect of light on planktonic bacterial growth, turbidity and CFU analyses were performed following culture irradiation at 405 nm. Using turbidity measurements, a trend was detected indicating a dose response relationship using either the IT/DP or IP/DT mode of delivery. The dose of 1254 J/cm2 delivered using the IP/DT modality produced significantly lower survival percentages compared with 249 J/cm2 irradiation when using both modes; IT/DP (P=0.037) and IP/DT (P=0.021). As was the case with irradiation of bacterial lawns on agar, there was no significant differences; within a single dose, between its IT/DP mode and IP/DT mode [see Figure 4(a)]. To better characterize the potential killing effects of 340 and 831 J/cm2 irradiation, planktonic cultures of S. mutans were irradiated which lead to 0.6 and 0.92 log10 reductions in growth. These values were statistically significant compared with the non-irradiated controls (P=0.038) (P=0.002) [see Figure 4(b)]. Image analysis of irradiated S. mutans biofilms revealed that delivery of 340 and 831 J/cm2 light resulted in 48 ± 1.38%  and 54 ± 6.38% killing, respectively [see Figure 5]. Notably, these biofilms were irradiated solely in PBS, which therefore supports a direct antibacterial action of the light rather than this effect being due to activation of an intermediary compound as would occur due to PDT.
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Figure 3: (a) Representative images showing the difference between S. mutans i) control plate (not irradiated), ii) an agar plate exposed to 405 nm light at a dose of 110 J/cm2 , and iii) at a dose of 456 J/cm2 . As shown, the higher dose produced a greater area for the zone of Inhibition (7 mm diameter) compared with the lower dose (4 mm). (b) Bar chart showing the effect of 405 nm light on S. mutans lawns; when the light source was at 5 mm from agar plate bottom. Each dose was administrated in an (IT/DP) and (IP/DT) modes (n=4) (Mean +/- S.D.). The same symbols show statistically significant differences. Significance level set at p ≤ 0.05.
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Figure 4: Bar charts showing the effect of different 405 nm light doses on S. mutans planktonic cultures (n=3). (a) Effect of blue light on bacterial survival percentages using OD readings at 600 nm. Each dose was administrated in either (IT/DP) or (IP/DT) mode. The same symbols show statistically significant differences. (b) Bar chart showing log10 reductions for S. mutans planktonic cultures; in response to 405 nm light doses of 340 and 831 J/cm2. Irradiation parameters for 340 J/cm2 were 378 mW/cm2 for 15 minutes; while for 831 J/cm2, were 418 mW/cm2 for 33 minutes. Superscripts (*) represent a statistically significantly difference relative to the control. Significance level set at P ≤ 0.05. Mean +/- S.D. shown.


[image: C:\Users\hp\Desktop\New folder\Manuscript 1_Final version\Pics Finals\Fig. 5p. 11000.tif]Figure 5: (a) Representative confocal microscope images demonstrating S. mutans mature biofilms i) Positive and negative controls, ii) biofilm exposed to 405 nm light at a dose of 340 J/cm2 , and iii) at a dose of 831 J/cm2. These Images were used to estimate the percentage of dead cells. (b) Bar chart showing the percentage of dead cells in response to both doses of 340 and 831 J/cm2 (n=3) (Mean +/- S.D.). There was no statistical significant difference between the effects of the two experimental doses used.


4. Discussion
Previously blue light has been reported to have the highest absorption and lowest penetration through dentine [40-42] whilst also having the potential to kill cariogenic bacteria [24],[28]. Consequently, the current studies were performed to better characterise how 405 nm light may be applied for the treatment and management of dental disease. Data indicated that the dentinal tubule orientation played a significant role in the transmission of 405 nm light; as the percentage of light transmitted through cross-sectional dissected occlusal and oblique dentine was always significantly higher than light transmitted through longitudinally dissected buccal dentine. Fried et al. reported that if light is delivered perpendicular and not along the path of the tubules, it will penetrate only ~100 microns and this is in part due to dentine being a bi-refractive tissue as it contains hydroxyapatite crystals as well as having a complex dentinal tubule structure [43]. Interestingly, Hariri et al. obtained similar results to those reported here confirming that the refractive index of cross-cut dentine is less than dentine cut either obliquely or longitudinally. In longitudinal and oblique dissections, hydroxyapatite crystal and collagen orientation were reported as being key properties which influenced light propagation [44]. 
It is notable that considerable variation was detected in the light transmission data and this likely related to several factors. The extracted teeth used in this study were obtained from a relatively broad age range and therefore specimens would likely exhibit considerable heterogeneity in tissue structure potentially due to the presence of intratubular dentine and hence tubule width [44], [45]. Furthermore, the presence of sclerotic dentine may also have been a factor influencing transmission as its presence could not be excluded [46]. 
Our data, along with that from several other groups, support the use of direct light application for antibacterial action against S. mutans. Previously, in similar studies, a range of light sources have been used including a halogen lamp (400-500 nm), a plasma arc (450-480 nm), and an LED (450-480 nm). Notably, it has been shown that S. mutans and Enterococcus faecalis lawns required a 7-10 times higher dose for killing compared with Porphyromonas gingivalis and Fusobacterium nucleatum. Furthermore, S. mutans eradication was only demonstrated when using the plasma arc (450-480 nm); at a dose of 159 J/cm2 [47]. Results from the current study, however, have now shown that bacterial inhibition can be achieved using a LED light source at a wavelength of 405 nm, and lower doses than those previously reported can also be used.
Results from the current study showed that 405 nm light was capable of inhibiting S. mutans growth in planktonic cultures and these outcomes are in agreement with other similar studies. S. mutans planktonic cultures exposed to a xenon lamp (450-490 nm) at a dose of 686.4 J/cm2 showed more than 90% growth inhibition [48]. Chebath-Taub et al. reported delivery of a range of doses from 68 to 680 J/cm2 using a plasma arc lamp at wavelengths between 400-500 nm. All doses resulted in S. mutans killing and also interfered with biofilm re-formation [49]. In our S. mutans biofilm studies results demonstrated the ability of the 405 nm light to kill 48% (340 J/cm2) and 54% (831 J/cm2) of bacterial cells in mature (4 days old) biofilms. Notably, the overall dose administered by De Sousa et al. [24] falls within the same range as was used here although they irradiated S. mutans biofilms twice daily; for 5 days; each at 72 J/cm2. Their irradiation protocol resulted in a significant reduction in extracellular polysaccharides, as well as, a two-fold decrease in live biomass. Gomez et al. [50] also proposed that irradiating 12-16 hours old S. mutans biofilms, using a quantitative light-induced fluorescence system with a peak wavelength of 405 nm, led to a significant reduction in total biomass at doses as low as 9.26 J/cm2. However, this reduction was only observed in biofilms grown in sucrose free media. 
Results showed differences between effective antibacterial doses observed on bacterial lawns or planktonic cultures. There were also variations through light exposure reciprocity; as a longer time delivery for a given dose led to wider ZOIs. These effects likely occurred due to the variations used for the experimental set-ups. Higher irradiation doses were required to kill bacteria in a broth medium, compared with the exposure required on the surface of solid agar. Data indicated that this difference was attributable to the scattering and absorption effects on the 405 nm light in the broth, thus affecting the penetration depth. Indeed, it is well recognised that irradiation conditions, as well as, the half-life of ROS; are major modulating factors with regards to achieving disinfection [51-54]. However, there was no notable differences between the effects of the two doses investigated; on both colony counts and mature biofilms. Furthermore, it has been reported that blue light can exert enhanced bacterial killing in biofilm cultures [49],[55]. Indeed, Steinberg et al. [56] demonstrated greater reductions in CFU counts following light irradiation for S. mutans biofilms compared with the levels of bacterial death detected in planktonic cultures irradiated under similar conditions. 
It is therefore apparent that the direct delivery of 405 nm blue light has the potential for use to manage and treat carious infections. Based on the data presented here applying an exposure time of 7 minutes with an irradiance of 251 mW/cm2, a dose of 110 J/cm2 could be used to inhibit bacteria on the tooth surface. Using the same irradiation time but with higher irradiance parameters of 280 - 325 mW/cm2, has the potential to treat bacteria at up to a 1 mm depth within dentine tubules at different tooth locations. This light application regimen would therefore easily penetrate to sufficient dentine depths which have been reported for bacterially invaded tubules [57]. Delivery of the same dose at less exposure times can be achieved by either; applying a higher power setting, or reducing the distance between the light source and the target surface [55].  Furthermore, there is the potentially that greater bacterial killing at lower doses could be expected in vivo; as survival may not be as optimal as it is in vitro under the rich nutrient growth conditions used here [47]. Notably, the antimicrobial effects observed here are not based on the photo-thermal effects that are utilised by infra-red diode and carbon dioxide lasers which are potentially hazardous to healthy tissues [58],[59]. 
To our knowledge, this is the first study which has investigated both the transmission of blue light in coronal dentine; along with determining the antibacterial effects using the same light source. The data we have presented here indicates that direct blue light delivery has the potential to be used to treat and manage carious infections at different stages of disease. Our findings can therefore be used to underpin future studies which utilise well-established complex multispecies biofilm models to identify light delivery parameters for antibacterial killing which have the potential for use prophylactically and in a clinically relevant timeframe. Notably, we are also aware of the ability of 405 nm light to stimulate a positive response in host cells and tissues [60-62], therefore there is the possibility to utilise PBM to stimulate innate repair responses within the tooth through the dentine. Future translational studies will therefore require the concomitant development of a suitable therapeutic device along with further in vitro, ex vivo and clinical trials to demonstrate the safety and efficacy of dental phototherapy. 
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[image: Supp. 11000]
Supp. Figure 1:  (a) Schematic diagram showing the direction of incident 405 nm light in relation to the orientation of dentinal tubules in occlusal, oblique, and buccal dentine sections. Black lines represent dentinal tubules, while red lines represent how each dentine disc was sectioned. (b) Image of the experimental set up showing a dentine disc sandwiched between the light source (AURA light engine®, lumencor®, USA) above and the detector below. The specimen was oriented with its occlusal side upward and pulpal side downward.







[image: Supp. 21000]Supp. Figure 2: Diagrams showing 405 nm light characterization for the different experimental set-ups. (a) Irradiation from the underside of an agar plate at a 5 mm distance; with the sensor placed in contact with the surface of the agar. (b) Irradiation from the underside of the well in a 96-well plate; while the sensor was located inside the well and was in contact with its base.














	
	Irradiance (mW/cm2)
	Temperature (°C)

	
	122
	24.98 ± 0.39

	
	152
	26.47 ± 0.56

	Agar
	172
	26.92 ± 0.32

	
	191
	28.22 ± 0.13

	
	254
	31.18 ± 0.53

	
	277
	30.46 ± 0.37

	
	338
	31.47 ± 0.75

	Broth
	378
	33.86 ± 1.24

	
	418
	35.27 ± 1.11

	
	539
	37.99 ± 0.40



Supp. table 1: Maximum temperatures reached corresponding to each irradiance applied on both the agar surface and in the broth media. Mean +/- S.D





	
	
	
	
	
	
	Irradiance
	(mW/cm2)
	
	
	
	

	
	Atmospheric air
	458 ± 0.8
	945.2 ± 1.1
	1440.5 ± 0.6
	1884.5 ± 1.5
	2299.8 ± 5.7
	2723.8 ± 4.2
	3059.3 ± 3.6
	3383.6 ± 15
	3680.3 ± 5.5
	3938.6 ± 8.1

	1 mm
	Occlusal
	105.4 ± 41.2
	210 ± 80.7
	317.6 ± 128.1
	426.2 ± 181.7
	 520.1 ± 236.5
	 616 ± 283.2
	703.8 ± 321.6
	 777.7 ±  347.8
	 855.8 ± 380.2
	922.25± 417.5

	
	Oblique
	62.2 ± 18.3
	129.2 ± 33.2
	198.7 ± 51.3
	269.9 ± 81.3
	344.3± 109.9
	421 ± 134.9
	495.2 ± 172.3
	579.4 ± 189.2
	644 ± 213.8
	710.8 ± 230.6

	
	Buccal
	49.8 ± 16
	102.2 ± 32
	150.2 ± 38.5
	195.9 ± 44.6
	241.7 ± 54.5
	283.1 ± 70
	330.9 ± 77.2
	379.9 ± 86.7
	427.3 ± 98.3
	470.8 ± 103.8

	
	Atmospheric air
	453 ± 1.4
	932.1 ± 1.6
	1413.3 ± 3
	1860.3 ± 5.9
	2265.1 ± 5.6
	2671.1 ± 8.2
	3022.6 ± 3.3
	3345.4 ± 4.7
	3632.6 ± 12.3
	3895.2 ± 5.4

	2 mm
	Occlusal
	10.3 ± 5.2 
	21.2 ± 8.3 
	33.9 ± 12.3
	50 ± 17.4 
	64.6 ± 21.1 
	80.4 ± 24.6 
	95.1 ± 28.9 
	113.1 ± 33.4 
	125.4 ± 38.6  
	140.2 ± 42.8 

	
	Oblique
	12.7 ± 3.5 
	26.2 ± 7.6 
	40.6 ± 12.6 
	54.9 ± 19 
	69.5 ± 26.5 
	85.7 ± 35.5 
	102.3 ± 52.1 
	114.3 ± 57.9 
	122.7 ± 58.1  
	132.8 ± 52.7 

	
	Buccal
	5 ± 3.3 
	10.6 ± 7.2 
	16.9 ± 11.5 
	23.8 ± 16.6 
	31.3 ± 22.2 
	39.3 ± 28.3 
	48.1 ± 33.7 
	56.3 ± 39.1 
	63.9 ± 43.4  
	71.1 ± 47 

	
	Atmospheric air
	440.8 ± 0.3
	905. ± 1.9
	1384.6 ± 0.6
	1805.8 ± 3.9
	2229.4 ± 1.5
	2605.3 ± 6.6
	2949.7 ± 2.2
	3291.2 ± 5.6
	3571.6 ± 7
	3815.5 ± 5.8

	3 mm
	Occlusal
	3.1 ± 1 
	6.3 ± 2.2 
	9.3 ± 3.4 
	12 ± 4.8 
	15.9 ± 5.6 
	19.5 ± 6.8 
	22.8 ± 7.8 
	26.1 ± 8.4 
	29 ± 9.1  
	31.5 ±  9.9

	
	Oblique
	2.5 ± 1.7 
	5.2 ± 3.2 
	7.9 ± 4.6 
	10.3 ± 5.7 
	13 ± 6.7 
	19 ± 7.3 
	18.7 ± 8.2 
	22.4 ± 9.3 
	26.1 ± 11  
	30 ± 12.9 

	
	Buccal
	1.1 ± 0.9 
	2.4 ± 1.9 
	3.8 ± 2.8 
	5.1 ± 3.7 
	6.4 ± 4.4 
	7.8 ± 4.9 
	9.1 ± 5.2 
	10.5 ± 5.5 
	11.7 ± 5.9  
	12.9 ± 6.2 



Supp. table 2: Irradiance values recorded for 10 power outputs (left to right) for the light source; at 1, 2 & 3 mm distance between the light source and the sensor (n=3) (Mean +/- S.D.). Irradiances transmitted through occlusal, oblique, and buccal dentine; at 3 separate tissue thicknesses are shown.
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