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Abstract

:

Cold atmospheric plasmas (CAPs) are being used in applications related to dentistry. Potential benefits include tooth whitening/bleaching, the sterilization of dental cavities, and root canal disinfection. Generated reactive species, such as hydroxyl (OH) radicals, play a critical role in the effectiveness of CAPs in dentistry. In the present work, the mandibular jaw and teeth were modeled. The propagation of CAP plume in ambient air was dynamically tracked using the level set method. The transport and dispersion OH radicals away from the nozzle and towards the teeth under treatment were also tracked. The distributions of concentration of OH radicals over the teeth were obtained for nozzle to tooth distances of 2 and 4 mm. The discharge of the OH radicals out of the nozzle was found to be asymmetrical. Interestingly, depending on the type of tooth treated, the dispersion of OH radicals out of the nozzle could be altered. The present model and obtained results could be useful for advancements towards a fear-free dentistry using CAPs.
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1. Introduction


In 1879, the fourth state of matter was unveiled by Sir William Crookes and subsequently in 1929 named “plasma” by Irving Langmuir [1,2]. Moreover, considering the phase transition (e.g., gas to plasma), there was a suggestion that plasmas not be called the fourth state of matter [3]. Plasma research has evolved rapidly and expanded in various areas including environmental, military, agricultural, and biomedical research [4,5]. Cold atmospheric plasmas (CAPs) enhance the generation of reactive species in their flow while the corresponding carrier gases remain at room temperature; this enhances the interaction of the reactive species with the target upon exposure of the latter to CAPs [6]. CAPs were also found useful in surface treatment, material processing, and plasma medicine [7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23]. In the field of medicine/biomedicine, CAPs are found to have significant potential in wound healing [24,25], cancer therapy [26,27,28], the inactivation of microorganisms [29], and tooth bleaching [21]. In particular, in the dentistry industry, CAPs were found effective against infected dental root canals and could remove microorganisms associated with infection of the root canal [30]. Various studies reported the effective killing of various types of viruses and bacteria by CAPs [31,32,33,34,35]. Considering the favorable characteristics of the CAPs, Stoffels et al. [33,36] were among the pioneers who explored the potential therapeutic use of CAPs in dentistry.



In dentistry, CAP applications were related to tooth whitening/bleaching, sterilization of dental cavities, and root canal disinfection. In a recent review [37], the applications of CAPs in dentistry were reviewed. Interestingly, it was pointed out that CAP treatment of teeth was a new and painless method for the preparation of cavities for restoration, with a rather enhanced longevity, root canal disinfection, and bacterial inactivation. In particular, tooth whitening using CAPs were experimentally studied. For example, Sun et al. [38] deployed a direct current air CAP to enhance tooth whitening. In a separate study, Lee et al. [21] found that a helium CAP jet enhanced tooth bleaching. The combined use of hydrogen peroxide (H2O2) with CAPs was found to be three times more effective to enhance tooth bleaching, when compared with the case without CAP. In another study, 40 extracted human molar teeth were treated with carbamide peroxide and additionally exposed to CAP, a plasma arc lamp, and a diode laser, which revealed that exposure to CAPs achieved the most effective tooth bleaching [12]. In addition, Claiborne et al. [39] applied CAP alongside H2O2 gel to demonstrate enhanced tooth whitening in 10- and 20-min exposure groups. Interestingly, CAPs were shown to be able to treat irregular surfaces such as dental cavities without the need of mechanical drilling [1]. As CAPs operate at room temperature, they would not exert detrimental effects on the tissues [33]. As regards root canal disinfection, Lu et al. [40] successfully inactivated Enterococcus faecalis bacterium in the root canal using a CAP jet device. Shali et al. [41] also examined the effectiveness of CAPs in the disinfection of the tooth root canal. From the progress in the use of CAPs in dentistry, it was hoped that CAPs could lead to fear-free and painless treatments in the near future.



Enhancement in plasma treatment of teeth was attributed to reactive species generated in CAPs, such as hydroxyl (OH) radicals. In the previous work of Pan et al. [42], teeth were exposed to saline solution with an air blow, 5% H2O2 gel and saline solution, and a CAP microjet. The authors found that the CAP microjet provided the best tooth whitening, which was due to the OH radicals as revealed using electron spin resonance spectroscopy [42]. In particular, minor enamel surface morphological changes were observed and a rougher surface was formed upon a CAP exposure for 20 min [42]. However, it was anticipated that longer CAP exposures could lead to more substantial morphological changes in the enamel, which might become unacceptable. On the other extreme, underexposures of the teeth to CAPs could jeopardize the efficacy of the treatment.



CAP devices with different designs could generate different distributions of reactive species over treated teeth [43], which could thus affect the treatment effectiveness. To the best of our knowledge, however, there were currently no standardized designs of CAP devices or theoretical models of CAP discharges and distribution of reactive species over teeth for dentistry. Such theoretical models, particularly in a time-dependent (i.e., dynamic) manner, would be critical in the success in applying CAPs to dentistry. Our group previously examined the interaction of CAPs with water medium [44], blood [45], and skin [46] using the finite element method (FEM). More recently, we studied the transport mechanism of OH radicals in CAP discharges and their dispersion and distribution over a skin layer [47], which considered both the diffusion and convection mechanisms in a two-phase flow system (i.e., CAP carrier gas and ambient air). Based on the success of previous models, in the present work, we analyzed the dispersion and distribution of OH radicals generated and distributed by CAPs over treated teeth. The present model could be useful for further development of CAP applications in dentistry, with the view to progress towards fear-free dentistry using CAPs.




2. Materials and Methods


The human mandibular jaw (i.e., the lower jaw) was modeled. Average dimensions of the main parts of the mandibular teeth were taken from previous measurements [48] and are shown in Table 1.



The modeled mandibular jaw with teeth is shown in Figure 1, in which CAP discharge from a nozzle is also schematically shown. For modeling purposes, the mandibular jaw was placed in a rectangular chamber with the dimensions 90 × 90 × 45 mm3. The chamber was filled with air and all surfaces were set to be outlets (i.e., exposed to open air). The nozzle was assumed to be filled with helium (He) gas (i.e., the CAP carrier gas). The air in the chamber was assumed to be initially at rest and the plasma carrier gas was injected into the air domain at a specific flow rate Q. The plasma carrier gas (He) was discharged out of the nozzle with a radius of 1 mm and with a flowrate of 1 L/min (Q = 1 L/min) [47]. Following our previous work [47], the propagation of the carrier gas (He) in the air chamber was described using the level set method, since the flow resembled a two-phase flow system. The level set function was


∂ϕ∂t+u⋅∇ϕ=γ∇·(ε∇ϕ−ϕ(1−ϕ)∇ϕ|∇ϕ|)



(1)




where ϕ was the level set variable, u was the velocity field, t was time and γ was introduced for an enhanced numerical stability [49]. The level set function (i.e., Equation (1)) was fully coupled with Equation (2) which described the diffusion and convection of OH radicals:


∂cOH∂t+∇⋅(−DOH∇cOH)+u⋅∇cOH=SOH+ROH



(2)




where cOH was the concentration of OH radicals, D was the diffusion coefficient, u was the velocity field, SOH and ROH were the source and reaction terms of the OH radicals [47]. The fluxes of OH radicals were defined in the nozzle to ensure the flow of these species from the nozzle along the axis perpendicular to the target (tooth under CAP treatment). The largest inflow concentration of OH radicals (i.e., at the OH source) was set to be 1 mol/m3, which simplified the task in obtaining the OH concentrations in a normalized fashion over the target. In addition, variations in concentrations of OH radicals as a result of their reactions were modeled through a decay rate formulation. Interested readers are referred to our previous work [47] for more modeling details and for benchmarking with previous CAP discharge experiments. While OH radicals contributed to the bleaching effect, they might not be the main effectors. Short-lived reactive species in plasma-air-water system were analyzed [50] and different reactive species formed in CAPs were found to be responsible for tooth bleaching. In conventional dental bleaching, H2O2 was used (and still is used) as a bleaching agent. It is formed as a result of the recombination of OH radicals and via other reactions. Therefore, the transportation and dispersion of H2O2 species were also considered in our computational model in addition to the OH radicals. The diffusion coefficient data for H2O2 was taken from the previous work of Tang et al. [51].



The CAP discharge tube was set to be perpendicular to the tooth under treatment, and the distance between the tube and the tooth was set to be 2 or 4 mm. The eight teeth on one side of the mandibular jaw were, starting from the center, the central and lateral incisor, canine, first and second premolar and first, second and third molar teeth, and eight teeth on the other side, which formed a mirror image of the previous eight teeth. In the present model, the geometry of the incisor and canine teeth were not significantly different from each another, hence, we studied the CAP exposure of six different teeth, namely, canine, first and second premolar and first, and second and third molar teeth. These teeth were numbered from 1 to 6 as shown in Figure 2.



The mandibular jaw bone was not the target of CAP exposures, and was therefore not considered during the computations, which helped improve the computational efficiency (including the total computation time and the required computational resources). The present numerical model was solved in parallel on a computer cluster with Intel Xeon E5-2630 v3 2.40 GHz processors (Intel Corporation, Santa Clara, CA, USA). The system was solved for 10 ms with time steps of 0.01 ms. It would be possible to solve the system using longer time steps; however, it might prevent the model from converging to the final solution effectively. The use of the finest time step was highly recommended, subject to the availability of computational resources.




3. Results and Discussion


During CAP discharge towards a treated tooth, the OH radicals were transported through diffusion and convection from the outlet of the nozzle towards the surface of the tooth. The OH radicals were distributed over the tooth, which led to a concentration gradient. The spatial variations of the concentration of the OH radicals over teeth 1 to 6 (see Figure 2) for the nozzle to tooth distance of 2 mm were obtained and shown in Figure 3. These snapshots were captured at t = 10 ms (i.e., the final timestep).



Variations of OH concentrations over the six different exposed teeth for nozzle to tooth distance of 4 mm are shown in Figure 4. These snapshots were captured at t = 10 ms (i.e., the final timestep). To allow easier comparisons, orientations of the teeth were kept the same for both of the nozzle to tooth distances of 2 and 4 mm. Figure 3 and Figure 4 showed that the OH concentration decreased, i.e., fewer OH radicals interacted with the tooth, as the nozzle to tooth distance increased. For longer nozzle to tooth distances, the area on a treated tooth exposed to OH radicals became smaller. Figure 5 also shows that fewer OH radicals could reach the treated tooth for longer nozzle to tooth distances if the speed and time duration were kept constant. Similarly, the variation of H2O2 species over the six different exposed teeth for nozzle to tooth distances of 2 and 4 mm are shown in Figure 5 and Figure 6, respectively. The concentrations of H2O2 over the teeth decreased with the increasing nozzle to tooth distance, which was explained by the smaller amount of H2O2 covering the surfaces of exposed teeth for larger distances. These snapshots were also captured at t = 10 ms (i.e., the final timestep).



The normalized concentration of OH radicals over the tooth started to increase with time upon contact between the CAP plume carrying OH radicals and the tooth. The temporal variations of the normalized concentration of OH radicals averaged over the tooth varied for different teeth, due to their distinct geometries. For the nozzle to tooth distances of 2 and 4 mm, the concentrations of OH radicals started to increase for t > ~1 ms (see Figure 7a) and for t > ~2 ms (see Figure 7b), respectively. The OH radicals needed these onset time durations to travel from the nozzle to the tooth. The temporal variations of H2O2 species were similar to those of OH radicals. The H2O2 species were distributed over the surface of the exposed tooth and the normalized concentrations increased with time. The OH radicals had a comparatively larger diffusion coefficient compared to the H2O2 species [51,52], hence, the temporal variations of normalized concentrations of OH radicals were in general larger than those of the H2O2 species. The two main mechanisms for the dispersion of OH species (such as OH and H2O2) on different types of teeth were diffusion and convection, both of which were included in Equation (2). More specifically, the reactive species diffused away from the plasma discharge through diffusion, and they were also carried to different types of teeth by the plasma carrier gas through convection. Figure 7a,b shows the temporal variation of normalized concentrations of OH and H2O2 species, respectively, which were averaged over a treated tooth surface. These results quantitatively described the dispersion of reactive species over the surface of the tooth under treatment, which was in turn related to the surface morphology of the tooth. For example, the results for tooth 6 (canine tooth) were significantly different from other molar and premolar teeth, which was attributed to the much sharper tip and smaller size of tooth 6.



To ascertain the steady-state in the studied system, the speed at 1 mm below the center of the nozzle was separately determined for all six teeth. The temporal variations of speeds at 1 mm below the center of the nozzle are shown in Figure 8a,b for 2 and 4 mm nozzle to tooth distances, respectively. The speed started to increase with time up to 1 ms, and became constant for the longer exposure time, which demonstrated the steady-state in the studied system. Moreover, the determined speeds varied for different treated teeth. Following the contact between the carrier gas and the tooth, the flow would get distorted and a velocity field would be generated (i.e., eddies would be formed) around the tooth. The distribution of this velocity field in three-dimensional (3D) space depended on the geometry of the treated tooth (or in other words how the flow was distorted), and led to variations in the speed (the magnitude of velocity in 3D space) at a point from the tooth.



Figure 9a,b shows variations of normalized concentrations of OH radicals at 1 mm below the center of the nozzle for all six teeth at nozzle to tooth distances of 2 and 4 mm, respectively. The normalized concentrations started to increase rapidly up to about 1 in ~1 ms, beyond which the steady-state condition was achieved. Small variations for different teeth were noticed, which were attributed to the distortion of the flow and variations in the velocity field around different teeth under CAP treatment. Such variations were governed by the convection of the OH radicals, since the velocity field determined the dispersion and distribution of these species, which was mathematically shown in Equation (2), where the velocity field u was present. The results in Figure 9 imply that the movement of the OH radicals reached the steady-state as well.



Figure 10 shows the normalized concentrations of the OH radicals around the four sides at 1 mm below the nozzle, which were obtained for the nozzle to tooth distance of 2 mm. The results revealed anisotropy of dispersion and distribution of OH radicals underneath the nozzle and variations of the dispersion for different teeth. Interestingly, the normalized concentrations away from the center of the nozzle were lower than 1, which meant that most discharged OH radicals were concentrated at the center of the CAP plume. This feature was particularly useful considering that very narrow regions in teeth were often treated in dentistry. For t < ~1 ms, the normalized concentrations significantly varied with time. In contrast, after the system reached the steady-state (i.e., t > ~1 ms), temporal variations in the normalized concentrations of OH radicals became negligible.



Similarly, Figure 11 shows the normalized concentrations of the OH radicals around the four sides at 1 mm below the nozzle, which were obtained for the nozzle to tooth distance of 4 mm. Again, temporal variations in the normalized concentrations of OH radicals were negligible for t > ~1 ms. Variations of normalized concentrations of OH radicals around the four sides of the nozzle were more considerable for the nozzle to tooth distance of 4 mm, which were attributed to the dispersion of OH radicals in the surrounding air before interacting with the tooth. For the longer nozzle to tooth distance of 4 mm, the OH radicals traveled longer distances to reach the tooth, which allowed some OH radicals to travel laterally away from the center of the flow through diffusion (i.e., ∇·(–DOH∇cOH) term in Equation (2)). Solving the present model in 3D space was in fact required due to anisotropic dispersion of the OH radicals.



In summary, Figure 10 and Figure 11 highlighted the asymmetrical and sophisticated nature of dispersion and discharge of OH radicals out of the nozzle, which depended on the nozzle to tooth distance, as well as the type of tooth under treatment. Using the present model, the different geometries of nozzles and discharge tubes could be modeled with a view to achieving the best output distribution of reactive species according to the treatment requirements. Information regarding the distribution of reactive species could also be obtained to provide quantitative comparisons among different designs of CAP devices in dentistry.




4. Conclusions


In the present work, a model was built for CAP discharges on teeth for dentistry applications for the first time. The model considered the CAP carrier gas and the ambient air through a two-phase flow model, and took into account the transport of OH radicals and H2O2 species involving diffusion and convection. The developed model determined the distributions of OH radicals and H2O2 species over six different chosen teeth. Different nozzle to tooth distances of 2 and 4 mm were examined and the obtained results were compared. The normalized concentration of OH radicals and H2O2 species over a treated tooth decreased with the increasing nozzle to tooth distance. The distribution of OH radicals out of the nozzle was found to be asymmetrical. The dispersion of OH radicals out of the nozzle varied according to the type of treated tooth. The dispersion of the reactive species became more significant for shorter distances between the nozzle and the tooth, which led to the coverage of a larger surface area of the tooth during plasma treatment. As such, the treatment could be more efficient. The developed model and the obtained results could be useful for working towards a fear-free dentistry using CAPs.
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Figure 1. Modeled mandibular jaw with teeth under cold atmospheric plasma (CAP) discharge. 
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Figure 2. Schematic diagram showing teeth 1 to 6 examined in the present study. 
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Figure 3. Spatial distribution of OH radicals over tooth (a) 1, (b) 2, (c) 3, (d) 4, (e) 5 and (f) 6 for nozzle to tooth distance of 2 mm. (Note: the scale bar shows the normalized concentration of the OH radicals). 
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Figure 4. Spatial distribution of OH radicals over tooth (a) 1, (b) 2, (c) 3, (d) 4, (e) 5 and (f) 6 for nozzle to tooth distance of 4 mm. (Note: the scale bar shows the normalized concentration of the OH radicals). 
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Figure 5. Spatial distribution of H2O2 species over tooth (a) 1, (b) 2, (c) 3, (d) 4, (e) 5 and (f) 6 for nozzle to tooth distance of 2 mm. (Note: the scale bar shows the normalized concentration of the H2O2 species). 
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Figure 6. Spatial distribution of H2O2 species over tooth (a) 1, (b) 2, (c) 3, (d) 4, (e) 5 and (f) 6 for nozzle to tooth distance of 4 mm. (Note: the scale bar shows the normalized concentration of the H2O2 species). 
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Figure 7. Temporal variations of normalized concentration of OH radicals and H2O2 species averaged over a treated tooth for nozzle to tooth distance of (a) 2 and (b) 4 mm. 
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Figure 8. Temporal variations of speed at 1 mm below the center of the nozzle for nozzle to tooth distance of (a) 2 and (b) 4 mm. 
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Figure 9. Variations of normalized concentration of OH radicals at 1 mm below the center of the nozzle for nozzle to tooth distances of (a) 2 and (b) 4 mm. 
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Figure 10. Variations of normalized concentrations of OH radicals at 1 mm below the nozzle at 1 mm (a) above, (b) below, (c) left, and (d) right of the center of the nozzle (from bird’s eye view), for nozzle to tooth distance of 2 mm. (Inset: red dot indicates the location where the normalized concentration of OH was measured). 
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Figure 11. Variations of normalized concentrations of OH radicals at 1 mm below the nozzle at 1 mm (a) above, (b) below, (c) left, and (d) right of the center of the nozzle (from bird’s eye view), for nozzle to tooth distance of 4 mm. (Inset: red dot indicates the location where the normalized concentration of OH was measured). 
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Table 1. Average dimensions of crown and root length of mandibular teeth.
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	Mandibular Teeth
	Crown Length (mm)
	Root Length (mm)





	Central incisor
	8.80
	12.6



	Lateral incisor
	9.40
	13.5



	Canine
	11.0
	15.9



	First premolar
	8.80
	14.4



	Second premolar
	8.20
	14.7



	First molar
	7.70
	14.0



	Second molar
	7.70
	13.9



	Third molar
	7.50
	11.8
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