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Abstract

:

This in vitro study aimed to confirm the effect of the additional features of Kirei Keep Light (KKL), a commercial UV-C irradiation system that was originally created for coating the surface of removable dentures with photoreactive 2-methacryloyloxyethyl phosphorylcholine (MPC), on the antimicrobial efficacy aspect against Candida albicans biofilm on a denture base material (PMMA) and SARS-CoV-2. Materials and Methods: The antimicrobial efficacy on C. albicans biofilm was evaluated through quantitative (CFU) and qualitative (SEM images) analysis of three groups: no treatment (control), KKL, and immersion in a disinfectant solution, MCAE. The quantitative evaluation on SARS-CoV-2 was performed by comparing the untreated (control) group and the KKL group. Results: In comparison with the control group (2.39 × 106 CFU/mL), KKL irradiation resulted in a 91.01% reduction in C. albicans biofilm (2.15 × 105 CFU/mL), whereas for the MCAE group, this reduction was 99.98% (4.64 × 102 CFU/mL). The SEM image results also corroborate the CFU results, which showed that the fewest clean surfaces were found in the control, and this gradually increased with KKL and MCAE. SARS-CoV-2 inhibition, indicated by its TCID50 value, demonstrated that KKL almost completely inhibited SARS-CoV-2 infection and replication (99.99% reduction). Conclusion: KKL possesses antimicrobial efficacy on C. albicans biofilm on PMMA and SARS-CoV-2.
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1. Introduction


Biomaterials are essential in medical and dental care, especially in delivering prosthetic treatments for rehabilitation. In dentistry, a wide range of dental materials have been used during treatment to restore missing teeth and oral tissues. The numerous types of artificial dental materials have different properties with broad purposes and benefits [1,2] (Table 1). However, when delivering the materials to patients, the inherent properties of the materials have been reported to attract surrounding microorganisms and harm the surrounding tissue [3].



A denture is a typical artificial dental material that is continuously in contact with the oral environment. The dental plaque that exists in the oral environment consists of a diverse microbial composition [4]. Soon after the dentures are placed in the oral cavity, they are exposed to various substances like saliva, microorganisms, and food, which lead to denture plaque formation [5,6]. An insight into biofilm types present in the oral cavity and dentures is provided in Table 2. As the biofilm’s presence is harmful to both the oral tissues and the denture, maintaining denture hygiene is an essential aspect of delivering dental prostheses or restoration.



Past studies have reported that polymethyl methacrylate (PMMA), the most used polymeric denture base material, may present as a plaque or biofilm reservoir [7], which further causes infections either in the oral cavity, such as denture stomatitis, which is mainly caused by C. albicans [8], or even spread to other sites, such as in the case of aspiration pneumonia. Moreover, during the more recent COVID-19 pandemic, SARS-CoV-2 was also reported to exist in the dental biofilm of infected patients [9], and cross-infection in healthcare facility settings must be prevented [10]. The presence of both C. albicans and SARS-CoV-2 in denture wearers might increase morbidity and mortality, especially in older adults, pregnant women, and immunocompromised patients, where the microbiota composition and the host–immune response are altered [11,12,13].



Performing denture hygiene procedures is a mandatory task for both dental health professionals and patients. Various methods have been introduced to the market to remove or inactivate pathogens from dentures. Briefly, the method of regular denture cleaning can be divided into mechanical, chemical, and irradiation techniques and a combination of those techniques [5,14]. Moreover, material properties can be modified during denture fabrication or dental visits. This technique is usually performed by healthcare professionals, like modifying the monomers or polymers with antimicrobial efficacies or modifying surface properties through coating application [15]. Detailed information on each method is provided in Table 3.



Applying a UV-curable coating material is one of the effective measures in maintaining denture hygiene without altering the physical properties of the denture base resins [16]. For example, 2-methacryloyloxyethyl phosphorylcholine (MPC) polymer is a highly biocompatible hydrophilic coating material that is reported to be effective in preventing denture plaque and biofilm formation on polymethyl methacrylate (PMMA) [17]. Recently, a Kirei Keep system has been introduced, offering a straightforward method: spraying pre-mixed photoreactive MPC liquid on the surface, followed by chemical bonding activation inside a portable UV-C light box (Kirei Keep Light®, Sun Medical, Moriyama, Japan), and it has been reported to be effective in preventing mature C. albicans biofilm formation [18].



UV light is a form of electromagnetic radiation with a wavelength between 100 to 400 nm. The detailed UV classification based on wavelength and examples are described in Table 4 [19,20,21]. UV-C light irradiation is commonly known for its antimicrobial properties for surface disinfection through the induction of genomic damage [21,22]. However, its efficacy might differ based on light intensity, radiation time, distance to the object, and microorganism type [23]. Based on these facts, this study was performed to confirm the antimicrobial efficacy of Kirei Keep Light as an additional feature other than for MPC coating activation. In this study, our primary objective was to evaluate the antimicrobial efficacy of the Kirei Keep Light device on its default settings (wavelength: 260–280 nm; intensity: 309 µW/cm2; duration: 3 min). Our evaluation focused on two key areas of interest. First, we aimed to assess the device’s effectiveness against C. albicans biofilm on PMMA and, second, its effectiveness on SARS-CoV-2. We hypothesized that UV-C light irradiation using the Kirei Keep Light device’s default settings has an antimicrobial effect on C. albicans and SARS-CoV-2.




2. Materials and Methods


This study is divided into two analyses: KKL’s antifungal properties on C. albicans biofilm on PMMA and KKL’s viral infection and replication inhibition of SARS-CoV-2. The flow diagram of this study is provided in Figure 1. Research flow diagram.



2.1. C. albicans Biofilm on PMMA Evaluation


2.1.1. Specimen Preparation


Heat-polymerization-type PMMA (Acron®, GC Corporation, Tokyo, Japan) was utilized as a denture base material in this study. It consists of a liquid monomer (methyl methacrylate) and a powder polymer (polymethyl methacrylate). Paraffin wax patterns were prepared to fabricate the specimens to a disc shape with 12 mm diameter and 2 mm thickness. Following the conventional lost-wax technique, the monomer and polymer were mixed according to the manufacturer’s instructions and were then packed into a flask and underwent final heat polymerization inside a water bath at 70 °C for 9 h. The resin discs were then polished using #1200 and #2400 waterproof polishing paper and cleaned using ethanol inside an ultrasonic bath.




2.1.2. Biofilm Incubation


A C. albicans culture isolated from denture plaque (CAD-1) [18,24,25]) was used in this study. An overnight culture was prepared by transferring a single colony of C. albicans into a 15 mL tube containing 3 mL Sabouraud dextrose broth, which was then placed inside a rotating incubator at 37 °C for 24 h with constant shaking (100 rpm). Before incubation, the specimens were immersed in 0.4 mg/mL mucin (Type I Bovine Submaxillary Mucin, Sigma Aldrich, St. Louis, MO, USA) for 10 min on a 70 rpm shaker at 37 °C. Thereafter, 200 µL of the overnight culture was transferred into a 24-well plate containing a specimen and 1.8 mL of yeast nitrogen broth supplemented with n-acetylglucosamine and phosphate buffer (YNBNP media). Finally, biofilm incubation was performed aerobically at 37 °C for 48 h. Prior to the treatment applied to each group, the specimens were rinsed using phosphate-buffered saline (PBS) twice to remove unadhered cells.




2.1.3. Treatments


A UV-C light box for MPC coating activation (Kirei Keep Light®, Sun Medical Company, Moriyama, Japan) was utilized in all experimental groups in this study for UV-light irradiation as a disinfection treatment, hereafter abbreviated as KKL. Treatment application is carried out by putting the specimen in the bottom center of the box (vertical distance to the light source: 38 mm), starting the UV-light irradiation with the default setting for three minutes at 25 °C. As a comparison, a Nα-cocoyl arginine ethyl ester pyloridon carbon-based MCAE disinfection solution (Bee Brand Medico Dental, Osaka, Japan) was also utilized by immersing the specimens within the same period (3 min, 25 °C). The specimens without any applied treatments were assigned as a control.




2.1.4. Colony-Forming Unit (CFU) Enumeration


Following incubation and treatment applied to each group (n = 5), the viable C. albicans cells on the specimen surface were collected using 2.5% trypsin in PBS by pipetting for 1 min, followed by serial dilutions into 15 mL tubes. Subsequently, the diluted solutions were plated using an automatic spiral plater machine (Easyspiral™, Interscience, Osaka, Japan) onto Sabouraud dextrose agar and then incubated aerobically at 37 °C for 48 h. The CFU enumeration was replicated three times on each sample and performed according to ISO4833-2 [26]. Furthermore, the obtained CFU data were processed to a percentage of the reduction rate using the following formula:


  R e d u c t i o n   r a t e ( % ) = 100 % −     C F U   o f   K K L   o r   M C A E   g r o u p   C F U   o f   c o n t r o l   g r o u p     × 100 %  












2.1.5. Scanning Electron Microscope (SEM) Image Evaluation


Morphological evaluation of C. albicans biofilm was performed by evaluating the SEM images. Following incubation and treatments according to each group, the specimens underwent a fixation procedure using 2.5% glutaraldehyde solution for 15 min. Afterward, serial dehydration was performed by immersion in 40, 75, and 99% ethanol. To facilitate electroconductivity, a gold coating was applied to the specimens with an ion coater (IB-3, Eiko Corporation, Tokyo, Japan) at 3 mA for 5 min. Finally, a low-vacuum SEM (Miniscope TM1000®, Hitachi, Tokyo, Japan) was used to evaluate the biofilm morphology.





2.2. SARS-CoV-2 Evaluation


The SARS-CoV-2 strain used in this study was isolated from Vero cells and confirmed via real-time PCR. Approximately 1 mL of SARS-CoV-2 containing solution was placed onto a Ø30 mm Petri dish. The experimental group samples were subjected to UV-light irradiation inside the KKL box for 3 min at 25 °C and finally collected, whereas the control group samples were collected after 3 min without intervention. Furthermore, those solutions were serially diluted using a cell maintenance medium and then 100 µL was injected into the Vero E6 cells inside a 96-well plate with a growth medium (Minimum Essential Medium Eagle, Sigma Aldrich, St. Louis, MO, USA). Incubation was performed by culturing in a carbon dioxide gas (5%) at 37 °C for 5 days.



The presence or absence of virus replication was confirmed by evaluating the virus-induced cytopathic effect (CPE) that was exhibited in the culture cells under a microscope (Inverted culture microscope CK30, Olympus, Tokyo, Japan), before and after 3 min of each intervention. The concentration was calculated, and finally, the amount of virus per specimen was determined. The efficacy of the KKL on SARS-CoV-2 was confirmed by calculating the percentage of viral virulence in the test area against that of the control area using the following formula:


  R e d u c t i o n   r a t e   ( % ) = 100 % −     K K L   g r o u p   c o n t r o l   g r o u p     × 100 %  











The SARS-CoV-2 analysis was conducted completely by an accredited laboratory (Laboratory of Food Environment and Hygiene, Gunma, Japan).




2.3. Statistical Analysis


Statistical analysis was performed using SPSS software (version 25, SPSS Japan Inc., Tokyo, Japan). The comparison of data for each group’s results was analyzed using Welch’s analysis of variance (ANOVA), followed by the Games–Howell post hoc test at a p-value of 0.05.





3. Results


The highest amount of viable C. albicans was observed in the control group (2.39 × 106 CFU/mL). A significantly lower value was observed both in the KKL group (2.15 × 105 CFU/mL) and the MCAE group (4.64 × 102 CFU/mL). Nevertheless, a statistically significant difference (p < 0.05) was also found between the KKL and MCAE groups (Figure 2A). Based on these CFU data, the calculated biofilm reduction rate was 91.01% for the KKL group, whereas it was 99.98% for the MCAE group (Figure 2B). Based on the morphological evaluation results (Figure 3), C. albicans biofilm consisting of hyphae and yeast cell types was observed covering most of the specimen surface in the control group. Less PMMA area covered with biofilm was found in the KKL group, and the lowest coverage was found in the MCAE group. These findings corroborate with the quantitative results.



Three minutes of UV-C irradiation using KKL resulted in almost complete inhibition of SARS-CoV-2 to 101.5 TCID50/mL, compared to that of the control group (107.5 TCID50/mL). Thus, the reduction rate of KKL on SARS-CoV-2 was 99.99%, as demonstrated in Figure 4.




4. Discussion


The antimicrobial efficacy of disinfection and sterilization relies on factors that come from each microorganism’s intrinsic qualities (number, location, and innate resistance mechanism) and other extrinsic chemical or physical factors (concentration, temperature, pH, exposure duration, and organic and inorganic matter) [27]. Despite the increased popularity of UV sterilization during the COVID-19 pandemic, wherein a lot of portable UV sterilization boxes were sold commercially, Harada et al. (2023) reported that not all possess true antimicrobial efficacy [28]. Some devices in dental healthcare facilities that utilize UV-C, such as Kirei Keep Light, might also become helpful for disinfection if the configuration (wavelength, irradiation dose, and time) is proven effective. The results of this study can provide evidence of the antimicrobial efficacy of KKL UV-C irradiation (260–280 nm wavelength) when using its default setting for three minutes of exposure time. We selected C. albicans and SARS-CoV-2 as evaluation targets considering the evidence that the first one is the major pathogen reported in denture-related stomatitis, and the latter is a virus that is responsible for the latest COVID-19 pandemic, which was reported to be found in a patient’s oral cavity as well [9].



The microbial reduction rate of KKL treatment varies between C. albicans biofilm on PMMA (91.01%) and SARS-CoV-2 (99.9%). This finding can be explained based on the theory of morphological difference and sensitivity to UV radiation. C. albicans is an eucaryotic microorganism, where the nucleic acid material inside a nucleus is protected by a complex structure like a cell wall on the outermost layer, plasma membrane, and cytoplasm [29]. In contrast, SARS-CoV-2 possesses a simpler structure, where the nucleic acid materials inside a nucleocapsid are only protected by an envelope [30]. More importantly, C. albicans was evaluated in the form of a biofilm on the PMMA surface to represent the clinical situation, whereas SARS-CoV-2 was in the form of a solution. The adhesion and structure of C. albicans cells in the form of biofilm are stronger, and the presence of hyphae structures elevates their resistance further [31] so that the cells located on the base layer of the biofilm may remain unexposed to the UV-C photons. In accordance with a previous study, SARS-CoV-2 was reported to be highly susceptible to UV-C light irradiation, resulting in complete inhibition [32]. The exposure dose applied in this study was 55.62 mJ/cm2 (309 µW/cm2 × 180 s) and is considered more than enough for the complete inhibition of SARS-CoV-2, which can be achieved at16.9 mJ/cm2 [33].



In C. albicans biofilm evaluation, despite the reduction in viable cell numbers above 90%, there was a significant difference between KKL (UV-C irradiation) and MCAE (an amino acid-derived compound with a high ethanol concentration). In accordance with Theraud et al.’s findings, UV light irradiation has less efficacy than ethanol on C. albicans biofilm [34]. Another limitation of UV-light irradiation is that its efficacy might not be optimized in areas with high microbial loads or concentrations [35]. In contrast, ethanol treatment showed more efficacy even in highly concentrated areas with hyphae structures [33,36]. It was reported that ethanol treatment reduced >99% of C. albicans mature biofilm’s metabolic activity and prevented its regrowth [37]. MCAE solution is an ethanol-based bactericidal cleaning solution developed for dental use and is effective against biofilm.



UV-C irradiation using the default settings of KKL for three minutes demonstrated an effective antimicrobial effect with a reduction rate above 90% for C. albicans and SARS-CoV-2; thus, our hypothesis was accepted. This indicates that the 260–280 nm UV-C irradiation of Kirei Keep Light can be useful for surface disinfection, as an additional feature of its main function as an MPC coating activation apparatus. Nevertheless, for a surface with a high microbial load like a thick denture plaque, it is better to use this measure as an addition to conventional cleansing (mechanical and chemical) to ensure the complete disinfection of small undercuts and gaps and to remove thick biofilms which cannot be irradiated thoroughly by light.



There are some limitations of this study. The C. albicans biofilm evaluation in this study was performed within an in vitro setting with a single species, whereas in the clinical situation, a more complex biofilm consisting of many other microorganism species coexists. The topography and surface area of the specimen were in the form of a simple and flat disc shape, and we only evaluated the typical denture base material: PMMA, whereas, currently, there are plenty of material options available that possess various material characteristics. The UV-C irradiation time was only performed using one variation, based on the default setting of the light box Kirei Keep Light, as well as the chemical treatment used as a comparison in this study also only utilizing an ethanol-based cleansing agent. Further studies confirming more in vitro variables or in a clinical setting using prostheses or other dental materials that are currently installed in the patient’s mouth are recommended.




5. Conclusions


UV-C light irradiation using the default setting of Kirei Keep Light for three minutes effectively reduced C. albicans biofilm on PMMA and inhibited SARS-CoV-2 infection and replication. This indicates that it can also be used as an effective surface disinfection device, as an additional function other than as a portable MPC coating activation box.
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Figure 1. Research flow diagram. 
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Figure 2. (A) The number of viable C. albicans in each group in CFU/mL. (B) C. albicans cells comparison in each group in percentage, where the control group is referred to as 100%. The values below the connecting line between bars represent the reduction rate (KKL: Kirei Keep Light; MCAE: commercial surface disinfection solution). 
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Figure 3. SEM images at 1000× magnification of C. albicans biofilm morphology on the PMMA surface in the control (A), UV-C irradiation using KKL (B), and chemical treatment using MCAE (C). 
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Figure 4. Median tissue culture infection dose of SARS-CoV-2 (TCID50/mL) comparison between the control and UV-C irradiation using KKL at 0 and 3 min. 
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Table 1. Examples of artificial dental materials and their applications.
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	Artificial Dental Materials
	Properties
	Applications





	Metals
	High strength, hardness, and durability

Low esthetics and biocompatibility
	
	
Crowns



	
Bridges



	
Implants



	
Orthodontic appliances








	Ceramics
	High esthetics, biocompatibility, and wear resistance

Low toughness and fracture resistance
	
	
Veneers



	
Inlays



	
Onlays



	
Crowns



	
Bridges



	
Implants








	Polymers
	High flexibility, elasticity, and biocompatibility

Low strength, hardness, and wear resistance
	
	
Dentures



	
Soft liners



	
Sealants



	
Adhesives








	Composites
	Combination of the different properties of different materials
	
	
Fillings



	
Bonding



	
Veneers



	
Crowns















 





Table 2. Biofilm variations in the oral cavity and dentures and their effects.
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Type

	
Composition

	
Effects






	
Supragingival biofilm

	
Mainly aerobic and facultative anaerobic bacteria, such as Streptococcus spp., Actinomyces spp., and Veillonella spp.

	

	
Dental plaque



	
Calculus



	
Gingivitis









	
Subgingival biofilm

	
Mainly anaerobic and microaerophilic bacteria, such as Porphyromonas spp., Prevotella spp., and Fusobacterium spp.

	

	
Periodontitis



	
Peri-implantitis



	
Halitosis









	
Cariogenic biofilm

	
Mainly acidogenic and aciduric bacteria, such as Streptococcus mutants, Lactobacillus spp., and Actinomyces spp.

	

	
Dental caries



	
Erosion



	
Sensitivity









	
Endodontic biofilm

	
Mainly anaerobic and polymicrobial bacteria, such as Enterococcus spp., Porphyromonas spp., and Prevotella spp.

	

	
Pulpitis



	
Apical periodontitis



	
Abscess









	
Denture plaque

	
Bacteria:

	-

	
Streptococcus spp.




	-

	
Actinomyces spp.




	-

	
Staphylococcus spp.




	-

	
Lactobacillus spp.




	-

	
Veillonella spp.




	-

	
Fusobacterium spp.




	-

	
Porphyromonas spp.




	-

	
Prevotella spp.




	-

	
Tannerella spp.







	

	
Dental plaque, calculus, and biofilm formation



	
Denture malodor and discoloration



	
Denture corrosion and fracture



	
Oral infections, such as gingivitis, periodontitis, and peri-implantitis



	
Systemic diseases, such as pneumonia, endocarditis, and septicemia









	
Fungi:

	-

	
Candida spp. (especially C. albicans)




	-

	
Aspergillus spp.




	-

	
Penicillium spp.




	-

	
Mucor spp.




	-

	
Rhizopus spp.







	

	
Denture biofilm formation



	
Denture malodor and discoloration



	
Denture corrosion and fracture



	
Oral infections, such as denture stomatitis, angular cheilitis, and candidiasis



	
Systemic diseases, such as pneumonia, endocarditis, and septicemia
















 





Table 3. Materials and devices utilized in denture hygiene procedures.
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	Method
	Device or Material
	Advantages





	Mechanical
	Manual (brush)

Vibrational based (ultrasonic bath)
	The most common method and usually combined with standard denture cleaning paste which is easy to obtain



	Chemical
	Solution (ex.: bleach, mineral acids, enzymes, oral rinsing, and denture cleaners)

Effervescent (peroxide, bicarbonate, percarbonate, and persulphate)
	Commonly used, high efficacy, plenty of commercial products are available on the market.

Direct chemical contact and adjustable concentration and immersion time



	Irradiation
	Microwave oven, LED, and UV-C
	Does not contact the denture surface directly, minimizing the risk of increased surface roughness.

Can reach the areas that are difficult to clean mechanically



	Material properties modification
	Incorporated antimicrobial polymers (ex.: polymers, nanoparticles, silver oxides, protein-repellent biocides, and natural agents) embedded in the material or applied as a coating
	Modifies the material properties that favor denture plaque adhesion either during the fabrication step or during routine control visits










 





Table 4. Classification of UV light and applications in the hygiene field.
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	UV Type
	Wavelength (nm)
	Absorption
	Hygiene Application





	UV-A
	315–400
	Absorbed by the dermis, causing sun tanning
	Can be used for phototherapy



	UV-B
	280–315
	Absorbed by the epidermis, causing sunburn
	Can be used for phototherapy and disinfection



	UV-C
	200–280
	Absorbed by DNA: mutation, cancers, and disinfection
	Effective disinfectant against a wide range of microorganisms



	Vacuum UV
	100–200
	Absorbed only in vacuum conditions (water and air)
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