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            Abstract
          
        

        
          This study was conducted to investigate the antibacterial activity of Nigella sativa seed oil (HT_01) against several oral pathogens and the inhibitory effects of HT_01 on acid production and biofilm formation in Streptococcus mutans. The antibacterial activity of HT_01 was tested using the disk diffusion and microdilution methods according to Clinical & Laboratory Standards Institute and Korean Ministry of Food and Drug Safety guidelines. The acid-producing ability test and biofilm formation ability were performed according to Korean Ministry of Food and Drug Safety guidelines. The inhibition zone around the disks containing 50 μL of 10% HT_01 were 42.5 ± 2.5 mm for S. mutans, 41.4 ± 4 mm for Porphyromonas gingivalis, 45 ± 3 mm for Prevotella intermedia, and 28 ± 3 mm for Fusobacterium nucleatum, indicating a strong antibacterial effect. Analysis of acid production showed that the pH of culture broth of S. mutans was 4.23 ± 0.05, whereas culture broth containing of 0.04% and 0.05% HT_01 had neutral pH values of 7.35 ± 0.02 and 7.21 ± 0.04, respectively, confirming the inhibition of acid production. Compared with the control group considered as showing 100% biofilm formation, the rate of biofilm formation was only 32% in the presence of 0.05% HT_01. HT_01 showed potent antibacterial activity against oral pathogens. HT_01 showed potent inhibitory activity against acid production and biofilm formation in S. mutans.
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      Introduction
      Oral health problems are not life-threatening but are an important public health burden because of their high prevalence. Oral health and quality have social, economic, and psychological impacts1 and are essential components of the overall health and well-being of people.2 The World Health Organization announced a global strategy on oral health in May 2022, defining oral health as “enabling people to perform essential functions, such as eating, breathing, and speaking, with their mouth, teeth, and orofacial area and to carry out social and work life with confidence and well-being, without pain, discomfort, or embarrassment”.3,4 Approximately 3.5 billion people worldwide have oral diseases, with permanent tooth caries accounting for approximately 2 billion cases, followed by severe periodontal disease in approximately 1 billion cases, baby tooth caries in 510 million cases, and edentulosis in 350 million cases. The total estimated number of oral diseases worldwide is greater than that of the five major noncommunicable diseases (cardiovascular disease, diabetes, chronic respiratory disease, and cancer) combined.5 Dental caries (cavities) are diseases that begin when the hard surfaces of teeth are destroyed by acid. This process is initiated by organic acids produced by the breakdown of carbohydrates by oral bacteria. Dental caries is the most common chronic oral disease worldwide. If left untreated or not prevented in the early stages, dental caries can lead to decreased chewing ability, malnutrition, pain, reduced quality of life, severe cases, and tooth loss.6 Periodontal disease is an inflammatory disease that affects the gums and supporting structures of teeth, starting with gingivitis and progressing to periodontitis, and is among the leading causes of tooth loss. The direct cause of periodontal disease is a biofilm known as plaque that continuously forms on teeth. The plaque is sticky and colorless and, if not removed, hardens into tartar. When the gums separate from the teeth because of the presence of tartar, a gap develops, and a periodontal pocket forms between the teeth and gums. As inflammation progresses, the gap between the gums and teeth widens further, the alveolar bone and periodontal ligament are destroyed, and loose teeth eventually require extraction. Periodontal disease begins in childhood and is a chronic disease for which the early treatment window can be missed because of a lack of symptoms or discomfort.7 Additionally, bad breath (halitosis), which affects more than 50% of the population, is not a fatal disease and does not cause pain but can make it difficult to form social relationships and cause psychological withdrawal. Bad breath is mainly caused by volatile sulfur compounds produced by oral bacteria when they break down proteins into amino acids. Proteins that serve as nutrients for bacteria mainly originate from food, saliva, and shed oral mucosal cells.8,9 The bacteria present in dental plaques (biofilms),10 particularly the gram-positive bacterium Streptococcus mutans, cause dental caries through acid production, biofilm formation, and bacterial endocarditis by attaching to and colonizing damaged heart valves using collagen-binding proteins.11 The direct causative agents of periodontal disease include Porphyromonas gingivalis, Treponema denticola, and Tannerella forsythia, which are classified as high-risk red complex groups with the greatest impact on periodontitis progression.12 Although not as dangerous as red complex bacteria, orange complex bacteria such as Fusobacterium nucleatum, Prevotella intermedia, and Campylobacter rectus, which cause the progression of periodontal disease, facilitate colonization of red complex bacteria and worsen periodontal disease.13 To prevent or treat these oral diseases, it is necessary to eradicate pathogenic bacteria from the oral cavity. Although a variety of mouthwashes have been developed for this purpose, concerns have been raised regarding the side effects of chemicals used as ingredients in mouthwashes, such as ethanol, fluoride, and chlorhexidine. Therefore, mouthwashes composed of safe and effective ingredients are necessary.

      Nigella sativa, also known as black cumin or black seed and member of the Ranuculaceae family, is an annual plant native to the Middle East and Southeast Asia. It has been used for thousands of years as a spice and food preservative and in traditional medicine for conditions such as asthma, bronchitis, diarrhea, indigestion, menstrual cramps, and amenorrhea.14–17 The main active components of black cumin seed oil are thymoquinone (TQ) and thymol. Studies have also demonstrated the hepatoprotective, anti-inflammatory, anticancer, and antioxidant functions of TQ.18–20 A recent study showed that TQ affects dental caries and periodontal disease. However, the study was conducted using TQ as a single compound; therefore, its potential as a health functional food remains unclear.21 In addition, in studies of black cumin seed extract, the methanol or ethanol used for extraction cannot be used as functional health food materials. Therefore, research is limited on the prevention of oral diseases using black cumin seed oil as a cold-pressed extract that can be used as a functional food.

      The black cumin seed oil (ThymoQuin-O’Care or HT_01) used in this study was the first cold-pressed full-spectrum black seed oil (BSO). We investigated the antibacterial effects of standardized BSO on bacteria causing dental caries and periodontal disease and its inhibitory effects on the biofilm and acid production of S. mutans to determine whether standardized BSO can be used as a functional raw material in healthy functional foods, natural medicines, toothpastes, and mouthwashes that are safe and beneficial to oral health.

    

    

  
    
      Experimental
      Bacterial strains and culture methods – The oral pathogens used in this study were Streptococcus mutans (S. mutans) KCTC3065, Porphyromonas gingivalis (P. gingivalis) KCTC5352, Fusobacterium nucleatum subsp. nucleatum (F. nucleatum) KCTC2640, and Prevotella intermedia (P. intermedia) KCTC15693, which were purchased from the Korean Collection for Type Cultures (KCTC, Jeongeup, Jeonbuk-do) and stored in our laboratory. S. mutans KCTC3065 were cultured in brain heart infusion medium (BHI; Difco, Detroit, MI, USA) at 37°C in an atmosphere supplemented with 5% CO2. Both P. gingivalis KCTC5352 and P. intermedia KCTC15693 were cultured in BHI medium supplemented with 5% sheep blood (KisanBio, Seoul, Korea) and 0.01% vitamin K-hemin (KisanBio). The F. nucleatum KCTC2640 was cultured in reinforced clostridial medium (Difco). As these three bacterial strains are obligate anaerobes, they were cultured under anaerobic conditions. Lactic acid bacteria (LAB) used in this experiment were isolated, identified, and stored in our laboratory: Lactobacillus paracsei SPM412, L. rhamnosus SPM1012, L. gasseri SPM2021, L. reuteri SPM2023, and Weisiella cibaria SPM402 were cultured in DeMan, Rogosa, and Sharpe (MRS) medium (Difco).

      Preparation of HT_01 – Black cumin seed was purchased from TriNutra (Trinutra Ltd., Ramat Gan, Israel). 1 kg of black cumin seeds were dried on a fluidized bed to obtain a weight of approximately 960 g. After removing foreign substances, approximately 950 g of seeds of 4 mm or less were obtained, and oil with a TQ content of 1.5–3.5% and free fatty acid (FFA) content of less than 1.5% was filtered through a 10 μm filter to obtain 280 g of oil. Sunflower lecithin and vitamin E were mixed at room temperature for 0.5–1 h to obtain HT_01 with a TQ content of 1.5–3.5% (v/v) and weight ratio of free FFA to TQ of approximately 2.33 to 0.57:1, which was used in this study. HT_01 was used as a pure solution (100%) and diluted with dimethyl sulfoxide (DMSO) to a concentration of 0.1–10%. The quantitative analysis of thymoquinone (TQ), the main constituent of black cumin seed oil, p-cymene and carvacrol, was commissioned to the Korea Health Functional Food association (KHFFA, Seongnam-si, Gyeonggi-do, Korea).

      Antibacterial activity of HT_01 against oral pathogens – Antibacterial activity was tested using disk diffusion and microdilution methods according to Clinical & Laboratory Standards Institute (CLSI) and Korean Ministry of Food and Drug Safety guidelines.22,23 In the disk diffusion method, antibiotic assay disks (ADVANTEC, Tokyo, Japan) with a diameter of 8 mm and thickness of 1.5 mm were used. The disks for the antibacterial test were prepared by adding 50 μL each of 100% HT_01 and 1%-10% HT_01 solution diluted in DMSO, and control disks were prepared by adding 50 μL each of DMSO as a solvent and the original solution of Gum Guard (Dong-A Pharmaceutical Co., Ltd., Seoul, Korea), a commercially available mouthwash. For the basal medium layer, 1.5% Bacto-agar (Difco) was added to the medium corresponding to each strain described in the experimental method above, and 20 mL of this medium was poured into 100 mm diameter Petri dishes. For the intermediate medium layer, 200 μL of each test strain at a concentration of 1 × 109 CFU/mL was mixed with 3 mL of BHI medium containing 0.7% agar, poured onto the basal medium layer, and allowed to solidify. Afterward, each test disk was placed on a plate, and S. mutans was cultured at 37°C, 5% CO2 for 24 h, and the remaining bacteria were cultured anaerobically at 37°C for 48 h. The diameter of the clear zone around the disk was measured and repeated experiments were performed to derive the average value of the results. The minimum inhibitory concentration (MIC) was measured using a microdilution method according to CLSI guidelines in a 48-well plate.22 HT_01 was mixed to the highest concentration of 1%, and then serially diluted in 12 steps; S. mutans was inoculated at 5 × 105 CFU/mL and cultured at 37℃ for 24 h, and anaerobic bacteria were inoculated at a concentration of 1 × 106 CFU/mL and cultured at 37℃ for 48 h. The lowest concentration at which no bacterial growth was observed was determined as the MIC. After confirming the MIC, 10 mL of each culture concentration was inoculated into medium not containing HT_01, and the lowest concentration at which no bacterial growth was observed after culture at 37℃ for 48 h was determined as the minimum bactericidal concentration.

      Measurement of antibacterial activity of HT_01 against oral probiotics – Antibacterial activity was measured using the disk diffusion method according to CLSI and Korean Ministry of Food and Drug Safety guidelines.22,23 In the disk diffusion method, a disk for the antibiotic assay (ADVANTEC) with a diameter of 8 mm and thickness of 1.5 mm was used. HT_01 was diluted in DMSO to prepare 10% and 5% solutions. DMSO and Gum Gurad (Dong-A Pharmaceutical Co., Ltd.) were used as controls and prepared so that each disk would contain 50 μL. The basal layer medium was prepared by adding 1.5% Bactoagar (Difco) to the MRS medium described in the experimental method above and then pouring 20 mL into each 90 mm diameter Petri dish. For the intermediate medium layer, 200 μL of each assay bacteria at a 1 × 109 CFU/mL concentration was mixed with 3 mL of MRS medium containing 0.7% agar, poured onto the basal medium layer, and hardened. Each disc was placed on a plate and cultured under anaerobic conditions at 37°C for 48 h. The diameter of the clear zone around the disk was measured, experiment was repeated, and average value was derived from the result.

      Inhibitory effect of HT_01 on acid production by S. mutans – The acid-producing ability test was conducted according to Korean Ministry of Food and Drug Safety guidelines.23 HT_01 was added to 10 mL of BHI broth containing 1% sucrose to obtain final HT_01 concentrations of 0.01%, 0.02%, 0.03%, 0.04%, and 0.05%. Gum Guard and DMSO were added to 10 mL of BHI broth containing 1% sucrose to obtain final concentrations of 0.05%, which were equivalent to the highest concentration of HT_01, and used as controls. The concentration of S. mutans was adjusted to 1 × 105 CFU/mL, and 100 μL of this suspension was inoculated into each test group. After culturing for 48 h under conditions of 37°C and 5% CO2 supply, the pH of the medium was measured.

      Inhibitory effect of HT_01 on biofilm formation by S. mutans – Biofilm formation was assessed according to Korean Ministry of Food and Drug Safety guidelines.23 HT_01 was added to 10 mL of BHI liquid medium containing 1% sucrose to obtain final HT_01 concentrations of 0.01%, 0.02%, 0.03%, 0.04%, and 0.05%. Gum Guard, DMSO and xylitol [10% (g/v), dissolved in DW] were added to 10 mL of BHI broth containing 1% sucrose to obtain final concentrations of 0.05%, which were equivalent to the highest concentration of HT_01, and used as controls. After adjusting the bacterial count of S. mutans to 1 × 105 CFU/mL, 100 μL of this suspension was inoculated into the corresponding medium, and the test tube was tilted at 30° and cultured for 24 h at 37°C under conditions of 5% CO2 supply. After incubation, 5 mL of 0.5 M NaOH solution was added to suspend the cells attached to the wall, 3 mL of the suspension was collected, and absorbance was measured at 550 nm using spectrophotometer (S-3100, SCINCO, Seoul, Korea) to confirm biofilm formation.

      Statistical analysis – The results were expressed as the mean ± standard deviation. After one-way analysis of variance (ANOVA), statistical processing was performed using GraphPad Prism® software (GraphPad, Inc., La Jolla, CA, USA). Post-hoc testing was performed using Bonferroni’s multiple comparison test. As shown in Fig. 3, the xylitol and HT_01 groups and the Listerine and HT_01 groups were tested separately using one-way ANOVA, followed by post-hoc test using Bonferroni's multiple comparison test.

    

    

  
    
      Results and Discussion
      According to the HPLC analysis, the blank solution was analyzed to confirm that there was no interference between the standard TQ solution and the test solution, and the retention times of the standard TQ solution and the test solution were consistent (Fig. 1). The quantitative analysis of HT_01 to confirm the active constituents, GC analysis was performed. Concentration of three of active constituents thymoquinone, p-cymene and Carvecrol were 31.63 ± 0.48 mg/g, 12.85 ± 0.63 mg/g and 0.52 ± 0.09 mg/g, respectively (Table 1).

      
        
        

        Fig. 1. 
				
        

        
          HPLC chromatogram of thymoquinone. Standard solution contains thymoquinone purchased from Sigma (Sigma Co.) and test solution contains prepared HT_01.
        
        

        

      

      
        Table 1. 
				
        

        
          Quantitative analysis of main constituents of HT_01
        
        

      

      
        
          
            	Constituents
            	Concentrations (mg/g)
          

        
        
          	p-Cymene
          	12.85 ± 0.63
        

        
          	Thymoquinone
          	31.63 ± 0.48
        

        
          	Carvacrol
          	0.52 ± 0.09
        

      

      

      Antibacterial activity against oral pathogens was measured using the disk diffusion method according to Korean Ministry of Food and Drug Safety and CLSI guidelines. The inhibition zone around the disks containing 50 μL of 10% HT_01 were 42.5 ± 2.5 mm for S. mutans, 41.4 ± 4 mm for P. gingivalis, 45 ± 3 mm for P. intermedia, and 28 ± 3 mm for F. nucleatum, indicating a strong concentration-dependent antibacterial effect. Because no inhibition zone was formed around DMSO, the solvent used to dilute HT_01, the antibacterial activity of HT_01 observed at various concentrations reflected the antibacterial activity of HT_01. Even in disks containing 50 μL of 1% HT_01, the lowest concentration of HT_01 used in the experiment, the antibacterial effect was similar to or slightly superior to that of the Gum Guard undiluted solution, confirming that the effect was superior to that of existing oral cleansers. As HT_01 is an oil, the highest concentration did not exceed 1%, and the MIC measurement results showed that the MIC of S. mutans was 0.06%, that of P. intermedia and P. nucleatum was 0.25%, and that of P. gingivalis was 1% (Table 2 and Fig. 2). Standardized HT_01 (ThymoQuin-O’Care) exhibited excellent antibacterial activity against major oral pathogens, including S. mutans, P. gingivalis, P. intermedia, and F. nucleatum.

      
        Table 2. 
				
        

        
          Antibacterial activity of HT_01 against several oral pathogens
        
        

      

      
        
          
            	Strains
            	Inhibition zone diameter (mm)
            	MIC
            	(%)
            	MBC
          

          
            	HT_01
            	GumGuard
            	DMSO
          

          
            	100%
            	10%
            	5%
            	2.5%
            	1%
            	100%
            	100%
          

        
        
          	
            S. mutans
          
          	50 ± 1
          	42.5 ± 2.5
          	27.5 ± 0.5
          	18 ± 0.5
          	14.5 ± 0.5
          	13 ± 0.7
          	0
          	0.06
          	 
          	0.125
        

        
          	
            P. gingivalis
          
          	48 ± 3
          	41 ± 4
          	40 ± 3
          	27 ± 2
          	20 ± 3
          	0
          	0
          	1
          	1 ≤
        

        
          	
            P. intermedia
          
          	50 ± 2
          	45 ± 3
          	25 ± 2
          	22 ± 3
          	20 ± 3
          	15 ± 3
          	0
          	0.25
          	0.25–0.5
        

        
          	
            F. nucleatum
          
          	35 ± 2
          	28 ± 3
          	16 ± 2
          	12 ± 2
          	10 ± 1
          	10 ± 1
          	0
          	0.25
          	0.25–0.5
        

      

      

      
        
        

        Fig. 2. 
				
        

        
          Zones of inhibition at different concentrations of Nigella sativa seed oil (HT_01) against oral pathogens.
        
        

        

      

      Antibacterial activity against LAB was measured using the disk diffusion method according to Korean Ministry of Food and Drug Safety and CLSI guidelines. The experimental results showed that all five types of LAB were cultured under anaerobic conditions and grew without inhibition around the HT_01, DMSO, and Gum Guard disks (Table 3). Thus, these substances showed no anti-bacterial effects against beneficial LAB.

      
        Table 3. 
				
        

        
          Antibacterial activity of HT_01 against oral probiotics
        
        

      

      
        
          
            	Strains
            	Inhibition zone diameter (mm)
          

          
            	HT_01
            	GumGuard
            	DMSO
          

          
            	10%
            	5%
            	100%
            	100%
          

        
        
          	L. paracasei SPM412
          	0
          	0
          	0
          	0
        

        
          	L. rhamnosus SPM1012
          	0
          	0
          	0
          	0
        

        
          	L. reuteri SPM 2021
          	0
          	0
          	0
          	0
        

        
          	L. gasseri SPM 2023
          	0
          	0
          	0
          	0
        

        
          	W. cibaria SPM402
          	0
          	0
          	0
          	0
        

      

      

      Acid production performance was measured according to the guidelines of the Korean Ministry of Food and Drug Safety. The pH of the culture supernatant of normal BHI medium, used as the control group, was 4.23 ± 0.05, confirming that S. mutans produced acid. In the DMSO 0.05% control group and GumGuard 0.05% group, normal acid production was confirmed at pH 4.32 ± 0.03 and 4.47 ± 0.02, respectively, indicating that acid production was not inhibited. HT_01 inhibited acid production in a concentration-dependent manner. At concentrations of 0.04% and 0.05%, the pH was 7.35 ± 0.02 and 7.21 ± 0.04, respectively, showing a neutral pH, confirming that acid production was completely inhibited (Fig. 3).

      
        
        

        Fig. 3. 
				
        

        
          Inhibitory effect of Nigella sativa seed oil (HT_01) on the production of acid in Streptococcus mutans. All data were performed in triplicate and expressed as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001 compared with control.
        
        

        

      

      The S. mutans were cultured in BHI liquid medium containing 1% sucrose. The biofilm formed on the walls of the test tube was suspended in NaOH, and the absorbance was measured to compare the formed biofilms. The results confirmed that the absorbance decreased in a concentration-dependent manner in the presence of HT_01 and the turbidity of the culture medium decreased. This effect was attributed to the inhibition of biofilm formation by HT_01. In the case of the control group, the absorbance value was 1.22 ± 0.032, confirming that S. mutans formed a biofilm. Following DMSO treatment, the absorbance value was 0.783 ± 0.034, indicating that biofilm formation was approximately 64.2% of that in the control group. In the presence of 0.05% xylitol, the absorbance value was 0.909 ± 0.019, indicating that biofilm formation was approximately 74.5% of that in the control group. The absorbance value was 0.791 ± 0.068 in the 0.05% Gum Guard group, which was 64.8% of that in the control group. In the HT_01 0.01% group, biofilm formation was 73.9% compared to that in the control group, whereas this value in the HT_01 0.02% group was 68.7%. By contrast, biofilm formation was significantly inhibited in the 0.05% HT_01 group, even when the effect of DMSO was excluded (biofilm formation was 32.3 % compared to that of control) (Fig. 4).

      
        
        

        Fig. 4. 
				
        

        
          Inhibitory effect of Nigella sativa seed oil (HT_01) on the formation of biofilm in Streptococcus mutans. All data were performed in triplicate and expressed as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001 compared with control.
        
        

        

      

      Dental caries results from the breakdown of hydroxyapatite, a component of the hard tissue on the surface of teeth, by organic acids produced by carbohydrate metabolism of oral microorganisms, causing minerals such as calcium and phosphorus to escape and corrode the tooth surface to cause tooth damage.24 The representative pathogen that causes dental caries is S. mutans, a gram-positive facultative anaerobic bacterium that produces insoluble glucans and forms a hard biofilm. A biofilm formed on teeth, commonly called dental plaque, is a sticky, colorless thin film formed when bacteria adhere tightly to the tooth surface. Extracellular polymeric substances, as polymer complexes composed of DNA, proteins, and polysaccharides derived from bacteria, are involved in biofilm formation and are the main components of dental plaque.25 Additionally, once a biofilm forms, the bacteria forming the colony become resistant to antibiotics or attack by immune cells, making their removal difficult. Normal oral acidity is maintained at around pH 7.0–7.5 by saliva; however, following food consumption, carbohydrates are fermented by bacteria to produce acid, which causes the oral pH to decrease to below 7.0 and become acidic. In the case of S. mutans, it contributes not only to biofilm formation but also to acid production, resulting in deterioration of dental health. Particularly, when the pH in the mouth falls to below 5.5, hydroxyapatite crystals in the enamel break down or demineralize, causing dental caries.26 Therefore, controlling the production of organic acids and dental calculus, a type of biofilm that causes dental caries and gingivitis (the initial stage of periodontal disease), at an early stage is important for maintaining and improving oral health. Antibiotics, mouthwashes, and scaling are used to physically remove tartar and suppress pathogenic bacteria from the mouth. However, antibiotics can cause systemic side effects and lead to the emergence of resistant bacteria and superinfection in the oral cavity. Antibacterial agents such as ethanol, fluoride, chlorhexidine (cetylpyridium chloride), and methyl salicylate are used in mouthwashes but cannot be used long-term because of toxicity to the human body, emergence of resistant bacteria, and carcinogenicity. Scaling is a method of physically removing the tartar by a professional and is not an oral care method that can be performed during daily life. Therefore, agents that can be used for safe and continuous oral hygiene management and oral health promotion without adverse side effects on the teeth or gums are needed. To overcome these issues, recent studies have been conducted to confirm the antibacterial properties of plant-derived essential oils, such as thymol, eucalyptus oil, and menthol, against oral pathogenic bacteria.27 There is antibacterial data of BSO against S. aureus, E. coli and L. monocytogens, but there is no antibacterial data against oral pathogenic bacteria.28–29 In addition, HT_01, the material of this study, was obtained by cold pressing rather than organic solvent extraction method, completely eliminating the influence of solvent. In this study, we examined whether the BSO HT_01, which has long been used as a traditional medicine and mouthwash ingredient, can overcome the limitations of antibiotics and mouthwashes. Therefore, standardized HT_01, a BSO that has long been used as a natural product in traditional medicine to treat various diseases, may be suitable as an oral hygiene ingredient because of its strong antibacterial activity against common oral pathogens and its ability to inhibit acid production and biofilm formation by S. mutans.
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