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Abstract

:

We aimed to evaluate the antimicrobial effects of Glycyrrhiza uralensis extract on Streptococcus mutans and Candida albicans and its biocompatibility for dental applications. The antimicrobial activity of the G. uralensis extracts at concentrations of 50, 100, 150, and 200 µg/mL was assessed using agar disk diffusion tests, counting the total number of colony-forming units (CFUs), spectrophotometric growth inhibitory assays, and microbial morphology observations using scanning electron microscopy (SEM; Merin, Carl Zeiss, Oberkochen, Germany). We measured the polyphenol and flavonoid contents of G. uralensis extracts using ultraviolet–visible spectrometry and the cytotoxicity of these extracts using an MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay. We identified that G. uralensis extracts had significant antimicrobial effects against S. mutans and C. albicans. The optical density of the experimental groups significantly decreased compared with that of the control group. SEM images revealed that the G. uralensis extract affected the morphology and density of S. mutans and C. albicans. The extract concentration of flavonoids, but not polyphenols, increased with increasing concentrations of the G. uralensis extract. Furthermore, cell viabilities were more than 70% for G. uralensis extracts with concentrations of 50 and 100 μg/mL. Naturally derived G. uralensis is biocompatible and exhibits an excellent antimicrobial effect against oral pathogens such as S. mutans and C. albicans. Thus, G. uralensis extracts can be used for the development of oral products that treat and prevent oral diseases.
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1. Introduction


The accumulation of dental plaque around teeth and prosthetics may develop into dental caries or periodontitis. Dental caries develop because of the destructive forces of acid produced by oral bacteria, such as Streptococcus mutans, while periodontitis involves an infection of the gums that leads to inflammation and bone loss [1,2]. In patients that use dentures, the attachment of microorganisms to the denture surface can cause denture-related stomatitis. Infection involving Candida albicans is the leading cause of denture stomatitis, and this microbe can attach to the surface of prosthetic materials [3,4].



The prevention of dental caries and infections by oral pathogens depends on regular and thorough cleaning of the mouth and dentures. Mouthwash or denture cleansing solutions are widely used for oral hygiene and are particularly useful for physically limited patients. Most commercial mouthwash and denture cleaning solutions are prepared with chemical components that can present non-biocompatible reactions because of their direct contact with the oral tissue [5]. Furthermore, there have been some reports that the chemicals used in denture cleaning procedures could damage acrylic resin materials [6,7].



To identify alternatives to problematic chemical additives in oral cleaning aids, researchers have examined natural products as essential components in mouthwash and denture cleaning solutions [8,9]. Many of these products are harmless to humans when used correctly and can inactivate bacteria, yeast, and spores. Glycyrrhiza uralensis Fisch, commonly known as Chinese licorice root, is one of the most popular natural products used in traditional medicines, and its chemical constituents and biological activities have been examined in clinical settings [10,11,12]. The compound glycyrrhizol A, present in the ethanolic extract from G. uralensis, has high antibacterial activity against S. mutans, and flavonoids in G. uralensis inhibit the activity of oral pathogens [12,13,14]. Although components of G. uralensis have been explored as antimicrobial agents, the use of G. uralensis extracts to prevent or treat oral infections, and the biocompatibility of this plant for application in oral hygiene materials, have not yet been examined.



In this study, we assessed the potential effects of naturally derived G. uralensis extracts at various concentrations on the common oral pathogens S. mutans and C. albicans, based on in vitro evaluation methods for application in antimicrobial oral products.




2. Materials and Methods


2.1. Preparation of G. uralensis Extract


Roots of Glycyrrhiza uralensis (purity 99.7%), cultivated in the Sobaek Mountains located in Gyeongsangnam-do of South Korea, were obtained from an official herbal shop (Chiri-san yakchogol, Gyeongsangnam-do, Korea). Five hundred grams of G. uralensis were crushed, immersed in 5 L of 70% methanol solution, and extracted at room temperature (25 ± 1 °C) for 48 h. Then, a dry extract was prepared by filtering the solution (Filter paper #2, Whatman, Maidstone, UK), concentrating it by evaporation in a vacuum evaporator (EYELA, Tokyo, Japan), and then freeze-drying (Freeze Dryer, Ilshin Lab, Gyeonggi-do, Korea) at −55 °C for 48 h. We adjusted the concentration of G. uralensis extract to 0, 50, 100, 150, and 200 µg/mL with dimethyl sulfoxide (DMSO, Sigma-Aldrich, St. Louis, MO, USA) for use in an antimicrobial activity test solution.




2.2. Microbial Preparation


We examined the antimicrobial effect of the different concentrations of G. uralensis extract on S. mutans (ATCC 25175) and C. albicans (ATCC 10231). Streptococcus mutans was cultured in brain heart infusion (BHI, Becton Dickinson and Co., MD, USA) and C. albicans in yeast mold (YM, Becton Dickinson and Co., Franklin Lakes, NJ, USA). Both species were subsequently incubated at 37 °C for 24 h under aerobic conditions.




2.3. Inhibition Zone Test


We spread a 100 µL microbial culture suspension (1 × 104 cells/mL) of S. mutans and C. albicans onto BHI and YM agar plates, respectively. We placed five filter paper disks, each with a diameter of 10 mm and thickness of 1 mm, onto the surface of one agar plate with either the S. mutans or the C. albicans culture, and then deposited 20 µL of the G. uralensis/DMSO experimental solution on one of the paper disks, for a total of five treatments (0, 50, 100, 150, and 200 µg/mL extracts) per plate. The plates were incubated for 24 h at 37 °C, and the inhibition zones around each sample were measured with vernier calipers (Mitutoyo, Kawasaki, Japan) with an accuracy of ± 0.01 mm.




2.4. Evaluation of Colony-Forming Units (CFUs)


We mixed a 1:1 ratio of G. uralensis/DMSO (0, 50, 100, 150, or 200 µg/mL) and microbial culture fluid (1 × 105 cells/mL) for both S. mutans and C. albicans. Then, we spread 100 μL of this mixture onto BHI (S. mutans) or YM (C. albicans) agar plates. We incubated the plates for 48 h at 37 °C before determining the number of viable CFUs of S. mutans and C. albicans.




2.5. Evaluation of Optical Density (OD)


We used measures of the OD of microbial cultures treated with G. uralensis/DMSO (0, 50, 100, 150, or 200 µg/mL) to estimate microbial viability. Samples of the microbial cultures were diluted so that the OD600 value was 0.4–0.6. We mixed the G. uralensis extract solution with the microbial culture fluid in a 9:1 ratio and then incubated the culture at 37 °C for 12 h and 24 h. Estimates of the growth inhibitory effects of the G. uralensis/DMSO solution were obtained from OD values that were measured with an ELISA reader (Epoch, BioTeck, Winooski, VT, USA) at 600 nm.




2.6. Morphological Observations


In addition to changes in microbial growth and culture formation, we also examined evidence of morphological change with scanning electron microscopy (SEM) analyses. We incubated a 1 mL sample of the S. mutans and C. albicans suspension (1 × 105 cells/mL) on a 24-well plate at 37 °C for 24 h and then fixed the sample with 2% glutaraldehyde–paraformaldehyde in 0.1 M PBS for at least 30 min at room temperature (25 ± 1 °C). The samples were post-fixed with 1% OsO4 dissolved in 0.1 M PBS for 2 h, dehydrated in an ascending gradual series of ethanol, treated with isoamyl acetate, and subjected to critical point drying (LEICA EM CPD300; Leica, Wien, Austria). We then coated the samples with Pt (5 nm) using an ion coater (ACE600; Leica, Wien, Austria) and photographed each sample using SEM (FE-SEM; Merin, Carl Zeiss, Oberkochen, Germany) at an operating voltage of 2 kV.




2.7. Measurement of Polyphenol and Flavonoid Contents


To confirm the contents of polyphenols and flavonoids, G. uralensis extract powder was dissolved in distilled water to make the concentrations 50, 100, 150, and 200 µg/mL. The solutions were then stored at 37 ± 1 °C in a water bath for 24 h prior to measurements. To analyze the polyphenol content, 650 μL of distilled water was added to 50 μL of the extract solution, followed by the addition of 50 μL of Folin–Denis reagent. The reaction was allowed to continue for 3 min, and then 100 μL of 10% Na2CO3 solution and 150 μL of distilled water were added for a total volume of 1 mL. After incubation for 1 h, we measured the absorbance at 725 nm using ultraviolet–visible (UV–VIS) spectrophotometry (X-ma 1200 Spectrophotometer, Human Corp., Seoul, Korea). The standard curve (20, 40, 60, 80, and 100 μg/mL) was calculated using a standard gallic acid solution (Sigma-Aldrich, St Louis, MO, USA).



For the analysis of the flavonoid contents, 1 mL diethylene glycol was added to 100 µL of the G. uralensis extract solution (50, 100, 150, or 200 μg/mL), followed by the addition of 100 µL of 1 N NaOH. The solution was stored at 37 °C for 1 h, and then the absorbance was measured at 420 nm using a UV–VIS spectrophotometer. A standard curve (20, 40, 60, 80, and 100 μg/mL) was drawn using naringin (Sigma-Aldrich, St Louis, MO, USA) as a standard material to calculate the content of flavonoids. The content measurement of polyphenols and flavonoids was repeated in five separate experiments.




2.8. Cytotoxicity Tests


To prepare the experimental solution for the cytotoxicity test, G. uralensis extract powder was dissolved in RPMI 1640 (Gibco Laboratories, Grand Island, NY, USA) cell culture medium to obtain 50, 100, 150, and 200 μg/mL solutions, and these solutions were stored at 37 ± 1 °C in a humidified 5% CO2/air environment for 24 h following ISO standard 10993-12 (Biological evaluation of medical devices—Part 12: Sample preparation and reference materials) [15]. As a control for the cytotoxicity, we used RPMI 1640 cell culture medium without G. uralensis extract. The MTT assay was conducted according to ISO 10993-5 (Biological evaluation of medical devices—Part 5: Tests for cytotoxicity—in vitro methods) [16]. One hundred microliters of the L929 cell solutions (1 × 104 cells/mL) were seeded on 96-well plate, and stored at 37 ± 1 °C in a humidified 5% CO2/air environment. After 24 h, the culture medium in the 96-well plate was removed, and the attached cells on the cell culture plates were post-incubated with 100 μL of experimental and control solutions for 24 h. After the experimental and control solutions were removed, the wells were refilled with 50 μL of 1 mg/mL MTT tetrazolium salts (Sigma, St. Louis, MO, USA) in PBS and kept at 37 ± 1 °C in a dark, humidified 5% CO2/air environment for 2 h. The MTT solution was then removed, and the wells were refilled with 100 μL of isopropanol (Sigma, St. Louis, MO, USA) and placed on a shaker for 20 min in a dark environment. The absorbance of each sample was measured at 570 nm using UV–VIS spectrophotometry, and the percentage viability was calculated as cell viability (%) = (OD of treated cell / OD of negative control) × 100.



Additionally, we used an EVOS FL microscope (EVOS FL, Advanced Microscopy Group USA Ltd., Mill Creek, WA, USA) at 20× magnification to examine the micromorphology of the L929 cells in the 96-well plate after treatment with 100 µL of the G. uralensis extract solutions (50, 100, 150, or 200 μg/mL) for 24 h.




2.9. Statistical Analysis


All experiments except for the SEM observations were independently performed with five repetitive tests, and data were calculated as averages and standard deviations. All test results from the experimental and control groups were analyzed with one-way analysis of variance (ANOVA; IBM SPSS Statistics 25.0, IBM Co., Armonk, NY, USA) to evaluate the interactions with different concentrations of G. uralensis extract. To determine significant differences within various concentrations of G. uralensis extract, post hoc analyses were performed with Tukey’s multiple comparison test at a significance level of 0.05 (p = 0.05).





3. Results


3.1. Inhibition Zone


We found that all concentrations of the G. uralensis extract inhibited the growth of S. mutans and C. albicans colonies (Figure 1). A microbial static ring was observed around the paper disk impregnated with experimental solution. The inhibition zones of S. mutans increased in the order: 50 µg/mL (1.00 ± 0.10 mm) < 100 µg/mL (1.07 ± 0.06 mm) < 150 µg/mL (1.13 ± 0.15 mm) < 200 µg/mL (1.17 ± 0.15 mm). Similarly, the inhibition zones of C. albicans also increased in following order: 50 µg/mL (1.13 ± 0.15 mm) < 100 µg/mL (1.23 ± 0.06 mm) < 150 µg/mL (1.33 ± 0.15 mm) < 200 µg/mL (1.40 ± 0.17 mm). There were no significant differences among the experimental groups (p > 0.05) for both S. mutans and C. albicans. In contrast, there was no inhibition zone in the control group.




3.2. Colony-Forming Units


All concentrations of the G. uralensis extract resulted in a reduction in the number of CFUs for both S. mutans and C. albicans. The CFUs of S. mutans decreased in the order: Control (99.7 ± 13.6) > 50 µg/mL (29.3 ± 9.4) > 100 µg/mL (23.0 ± 6.6) > 150 µg/mL (22.3 ± 5.7) > 200 µg/mL (19.0 ± 8.4). Similarly, the CFUs of C. albicans also decreased in the following order: Control (282.3 ± 6.8) > 50 µg/mL (183.5 ± 16.0) > 100 µg/mL (171.5 ± 17.4) > 150 µg/mL (131.3 ± 19.9) > 200 µg/mL (117.5 ± 9.8). The number of CFUs in the experimental groups containing the G. uralensis extract was significantly lower compared to the control group (p < 0.05).



When the CFUs of the control were set at 100%, the CFU reduction rate for S. mutans did not differ significantly among the experimental groups (p > 0.05) (Figure 2). The CFU reduction rate for C. albicans increased with increasing concentrations of G. uralensis extract. There were no significant differences in the CFU reduction rates between 150 μg/mL vs. 200 μg/mL samples (p > 0.05) and between the 50 μg/mL vs. 100 μg/mL samples (p > 0.05). In all experimental groups, the CFU reduction rate was higher in S. mutans than in C. albicans.




3.3. Growth Inhibitory Effect


We found that the OD value of the experimental groups containing G. uralensis extract significantly decreased with S. mutans and C. albicans compared with the control group (p < 0.05). However, the OD values for both S. mutans and C. albicans did not differ significantly among the experimental groups at each time point (p > 0.05).



When the OD value of the control was set at 100%, the relative OD reduction rate for both S. mutans and C. albicans did not differ significantly among the experimental groups at each cultivation time (p > 0.05) (Figure 3). The cultivation time significantly affected the OD reduction rate for both S. mutans and C. albicans (p < 0.05). The relative OD reduction rate of C. albicans was more than 80% within 12 h of cultivation time with the experimental groups. However, S. mutans did not show an OD reduction rate as high as C. albicans even after 12 h of incubation with the experimental groups.




3.4. Characterization of Microbial Morphology


The microbial morphologies of both control groups showed intact and clear surfaces without debris or lysis (Figure 4). The control group for S. mutans showed relatively aggregated chains and differed from the 200 µg/mL group in this respect. Additionally, S. mutans cells treated with G. uralensis extract showed small debris on the cells and unclear wall bands. The control group for C. albicans showed a relatively larger number of yeast cells than the experimental groups containing G. uralensis extract. Candida albicans cells treated with G. uralensis extract showed uneven surfaces and swelling compared with the control group. These results show that G. uralensis extract significantly affected the microbial morphology and formation of S. mutans and C. albicans colonies.




3.5. Polyphenol and Flavonoid Contents


The different concentrations of the G. uralensis extract were confirmed to contain different concentrations of flavonoids, but similar concentrations of polyphenols (Table 1). We did not observe any significant differences in polyphenols among the different experimental groups (p > 0.05). The experimental group with the highest concentration (200 µg/mL) had the highest flavonoid content (p < 0.05). However, polyphenol and flavonoid contents in other experimental groups (50, 100, and 150 µg/mL) were not significantly different in each component (p > 0.05).




3.6. Cytotoxicity


We found that the G. uralensis extract, in general, decreased cell viability (Figure 5A). The MTT assay showed that the viability of the L929 cells decreased as the concentration of G. uralensis extract increased in the following concentration (µg/mL) order: 50 > 100 > 150 > 200. The experimental solution with 50 µg/mL of G. uralensis extract yielded a survival rate of more than 70%, which was higher than that of the 150 and 200 µg/mL groups (p < 0.05). However, no significant difference was observed between the results for the experimental solutions with 50 and 100 µg/mL of the extract (p > 0.05).



We also observed that the L929 cells in the 50 µg/mL group showed a morphological appearance (typical stellate) similar to that of the control group (Figure 5B). However, in treatments with higher concentrations of G. uralensis extract, the L929 cells showed an abnormal response. The cells in the 200 μg/mL group were rounded and lacked the original structure that was observed in the control group.





4. Discussion


The results of this study demonstrate the promise of G. uralensis extract for the treatment and prevention of oral diseases caused by the common oral pathogens S. mutans and C. albicans. These pathogens have long been recognized as the primary pathogens responsible for dental caries and candidal stomatitis. Despite attempts to use antimicrobial agents to treat and prevent oral diseases caused by these pathogens, decay and infection in the oral cavity remain a problem for humans [17,18,19,20]. Glycyrrhiza uralensis (Leguminosae) has been considered to have anti-inflammatory, anti-allergic, and anti-viral properties that can be attributed to its major bioactive components, such as glycyrrhizin of the saponin family and flavonoid compounds [21,22,23,24,25]. Previous studies have also demonstrated that G. uralensis exhibits considerable antibacterial activity [5,12,26]. However, most of these studies have only tested for antibacterial properties, and no studies have investigated their potential or safety as raw materials for improving oral health [27]. Here, we demonstrated the antimicrobial effect of various concentrations of G. uralensis extract on oral pathogens and the biocompatibility of this product for use in dental materials.



To confirm the antimicrobial efficacy of G. uralensis extract against S. mutans and C. albicans, the characteristics of microbial growth on the agar plate were observed. No inhibition zone was observed for the control group. Meanwhile, experimental groups containing four different concentrations of the G. uralensis extract showed a clear inhibition zone around the test specimens impregnated with the experimental solution. This was compared with the results of the inhibition zone on the Staphylococcus aureus agar plate of Rubus coreanus extract [26,28]. The G. uralensis extract applied in this study had superior antimicrobial properties, even though the concentration of the G. uralensis extract was lower than that of R. coreanus extract. In our study, even low concentrations of G. uralensis extract effectively inhibited the growth of S. mutans and C. albicans on agar plates.



The disk diffusion method has a limited ability to quantify the degree of antimicrobial activity [29]. Therefore, we confirmed the antimicrobial effect G. uralensis extract by counting the number of CFUs. We found that G. uralensis extract had better antibacterial activity against S. mutans than against C. albicans, but there was no significant difference between the CFU values for the different concentrations of the experimental group.



OD measurement by culturing in an appropriate medium was used for the quantification of the microbial growth pattern in the G. uralensis extract [30]. Hence, it was used in this study to determine the influence of G. uralensis extract on the control of the proliferation of microbes in each culture medium. As shown in Figure 3, S. mutans and C. albicans cultures treated with various concentrations of G. uralensis extract showed a significantly lower OD than those treated with the control. However, there were no significant differences in OD values between concentrations of the extract. These results were similar to the measures of growth inhibition from the agar plate experiments.



We examined the effects of the G. uralensis extract on the morphology of S. mutans and C. albicans using SEM. The control group for S. mutans showed the bacterial form to be distinct and clustered in long chains, along with a high density, while the experimental groups showed the formation of short chains and a low density of aggregates. In addition, the control group for C. albicans showed a high density of spherical aggregates, while aggregates in the experimental group showed a relatively low density and uneven surface. These results were similar to the effect of xanthorrhizol, an antibacterial substance derived from the rhizome of an indigenous Indonesian medicinal plant, on the morphology of S. mutans [31]. The observed antimicrobial effect of G. uralensis extract may be driven by the extract’s negative effect on the morphology of the oral pathogens, thus hindering their normal growth.



We examined the presence of possible antimicrobial components present in G. uralensis extract, including phenols and flavonoids. Phenolic compounds are secondary metabolites present in plant systems. These compounds are responsible for physiological activation functions such as antioxidant and antibacterial activities [32,33]. We found no significant differences in detected phenol content in distilled water among different concentrations of G. uralensis extract. However, we did find that the released flavonoid content in distilled water was significantly different among concentrations of G. uralensis extract. Previous research has confirmed that phenolic compounds possess antibacterial properties and reported that the microbial growth was in proportion to the content of phenolic compounds contained in plant extracts [34,35]. The polyphenols and flavonoids contained in G. uralensis extract may have resulted in the antimicrobial activity of this compound that was observed in this study.



Although many plant compounds may possess antimicrobial activities, those compounds must be safe for human consumption and frequent exposure within the oral cavity [36,37]. In this study, the effect of various concentrations of G. uralensis extract on cell viability was confirmed using in vitro methods. The MTT assay is considered when selecting tests for the biological evaluation of medical devices [38]. The biological risk from G. uralensis extract can be estimated by the cytotoxicity tests. L929 cells are used for the screening or ranking of the cytotoxicity potential of experimental materials. In addition, they are known to have similar responses to human gingival fibroblasts [39]. According to the international standard for biocompatibility evaluation methods, L929 cells were treated with four concentrations of G. uralensis extract, and then cell viability was evaluated using MTT quantitative analysis. We found that G. uralensis extract caused very weak cytotoxicity for L929 cells at concentrations between 150 and 200 μg/mL, whereas exposure to G. uralensis extract concentrations of 50 and 100 μg/mL resulted in cell viabilities of 70% or more. This level of cytotoxicity at the lower concentrations meets the international guidelines for use in products intended for human consumption. In addition, we did not observe any significant changes in cell morphology after exposure to G. uralensis extract concentrations of 50 and 100 μg/mL.



According to our results, we concluded that G. uralensis extract with concentrations of up to 100 μg/mL is biocompatible according to ISO 10993-5 [16]. Furthermore, concentrations of G. uralensis extract over 100 μg/mL did not have significantly higher antimicrobial effects. Therefore, we hypothesize that G. uralensis extracts at concentrations of 100 μg/mL exhibit an antimicrobial effect that does not differ significantly from that exhibited by > 100 μg/mL of G. uralensis extract, without showing a negative effect on biocompatibility. It is presumed to be suitable for patients who want to treat and prevent oral diseases associated with dental caries and denture stomatitis. Future studies should examine the practical use of this material by conducting studies on the long-term antimicrobial effects and biocompatibility of G. uralensis extract.



The results presented here are limited to the verification of the antimicrobial activity of G. uralensis extract on oral disease-causing bacteria or fungi and the possible biocompatibility of this natural product. When using the G. uralensis extract as a mouthwash, the period observed in this study can be considered to be longer than the recommended time by the manufacturer. Nevertheless, the reason why the observation time was longer than the actual clinical application time is that antimicrobial action may occur for a relatively long time if the G. uralensis extract remains in the oral cavity after using the mouthwash. This study was conducted by selecting two types of microorganisms that cause frequent oral diseases, S. mutans and C. albicans, which were also used in previous studies to confirm the antimicrobial effects of newly developed dental materials [17,18,19,20]. To overcome these limitations, further studies are needed to consider shorter application periods and various microbial species for scientifically identified G. uralensis extract with standard antimicrobial agents. In addition, to verify the utility of this product when incorporated into oral products, studies that assess whether the antimicrobial potency is maintained for a long period and if the antimicrobial properties of G. uralensis extracts are diminished when incorporated with ingredients used in mouthwashes or denture cleansers are needed. Nevertheless, some of these oral products could be produced using naturally derived extracts as alternative raw materials in the future because it is biocompatible and exhibits an excellent antimicrobial effect against oral pathogens such as S. mutans and C. albicans.




5. Conclusions


The G. uralensis extract showed significant antimicrobial effects compared with the control group, with no significant difference among four different concentrations of G. uralensis extract against two oral pathogens, S. mutans and C. albicans. In addition, G. uralensis extract with concentrations of 50 and 100 μg/mL showed a cell viability of 70% or more, which meets the international standard. The G. uralensis extract at a concentration of 100 μg/mL was considered a biocompatible, naturally derived extract and also exhibited excellent antimicrobial effects against S. mutans and C. albicans.
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Figure 1. Inhibition zones of different concentrations (50 μg/mL, 100 μg/mL, 150 μg/mL, and 200 μg/mL) of Glycyrrhiza uralensis extract on agar plates of (a) Streptococcus mutans and (b) Candida albicans. 
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Figure 2. Relative colony-forming unit (CFU) reduction rate of two microbial strains following exposure to Glycyrrhiza uralensis extract with concentrations of 50, 100, 150, and 200 µg/mL. The same lowercase letter shows no significant difference in CFU reduction rate between the groups of a given microbe (p > 0.05). 
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Figure 3. Relative optical density (OD600nm) value reduction rate of (a) Streptococcus mutans and (b) Candida albicans exposed to Glycyrrhiza uralensis extract with concentrations of 50, 100, 150, and 200 µg/mL at two different times. The same lowercase letters show no significant difference in relative OD600nm reduction rate between the experimental groups at each time point (p > 0.05). The different uppercase letters indicate significant differences in relative OD600nm reduction rate between 12 and 24 h for each experimental group (p < 0.05). 
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Figure 4. Field-emission scanning electron microscopy images of Streptococcus mutans and Candida albicans following (a,f) control and exposure to Glycyrrhiza uralensis extract with concentrations of (b,g) 50, (c,h) 100, (d,i) 150, and (e,j) 200 µg/mL. Upper 20,000×, lower 10,000×. 
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Figure 5. (A) Percentage viability of L929 cells exposed to different concentrations of the Glycyrrhiza uralensis extract in the MTT assay. The same lowercase letters show no significant difference in cell viability (%) between the experimental groups (p > 0.05). (B(a)) L929 cells exposed to negative control, (B(b)) L929 cells exposed to G. uralensis extract at a concentration of 50 µg/mL, and (B(c)) L929 cells exposed to G. uralensis extract at a concentration of 200 µg/mL for 24 h. 
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Table 1. Polyphenol and flavonoid content of Glycyrrhiza uralensis extract.
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	Experimental Group
	Polyphenol Content (μg/mL)
	Flavonoid Content (μg/mL)





	50 μg/mL
	13.1 ± 3.4 a
	21.7 ± 1.6 a



	100 μg/mL
	13.8 ± 1.4 a
	21.8 ± 1.0 a



	150 μg/mL
	16.2 ± 0.8 a
	21.8 ± 0.9 a



	200 μg/mL
	17.7 ± 3.9 a
	25.0 ± 1.6 b







Different superscript letters denote significant differences between the experimental groups in each component (p < 0.05).
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