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Abstract 

 

Antibacterial effects of natural  

extracts-mediated photodynamic therapy  

on Streptococcus mutans 

 

 Hye Rim Hwang 

 

Department of Preventive Dentistry and Public Oral Health 

The Graduate School, Yonsei University 

 

(Directed by Professor Baek Il Kim, D.D.S., M.S.D., Ph.D.) 

 

In recent years, the antibacterial effect of photodynamic therapy (PDT) has been 

evaluated in various fields including biology, chemistry, and medicine. However, the use 

of photosensitizers in conventional photodynamic treatment requires expensive materials 

with high purity and is a complicated process. In order to overcome the difficulties, this 

study used commercially available powdered natural extracts from medicinal plants with 

a long history of safe usage. The natural extracts have received a great deal of attention 

owing to their excellent efficacy but most of them exhibit a very low solubility, thus 

limiting their use. Therefore, PDT was chosen to resolve this problem. 
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The study aimed to evaluate the antibacterial effect of PDT using natural extracts as 

photosensitizers along with a light source of 405 nm against Streptococcus mutans, a 

known causative agent of dental caries. The study also aimed to determine whether the 

natural extracts such as chlorella, curcuma, ginger, and fingerroot powder with proven 

antibacterial activities, could act as a photosensitizer. On the evaluation of the 

antibacterial effect of PDT against planktonic S. mutans, 0.05 and 0.5 mg/ml curcuma 

powder extracts with light reduced the colonies of planktonic S. mutans by 0 log CFU/ml 

and the log CFU/ml at 5 mg/ml concentration was reduced by 5.60±0.29. In the groups 

of chlorella powder extract with light irradiation, the log CFU/ml values at concentrations 

of 0.05, 0.5, and 5 mg/ml decreased to 5.88 ± 0.08, 3.15 ± 0.70, and 5.53 ± 0.20, 

respectively, compared to the groups without light. However, a partial antibacterial effect 

was observed when both these substances were used on S. mutans biofilm; the colonies of 

biofilm S. mutans were reduced by 4.76 ± 0.07 log CFU/ml in curcuma powder and by 

5.66 ± 0.06 log CFU/ml in chlorella powder extract. 

In addition to being cost-effective and easily accessible, the use of commercially 

available chlorella and curcuma powder extracts as photosensitizers were confirmed in 

the study. PDT using natural extracts as photosensitizers are expected to be used in the 

development of various dental procedures and oral care products as potentially effective 

strategies for the prevention and management of oral diseases in the future. 

 

Keywords: photodynamic therapy, photodynamic antibacterial effect, natural extracts, 

natural photosensitizer, quantitative light-induced fluorescence (QLF) 



 

 

1 

Antibacterial effects of natural  
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Ⅰ. INTRODUCTION 

Effective prevention of dental caries is an ongoing challenge. Dental caries-causing 

bacterial growth inhibition is a relatively effective method for its prevention. To date, 

synthetic materials such as chlorhexidine, triclosan, and cetylpyridinium chloride (CPC), 

have been used as antibacterial agents for dental caries prevention. These synthetic 

compounds carry a physiological risk of conversion to compounds that are harmful to the 

human body. Additionally, their long-term used is accompanied by side effects such as 

tooth and soft tissue discoloration, oral mucosa peeling, and taste bud changes 
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(Fahimipour et al., 2018). Therefore, the ideal oral cavity antimicrobial agent should have 

excellent selective antimicrobial activity against the causative agents of dental caries and 

periodontal disease and should not adversely affect the human body. Most 

microorganisms are resistant to antibacterial agents owing to biofilm production in the 

oral environment. Therefore, antimicrobial agents with effective antimicrobial cativity 

against bacteria producing biofilms should be utilized. Additionally, in recent years, the 

interest in natural oral care materials capable of tackling chemical use-induced side 

effects is increasing, and several studies have and continue to aim at promoting the use of 

natural materials as antibacterial agents for the oral cavity (Kim et al., 2005; Lee et al., 

2019). 

Specifically, in Korea, various safety issues have been raised in areas closely related to 

daily life, including the humidifier disinfectant incident, and the problem of ‘chemical 

phobia’ has become more serious (Jeong, 2013). Consumer evaluation of product 

ingredients prior to purchasing is also increasing. Further, interests in the antibacterial 

effects of natural products has increased, and the antibacterial effects of natural 

substances that have been proven to be safe, correspond to the level of their consumption. 

Moreover, medicinal plants, obtainable from nature, have high pharmacological activity 

and low toxicity, and have long been used for therapeutic purposes (Aruoma et al., 1996). 

Further, medicinal plants contain a variety of physiologically active ingredients, known 

for their antioxidant, antibacterial, and anti-inflammatory efficacy. This explains to wide 

use of various plant extracts in the herbal medicine, pharmaceutical, and health food 

fields (Ahn et al., 2004). 

However, the solubility of most natural extracts is low, resulting in the conducting of 
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studies aimed at resolving this issue (Naksuriya et al., 2014). Recently, photodynamic 

techniques capable of increasing antibacterial activity via light application to low material 

concentrations, have been used (Araujo et al., 2012). A previous study on natural extract 

solubilization confirmed that the addition of surfactants to the poorly soluble 

xanthorrhizol, increases its antimicrobial effect against Streptococcus mutans biofilm 

(Kim et al., 2005). A study on natural material solubilization via photodynamic technique 

application using a light source and photosensitizer, has been conducted. The 

photodynamic antimicrobial effect of a combination of xanthorrhiza extract and light (405 

nm) was higher than that of the xanthorrhiza extract alone. Additionally, the antibacterial 

effect of xanthorrhiza + light against S. mutans was stronger than that of curcumin + light 

(Lee et al., 2019).  

Photodynamic therapy (PDT) is a method killing bacteria using light, oxygen, and 

photosensitizers, and is emerging as an alternative to antibacterials, thus eliminating the 

antibiotic resistance problem. The photosensitizer goes into an excited state when it is 

placed at a bacteria infected area and the appropriate light wavelength is applied. The 

energy generated by the photosensitizer then reacts with oxygen to form oxygen free 

radicals, which then exerts its toxic effects on the bacteria cells (Abrahamse and Hamblin, 

2016). It has been confirmed that the photodynamic effect of curcumin + light is bacteria 

killing via reducing of the extracellular polymeric substances (EPS) of Pseudomonas 

aeruginosa biofilm (Abdulrahman et al., 2019). In addition, selective mircoorganism 

inhibition in the oral cavity has been proven via treatment of 7 kinds of oral disease-

related microbes with a light source of 405 nm and a specific photosensitizer (Kang et al., 

2020). Another study proved that S. aureus and S. epidermidis can be effectively 

sterilized with PDT using self-made 630 nm LED and photofrin (Kwon, 2013). 
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Additionally, the photodynamic effect of the combination of 600 /  halogen 

light curing machine and dental plaque disclosing agent erythrosine, against S.mutans 

biofilm, was also confirmed (Choi et al., 2015). As described above, studies on PDT for 

oral disease prevention using photosensitizers have been continuously conducted 

(Sharman et al., 1999; Zanin et al., 2005). 

In most studies using natural substances such as xanthorrhiza and curcumin, as 

photosensitizers, the pure plant extracts were utilized. However, the use of these extracts 

is limited by their economic depreciated due to their cost- and time-intensive 

manufacturing process, making their acquisition difficult (Lee, 2017). As such, the 

present study aimed at elucidating whether commercially available natural product 

powder formulations, easier to access than pure substances, can be used as 

photosensitizers. As a substitute for pure curcumin, curcuma powder, with known 

antibacterial, anticancer, antioxidant, and anti-inflammatory effects, was selected for the 

study. Curcuma has recently been used to develop new products, including herbal 

cosmetics and natural dyes. In addition to curcumin, ginger powder extract (has 

antibacterial effects) and chlorella powder extract (exerts photosynthetic action using its 

chlorophyll) were selected (Kim, 2014). Further, we attempted to evaluate the 

photosensitizer ability of four natural extracts, including fingerroot powder, a natural 

substance that is recently being consumed in the form of pills or tea, owing to its 

effectiveness in skin beauty and lipolysis. 

In the field of dentistry, S. mutans is known as a representative oral cavity bacteria that 

attaches to glycoproteins, which are components of acquired pellicle, via saliva, to form 

biofilms. S. mutans forms glucosyltranserase (Gtfs), which is synthesized as glucan. The 
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high adhesiveness of glucan allows oral cavity bacteria to adhere to the smooth tooth 

surfaces.  

The present study therefore aimed at confirming the possibility of using 

photosensitizers in photodynamic antibacterial treatment against planktonic S. mutans and 

biofilm S. mutans, using natural extracts such as curcuma, chlorella, ginger, and 

fingerroot. 
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Ⅱ. MATERIALS AND METHODS 

2.1. Bacterial strains and culture media 

Streptococcus mutans ATCC 25175 strain was purchased from the Korean Collection 

for Type Cultures (Biological Resource Center, Jeongeup-si, Korea) and used in this study. 

First, the strain that was distributed for pure culture was incubated at 37℃ in a 10% CO2 

incubator for 48 hours in brain heart infusion (BHI, Difco Co, USA) solid medium. A 

single colony was then harvested with a cell scraper and inoculated in a BHI solid 

medium and cultured for 24 hours. Thereafter, the bacterial culture solution was mixed 

1:1 with a sterilized 80% glycerol solution, sealed, and stored at -80℃ for use in this 

experiment. 
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2.1.1. Planktonic cell 

In order to compare the antibacterial activity according to the concentration of the 

natural extract, the stock solution prepared at a concentration of 0.1 g/ml was diluted to 

make experimental solutions so that the concentrations were 5, 0.5 and 0.05 mg/ml. The 

content of dimethyl sulfoxide (DMSO, VWR, Germany) in all experimental solutions was 

set to 5% or less. 

1.8 ml of the photosensitizer solution prepared for each concentration was mixed with 

0.2 ml of S. mutans culture fluid (109 CFU/ml) cultured for 2 days. In order to induce a 

photodynamic reaction, this study irradiated 17.7 J (59 mW × 300 s) of light using 

Qraycam (AIOBIO, Seoul, Korea) equipped with a 405 nm wavelength LED. The effect 

of ambient light was minimized during light irradiation by turning off the fluorescent 

lamp of the clean bench and maintaining dark conditions. After completion of the reaction, 

the solution was diluted in multiple steps up to 10-7, and 20 μl of the diluted solution was 

inoculated in a BHI solid medium, and the number of colony forming units (CFU/ml) 

were counted after incubation for 48 hours in a 37℃, 5% CO2 incubator. The experiment 

was repeated three times. 
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2.1.2. Biofilm cell 

All hydroxyapatite (HA) disc (9.5 mm in diameter, Clarkson Chromatography, 

SouthWilliamsport, PA, USA) were immersed in 95% ethanol, flame sterilized, and then 

immersed in 0.9 ml BHI media. After inoculating 0.1 ml (109 CFU/ml) of S. mutans 

culture fluid aged for 2 days into media, biofilm was formed through culture at 37℃ in a 

10% CO2 incubator for 24 hours. The biofilm formed on HA disc was gently washed 10 

times with sterile D.W to remove loosely attached bacteria. After dispensing 1 ml of 

curcuma and chlorella extracts at a concentration of 0.5 mg/ml into a 24-well plate, the 

HA disc with biofilm from which loosely attached cells were removed was immersed and 

treated for 1 minute. After the HA disc was taken out and transferred to an empty well, 

light of 17.7 J (59 mW × 300 s) was irradiated using Qraycam (AIOBIO, Seoul, Korea) 

equipped with an LED of 405 nm wavelength. After completion of the reaction, the 

solution was diluted in multiple steps up to 10-7, and 20 μl of the diluted solution was 

inoculated in a BHI solid medium, and the number of colony forming units (CFU/ml) 

were counted after incubation for 48 hours in a 37℃, 5% CO2 incubator. The experiment 

was repeated four times. 
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2.2. Natural extract 

2.2.1. Extraction of natural organic solvents 

In this study, chlorella, curcuma, ginger, and fingerroot marketed as edible were used, 

and all ingredients were purchased from Food Synergy (Gomine, Korea). In order to 

extract the organic solvent, 3 g of each powder and 30 ml DMSO were mixed and 

extracted by stirring intermittently for 1 hour. In this process, the mixed solution was 

centrifuged at 4℃ for 15 minutes at 6000 rpm, and only the supernatant was collected to 

prepare the primary extract. The powder that was not removed by centrifugation is 

separated by filtering using Whatman No. 1 filter paper and then the final stock solution 

was prepared. 

 

 

 

 

Figure 1. Natural product extraction process 
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2.2.2. Thin layer chromatography (TLC) of organic solvent fractions 

Thin layer chromatography (TLC) was performed to confirm the number of 

compounds in the mixture. TLC plates (Silica gel 60F254, Merck Co.) were immersed in a 

DMSO extract at a height of 1 cm above the bottom, and developed using a developing 

solvent mixed with chloroform and methanol in a ratio of 95:5. Separated spots on the 

developed TLC plate were observed using a 405 nm blue light of Qscan (AIOBIO, Seoul, 

Korea). 
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2.3. Light exposure 

Qraycam (AIOBIO, Seoul, Korea) equipped with LEDs of 405 nm wavelength was 

used to induce the photodynamic reaction of this study (Figure 2). The distance between 

the light source and the plate was kept constant at 5 cm. At this time, the amount of light 

was confirmed to be 59 mW per unit area when measured with a optical power meter 

(PM100D, Thorlabs Inc., Newton, NY, USA). The effect of ambient light was minimized 

during light irradiation by turning off the fluorescent lamp of the clean bench and 

maintaining dark conditions. 

 

 

 

 

Figure 2. Qraycam device (AIOBIO, Seoul, Korea) 
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2.4. Photodynamic treatment 

2.4.1. Part 1: Antibacterial effects of natural extracts on planktonic S. mutans 

Figure 3 and Figure 4 are schematic diagrams for confirming the antibacterial effects of 

PDT with four natural extracts on planktonic S. mutans. The planktonic S. mutans 

cultured for 24 hours was placed in a 24-well plate and mixed with each of the four 

extracts, followed by light irradiation for 5 minutes using a 405 nm wavelength Qraycam 

to induce a photodynamic reaction. After completion of the reaction, the solution was 

diluted in multiple steps up to 10-7, and 20 μl of the diluted solution was inoculated in a 

BHI solid medium, and the number of colony forming units (CFU/ml) were counted after 

incubation for 48 hours in a 37℃, 5% CO2 incubator. The experiment was repeated three 

times. 
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Figure 3. Flow chart of study 1 procedure 
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Figure 4. aPDT procedure on planktonic S. mutans model for evaluating the antibacterial effects of natural extracts 
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2.4.2. Part 2: Antibacterial effects of natural extracts on biofilm S. mutans 

Figure 5 and Figure 6 are schematic diagrams for confirming the antibacterial effects of 

PDT with two natural extracts on S. mutans biofilm. The formation of S. mutans biofilm 

was performed on a hydroxyapatite disc similar to enamel. The HA discs with S. mutans 

biofilm were immersed in 0.5 mg/ml of natural powder extracts for 1 minute. The natural 

powder extracts used in this part were curcuma and chlorella, which were confirmed that 

they had a role as a photosensitizer in planktonic S. mutans of the Part 1 experimental 

model. Light was then irradiated for 5 minutes using a 405 nm wavelength Qraycam to 

induce a photodynamic reaction. After completion of the reaction, the solution was 

diluted in multiple steps up to 10-7, and 20 μl of the diluted solution was inoculated in a 

BHI solid medium, and the number of colony forming units (CFU/ml) were counted after 

incubation for 48 hours in a 37℃, 5% CO2 incubator. In addition, a confocal laser 

scanning microscope (CLSM, Carl Zeiss, Jena, Germany) that can be observed by 

staining with live cells and dead cells was used to evaluate the antibacterial effects of 

biofilm by photodynamic antibacterial action. The collected images were analyzed 

through Image J, an image analysis program, and the distribution of live and dead cells in 

bacteria was calculated.
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Figure 5. Flow chart of study 2 procedure 
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Figure 6. aPDT procedure on biofilm S. mutans model for evaluating the antibacterial effects of natural extracts 
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2.5. Biofilm: confocal laser scanning fluorescence microscopy (CLSM) 

As an additional method for evaluating antibacterial effects against biofilm by 

photodynamic antibacterial reaction, live and dead cells present in biofilm were observed 

by staining. After the photodynamic antibacterial treatment was performed on the biofilm 

formed on the HA disc, it was stained using a Filmtracer™ LIVE/DEAD™ Biofilm 

Viability Kit (Thermo Scientific, Waltham, MA, USA). SYTO 9 dye binds to live cells in 

biofilm, and propidium iodide (PI) dye binds to dead cells. First, staining reagents in the 

kit were prepared according to the manufacturer’s instructions and dispensed in 2 ml into 

a 24-well plate. The HA discs with biofilm were immersed into a 24-well plate and 

stained in the dark condition for 15 minutes at room temperature. As the excitation light 

source of each dye, the wavelength of 488 nm for SYTO 9 and 555 nm for PI were used, 

and the emitted fluorescence was collected by two separate emission filters, PMT1 SP 

640 nm and PMT2 LP 560 nm, respectively. The fluorescence images were obtained by 

CLSM (Carl Zeiss, Jena, Germany) equipped with a 10X lens. The collected images were 

analyzed using Image J (v1.51o, National Institutes of Health, NIH, Bethesda, MD, USA) 

with added function of Comstat 2, and the distribution of live and dead bacteria in biofilm 

matrix was calculated. 
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2.6. Statistical analysis 

The difference in the number of colony forming units (CFU/ml) between groups 

according to the presence or absence of light irradiation was confirmed through an 

independent sample t-test. One-way analysis of variance (ANOVA) and post-hoc analysis 

was conducted for calculating the difference in the CFUs according to the concentration 

of photosensitizer. The difference in the CFUs and difference in the ratio of live and dead 

cells between natural products and controls according to the presence of PDT were also 

calculated by one-way ANOVA and Scheffe post-hoc analysis. All data were analyzed 

using the statistical package for the social science (SPSS Statistics ver. 23.0, Chicago, IL, 

USA) at a significance level of 0.05. 
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Ⅲ. RESULTS 

3.1. Confirmation of fluorescence emitted from natural extracts 

The extracted natural products were irradiated with 405 nm wavelength of light for 5 

minutes using Qraycam (AIOBIO, Seoul, Korea). After irradiating light of 59 mW energy 

for 300 seconds, white-light and blue-light images were continuously taken (Figure 7 and 

Figure 8). Fluorescence was expressed in all four extracts, chlorella emitted red 

fluorescence, and curcuma, ginger and fingerroot showed yellow fluorescence. In 

addition, chlorella and curcuma extracts showed stronger fluorescence than ginger and 

fingerroot extracts (Figure 8).  
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Figure 7. White-light images of natural extracts used in this study, chlorella (A), curcuma (B), ginger (C), and fingerroot (D) 

 

Figure 8. Blue-light images of natural extracts used in this study, chlorella (A), curcuma (B), ginger (C), and fingerroot (D) 
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3.2. Thin layer chromatography (TLC) of the organic solvent fraction 

The presence or absence of the photoactive material of the solvent extract was checked 

through the transport pattern of the material under TLC plates irradiated by a blue light of 

Qscan (AIOBIO, Seoul, Korea) (Figure 9). Three spots were identified in the pure 

curcumin material, and the same pattern was also confirmed in the curcuma powder 

extract used in this study. In addition, chlorin e6, a precursor of chlorella, and chlorella 

powder extract showed similar colors of fluorescence although the location of mass 

transfer was different. 

The curcuma powder extract and chlorella extract used in this study contain various 

ingredients, and each was confirmed to have active ingredients. 

 

 

Figure 9. Thin layer chromatography and QLF observation 
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3.3. Photodynamic antibacterial effects on planktonic S. mutans 

3.3.1. Antibacterial effect of chlorella powder extract on planktonic S. mutans 

The number of colony forming units (CFU/ml) were counted to confirm the 

photodynamic antibacterial effects on planktonic S. mutans of chlorella powder extract at 

concentrations of 0.05, 0.5 and 5 mg/ml. Chlorella powder extracts at concentrations of 

0.05, 0.5, and 5 mg/ml showed statistically significant photodynamic antibacterial effects, 

compared to the control group having no extract (P = 0.026, P = 0.003 and P = 0.016, 

respectively) (Figure 10). 

In the control group without chlorella powder extract, the number of viable cells were 

9.19 ± 1.11 log CFU/ml in the absence of light and 8.71 ± 1.46 log CFU/ml when 

irradiation of 405 nm light. In the groups of chlorella powder extract with no irradiation 

of light, the log CFU/ml values were 9.65 ± 1.55 at 0.05 mg/ml concentration, 8.75 ± 1.05 

at 0.5 mg/ml and 8.59 ± 1.05 at 5 mg/ml. When 405 nm light was applied, the log 

CFU/ml values at concentrations of 0.05, 0.5 and 5 mg/ml decreased to 5.88 ± 0.08, 3.15 

± 0.70 and 5.53 ± 0.20, respectively. 

 

 



 

24 

 

Figure 10. Photodynamic antibacterial effects of chlorella powder extract. * P<0.05, **P<0.01. 

Different capital and lower case letters indicate significant differences between groups by the one-way ANOVA
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3.3.2. Antibacterial effect of curcuma powder extract on planktonic S. mutans 

The number of colony forming units (CFU/ml) were counted to confirm the 

photodynamic antibacterial effects on planktonic S. mutans of curcuma powder extract at 

concentrations of 0.05, 0.5 and 5 mg/ml. Curcuma powder extracts at concentrations of 

0.05 and 0.5 mg/ml showed statistically significant photodynamic antibacterial effects, 

compared to the control group having no extract (P = 0.000, P = 0.003, respectively). It 

had an antibacterial effect even at a concentration of 5 mg/ml, but did not show 

statistically significant difference (P = 0.052) (Figure 11). 

In the groups of chlorella powder extract with no irradiation of light, the log CFU/ml 

value was 8.02 ± 0.24 at 0.05 mg/ml concentration, and reduced by 0 with the use of 

light. The log CFU/ml values without light was 7.13 ± 0.59 at 0.5 mg/ml concentration, 

and reduced by 0 mg/ml with the use of light. The log CFU/ml values without light was 

6.36 ± 0.26 at 5 mg/ml concentration, and reduced by 5.60 ± 0.29 mg/ml with the 

irradiation of light. 

As a result of Scheffe test of the antibacterial effect according to the concentrations of 

curcuma powder, it showed a significant difference at 5 mg/ml compared to the control 

group, and the photodynamic antibacterial effects at all concentrations in the 

experimental group were significantly different to the control group (P < 0.05). 
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Figure 11. Photodynamic antibacterial effects of curcuma powder extract. * P<0.05, **P<0.01. 

Different capital and lower case letters indicate significant differences between groups by the one-way ANOVA
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3.3.3. Antibacterial effect of ginger powder extract on planktonic S. mutans 

The number of colony forming units (CFU/ml) were counted to confirm the 

photodynamic antibacterial effects on planktonic S. mutans of ginger powder extract at 

concentrations of 0.05, 0.5 and 5 mg/ml. In the groups of ginger powder extract with no 

irradiation of light, the log CFU/ml values were 8.89 ± 0.73 at 0.05 mg/ml 

concentration, 8.85 ± 0.93 at 0.5 mg/ml and 8.75 ± 1.27 at 5 mg/ml. When 405 nm 

light was applied, the log CFU/ml values at concentrations of 0.05, 0.5 and 5 mg/ml 

decreased to 7.62 ± 0.51, 8.25 ± 0.46 and 8.09 ± 0.95, respectively. The log values 

for each concentration did not show statistically significant differences (P = 0.114, P = 

0.455 and P = 0.586, respectively) (Figure 12). 
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Figure 12. Photodynamic antibacterial effects of ginger powder extract  

Different capital and lower case letters indicate significant differences between groups by the one-way ANOVA
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3.3.4. Antibacterial effect of fingerroot powder extract on planktonic S. mutans 

The number of colony forming units (CFU/ml) were counted to confirm the 

photodynamic antibacterial effects on planktonic S. mutans of fingerroot powder extract 

at concentrations of 0.05, 0.5 and 5 mg/ml. In the groups of fingerroot powder extract 

with no irradiation of light, the log CFU/ml values were 8.21 ± 0.66 at 0.05 mg/ml 

concentration, 8.11 ± 0.92 at 0.5 mg/ml and 7.90 ± 0.92 at 5 mg/ml. When 405 nm 

light was applied, the log CFU/ml values at concentrations of 0.05, 0.5 and 5 mg/ml 

decreased to 7.90 ± 0.92, 7.11 ± 0.33 and 7.24 ± 0.20, respectively. The log values 

for each concentration did not show statistically significant differences (P = 0.722, P = 

0.226 and P = 0.458, respectively) (Figure 13). 
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Figure 13. Photodynamic antibacterial effects of fingerroot powder extract 

Different capital and lower case letters indicate significant differences between groups by the one-way ANOVA
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3.4. Photodynamic antibacterial effects on biofilm S. mutans 

3.4.1. Evaluation of cell proliferation by photodynamic antibacterial action 

The photodynamic antibacterial effect on biofilm S. mutans model was confirmed by 

applying curcuma and chlorella powder extracts, which had photodynamic antibacterial 

activity on planktonic S. mutans. After antibacterial treatment, cells in the biofilm were 

collected and applied to a solid medium, and then CFUs were counted after incubation for 

24 hours. When compared to the control group (6.33±0.11 log CFU/ml) without extract, 

the log CFU/ml in the groups treated with curcuma and chlorella powder extracts reduced 

to 4.76 ± 0.07 and 5.66 ± 0.06, respectively. In the case of the Listerine group used 

as a positive control, log CFU/ml was reduced to 2.67 ± 0.32 compared to the control 

group. The photodynamic antibacterial activity of the powder extracts against S. mutans 

biofilm was lower than that of Listerine, but was statistically significantly different, and it 

was confirmed that the curcuma powder extract had a higher antibacterial effect than the 

chlorella powder extract (P < 0.05) (Figure 14). 
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Figure 14. Antibacterial effects against cells in Streptococcus mutans biofilm 

The capital letters indicate the significant differences between groups by the one-way ANOVA
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3.4.2. Effects of photodynamic antibacterial action on biofilm cells 

The photodynamic antibacterial effects of curcuma and chlorella powder extracts on 

biofilm S. mutans were confirmed by CLSM images. After antibacterial treatment, cells 

in the biofilm were divided into live cells and dead cells, and fluorescently stained in 

green and red colors, and observed with CLSM. As a result, in the control group, both 

live and dead cells were observed, however it was confirmed that the green fluorescence 

stained on the live cells was predominant in the merged image combining the two images. 

On the other hand, in the group of chlorella powder extract, the areas where green 

predominance was confirmed, but the areas where green and red were mixed to similar 

levels and showed orange were also locally observed (Figure 15 and Figure 16). 

In the group treated with the curcuma powder extract, the green dominant areas were 

not clearly seen, and orange mixed with green and red at similar levels was found. In the 

group treated with Listerine, which is a positive control group, there were partially green 

and red dominant sites, and orange areas where green and red colors were mixed at 

similar levels were also observed. 

For accurate analysis, CLSM images were quantified to confirm the ratio of live cells 

(green) and dead cells (red). The R/G ratios decreased to 1.42 ± 0.24 in chlorella group, 

0.94 ± 0.06 in curcuma group, and 0.85 ± 0.13 in Listerine treatment group 

compared to the control group (1.86 ± 0.30) (P<0.05) (Figure 17). 
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Figure 15. Individual CLSM images of Streptococcus mutans biofilm  
after photodynamic treatment 
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Figure 16. Three dimensional merged CLSM images of  
Streptococcus mutans biofilm after photodynamic treatment 
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Figure 17. The ratios of live and dead cells in Streptococcus mutans biofilm after photodynamic treatment 

The capital letters indicate the significant differences between groups by the one-way ANOVA
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Ⅳ. DISCUSSION 

This study confirmed whether commercially available natural plant extracts are 

applicable to photodynamic therapy as photosensitizers. Among the extracts of curcuma, 

chlorella, ginger, and fingerroot powders, curcuma and chlorella powder extracts showed 

antibacterial effects against S. mutans. Specifically, the strong antibacterial effect of 

curcuma powder extract against planktonic S. mutans and the antibacterial activity of 

chlorella powder extract were confirmed (Figure 10 and Figure 11). Both substances, with 

elucidated antibacterial effect against planktonic S. mutans, also showed antibacterial 

activity against biofilm S. mutans (Figure 14). However, their antibacterial effect against 

biofilm S. mutans was inferior to that against its planktonic form. Biofilm is a surface 

structure formed by the attachment of cells to each other and refers to an extracellular 

polysaccharide matrix formed naturally or artificially. Biofilms are reputably difficult to 

infiltrate by foreign substances, owing to their thick extracellular matrix and genetic 

variation resulting from the interaction between cells (Socransky and Haffajee, 2002). 

They are more resistant to antibacterials than planktonic bacteria and have great 

resistance even in external environments. This explains the lesser antibacterial effect 

against biofilm S. mutans than planktonic S. mutans observed in the present study. 

However, the early (before biofilm formation) application of photodynamic treatment 

with natural extracts might prevent biofilm formation and dental caries. 

The photodynamic antibacterial effects of 0.05 and 0.5 mg/ml curcuma powder extract 

against planktonic S. mutans were significantly higher when combined with a 405 nm 

light source (Figure 11). The results of the curcuma powder extract were similar to those 

of previous studies which showed that the combination of pure curcumin and Qraycam 
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equipped with 405 nm LED effectively suppressed S. mutans (Lee, 2017). Additionally, 

commercial powders, which are easier to access than pure materials, also showed 

antibacterial activity. The results of this study therefore confirm that commercially 

available curcuma powder extract could be used as a photosensitizer. 

Curcuma, which showed antibacterial effects in the present study, belongs to the 

Zingiberaceae family, and has been used traditionally to treat inflammation due to its 

detoxifying effect (Araujo and Leon, 2001). Curcuma also contains curcuminoids such as 

desmethoxycurcumin, bisdesmethoxycurcumin, and cyclocurcumin, in addition to its 

main component curcumin. Curcumin accounts for 77% and has the greatest 

physiological activity (Hanif et al., 1997). A combination of curcumin and a 460 nm laser 

reportedly exerts antifungal effects against Candida albicans, with curcumin having a 

higher antifungal effect than methylene blue (Daliri et al., 2019). 

In this study, the antibacterial effect of 5 mg/ml curcuma powder extract against 

planktonic S. mutans was less than that of 0.05 and 0.5 mg/ml. This is owed to 

insufficient dissolution of high curcuma powder concentrations, which may result in the 

blocking of the 405 nm light. In general, the solubilization of a drug is closely related to 

its medicinal efficacy, since the drug might exhibit a pharmacological action in a 

dissolved state (Savjani et al., 2012). This result can be interpreted as antibacterial effect 

limitation due to low solubility, despite the high antibacterial activity of the natural 

extract. Future studies should aim to obtain a photodynamic antibacterial effect using a 

lower extract concentration, via the application of light sources of different wavelengths 

or the additional use of a photosensitizer. 

The results of the present study confirmed the photodynamic antibacterial effects of 

0.05, 0.5, and 5 mg/ml chlorella powder extract against planktonic S. mutans (Figure 10). 
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Chlorella is a single-celled green alga with excellent photosynthetic ability. Thus, it 

grows quickly, proliferates rapidly, and contains a large amount of chlorophyll. Previous 

studies have reported that chlorella has functional features such as immune function 

enhancement, anti-cancer effects, and adult diseases prevention, while others have 

confirmed its antibacterial effects (Choi, 2013; Hasegawa et al., 1999). Additionally, the 

chlorophyll contained in chlorella reportedly inhibits acid production in S. mutans and 

biofilm formation, and in particular, inhibits extracellular polysaccharides synthesis, thus 

reducing dental biofilm formation on tooth surfaces (Jeong, 2014). Chlorophyllin is a 

semi-synthetic porphyrin obtained from chlorophyll, and porphyrin produces single 

oxygen and free radicals, causing toxicity to cells. Since this antibacterial action can lead 

to a synergistic bacteria inhibition effect through a photodynamic reaction, it was found 

that the photodynamic antibacterial effect was also exhibited with the chlorella powder 

extract used in this study. 

When the light source was irradiated at 0.05 mg/ml ginger powder, the CFUs of 

planktonic S. mutans decreased, though statistically insignificantly (Figure 12). Ginger 

belongs to the Zingiberaceae family and is widely used for food and medicinal purposes. 

The main components of ginger include hydrocarbons, ketones, alcohols, volatile aroma 

components (such as zingiberene and γ-cardinen), and essential oil components (such as 

zingiberol and zingiberene). Specifically, 6-gingerol and 6-shogaol, the main ingredients 

responsible for the spiciness of ginger among its essential oil components, have 

antioxidant and anti-inflammatory properties, and have therefore attracted much attention 

as health food materials (Connell D, 1970). In addition to S. mutans and P. gingivalis, 

ginger reportedly exerts antibacterial activity against other oral pathogenic strains that 

cause periodontitis such as Actinomyces viscocus, Candida bombicola, and Lactobacillus 
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acidophilus (Lee, 2005). Although the antibacterial effects of ginger have been 

demonstrated in various fields, the results of the present study confirmed that the 

antibacterial effect of ginger extract on planktonic S. mutans was insignificant, and that 

its use as a photosensitizer is limited. In the previous study, the inhibition ratio of Vibrio 

species proliferation was 100% when treated with the mustard essential oil and 22.5–85.7% 

when treated with the natural ginger essential oil (Yoo, 2006). It is difficult to select an 

effective extraction method because the useful components of natural products have 

complicated chemical structures and can be affected by physical stimuli. In ginger extract 

processing, there are various extraction methods such as low or high temperature; thus, 

the edible ginger powder used in this study was more affected by its extraction method 

than curcuma and chlorella powder. Therefore, the commercially available natural 

products used in this study had insufficient photodynamic antibacterial effects. 

Fingerroot has traditionally been used as a food material and drug (antipyretic, 

analgesic, stomatitis, etc.), and has recently been reported to exert effects such as 

antibacterial, anti-inflammatory, anti-cancer, and antiviral (Eng-Chong et al., 2012). A 

study conducted to elucidate its periodontitis improving effect using allometric scaling, 

suggested 1,800 mg/day as its adult dose (Choi, 2018). In addition, it was confirmed that 

fingerroot extract and its active ingredient panduratin A, inhibit periodontitis-induced 

inflammation and alveolar bone loss in cell and animal models (Kim, 2018). In the 

present study, it was difficult to confirm the photodynamic antibacterial effect of 

fingerroot powder against planktonic S. mutans. However, 0.05, 0.5, and 5 mg/ml 

fingerroot powder extracts reduced the colonies of planktonic S. mutans by about 1 log 

CFU/ml, compared to the absence of light irradiation (Figure 13). In the future, we will 

compare the antibacterial effects of high purity fingerroot and fingerroot powder extract, 



41 

to confirm if they can serve as photosensitizers. 

When observing the fluorescence of the natural extracts using 405 nm light of Qraycam, 

the curcuma and chlorella powder extracts, which showed significant antibacterial effects 

on planktonic S. mutans, emitted stronger fluorescence compared to the ginger and 

fingerroot extracts (Figure 8). It is suggested that the fluorescence observed here might be 

related to the antibacterial effect, which will also be explained through further studies. 

In evaluating the antibacterial effects against biofilm S. mutans after photodynamic 

treatment, curcuma and chlorella powder extracts, which had excellent antibacterial 

activity against planktonic S. mutans, were used and the number of viable cells were 

confirmed through CFU count (Figure 14). The CFUs of the chlorella and curcuma 

powder groups were less than that of the negative control, which was found to exert an 

antibacterial effect, although it was lower than that of the positive control, Listerine. 

Confirming the ratio of live and dead cells in the biofilm using confocal laser scanning 

microscopy (CLSM) and fluorescence staining revealed a similar pattern to CFUs in S. 

mutans biofilm (Figure 16). 

In a study confirming the photodynamic effect on periodontal disease-related 

pathogens, planktonic P. gingivalis showed a tendency to decrease the number of viable 

cells when the irradiation time of a halogen lamp with a wavelength of 400–520 nm was 

increased (an antibacterial effect of 100% in 15 seconds). However, the photodynamic 

antibacterial effect against biofilm P. gingivalis was low (Song et al., 2013). In the present 

study, when the 405 nm wavelength blue light of Qraycam was applied to 0.5 mg/ml 

curcuma and chlorella powder extracts for 300 seconds, the CFUs were reduced by about 

7 log CFU/ml in curcuma and 1 log CFU/ml in chlorella. On the contrary, the CFUs of 

biofilm S. mutans were reduced by about 2 log CFU/ml in curcuma and about 1 log 
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CFU/ml in chlorella, indicating the low photodynamic antibacterial effect in the biofilm 

state. 

Live (green) and dead (red) cell CLSM image analysis revealed that curcuma powder 

(R/G ratio of 0.94 ± 0.06) exerted a relatively higher antibacterial effect than chlorella 

powder (R/G ratio of 1.12 ± 0.24). This is thought to be the effect of curcumin having a 

mechanism that interferes with biofilm EPS formation. In the case of curcuma and 

chlorella powders, live and dead cells were mixed in the CLSM images, and it was 

confirmed that the ratio of live to dead cells in these groups was higher than that in the 

Listerine group (R/G ratio of 0.85 ± 0.13). This can be due to antimicrobial resistance 

in biofilms, unlike in planktonic bacteria. Therefore, the application of only 

photodynamic treatment directly to an already formed biofilm in clinical settings will be 

limited. It is therefore advantageous to apply photodynamic treatment as auxiliary therapy 

to prevent and delay biofilm reformation after oral cleaning using toothbrush or other oral 

care products. 

For the photodynamic antibacterial effect of natural materials, the 405 nm light source 

used in this study has the advantage of being harmless visible light to the human body. 

Qraycam equipped with a 405 nm LED wavelength is a quantitative light-induced 

fluorescence (QLF) system, which is a device that can identify the mineral reduced areas 

on tooth surfaces and tooth fractures by fluorescence loss, using a special filter (Han et al., 

2016; Lee et al., 2018; Lee et al., 2013). Recently, the photodynamic antibacterial activity 

against E. faecium, F. nucleatum and S. mutans was confirmed by using four 

photosensitizers (curcumin, protoporphyrin IX, resazurin, and riboflavin) and 405 nm 

LED (Kang et al., 2019). In addition, the equipment was applied to this study to confirm 

the fluorescence reaction of natural products, and it was confirmed that the fluorescence 



43 

of curcuma and chlorella powders were stronger than those of ginger and fingerroot 

powders (Figure 8). Fluorescence refers to a phenomenon by which a specific substance 

absorbs and emits light (Dartnell et al., 2013). As such, various fluorescent biomolecules 

such as NAD(P)H, green fluorescent protein, and chlorophyll, present in cells, can emit 

light at different wavelengths through chemical modification (Rizzo et al., 2009). 

Recently, attempts have been made to identify and classify oral bacteria using 

fluorescence, and it was suggested that autofluorescence images can be used as 

fingerprints of bacteria (Kang et al., 2020). Further research will be needed to investigate 

whether evaluation of fluorescence differences can be used as a screening method for 

assessing the photosensitizer ability of a substance. It is thought that the QLF system 

currently being used in the clinic can be used to easily perform a photodynamic treatment 

for harmless oral disease prevention and management. For example, for teeth whitening, 

we can apply whitening agents and photosensitizers of natural substances to the teeth 

surface. The blue light of the Qraycam device is irradiated together enabling it to induce a 

photodynamic antibacterial effect on harmful bacteria and pathogenic dental biofilm in 

the oral cavity. Manageable home QLF devices will permit photodynamic antibacterial 

treatment at home. Also, the use of natural extracts for at home self-care might substitute 

the use of chemicals which have side effects. Anxiety about the side effects of synthetic 

materials is increasing the interest in natural products of plant origin with relatively fewer 

side effects. The development of materials using plant resources is expected to drive the 

growth of high value-added items production. It is regarded that the interest in attaining 

the photodynamic effect using natural products will continue to increase, since products 

with antibacterial effects against oral cavity bacteria should also be applied to infants and 

pregnant women who are particularly vulnerable to side effects. 
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The strength of this study lies in the use of commercially available natural powder 

extracts. Of the previous studies, a study on the antibacterial effect of curcumin as a 

photosensitizer on S. mutans used a high-purity substance, which is costly and have a 

complicated extraction process. However, the present study evaluated the antibacterial 

effect of commercially available curcuma powder dissolved in water. The edible powder 

has a cost difference of about 150 thousand times that of a high-purity substance, costing 

16 won per gram, elucidating its cost effectiveness. Based on these advantages, the use of 

powdered substances as photosensitizers is more eco-friendly and economical, making 

them the photodynamic treatment method of the future. 

The biofilm S. mutans of this study experienced a low antibacterial effect; thus, further 

considerations for enhancing its photodynamic antibacterial effect using natural products 

are needed. Representative methods of the above may be an increase in light irradiation 

time, an increase in photosensitizer concentration, and natural substance addition, etc. 

Specifically, for increasing the antibacterial activity against biofilms by adding a specific 

substance, the addition of hydrogen peroxide reportedly splits the glucan structure of the 

biofilm, destroying the EPS matrix and biofilm, and inhibiting the development of carious 

lesions in vivo, without side effects (Liu et al., 2018). For further research, we plan to 

confirm whether adding an appropriate concentration of hydrogen peroxide to the 

photodynamic antibacterial treatment is effective in destroying biofilms. Another 

limitation of the present study is the different extraction methods of the each 

commercially obtained product. However, TLC revealed the presence of mixture, with 

high-purity materials. This study is considered to have a meaningful contribution in terms 

of cost-effectiveness, as it raised the question of whether it is possible to use readily 

available natural products as photosensitizers rather than high-purity substances. 
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Ⅴ. CONCLUSION 

Photodynamic therapy has been recommended as an alternative treatment for various 

diseases. The purpose of this study was to determine whether extracts of curcuma, 

chlorella, ginger, and fingerroot, which had been used as medicinal plants for a long time 

and are in the form of powder to be soluble in water, act as photosensitizers. Therefore, 

the photodynamic antibacterial effect against Streptococcus mutans, known as the 

causative agent of dental caries, was evaluated and the following results were obtained. 

As a result of confirming the photodynamic antibacterial activity on planktonic S. 

mutans, the photodynamic antibacterial effects with the use of 405 nm LED light at 

concentrations of 0.05, 0.5, and 5 mg/ml of chlorella powder extracts were superior than 

those without light (P = 0.026, P = 0.003 and P = 0.016, respectively). When the use of 

405 nm LED light, the photodynamic antibacterial effects at concentrations of 0.05 and 

0.5 mg/ml of curcuma powder extracts were higher than those with no use of light (P < 

0.000 and P = 0.003, respectively). 0.05 and 0.5 mg/ml curcuma powder extracts with 

light reduced the colonies of planktonic S. mutans by 0 log CFU/ml and the log CFU/ml 

at 5 mg/ml concentration was reduced by 5.60±0.29. In the groups of chlorella powder 

extract with light irradiation, the log CFU/ml values at concentrations of 0.05, 0.5, and 5 

mg/ml decreased to 5.88 ± 0.08, 3.15 ± 0.70, and 5.53 ± 0.20, respectively, compared to 

the groups without light. 

As a result of confirming the photodynamic antibacterial effect on biofilm S. mutans, 

the log CFU/ml in the groups treated with curcuma and chlorella powder extracts reduced 

to 4.76 ± 0.07 and 5.66 ± 0.06, respectively, compared to the control group 
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(6.33±0.11 log CFU/ml) without extract. In the case of the Listerine group used as a 

positive control, log CFU/ml was reduced to 2.67 ± 0.32 compared to the control group. 

The photodynamic antibacterial effects of curcuma and chlorella powder extracts against 

S. mutans biofilm were lower than Listerine, but were significantly different, and 

curcuma powder was found to have higher antibacterial activity than chlorella powder 

extract (P < 0.05). CLSM images were quantified to confirm the ratio of live cells (green) 

and dead cells (red). As a result, the R/G ratios of chlorella powder, curcuma powder, and 

Listerine treatment group decreased to 1.42 ± 0.24, 0.94 ± 0.06, 0.85 ± 0.13, 

respectively (P < 0.05).  

In view of the above, it was evaluated that commercially available curcuma and 

chlorella powder extracts, which are cost-effective and easily accessible, can serve as 

photosensitizers. PDT using natural extracts as photosensitizers are expected to be used in 

the development of various dental procedures and oral care products as potentially 

effective strategies for the prevention and management of oral diseases in the future. 
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ABSTRACT (in Korean) 

 

Streptococcus mutans 에 대한 천연추출물의 

광역학 항균 효과 

 

 

<지도교수 김 백 일> 

연세대학교 대학원 치의학과 

황 혜 림 

 

최근에 다양한 분야에서 광역학 치료의 항균 효과를 평가하고 있다. 그러나

기존의 광역학치료 과정에서의 광민감제는 비용이 높고 공정과정이 복잡한 순

물질이 사용되어왔다. 본 연구에서는 오랫동안 약용식물로 사용하고 있으며 

물에 타먹는 분말형태로 시판되어 있는 천연 추출물을 사용하고자 하였다. 이

러한 천연 추출물에 포함되어 있는 유용성분은 뛰어난 효능을 보여 많은 관심

을 받고 있으나 대부분 난용성 소재들로 낮은 용해도를 보여 이를 해결하고자 

광역학치료 방법을 적용하였다. 
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본 연구의 목적은 기존에 항균 효과가 밝혀진 강황, 클로렐라, 생강, 핑거루

트 분말의 추출물이 광민감제로 작용하는지 여부를 확인하고자 치아우식증의 

원인균을 알려진 Streptococcus mutans에 대한 광역학 항균 작용을 평가하는 것

이었다. 본 연구에서는 치아우식 유발균주인 Streptococcus mutans에 대하여 항

균물질을 갖는 천연 추출물인 광민감제와 405 nm의 광원을 이용하여 광역학 

항균 효과를 확인하였다. 부유성 S. mutans 항균 효과를 평가하였을 때, 강황 

분말 추출물의 0.05 mg/ml, 0.5 mg/ml 농도는 빛을 조사하여 0 log CFU/ml로 감

소하였으며, 5 mg/ml 농도는 5.60 ± 0.29 log CFU/ml로 감소하였다 또한 클로렐

라 분말 추출물의 0.05 mg/ml 농도는 빛을 조사하였을 때 5.88 ± 0.08 log 

CFU/ml로 감소하였으며, 0.5 mg/ml 농도는 빛을 조사하였을 때 3.15 ± 0.70 log 

CFU/ml, 5 mg/ml 농도는 빛을 조사하지 않았을 때보다 5.53 ± 0.20 log CFU/ml 

로 감소하였다. 이 후 이 두 가지 물질의 바이오필름 형태의 S. mutans에 적용

한 결과, 강황 분말 추출물은 생균수가 4.76 ± 0.07 log CFU/ml로 감소하였고, 

클로렐라 분말 추출물은 5.66 ± 0.06 log CFU/ml로 감소하였다. 

본 연구에서는 접근성이 좋은 시판 강황분말과 클로렐라분말 추출물을 광민

감제로서 적용하는 것이 가능함을 확인하였다. 본 연구의 결과를 통해 천연 

추출물을 광민감제로 활용한 광역학치료는 추후 구강질환 예방관리방법으로 

다양한 술식 및 구강관리용품 개발 등에 응용될 수 있을 것으로 예상된다. 

Keywords: 광역학치료, 광역학 항균효과, 천연 추출물, 천연 광민감제, 큐레이 

 


