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Introduction: Plaque biofilms, mainly formed by Streptococcus mutans (S. mutans), play an important role in the occurrence and development of dental caries. Antibiotic treatment is the traditional way to control plaque. However, problems such as poor drug penetration and antibiotic resistance have encouraged the search for alternative strategies. In this paper, we hope to avoid antibiotic resistance through the antibacterial effect of curcumin, a natural plant extract with photodynamic effects, on S. mutans. However, the clinical application of curcumin is limited due to its low water solubility, poor stability, high metabolic rate, fast clearance rate, and limited bioavailability. In recent years, liposomes have become a widely used drug carrier due to their numerous advantages, such as high drug loading efficiency, high stability in the biological environment, controlled release, biocompatibility, non-toxic, and biodegradability. So, we constructed a curcumin-loaded liposome (Cur@LP) to avoid the defect of curcumin.
Methods: Cur@LP functioned with NHS can adhere to the surface of the S. mutans biofilm by condensation reaction. Liposome (LP) and Cur@LP was characterized by transmission electron microscopy (TEM) and dynamic light scattering (DLS). The cytotoxicity of Cur@LP was evaluated by CCK-8 assay and LDH assay. The adhesion of Cur@LP to S. mutans biofilm was observed by confocal laser scanning microscope (CLSM). The antibiofilm efficiency of Cur@LP were evaluated by crystal violet staining, CLSM, and scanning electron microscope (SEM).
Results: The mean diameter of LP and Cur@LP were 206.67 ± 8.38 nm and 312 ± 18.78 nm respectively. The ζ-potential of LP and Cur@LP were ∼−19.3 mV and ∼−20.8 mV respectively. The encapsulation efficiency of Cur@LP was (42.61 ± 2.19) %, and curcumin was rapidly released up to ±21% at 2 h. Cur@LP has negligible cytotoxicity, and can effectively adhered to the S. mutans biofilm and inhibited its growth.
Discussion: Curcumin has been widely studied in many fields such as cancer, which can be attributed to its antioxidant and anti-inflammatory effects. At present, there are few studies on the delivery of curcumin to S. mutans biofilm. In this study, we verified the adhesion and antibiofilm of Cur@LP to S. mutans biofilm. This biofilm removal strategy has the potential to be translated into the clinic.
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1 INTRODUCTION
Dental caries is one of the top three diseases in terms of the human incidence rate (Selwitz et al., 2007). One of the important pathogenic mechanisms of dental caries is the formation of a biofilm called dental plaque on the tooth surface (Valm, 2019). S. mutans is considered to be the main bacterium causing caries (Forssten et al., 2010). S. mutans can synthesize water-insoluble glucan using sucrose as the substrate through glucosyltransferase (Kawabata and Hamada, 1999). This process is conducive to the permanent colonization of S. mutans on the surface of tooth hard tissue and the production of extracellular polymeric substances (EPS) (Klein et al., 2015), and it also provides favorable conditions for the colonization of other bacteria and the maturation of biofilm (Kolenbrander et al., 2002). In addition, S. mutans has both acid production capability (Cui et al., 2019) and acid resistance (Baker et al., 2017). It can transport and metabolize various carbohydrates into organic acids, forming an environment rich in EPS and low pH, which is an important reason for the continuous destruction of tooth tissue (Lemos et al., 2019).
Currently, plaque control has been proven to be one of the important treatment measures to control dental caries (Addy, 1986). However, although commonly used antibacterial agents such as chlorhexidine can effectively inhibit biofilm and plaque accumulation (Brookes et al., 2020), there are many side effects, such as increased microleakage (Salama et al., 2015), tooth discoloration (Van Strydonck et al., 2012), and increased bacterial resistance (Kampf, 2016). Moreover, it has been reported that 0.12% chlorhexidine is more likely to form dental calculus on the tooth surface with dental plaque (Zanatta et al., 2010). The most serious side effect is severe allergic reactions to chlorhexidine mouthwash resulting in respiratory arrest and death (Pemberton and Gibson, 2012).
To avoid the numerous side effects of antimicrobials, researchers have turned their attention to other methods, such as cationic antimicrobial peptides (Lin et al., 2021; Sun et al., 2023), silver nanoparticles (Nafarrate-Valdez et al., 2022), and plant extracts derived from natural plants (Smullen et al., 2012). Our research group has been committed to the application research of plant extracts for a long time. Our previous research shows that many plant extracts, such as Epigallocatechin-3-gallate (EGCG) (Yu et al., 2021), quercetin (Yang et al., 2017), and resveratrol (Guo et al., 2021), have inhibitory effects on S. mutans. Curcumin is a yellow pigment in turmeric, which has been used as a dye and food flavoring since ancient times and has excellent biocompatibility (Gupta et al., 2013). Currently, curcumin has been shown to have antioxidant, anti-inflammatory, antibacterial, antifungal, antiviral, anticancer activities, and neuroprotective effects (Aggarwal et al., 2007). Curcumin is also a photosensitizer, so it can be used in photodynamic therapy (PDT) (Paschoal et al., 2015). In addition, it has been reported that curcumin may exhibit an effective anti-biofilm effect by regulating the expression of genes involved in bacterial quorum sensing (Kali et al., 2016).
However, low water solubility, poor stability, high metabolic rate, fast clearance rate, and limited bioavailability of curcumin have limited its clinical application (Yavarpour-Bali et al., 2019). Therefore, researchers have developed many methods to deliver curcumin, aiming to improve the utilization rate of curcumin in vivo (Ma et al., 2019). In recent years, liposomes (LPs) have become a widely used drug carrier due to their numerous advantages, such as high drug loading efficiency, high stability in the biological environment, controlled release, biocompatibility, non-toxicity, and biodegradability (Xing et al., 2016). Currently, the Cur@LP has been widely studied in treatment for cancer (Feng et al., 2017), Alzheimer’s disease (Mourtas et al., 2014), epilepsy (Agarwal et al., 2013), and acute myeloid leukemia (Sun et al., 2017). However, the study on curcumin targeting S. mutans biofilm in an oral environment is still rare.
Based on the aforementioned details, we designed a liposome with adhesion properties to deliver curcumin into the biofilm. The surface of the liposome has an NHS group that can possess an activated carboxyl group to attach to the amino group (Wildling et al., 2011). In this strategy (Figure 1), the curcumin-loaded liposome can adhere to the surface of the biofilm and deliver curcumin into the biofilm more effectively. Then, the antibacterial photodynamic therapy was carried out by photoactivation of curcumin to achieve the effect of removing the S. mutans biofilm. The purpose of this study was to explore the removal efficiency of the Cur@LP on S. mutans biofilm. The results showed that the liposomes we designed effectively adhered to the surface of the S. mutans biofilm and achieved the corresponding antibacterial effect. In addition, in vitro experiments showed that the Cur@LP did not display significant cytotoxicity. We hope that this strategy can become a new approach to S. mutans biofilm removal treatment.
[image: Figure 1]FIGURE 1 | Antibiofilm principal diagram of the Cur@LP on S. mutans biofilm.
2 MATERIALS AND METHODS
2.1 Chemicals and reagents
DSPE-PEG-NHS [1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-n-[poly (ethylenegly-col)]-hydroxy succinimide], L-α-phosphatidylcholine, curcumin [1,7-bis-(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione], and cholesterol were obtained from Aladdin Bio-Chem Technology (Shanghai, China). S. mutans Ingbritt and MC3T3-E1 osteoblast precursor cells were provided by the School of Stomatology, Wuhan University (China). Brain heart infusion (BHI) broth was purchased from Beijing Land Bridge Technology Co., Ltd. (China). Dimethyl sulfoxide (DMSO) was obtained from BioFroxx (Germany). Agar was obtained from Beijing Solarbio Technology Co., Ltd. (Beijing, China). The crystal violet staining solution and lactate dehydrogenase (LDH) cytotoxicity assay kit were purchased from Beyotime Biotechnology Co., Ltd. (Shanghai, China). Methanol, ethanol, dichloromethane, glutaraldehyde, and sucrose were obtained from Sinopharm Chemical Reagent Co., Ltd. (China). Cell counting kit-8 (CCK-8) was purchased from Dojindo Kagaku (Kumamoto, Japan). The α-modified essential medium (α-MEM) was obtained from HyClone (Logan, UT, United States). All reagents and chemicals were utilized as received.
2.2 Preparation of the curcumin solution
A solution of curcumin used as a photosensitizer was prepared and dissolved in dimethyl sulfoxide (DMSO) to obtain a stock solution of 20 mM. The stock solution was filtered by using a 0.22 μm pore size filter. On the day of the experiment, the stock solution was diluted in sterile phosphate-buffered saline (PBS) and stored at −20°C in the dark until use.
2.3 Preparation of the Cur@LP
L-α-phosphatidylcholine (1 mg), DSPE-PEG-NHS (0.4 mg), and cholesterol (0.25 mg) were dissolved in 10 mL of dichloromethane in a mass ratio of 20:8:5 in a 50 mL round-bottom flask. The solution was evaporated at 43°C by using a rotatory evaporator and the lipid membrane was gained. Then, 3 mL of PBS solution was added to the round-bottom flask with a lipid membrane. Once all of the lipid membrane is suspended in the solution, the suspension would be placed at 4°C overnight to efficiently hydrate the lipid membrane. Then, the liposome preparation was sonicated in a water bath for 1 h to remove all visible precipitates. Two polycarbonate membranes were placed in the LiposoFast™ extruder with 1 mL syringes (Avestin lnc., Ottawa, ON, Canada). The liposome solution was extruded by passing the suspension using 800, 400, and 200 nm polycarbonate membranes sequentially to obtain blank liposomes.
Similarly, apart from the addition of L-α-phosphatidylcholine (1 mg), DSPE-PEG-NHS (0.4 mg), and cholesterol (0.25 mg), a certain amount of curcumin was added to 10 mL of dichloromethane to achieve a curcumin concentration of 150 μM. The curcumin-loaded liposome (Cur@LP) was also prepared by the rotary evaporation method.
2.4 Characterization of the Cur@LP
The microstructure of the liposome was characterized by transmission electron microscopy (TEM, JEM-2100, Japan). A drop of the sample solution was placed on the copper grid with carbon film. After drying at room temperature, the samples were observed with TEM three times.
The mean diameters and zeta potential of the blank liposome and Cur@LP were obtained by dynamic light scattering (DLS, zeta sizer nano zs90, England).
To evaluate the dispersibility and stability of the LP and Cur@LP, we detected the particle size and polydispersity index (PDI) of the LP and Cur@LP at 1, 3, 5, and 7 days.
2.5 Encapsulation efficiency of the Cur@LP
The prepared Cur@LP was separated by centrifugation at 845 g for 15 min. The supernatant liquid was cracked by ethanol for 10 min. The concentration of curcumin was determined at a wavelength of 427 nm with an ultraviolet–visible spectrophotometer. The percent of encapsulation efficiency was calculated as follows:
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where C1 is the concentration of curcumin in dichloromethane, C2 is the concentration of curcumin in the supernatant liquid after centrifugation, V1 is the volume of dichloromethane, and V2 is the volume of the PBS solution added to the round-bottom flask with a lipid membrane.
2.6 In vitro release of the Cur@LP
After removing the nomadic curcumin, the dialysis bag containing the Cur@LP with a molecular weight cut-off (MWCO) of 15,000 was immersed at 37°C in a 30 mL mixture of PBS and methanol at a volume ratio of 3:2 and in an air shaker at 220 rpm. The release solution (3 mL) was taken out at a predetermined time, and an equal volume of a mixture of PBS and methanol was added. The percent of curcumin released from the Cur@LP was calculated as follows:
[image: image]
where Ct is the concentration of curcumin in the mixture at t time, n is the number of extractions of the release solutions, and m is the initial total amount of curcumin in the dialysis bag.
2.7 Culture of S. mutans
The frozen S. mutans was diluted in a fresh BHI medium (37 g/L) at a ratio of 1:100 in an Eppendorf tube or centrifuge tube and cultured at 37°C for 16–24 h. The concentration of S. mutans was 108 colony-forming units (CFUs)/mL after culturing for 16–24 h. The concentration of S. mutans was determined at a wavelength of 600 nm with an ultraviolet–visible spectrophotometer. S. mutans biofilm was formed in dishes with the BHI (37 g/L) broth containing sucrose (17 g/L).
2.8 Detection of biofilm amount by crystal violet staining
S. mutans was diluted in a 48-well plate with the BHI broth containing sucrose at 105 CFU/mL per well; curcumin of different concentrations was added and cultured for 24 h after exposure to blue light for 30 s (the irradiance of the blue light was 1,000 mW/cm2 with a final radiant exposure of 30 J/cm2). The antibacterial concentrations (mM) of curcumin without photoactivated effects were 0, 0.125, 0.25, 0.5, 1, 2, 4, and 8, respectively. The antibacterial concentrations (μM) of curcumin with photoactivated effects were 0, 0.125, 0.25, 0.5, 1, 2, 4, and 8, respectively.
After 24 h of co-culture, the supernatant was discarded and the bacterial biofilm was washed with the PBS solution three times. Then, 100 μL methanol was added and fixed for 10 min. After methanol removal, 100 μl of 1% crystal violet was added to the stain for 20 min. The wells were washed three times with the PBS solution after crystal violet removal. 100 μl ethanol solution was added to dissolve for 30 min. The samples were transferred to a new 96-well plate and determined at a wavelength of 630 nm.
2.9 Detection of cell viability by CCK-8 assay
MC3T3-E1 osteoblast precursor cells were cultured in alpha-modified minimum essential medium containing 10% (v/v) fetal bovine serum and 1% (v/v) penicillin/streptomycin in an incubator at 37°C and 5% CO2. The complete medium was replaced every 2 days, and the cells were digested by trypsin when the number of cells adhering to the wall reached 80%–90%. Then, the cells were seeded into 96-well plates at a density of 5,000 cells per well and incubated with 100 μl of the medium in each well for 24 h. Then, the liposome and different concentrations of curcumin or Cur@LP were added for 24 h, respectively. Each well was incubated with 100 μL of a mixture of the CCK-8 solution and complete medium at a volume ratio of 1:10 for 2 h away from light before measuring the absorbance at 450 nm by using an ultraviolet–visible spectrophotometer.
2.10 Detection of cytotoxicity by LDH assay
The cultivation of MC3T3-E1 osteoblast precursor cells was the same as 2.9. After the liposome, curcumin, or Cur@LP were added for 24 h, the 96-well plate was centrifuged by using a perforated plate centrifuge (Eppendorf) at 400 g for 5 min. Then, the supernatant was removed, and 150 μl of LDH release reagent from the LDH cytotoxicity assay kit was added to each well for 1 h. After centrifugation at 400 g for 5 min again, 120 μl of supernatant in each well was added in a new 96-well plate to mix with 60 μl of the LDH test working fluid at 25°C for 30 min away from light before measuring the absorbance at 450 nm by using an ultraviolet–visible spectrophotometer.
2.11 Antibacterial activity of the Cur@LP against planktonic S. mutans
S. mutans was cultured in the BHI broth. PBS, curcumin (Cur), liposome (LP), or Cur@LP was added to the S. mutans suspension diluted by 37 g/L BHI broth in Eppendorf tubes, respectively. The concentration of S. mutans in the Eppendorf tube was 105 CFU/mL, while the concentrations of the curcumin and Cur@LP were 10 μM concurrently. Before 24 h of culture at 37°C, all Eppendorf tubes were irradiated for 30 s by blue light with a final radiant exposure of 30 J/cm2. Then, the concentration of S. mutans was determined at a wavelength of 600 nm with an ultraviolet–visible spectrophotometer.
2.12 Detection of Cur@LP adhesion to the S. mutans biofilm
S. mutans was seeded into confocal dishes with BHI broth containing sucrose to develop S. mutans biofilm. Curcumin or Cur@LP were added and co-cultured for 4 h. Then, the culture medium was removed, and after that, each dish was washed with PBS three times to remove unattached materials. S. mutans biofilms stained red with SYTO 59 and curcumin with green fluorescence adhesion on the biofilms were observed via confocal laser scanning microscopy (CLSM). Fluorescence images were analyzed by ImageJ. The experiment was repeated three times, and five photos were taken for every sample.
2.13 Detection of the antibiofilm activity of the Cur@LP
S. mutans was seeded into confocal dishes with the BHI broth containing sucrose to develop S. mutans biofilm, and then, PBS, Cur, LP, or Cur@LP was added, respectively. After culturing for 4 h, the culture medium was removed, each dish was washed with PBS three times, and then, new culture media were added to each dish. After 24 h, the supernatant was removed, each dish was washed with PBS three times, and the residual biofilms were stained red with SYTO 59 and observed via CLSM. Fluorescence images were analyzed by ImageJ. The experiment was repeated three times, and five photos were taken for every sample. The area of biofilm was calculated three times, and the data are presented as the mean ±SD.
2.14 Antibiofilm activity on ex vivo human teeth
The non-carious human teeth were obtained from clinical patients and cut into small cubes (5 × 5 × 2 mm, L×W×H). After sterilizing with ultraviolet irradiation for 2 h on both sides, respectively, the cubes were placed in a 24-well plate and immersed in the BHI broth with sucrose-containing S. mutans (105 CFU/mL) with PBS, Cur, LP, or Cur@LP and incubated at 37°C for 4 h. Then, the culture medium was removed and each well containing cubes was washed with PBS three times, and new culture mediums were added in each well. Before 24 h of culture at 37°C, all cubes were irradiated for 30 s by blue light with a final radiant exposure of 30 J/cm2. Then, the culture medium was removed and the cubes were washed with PBS three times, and 2.5% glutaraldehyde was added to fix S. mutans biofilm on cubes for 24 h. After drying cubes with 30%, 50%, 75%, 90%, and 100% alcohol for 15 min successively, the cubes were used to take photographs of biofilms by using a scanning electron microscope (SEM).
2.15 Statistical analysis
All data are expressed as the mean ±SD under the condition of at least triplicate, and each experiment is repeated at least three times independently. The statistical analysis included one-way ANOVA and two-tailed unpaired Student’s t-test. We used GraphPad Prism 7.0 and Microsoft Excel 2019 software for data processing and statistical analysis (p < 0.05 means statistically significant).
3 RESULTS
3.1 Characterization of the Cur@LP
Figure 2A shows a TEM image of the synthesized Cur@LP, which formed a spherical vesicle-like morphology with good dispersion. According to the DLS results, the mean diameter of the liposome and Cur@LP was 206.67 ± 8.38 and 312 ± 18.78 nm, respectively, which are presented in Figure 2B. According to the results of the diameter and PDI of the LP and Cur@LP for a long time (Figures 2C, D), the diameter of the LP increased slightly at 3 days and then decreased slowly, while the diameter of the Cur@LP remained stable within 5 days but decreased at 7 days. The PDI of the LP and Cur@LP both showed a very low level at 1 day and then gradually increased over time. However, we found that the PDI of the Cur@LP decreased at 7 days, indicating the Cur@LP became more stable at 7 days. We speculate that curcumin released from the Cur@LP at 7 days is the possible reason why the diameter of the Cur@LP decreased at 7 days. In general, the PDI of the LP and Cur@LP both maintain a low level within 7 days. This result indicated that the Cur@LP has strong dispersion and stability at a certain time. Different particle sizes of liposomes and the Cur@LP proved that curcumin had been successfully loaded into liposomes. The ζ-potential of the liposome and Cur@LP, shown in Figure 2E, was ∼−19.3 and ∼−20.8 mV, respectively. The strong negative charge can maintain the stability of liposome suspension by charge repulsion.
[image: Figure 2]FIGURE 2 | (A) Representative TEM micrograph of the Cur@LP. (B,C) Particle sizes of the LP and Cur@LP. (D) PDI of the LP and Cur@LP. (E) Zeta-potentials of the LP and Cur@LP. (F) In vitro release behavior of the Cur@LP at 37°C.
3.2 Encapsulation efficiency and in vitro release behavior of the Cur@LP
The encapsulation efficiency of the Cur@LP was (42.61 ± 2.19) % by detecting absorbance at a wavelength of 427 nm. According to the results shown in Figure 2F, curcumin was rapidly released up to ∼21%, which was the highest value within 2 h. The total release remained constant for 2–8 h and decreased to ∼18.3% at 10 h.
3.3 Antibacterial effect of curcumin with photoactivation
As a photosensitizer, curcumin has an antibacterial effect even in the absence of photoactivation, which can be called the dark activity of agents. On the other hand, reactive oxygen species were produced by curcumin with blue light, which had the highest absorbance compared with other regions of visible light (Seidi Damyeh et al., 2020). Therefore, we determined the antibacterial activity of curcumin against S. mutans with photoactivation or not. According to the results shown in Figure 3, the minimum inhibitory concentration (MIC) for curcumin without photoactivation was identified at concentrations of 4 mM, while the MIC for curcumin with photoactivation was 10 μM. It is suggested that the antibacterial activity of curcumin with photoactivation was hundreds of times higher than that without photoactivation. Those results also emerged in staining images shown in Figures 3B, D. The MIC for curcumin with or without photoactivation is intuitively shown in Figures 3Bg, Df.
[image: Figure 3]FIGURE 3 | (A) Antibacterial properties of different concentrations of curcumin without photoactivation. (B) Crystal violet staining images of curcumins without photoactivation effects of Cur (mM) with (a) 0, (b) 0.125, (c) 0.25, (d) 0.5, (e) 1, (f) 2, (g) 4, and (h) 8. (C) Antibacterial property of different concentrations of curcumin with photoactivation. (D) Crystal violet staining images with photoactivation effects of Cur (μM) with (a) 0, (b) 0.625, (c) 1.25, (d) 2.5, (e) 5, (f) 10, (g) 20, and (h) 40. Statistical significance was calculated via two-tailed Student’s t-test. Data are presented as mean values ±SD.
3.4 Detection of cell viability by CCK-8 assay
The cell viability of curcumin and the Cur@LP was determined by CCK-8 assay. According to the result in Figure 4A, the viability of cells treated with curcumin at concentrations of 10 (p < 0.05) and 40 μM (p < 0.0001) all showed a significant decrease compared with the control group. However, the viability of cells treated with the Cur@LP at concentrations of 10 μM showed a significant increase compared with the control group (p < 0.01), and cells treated with the Cur@LP at concentrations of 40 μM showed no significant difference compared with the control group, respectively, shown in Figure 4B. Then, we compared the cell viability of curcumin, liposome, and Cur@LP at concentrations of 10 μM, and the same conclusion was obtained in Figure 4C. The curcumin group (10 μM) decreased significantly in viability compared with the control group (p < 0.01), while the Cur@LP group (10 μM) increased significantly (p < 0.05). ANOVA demonstrated a significant difference between the curcumin group and the Cur@LP group (p < 0.001). All the results of the cell viability assay proved that the cytotoxicity of curcumin was effectively reduced when it was loaded in the liposome.
[image: Figure 4]FIGURE 4 | (A) Cell viability of MC3T3-E1 following cultivation with different concentrations of curcumin. (B) Cell viability of MC3T3-E1 following cultivation with different concentrations of Cur@LP. Cell viability of MC3T3-E1 co-cultured with PBS, Cur (10 μM), LP, or Cur@LP (10 μM) was detected by the CCK-8 assay (C) and LDH assay (D). Statistical significance was calculated via two-tailed Student’s t-test. Data are presented as mean values ±SD.
3.5 Detection of cytotoxicity by LDH assay
The cytotoxicity of curcumin and the Cur@LP were determined by LDH assay. As shown in Figure 4D, though the curcumin group (10 μM) had obvious cytotoxicity, the Cur@LP group (10 μM) showed significantly decreased cytotoxicity compared with the curcumin group (10 μM). In addition, the LP group had no significant difference compared with the control group (p > 0.05).
3.6 Antibacterial activity of the Cur@LP against planktonic S. mutans
To investigate the antibacterial activity of the Cur@LP against planktonic S. mutans, PBS, Cur, LP, or Cur@LP was added to the S. mutans planktonic culture. The concentration of S. mutans was determined at a wavelength of 600 nm with an ultraviolet–visible spectrophotometer. From the results shown in Figure 5A, we found blank LP had no significant effect on bacterial proliferation. The Cur and Cur@LP inhibited the growth of bacteria to a similar extent.
[image: Figure 5]FIGURE 5 | (A)OD value of the S. mutans planktonic culture after being treated with PBS, Cur, LP, or Cur@LP with photoactivation. The images (B) and quantification (C) of Cur or Cur@LP (green) adhesion on S. mutans biofilm (stain red with STYO 59). The OD value (D) and crystal violet staining images (E) of S. mutans biofilms after being treated with PBS, Cur, LP, or Cur@LP for 4 h. Statistical significance were calculated via two-tailed Student’s t-test. Data are presented as mean values ±SD.
3.7 Adhesion activity of the Cur@LP
According to our design, the Cur@LP could attach to the surface of the biofilm to release curcumin into the biofilm efficiently. So, we detected the adhesion ability of the Cur@LP on the S. mutans biofilm by CLSM. As shown in Figure 5B, there was significantly more curcumin (green) adherent to the biofilm (stain red) in the Cur@LP group than in the Cur group. Figure 5C showed the quantitative result of the residual curcumin area between Cur and Cur@LP. The residual curcumin area of the Cur@LP group is significantly higher than that in the Cur group (p < 0.0001). These results indicated that LP can adhere to the biofilm surface in a relatively short time and promoted curcumin delivery into the biofilm.
3.8 Antibiofilm activity of the Cur@LP
After co-culturing of S. mutans and experimental groups for 4 h, the biofilm was preliminarily formed. Then, the old solution in the wells was taken out, and the new culture medium was added in all the wells for 24 h. The results shown in Figure 5D indicated that the biofilm formed in the Cur@LP group (10 μM) significantly decreased compared with other groups (p < 0.001). However, the biofilm in the Cur group (10 μM) showed no significant difference from that in the control group. This was probably due to the fact that free curcumin was washed at 4 h when the biofilm was preliminarily formed, while Cur@LP could attach on the biofilm and was not washed completely and released curcumin to play an antibacterial effect in the subsequent culture process. The staining images shown in Figure 5E also performed an intuitive display. In addition, the residual S. mutans biofilm after being treated with PBS, Cur, LP, or Cur@LP was observed by CLSM. As shown in Figures 6A, B, we found that the Cur@LP exhibited stronger biofilm removal efficiency than the other groups (p < 0.001).
[image: Figure 6]FIGURE 6 | (A) Residual biofilm of S. mutans biofilm after treatment with PBS, Cur, LP, or Cur@LP for 4 h. The biofilms were stained red by STYO 59, and five photos were taken for every sample. (B) Statistical analysis of the biofilm removal area. Three biological replicates are shown. (C) Residual biofilm of S. mutans biofilm after treatment with PBS, Cur, LP, or Cur@LP on the human teeth. Statistical significance was calculated via two-tailed Student’s t-test. Data are presented as mean values ±SD.
3.9 Antibiofilm activity on ex vivo human teeth
Recently, many researchers have deeply studied the effects of various drugs on human dental biofilm (Liu et al., 2018; Wang et al., 2023). So, we decided to further perform anti-biofilm experiments on human isolated teeth. The results showed that the Cur@LP group had the least residual S. mutans biofilm when compared with other groups (Figure 6C), demonstrating that the Cur@LP possesses stronger anti-biofilm activity. We speculated that the possible reason is that curcumin alone cannot effectively adhere to the biofilm, and the use of liposomes loaded with curcumin greatly enhances its adhesion ability to better play the antibacterial effect.
4 DISCUSSION
We constructed the liposome that can adhere to biofilm and is loaded with curcumin to exert the antibiofilm effect against S. mutans. Curcumin was loaded in the phospholipid bilayer, while the surface of the Cur@LP was incorporated by DSPE-PEG-NHS, an active derivative of PEG. The PEG skeleton has good hydrophilicity and lipophilicity, and the PEGylated phospholipid can significantly improve the stability of encapsulated drugs (Klibanov et al., 1990). For DSPE-PEG-NHS, the carboxyl group of NHS in the liposome can react with the amino group in the S. mutans biofilm to form the peptide bond, and then, the liposome can adhere to the biofilm (Pandey et al., 2018). After that, curcumin can be released from the liposome near the biofilm and exert an antibacterial effect by dispersing the biofilm under blue light irradiation, as shown in the diagrammatic sketch (Figure 1). Clinically, the blue light source has a wide range of applications that facilitates the application of Cur@LP solution or gel.
The synthesized liposome has a strong negative charge and can maintain the stability of liposome suspension by charge repulsion. The in vitro release data of curcumin suggested that curcumin was rapidly released within 2 h, reaching the highest value of ∼21%. However, the total release decreased to ∼18.3% at 10 h after maintaining the highest level at 2–8 h. Considering that the dialysate was a mixture of PBS and methanol with a volume ratio of 3:2, oscillating in an air shaker at 37°C and 220 rpm, we believed that curcumin became more unstable during the oscillation. Another possible explanation is that curcumin was partially decomposed under the photoactivated effect, even if light protection measures were taken throughout the whole process.
Curcumin, as a natural exogenous photosensitizer, collides with ground-state molecular oxygen and generates reactive oxygen species (ROS) under blue light excitation, also known as PDT (Luby et al., 2019). The ROS produced can oxidize the lipids in the cell membrane, leading to the disruption of membrane-binding proteins and resulting in apoptosis or necrosis of bacterial cells (Sperandio et al., 2013). In reality, although curcumin itself has a definite antibacterial effect, curcumin can exert a stronger bacteriostatic effect with photoactivation due to the role of PDT. This is also consistent with our experimental results that the antibacterial activity of curcumin with photoactivation was hundreds of times higher than that without photoactivation.
As a classical drug delivery carrier, the liposome has the greatest advantage of low cytotoxicity. According to the data shown in Figures 2C, D, the diameter of the Cur@LP remained at a stable level within 5 days, and the PDI of the Cur@LP increased gradually in a low range within 5 days. The results suggested that the Cur@LP has good dispersion and strong stability at a certain time. On the other side, we also noticed that both the diameter and PDI of the Cur@LP decreased at 7 days. This indicated that the Cur@LP showed better dispersion at 7 days. One possible reason we speculated is that curcumin was released from the Cur@LP at 7 days. The results of the cell proliferation assay suggested that curcumin showed obvious cytotoxicity with the increase in concentration. However, there was no significant cytotoxicity in the Cur@LP groups compared with the curcumin groups at the same concentration. Especially, the Cur@LP significantly performed cell proliferation compared with curcumin at a concentration of 40 μM. These results indicated that liposomes showed an obvious effect of protecting cells from the cytotoxicity of curcumin.
The result of the antibacterial activity of the Cur@LP against planktonic S. mutans showed that the Cur group and the Cur@LP group had no significant diffidence. This experimental result seems to prove that the Cur@LP has no obvious advantages over Cur against planktonic S. mutans. However, with the progress of subsequent antibiofilm experiments, we found that the greatest advantage of the Cur@LP we prepared is that it can adhere to the S. mutans biofilm when applied to the tooth. Therefore, we designed a set of experiments to observe the effects of different materials treated for a short period on biofilms. Each experimental group was co-cultured with S. mutans for 4 h to observe the fact that the liposomes could adhere to the preliminarily formed biofilm. Then, the old culture medium of all wells was taken out, and the new culture medium was added for 24 h. Curcumin has washed away since it could not adhere to the biofilm. On the contrary, most liposomes could retain and continue to release curcumin. Crystal violet staining results showed that the antibacterial property of the Cur@LP group was superior to that of the curcumin group (Figure 5A). Curcumin has a green fluorescence that can be observed by CLSM. As shown in Figure 6A, green fluorescence was significantly stronger in the Cur@LP group compared to the Cur group, possibly due to the fact that most of the curcumin in the Cur group was rinsed off, suggesting that the Cur@LP increased curcumin attachment. Similarly, the results of residual biofilm staining were also approximate to those of crystal violet staining. All the aforementioned results demonstrate that the designed liposome can adhere to the S. mutans biofilm and continuously release curcumin to exert antibacterial properties.
Curcumin has been widely studied in many fields, such as cancer (Maheshwari et al., 2006), which can be attributed to its antioxidant and anti-inflammatory effects (Hewlings and Kalman, 2017). In this study, we verified the application of curcumin in the oral field. Clinically, Cur@LP adherence to biofilm may be reduced due to severe mechanical movements such as tooth brushing. This will be the limitation of its application and the direction of future development.
5 CONCLUSION
In this study, a liposome with adhesion properties was designed and prepared. The liposome can adhere to the S. mutans biofilm and continuously release curcumin to achieve the antibacterial effect. As a natural photosensitizer, curcumin can be stimulated by blue light to play a stronger antibacterial effect. Clinically, the convenience brought by the widespread application of the blue light source and the adhesion ability to S. mutans biofilm will make the Cur@LP a broad application prospect.
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