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In this study, we synthesized pH-sensitive CHX@SBA-PDA nanoparticles and characterized their structure. These nanoparticles were then incorporated into Single Bond 2 commercial dentin adhesive. Subsequently, timely and long-term antibacterial evaluation, cytotoxicity evaluation and bonding properties were conducted. The results demonstrated the successful synthesis of CHX@SBA-PDA nanoparticles. Moreover, CHX@SBA-PDA exhibited excellent pH sensitivity and maintained a high release rate of chlorhexidine (CHX) under cariogenic low pH conditions. At pH 5.0, the release rate could reach up to 71.1% after 24 h of incubation with CHX@SBA-PDA nanoparticles. Among the different adhesive formulations tested, the 2% wt adhesive displayed the strongest immediate and 30 days bacterial inhibition ability (p < 0.05). No significant difference was observed in immediate shear strength among the four groups (p > 0.05). After undergoing pH cycling, all functional adhesive groups exhibited higher shear strength compared to the control group (p < 0.05). Furthermore, there was no significant difference in cell proliferation activity between the experimental group and control group (p > 0.05). In conclusion, our functional dentin adhesive containing CHX@SBA-PDA nanoparticles demonstrated long-term antibacterial properties as well as improved bond strength characteristics, thus, offering a promising approach to enhance durability of bonded restorations.
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1 INTRODUCTION
Dental caries is a bacterial infectious disease and one of the most prevalent human diseases (Pitts et al., 2017). The World Health Organization has identified it as one of the three primary diseases requiring prevention and treatment, along with tumors and cardiovascular diseases (Williams, 2014). The standard treatment for dental caries involves extracting decayed tooth tissue and filling the resulting cavity with restorative materials. Resin composites have emerged as the predominant choice for dental restoration due to its superior aesthetics, biocompatibility and mechanical properties (Simecek et al., 2009; Stewart et al., 2018). However, resin composites are associated with a certain failure rate primarily attributed to secondary caries at the resin-dentin interface (Takahashi and Nyvad, 2011; Ferracane, 2017; Eltahlah et al., 2018). The research findings indicate that the failure rate of resin composites is 15%–50% (Opdam et al., 2010). Not only does the restoration of failed restorations result in increased dental costs, but replacement and repeated restoration can also lead to further loss of tooth structure, trapping patients in a cycle known as the “death spiral” and potentially resulting in eventual tooth loss (Spencer et al., 2010; Liu et al., 2011; Garcia et al., 2020). It is imperative to extend the lifespan of dental restorations and reduce secondary caries through effective inhibition of carcinogenicity, particularly among populations at high risk for cavities. Therefore, there is a critical need for antibacterial dental materials that can effectively combat bacteria responsible for causing secondary caries.
Chlorhexidine (CHX) is a widely used cationic antibacterial agent against oral microorganisms and serves as the gold standard for combating dental biofilms (Poppolo Deus and Ouanounou, 2022). CHX exhibits excellent inhibitory effects on various Gram-positive and Gram-negative bacteria as well as fungi, owing to its ability to interact with negatively charged phospholipids and lipopolysaccharides present in the bacterial cell wall or outer membrane. Moreover, it demonstrates good biological safety (Abdelmonem et al., 2019). To achieve antibacterial purposes, CHX has been incorporated into diverse dental materials (Prado et al., 2023; Alansari et al., 2024). However, direct addition of CHX to dental materials can result in an explosive release of CHX, leading to a rapid decline in their antibacterial properties and formation of pores that adversely affect their mechanical properties (Anusavice et al., 2006; Geraldeli et al., 2021). It is crucial to note that prolonged administration of CHX may induce resistance and reduce microbial diversity specifically in Streptococcus mutans (Solderer et al., 2019; Huang et al., 2022), hence continuous administration is not recommended. Consequently, adding CHX directly to dental materials is considered undesirable.
Mesoporous silica nanoparticles, with their stable structure, appropriate pore size, large specific surface area, and outstanding biocompatibility, have been demonstrated to be the superior nanoparticle delivery system for sustained drug release (Budiman et al., 2024). Specifically, Santa Barbara Amorphous-15 (SBA-15), as a commonly used mesoporous silica material, exhibits a remarkably regular hexagonal pore structure with an exceptional loading capacity and pore volume (Takamori et al., 2019). Recent investigations have indicated that Mesoporous silica nanoparticles exhibit tremendous potential as drug carriers in various dental materials. In glass ionomer cement or other restorative materials, mesoporous silica nanoparticles can effectively transport a substantial amount of CHX to enhance its antibacterial activities without compromising the mechanical properties of the materials (Zhang et al., 2014; Yan et al., 2017). Moreover, apart from serving as mere drug carriers, mesoporous silica nanoparticles can be personalized and modified to react to diverse stimulus and perform controlled drug release based on alterations in the microenvironment (Li et al., 2023; Xu et al., 2023). Given that cariogenic bacteria can create an acidic environment, pH-responsive systems hold great significance in preventing secondary caries following restorative treatment. These carriers enable precise antimicrobial release in a pH-dependent manner. The biomimetic polymer of mussel adhesion protein, known as polydopamine, exhibits remarkable adhesive properties, excellent biocompatibility, and robust degradation in weak acid environments (Wu et al., 2021; Wu et al., 2023). Hence, we utilized the oxidative self-polymerization of dopamine to create a pH-responsive polydopamine shell membrane on the surface of SBA-15 for drug release control. At neutral pH, drug molecules are confined within SBA-15 but are released at lower pH levels. Consequently, the integration of CHX@SBA-PDA selectively releases drugs upon acid stimulation, effectively eradicating bacteria.
The objective of this experiment was to synthesize pH-sensitive CHX@SBA-PDA nanoparticles, with polydopamine serving as a “gatekeeper” for precise drug release control, thereby enhancing the antibacterial efficacy of CHX. Additionally, the incorporation of CHX@SBA-PDA nanoparticles into dental adhesives aimed to investigate their pH-responsive release behavior, antibacterial properties, and impact on bond strength. These findings provide valuable insights and experimental evidence for the development and application of functional adhesives.
2 MATERIALS AND METHODS
2.1 Fabrication of nanoparticles and functional adhesive
The dried 1 g SBA-15 (XFNANO, China) was weighed and dispersed into 15 mL of absolute ethanol containing 0.3 M CHX (Sigma, United States). The mixture was ultrasonicated for 10 min, stirred on a magnetic stirrer at 25 °C, 600 rpm for 72 h, and then centrifuged with a high-speed centrifuge (CR21N, Hitachi, Japan) at 25 °C, 10,000 rpm for 10 min to collect the CHX@SBA product. The product was washed three times with absolute ethanol, and the supernatant was collected and vacuum-dried to obtain a white powder of CHX@SBA. 50 mg of CHX@SBA and 100 mg of hydrochloride dopamine were dispersed into 50 mL of Tris-HCl buffer (pH 8.5, 10 mM). The mixture was stirred in a dark environment for 24 h. Subsequently, the mixture was centrifuged with a high-speed centrifuge (CR21N, Hitachi, Japan) at 25 °C, 10,000 rpm for 10 min, washed several times with deionized water to remove excess dopamine, and finally lyophilized.
The experiment was divided into four groups, and CHX@SBA-PDA was added into the commercial adhesive Single Bond 2 (3M ESPE, United States) at mass fractions (wt%) of 0%, 0.5%, 1%, and 2% respectively, and then mixed at 2000 rpm for 60 s. Subsequently, it was stored under light-free conditions at a temperature of 4 °C.
2.2 Characterization of the nanoparticles
The surface morphology of MSN, CHX@SBA-PDA nanoparticles studied by field emission scanning electron microscopy (SEM; SU8020, Hitachi, Japan). Fourier transform infrared spectroscopy (FTIR; Nicolet6700, Thermo, United States) was used to detect the composition and structure of the nanoparticles with a scanning resolution of 4 cm−1, a total of 32 scans, and a range from 400 to 4,000 cm−1. The adsorption and desorption capacity of nitrogen were determined using a fully automated pore size analyzer (Autosorb-IQ, America). The degassing temperature was 200 °C and the degassing time was 8 h. The specific surface area of nanoparticles was calculated using the BET method, and the nanoparticle pore size and pore volume were determined using the BJH method.
2.3 Drug loading and release
During the preparation of CHX@SBA, the entire supernatant was collected and the concentration of CHX loaded in CHX@SBA was determined using a UV-visible spectrophotometer (Lambda 25, PerkinElmed, United States) at 289 nm, following a pre-corrected fitting line. In addition, the drug loading capacity and drug entrapment efficiency were analyzed using the following equations respectively:
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Where, m0, m1, and m2 respectively represent the mass (in g) of CHX used for synthesizing nanoparticles, the mass (in g) of CHX in the supernatant, and the mass (in g) of CHX@SBA.
The CHX@SBA-PDA (10 mg) was immersed in 5 mL of artificial saliva at pH 7.4 and pH 5.0, respectively, and subjected to agitation in a thermostatic shaker at 37 °C with a shaking frequency of 100 Hz. Subsequently, at intervals of 1, 3, 5, 10, 15, 20, and 25 h, 2 mL of the extract were removed and replaced with an equivalent volume of entirely novel artificial saliva. After centrifugation, the supernatant was measured with a UV-visible spectrophotometer (Lambda 25, PerkinElmed, United States) at 289 nm to evaluate the release profile of CHX over time. This experimental procedure was repeated three times.
2.4 Antibacterial tests in vitro
2.4.1 Preparation of the bacterial suspension
The frozen strain Streptococcus mutans (UA159) was revived and single colonies were selected in brian heart infusion medium (Solarbio, China) following identification. Subsequently, they were incubated at 37 °C in a 5% CO2 environment for 24 h. For preservation, the concentration of the bacterial solution was adjusted to 1 × 106 CFU/mL.
2.4.2 Adhesion plate bacterial colony counting
The samples (round, r = 1 cm, n = 6) were immersed in artificial saliva for 24 h and 30 days, respectively. After drying and sterilization, they were co-cultivated with a 2 mL bacterial solution for 48 h. Subsequently, the samples were removed and rinsed three times with sterile PBS to eliminate unadhered bacteria. Then, 2 mL of fresh medium was added and subjected to ultrasonic shock for 10 min to ensure complete introduction of all bacteria into the medium. The bacterial solution was diluted to a specific ratio using a step-by-step dilution method. An appropriate amount of the diluted bacterial solution was taken and uniformly coated onto sterile brain heart infusion agar plates using coating sticks. The plates were then incubated for 48 h followed by colony counting.
2.4.3 Live/dead bacterial staining
The sample was co-cultured with the bacterial solution for 48 h. The live/dead bacteria kit (Thermo Science Fisher, United States) was used for staining, and the staining solution was made by mixing SYTO 9 and PI in a 1:1 ratio. Subsequently, each well received 1 mL of the staining solution, which was added while the light was shielded, and it was incubated for 20 min. Afterward, the staining solution was then extracted, followed by two gentle washes with sterile PBS. Finally, observation and photography were conducted using a fluorescence microscope (Olympus, Japan).
2.4.4 SEM of the bacteria attached to the sample surface
The sample, which has been immersed in deionized water for a duration of 30 days, was retrieved and subjected to co-cultivation with the bacterial solution for a period of 48 h. Subsequently, the co-cultured sample was fixed using 2.5% glutaraldehyde (Solarbio, China) at a temperature of 4 °C for a duration of 4 h. Dehydration of the sample was accomplished through dehydrated with a gradient ethanol series (30%, 50%, 70%, 80%, 90%, 95%, and finally 100%), with each concentration being repeated twice for a time span of 15 min per repetition. Finally, the specimen was lastly dried and sprayed with gold before observation.
2.5 Shear bond strength test
Selected orthodontically extracted adult premolars or molars (n = 12) were approved by the Human and Animal Research Ethics Committee (JDKQ 2024). The enamel of the crown was excised with a low speed diamond cutting machine (SYJ-150, China) to expose the dentin, which was polished under running water with 180 mesh, 360 mesh, and 600 mesh sandpaper, respectively, to simulate the hybrid layer. 37% phosphoric acid (Heraeus Kulzer GmbH, Germany) was used to etch the dentin for 30 s. The Single Bond 2 adhesive (3M ESPE, United States) was utilized and cured in accordance with the provided instructions, and then, the cylindrical plastic mold (r = 2 mm) was securely affixed onto the dentin surface treated with the adhesive. Z350XT resin composites (3M ESPE, United States) was then placed into the molds using the gradual placement technique, and each layer was allowed to cure for 40 s. The bonded specimens were split into two groups, the first group were immersed in pH 7.4 artificial saliva for a duration of 24 h, while those in the second group was challenged with pH challenge (immersed in artificial saliva at pH 7.4 for 23 h and in artificial saliva at pH 5.0 for 1 h for 30 days). Subsequently, the specimens were subjected to shear bond strength testing utilizing a universal testing apparatus (AG-X plus, Shimadzu, Japan). This machine applied a constant cross-head speed of 1 mm/min until failure of the sample occurred. The chisel-shaped end of the instrument was designed with a flat contact surface parallel to the dividing line between dentin and the resin composites. The calculation of the shear bonding strength in megapascals (MPa) was performed by dividing the peak load at the point of failure by the area of bonding.
After completion of the shear strength test, both the fracture site on the tooth surface and the resin post were examined under a stereomicroscope (Olympus SZX16, Japan) to observe the fracture pattern. Based on the location of the fracture surface, bond failure patterns were classified into three types: adhesive fractures, cohesive fractures and mixed fractures.
2.6 Cell compatibility test
2.6.1 CCK8 assay
The cytotoxicity test was conducted using the CCK 8 assay. Human gingival fibroblasts (HGFs) were used for the experiment, and the cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (HyClone, United States) supplemented with 10% (v/v) heat inactivated fetal bovine serum (Bioind, Israel) and 1% (v/v) penicillin-streptomycin (HyClone, United States) in a humidified 5% CO2 atmosphere at 37 °C. The prepared samples were placed in 6-well plates, and DMEM was added at a ratio of 3 cm2/mL to the surface area of the specimen, and after 24 h, the extract was collected. Subsequently, serial dilutions of the extract were made with medium at ratios of 1:1,000, 1:2000, and 1:4,000 (v/v). Cells were then planted at a density of 5×103 cells per well in 96-well plates and cultured for another 24 h. Following this incubation period, the extract was replaced and further incubated for an additional 24 h. As per the instructions provided by CCK 8 protocol guidelines, CCK 8 reagent (Beyotime, China) was applied to each well and allowed to incubate for a period of 2 h. Finally, absorbance measurements were taken using a plate reader (BL340, Biotech, United States) set at a wavelength of 490 nm.
2.6.2 Live/dead cell staining
The cell activity was assessed using the extract. Logarithmically grown HGFs were cultivated in 6-well plates at a density of 5×104 cells per well and cultivated for 24 h. Subsequently, the cells were exposed to the extract and left to incubate for a further 24 h. The cells were stained in accordance with the directions of the calcein/PI cell viability/cytotoxicity assay kit (Beyotime, China), which were then observed under fluorescence microscopy.
2.7 Statistical analysis
The statistical analysis of all data was conducted using SPSS software (version 27.0, SPSS Inc., United States). The colony count, shear strength, and CCK 8 assay results were reported as mean ± standard deviation. One-way ANOVA and Tukey’s test were employed to analyze the experimental outcomes. Statistical significance was defined as p < 0.05.
3 RESULTS
3.1 Characterization of the nanoparticles
The preparation and utilization of CHX@SBA-PDA nanoparticles are illustrated in Scheme 1. Representative SEM images, EDS elemental mapping and Element mapping of the nanoparticles are shown in Figure 1. SEM revealed that SBA-15 exhibited a well-defined hexagonal pore structure, with clustered and arranged particles, showcasing the characteristic morphology of SBA-15. The surface of SBA-15 appeared smooth with clear edges, while irregular small particles were observed on the surface of CHX@SBA-PDA, indicating adsorption of the drug on both the outer surface and within the mesopores of SBA-15. Additionally, a polydopamine coating was formed on SBA-15. Notably, CHX@SBA-PDA displayed an uneven surface with indistinct edges and significantly larger diameter compared to pristine SBA-15. Energy-dispersive X-ray spectroscopy (EDS) results demonstrated uniform distribution of carbon (C), nitrogen (N), oxygen (O), silicon (Si), and chlorine (Cl) elements within the complex CHX@SBA-PDA.
[image: Scheme 1]SCHEME 1 | Schematic representation of the CHX@SBA-PDA nanoparticles preparation and its antibacterial effect.
[image: Figure 1]FIGURE 1 | SEM characterization of SBA-15 (A) and CHX@SBA-PDA (B). Elemental analysis (EDS) of CHX@SBA-PDA (C). Element mapping images of CHX@SBA-PDA (D).
FT-IR spectroscopy was employed to confirm the composition and structure of the nanoparticles. As shown in Figure 2, the characteristic peaks of SBA-15 were observed at 1,089 cm−1 and 802 cm−1, corresponding to the asymmetric stretching vibration, symmetric stretching vibration, and bending vibration of Si-O-Si bond. The stretching vibration peak of Si-OH was detected at 3,460 cm−1. The absorption peak remained essentially unchanged before and after drug loading, indicating the preservation of the mesoporous silicon material’s skeletal structure throughout the process. Characteristic peaks associated with CHX were identified at 2,940 cm−1, 1850 cm−1, and 1,090 cm−1, representing C-H and C-N stretching vibrations. Physical loading of CHX into SBA-15 resulted in a nearly masked characteristic band for CHX. In this study, a peak similar to that of CHX appeared for CHX@SBA while the original band largely disappeared, this appearance can be attributed to residue on the surface as confirmed by SEM results. Following polydopamine modification, a contraction vibration resulting from C=C (1,675–1,640 cm−1) within indole-based structures emerged at 1,640 cm−1 along with a broad stretch band caused by NH/OH tensile vibrations ranging from 3,100 to 3600 cm−1, these observations indicate successful formation of polydopamine coating.
[image: Figure 2]FIGURE 2 | FT-IR spectra of CHX, SBA, CHX@SBA, CHX@SBA-PDA.
The porous structure was characterized using nitrogen adsorption and desorption techniques. As shown in Figure 3, the isotherm of SBA-15 was of Type IV, accompanied by a Type H1 hysteresis loop due to capillary condensation of nitrogen within the relative pressure range of 0.4–0.9. This isotherm characteristic was indicative of mesoporous materials possessing narrowly distributed cylindrical mesopores. Specific surface areas, pore volumes, and pore diameters of SBA, CHX@SBA, and CHX@SBA-PDA are shown in Table 1. In comparison to SBA-15, both CHX@SBA and CHX@SBA-PDA exhibited reduced values for all pore parameters. The BET specific surface area of SBA-15 was measured at 489.60 m2/g, with a BJH estimated pore volume of 1.32 cm3/g and a pore diameter of 12.05 nm. However, upon loading with CHX, the BET specific surface area decreased to 415.54 m2/g while the pore diameter reduced to 7.94 nm, indicating successful loading of CHX onto the material. When polydopamine was loaded onto the surface of CHX@SBA, the BET surface area and pore volume were found to be 243.03 m2/g and 6.39 cm3/g respectively. In conclusion, polydopamine was successfully coated on CHX@SBA.
[image: Figure 3]FIGURE 3 | (A) Nitrogen adsorption−desorption isotherms of SBA, CHX@SBA, CHX@SBA-PDA. (B) Corresponding pore size distribution curves from the Barret−Joyner−Hallender (BJH) adsorption branch.
TABLE 1 | Mesostructural parameters of SBA-15, CHA@SBA, CHX@SBA-PDA.
[image: Table 1]3.2 Drug loading and release
Based on the above equation, the drug loading of the nanoparticles was calculated to be 61.5% and the encapsulation rate was 82.74%, which is not much different from the previously reported results (Zhang et al., 2014). The cumulative release rates of CHX@SBA and CHX@SBA-PDA are shown in Figure 4. It can be seen that the drug release rate of CHX@SBA-PDA was more pH-dependent compared with that of CHX@SBA. At pH 5.0, the cumulative release rate of CHX@SBA-PDA reached 71.71% within 25 h, which was significantly higher than the 29.22% observed at pH 7.4. Although the release rate of CHX@SBA also exhibited slight pH-dependence, with respective values of 12.97% and 32.38% at pH 7.4 and pH 5.0, which was a small drug release rate with little difference between different pHs. CHX@SBA-PDA exhibited a more significant pH-dependent drug release behavior than CHX@SBA.
[image: Figure 4]FIGURE 4 | In vitro CHX release profiles of CHX@SBA (A) and CHX@SBA-PDA nanoparticles at pH 7.4 and 5.0 (B).
3.3 Antibacterial properties
The antibacterial efficacy of modified dentin adhesives is of paramount importance. Streptococcus mutans, the primary cariogenic pathogen, was assessed for biofilm formation on the sample surface using antimicrobial assays. The results depicted in Figure 5 illustrate the colony count of Streptococcus mutans on modified dentin adhesive plates. Over a period of 24 h and 30 days, an increase in CHX@SBA-PDA content led to a significant reduction in the number of Streptococcus mutans (p < 0.05). When the CHX@SBA-PDA content reached 2%, an antibacterial rate of 99.81% was achieved within 24 h. Even after 30 days, a remarkable antibacterial rate of 89.84% could still be observed, demonstrating robust and long-lasting antibacterial activity conferred by CHX@SBA-PDA.
[image: Figure 5]FIGURE 5 | Bacterial adhesion plate colony count of the functional adhesive. (A) Typical photographs of Streptococcus mutans bacterial colonies adhered to dthe surfaces of different functional adhesives. (B) Statistical results of Streptococcus mutans colony count. Data are shown as mean ± standard deviation (SD). The groups labeled with the same letters have no significant difference (p > 0.05).
The live/dead bacteria kit detects Streptococcus mutans adhering to the samples. As shown in Figure 6, there was a significant decrease in the number of viable bacteria on the specimen’s surface and a notable increase in dead bacteria as the concentration of CHX@SBA-PDA increased at both 24 h and 30 days time points. When CHX@SBA-PDA reached 1% concentration, virtually no viable bacteria were observed.
[image: Figure 6]FIGURE 6 | Bacterial live/dead fluorescent staining of Streptococcus mutans adhered to the adhesive sample (24 h and 30 days).
Further evaluation of the antibacterial properties of the adhesive revealed that, at the 30 days time point, the unmodified adhesive exhibited dense and uniform colonies. In contrast, the experimental group demonstrated a significant reduction in viable bacteria count, as evidenced by bacterial morphology amplification depicted in Figure 7. The control group displayed a higher number of Streptococcus mutans with clear round or oval shapes arranged in double or short chains. However, in the CHX@SBA-PDA group, there was a substantial decrease in live bacteria count along with unclear bacterial morphology characterized by shrinkage, cytoplasmic rupture and leakage of bacterial contents. Moreover, an increase in additive content intensified the disruption of bacterial morphology. These findings further validate the enhanced antibacterial efficacy conferred by modifying the adhesive.
[image: Figure 7]FIGURE 7 | Changes in bacterial morphology on the sample surface after 30 days observed by SEM. Bacterial cell membranes in the 0.5 wt% group were significantly constricted. The bacteria in the 1 wt% and 2 wt% groups exhibited cytosolic rupture and leakage of their cytoplasm.
3.4 Shear bonding strength
The adhesive properties of functional adhesives should not be compromised in order to maintain their antibacterial properties. The bond strength of adhesives is a crucial evaluation parameter for resin composites bonded restorations. We employed pH cycling to simulate the model of acid stimulation during normal oral activities. The results of shear strength (MPa) are presented in Table 2. There was no significant difference in shear strength between the control group and artificial saliva at pH 7.4 for 24 h (p > 0.05). However, after 30 days of pH cycling, the shear strength decreased by 20.7% and 8.57% for the groups with concentrations of 1 wt% and 2 wt%, respectively. Despite this decrease, their performance remained superior to that of the control group (p < 0.05).
TABLE 2 | Shear strength (MPa) of functional adhesives after 24 h of artificial saliva storage and 30 days of pH cycling (Mean ± standard deviation).
[image: Table 2]The failure mode analysis is presented in Figure 8, revealing that during the two periods of shear strength evaluation, both the hybrid mode and adhesive failure mode were predominant across all groups. The occurrence of mixed failure modes primarily transpires at interfaces where stress distribution is non-uniform. Notably, our findings demonstrate a lack of correlation between bond strength and failure mode, which aligns with our experimental results.
[image: Figure 8]FIGURE 8 | Results of fracture pattern analysis of bonded specimens after storage in artificial saliva for 24 h and pH cycling for 30 days.
3.5 Cell compatibility
Dental adhesives may exhibit cytotoxicity, which is a crucial consideration for their clinical application. In this study, the cytotoxicity of dental adhesives was assessed by evaluating cell viability and morphology. The CHX@SBA-PDA modified dentin adhesive demonstrated favorable cytocompatibility compared to the control group. As depicted in Figure 9, there was no significant difference in cell viability between each experimental group and the control group after 24 h (p < 0.05), indicating that the addition of CHX@SBA-PDA did not enhance adhesive cytotoxicity.
[image: Figure 9]FIGURE 9 | The cytotoxicity of the functional adhesive was determined by CCK 8 assay.
The live and dead cell staining of CHX@SBA-PDA functional adhesive extract cultured for 24 h is shown in Figure 10, which was consistent with CCK 8 assay. The morphology of HGFs in the experimental group exhibited a favorable fusiform shape, resembling that of the control group, and displayed even distribution. Live/dead staining revealed abundant green-colored live cells and a small number of red-colored dead cells, indicating excellent in vitro biocompatibility of CHX@SBA-PDA functional adhesive.
[image: Figure 10]FIGURE 10 | Live/dead fluorescent cell staining of human gingival fibroblasts after 24 h of incubation in culture medium (control) and liquid extract of the functional adhesive. Living cells were stained green and dead cells were stained red.
4 DISCUSSION
In this study, CHX@SBA-PDA nanoparticle functional adhesives were developed and their ability to inhibit the growth of Streptococcus mutans and prolong the adhesive life of restorations was investigated for the first time. The results demonstrate that CHX@SBA-PDA nanoparticles exhibit pH-controlled smart drug release, excellent biocompatibility and long-term antimicrobial ability, and effectively extend the service life of bonded restorations.
The CHX@SBA-PDA exhibited pH-responsive release properties in contrast to CHX@SBA. This can be mainly attributed to the plydopamine coating, which is primarily assembled through non-covalent bonds. The structure of plydopamine contains a significant number of amino and catechol groups. Under acidic conditions, the amino group becomes protonated, resulting in a positive charge per structural unit of plydopamine. Consequently, electrostatic repulsion occurs leading to dissociation of plydopamine and thus exhibiting high pH sensitivity (Chang et al., 2016; Sapre et al., 2020; Du et al., 2021).
In this study, two types of artificial saliva with different pH levels (7.4 and 5.0) were utilized to simulate the in vitro drug release behavior. The selection of these two pH values was based on the fact that pH 7.4 represents the normal physiological conditions of saliva, while pH 5.0 mimics the acidic microenvironment caused by caries bacteria within teeth (Mokeem et al., 2024). These two pH levels simulated both healthy oral conditions and caries-induced oral conditions respectively. At both pH levels, there was no immediate burst release observed for CHX@SBA-PDA nanoparticles due to the presence of plydopamine acting as a gatekeeper on the SBA-15 surface, effectively blocking entry and exit channels for CHX and preventing sudden drug release. Consequently, it can be inferred that CHX@SBA-PDA nanoparticles possess the ability to inhibit premature drug leakage in normal tissues while selectively releasing drugs at targeted sites (van Dijk et al., 2018). The synthesized CHX@SBA-PDA nanoparticles demonstrated potential in inhibiting Streptococcus mutans activity, offering promising solutions for addressing resistance-related issues in dental caries treatment (Bai et al., 2019; Kohno et al., 2021).
Streptococcus mutans possesses the ability to produce extracellular polysaccharides from carbohydrates and exhibits acidogenic and acid-resistant properties. As a result, it is regarded as the microbe in dental plaque biofilms that is most cariogenic (Bai et al., 2019). Consequently, Streptococcus mutans biological models are extensively utilized in caries research studies. In this experiment, even after 30 days of storage, the addition of 1 wt% and 2 wt% adhesives significantly reduced the activity of Streptococcus mutans. This finding is crucial as it indicates the long-lasting antimicrobial effects, which play a vital role in ensuring the sustained clinical success of dental restorative treatments. The long-term antibacterial effect of functional adhesives is attributed to the controlled release of CHX, which destroys the function of the bacterial cell through the coordination of guanidine groups in the bacterial phospholipid cell membrane, thus exerting its bactericidal activity (Muneeswaran et al., 2003). The acidic environment created by bacterial biofilms promotes increased release of CHX from functional adhesives, further enhancing its antibacterial effectivity over time. This pH-sensitive CHX release mechanism holds potential implications for combating dentinogenic cariogenic biofilms.
In addition to CHX’s antibacterial effectivity through gradual release, plydopamine has been suggested to exhibit contact bactericidal capacity via chelation with ions or proteins as well as electrostatic effects resulting from disruption of bacterial cell membranes (Ma et al., 2023). This dual mechanism may contribute to enhanced antibacterial action when combined with CHX.
The antibacterial properties of functional adhesives should be evaluated for longer time periods (>1 year) to meet clinical needs, as a duration of 30 days is considered short for dental restoration. However, it is important to note the complex role of multi-species oral biofilm in dental caries formation may not be fully replicated only by relying on a single-species Streptococcus mutans biofilm model (Sbordone and Bortolaia, 2003; Li et al., 2014). Therefore, further research is required to determine the effects of functional adhesives on multiple cariogenic biofilms.
The antimicrobial properties of functional adhesives should not be compromised at the expense of their adhesive strength, as bond strength is a crucial evaluation parameter for resin composites. The results of this experiment demonstrated no statistically significant difference in the shear strength among the groups at 24 h (p > 0.05), which could be attributed to the limited release of CHX in a pH 7.4 environment. Secondary caries does not occur immediately after the placement of restorative materials, necessitating that bonding materials resist acid stimuli encountered in daily oral activities, such as those persisting for a few minutes after each meal or sugar intake. Therefore, an accelerated pH cycling model was employed to simulate the process of the oral cavity being subjected to acid stimulation. Following 30 days of pH cycling, the functional adhesives exhibited higher shear strength compared to the control group (p < 0.05), and this enhanced bonding capability was primarily attributed to CHX. Numerous studies have indicated that CHX can enhance dentin bonding in vitro by acting as an inhibitor of MMPs, effectively suppressing their activity, reducing collagen fiber degradation, and preserving hybrid layer integrity through competition with MMPs and other metal cations (Lin et al., 2013; Stanislawczuk et al., 2014; Breschi et al., 2020). In an acidic environment at pH 5.0, polydopamine is cleaved resulting in substantial release of CHX, thereby promoting resin-dentin bonding enhancement. Despite significantly improved shear strength after pH cycling with the addition of 2% CHX@SBA-PDA, it remains lower than the bond strength observed at 24 h, further investigation is warranted by increasing nanoparticle dosage.
The evaluation of fracture modes following the shear test revealed that both the hybrid mode and adhesive failure mode were predominant across all groups, with the hybrid failure mode primarily observed at interfaces exhibiting uneven stress distribution (Moule et al., 2007). It has been shown that bond strength is not related to the failure mode (Gurgan et al., 2009; Arslan et al., 2023). This is similar to our experimental results.
The cytotoxicity of dental adhesives is a crucial consideration for their clinical applications. In this study, SBA-15 was utilized as a biocompatible drug carrier, which has demonstrated good compatibility with cells. Additionally, CHX has been proven to be harmless to mammals (Lee et al., 2010) and polydopamine exhibits excellent biocompatibility (Ryu et al., 2018), making it an ideal candidate for biomedical applications. Therefore, the incorporation of CHX@SBA-PDA is speculated not to enhance the adhesive’s cytotoxicity. Cell viability and morphology were assessed to evaluate the cytotoxic effects of the adhesives in this study. Both CCK 8 assay and cell live/dead staining revealed high cell viability across all groups, exceeding 85%, surpassing the ISO 10993-5:2009 specified cutoff value of 70%. Furthermore, there were no significant changes observed in terms of cell number or morphology among different adhesive groups, indicating that the addition of CHX@SBA-PDA did not increase adhesive cytotoxicity.
5 CONCLUSION
In this research, pH-responsive dental adhesive was successfully developed and the experimental results showed that this functional adhesive has long-lasting antimicrobial ability and the addition of nanoparticles does not increase cytotoxicity, which is important for the durability of resin dentin bonding. In conclusion this pH-responsive dental adhesive has potential applications in dental bonding and restoration.
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