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Objective: This study aims to incorporate contact-killing quaternary ammonium into two root canal sealers, AH Plus (DentSply Sirona, New York City, NY, USA) and BC (FKG, Le Crêt-du-Locle Switzerland) sealers to improve their antibacterial properties.



Methods: Dimethylaminohexadecyl Methacrylates (DMAHDM) were synthesized and incorporated into AH Plus and BC sealers at 5 weight percent (wt.%). The physical properties were assessed via film thickness, flow, contact angle, and solubility. The antibacterial properties were assessed by determining the number of colony-forming units (CFUs) of Enterococcus faecalis and scanning electron microscopy (SEM). Two-way ANOVA and Tukey tests were used to analyze the data.



Results: Incorporating DMAHDM at 5 wt.% increased the film thickness and reduced the flow of the AH Plus and BC sealers (P < 0.05), but the values were within clinically acceptable limits. Simultaneously, DMAHDM incorporation increased the contact angle of the sealers (P < 0.001). DMAHDM incorporation significantly (P < 0.001) inhibited the E. faecalis biofilms and resulted in complete eradication. In contrast, the AH Plus and BC control sealers had approximately 105 and 104 CFUs of bacteria, respectively. The SEM images revealed no E. faecalis colonies over the AH Plus sealers containing 5 wt.% DMAHDM, while the AH Plus control sealers were covered with a thick layer of biofilms.



Conclusions: The results of this study suggest that DMAHDM, as a contact-killing agent, could be used as an approach to prevent endodontic reinfections.



Clinical Relevance: Integrating DMAHDM into commercial sealers may enhance their antibacterial properties. These findings indicate a need for further investigation using more clinically relevant models to validate this approach.
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1 Introduction

In the field of endodontics, eliminating bacterial biofilms within the root canal system and promoting the healing of the dental and periapical tissues is a major challenge due to the anatomical complexities of the root canal system and the resilient nature of endodontic biofilms (1, 2). The process of disinfection through chemo-mechanical methods and intra-canal medicament application presents significant challenges in preventing failure and recontamination (3–5). Numerous studies in the literature have demonstrated that bacteria can penetrate dentinal tubules to depths ranging from 200 to 1500 µm, making it difficult for traditional instrumentation and irrigation protocols to eradicate them (6–8).

The existence of Enterococcus faecalis in non-healing root canals has been broadly investigated, with previous studies reporting its presence in 23%–77% of failed endodontic treatment cases (6–8). Further studies have delved into the invasion of E. faecalis into dentinal tubules and its ability to survive extended periods inside the canal with limited nutrients (9, 10). Consequently, there is a need to explore more advanced approaches to suppress the growth of microorganisms embedded within dentinal tubules. After the root canal system is chemically disinfected, the primary purpose of using root canal sealers is to fill any irregularities or gaps between the gutta-percha and the root canal walls. This enhances adaptation and helps prevent microleakage (11). Although many root canal sealers possess inherent antimicrobial properties (12), these properties diminish once the sealers have set, potentially allowing for secondary endodontic infections if bacterial microleakage occurs. As a result, several efforts have been made to augment their antibacterial effectiveness by incorporating antibacterial agents into root canal-filling materials (13–15).

Recently, dimethylaminohexadecyl methacrylates (DMAHDM), a contact-killing quaternary ammonium compound with a 16-carbon alkyl chain, have shown significant antibacterial effects against several oral pathogens (16, 17). DMAHDM was found to be effective in eradicating the biofilms of several oral pathogens, such as Streptococcus mutans and Candida albicans, when incorporated into resin-based materials (17). However, there are limited studies investigating the impact of DMAHDM on E. faecalis biofilms. Therefore, the aim of this study is to explore the role of DMAHDM combined with different commercially available sealers in eliminating E. faecalis biofilms. We hypothesized that incorporating DMAHDM to different commercial sealers would improve their antibacterial properties without major changes in the physical properties of the modified sealers.



2 Material and method


2.1 Sample size calculation and study design

This study was intended to assess the physical and antibacterial properties of two endodontic sealers with and without 5 weight percent (wt.%) of DMAHDM, resulting in a total of four groups. Table 1 describes the groups that were investigated in this study. The physical properties were assessed via film thickness, flow, contact angle, and solubility, and the antibacterial properties were assessed by determining the number of colony-forming units (CFUs) and scanning electron microscopy (SEM). Based on previous studies (12, 18, 19), the minimum number of samples was three to six to assess the physical and antibacterial properties, respectively. The sample size was validated following statistical analysis, confirming its adequacy for the study. The design of the study is shown in Figure 1.


TABLE 1 The groups of sealers investigated in this study.
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FIGURE 1
A schematic drawing showing the design of the study. DMAHDM was synthesized and incorporated into two commercial sealers at 5 wt.%. The physical properties were assessed via film thickness, flow, contact angle, and solubility. While the antibacterial properties were assessed after growing the E. faecalis biofilm over the sealers via determining the number of colony-forming units (CFUs) and SEM.




2.2 Construction of endodontic sealer encompassing DMAHDM

The synthesis of DMAHDM involved a modified Menschutkin reaction, where an organo-halide compound reacted with a tertiary amine group (20, 21). Specifically, 10 mmol of 2-(dimethylamino)ethyl methacrylate (DMAEMA) (Sigma-Aldrich, St. Louis, MO, USA) and 10 mmol of 1-bromohexadecane (BHD) (TCI America, Portland, OR, USA) were combined with 3 g of ethanol in a 20 ml vial scintillation. The resulting mixture was stirred at 70°C for 24 h. Therefore, the solvent was allowed to evaporate, resulting in the formation of DMAHDM as a solid white powder (20, 21). 5 wt.% of the synthesized DMAHDM was blended with two specific sealers as described in Table 1 by hand mixing for 20 min using a plastic instrument.



2.3 Assessment of the physical properties


2.3.1 Film thickness

The root canal sealers were placed between two 5-mm-thick glass plates (200 ± 25 mm2). A 150 N weight was loaded vertically above the glass plate to ensure the sealers spread across the whole area (22). The thickness was measured 10 min after mixing using a micro-meter caliper (Dongguan Kuaijie Measuring Tool Instrument Co., Ltd., Dongguan, China). Film thickness was determined by comparing the distance between the two glass plates with and without sealers. Three measurement readings were taken for each sealer.



2.3.2 Flow

The root canal sealers (0.05 ± 0.005 ml) were placed in the middle of a glass plate, 40 mm in dimension and 20 g in weight (22). A second glass plate with the same dimension and weight was placed on top of the previous one, and a 100 g load was applied for 3 min. Following the load removal, the minimum and maximum spans of the sample were measured to conclude the average span, which represents the flow of the investigated group. Each sample was assessed three times.



2.3.3 Solubility

Five circular samples with a height of 2 mm and a diameter of 6 mm were fabricated per group. The sealers were allowed to set before solubility testing. The specimens were weighed (m1) within an accuracy of 0.001 g, immersed in deionized water, and incubated at 37° C for 14 days (23). The samples were removed at different time points and allowed to dry for 24 h using a vacuum desiccator. The samples were reweighed (m2) on the 3rd, 5th, 7th, and 14th day. The following equation was used to determine the solubility at each time point: (m1—m2) m1 * 100%.



2.3.4 Contact angle

The measurement of the water contact angle over the sealer's disks (n = 5) was conducted at room temperature utilizing a conventional Ramé-Hart 250 goniometer (Succasunna, NJ, USA) and advanced DROP-image advanced software. The goniometer includes a volume-controlled syringe positioned above the substrate holder, accompanied by a CCD camera that captures images of the water droplet (5 μl). The data was then processed using DROPimage advanced software. The contact angle was promptly measured within a span of five seconds.



2.4 E. faecalis biofilm experiments

The sealers were fabricated with a diameter of 6 mm and 2 mm in thickness via a mylar strip covering. After complete setting, the samples were removed from the mold. The samples were sterilized by subjecting them to 70% ethanol for 15 min. E. faecalis (ATCC 29212) was chosen due to its association with secondary/persistent infections (7, 24, 25). E. faecalis were grown in brain-heart infusion broth (BHI, Sigma- Aldrich) overnight at 37°C aerobically (95% air, 5% CO2), following ATCC's instructions. The culture was normalized to 0.5 optical density (600 nm) (24, 25), and 100 µl of the inoculum was placed over the sealer disks for 48 h of incubation. Thereafter, the levels of biofilm formation were determined by counting the number of colony-forming units (CFUs) by serial dilution plating and by imaging the samples using scanning electron microscopy (SEM).



2.4.1 Colony-forming unit (CFU)

The 2-day biofilms grown on sealer disks were transferred to vials containing 2 ml of phosphate-buffered saline. Subsequently, the biofilms were extracted by sonication and vortexing. To determine the CFUs, the biofilm suspensions were diluted in a series of steps, plated onto blood agar plates, and incubated aerobically at 37°C for 48 h. The colony count, along with the dilution factor, was determined to calculate the CFU (26).



2.4.2 SEM

Only AH plus sealers with and without DMHDM were prepared for the SEM analysis. The sealers containing the grown biofilms were subjected to formaldehyde fixation. On the following day, the sealers with the biofilms were exposed to a serial dilution of ethanol followed by 100% hexamethyldisilane. SEM (Quanta 200; FEI, Hillsboro, OR, USA) images were captured with a magnification of 500–850 × at a voltage of 20 kV (26).




2.5 Statistical analysis

Descriptive statistics (mean, standard deviation, frequency, and percentages) used to summarize the information. Two-way ANOVA and Tukey multiple comparison tests were used to independently compare the mean values between the investigated sealers concerning their physical and antibacterial properties. A 5% significance level used in all tests. The data analyzed using Sigma Plot 12.0 (SYSTAT, Chicago, IL, USA).




3 Result

Both root canal sealer types and the addition of DMAHDM were significant factors pertaining to the film thickness, flow, and contact angle of the root canal sealers, while only the sealer type was a significant factor (P < 0.001) when the solubility was assessed (Table 2). For the antibacterial properties, the addition of DMAHDM and the use of BC sealer were significant factors (P < 0.001) in reducing the biofilm growth of E. faecalis with a significant interaction (P < 0.001). The interaction between the sealer type and the DMAHDM incorporation was only significant when the flow (P = 0.04) and contact angle (P < 0.001) were assessed.


TABLE 2 The impact of the root canal sealer type, DMAHDM incorporation, and their interaction on the physical and antibacterial properties of the root canal sealers.
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Incorporating the DMAHDM to the AH Plus and BC sealers increased the film thickness significantly (P < 0.05; power of analysis = 100%) (Figure 2A). Specifically, when DMAHDM was added to the AH Plus sealer, the film thickness (73.00 ± 13.11) significantly (P = 0.009) increased compared to the control with no DMAHDM (26.66 ± 16.50). Similarly, in the BC sealer, adding the DMAHDM (40.67 ± 12.66) significantly increased the film thickness compared to the control with no DMAHDM (16.33 ± 6.11).
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FIGURE 2
The effect of incorporating DMAHDM on the (A) film thickness (n = 3), (B) flow (n = 3) and (C) contact angle (n = 5) of the AH plus and BC sealers (mean ± SD). Stars denote statistically significant difference between the groups (p < 0.05).


The incorporation of 5 wt.% of DMAHDM reduced the flow of the AH Plus (10.83 ± 0.28) sealer significantly (P < 0.001; power of analysis = 100%) compared to the parental control (16.00 ± 0.50) (Figure 2B). A similar trend was observed in the BC sealers, as the parental control (20.33 ± 0.29) revealed higher flow (P < 0.001) compared to the BC sealer containing DMAHDM (16.16 ± 0.30).

In general, the AH plus sealer revealed a higher contact angle than the BC sealers (P < 0.001; power of analysis = 100%) (Figure 2C). In addition, the incorporation of DMAHDM at 5 wt.% significantly increased the contact angle of the root canal sealers (P < 0.001). The interaction of the sealer type and DMAHDM incorporation was also significant (P < 0.001).

Furthermore, we observed the BC sealer had more solubility (Figure 3) than the AH Plus sealer after 14 days of immersion (P < 0.001; power of analysis = 100%), despite the incorporation of DMAHDM. While adding the DMAHDM reduced the sealers’ solubility, this was not significant (P < 0.05). The solubility by weight percentage reduction on the 3rd, 5th, 7th, and 14th day of immersion showed no significant difference at each time point except on day 14 day.


[image: Figure 3]
FIGURE 3
The effect of incorporating DMAHDM on the solubility of the AH plus and BC sealers (n = 5, mean ± SD). (A) The solubility of the sealers after 14 days of immersion. (B) The solubility of the sealers following 3, 5, 7, and 14 days of immersion. Stars and dissimilar letters denote indicate a significant difference (P < 0.05).


Incorporating 5 wt.% of DMAHDM into the AH Plus and BC sealers significantly reduced biofilm growth, resulting in complete eradication (P < 0.001; power of analysis = 100%) (Figure 4A). Representative SEM images reveal the same findings (Figurse 4B,C), as E. faecalis colonies can be visualized over the sealer without DMHADM (Figure 4B). No colonies were observed over the AH Plus sealer containing DMAHDM (Figure 4C).
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FIGURE 4
The effect of incorporating DMAHDM on the antibacterial properties of AH plus and BC sealers. (A) CFUs of E. faecalis grown over the sealer's groups (n = 6, mean ± SD). Stars denote statistically significant difference between the groups (p < 0.05). (B,C) Scanning electron microscope images (n = 2) show the E. faecalis biofilm growth over the AH Plus sealer with and without the addition of DMAHDM.




5 Discussion

By utilizing the contact-killing properties of DMAHDM, this study successfully developed a novel material combining DMAHDM with two commercially available root canal sealers: AH Plus Root Canal Sealer by DentSply Sirona (New York City, NY, USA) and BC Sealer TotalFill by FKG (Le Crêt-du-Locle, Switzerland). The biofilm growth of E. faecalis bacteria was dramatically reduced by the experimental antibacterial root canal sealers that contained DMAHDM with minor changes in the physical properties of the sealers. Therefore, the hypothesis of this study was accepted.

Clinical research shows that the current chemo-mechanical disinfection techniques used in root canal treatment can be tolerated by microorganisms, which may lead to treatment failure. The Gram-positive facultative anaerobe E. faecalis has been identified from the root canals of patients who have not responded to treatment (25). E. faecalis exhibits multiple virulence factors, including the capacity to attach itself to dentin collagen, endure malnourishment, and inhibit the actions of host lymphocytes, leading to the failure of root canal treatment (24, 27). Additionally, research has shown that E. faecalis organized in biofilms can survive sodium hypochlorite irrigation and calcium hydroxide intracanal dressings at levels 1,000 times higher than their planktonic counterparts (24, 27). All these challenges necessitate advanced approaches to tackle endodontic pathogens during root canal treatment.

Efforts have been made to incorporate antibacterial compounds into root canal filling systems, either by immobilizing them within a polymeric matrix or by allowing the antibacterial components to be released (28, 29). Due to the materials’ intermittent release into the surrounding environment, one drawback of releasing antibacterial agents is their gradual loss of antibacterial activity (28, 29). Long-lasting antibacterial effects can be achieved by contact-killing antibacterial chemicals that are fixed within the substance and do not leak out (20). However, for these materials to succeed, the bacteria need to directly interact with their surfaces. In this study, we utilized DMAHDM as a contact-killing compound, which has demonstrated strong antibacterial properties against cariogenic biofilms when incorporated into adhesives and composites (30–32). It has been documented in this study how adding DMAHDM to a root canal sealer can help prevent E. faecalis biofilm formation. Two-day bacterial biofilms were evaluated in this investigation, which could be considered as immature biofilms when evaluating endodontic infections. Therefore, future investigations may adopt ex vivo models to test the DMAHDM-sealers inside the root canal system where the biofilms can be maintained for an elongated period, such as 21 or 28 days.

The current study employed 5 wt.% DMAHDM as a final concentration based on the findings of earlier research that showed detrimental impacts on the experimental groups’ flow and film thickness of dental materials when the DMAHDM concentration exceeds 5 wt.% (20, 30, 31). In viable E. faecalis, the DMAHDM sealer reduced biofilm CFU in comparison to control groups. However, to gain deeper insight into the impact of DMAHDM root canal sealer on complex biofilm structures, it is recommended that future studies employ a multi-species root canal biofilm model. This approach would enable a more comprehensive understanding of the sealer's effects on complex microbial communities within the root canal system. By utilizing a multi-species model, researchers can evaluate the sealer's efficacy against diverse microorganisms and assess its potential for disrupting biofilm formation and promoting antimicrobial activity.

The sealers’ film thickness and flow are crucial characteristics. Filling regions that are challenging to reach with instruments to stop leaks and guarantee a firm apical seal is among the most crucial roles of root canal sealers (33). To ensure proper distribution along the entire canal wall, it is essential for the sealer to possess excellent flow characteristics. Additionally, considering that sealers are more vulnerable to degradation compared to core materials, it is advisable to apply them in thin layers. However, in the present study, the introduction of DMAHDM at the investigated mass fraction negatively affected both the flow properties and film thickness parameters. Nevertheless, the values were within clinically acceptable limits.

Root canal sealers are used to create an airtight seal within the root canal system, preventing the ingress of bacteria and their byproducts. A sealer with low solubility will maintain its physical integrity over time, ensuring a durable and long-lasting seal (34). High solubility can compromise the seal's integrity, leading to microleakage and subsequent reinfection of the root canal system (35, 36). In this investigation, it was found that adding DMAHDM reduced the solubility of root canal sealers, which can reduce the risk of degradation in addition to its antibacterial properties. Besides, DMAHDM increased the contact angle when incorporated into dental sealers; therefore, less wettability is expected when the root canal sealer is unprotected to the oral atmosphere, resulting in less contamination and bacterial microleakage (20).

Despite the encouraging data found in our investigations, there are some limitations that need to be considered in future studies. First, the biofilm grown in this study was young and not mature enough to address the aggressivity of endodontic infections. Besides, this study applied a single-species biofilm model, which does not represent the actual clinical situation. As a result, future investigations may consider elongating the biofilm period, using an ex vivo model, and applying a multi-species biofilm. Second, this study is an in vitro study, and complementing the data here using a clinical translational model is highly needed to test the material inside the challenging oral environment. Third, investigating other in vitro physical and mechanical properties, such as elastic modulus, bonding strength, and radiopacity, is needed. Finally, there is a need for more investigation regarding how the addition of DMAHDM may affect the setting reaction of the sealers and, consequently, their performance in vivo.



5 Conclusion

This study demonstrated that sealers containing 5 wt.% of DMAHDM are effective in eradicating E. faecalis biofilms in vitro, with minor changes related to the physical properties of the sealers. These findings suggest that DMAHDM, as a contact-killing agent, could be a promising approach to prevent endodontic reinfections. However, more investigations using translational models are necessary to fully verify the effectiveness of DMAHDM against endodontic pathogens and infections.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.



Author contributions

AB: Conceptualization, Data curation, Formal Analysis, Investigation, Methodology, Software, Supervision, Validation, Writing – original draft, Writing – review & editing. FA: Investigation, Project administration, Resources, Software, Validation, Visualization, Writing – original draft. FA: Data curation, Formal Analysis, Investigation, Methodology, Software, Supervision, Writing – original draft, Writing – review & editing. HA: Formal Analysis, Funding acquisition, Project administration, Resources, Supervision, Validation, Visualization, Writing – review & editing. AK: Formal Analysis, Funding acquisition, Project administration, Resources, Supervision, Validation, Visualization, Writing – review & editing. FA: Formal Analysis, Funding acquisition, Project administration, Resources, Supervision, Validation, Visualization, Writing – review & editing. RA: Formal Analysis, Funding acquisition, Project administration, Resources, Validation, Visualization, Writing – review & editing. MW: Conceptualization, Funding acquisition, Resources, Supervision, Validation, Visualization, Writing – review & editing. HX: Conceptualization, Funding acquisition, Resources, Supervision, Validation, Visualization, Writing – review & editing.



Funding

The author(s) declare that no financial support was received for the research, authorship, and/or publication of this article.



Acknowledgments

The authors would like to thank Imam Abdulrahman Bin Faisal University for the use of facilities and equipment.



Conflict of interest

The authors (HX and MW) have patents (US20150299345A1) to manufacture and use the antibacterial monomers used in this study.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

1. Chávez de Paz LE. Microbial biofilms in root canal systems. In: Ahmed HMA, Dummer PMH, editors. Endodontic Advances and Evidence-Based Clinical Guidelines. West Sussex: John Wiley & Sons, Ltd (2022). p. 74–84. Available online at: https://onlinelibrary.wiley.com/doi/abs/10.1002/9781119553939.ch3

2. Rôças IN, Siqueira JF. Identification of bacteria enduring endodontic treatment procedures by a combined reverse transcriptase-polymerase chain reaction and reverse-capture checkerboard approach. J Endod. (2010) 36(1):45–52. doi: 10.1016/j.joen.2009.10.022

3. Alquria TA, Acharya A, Tordik P, Griffin I, Martinho FC. Impact of root canal disinfection on the bacteriome present in primary endodontic infection: a next generation sequencing study. Int Endod J. (2024) 57:1124–35. doi: 10.1111/iej.14074

4. Sakko M, Tjäderhane L, Rautemaa-Richardson R. Microbiology of root canal infections. Prim Dent J. (2016) 5(2):84–9. doi: 10.1308/205016816819304231

5. Vera J, Siqueira JF, Ricucci D, Loghin S, Fernández N, Flores B, et al. One- versus two-visit endodontic treatment of teeth with apical periodontitis: a histobacteriologic study. J Endod. (2012) 38(8):1040–52. doi: 10.1016/j.joen.2012.04.010

6. Stuart CH, Schwartz SA, Beeson TJ, Owatz CB. Enterococcus faecalis: its role in root canal treatment failure and current concepts in retreatment. J Endod. (2006) 32(2):93–8. doi: 10.1016/j.joen.2005.10.049

7. Rôças IN, Siqueira JF, Santos KRN. Association of Enterococcus faecalis with different forms of periradicular diseases. J Endod. (2004) 30(5):315–20. doi: 10.1097/00004770-200405000-00004

8. Alfirdous RA, Garcia IM, Balhaddad AA, Collares FM, Martinho FC, Melo MAS. Advancing photodynamic therapy for endodontic disinfection with nanoparticles: present evidence and upcoming approaches. Appl Sci. (2021) 11(11):4759. doi: 10.3390/app11114759

9. Alghamdi F, Shakir M. The influence of Enterococcus faecalis as a dental root canal pathogen on endodontic treatment: a systematic review. Cureus. (2020) 12(3):e7257. doi: 10.7759/cureus.7257.32292671

10. Prada I, Micó-Muñoz P, Giner-Lluesma T, Micó-Martínez P, Collado-Castellano N, Manzano-Saiz A. Influence of microbiology on endodontic failure. Literature review. Med Oral Patol Oral Cir Bucal. (2019) 24(3):e364–72. doi: 10.4317/medoral.22907

11. Fan W, Wu D, Tay FR, Ma T, Wu Y, Fan B. Effects of adsorbed and templated nanosilver in mesoporous calcium-silicate nanoparticles on inhibition of bacteria colonization of dentin. Int J Nanomedicine. (2014) 9:5217–30. doi: 10.2147/IJN.S73144

12. Baras BH, Melo MAS, Thumbigere-Math V, Tay FR, Fouad AF, Oates TW, et al. Novel bioactive and therapeutic root canal sealers with antibacterial and remineralization properties. Materials (Basel). (2020) 13(5):1096. doi: 10.3390/ma13051096

13. Versiani MA, Abi Rached-Junior FJ, Kishen A, Pécora JD, Silva-Sousa YT, de Sousa-Neto MD. Zinc oxide nanoparticles enhance physicochemical characteristics of grossman sealer. J Endod. (2016) 42(12):1804–10. doi: 10.1016/j.joen.2016.08.023

14. Haghgoo R, Ahmadvand M, Nyakan M, Jafari M. Antimicrobial efficacy of mixtures of nanosilver and zinc oxide eugenol against Enterococcus faecalis. J Contemp Dent Pract. (2017) 18(3):177–81. doi: 10.5005/jp-journals-10024-2012

15. Del Carpio-Perochena A, Kishen A, Shrestha A, Bramante CM. Antibacterial properties associated with chitosan nanoparticle treatment on root dentin and 2 types of endodontic sealers. J Endod. (2015) 41(8):1353–8. doi: 10.1016/j.joen.2015.03.020

16. Li F, Weir MD, Xu HHK. Effects of quaternary ammonium chain length on antibacterial bonding agents. J Dent Res. (2013) 92(10):932–8. doi: 10.1177/0022034513502053

17. Mitwalli H, Alsahafi R, Balhaddad AA, Weir MD, Xu HHK, Melo MAS. Emerging contact-killing antibacterial strategies for developing anti-biofilm dental polymeric restorative materials. Bioengineering (Basel). (2020) 7(3):83. doi: 10.3390/bioengineering7030083

18. Baras BH, Wang S, Melo MAS, Tay F, Fouad AF, Arola DD, et al. Novel bioactive root canal sealer with antibiofilm and remineralization properties. J Dent. (2019) 83:67–76. doi: 10.1016/j.jdent.2019.02.006

19. Baras BH, Sun J, Melo MAS, Tay FR, Oates TW, Zhang K, et al. Novel root canal sealer with dimethylaminohexadecyl methacrylate, nano-silver and nano-calcium phosphate to kill bacteria inside root dentin and increase dentin hardness. Dent Mater. (2019) 35(10):1479–89. doi: 10.1016/j.dental.2019.07.014

20. Balhaddad AA, Garcia IM, Mokeem L, Ibrahim MS, Collares FM, Weir MD, et al. Bifunctional composites for biofilms modulation on cervical restorations. J Dent Res. (2021) 100(10):1063–71. doi: 10.1177/00220345211018189

21. Balhaddad AA, Ibrahim MS, Weir MD, Xu HHK, Melo MAS. Concentration dependence of quaternary ammonium monomer on the design of high-performance bioactive composite for root caries restorations. Dent Mater. (2020) 36(8):e266–78. doi: 10.1016/j.dental.2020.05.009

22. ISO 4049:2009. Dentistry - Polymer-based restorative materials. Available online at: https://webstore.ansi.org/Standards/ISO/ISO40492009?gclid=EAIaIQobChMI49fVzfqo7wIVGOXICh3o-QogEAAYASAAEgIIpfD_BwE (Accessed October 15, 2024).

23. Huang G, Liu SY, Wu JL, Qiu D, Dong YM. A novel bioactive glass-based root canal sealer in endodontics. J Dent Sci. (2022) 17(1):217–24. doi: 10.1016/j.jds.2021.04.018

24. Kayaoglu G, Ørstavik D. Virulence factors of Enterococcus faecalis: relationship to endodontic disease. Crit Rev Oral Biol Med. (2004) 15(5):308–20. doi: 10.1177/154411130401500506

25. Ahmed S, Jehad Hassan S, Gajdhar S, Saleh Alhazmi L, Yahya Khalifah R, Alhusain Alrifai J, et al. Prevalence of Enterococcus faecalis and Candida albicans in endodontic retreatment cases: a comprehensive study. Saudi Dent J. (2024) 36(4):539–45. doi: 10.1016/j.sdentj.2024.01.009

26. Balhaddad AA, Xia Y, Lan Y, Mokeem L, Ibrahim MS, Weir MD, et al. Magnetic-responsive photosensitizer nanoplatform for optimized inactivation of dental caries-related biofilms: technology development and proof of principle. ACS Nano. (2021) 15(12):19888–904. doi: 10.1021/acsnano.1c07397

27. Jamet A, Dervyn R, Lapaque N, Bugli F, Perez-Cortez NG, Blottière HM, et al. The Enterococcus faecalis virulence factor ElrA interacts with the human four-and-a-half LIM domains protein 2. Sci Rep. (2017) 7(1):4581. doi: 10.1038/s41598-017-04875-3

28. Shrestha A, Zhilong S, Gee NK, Kishen A. Nanoparticulates for antibiofilm treatment and effect of aging on its antibacterial activity. J Endod. (2010) 36(6):1030–5. doi: 10.1016/j.joen.2010.02.008

29. Balhaddad AA, Kansara AA, Hidan D, Weir MD, Xu HHK, Melo MAS. Toward dental caries: exploring nanoparticle-based platforms and calcium phosphate compounds for dental restorative materials. Bioactive Materials. (2019) 4:43–55. doi: 10.1016/j.bioactmat.2018.12.002

30. Balhaddad AA, Ibrahim MS, Garcia IM, Collares FM, Weir MD, Xu HH, et al. Pronounced effect of antibacterial bioactive dental composite on microcosm biofilms derived from patients with root carious lesions. Front Mater. (2020) 7:583861. doi: 10.3389/fmats.2020.583861

31. Ibrahim MS, Ibrahim AS, Balhaddad AA, Weir MD, Lin NJ, Tay FR, et al. A novel dental sealant containing dimethylaminohexadecyl methacrylate suppresses the cariogenic pathogenicity of Streptococcus mutans biofilms. Int J Mol Sci. (2019) 20(14):3491. doi: 10.3390/ijms20143491

32. Al-Qarni FD, Tay F, Weir MD, Melo MAS, Sun J, Oates TW, et al. Protein-repelling adhesive resin containing calcium phosphate nanoparticles with repeated ion-recharge and re-releases. J Dent. (2018) 78:91–9. doi: 10.1016/j.jdent.2018.08.011

33. Kim YK, Grandini S, Ames JM, Gu LS, Kim SK, Pashley DH, et al. Critical review on methacrylate resin-based root canal sealers. J Endod. (2010) 36(3):383–99. doi: 10.1016/j.joen.2009.10.023

34. Urban K, Neuhaus J, Donnermeyer D, Schäfer E, Dammaschke T. Solubility and pH value of 3 different root canal sealers: a long-term investigation. J Endod. (2018) 44(11):1736–40. doi: 10.1016/j.joen.2018.07.026

35. Kwak SW, Koo J, Song M, Jang IH, Gambarini G, Kim HC. Physicochemical properties and biocompatibility of various bioceramic root canal sealers: in Vitro study. J Endod. (2023) 49(7):871–9. doi: 10.1016/j.joen.2023.05.013

36. Wang L, Xie X, Weir MD, Fouad AF, Zhao L, Xu HHK. Effect of bioactive dental adhesive on periodontal and endodontic pathogens. J Mater Sci Mater Med. (2016) 27(11):168. doi: 10.1007/s10856-016-5778-2



OPS/images/froh-06-1524541-t002.jpg
Film thickness Sealer type 1 136533 1,365.33 851 0.019
DMAHDM 1 3,745.33 3,745.33 2334 0.001
Sealer typex DMAHDM 1 363 363 226 0171
Residual 8 1284 1605
Total 11 6,757.67 614.33

Flow Sealer type 1 70.08 70.08 560.67 <0.001
DMAHDM 1 6533 6533 52267 <0.001
Sealer typex DMAHDM 1 075 075 6 004
Residual 8 1 0.12
Total 1 13717 1247

Contact angle Sealer type 1 11,08188 11,0818 2,248.97 <0.001
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