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Editorial on the Research Topic 


Novel strategies for caries control


Dental biofilm (plaque) is one of the primary contributors in the development of oral diseases, including dental caries, a “biofilm-mediated, sugar-driven, multifactorial, dynamic disease that poses significant public health concerns.” Dental caries is more than a localized oral health concern—it is intricately linked to systemic health, underscoring its significance as a broader public health issue. According to the caries ecology hypothesis, a sugar-driven imbalance in oral biofilms triggers caries development, making biofilm control and dietary interventions central to caries prevention. Despite extensive research and clinical practice targeting oral biofilms, current strategies remain insufficient. In the Post-Antibiotic Era, there is an urgent need for the development of novel strategies for caries control whether through direct targeting of oral biofilms or through modulation of the oral environment.”

This Research Topic assembles original research and reviews on novel caries control strategies, including: antibacterial agents and novel molecules (allulose, L-arginine, lysine acetylation), novel potential targets (fungi, particularly Candida albicans), advanced anti-biofilm dental materials (anti-caries hydrogels, zein-based curcumin nanocapsules, drug-delivery nanosystems), probiotics (Lactobacillus salivarius), and novel strategies to prevent secondary caries.

Han et al. evaluated the cariogenic potential of allulose using multi-tiered in vitro models, including single-species, dual-species, and saliva-derived biofilms. Compared to sucrose, glucose, and fructose, allulose significantly reduced bacterial growth, acid production, and biofilm formation, resembling non-fermentable sugar alcohols such as xylitol and erythritol. Biofilms grown with allulose lacked dense EPS-rich structures, while saliva-derived biofilms maintained higher microbial diversity with health-associated genera. These findings suggest that allulose has low cariogenic potential and may serve as a non-cariogenic, microbiome-friendly sugar alternative.

Gao et al. investigated the effects of L-arginine on key cariogenic oral microbes Streptococcus mutans and C. albicans. Using planktonic growth assays, biofilm biomass measurements, crystal violet staining, CFU counts, fluorescence in situ hybridization (FISH), and assessments of extracellular polysaccharide and lactic acid production in dual-species biofilms, they found that L-arginine inhibited both planktonic growth and biofilm formation in single-species and dual-species cultures, reduced biofilm adhesion, and suppressed extracellular polysaccharide and acid production. L-arginine may therefore represent a novel strategy to disrupt cross-kingdom interactions and synergistic cariogenicity.

Wang et al. reviewed secondary caries, a major cause of restoration failure, emphasizing the need for antimicrobial strategies in restorative materials. They categorized materials as releasing or non-releasing based on their antimicrobial mechanisms. Traditional release-based approaches often lack precision, durability, and adaptability for long-term caries prevention. The review focused on next-generation controlled-release antimicrobial systems, discussing the design of novel nanomaterials, their functional efficacy, and the mechanisms of representative antimicrobial agents. These advanced systems aim to provide sustained, targeted antimicrobial activity, enhancing restoration longevity and effectively inhibiting secondary caries.

Chen et al. summarized advances in anti-caries hydrogels for the prevention and treatment of dental caries. The review discussed natural and semi-synthetic polymers as hydrogel matrices and various hydrogel types, including probiotic, antibacterial, remineralization-inducing, and saliva-related caries-reducing hydrogels. Mechanisms, functional efficacy, current research status, and limitations were highlighted. These hydrogels show promise in modulating microbial dysbiosis, promoting remineralization, and providing targeted caries prevention, offering a versatile platform for future oral health therapeutics.

Erckmann et al. developed zein-based curcumin nanocapsules (Nano-curcumin) for minimally invasive caries management. Synthesized via nanoprecipitation, nanocapsules were characterized for size, morphology, encapsulation efficiency, release, and biocompatibility, and tested against S. mutans on dentin slices with or without photodynamic therapy (PDT). Nano-curcumin exhibited high encapsulation (~100%), spherical morphology, low polydispersity, sustained 24-hour release, and good cytocompatibility. Both Nano-curcumin and PDT-enhanced Nano-curcumin significantly reduced bacterial CFU, with PDT providing the greatest reduction, demonstrating their potential as safe and minimally invasive anti-caries agents.

Zhou et al. reviewed the role of fungi, particularly Candida albicans, in dental caries. Fungal biofilms release extracellular DNA (eDNA) and DNA-containing extracellular vesicles (EVs), which, together with bacterial eDNA, form the biofilm matrix and activate the host cGAS-STING signaling pathway. The review detailed molecular mechanisms of STING activation by viral, bacterial, and fungal DNA, explored direct and indirect fungal-mediated activation, and highlighted dual immune effects—enhancing antifungal defense while potentially promoting tissue damage via inflammation. Knowledge gaps were identified, with directions proposed for targeted prevention and treatment.

Yang et al. summarized the role of lysine acetylation, a post-translational modification, in regulating oral microbiota. Lysine acetylation influences bacterial metabolism, virulence, stress responses, and EPS production, affecting biofilm formation and colonization. For instance, acetylation of lactate dehydrogenase in S. mutans reduces acid production and tolerance, lowering cariogenic potential. Acetylation also enables bacterial adaptation to fluctuating oral environments, including hypoxia, and interacts with other PTMs to modulate protein function. Understanding these mechanisms offers insights into microbial adaptation and pathogenesis, providing potential therapeutic targets for oral disease prevention.

Ma et al. investigated the antibiofilm effects of L. salivarius supernatant on S. mutans. Biofilms were treated with cell-free supernatant, followed by RNA-seq, qRT-PCR, and non-targeted metabolomic analysis. The supernatant inhibited biofilm formation by suppressing phosphoenolpyruvate-dependent phosphotransferase systems, ATP-binding cassette transporters, two-component systems, quorum sensing, acid stress responses, and EPS production, without directly affecting glucosyltransferase genes. Metabolomic analysis identified active compounds, including phenyllactic acid, sorbitol, and honokiol, suggesting L. salivarius as a promising probiotic for caries prevention.

Du et al. reviewed nanosystems for drug delivery in dental caries management. Traditional drug delivery suffers from poor tissue penetration, short action duration, and low specificity. Nanosystems enhance drug stability, solubility, and bioavailability while minimizing side effects. Their roles include inhibiting bacterial survival, preventing biofilm formation, reducing demineralization, and promoting remineralization. These properties position nanosystems as next-generation strategies, with the potential to become mainstream approaches for caries prevention and treatment.

Collectively, these studies underscore cutting-edge achievements and outline future directions for caries prevention and management. Beyond biofilm control, another critical approach involves inhibiting demineralization and promoting remineralization. Therefore, developing novel strategies that integrate biofilm management with mineralization regulation represents a promising research direction. Dietary intervention constitutes a further key component in achieving effective caries management. Furthermore, advancements in artificial intelligence (AI) offer new opportunities, such as creating intelligent systems for caries risk assessment and early screening, and discovering novel antimicrobial agents like antimicrobial peptides, which could significantly contribute to caries control.




Author contributions

XH: Writing – original draft. AZ: Writing – review & editing.





Conflict of interest

The author(s) declared that this work was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Generative AI statement

The author(s) declared that financial support was not received for this work and/or its publication.

Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.





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.

Copyright © 2025 Huang and Zandoná. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




REVIEW

published: 11 February 2025

doi: 10.3389/fcimb.2025.1546816

[image: image2]


The advancement of nanosystems for drug delivery in the prevention and treatment of dental caries


Han Du 1†, Zheng Wang 1†, Shenglan Long 1, Yiding Li 1 and Deqin Yang 1,2,3*


1 Stomatological Hospital of Chongqing Medical University, Chongqing Key Laboratory of Oral Diseases, Chongqing, China, 2 Department of Conservative Dentistry and Endodontics, Shanghai Stomatological Hospital & School of Stomatology, Fudan University, Shanghai, China, 3 Shanghai Key Laboratory of Craniomaxillofacial Development and Diseases, Fudan University, Shanghai, China




Edited by: 

Keke Zhang, Wenzhou Medical University, China

Reviewed by: 

Haohao Wang, Sichuan University, China

Yilan Miao, University of Michigan, United States

*Correspondence: 

Deqin Yang
 500246@hospital.cqmu.edu.cn

†These authors have contributed equally to this work


Received: 17 December 2024

Accepted: 14 January 2025

Published: 11 February 2025

Citation:
Du H, Wang Z, Long S, Li Y and Yang D (2025) The advancement of nanosystems for drug delivery in the prevention and treatment of dental caries. Front. Cell. Infect. Microbiol. 15:1546816. doi: 10.3389/fcimb.2025.1546816



The dental caries remains a globally prevalent disease. Although its incidence has decrease due to enhancements in sanitation policies and public health measures, the treatment and prevention of dental caries still pose significant challenges. Within the oral cavity, traditional drug delivery systems suffer from limitation such as inadequate tissue penetration, short duration of action at target site, and low specificity, which minimally affect the prevention and treatment of dental caries. Consequently, nanosystem for drug delivery, offering enhanced drug stability, solubility, and bio-availability while reducing side effects, garnering attention increasing attention in the fight against dental caries. Therefore, this review examines the role of nanosystems for drug delivery in combating dental caries by inhibiting bacteria survival, biofilm formation, demineralization, and promoting remineralization, and exploring their potential to become the mainstream means of prevention and treatment of dental caries in future.
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1 Introduction

Dental caries, primarily caused by bacterial infections, is a progressive and destructive disease affecting the hard tissue of teeth. When dental caries develops into periapical inflammation, it can not only lead to severe pain for the patient but also cause potentially sepsis due to the spread of localized infection (Pitts et al., 2017). Statistical data suggests that dental caries is one of the most prevalent diseases worldwide, “A Systematic Analysis for the Global Burden of Disease 2017 Study” reveals that the out of 3.5 billion cases of oral diseases, and including 2.3 billion cases of untreated permanent tooth decay (GBD 2015 Disease and Injury Incidence and Prevalence Collaborators, 2016; Bernabe et al., 2020).

The formation of dental caries initiates when salivary proteins adhere to the tooth surface to form an acquired pellicle, which is colonized by bacteria quickly, eventually leading to form the plaque biofilm (Bowen et al., 2018). The plaque biofilm comprises various cariogenic bacteria, particularly Streptococcus mutans, lactobacillus, and actinomycetes. These bacteria metabolize carbohydrates (primarily free sugars) in the dental biofilm, producing acids through glycolysis (Zhang et al., 2022), thereby reducing the oral pH value. With the continuous acid and the lower pH value of oral environment, which leads to the loss of minerals such as calcium and phosphate from the enamel into the external environment. The gradual loss of mineral particles in hydroxyapatite results in demineralization, thus forming carious lesions (Selwitz et al., 2007). Due to the unique physiological and anatomical characteristics of the tooth (Marsh, 2010) and the growth of maturing cariogenic bacteria is protected by Extracellular polysaccharides (EPS) (Sims et al., 2018), effectively removing the plaque biofilm and the expected performance of the local antimicrobial drug pose significantly challenges.

Nowadays, most traditional anti-caries drugs exhibit low bioavailability and poor solubility, leading to they are eliminated from body quickly. Furthermore, the emergence of drug-resistant pathogens and dose-dependent adverse effects of certain chemicals severely limit the efficacy of traditional therapies (Renugalakshmi et al., 2011). Consequently, anti-caries nanosystems for drug delivery have become one of the breakthrough points in the research of caries prevention and treatment. Nanosystems for drug delivery utilize the nanoparticles with a range from 1 to 100nm (Murthy, 2007), as carriers to encapsulate, safeguard, and convey drug molecules to targeted bodily regions. Research have indicated that the nanoparticles hold remarkable potential in drug delivery (Khizar et al., 2023), attracting much attention by improving the drug stability, solubility, and bioavailability while mitigating side effects, thus enhancing the therapeutic effectiveness (Qiao et al., 2022) The most common drug delivery nanoparticles include liposomes, solid lipid nanoparticles, inorganic nanoparticles (nanosilica, gold, silver), polymer nanoparticles, and polymeric micelles (Torchilin, 2014). These nanoparticles play a key role in drug delivery. Compared with traditional drug delivery systems, nanosystems for drug delivery offer superior performance in suppressing cariogenic bacteria and advancing dental remineralization. This review elucidates the anti-caries effectiveness of nanodelivery systems, spotlighting their role in curbing the growth of cariogenic bacteria, biofilm development, and demineralization, and fostering remineralization, alongside their prospective utility in forthcoming anti-caries interventions (Figure 1).

[image: Diagram illustrating nanoparticle drug delivery systems with sections for oxidative stress, damage to intercellular structures, remineralization, and increasing membrane absorbency. Central circle labeled "Nano-systems for drug delivery" is surrounded by sections showing polymeric micelles, liposomes, hydrogels, mesoporous silica, nanohydroxyapatite, amorphous calcium phosphate, bioactive glass, and metal nanoparticles, each with visual examples and chemical symbols like Ca²⁺ and PO₄³⁻. Arrows and graphics demonstrate processes like stress, DNA damage, cell death, and demineralization.]
Figure 1 | Nanodelivery systems currently used for anti - caries and their anti - caries mechanisms.




2 Anti-biofilm



2.1 Liposomes

Liposomes are spherical nanovesicles composed of phospholipids and cholesterol, which carry a wide range of diagnostic or therapeutic hydrophobic and hydrophilic medications. They can also deliver and protect encapsulated compounds from the effects of metabolic processes (Liu et al., 2021). Studies have shown that liposomes can adsorb onto hydroxyapatite, which enables them to adhere the enamel surface for extended periods (Nguyen et al., 2010), prolonging their presence in the oral cavity. This adsorption capability, coupled with their capacity to encapsulate lipophilic or hydrophilic drugs, contributes to their effective antibacterial action against the plaque biofilm. Moreover, by physically covering the enamel surface, liposomes offer additional protection to the enamel (Nguyen et al., 2011).

Currently, the efficacy of medicine for the early prevention and treatment of dental caries is impacted by the diversity of the oral microbiome, mainly due to the drugs, poor biofilm-targeting capabilities. Lactoferrin has been proven to inhibit the proliferation of S. mutans and the ability of oral pathogens to form biofilms. P Habibi et al. used the thin-layer distribution method to prepare lactoferrin-containing nano-liposomes to evaluate their effect on the biofilm formed by S. mutans. The results showed that nano-lactoferrin was more effective in reducing the colony-forming units (CFU) of the S. mutans biofilm than free lactoferrin, and nano-liposomes of lactoferrin also significantly reduced the lactate production by S. mutans (Habibi et al., 2022). Similarly, research has shown that lipopolysaccharide -encapsulated magnolol (MAG) and fluconazole (FLC) to address their hydrophobicity and rapidly release the drugs in a pH-sensitive manner (Luo et al., 2023). This drug delivery system successfully overcame the hydrophobic characterization of the drugs, enhancing their antimicrobial efficacy against C. albicans and S. mutans. Furthermore, due to the modification of these composite particles with pyrophosphate ions (PPI), which exhibit good affinity with hydroxyapatite, the PPI - Mag/FLC-LPs can deliver drugs to teeth with high affinity, presenting a novel perspective on the use of nanosystems for drug delivery-based for cooperative drug delivery in oral anti-biofilm treatments.

The expression levels of histatin-1 in populations across different age groups who are prone to dental caries are significantly lower than in those without caries, suggesting that histatin-1 may have important implications for the prevention and treatment of dental caries (Wang et al., 2018a, 2018b). With high affinity for enamel surfaces, activities in the formation of acquired enamel pellicle and the N-terminal domain of histatin-1 could competitively reduce the adhesion of S. mutans onto HAP surfaces, Zhang and coworkers synthesized a novel biomimetic peptide DK5 (DpSHEK) inspired by histatin-1, it could adsorb to the surface of acid eroded HAP and guide the nucleation of calcium and phosphorus for enamel remineralization. Although it has potential for remineralization of initial enamel, it cannot be used clinically because of its remaining problems including quick elimination, easy dilution and degradation in the oral cavity.

Consequently, they prepared histatin-1 derived peptide-loaded liposomal system (DK5-Lips) indicated that DK5-Lips exhibited a sustained release profile, excellent stability in saliva, DK5-Lips group had higher surface microhardness recovery, shallower caries depth and less mineral loss in bovine enamel, moreover, it has no significant toxicity on human gingival fibroblasts (HGFs) (Zhang et al., 2023). The novel liposomal delivery system for a novel peptide derived from (DK5-Lips) as a new biomimetic mineralization strategy against initial enamel caries, the system could exert significant anti-caries effect both in vitro and in vivo, evidenced by the increased level of remineralization and the reduced degree of caries decay.

Xiao et al. developed a liposome-encased formulation of indocyanine green (ICG) and rapamycin for drug delivery (ICG-rapamycin). Their investigation revealed that ICG-rapamycin, when subjected to 808 nm laser excitation, significantly enhances the levels of reactive oxygen species (ROS) and temperature, thereby activating photodynamic and photothermal mechanisms to elicit antibacterial effects. Furthermore, ICG-rapamycin promotes bacterial motility by elevating intracellular ATP concentrations within bacterial cells and simultaneously inhibiting both bacterial adhesion and biofilm formation. This innovative anti-biofilm strategy effectively addresses the challenge of disease recurrence resulting from the proliferation of residual viable bacteria, which can generate biofilms post-antibacterial treatment. Additionally, near-infrared (NIR) laser excitation facilitates M2 polarization and augments TGF-β concentrations, leading to a reduction in cellular inflammatory responses and improving the phagocytic activity of macrophages toward bacteria. The results of this investigation indicate that ICG-rapamycin has the potential to effectively treat and prevent common biofilm-associated oral diseases by modulating the microbial-cellular microenvironment, thereby offering considerable promise for future applications in dental clinics (Xiao et al., 2023).

Curcumin, functioning as a natural exogenous photosensitizer, interacts with ground-state molecular oxygen to produce reactive oxygen species (ROS) under blue light excitation (Luby et al., 2019). The recent study conducted by Hu and coworkers designed a liposome with adhesion properties to deliver curcumin (Cur@LP) into the biofilm. Curcumin can be released from the liposome near the biofilm and exert an antibacterial effect by dispersing the biofilm under blue light irradiation. The result indicates that Cur@LP group had the least residual S. mutans biofilm when compared with other groups. It proves that the Cur@LP has better activity of antibacterial and adhesion onto the S. mutans biofilm but no significant cytotoxicity compared with curcumin group. Clinically, the convenience offered 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 (Hu et al., 2023). Liposomes show promise for targeted drug delivery in oral care, offering enhanced biofilm control, remineralization. However, more clinical experiments are still needed to prove its safety for its application.




2.2 Poly - (lactic-co-glycolic acid) (PLGA)

The combination of Lactic Acid (LA) and Glycolic Acid (GA) creates a copolymer system called PLGA, PLGA nanoparticles are used for sustainable drug delivery systems because of their excellent bioavailability, biocompatibility, biodegradability, small size, and ability to release medicine over time (Vlachopoulos et al., 2022; Narmani et al., 2023). One of the main uses of PLGA is in delivering drugs, and it can be shaped into large-scale structures (like scaffolds or gels), microparticles (MP), or even smaller nanoparticles (NP). In the realm of healthcare, these PLGA formats have shown their potential to encapsulate various kinds of medicinal agents, including antibiotic, drugs that reduce inflammation, and antioxidants, to fulfill therapeutic objectives. Crucially, materials based on PLGA can shield the encapsulated drugs from degradation early and ensure a steady release of medication, making them exceptionally well-suited for treatments that span a longer duration.

Chlorhexidine (CHX) has been widely used in dentistry, usually in the form of an oral rinse, to prevent the formation of dental plaque and calculus, as well as to treat oral inflammation. CHX has been considered the “gold standard” (Hetrick et al., 2009) among antimicrobial agents due to its broad-spectrum antimicrobial effects. A single direct pre-treatment with CHX on the acid-etched dentin matrix significantly enhances the degradation resistance of the resin-dentin bond interface. However, without a drug-release source, the concentration of CHX cannot be guaranteed, and the non-biodegradable CHX-modified bonding resin could hinder the release of CHX due to the thickness of the adhesive layer, adversely affecting the dentin bonding system. Therefore, Priyadarshini et al. loaded CHX onto PLGA nanoparticles. These CHX@PLGA nanoparticles exhibited low cytotoxicity and strong antibacterial abilities, and CHX was continuously released over 28 days (Priyadarshini et al., 2017). In addition, when CHX@PLGA nanoparticles were in aqueous solution, they could penetrate up to 10 μm deep into dentinal tubules and tightly bond with the resin after penetration of the adhesive. It demonstrated the potential application of CHX@PLGA entering dentinal tubules for adhesive restorative treatments and its capability to deliver other drugs already used in dental treatments, thereby expanding the therapeutic methods for oral diseases continuously.

Additionally, F.O. Sousa et al. discovered that PLGA composites containing chlorhexidine diacetate and Digluconate demonstrate potent antimicrobial properties against S. mutans (Francisco Fábio Oliveira de et al., 2021). Specifically, the digluconate encapsulated in a solid form within PLGA exhibits a rapid release. Moreover, diacetate-loaded PLGA particles ensure a consistent and sustained release of the drug over a period of 120 days. Advances in nanotechnology and targeted delivery methods may enhance the capabilities of PLGA-based systems, allowing for improved patient outcomes and the development of personalized strategies for oral health maintenance and caries prevention.




2.3 Mesoporous silica nanoparticles (MSN)

Mesoporous materials refer to nanomaterials with pore sizes in the range of 2 to 50 nm, among which mesoporous silica has attracted considerable attention due to its excellent controllable drug delivery capabilities (María et al., 2022; Bianca et al., 2023). Mesoporous silica nanoparticles (MSNs) maintain a certain chemical stability, surface functionality (high surface area and adjustable pore size), biocompatibility, and biodegradability because of their unique mesoporous structure. With these properties, MSNs ensure the controlled release and targeted delivery of various drug molecules (Komal Sadashiv, 2015; Lanlan et al., 2023). Moreover, MSNs can respond to certain stimuli during the loading, protection, and transport of drugs to release them. Therefore, MSNs can load antimicrobial drugs and incorporate them into resin composites to produce an anticariogenic effect (Montserrat and María, 2020). In summary, due to their large surface area and pore size, which enable a higher drug load capacity and targeted drug delivery, MSNs enhance therapeutic efficacy while reducing side effects, exhibiting safer and more effective treatment outcomes.

Research has proven that L-arginine can be metabolized by the arginine deiminase system in oral bacteria, thereby raising the pH value of dental plaque and reducing the risk of caries (Marcelle et al., 2013). Researchers prepared MSNs loaded with L-arginine and integrated them into the dentin adhesive system (Arg@MSN@DAdh) (Marta et al., 2022). The experiments revealed that the adhesive system containing Arg@MSN@DAdh significantly reduced the populations of S. mutans and Lactobacillus casei, with no observed compromise in its physical, mechanical, and adhesive properties. Furthermore, this composite could continuously release L-arginine, exhibiting enduring antibacterial capabilities and preventing biofilm formation.

Studies have found that encapsulating CHX in MSNs enables it to penetrate the biofilms of S. mutans and interact with other microbes (Ya et al., 2011; Li et al., 2016); it even retains its biofilm-inhibitory effect after 50 hours. Based on this, Lu et al. developed biodegradable disulfide-bridged MSN, it could deliver silver nanoparticles and CHX (Ag-MSNs@CHX) concurrently (Lu et al., 2018). Experiments have shown that, due to its redox and pH-responsive release properties, this composite significantly inhibits the growth and biofilm formation of S. mutans, and its antibacterial effect is superior to that of an equivalent amount of free CHX. More importantly, no abnormal reactions were observed in mice after oral administration of Ag-MSNs@CHX, and Ag-MSNs@CHX significantly reduced the cytotoxicity of CHX to the oral mucosal epithelial cells.

Two-component signal transduction systems (TCSTS) are capable of modulating gene expression in response to external environmental changes. The VicRK system, one of the TCSTS, consists of a membrane-bound sensor (VicK) and a cytoplasmic response regulator (VicR). VicR is an essential regulator in exopolysaccharide (EPS) production which is one of the main cariogenic factors of S. mutans. It is reported that an Antisense vicR RNA (ASvicR) could bind to vicR mRNA, hindering the transcription and translation of the vicR gene. Moreover, ASvicR can inhibit EPS synthesis, bacterial growth, and cariogenicity of S. mutans, suggesting its potential as a strategy for caries prevention (Senadheera et al., 2005; Dongsheng et al., 2007; Lei et al., 2019; Yuting et al., 2023). Tian and coworkers had constructed a recombinant plasmid containing the ASvicR sequence (plasmid-ASvicR) and proved that it could reduce EPS synthesis, biofilm formation, and cariogenicity. However, the recombinant plasmids need protection from enzymatic degradation and require higher transformation efficiency. Consequently, they further synthesized and characterized aminated dendritic mesoporous silica nanoparticles (DMSNs-NH2) and demonstrated its capability to transport and maintain the integrity of plasmid-ASvicR (DMSNs-NH2-ASvicR). The result indicated that DMSNs-NH2 could effectively protect most of the plasmid-ASvicR from being degraded by DNase I. When loaded onto DMSNs-NH2, the plasmid-ASvicR was able to enter S. mutans suppress the expression of the vicR gene, which in turn reduced the synthesis of EPS and the formation of biofilms in S. mutans. Furthermore, cytotoxicity experiments revealed that DMSNs-NH2-ASvicR exhibited no cytotoxic effects, and Keys scores outcomes demonstrated that DMSNs-NH2-ASvicR significantly lowered caries incidence in rats. This suggested that DMSNs-NH2 can protect the plasmid-ASvicR against degradation effectively and enhance its penetration into the bacteria within the rat’s oral cavity. Demonstrating excellent biocompatibility, DMSNs-NH2-ASvicR sets a solid groundwork for future biomedical applications (Yuting et al., 2022).

In dental applications, MSNs demonstrate substantial antibacterial effects, effectively loading and releasing antimicrobial agents to reduce the risk of caries. Moving forward, ongoing research into the modification and functionalization of MSNs will further enhance their application potential in the prevention and treatment of oral biofilm-related diseases. Additional clinical studies will be essential to validate the long-term efficacy and safety of MSNs in biomedical applications.




2.4 Poly (amino amine) (PAMAM) dendrimers

PAMAM dendrimers, often referred to as “artificial proteins” due to their protein-like structure, are highly branched nanopolymers featuring both internal cavities and external terminal groups. These internal cavities facilitate the transport of drugs or ions (Qichao and Janet, 2015), while the external groups can be modified with various functional groups to act as carriers for drug delivery, thereby controlling the release of drugs. Notably, they exhibit both antibacterial and remineralization properties, making them effective in both treating and preventing dental caries. In aqueous solutions, PAMAM dendrimers tend to self-assemble into hierarchical structures, namely nanospheres, nanochains, microfibers, and eventually macroscopic aggregates (Jiaojiao et al., 2013). This self-assembly and the resultant hierarchical structures are capable of mimicking the function of amelogenin, which is crucial in the formation of dental enamel (Mirali and Thomas, 2021). Consequently, PAMAM dendrimers are considered a promising material for dental repair.

Previous studies showed that honokiol could inhibit the growth of many cariogenic pathogens, and could reduce acid production by cariogenic bacteria (Jun et al., 2004). However, its hydrophobicity limited its further application. Tao et al. encapsulated water-insoluble honokiol within the hydrophobic interstitial cavity of PAMAM, thereby endowing PAMAM with enduring antibacterial properties. They successfully prepared and characterized honokiol-loaded carboxyl-terminated PAMAM (PAMH), PAMH demonstrated low cytotoxicity, with its drug release dynamics elucidated via computational simulation analysis. At a low pH of 5.5, resulting in a relatively slow swelling rate and consequently a more gradual release of drug molecules in an acidic milieu compared to a neutral environment. The effective release of honokiol contributed to the sustained antibacterial properties of PAMH, They concluded that PAMH possesses antibiofilm-forming properties by inhibiting the proliferation of planktonic bacteria. Furthermore, PAMH facilitated enamel remineralization after pH cycling treatment in vitro, and animal studies supported its effectiveness in addressing carious lesions in rats (Tao et al., 2021).

Existing materials to induce dentin remineralization lack the ability to stabilize dentinal collagen which is the basic support for the growth of inorganic minerals and plays a role of mechanical support (Leo et al., 1999; Erika Kiyoko et al., 2020). The repeated low pH stimulation activates matrix metalloproteinases (MMPs) under pathological conditions such as dental caries, it could destroy the structure of dentinal collagen which leads to the induction of biomimetic remineralization losing its structural basis. Tao and colleagues constructed galardin-loaded poly (amido amine) (PAMAM)-NGV (PAMAM-NGV@galardin, PNG) to simultaneously induce collagen stabilization and dentin biomimetic remineralization.

In order to combat early dentin caries, NGV peptides and galardin demonstrated a dual collagen-protective effect, which lays the foundation for the dentin remineralization effect facilitated by PAMAM (Tao et al., 2022). The results suggested that in acidic environments, galardin can be more sustainably released, and a longer inhibitory effect on MMPs is achieved. The NGV peptides, modified on the surface of the dendrimer core, could form small clusters exhibiting synergistic movement over short ranges. These clusters could then create domain areas with varied properties on the PAMAM core’s surface, effectively restricting collagen movement. This restriction was beneficial for collagen crosslinking. PNG induced dentin remineralization in a collagenase environment in vitro, and animal experiments also indicated that PNG could effectively combat dentin caries in rats. PNG showed great potential for dentin repair in future clinical applications.

Fan et al. utilized PAMAM dendrimers with different terminal groups to treat artificially demineralized bovine incisors, aiming to quantify the remineralization effects of these PAMAM dendrimers in the subsurface demineralized enamel (Menglin et al., 2020). They employed Transverse Microradiography (TMR) and cross-sectional microhardness testing for the first time to evaluate the differences in remineralization capabilities of PAMAM dendrimers with different terminal groups. After treatment with PAMAM dendrimers possessing various terminal groups, the demineralized bovine teeth examined through TMR showed a significant reduction in the translucent zone. This reduction in the area indicates the deposition of minerals in the subsurface enamel, thereby achieving remineralization. Moreover, through Scanning Electron Microscope (SEM) analysis of the bovine teeth samples, they found that compared to the control group, the PAMAM dendrimer-treated group exhibited shallower lesion depths and less mineral loss. At the same time, these samples showed a more significant recovery in microhardness on the vertical cross-sectional surfaces and absorbed more mineral deposits. These results indicate that although enamel itself can remineralize to some extent in artificial saliva, the remineralization effect of PAMAM dendrimers is more pronounced. In addition, PAMAM-NH2 showed the strongest remineralization capability, followed by PAMAM-COOH, while PAMAM-OH had the weakest effect. The study also found that PAMAM-NH2 dendrimers could strongly adsorb to the enamel surface and form a stable bond with it. Therefore, PAMAM dendrimers with specific terminal groups exhibit strong enamel protection and remineralization potential, making them powerful candidates for the prevention and treatment of caries.




2.5 Chitosan

Chitosan is a natural polymer derived from the deacetylation of chitin, primarily sourced from the exoskeletons of marine crustaceans such as crabs and shrimp (Kamel et al., 2021). Its deployment as a drug delivery system, as well as its application in tissue engineering and as a therapeutic agent, has been intensively researched. Chitosan’s notable antibacterial, remineralization capabilities, and adherent properties to dentin, alongside its excellent biodegradability, biocompatibility, and non-toxicity, have made it an area of significant interest in caries prevention and treatment (Shelyn Akari et al., 2022). Under acidic conditions, chitosan captures hydrogen ions through its amino groups, thereby becoming positively charged. Through electrostatic forces, the molecule adheres to negatively charged surfaces, such as tooth enamel, making it a nano drug delivery carrier that can transport ions or active substances to the tooth surface (Degli Esposti et al., 2020).

Current preventive strategies, primarily centered on fluoride, can inhibit enamel demineralization to a certain degree; however, they do not effectively prevent persistent biofilm formation and may induce adverse effects such as fluorosis or alterations in oral and gut microbiota. Consequently, there is a pressing need for a safe and effective approach to preventing dental caries (Li et al., 2019). Jiang et al. successfully synthesized a novel type of nanoparticle (CSP NPs) that exhibits both colony-suppressing and enamel demineralization-inhibiting properties (Jiang et al., 2024). These nanoparticles demonstrated efficacy in eradicating a specific strain of S. mutans biofilms in the absence of antibiotics. Moreover, the nanoparticles were applied to the enamel surface, enabling the binding of calcium to impede demineralization. Results from animal studies and oral microbiome analyses indicated that the CSP NPs effectively prevented dental caries without adversely affecting the microbiota or host tissues. Moreover, curcumin within chitosan nanoparticles (CSNP-Cur) were encapsulated to assess their efficacy in disrupting biofilms formed by C. albicans and Staphylococcus aureus (Ma et al., 2020). They transferred microbial cultures onto medical-grade silicone sheets to initiate biofilm formation, then treating with CSNP-Cur. The structure of biofilm on the medical silicon and the viability of bacteria within biofilm were observed by Scanning Electron Microscopy (SEM) and Confocal Laser Scanning Microscopy (CLSM). The observations from SEM and CLSM showed that CSNP -Cur could effectively reduce the thickness of the biofilms and kill the microbes embedded in the biofilms on the silicone surface. In a similar vein, Jasem et al. found that amoxicillin-loaded chitosan nanoparticles demonstrated enhanced antibacterial properties compared to chitosan alone (Abdullah and Maha Abdul Kareem, 2023). Given chitosan’s versatility in forming drug delivery systems, such as gels, tablets, and micro/nanoparticles (Sevda et al., 2019), it exhibited a significant potential in preventing bacterial or plaque biofilm formation and demonstrated bactericidal properties, suggesting its utility as a prophylactic agent in early dental caries prevention.

Previous study had reported that the Cinnamaldehyde has anti-inflammatory and broad-spectrum antibacterial effects. It could be a potential anti-caries drug due to its strong effect of inhibiting S. mutans (Spartak, 2020; Harrison et al., 2021; Jishuai et al., 2022). Mu et al. design a novel nanosystem by loading Cinnamaldehyde (CA) into chitosan-based nanocapsules (CA@CS NC). The result indicated that CA@CS NC down-regulated QS gene, inhibited bacterial population effects such as biofilm formation and acid production, and better exerted the antibacterial effect of low-concentration CA. The keyes’ score showed the development of dental caries was inhibited in CA@CS NC group. Moreover, with an oil-based core and a positively potential CS shell, which are able to adsorb S. mutans through electrostatic interactions and slowly release CA (Ran et al., 2023).

There are existing studies that have proven that there are inhibitory effects of Chitosan on S. mutans and Porphyromonas gingivalis, and oral care products containing Chitosan (such as water-soluble Chitosan mouthwash and chewing gum) have been shown to inhibit plaque growth and bacterial proliferation (Chih-Yu and Ying-Chien, 2012; Zahra et al., 2020). When Chitosan is functionally modified with natural compounds, metal antimicrobial particles, and antimicrobial drugs, it exhibits enhanced antibacterial effects. The antibacterial action of Chitosan primarily stems from the interaction between the cationic Chitosan molecules and the negatively charged cell membranes, leading to abnormal cell permeability and changes, thus resulting in cell death and the leakage of cellular contents. Chitosan nanoparticles (NPs) have a relatively larger surface area, leading to stronger drug loading capabilities (Somaye et al., 2021; Ashwini and Arpana, 2015). In summary, Chitosan, as a nanocarrier for dental caries prevention, not only possesses antibacterial capabilities but also, when it serves as a drug carrier, enhances the antibacterial efficacy of the drug-Chitosan composite.




2.6 Polymeric micelles

Micelles are self-assembled from amphiphilic polymers at the critical micelle concentration (CMC). These self-assembled amphiphilic polymers, containing both hydrophobic and hydrophilic ends, are known as Polymeric micelles (Suguna et al., 2022), enabling drugs with low solubility to dissolve in Polymeric micelles (Yinglan et al., 2018). Polymer micelles have numerous advantages, such as targeted delivery, stable storage of drugs, due to their nanoscale size and narrow distribution characteristics, can protect drugs from oxidation. Polymer micelles can encapsulate poorly soluble small molecule drugs, enhancing efficacy while reducing toxicity. In preclinical animal models, polymer micelles have demonstrated improved pharmacokinetic properties and better safety (Duhyeong et al., 2020). Numerous natural products and their derivatives inhibit S. mutans, notably components found in orange and lemon essential oils. Such components, including phellandrene, enhance the proton permeability of the bacterial cell membrane and reduce the glycolytic activity of S. mutans in dental plaque (Jeon et al., 2011). Consequently, a novel polymeric micelle by conjugating Farnesal (Far) was developed to the amino groups of PEG, rendering it sensitive to low pH environments (Yi et al., 2020). This design aimed to selectively release Far in the oral environment prone to caries. They modified the polymeric micelles by coupling with pyrophosphate ions (PPi) and loading them with Far to enhance its solubility significantly, thus improving bioavailability and creating a new drug delivery system, PPi-Far-PMs. In a rat caries model, PPi-Far-PMs demonstrated a significant reduction in S. mutans count and continuous inhibition of its growth in vivo compared to the control group. Moreover, PPi-Far-PMs exhibited rapid binding to hydroxyapatite, facilitating Far release, enhancing retention in the oral cavity, prolonging the drug’s action, and providing a more potent anti-caries effect. PPi-Far-PMs proved more effective than free phellandral, demonstrating their potential for targeted antimicrobial therapy for caries and the delivery of other oral disease therapeutics. Polymeric micelles, serving as carriers for drugs with low water solubility, present extensive potential in oral healthcare. Xu and coworkers developed a novel stimuli-responsive multi-drug delivery system (PMs@NaF-SAP). The system utilized the acidic pH associated with tooth decay as a trigger. It featured MAL-modified PEG-b-PLL/PBA-sheddable micelles as nanocarriers, which are loaded with the antibacterial drug tannic acid (TA) and the restorative drug NaF. Additionally, the bioinspired salivary-acquired peptide DpSpSEEK (SAP) is attached to the micellar nanoparticles, ensuring specific adhesion to the tooth. This adhesion strength, combined with the pH-sensitive boronate ester linking TA and PBA, allows PMs@NaF-SAP to firmly attach to the tooth surface. It withstands the buffering action of saliva in the oral cavity, promoting the accelerated release of TA and NaF directly to the sites of caries as the oral microenvironment becomes more acidic. Both in vitro and in vivo measurements have confirmed the intelligent drug-released system exerts effective antibacterial adhesion and cariogenic biofilm resistance, inhibits enamel demineralization and promotes remineralization to prevent tooth decay and promote enamel restoration and they evaluated the safety and biocompatibility of PMs@NaF-SAP through cell viability assays. Using CCK-8 analysis, it was observed that at dilutions ranging from 1:20 to 1:100, cell viability exceeded 80%. PMs@NaF-SAP demonstrated significantly lower cytotoxicity compared to CHX. Cytoskeleton staining confirmed that, within this dilution range, the cells maintained healthy morphology and proliferation was unaffected. Consistent results were obtained via fluorescence quantitative analysis. Therefore, it demonstrates significant promise in broadening the limited clinical options currently available for the prevention of caries and the restoration of dental defects (Xu et al., 2023). By integrating bioactive natural compounds and targeted delivery mechanisms, polymeric micelles may revolutionize oral disease management, making treatments more effective and personalized, ultimately improving patient outcomes.




2.7 Hydrogels

Hydrogels are three-dimensional (3D) networks made up of hydrophilic polymer chains. With exceptional features, such as adjustable physical, chemical, and biological p0roperties, high biocompatibility, versatility in fabrication, and their resemblance to the native extracellular matrix (ECM), hydrogels have become promising materials in the field of biomedicine (Annabi et al., 2014). These polymeric networks can consist of natural polymers (chitosan, alginate, cellulose, starch, guar gum, collagens, proteins, acacia, and acid) or synthetic polymers (polyacrylic acid, polyacrylamide, polyvinyl pyrrolidone, acrylic acid, methacrylic acid, N-isopropylacrylamide, N-vinyl-2-pyrrolidone, etc.) soluble in water (Payal et al., 2021). The hydorgels have been used to treat some diseases, including cancer, cardiovascular diseases, and eye diseases. Recently, hydorgels has been explored in the aspect of treatment of dental caries.

Lori M. and coworkers developed Nitric oxide (NO)- and fluoride ion-releasing hydrogels with highly tunable biological properties suitable for combating pathogens at the root of dental caries infections. Nitric oxide (NO), a gaseous molecule produced endogenously, possesses broad-spectrum antimicrobial and antiviral capabilities, capable of penetrating and dispersing mature biofilms. It exterminates microbes by inflicting oxidative and nitrosative stress on lipids, proteins, metabolic transporters, and DNA (Nathan et al., 2018; Mark et al., 2021). The result through a 4 h viability study against S. mutans showed potent antimicrobial properties in eliciting a nearly 98% reduction in viable bacteria with the combination of GSNO and NaF gels, further in vitro testing of the fabricated gels against human osteoblasts and gingival fibroblasts demonstrated robust cytocompatibility over 4 and 24 hours. A further extended study showed combination gels exhibited reduced porosity after acid treatment, signifying the successful prevention of demineralization of the enamel-like substrates. These results encouraged further investigation of Hydrogels contain NO and fluoride to explore more promising ways in preventing dental caries (Lori et al., 2022).

Parmanand et al. developed selective small-molecule inhibitors which targets the S. mutans’ surface enzymes. And they have synthesized and demonstrated that the potent lead compounds HA5 was effective in the previous research. To enhance the solubility and antivirulence activities of the drug, they encapsulated HA5 within hydrogel microparticles, creating a hydrogel-encapsulated biofilm inhibitor (HEBI). The binding of HA5 to the glucosyltransferase GtfB was confirmed by resolving a high-resolution X-ray cocrystal structure of HA5 bound to the catalytic domain of GtfB and mapping its active site interactions. Additionally, HA5 effectively inhibited the glucosyltransferases of S. mutans and the production of glucan, with an IC50 value of 10.56μM in a Gtf inhibition assay. The HEBI demonstrated selective inhibition of the S. mutans biofilm similar to HA5. The result showed that treating S. mutans UA159-infected gnotobiotic rats with 100μM HA5 or HEBI for four weeks significantly reduced the scores for buccal, sulcal, and proximal dental caries compared to the control groups. This demonstrates their effectiveness in reducing virulence in vivo without significantly impacting bacterial colonization. During the test period, the rat had no loss of weight which demonstrated the compound HA5 or material HEBI have are nontoxic (Parmanand et al., 2023).

Qian et al. had produced amelogenin-derived peptide QP5, in their previous research, it can significantly promote the remineralization of the initial caries in the bovine enamel and the rat enamel without any toxic effects (Xuebin et al., 2015; Sili et al., 2017). The QP5’s application clinically is limited because its residence time with effective concentration on the tooth surface is relatively short when applied in the form of an aqueous solution. They added QP5 to chitosan hydrogel as a delivery system (CS-QP5 hydrogel) to evaluate the effects on S. mutans biofilm and test for its ability to promote remineralization. The result showed the S. mutans biofilm treated with the CS-QP5 hydrogel had a lower CFU count, lactic acid production, and metabolic activity compared with the other groups even after seven days. That’s probably because a sustainable retention of the hydrogel on the tooth surface provided a consistent number of effective agents over a prolonged period of time, which may decrease the cariogenic property of the dental biofilm with fewer potential side effects. In polarized light microscopy, after inoculation for 1 day, a surface layer was clearly visible on the enamel treated with the CS-QP5 hydrogel. With an increase in the inoculation time, the lesions became significantly shallower and the negative birefringence of the enamel surface layer became more obvious in the CS-QP5 hydrogel group than in the other four groups. In addition, the CS-QP5 hydrogel group showed a significantly higher mineral content than the other groups on each day, these results provided direct evidence of the remineralization promoted by the CS-QP5 hydrogel. Therefore, as a promising deliver system of active substances, hydrogel has been proven to increase antibacterial ability which is promising application in treatment (Qian et al., 2018).

Hydrogels have emerged as promising biomaterials in biomedicine, with increasing interest in their applications for dental caries treatment. Innovations like hydrogels containing nitric oxide and fluoride ions provide novel strategies against dental caries pathogens. Additionally, QP5-enriched hydrogels demonstrate efficacy in remineralization and biofilm reduction, highlighting their potential in caries management. Future research should optimize these formulations for improved retention, effectiveness, and safety.




2.8 Metal nanoparticles



2.8.1 Silver nanoparticles

Silver ions are widely used because of their low toxicity, broad-spectrum antimicrobial characteristics, and the lack of cross-spectrum bacterial resistance (Claudia Butrón-Téllez et al., 2020). Compared to ordinary silver ions, nanosilver further increases the relative surface area, and its ability to easily penetrate biological and structural barriers results in better antimicrobial effects (Ammar, 2022). Silver nanoparticles (AgNPs) exhibit exceptionally potent toxicity toward microbes, boasting antibacterial properties 25 times stronger than those of CHX. They also possess antiviral, antifungal (Besinis et al., 2014), and anti-tumor cell activities (Noronha et al., 2017). Consequently, numerous studies have recommended their integration into various formulations, where they have demonstrated effective results in the prevention and treatment of early dental caries.

As carriers of transporting drug molecules, AgNPs can reduce side effects and enhance therapeutic effects. In addition, the use of silver nanoparticles in conjunction with other antibiotics has a stronger antibacterial effect. Studies have reported that the combined use of AgNPs with chlorhexidine and metronidazole exhibits effective bacteriostatic and bactericidal properties (Nikita et al., 2019). However, before this, there were no reports of attaching chlorhexidine or metronidazole to the surface of AgNPs. To explore the possibility of using AgNPs as carriers for drugs such as chlorhexidine and metronidazole in treating oral bacterial infections like periodontitis and other diseases. Karol P. Steckiewicz et al. developed a new type of silver nanoparticles, which are combined with Chlorhexidine (AgNPs-CHL) and Metronidazole (AgNPs-PEG-MET) (Karol et al., 2022). These innovative compounds, whether it’s AgNPs-CHL or AgNPs-PEG-MET, exhibit potent antibacterial, anti-biofilm, and anti-inflammatory properties. In vitro models assessing the safety of its potential clinical applications have demonstrated that these silver nanoparticles (AgNPs) exhibit low cytotoxicity at high concentrations; at non-toxic concentrations, they are harmless to mammalian cells. Importantly, findings suggest that AgNPs serve as effective drug delivery carriers for Chlorhexidine and Metronidazole. However, the exploration of AgNPs as carriers for Chlorhexidine or Metronidazole in the prevention and treatment of dental caries remains uncharted territory, presenting an exciting opportunity. The anticipation is high for future researchers to delve into this area, potentially paving the way for using silver nanoparticles as drug carriers in the fight against dental caries.

Besides serving as carriers, AgNPs also demonstrate potent antibacterial effects. AgNPs adhere to the cell wall and cytoplasmic membrane through electrostatic attraction and affinity with thiol proteins, and they can change the permeability and structure of bacterial cells. When AgNPs enter the cells, they inhibit respiratory enzymes, thereby generating reactive oxygen species, causing oxidative stress response, while also interfering with DNA and inhibiting protein synthesis, leading to changes in cell structure and cell death (Lakshmi et al., 2021). Research has also found that AgNPs can inhibit S. mutans and its biofilm, thus having a wide range of clinical applications in the prevention of dental caries (Mario Alberto et al., 2015), for example, adding silver nanoparticles to orthodontic brackets has satisfactory effects in inhibiting S. mutans and preventing enamel surface caries (Gamze et al., 2016).




2.8.2 Zinc nanoparticles and zinc oxide nanoparticles

In recent years, zinc nanoparticles have shown promising anti-tumor (Sumaira et al., 2021), antibacterial, and antiviral properties (Mahda Sadat et al., 2022), with their oxides, ZnONPs, demonstrating superiorities. Owing to their expanded specific surface area, potent antibacterial activity, and excellent biocompatibility, ZnONPs demonstrate significant benefits and are therefore extensively employed in a variety of applications, including dental implants, prosthetic joints, and cardiovascular implants (An overview on zinc-oxide nanoparticles as novel drug delivery system, 2023). In the field of drug delivery, ZnONPs are considered potential candidates for targeted drug delivery carriers. Literature has reported on ZnONPs coupled with arginine-glycine-aspartic acid (RGD) peptides, as well as ZnONPs loaded in the form of a metal-doxorubicin (DOX) complex, for targeted cancer therapy (Xiaoxin et al., 2019). However, no literature was retrieved on ZnONPs as drug carriers targeting the prevention and treatment of dental caries, so only the role of ZnONPs as nano-drugs in inhibiting oral cariogenic bacteria and biofilms is introduced below. The mechanisms by which ZnONPs inhibit bacteria include the following: (1) Through the cell’s oxidative stress response, harmful oxidizing compounds, specifically H2O2, are generated inside the cell body to exert activity. As the concentration of zinc oxide nanoparticles increases, the production of H2O2 increases, and the bactericidal effect is correspondingly enhanced. (2) ZnONPs counteract bacteria by releasing Zn2+ ions, and Zn2+ ions can destroy cell membranes and internal components of the cell. (3) The presence of negative charges on the surface of microorganisms, while metal oxides carry a positive charge, leading to electromagnetic attraction between microbes and zinc nanoparticles. If attraction occurs, the microorganisms are oxidized and die rapidly (Tahreem et al., 2022). One reason for the inhibition of S. mutans by ZnONPs is that ZnONPs can inhibit the biofilm of dental plaque, penetrate the biofilm, disperse with the matrix, both generate reactive oxygen species (ROS) and destroy membrane transport. Therefore, Hamad et al. explored the direct effects of ZnONPs on S. mutans, finding that they have high antibacterial activity against both Gram-positive and Gram-negative bacteria, and the excellent antibacterial activity of ZnONPs increases with their concentration (Fairoz Ali et al., 2022). In a series of clinical experiments, for example, zinc oxide nanoparticles incorporated into dental restorations can be used to control and prevent secondary caries (Arshad Mahdi and Qanat Mahmood, 2021). Malekhoseini et al. developed a resin-modified glass ion polymer containing ZnONPs to enhance its physical properties and antibacterial potential (Zahra et al., 2021). It has been reported that the addition of ZnONPs into composite resins found that 1% ZnNPs had no significant effect on the mechanical properties of the composite resin, and as the mass fraction increased to 5%, the number of S. mutans significantly decreased within one day (Zahra et al., 2021). These experiments suggest that zinc and its oxide nanoparticles can be used independently or in conjunction with other antimicrobial agents in resins or adhesives, and nanoparticles may gradually emerge as significant in future bonding or filling materials.




2.8.3 Titanium nanoparticles

Due to the high ratio of surface area to volume and high reactivity, nanoparticles have become effective antimicrobial agents. Among these, titanium nanoparticles are extensively utilized in the medical field owing to their excellent reflectivity, chemical stability, biocompatibility, bioactivity, and broad antimicrobial activity (Amir Hossein et al., 2021). In the field of dentistry, titanium dioxide nanoparticles are one of the titanium nanoparticles that have been extensively studied for caries prevention. Mohammed et al. incorporated TiO2NPs into resin composites and adhesives to assess whether the addition of TiO2NPs would enhance the antimicrobial activity of the composite materials (Wongchai et al., 2023). One month after the experiment started, plaque was collected from the gingival margin to determine the number of S. mutans in the plaque. It was found that the surface of restorations with added TiO2NPs showed a significant reduction in plaque, especially when TiO2NPs were added to both resin composites and adhesives. More notably, the antimicrobial activity increased over time. Additionally, incorporating antimicrobial agents such as silver and TiO2NPs into orthodontic adhesives enhanced the antimicrobial performance against S. mutans and Lactobacillus acidophilus compared to commercially available fluoride-containing composites (Mohammed et al., 2018). Therefore, adding TiO2NPs to dental restorative materials can strengthen their anti-caries effect. The combined use with other metal nanoparticles may achieve even more ideal antimicrobial effects. These nanoparticles may be used in the development of anti-caries restorative materials in the future. However, before this, adequate in vivo experiments are needed to evaluate the potential side effects of these metal nanoparticles and further optimize their physicochemical properties and biosafety.





2.9 Cell membrane-coated nanoparticle (CMCNP) technology combined with nanodrug delivery systems

Recently, cell membrane-coated nanoparticles (CMCNPs) have attracted widespread attention as a novel nanodelivery system. This technique involves encapsulating nanoparticles with cell membranes, almost completely preserving the complexity of the cell membrane on the surface of the particles. Therefore, CMCNPs not only possess the advantages of nanoparticles but also retain numerous functions of the source cell membrane, such as the ability to interact with other cells. Due to the unique physiological structure of cariogenic biofilms, the effectiveness of traditional nanosystems for drug delivery is limited, this method utilizes the natural functions of the cell membrane, allowing nanoparticles to demonstrate great potential in the diagnosis and treatment of various diseases (Mahendra et al., 2022). Members of our research group, Weng et al. inspired by cell coating technology and combining the ability of Lactobacillus strains to adhere to S. mutans, coated Lactobacillus (LA) cell membranes onto PLGA nanoparticles carrying Triclosan (TCS) (LA/TCS @ PLGA-NPs) (Zou et al., 2020). We discovered that this composite nanoparticle demonstrated good encapsulation, controllable size, negative charge, and sustained-release kinetics inheriting the natural characteristics of the original cell surface. As a result, LA/TCS @ PLGA-NPs could adhere to S. mutans and extend the drug release time, thereby continuously inhibiting the formation of S. mutans biofilm and having a lasting inhibitory effect on the progression of dental caries. Similarly, members of our subject matter team Ye et al. constructed a biomimetic oral mucosal adhesive drug delivery system, employing Streptococcus salivarius K12 membrane-coated TCS @ PLGA-NPs (Lu-Ting et al., 2022; Jiajia et al., 2023). This composite could adhere to the oral mucosal epithelium and promote the antibacterial action of TCS @ PLGA-NPs at the infection site, while the outer membrane of Streptococcus salivarius acted as a diffusion barrier for TCS release, extending the duration of drug action. These two studies by our research group, which combined cell coating technology with nanosystems for drug delivery, improved the precision of targeted drug delivery, facilitating more effective binding to the infection site and optimizing drug delivery, thereby boosting therapeutic effects. It offers inspiration for combining nanodelivery systems with other technologies, presenting novel strategies for the future by inhibiting the formation of plaque biofilms or suppressing bacterial growth to prevent and treat dental caries (Table 1).

Table 1 | The studies that used nanodrug delivery systems for caries prevention and treatment.


[image: Table listing various nanosystems used in anti-caries drug delivery, including liposomes, PLGA, mesoporous silica, PAMAM, chitosan, and more. Details cover types of drug carriers, responses, modification materials, mechanisms, and conclusions, with specific models used and references provided. Each entry highlights unique aspects, such as adhesion, drug delivery methods, antibacterial effects, and specific experimental outcomes.]




3 Remineralization



3.1 Nano - hydroxyapatite (nHAp)

Hydroxyapatite constitutes the main inorganic component of dental hard tissues. With the emergence of nanotechnology, the application of nHAp has become increasingly widespread due to its excellent mechanical, physical, and chemical properties. The nHAp has higher solubility and surface energy as well as better biocompatibility, and the morphology and structure of nHAp particles are similar to the hydroxyapatite crystals in teeth (Pushpalatha et al., 2023). Furthermore, as a biocompatible synthetic material, it can serve as a source of Ca2+ and PO43- in the oral cavity, particularly under acidic conditions. Increasing the levels of Ca2+ and PO43- can significantly limit the enamel damage caused by acids, thereby substantially enhancing the degree of remineralization (Aiswarya et al., 2022), with the effect of mitigating demineralization and fostering remineralization, with the effect of mitigating demineralization and fostering remineralization. The nHAp chemically combines with natural hydroxyapatite crystals to form a uniform hydroxyapatite layer on the surface of demineralized enamel, thus inducing remineralization. The hardness and elastic modulus of the repaired enamel are similar to those of natural enamel. Additionally, literature indicates that nHAp, due to its high surface energy, can strongly bind to the enamel surface and fill the gaps and micropores on the enamel surface to repair it (Nebu, 2018; Aref and Alsdrani, 2023). The literature indicates that nHAp can repair early enamel damage and has the potential to serve as an auxiliary repair material as well as prevent acid erosion damage, making it a safe and effective anticaries agent in oral care (Paszynska et al., 2023). Apa Juntavee first compared the effects of two concentrations of nanohydroxyapatite gel (NHG, 20% and 30%) with nHAp -containing toothpaste (NHT) and fluoride varnish (FV) in the remineralization of artificial carious lesions (Juntavee et al., 2021). Throughout the remineralization process, the microhardness of both the tooth surface and cross-sections was evaluated, and the depth of the caries was analyzed through polarized light microscopy photos. The research results indicate that the remineralization effect of nHAp toothpaste is superior to that of two types of nanohydroxyapatite gels, and the effects of both products containing nHAp exceed those of fluoride varnish. This also demonstrates that, whether in the form of toothpaste or gel, nanohydroxyapatite’s ability to remineralize is better than fluoride.

To explore the effectiveness of toothpaste containing nHAp on a model of demineralized teeth within the body, Purva Verma et al. treated teeth that had undergone orthodontic bracket detachment (due to changes in surface demineralization) separately with fluoride toothpaste and nHAp toothpaste for 15 days (Verma and Muthuswamy Pandian, 2021). Subsequently, Atomic Force Microscopy was employed to analyze the surface roughness, which served as a measure to evaluate the remineralization potential of the toothpaste. It showed the hydroxyapatite nanoparticles are incorporated into oral care products to facilitate enamel remineralization through ion supersaturation at the site of lesions, a mechanism analogous to that of other calcium-based nanoparticles. Nonetheless, these nanoparticles enhance enamel regeneration by generating a biomimetic film that resembles biological hydroxyapatite, demonstrating greater efficacy in caries repair in vitro when compared to fluoride and casein nanoparticles. This phenomenon occurs because the remineralization layer exhibits resistance to abrasion due to the chemical bonds formed between the synthetic and natural crystals of the enamel, even in a potentially cariogenic environment characterized by a pH of 4.

In the future, as nanotechnology advances, the application of nHAP may expand to a broader range of caries prevention, remineralization, and restorative materials, making it an essential component of oral health maintenance. The incorporation of nHAP in oral care products is expected not only to enhance product performance but also to influence consumer choices regarding oral health products, driving the development of dental materials toward safer and more effective alternatives.




3.2 Nano-sized amorphous calciumphosphate Particle (NACP)

Calcium phosphate (CaP) is a substance containing Ca2+ and PO43-, Amorphous calcium phosphate (ACP) is an intermediate phase formed during the precipitation process of CaP, and the natural solid form of ACP is usually composed of a group of ACP nanoparticles, with a specific surface area of about 300m2/g (Sun et al., 2019). Therefore, materials containing ACP nanoparticles are highly regarded for their effect in promoting remineralization. In a comparative study conducted by Tao et al. on the impact of NACP-containing adhesives versus commercially available fluoride-releasing adhesives on dentin remineralization in a biofilm setting, it was observed that NACP exhibited bacterial inhibition in a simulated oral environment (Tao et al., 2019). Adhesives containing NACP, by releasing Ca2+ and PO43-, contribute to tooth mineralization. A measurement of the Ca2+ and PO43- content in the biofilm after 10 days indicated that the adhesive with NACP, through the release of these ions, not only increases the concentration of Ca2+ and PO43- in the biofilm but also restores the hardness of the dentin and achieves the sealing of the dentinal tubules, thereby confirming its effectiveness in dentin remineralization. In contrast, commercial fluoride-releasing adhesives merely inhibit further demineralization. Similarly, Fan et al. evaluated the enamel remineralization effect in the oral biofilm environment by combining antimicrobial agents and remineralizers (Fan et al., 2022). They used NACP as the remineralizer and found that the PO43- in NACP could react with H+ in the biofilm, thereby stopping further pH value decrease. Adhesives containing NACP were able to effectively remineralize hard dental tissues, protect the adhesive interface, and inhibit secondary caries. Moreover, the study found that the release of Ca2+ and PO43- from NACP alone might offer better localized acid production limiting capabilities than using the antimicrobial agent Dimethylaminohexadecyl methacrylate (DMAHDM) alone. These findings suggest that adding NACP to dental repair materials could effectively promote enamel adhesion, protect the adhesive interface, prevent caries, and extend the lifespan of composite materials, showing broad application prospects.




3.3 Nano-sized calcium fluoride (NCaF2)

NCaF2 has been proven to effectively prevent dental caries by increasing the fluoride concentration in oral saliva, which promotes the remineralization of teeth (Sun and Chow, 2008). Additionally, it can be used to reduce the permeability of dentin. Heba Mitwalli developed a novel composite material containing dimethylaminohexadecyl methacrylate (DMAHDM) and calcium fluoride nanoparticles (NCaF2), aimed at preventing the occurrence of secondary caries at the margins of restorations (Heba et al., 2020). This material inhibits bacterial growth through the antibacterial properties of DMAHDM and significantly releases fluoride and calcium ions through the inclusion of NCaF2. Fluoride ions, acting as transmembrane proton carriers and inhibitors of glycolytic enzymes, can stimulate cytoplasmic acidification, exerting antibacterial effects at a distance and thereby preventing the formation of caries (Daixing et al., 2022). Additionally, fluoride ions can also promote the formation of fluorapatite, enhancing the remineralization effect on teeth. This novel composite exhibits strong antibacterial and ion-release capabilities, preventing the continued production of lactic acid by biofilms and significantly reducing the number of S. mutans on the biofilm. This bioactive nanocomposite material holds promise as a new type of anticariogenic material that protects tooth structure, inhibits demineralization, and serves as a reservoir for the release of calcium and fluoride ions.




3.4 Bioactive glass nanoparticles (BGN)

Bioactive glass (BAG) is highly valued as a regenerative material due to its controllable degradability and ability to stimulate tissue formation. It can promote bone induction and thereby bone formation by releasing ionic products. With the combination of tissue engineering and nanoscience, nanomaterials capable of imitating the characteristics of host tissues, such as bioactive glass nanoparticles (BGN), have emerged. These can adjust their size according to the host’s response to facilitate cellular absorption, allowing therapeutic ions to be released inside cells (Shalumon et al., 2013; Jones, 2015; Pajares-Chamorro and Chatzistavrou, 2020).In the field of dentistry, BGN, due to its controlled ion release capability, has been applied to the remineralization of enamel and dentin (Bakry et al., 2014). It composed of sodium-calcium-amorphous phosphate, reacts with H+ upon contact with saliva, releasing Ca2+ and PO43-, leading to an immediate increase in pH value, which promotes the deposition of calcium and phosphate, followed by the formation of a hydroxyapatite layer (Taha et al., 2017). Compared to BAG, BGN has a higher ion release capacity and bioactivity, therefore, it has a wide range of application prospects in the aspect of tooth remineralization.

Zahra Kazemian et al. have prepared BGN containing silver ions using the sol-gel method, which can change the pH value of the surrounding medium through ion release (Kazemian et al., 2021). The dissolution of BG leads to the supersaturation of calcium ions in simulated body fluid, and results in the formation of reprecipitation on its surface. These precipitates, rich in calcium and phosphorus crystals, have been verified by X-ray diffraction, confirming that the hydroxyapatite layer formed on the surface of Ag-BG after soaking in simulated body fluid. Furthermore, Akbarzadeh et al. synthesized a paste containing nano-sized bioactive glass (BGN) amorphous calcium phosphate casein phosphopeptide (CPP-ACP) paste, and compared its remineralization capability with that of fluoride-containing CPP-ACP paste and commercial products (Akbarzade et al., 2022). Observations through Vickers microhardness test and scanning electron microscope (SEM) revealed that both pastes could promote the remineralization of demineralized dental enamel. However, the enamel treated with the paste containing BGN showed stronger microhardness compared to that treated with the fluoride-containing CPP-ACP paste and commercial products. Although the remineralization effect of BGN is initially recognized, the potential of different types of bioactive glass (BGs) for remineralization in vitro and in vivo still requires further research.

In addition to Bioactive Glass Nanoparticles, Mesoporous Bioactive Nanoparticles (MBN) also receive considerable attention in the field of nanomedicine due to their ability to load and deliver biomolecules, along with their nanoscale and bioactive component features. For instance, in the study conducted by Jung-Hwan Lee et al., they developed a novel drug delivery system that utilizes BGN to load strontium ions (Sr2+) and phenamil (Lee et al., 2017). Sr2+ can promote the differentiation of precursor cells or stem cells into osteogenic cells/cementoblast thereby stimulating the growth of these cells (Kruppke et al., 2019; Miyano et al., 2023).Sr2+ can interact with intracellular signaling molecules in the body, and they stimulate the repair of hard tissues through the BMP2/Smad signaling pathway; similarly, phenamil has also been proven to be a potent small molecule BMP signaling activator, which enhances BMP2/Smad when acting on osteoblasts cell or cementoblast (Park et al., 2009; Xu et al., 2020). During the experimental process, they observed the formation of poorly crystallized hydroxyapatite phase in the composite (Sr2+/phenamil—MBN) on the third day of soaking in simulated body fluid, and the density increased with the soaking time. In vivo studies, they created a drill hole defect on the extracted tooth surface, filled the defect with Sr/phenamil MBN to make it contact with dental pulp tissue as much as possible and interact with mesenchymal stem cells (MSCs), and implanted it into the subcutaneous sites of rats. Six weeks later, three-dimensional constructions and two-dimensional projection images obtained by micro-CT revealed new hard tissue formation in the tooth drill hole defect area, and histological analysis also confirmed that the new tissue was bone or dentin. They achieved for the first time the co-delivery of ions and drug molecules on nanoparticles and successfully facilitated hard tissue regeneration, indicating that MBN loaded with strontium ions and phenamil is a highly potential drug delivery platform. BGN offers broad applications in tooth remineralization due to its high ion release and bioactivity, though further research is needed on various bioactive glasses (BGs). Mesoporous Bioactive Nanoparticles (MBNs) also attract attention for drug delivery. The co-delivery method provides a new strategy for caries remineralization, suggesting innovative approaches in dental care.





4 Conclusion

In recent years, nanotechnology has increasingly attracted attention in the field of dentistry. The development of this technology has made it possible to prevent and treat oral diseases, especially dental caries, by designing and creating nanoscale drug delivery systems. These systems can directly deliver drugs to the lesion sites of teeth, effectively preventing and treating dental caries. Moreover, studies have shown that nanoscale drug delivery systems enhance the therapeutic effect of drugs by increasing their bioavailability, thus reducing the side effects of drugs to strengthen the treatment effect. Meanwhile, researchers are also exploring the remineralization potential of nanoparticles, intending to help repair teeth damaged by dental caries by mimicking the natural mineralization process of teeth.

Future research in nanomedicine for targeted therapy aims to achieve precise drug delivery to biofilm-infected sites using diverse nanoparticles, while safeguarding the physiological function of healthy cells. This encompasses the development of adaptive drug release mechanisms responsive to physiological changes. Concurrent efforts will prioritize the optimization of nanocarriers, exploring advanced biomaterials and stimuli-responsive nanomaterials, integrating functionalities such as drug delivery, therapeutics, and diagnostics. Crucially, expediting clinical translation is essential, involving scalable manufacturing, comprehensive safety evaluations, and the establishment of clear regulatory frameworks. Novel therapeutic paradigms, including the refinement of immunotherapies, gene therapy, RNAi therapies, and the development of antimicrobial agents combating resistance, will significantly benefit from nanotechnological advancements. Furthermore, the evolution of nanomedicine in medical imaging and diagnostics, specifically via highly sensitive imaging agents and disease biomarker sensors, promises to be transformative. Lastly, employing artificial intelligence and machine learning in nanomedicine design, data analysis, and virtual screening will accelerate the entire research and development process.

Despite notable progress in dental applications of nanotechnology, several pivotal research gaps remain. Currently, the field lacks standardized evaluation protocols to systematically assess the safety and efficacy of nanosystems for oral use, resulting in limited cross-study comparability. Establishing uniform standards is essential for accurately comparing and evaluating disparate materials and approaches. Furthermore, while some nanomaterials exhibit promising laboratory and small-scale trial results, their transition to clinical practice is hampered by various challenges. Comprehensive in vivo studies and larger clinical trials are crucial to refining these materials’ physicochemical properties and confirming their biocompatibility. With robust clinical evidence, nanosystems can become integral to standard dental treatments, providing reliable solutions. The interaction between nanosystems and the oral microbiome is another under-researched domain. The oral microbial community’s complexity means that nanomaterials may engage in intricate interactions with both beneficial and harmful bacteria, influencing ecological stability and balance. In-depth investigations into these dynamics are necessary for designing nanotechnologies that effectively regulate microbial communities while minimizing adverse effects. Lastly, advancements in biomaterials and nanotechnology have ushered in emerging trends such as smart drug delivery systems and biomimetic materials, offering prospects for personalized and adaptive therapies. Although in nascent stages, these innovative technologies hold the potential to revolutionize dental care paradigms. Continued basic research alongside applied development will be pivotal in advancing these transformative applications.
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Introduction

Lactobacillus salivarius serves as a probiotic potentially capable of preventing dental caries both in vitro and in vivo. This study focused on understanding the key antibiofilm agents and the mechanisms of action of the Lactobacilli supernatant against Streptococcus mutans.





Methods

Streptococcus mutans biofilm was constructed and the cell-free supernatant of Lactobacillus salivarius was added. After the biofilm was collected, RNA-seq and qRT-PCR were then performed to get gene information. The influence of temperature, pH and other factors on the supernatant were measured and non-targeted metabolome analysis was performed to analyze the effective components.





Results

The findings indicated that the supernatant derived from Lactobacillus salivarius could inhibit the biofilm formation of Streptococcus mutans at different times. Through transcriptome analysis, we discovered that the cell-free supernatant reduced biofilm formation, by suppressing phosphoenolpyruvate-dependent phosphotransferase systems along with two ATP-binding cassette transporters, rather than directly affecting the genes that code for glucosyltransferases; additionally, the supernatant was observed to diminish the expression of genes linked to two-component systems, polyketides/non-ribosomal peptides, acid stress response, quorum sensing, and exopolysaccharide formation. Non-targeted LC-MS/MS analysis was employed to discover a variety of potential active compounds present in the cellular filtrate of Lactobacillus salivarius that hinder the growth of S. mutans, including phenyllactic acid, sorbitol, and honokiol.





Discussion

In summary, our findings support the evaluation of Lactobacillus salivarius as a promising oral probiotic aimed at hindering the formation of biofilms by cariogenic pathogens and the development of dental caries.
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1 Introduction

Oral health is intricately connected to overall wellbeing. The World Health Organization explicitly identifies oral health as one of the 10 essential components of human health. Dental caries is a common oral condition that poses significant risks to public health. Its condition is a chronic and progressive disease that stems from dental plaques housing cariogenic microorganisms and characterized by demineralization of inorganic substance and decomposition of organics (Lin et al., 2022).

Streptococcus mutans is a type of Gram-positive bacterium known for its strong ability to metabolize sucrose, generate acids, and contribute to the formation of cariogenic organisms. It is the main colonizing bacteria in the beginning stage of biofilm formation, which is regarded as the main pathogen of dental caries (Li et al., 2020). Long seen as a common pathogen within the oral microbiome, S. mutans was confirmed to be a pivotal microorganism implicated in the progression of dental caries, which utilizes sucrose to produce acid rapidly, creating a local low pH environment to assist the colonization of other cariogenic bacteria, forming a cariogenic biofilm that ultimately generates tooth decay (Wasfi et al., 2012; Liu et al., 2021). Cariogenic biofilm is a highly dynamic and structured microbial community, covered by the extracellular polymeric substance (EPS) matrix on its surface, which comprises various polymers such as extracellular polysaccharides, proteins, and nucleic acids (Gao et al., 2023). The function of EPS in promoting biofilm formation is mainly through the following aspects: adhesion, intercellular aggregation, biofilm cohesion, barrier protection, and nutrient support (Simon-Soro and Mira, 2015). This complex three-dimensional biofilm structure creates a unique microenvironment that shields microbes from environmental stressors, such as host immune responses and pharmaceuticals, while also preventing the dissemination of acids that can result in enamel demineralization and subsequently promote the development of tooth decay (He et al., 2016). Meanwhile, the biofilm structure hinders the penetration of drugs, making it difficult for conventional antibacterial agents to exert their effects (Cugini et al., 2019).

Traditional preventive and therapeutic strategies for dental caries primarily involve mechanical interventions, antibiotics, natural plant extract therapy, and the administration of fluoride (Alshahrani and Gregory, 2020; Sun et al., 2021). However, each of these methods has its limitations (Guo et al., 2015). Mechanical therapy is limited by human will and the effect is superficial. Numerous antibiotics may disrupt the natural balance of the bacterial community, which can lead to enhanced resistance among pathogenic bacteria. Moreover, excessive fluorine usage may result in chronic fluorosis. Consequently, seeking more efficient, quick, and safe approaches to inhibit bacterial biofilm formation is essential.

Probiotics, defined as live microorganisms, are known to offer health advantages to hosts when consumed in appropriate quantities (Yeun and Lee, 2015). Currently, Lactobacillus is the most studied and applied probiotics. Long-term studies found that Lactobacillus could prevent caries by producing metabolites including lactic acid, peroxide, bacteriocin, and proteinaceous compounds, impeding adhesion and colonization, and being effective in downregulating the expressions of virulence genes linked to biofilm formation (Wasfi et al., 2018; Zhao et al., 2023; Zhang et al., 2024).

The cell-free supernatant (CFS) of microbial culture medium is the metabolites produced during microbial growth and residual nutrients in the culture medium. Studies have shown that substances that exert an antibacterial effect in the CFS include lactic acid, acetic acid, hydrogen peroxide, long-chain fatty acids and their esters, and protein compounds (van Zyl et al., 2020; Mani-Lopez et al., 2022). It was reported that the CFS of Lactobacillus rhamnosus contained small cyclic peptides that could inhibit the biofilm formation of S. mutans (Niranjan et al., 2024).

Lactobacillus salivarius is commonly found in human saliva, characterized by its ability to generate organic acids through carbohydrate fermentation, which inhibits the proliferation of surrounding microbes (Kõll-Klais et al., 2005). Because of this antagonistic property, numerous studies have revealed that they could be used to treat periodontal disease and peri-implant diseases, control body weight, and improve the host immunity (Mulla et al., 2021; Chen et al., 2022).

The limited number of studies about the specific mechanism of the probiotic L. salivarius against S. mutans in cariogenic biofilms prompted us to address this problem. Therefore, this article aimed to evaluate the influence of the L. salivarius ATCC11741 supernatant on cariogenic biofilms, explore the potential mechanisms through the supernatant that may intervene in cariogenic biofilms, analyze the functional substances of the supernatant, and evaluate the effect of anti-caries in animal models.




2 Materials and methods



2.1 Bacterial strains and culture conditions

Strains of S. mutans (ATCC 25175) and L. salivarius (ATCC 11741) were sourced from the China General Microbiological Culture Collection Center (CGMCC; Beijing, China). L. salivarius was grown in de Man–Rogosa–Sharpe (MRS) broth and S. mutans was cultured with brain–heart infusion (BHI) broth at 37°C under aerobic and microaerophilic conditions, with all strains stored in the broth containing 30% glycerol at −80°C routinely and were subsequently incubated on appropriate agar plates for 24 h, followed by 2% (v/v) inoculation in the relevant broth at 37°C for an additional 18 h before experimental use.




2.2 Preparation of cell-free supernatant

The CFS of L. salivarius was manufactured following a modified protocol established by Liang (Liang et al., 2023). In summary, L. salivarius was regulated to a concentration of 1×107 CFU/mL during the late logarithmic growth phase and subsequently incubated for 24 h at 37°C. After the bacterial culture, the spent culture underwent centrifugation (5,000×g, 10 min, 4°C), and the obtained supernatant was further filtered with a 0.22-µm filter to acquire the CFS.




2.3 Biofilm formation assay

An overnight culture of S. mutans was diluted to a predetermined final concentration of 1.0×106 CFU/mL in BHI broth enriched with 1% sucrose. This diluted culture was then dispensed into a 96-well microtiter plate at a volume of 200 μL, either with or without the increase of CFS, and incubated for 24 h. The final CFS concentrations, both treated and untreated, ranged from 12.5% to 100% (v/v). For different time treatment, a certain amount of CFS was added into the 96-well microtiter plate at 0, 6, and 12 h, respectively, at 37°C for 24 h. The method of mediating the biofilm by CFS at 24 h was as follows: 200 μL of suspension of S. mutans was added to each well of a 96-well plate and then cultured for 24 h, the biofilm was washed with phosphate-buffered saline (PBS) two times, and then 100 μL of CFS was added and the culture was continued for another 24 h. A crystal violet staining assay was conducted to evaluate how effectively the CFS inhibited biofilm formation by S. mutans (Wasfi et al., 2018). Specifically, after removing the culture supernatant, the biofilm was washed with PBS and fixed in methanol for 30 min. Afterward, the wells were stained with 0.1% crystal violet solution for 30 min, and then dissolved in 33% glacial acetic acid over 30 min until fully solubilized. Finally, optical densities were recorded at 575 nm using a microplate reader (the amount of biofilm formation). As a negative control, CFS was replaced by MRS broth.




2.4 Biofilm microstructure observed using scanning electron microscopy

An overnight culture of S. mutans was maintained in BHI broth and subsequently diluted to 1.0×107 CFU/mL (with 1% sucrose). A sterile cover slide was placed into the wells of a 24-well plate. In each well, 800 μL of the S. mutans suspension was combined with 160 μL of CFS or MRS broth and incubated under anaerobic conditions for 24 h. The cover slides were carefully rinsed three times using PBS, fixed, and prepared for scanning electron microscopy (SEM) observation (Hitachi, SU8100) following an established protocol (Liu et al., 2021).




2.5 Fluorescence staining for observing the proportion of live and dead bacteria in biofilm

Suspensions (1.75 mL) and 350 μL of CFS were added into the confocal dishes and cultured at 37°C for 24 h. The biofilm was subjected to staining for 30 min and subsequently observed using a confocal laser scanning microscope (CLSM) according to the BBcell Probe™ live/dead bacterial staining kit. In the control conditions, MRS broth served as a substitute for the CFS.




2.6 Physical and chemical properties of active components in CFS



2.6.1 Temperature stability

The CFS was treated at 50°C, 60°C, 70°C, 80°C, 90°C, and 100°C for 30 min in a dry thermostatic metal bath, respectively. The activity of inhibiting biofilm formation mediated by these CFSs was compared.




2.6.2 pH and enzymatic stability

The pH of the supernatant was adjusted to 6.5 using 1 mol/L NaOH, maintained for 1 h, and then readjusted to the initial pH value (3.9) with 1 mol/L HCl. In addition, 5 mg/mL of catalase and 1 mg/mL of proteinase K (Solarbio, Beijing, China) were added to the CFS for enzymatic stability. Untreated CFS was used as control.




2.6.3 Non-targeted metabolome analysis

CFS and MRS culture medium were respectively divided into six biological replicates for LC-MS analysis conducted by Majorbio (Majorbio Biotech Co., Ltd., Shanghai, China) for non-targeted metabolomic evaluation, in accordance with the method depicted in the literature with minor modifications (Hou et al., 2021). A volume of 200 μL of the sample underwent ultrasonication and was obtained using 800 μL of mixture of methanol and acetonitrile (1:1, v/v) that contained an internal standard and subjected to ultrasonication at 40 kHz (5°C, 30 min). The samples were frozen at −20°C for half an hour, centrifuged for 15 min, and then evaporated with a stream of N2 gas. The resultant samples were reconstituted in 120 μL of an acetonitrile:water solution (1:1, v/v) and were ultrasonicated again at 40 kHz (5°C, 10 min). After being centrifugated at 13,000×g (4°C, 10 min), we transferred the obtained supernatants into sample bottles in preparation for subsequent LC-MS/MS analysis. Furthermore, to maintain analytic stability, quality control (QC) samples were created by merging 20 μL of specimen from every sample.

The analysis was conducted via LC-MS/MS utilizing the UHPLC-Q Exactive HF-X system (Thermo Fisher, Waltham, MA, USA). Progenesis QI v3.0 was employed for processing the raw data (Waters Corporation, Milford, USA). To enhance the distinctions among the groups and identify variables of class separation, a supervised clustering method known as partial least squares discriminant analysis (PLS-DA) was implemented. We calculated variable importance in the projection (VIP) values to demonstrate the roles of different variables within the PLS-DA model. The metabolites were annotated according to KEGG for the analysis of metabolic pathways as well as for the classification of compounds. The differential metabolites were categorized using the HMDB database. A difference in metabolite production between the two groups was considered significant if p < 0.05 and VIP > 1.





2.7 Transcriptome analysis by RNA-seq

S. mutans were cultured statically in six-well polystyrene plates for 24 h, allowing loosely attached bacterial cells to be gently rinsed off and then the biofilms were scraped off and approximately 50 mg of biofilm mass was collected by centrifugation and frozen at −80°C until used. Library construction, sequencing, and analysis services were provided by GENEWIZ Life Sciences (Suzhou, China). Each group for transcriptomics had three replicates. The data presented in the study are deposited in the NCBI repository, accession number PRJNA1219341.




2.8 Total bacterial RNA extraction and quantitative real-time polymerase chain reaction

The biofilm formation assay adopted the same preparation as before. Following incubation, the culture suspension from the wells was discarded. The plate wells underwent two washes with sterile saline, after which biofilm was scraped and suspended in saline for transfer to a centrifuge tube. The RNAprep pure Cell/Bacteria Kit (Tiangen Biotech; Beijing; China) was used for total RNA extraction according to the instructions of this kit. RNA concentration and purity were assessed using the ND-1000 spectrophotometer. Primer [Sangon Biotech Company (Shanghai, China)] sequences are listed in Table 1. The RNA was reversely transcribed into cDNA with the NovoScript Plus All-in-one 1st Strand cDNA Synthesis SuperMix (gDNA Purge) kit (Novoprotein, E047, Suzhou, China), subsequently utilizing the NovoStart SYBR qPCR SuperMix Plus reagent (Novoprotein, E096, Suzhou, China). The internal reference was 16S rRNA. The gene transcription level was evaluated using the 2−ΔΔCT methodology.

Table 1 | The table of primer sequences.


[image: Table displaying primers and their corresponding sequences. For 16S rRNA: F (forward) is CCTACGGGAGGCAGCAGTAG; R (reverse) is CAACAGAGCTTTACGATCCGAAA. For LrgB: F is GGCAAAAGGATTGGGAACTGATG; R is TGGAACGCGCAAAGGCAATGG. For DexA: F is AGGGCTGACTGCTTCTGGAGT; R is AGTGCCAAGACTGACGCTTTG. For Ldh: F is TCCTGTTGGAGTGGGATTC; R is TGCTGTACCCGCATTCGATTTCATT.]



2.9 Inhibitory effect of L. salivarius on S. mutans virulence in vivo



2.9.1 Animals and general procedures

The design of animal experiments was similar to the description by previous literature (Zhang et al., 2020). The flowchart of the animal model is shown in Figure 1A. Male SPF Sprague–Dawley rats (18 days old) were bought from the Jinzhou Medical University experiment animal center. The experiment received approval from the school’s Animal Protection and Institutional Committee (approval number: 230078) in accordance with the national animal protection guidelines. All laboratory animals were operated on under anesthesia and all efforts were made to reduce pain, suffering, and mortality. A total of four groups of rats (n = 3) were randomly assigned, including two treatment groups (L. salivarius suspension and CFS), as well as the caries-free and caries model groups. The rats in the caries-free group were given normal diet and distilled water during the whole experiment. Other groups were offered a cariogenic diet 2000 (obtained from Jiangsu Xietong Pharmaceutical Bio-engineering Co., Ltd.) and water containing 5% sucrose. To suppress the oral bacteria group, 0.5 μg/mL of ampicillin and 200 μg/mL of streptomycin were administered for 3 days prior to modeling. Over a period of 5 days starting at the experiment’s commencement, three groups of rats used for caries modeling were infected with S. mutans. This was achieved by saturating sterile cotton swabs with 1 mL of an S. mutans culture (108 CFU/mL) and applying the suspension into each quadrant of the rat’s mouth for 15 s. After the application of the tooth coating, dietary and water access was restricted for 2 h to facilitate the colonization of the microorganisms. At the age of 27, 100 μL of saliva was collected and coated on a plate for culture for detecting the colonization of S. mutans and recording the colony-forming units (CFU) for verifying the establishment of tested strains. The treatment groups were then administered 1 mL of L. salivarius suspension or CFS one time per day until the experiment’s conclusion (from days 28 to 63). The rats’ weights were recorded weekly, and the weight gain was calculated.

[image: Flowchart of experimental timeline (A), bar graph showing S. mutans count (B), micro-CT images of mouse jaws in different groups (C), graphs showing enamel volume (D), and density (E). Statistical significance is indicated by asterisks, with comparisons among caries-free, L. salivarius, CFS, and caries-model groups.]
Figure 1 | Flowchart of animal model (A). S. mutans count from different treatment groups (B) ,**p < 0.01 significantly different from the caries free group. Data were expressed as mean ± standard error of the mean (n = 3). 3D micro-CT image of mandibular molars, separated enamel (green), and corresponding 2D scale sagittal slice of the same molar (enamel is green) in each group (C). Volume of enamel of mandibular molars (D) **p < 0.01 significantly different from the caries-model group; ns, not significant. Density of enamel of mandibular molars (E), *p < 0.05, **p < 0.01 significantly different from the caries-model group; ns, not significant.




2.9.2 Micro-CT analysis

After successful modeling, SD rats were euthanized. All the mandibles were harvested, fixed with 4% paraformaldehyde, and then imaged with a VENUS Micro CT instrument (Kunshan, China). 3D pictures were created utilizing AVATAR 1.5.0 software. The enamel was separated from the mandible with fixed thresholds and the mineral density and volume of the enamel were evaluated after correction for hydroxyapatite criteria.





2.10 Statistical analysis

Each experiment was performed three times, and all results were expressed as mean ± standard deviation. One-way analysis of variance (ANOVA) was used for statistical analysis along with Dunnett’s test through GraphPad Prism version 8.0.1. Subsequently, all pairs of mean comparisons were assessed using the post-hoc Tukey method. p < 0.05 was considered statistically significant, while p < 0.01 was considered highly statistically significant.





3 Results



3.1 Antibiofilm effect of CFS of L. salivarius against S. mutans

As illustrated in Figure 2A, all CFSs at varying concentrations demonstrated efficacy in suppressing the biofilm formation of S. mutans. Specifically, CFS could inhibit 99% of S. mutans biofilm formation when used at concentrations of 50% (v/v). When the CFS was diluted to the concentration of 25%, the effect of biofilm formation decreased to 93.4% (p < 0.05). As the CFS was diluted to 12.5%, the inhibition decreased to 28.6% (p < 0.01).

[image: Panel A shows a bar chart of biofilm formation percentages at different concentrations, indicating significant reduction with increasing concentration. Panel B presents a bar chart of biofilm formation over time, showing a decrease at zero hours and increases thereafter. Panel C features SEM images comparing biofilms in control and CFS groups at magnifications of x3000 and x10000, highlighting structural differences. Panel D displays fluorescence microscopy images of control and CFS groups, with NO1 and PI staining, and a merged view, showing differences in fluorescence intensity.]
Figure 2 | Antibiofilm effect of CFS against S. mutans (A). Biomass of the biofilm mediated by CFS at different times (B). The data are presented as the means ± SD. **p < 0.01, compared with the control group; ns, not significant. Effect of CSF on the structure of Streptococcus mutans biofilm (C). Effect of CSF on the activity of Streptococcus mutans biofilm (D). Red, non-viable cells; green, viable cells; yellow, overlap of non-viable and viable cells. Bar = 50 μm.

The biofilm formation process included four essential time points: 0 h, where bacteria initially adhered; 6 h, marking the initial colonization of bacteria; 12 h, indicating early biofilm development; and 24 h, reflecting mature biofilm formation. As Figure 2B shows, the amount of biofilm mediated by each time point decreased significantly (p < 0. 01); the 24-h-mediated biofilm showed a certain reduction in biofilm volume compared with the 24-h control biofilm (p < 0.01). The results showed that the CFS of L. salivarius had a strong inhibitory effect in the early stage of biofilm formation, but had a slightly destructive effect on middle and mature stage of biofilm formation.

At a dilution of 16.7% for the CFS, the SEM micrograph presented in Figure 2C demonstrated that a compact biofilm typical for S. mutans displayed a network-like composition identified as EPS. However, the biofilm architecture of S. mutans added with CFS appeared significantly more dispersed, exhibiting fewer micro-colonies on the surface compared to that of S. mutans alone, with a decrease in the quantity of EPS. Biofilms were created in the presence of CFS following 24 h of cultivation and analyzed by a confocal laser scanning microscope (Figure 2D). The images demonstrate fluorescence intensities in green (live bacteria) and red (dead bacteria). The control group revealed that the biofilm was distributed uniformly, accompanied by a comparatively dense structure and total surface coverage. As shown in the CFS treatment group, the biofilms seemed significantly more dispersed and notably looser. The surface area that the biofilm occupied decreased because of CFS, leading to a marked reduction of biofilm biomass.




3.2 Analysis of antibiofilm components in CFS

Literature indicated that the antimicrobial components found in the CFS from Lactobacillus consist of organic acids, hydrogen peroxide, and bacteriocin (Vahedi Shahandashti et al., 2016; Liu et al., 2020). Bacteriocin is a protein synthesized by ribosomes, a metabolite secreted by bacteria during their reproductive process, possessing antibacterial properties (Kumariya et al., 2019). To preliminarily investigate the characteristics of the primary antibacterial agent, three portions of CFS were exposed to catalase and proteinase K, and pH was adjusted to neutral levels. After being treated with catalase and proteinase K, S. mutans showed a reduced but not lost antibiofilm effect. These findings suggested that hydrogen peroxide and a protein-like substance could serve as the principal antibiofilm agent in the CFS of L. salivarius. Additionally, this research revealed that the pH of the obtained CFS measured at 3.9. After adjusting the pH to 6.5, the CFS lost its antibiofilm capability; meanwhile, when the pH returned to the original value, the antibiofilm effect of CFS had not been fully restored (Figure 3A). As a result, we conducted further examinations to identify the main antibiofilm constituents of CFS. After the CFS was treated at different temperatures, there were no notable changes in its ability to inhibit biofilm formation. Even after 30-min treatment at 100°C, it still had the effect of inhibiting biofilm, and interestingly, it was slightly increased compared to that without treatment after 80°C (Figure 3B). This indicates that the active components of the CFS were thermally stable.

[image: Chart A displays a bar graph of OD575 values for different treatments. Chart B shows OD575 values across temperatures from 50 to 100°C. Chart C contains a PCA scores plot. Chart D illustrates a PLS-DA scores plot. Chart E presents a volcano plot of significance versus log2FC. Chart F is a VIP plot listing significant compounds. Chart G consists of a bar graph of compound abundance across categories. Chart H is a donut chart summarizing compound groups by percentages.]
Figure 3 | The inhibition effect on the biofilm of the CFS after different treatments. pH and enzyme (A) and temperature (B). *p < 0.05, **p < 0.01 significantly different from the control group; ns, not significant. The metabolites in the CFS group compared to those in the control group. Principal component analysis (PCA) score plot of metabolite profiles from the treated and control groups (C). Partial least squares discriminant analysis (PLS-DA) score plot of metabolite (D). Volcano plot of the metabolites from CFS and control (E). Variable importance for the projection (VIP) score calculated by PLS-DA (F). KEGG compound analyses of upregulated metabolites (G). HMDB compound classification diagram (H).

To analyze the effective components of CFS that enforce antibacterial properties, the extracellular metabolite profiles were compared between MRS and CFS through metabolomic analysis following a 24-h incubation period. The principal component analysis (PCA) and PLS-DA models highlighted significant metabolite differences between the two sample groups, all within the 95% confidence interval (Figures 3C, D). In the presence of the CFS, 436 metabolites were upregulated, while 694 were downregulated (p < 0.05, VIP > 1) compared with those in the presence of MRS broth (Figure 3E). There was a significant difference between the fermentation broths before and after cultivation, indicating that effective substances that may inhibit biofilm formation have been produced during the fermentation process. The VIP plots (Figure 3F) indicated that certain identified metabolites contributed to class differentiation. KEGG compound analysis of the upregulated metabolites was conducted, mainly including fatty acids, amino acids, nucleotides, and carboxylic acids (Figure 3G). The upregulated metabolites predominantly included various compounds including organic acids and derivatives, lipids and lipid-like substances, organoheterocyclic entities, organic oxygen compounds, and benzenoids were produced, as indicated by the HMDB compound classification analysis (Figure 3H). This section explored the characteristics of the effective components in CFS, which were thermally stable and possible protein and hydrogen peroxide-like substances and have a relatively narrow pH tolerance range, possibly being a type of organic acid or a substance that functions under acidic conditions. Furthermore, by combining with the non-targeted metabolomics method based on LC-MS to identify the differential metabolites between the CFS and the initial culture medium, we found that they were mainly fatty acids, amino acids, nucleotides, and carboxylic acids.




3.3 Transcriptome analysis by RNA-seq and analysis of qRT-PCR results

Given that CFS led to notable inhibition of biofilm formation by S. mutans, we conducted transcriptome analysis on both S. mutans treated with CFS and those under control conditions to monitor genome-wide gene expression alterations caused by CFS.

PCA showed that all biological replicates clustered closely, suggesting that gene expression underwent significant alteration due to CFS treatment compared to untreated controls, accounting for the 81.7% variance observed in the overall dataset (Figure 4A). The differentially expressed genes (DEGs) were identified using a modified p-value threshold of < 0.01 observed through the control and CFS groups. As depicted in the volcano plot and heatmap in Figure 4B, 487 genes were found to be upregulated, while 519 exhibited downregulation. DEGs were annotated, functionally utilizing KEGG enrichment analysis. The GO enrichment assessment concerning molecular functions, cellular components, and biological processes revealed the involvement of these DEGs in DNA binding, oxidoreductase activity, membrane, de novo IMP biosynthetic process, and carbohydrate transport (Figure 4C). The functional annotation of DEGs was carried out along with KEGG pathway and enrichment analysis (Figures 4D, E). Furthermore, 30 significant KEGG pathways were revealed, demonstrating potential links to the metabolic processes of S. mutans, including pathways related to pyruvate metabolism, purine metabolism, amino sugar and nucleotide sugar metabolism, galactose metabolism, and the TCA cycle. Certain pathways, especially pyruvate metabolism, the phosphotransferase system, and ATP-binding cassette (ABC) transporters, play vital roles in biofilm formation.

[image: A series of six panels displaying various bioinformatics analyses. Panel A shows a PCA plot with clear separation between CFS and control groups. Panel B presents a volcano plot with highlighted differentially expressed genes. Panel C is a bar chart depicting the significance of various GO terms, categorized by molecular function, cellular component, and biological process. Panel D illustrates a bar chart of pathways with numbers of associated genes, color-coded by organismal systems, environmental processing, metabolism, cellular processes, and human diseases. Panel E is a bubble chart showing pathways with gene numbers and significance. Panel F displays a bar graph comparing gene expression fold change for LrgB, dexA, Idh, and LuxS between control and treated groups, indicating statistical significance.]
Figure 4 | Effects of CFS through RNA-Seq analysis in S. mutans biofilms. Principal component analysis (PCA) score plot from the treated and control groups (A). Volcano plot illustrating genes with significant expression differences of S. mutans biofilms in the CFS group (B). GO annotation analysis of differentially expressed genes (C). KEGG pathway analysis of differentially expressed genes (D). KEGG rich analysis of differentially expressed genes (E). Validation of differentially expressed genes using qRT-PCR (F) **p < 0.01 significantly different from the control group. Fold change = 2−ΔΔCT. Fold change >1 indicates upregulation, <1 indicates downregulation.

S. mutans possesses 14 phosphoenolpyruvate-dependent phosphotransferase systems (PTSs) and two ABC transporters, indicating that it can transport various sugars to meet its metabolic needs and adapt to complex and changing environments. Transcriptome analysis indicated a significant reduction in the key gene expression associated with carbohydrate metabolism because of CFS (Tables 2, 3). Selected genes related to two-component signal transduction systems (ciaH, ciaR, lytS, and lytR), polyketides/non-ribosomal peptides (mub gene clust), acid stress response (aguA and TreR), quorum sensing gene (LuxS), and exopolysaccharide-formation gene (dexA) were significantly downregulated and are presented in Table 4, which could inhibit oxidative stress and attenuate the virulence of S. mutans.

Table 2 | Differentially expressed genes in S. mutans upon CFS treatment related to PTSs.


[image: Table listing gene information with columns for Gene ID, Gene name, log2FoldChange, and Gene product description. The table shows various genes, their associated fold change values ranging from approximately -1 to -5, and descriptions of their protein functions related to transporters, permeases, and binding proteins.]
Table 3 | Differentially expressed genes in S. mutans upon CFS treatment related to ABC transporters.


[image: Table listing gene information with columns for Gene ID, Gene name, log2FoldChange, and Gene product description. The data includes gene IDs like gene-D820_RS0965 and various descriptions, such as PTS fructose transporter subunit IIA. The log2FoldChange values range from approximately -4.23 to -1.18.]
Table 4 | Differentially expressed genes in S. mutans upon CFS treatment related to stress response, quorum sensing gene, and exopolysaccharide formation.


[image: Table displaying a list of genes with details including Gene ID, Gene name, log2FoldChange values, and Gene product descriptions. The table lists genes like ciaH, ciaR, lytS, and others, with varied log2FoldChange values, each alongside their respective product descriptions such as histidine kinase, response regulator, and peptide synthetase.]
To confirm the RNA-Seq findings, randomly selected genes underwent quantification through quantitative real-time polymerase chain reaction (qRT-PCR) to assess their transcription levels. As indicated in Figure 4F, the genes lrgB, LuxS, dexA, and ldh showed significant downregulation following treatment with the supernatant, which conformed with the results derived from RNA-seq analysis.




3.4 Inhibitory effect of L. salivarius on S. mutans virulence in vivo

Throughout the entire experimental duration, the rats maintained stable health conditions. Weight gain among all groups showed no statistically significant differences (Table 5). As shown in Figure 1B, in the caries-free group, S. mutans was not detected, while the levels of S. mutans in the caries model, L. salivarius, and CFS groups were approximately 4.0 × 104 CFU/mL after infection for 5 days, demonstrating successful colonization of S. mutans within the oral cavities.

Table 5 | Changes in body weight of SD rats during the experiment.


[image: Table showing the weight of SD rats at different periods (in grams) across four groups: Caries-free, CFS, L. salivarius, and Caries-model. Weights are recorded at 28, 35, 42, 49, 56, and 63 days. Caries-free group increases from 79.1 at 28 days to 223.3 at 63 days. CFS group ranges from 77.2 to 220.9. L. salivarius starts at 80.3 and ends at 219.7. Caries-model group grows from 79.6 to 221.1. Values include standard deviations.]
In order to improve the visibility of caries site on rat molars, micro-CT was used for 3D reconstructions of the mandibular molars, and the enamel was isolated from the complete mandible with a predetermined threshold. Additionally, the relevant sagittal slice of the homorganic molar was extracted for comparative analysis (Figure 1C). From the complete 3D reconstruction of dental hard tissue, the sagittal slice images of the caries model group were compared with those of the caries-free group, in which it was clear that the enamel (green) areas were discontinuous in the presence of caries. Additionally, to quantitatively assess the results from micro-CT, we calculated and analyzed the enamel volume and mineral density of molar teeth across the various experimental groups. The smaller the enamel volume, the more enamel loss and the more severe the caries. As shown in Figures 1D, E, the enamel volume and mineral density of the caries model group were obviously less than those in the caries-free group, indicating that the rat caries model was successfully established. The enamel volume and mineral density of the molars treated with CFS were higher than those in the caries-model group and lower than those in the caries-free group (p < 0.01). In addition, no significant differences were found in enamel volume and mineral density between the CFS and L. salivarius groups.





4 Discussion

In the oral cavity, S. mutans and Lactobacillus are common microorganisms. Similar to the intestinal microbiota, the oral microbiota is also in a dynamic equilibrium. Once this equilibrium is disrupted, cariogenic microorganisms such as S. mutans will become dominant, contributing to the formation of a cariogenic biofilm (Hannig and Hannig, 2009). Hence, preventing bacterial biofilm formation is vital for maintaining dental health. In previous investigations (Wasfi et al., 2018; Liang et al., 2023), the inhibition of S. mutans biofilms occurred with the addition of the L. salivarius supernatant. The pathogenic mechanisms by which the L. salivarius supernatant aids in caries prevention and the potential active substances remain unclear. This study demonstrated that the inhibitory effect of the L. salivarius supernatant can reduce the biofilm amount and biofilm activity at different time points. It not only significantly reduced the adhesion of initial biofilms, but also has a potential inhibitory effect on 24-h mature biofilms. The biofilm structure after co-cultivation of CFS and S. mutans was significantly loose and sparse, which also has a significant destructive effect on the biofilm structure.

Lactobacillus, an essential category of probiotics, is widely utilized. The growth and reproduction of harmful bacteria can be inhibited by certain compounds, mainly through their metabolites such as organic acids, bacteriocins, and hydrogen peroxide (Liu et al., 2020). Neutralizing the CFS to pH 6.5 markedly diminished its antimicrobial efficacy, which found that the active components of the CFS could be organic acids or substances that exert an inhibitory effect in acidic environments. The addition of catalase and proteinase K to the CFS resulted in a reduction of its antibacterial activity against S. mutans. This indicated that hydrogen peroxide and protein material contribution in antimicrobial activity of the CFS were also important.

Furthermore, the non-targeted LC-MS/MS method was employed to detect the bioactive compounds present in CFS. A mountain of organic acids and derivatives were found from the HMDB analysis. Studies indicated that certain organic acids could impede biofilm formation by certain mechanisms. Among the usual organic acids found in the supernatant of L. plantarum CCFM8724, phenolactic acid can significantly suppress the biofilm formation of S. mutans and Candida albicans. Additionally, phenyllactic acid, a kind of postbiotics, and the secretion of L. paracasei ET-22 exhibited significant inhibition of a variety of pathogenic bacteria biofilm formation (Wu et al., 2023). In the characteristic monosaccharides of CFS from L. salivarius, sorbitol had been found to reduce acid production and the amount of bacterial biofilm as well as inhibit the acid production of S. mutans in vitro (Takahashi-Abbe et al., 2001). Sorbitol has been confirmed to decrease the dual-species biofilm formation of S. mutans and C. albicans, leading to change in biofilm structure and glucan production (Chan et al., 2020). Therefore, sorbitol was probably an effective substance in CFS of L. salivarius. Additionally, we found that the expression of honokiol was upregulated from VIP analysis, which was confirmed to suppress biofilm formation as well as the production of extracellular matrix and lactic acid in S. mutans (Ren et al., 2023).

Sugars are the main carbon source for bacteria, which can be used to produce adenosine triphosphate (ATP) and synthesize various cellular components (such as peptidoglycan, fatty acids, and nucleic acids) and intercellular polysaccharide. The primary means of carbohydrate transport in the dental pathogen S. mutans occurs through the glycolysis pathway via the PTS system and ABC transporters. S. mutans encodes 14 PTSs and two ABC transporters (Kawada-Matsuo et al., 2016; Zeng et al., 2017). Transcriptome analysis of S. mutans demonstrated that the expression of major carbohydrate metabolism genes was significantly reduced and influenced by the downregulation of CFS, PTSs for galactitol, cellobiose, fructose, lactose, and mannose. Genes involved in maltose and maltodextrin transport in the ABC transporter system such as malK, malE, and malG were also downregulated.

Two-component signal transduction system (TCSTS) is a protein phosphorylation signaling pathway widely present in bacteria, which can regulate bacterial gene expression and coordinate various bacterial activities when stimulated by environmental stimuli (Hoch, 2000). TCSTS generally involves a dimerized transmembrane receptor, specifically histidine kinase (HK), along with a cytoplasmic response regulator (RR). The HK protein, situated in the plasma membrane, is capable of sensing specific environmental stimuli, while the RR protein, located in the cytoplasm, responds to these stimuli by modulating gene expression. In S. mutans, numerous TCSTS, such as VicK/VicR, CiaH/CiaR, LytST, and LiaS/LiaR, have been identified in the genome of S. mutans with substantial supporting lines of evidence that are associated with various functions, including acid tolerance, oxidative stress response, and biofilm formation in S. mutans (Lévesque et al., 2007; Liu and Burne, 2009). In our study, CFS treatment inhibited the gene expression of ciaH, ciaR, lytS, and lytR in TCSTS. In summary, our results indicate that the CFS’s effect on reducing the virulence of S. mutans is partially influenced by the downregulation of TCSTS involved in signal transduction.

The primary components of the S. mutans biofilm include polysaccharides, extracellular DNA (eDNA), and adhesin proteins (Shanmugam et al., 2020). In this study, CFS was found to reduce the mRNA expression levels of lrgA and lrgB, which have a function in the production of eDNA by regulating cell autolysis and the components of membrane vesicles.

Bacterial quorum sensing (QS) is regularly present in Gram-negative and Gram-positive bacteria, which plays an important role in the information exchange among biofilm bacteria under different stress conditions (Valen and Scheie, 2018). AI-2 molecules, as a messenger molecule of QS, have been identified to play a critical role in the communication processes among S. mutans. The protease coded by the gene of LuxS is a significant catalyst for the synthesis of AI-2; therefore, the LuxS gene serves as a marker for producing this signaling molecule (Schauder et al., 2001). The LuxS/AI-2 QS system is known to play a role in several essential physiological functions in S. mutans (Hu et al., 2018). Studies indicated that mutations in LuxS hindered biofilm formation, decreasing acid tolerance and acid production (Yoshida et al., 2005). In this article, the gene expression of luxS was significantly reduced in the CFS treatment group.

The secondary metabolites of S. mutans mainly include bacteriocins and polyketides/non-ribosomal peptides (PKs/NRPs) (Wang et al., 2012; Xie et al., 2017). To date, in S. mutans, some of the PKs/NRPs that were identified include mutanobactin, mutanocyclin, and mutanofactin, and these metabolites were relatively synthesized by the mub, muc, and muf gene clusters. These compounds are involved in various functions, including competition between bacterial species, responses to oxidative stress, biofilm formation, and numerous other physiological activities (Wu et al., 2010; Li et al., 2021). Most mutanobactin operon-related genes were downregulated. Consequently, the reduced expression of these secondary metabolites could significantly impact the biofilm development of S. mutans.




5 Conclusion

In conclusion, the transcriptomic analysis provided new insights into the mechanism by which the supernatant of L. salivarius inhibits S. mutans biofilms, including inhibition of phosphoenolpyruvate-dependent phosphotransferase systems, two ATP-binding cassette transporters, two-component systems, PKs/NRPs, acid stress response, QS, and exopolysaccharide formation. In addition, non-targeted LC-MS/MS analysis was employed to discover a variety of potential active compounds present in the CFS of the L. salivarius against S. mutans biofilm. The above results provide a theoretical basis for further isolation and purification of the L. salivarius supernatant and the production and application of active components, as well as the manner and conformation of molecular docking of active components and S. mutans targets. Therefore, it has the potential to act as a therapeutic agent for the prevention and treatment of caries.
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Post-translational modifications (PTMs) are integral to the regulation of protein function, stability, and cellular processes. Lysine acetylation, a widespread PTM, has been extensively characterized for its role in eukaryotic cellular functions, particularly in metabolism, gene expression, and disease progression. However, its involvement in oral microbiota remains inadequately explored. This review examines the emerging significance of lysine acetylation in modulating oral microbial communities. The oral cavity, characterized by its unique anatomical and environmental conditions, serves as a dynamic habitat where microbiota interact with host factors such as diet, immune response, pH, and the level of oxygen. Lysine acetylation enables bacterial adaptation to these fluctuating conditions, influencing microbial metabolism, virulence, and stress responses. For example, acetylation of lactate dehydrogenase in Streptococcus mutans reduces its acidogenicity and aciduricity, which decreases its cariogenic potential. In diverse environmental conditions, including hypoxic or anaerobic environments, acetylation regulates energy utilization pathways and enzyme activities, supporting bacterial survival and adaptation. Additionally, acetylation controls the production of extracellular polysaccharides (EPS), which are essential for biofilm formation and bacterial colonization. The acetylation of virulence factors can modulate the pathogenic potential of oral bacteria, either enhancing or inhibiting their activity depending on the specific context and regulatory mechanisms involved. This review also explores the interactions between acetylation and other PTMs, highlighting their synergistic or antagonistic effects on protein function. A deeper understanding of lysine acetylation mechanisms in oral microbiota could provide valuable insights into microbial adaptation and pathogenesis, revealing potential therapeutic targets for oral diseases.
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1 Introduction

Post-translational modification (PTM) refers to the chemical modification of proteins following translation, which influences their structure and function. These modifications can impact protein stability, affinity, activity, and subcellular localization, thereby regulating their biological roles. In the context of oral microbiota, PTMs are integral in modulating protein synthesis, metabolism, and virulence. Oral microorganisms utilize PTMs to adapt to external stimuli and control various physiological processes. To date, over 200 distinct PTMs have been cataloged (Minguez et al., 2012), including both minor chemical modifications (e.g., phosphorylation and acetylation) and the addition of complete proteins (e.g., ubiquitination). The most common PTMs observed in oral microbiota include phosphorylation, acetylation, methylation, glycosylation, sumoylation, and lactylation (Wu et al., 2019; Zeng et al., 2020; Ma et al., 2021b).

Lysine is an amphipathic residue, characterized by a hydrophobic side chain and a positively charged ϵN-group at physiological pH. The ϵN-group in the active or binding site of proteins typically engages in salt bridge formation (Moreira et al., 2007). Acylation of lysine neutralizes the amino group’s positive charge, potentially altering the protein’s conformation. Various acylation modifications have been identified, including acetylation (Wang et al., 2010), malonylation (Peng et al., 2011), crotonylation (Montellier et al., 2012), propionylation and butylation (Chen et al., 2007), and succinylation (Lin et al., 2012). These modifications utilize metabolic intermediates as sensors to regulate metabolism and other processes, thereby coordinating metabolic pathways and signal transduction (Wellen and Thompson, 2012).

The most extensively studied lysine modification is acetylation, which occurs through reversible catalysis by protein acetyltransferases and deacetylases. Active acetyl derivatives, such as acetyl phosphate, acetyl CoA, and acetyladenylic acid, are also known to drive protein acetylation (Ramponi et al., 1975; Wagner and Payne, 2013; Weinert et al., 2013; Kuhn et al., 2014). Initially observed in histones (Allfrey et al., 1964), lysine acetylation has since been identified in various eukaryotic non-histone proteins involved in cellular metabolism, the cell cycle, aging, growth, angiogenesis, and oncogenesis (Chuang et al., 2010; Wang et al., 2010; Zhao et al., 2010; Lu et al., 2011; Carafa et al., 2012; Lin et al., 2012). In contrast, research on prokaryotic acetylation remains limited, primarily focusing on a few microbial species. Although lysine acetylation is increasingly recognized as a significant post-translational modification in bacteria, its specific roles and regulatory mechanisms within oral microbiota remain underexplored.

The oral microenvironment is intricate, shaped by the unique anatomy of the oral cavity. Oral microorganisms are highly sensitive to host factors, including diet, immune status, pH, oral hygiene, oxygen levels, and lifestyle choices (Yan et al., 2023). In contrast to slower regulatory mechanisms such as gene expression and protein turnover, lysine acetylation enables bacteria to rapidly adjust their physiological state, offering a mechanism to respond swiftly to environmental changes. For instance, under hypoxic or anaerobic conditions, lysine acetylation modulates bacterial metabolic pathways, optimizing energy utilization and regulating enzymatic activity to mitigate external stressors (Kim et al., 2015; Martín et al., 2021; Toplak et al., 2022; Ma et al., 2024a).

In addition, protein lysine acetylation is a key regulator of microbial virulence. One noteworthy illustration is the production of extracellular polysaccharides (EPS) by oral bacteria via glucosyltransferases. EPS constitutes the primary component of dental plaque biofilms, promoting bacterial colonization and aggregation. Notably, the acetylation status of glucosyltransferase correlates with its enzymatic activity (Ma et al., 2021a). Beyond local effects, oral pathogens can release virulence factors into the bloodstream, leading to systemic infections. Acetylation plays a critical role in the onset and progression of these virulence factors (Ren et al., 2017).

Protein acetylation differs from mRNA or protein synthesis in that it is not templated, instead depending on the recognition and modification by specific enzymes. This process is typically reversible and dynamic, with chemical groups being added or removed from the polypeptide chain by specialized enzymes. Beyond enzymes, certain chemical compounds also contribute to protein acetylation. For instance, acetyl coenzyme A (Ac-CoA) directly enhances the acetylation of RprY in Porphyromonas gingivalis (Wagner and Payne, 2013). Proteins often undergo multiple modifications, with some residues experiencing several modifications simultaneously. For example, in Porphyromonas gingivalis, acetylation and succinylation frequently overlap, and RprY can concurrently undergo both acetylation and phosphorylation (Li et al., 2018). The interplay between acetylation and other PTMs can produce complementary or antagonistic effects, resulting in intricate combinations that influence the structure and function of target proteins, highlighting the complexity and adaptability of regulatory mechanisms.

Recent advances in enrichment strategies for protein lysine acetylation sites have provided substantial evidence supporting the critical role of protein acetylation in regulating both the physiological and pathological processes of oral microorganisms (Figure 1). This review explores the significance and diverse functions of protein lysine acetylation in oral microorganisms, aiming to fill current knowledge gaps and explore the potential of acetylation as a therapeutic target for oral diseases by integrating emerging evidence across major oral microorganisms, including bacteria (e.g., Streptococcus mutans, Porphyromonas gingivalis) and fungi (e.g., Candida albicans), and highlighting its interplay with other post-translational modifications.

[image: Diagram illustrating lysine acetylation's role in microbial activities. The left side shows lysine conversion to acetyl-lysine via HATs, and back via KDACs. The right side lists effects: microbial physiological activities, pathogenicity, resistance, environmental adaptation, immune escape, and interactions with other modifications.]
Figure 1 | Protein lysine acetylation in oral microbiology. Oral microbiota employs dynamic acetylation/deacetylation modification mechanisms to precisely modulate critical physiological processes including physiological activities, microbial pathogenicity, drug resistance, environmental adaption, immune escape and interaction with other mechanisms. Notably, this dynamically balanced acetylation system endows pathogens with remarkable plasticity, enabling rapid epigenetic-level responses to adaptively transition between host microenvironmental conditions and external stressors. The bidirectional equilibrium inherent in this regulatory network mirrors the Taiji (Yin-Yang) philosophy in Chinese traditional thought – a cyclical interplay of complementary forces that maintains the homeostasis of living systems through dynamic equilibrium.




2 Protein acetylation



2.1 Protein acetylation in oral microorganisms

Lysine acetylation is regulated by two distinct mechanisms: enzymatic and non-enzymatic. The enzymatic process involves the transfer of an acetyl group from acetyl-CoA to the ϵ-amino group of deprotonated lysine, a reaction catalyzed by lysine acetyltransferases (KATs). These enzymes are classified into three primary families: (i) the Gcn5-related N-acetyltransferase (GNAT) family, named after the yeast Gcn5 protein, (ii) the MYST family, which includes human MOZ, yeast Ybf2/Sas3, yeast Sas2, and human Tip60, and (iii) the p300/CBP family, named after human p300 and CBP. While the MYST and p300/CBP families are exclusive to eukaryotic cells, the GNAT family is conserved across all domains of life (Starai and Escalante-Semerena, 2004; Chen et al., 2007; Wang et al., 2010). Several KATs have been identified in various microbial species, all belonging to the GNAT family (Hentchel and Escalante-Semerena, 2015), such as ActA and ActG in Streptococcus mutans (Ma et al., 2021a, 2024a) and VimA and its homolog PG1842 in Porphyromonas gingivalis (Mishra et al., 2018), Among them, the Salmonella enterica protein acetyltransferase Pat (also referred to as YfiQ Escherichia coli) was the first to be identified and remains the most extensively studied (Starai and Escalante-Semerena, 2004).

A non-enzymatic mechanism was identified in Escherichia coli, where acetyl phosphate (AcP) directly transfers its acetyl group to the ϵ-amino group of deprotonated lysine (Weinert et al., 2013; Kuhn et al., 2014), this mechanism may similarly support rapid metabolic adaptation of oral bacteria during nutritional fluctuations or stress conditions which are common in the oral cavity (Di et al., 2023). AcP, a high-energy intermediate in the phosphotransacetylase-acetate kinase (Pta-AckA) pathway, is traditionally recognized as a donor of phosphorylation groups for specific response regulators within two-component signaling systems (Lukat et al., 1992). The yfiQ deletion mutant shows minimal impact on global acetylation levels, while increasing AcP concentrations correspond to elevated global acetylation, indicating that AcP-dependent acetylation is less specific than its enzymatic counterpart and may significantly influence bacterial physiological processes.




2.2 Protein deacetylation in oral microorganisms

Lysine deacetylases (KDACs) enzymatically remove acetyl groups. Currently, two primary KDAC families have been identified and categorized into four groups: the NAD+-dependent sirtuin family (class III) (Blander and Guarente, 2004) and the zinc-dependent Rpd3/Hda1 family (classes I, II, and IV) (Yang and Seto, 2008).

The NAD+-dependent CobB, the most extensively studied bacterial sirtuin, was initially characterized in Streptococcus faecalis (Starai et al., 2002). Its homologs have since been identified in other bacteria, including Escherichia coli (Zhao et al., 2004)and Streptomyces (Mikulik et al., 2012). CobB typically does not exhibit a preference for Pat-dependent or AcP-dependent acetylated lysine, with its substrates participating in diverse cellular processes (AbouElfetouh et al., 2015). For instance, CobB deacetylates both Pat- and AcP-dependent acetylated DnaA (Zhang et al., 2016). Initially regarded as the sole histone deacetylase (HDAC) in Escherichia coli due to the absence of other HDAC homologs, CobB’s role was reassessed upon the identification of a novel deacetylase, YcgC, in Escherichia coli (Tu et al., 2015). YcgC, a member of the serine hydrolase family, lacks significant homology with known KDACs and is neither NAD+- nor Zn2+-dependent. It catalyzes substrate deacetylation through mechanisms distinct from established deacetylases, targeting a different set of acetylated proteins than those regulated by CobB in Escherichia coli. Thus, YcgC and its homologs may constitute a novel bacterial deacetylase family. Additionally, MSMEG_4620, a SIRT4 homolog in Mycobacterium tuberculosis, exhibits both deacetylase and auto-ADP-ribosyltransferase activities (Tan et al., 2016). Consequently, further investigation into novel microbial deacetylases and the interplay between acetylation factors and deacetylases will provide valuable insights.





3 Regulation of oral bacteria by protein acetylation



3.1 Streptococcus mutans

In Streptococcus mutans, lysine acetylation, a widespread and dynamic PTM, is integral to bacterial metabolic regulation and pathogenicity. It has been demonstrated that Streptococcus mutans utilizes sucrose to synthesize exopolysaccharide via glucosyltransferases (Gtfs), a process regulated by lysine acetylation. Analysis of protein acetylation dynamics revealed that 22.7% of proteins were acetylated, with significant enrichment in glycolysis/gluconeogenesis and RNA degradation pathways (Lei et al., 2021).

Acetyltransferase ActG has been shown to acetylate GtfB and GtfC, inhibiting their activity and thus reducing EPS synthesis and biofilm formation. However, site-directed mutagenesis of specific lysine residues was not performed to pinpoint the functional acetylation sites (Ma et al., 2021a). Furthermore, acetylation of lactate dehydrogenase (LDH) also inhibits its enzymatic activity, decreasing the cariogenic potential of Streptococcus mutans (Ma et al., 2022). ActA, a member of the GNAT family in Streptococcus mutans, regulates bacterial adaptation and competitiveness against oxidative stress through acetylation of LDH and pyruvate kinase (PykF) (Ma et al., 2024a). In contrast, the NAD+-dependent deacetylase YkuR reverses Gtfs acetylation and restores their enzymatic activity, thereby promoting EPS production and biofilm formation. Deletion of ykuR elevates global acetylation and attenuates cariogenicity in vivo (Ma et al., 2024b).

Aspirin, a non-enzymatic acetylating agent, inhibits the growth and EPS production of Streptococcus mutans and reduces the enzymatic activity of Gtfs (Lin et al., 2024), further supporting the role of protein acetylation in antimicrobial and anti-biofilm applications.

Additionally, small RNA (sRNA) interacts with lysine acetylation in Streptococcus mutans. SmsR1 sRNA modulates protein acetylation levels and LDH activity by regulating the concentration of the pdhC gene and its metabolite acetyl-CoA (Li et al., 2024), reflecting bacterial adaptability to environmental stress.

These findings highlight the complex regulatory role of lysine acetylation in Streptococcus mutans, influencing bacterial virulence (e.g., biofilm formation) and pathogenicity (e.g., cariogenicity, environmental adaptation) (Table 1), and provide a theoretical foundation for developing new strategies to prevent and treat dental caries.

Table 1 | Lysine acetylation in Streptococcus mutans.


[image: Table titled "Lysine acetylation in Streptococcus mutans" with columns for Mechanism, Effect, Biological function, and References. Mechanisms include various acetylation and deacetylation processes affecting enzyme activity, oxidative stress tolerance, biofilm formation, and metabolic flexibility. References are provided for each mechanism.]



3.2 Porphyromonas gingivalis

Porphyromonas gingivalis, a Gram-negative anaerobic bacterium, is a key pathogen in chronic periodontitis. Through dynamic analysis of protein acetylation, 130 lysine acetylation sites from 92 Porphyromonas gingivalis proteins were identified, with the majority associated with 45 metabolically active proteins. These proteins are involved in multiple metabolic pathways, where enzymes catalyzing consecutive reactions within the same pathway are frequently acetylated. Notably, 12 enzymes in the anaerobic amino acid fermentation pathway, critical for energy production, also undergo lysine acetylation. This indicates that lysine acetylation plays a central role in the metabolic regulation of Porphyromonas gingivalis, contributing significantly to its survival and metabolic adaptation during infection (Butler et al., 2015).

VimA, a multifunctional protein in Porphyromonas gingivalis, regulates critical biosynthetic pathways through its acetyltransferase activity. It plays a role in the glycosylation and anchoring of bacterial surface proteins, lipid A synthesis, and the maintenance of oxidative stress tolerance. Notably, VimA and its homolog PG1842 acetylate the gingipain precursor pro-RgpB at key lysine residues (Y230, K247, and K248), facilitating its activation and maturation, which enhances both the invasive and biofilm-forming capacities of Porphyromonas gingivalis (Mishra et al., 2018). VimA-deficient mutants, such as FLL92, exhibit reduced invasion efficiency into host cells; however, supplementation with VimA restores invasive potential. This highlights VimA’s essential role in modulating the pathogenicity of Porphyromonas gingivalis. Additionally, VimA influences branched-chain amino acid metabolism by regulating acetyl-CoA levels, thereby affecting lipid A biosynthesis (Aruni et al., 2012). Lipid A, a major component of the outer membrane of Porphyromonas gingivalis, is crucial for immune evasion. Studies have shown that VimA-deficient mutants display impaired survival under oxidative stress, suggesting that VimA contributes to bacterial survival in fluctuating oral environments by enhancing membrane stability and stress tolerance.

Protein acetylation is integral to the transcriptional regulation of Porphyromonas gingivalis. Acetylation of the transcription factor RprY impairs its DNA-binding ability, thereby diminishing its transcriptional activation of target genes (Li et al., 2018).

A significant aspect of lysine acetylation in Porphyromonas gingivalis proteins is its interaction with lysine succinylation (Ksuc). In Porphyromonas gingivalis ATCC 33277, a substantial overlap between Ksuc and Kac occurs, particularly in ribosomal and metabolic proteins, reflecting the complexity of PTMs in bacterial physiological regulation (Zeng et al., 2020).

In conclusion, protein acetylation is central to the physiological functions, metabolic regulation, and pathogenicity of Porphyromonas gingivalis. By modulating various metabolic pathways, protein sorting, and surface structure synthesis, acetylation enhances the bacterium’s environmental adaptability, invasiveness, and biofilm formation capabilities (Table 2). These insights present promising molecular targets for the development of novel antimicrobial therapies.

Table 2 | Lysine acetylation in Porphyromonas gingivalis.


[image: Table titled "Lysine acetylation in Porphyromonas gingivalis" with four columns: Mechanism, Effect, Biological function, and References. Mechanisms include VimA-mediated acetylation and transcription factor modification. Effects involve acetylation impact on RgpB and Lipid A synthesis. Functions include enhancing invasiveness and maintaining membrane stability. References list Mishra et al., 2018; Aruni et al., 2012; Li et al., 2018; Zeng et al., 2020.]



3.3 Actinomycetes

Protein lysine acetylation, a critical PTM, is integral to the regulation of various biological processes in Actinomycetes. In fact, “Amino acid sensing” was specifically observed only in Actinomycetes, based on recent studies identifying ACT domain-containing GNATs (Lu et al., 2017; Lammers, 2021). However, similar to other organisms, such as Streptococcus mutans and Porphyromonas gingivalis, akin regulatory mechanisms such as enzyme activity modulation and metabolic network regulation via acetylation are also present in Actinomycetes (Hesketh et al., 2002).



3.3.1 Amino acid sensing: GNATs and functional properties of the ACT domain

Recent studies have identified a distinct class of GNATs in Actinomycetes, which are integral to acetylation reactions via their unique domains and regulatory mechanisms. Specifically, these enzymes feature two functional domains: the ACT (amino acid binding) domain and the GNAT (N-acetyltransferase) domain. The ACT domain detects specific amino acids, thereby allosterically modulating the acetyltransferase activity of the GNAT domain (Lu et al., 2017). This “amino acid-induced allosteric regulation” implies that amino acids influence acetyltransferase catalytic activity by binding to the ACT domain. GCN5-like acetyltransferases can be classified into two groups based on the type of amino acids induction: Asn-activated PatA and Cys-activated PatA. The former is predominantly found in Streptomyces, while the latter is more widespread across other actinomycete species (Lu et al., 2017). This distinction highlights that acetyltransferase regulation not only fine-tunes metabolic processes through amino acid sensing but also correlates with the physiological traits and ecological adaptability of different actinomycete species.




3.3.2 Enzyme activity regulation: dynamic balance between acetyltransferases and deacetylases

In Actinomycetes, the balance between acetyltransferases (e.g., AcuA) (Gardner et al., 2006), and deacetylases (e.g., Sirtuins) (Tucker and Escalante-Semerena, 2013) plays a pivotal role in fine-tuning enzyme activity, particularly under energy stress or nutrient-limited conditions. This dynamic regulation is critical for adapting metabolic fluxes and optimizing secondary metabolite biosynthesis.Acetylation levels also influence the synthesis of secondary metabolites by modulating the activity of specific transcription factors or metabolic enzymes. By altering transcription factor binding affinity to gene promoters, acetylation can either enhance or suppress DNA binding, thereby regulating the expression of genes involved in secondary metabolite production. This regulatory mechanism is essential for coordinating the biosynthesis of compounds such as antibiotics (e.g., streptomycin) and non-ribosomal peptides in response to environmental or metabolic signals (Martín et al., 2021).

Additionally, acetylation of key signaling enzymes or synthetases, such as acetyl-CoA synthetase (Tucker and Escalante-Semerena, 2013), can alter their catalytic efficiency and affect metabolic flux. This modification not only regulates enzyme activity but also influences the overall metabolic pathway, promoting or inhibiting the synthesis of specific metabolites. For instance, in Streptomyces roseosporus, acetylation of non-ribosomal peptide synthetases suggests a significant role for acetylation in secondary metabolism (Liao et al., 2014). In Streptomyces griseus, acetylation of the StrM enzyme, particularly at lysine site 70, reduces its activity, thereby limiting streptomycin biosynthesis (Ishigaki et al., 2017).




3.3.3 Fine regulation of metabolic networks: from amino acid metabolism to secondary metabolite biosynthesis

The coordinated regulation of amino acid sensing and enzyme activity forms a precise regulatory mechanism within the intricate metabolic network of Actinomycetes. Acetylation is not only involved in central metabolic processes but also significantly influences amino acid metabolic pathways. Studies indicate that AAPatA acetyltransferases, which utilize Asn or Cys as sensing molecules, can modulate cellular metabolic pathways by regulating enzymes involved in aspartate and cysteine metabolism (Xu et al., 2014; Lu et al., 2017).

This acetylation-driven network is particularly responsive to environmental fluctuations. Under changing nutritional conditions or stress, acetylation rapidly adjusts bacterial metabolic pathways by altering the modification states of specific transcription factors and redox enzymes, such as GrhO6 (Toplak et al., 2022). Such regulatory flexibility supports the synthesis of secondary metabolites, enabling Actinomycetes to efficiently adapt to diverse habitats and produce specialized secondary metabolites and antibiotics.

Protein acetylation regulation in Actinomycetes extends beyond traditional cellular functions, including amino acid sensing, enzyme activity modulation, and the precise regulation of metabolic networks (Table 3). Future research should focus on elucidating the specific roles of acetyltransferases in actinomycete antibiotic synthesis and their potential as targets for developing new biological agents or antibiotics. In-depth mechanistic studies could further uncover the complexities of microbial metabolic regulation, offering novel insights for bioengineering and the development of antimicrobial drugs.

Table 3 | Lysine acetylation in Actinomycetes.
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4 Regulation of oral Candida albicans by protein acetylation

In recent years, the infection rate of Candida albicans, a common opportunistic fungal pathogen, has risen significantly. The growing prevalence of drug resistance and the limited availability of effective antifungal agents present substantial challenges to clinical management. During investigations into its pathogenic mechanisms and drug resistance, lysine acetylation has emerged as a key epigenetic modification. By regulating chromatin structure, gene expression, and signal transduction, lysine acetylation plays a critical role in the growth, virulence, morphological transformation, and stress response of Candida albicans. As such, it represents a promising target for the development of novel antifungal therapies.

Histone acetylation regulates key physiological processes in Candida albicans, such as DNA replication, transcription, and DNA repair, influencing growth, virulence, drug resistance, and environmental adaptability. Histone acetyltransferases (HATs) and histone deacetylases (HDACs) control the acetylation and deacetylation of histones, respectively. During replication, newly synthesized histones are acetylated by HATs, deposited on DNA, and later deacetylated by HDACs; histone chaperones recognize acetylation patterns during this process (Shahbazian and Grunstein, 2007). Additionally, histone acetylation alters chromatin structure, affecting the recruitment of DNA-binding proteins and transcription factors, which in turn modulates gene transcription (Shahbazian and Grunstein, 2007). For example, in Candida albicans, acetylation of H3K56 promotes gene transcriptional activation by increasing chromatin accessibility, with its level closely linked to transcription factor binding on chromatin (Wurtele et al., 2010). This modification creates a favorable environment for gene transcription, reshaping the transcriptional profile of Candida albicans, aiding host adaptation, and enhancing pathogenicity. Rtt109, another HAT, plays a critical role in DNA damage repair and pathogenicity. Deletion of the rtt109 gene results in heightened endogenous DNA damage and increased susceptibility to host macrophages (Lopes da Rosa et al., 2010). Hat1 also contributes significantly to DNA repair; its loss leads to rapid DNA damage accumulation and shifts the growth pattern from yeast to pseudohyphal form, ultimately reducing survival of Candida albicans (Tscherner et al., 2012). These findings emphasize the essential role of histone acetylation in the physiological and pathogenic processes of Candida albicans.

Histone acetylation influences the morphological plasticity of Candida albicans, determining its environmental adaptability and virulence. Candida albicans can transition between yeast, pseudohyphal, and hyphal forms, with the filamentous forms (pseudohyphae and hyphae) playing a critical role in promoting fungal infection and the formation of drug-resistant biofilms (Odds, 1985; Sudbery, 2011). Various enzymes, including HATs and HADCs, are key regulators of this morphological transition. Altered HAT expression significantly impacts Candida albicans’s ability to adapt to environmental changes. For example, deletion of the SWR1 gene, which is involved in H2A.Z histone variant deposition, induces chromatin structure changes, promoting the transition between white and opaque morphologies. The SWR1 complex also regulates nucleosome positioning at the WOR1 promoter, a master regulator of the white-opaque switch essential for maintaining phenotypic plasticity (Guan and Liu, 2015). Additionally, MYST family HATs, such as Esa1 and Sas2, contribute to hyphal growth. Loss of Esa1 specifically impairs hyphal formation without affecting overall growth, highlighting the significance of HATs in regulating morphology and pathogenicity. Moreover, certain HADCs, like the NuA4 complex, regulate histone acetylation via enzymes such as Yng2, further influencing morphological transitions (Wang et al., 2013). These insights emphasize the critical role of histone acetylation in controlling Candida albicans’s morphological plasticity and its adaptation to various host environments and pathogenic states.

Lysine acetylation is integral to Candida albicans’ ability to respond to host immune defenses. This pathogen evades immune detection by modulating the expression of oxidative stress response genes, a process tightly regulated by dynamic histone acetylation (Kim et al., 2018). In addition to transcriptional regulation, acetylation also influences structural adaptations that facilitate immune evasion, as the histone deacetylase Sir2 has been shown to promote systemic candidiasis by remodeling the fungal cell wall, thereby reducing the exposure of immunogenic components like mannan and β-glucan. This remodeling diminishes recognition by the host’s innate immune system and enhances fungal adhesion to host cells, contributing to increased virulence (Yang et al., 2024). Notably, lysine acetylation at specific sites, such as H3K56, influences Candida albicans’s capacity to tolerate oxidative stress and escape immune surveillance (Conte et al., 2024). By altering chromatin structure, histone acetylation modulates gene expression in response to stressors like reactive oxygen species generated by the host immune system. The role of HATs in this process is critical; for instance, Candida albicans deficient in the lysine acetyltransferase Gcn5 exhibits reduced survival in THP-1 macrophages and heightened susceptibility to various stressors (Yu et al., 2022).

Furthermore, interactions between host-derived signals and epigenetic modifications, such as lysine acetylation, influence pathogen morphology, enhancing its adaptability to the host environment. Although the molecular mechanisms underlying these processes remain under investigation, it is evident that lysine acetylation plays a key mediating role in Candida albicans’ resistance to host immune responses.

Lysine acetyltransferases are essential in mediating drug resistance and pathogenicity. The glucosamine-6-phosphate acetyltransferase encoded by the GNA1 gene influences the growth and virulence of Candida albicans, with its deletion resulting in a marked reduction in pathogenicity (Mio et al., 2000). Similarly, the HAT encoded by the NGG1 gene is involved in morphological transformation and virulence; its knockout substantially diminishes the strain’s pathogenic potential (Li et al., 2017a). Furthermore, Hsp90 plays a critical role in drug resistance and morphogenesis. Research has shown that KDACs exhibit functional redundancy in regulating Hsp90 activity, and their inhibition can enhance the effectiveness of antifungal treatments (Li et al., 2017b).

In conclusion, lysine acetylation contributes significantly to the morphological adaptability, immune evasion, and drug resistance of Candida albicans by modulating chromatin structure, gene expression, and stress responses (Table 4). These epigenetic mechanisms not only enhance understanding of Candida albicans pathogenicity but also open avenues for the development of novel antifungal therapies. Although direct evidence of oral-specific acetylation mechanisms is currently lacking, the unique characteristics of the oral environment and the role of acetylation in gene regulation warrant further investigation into this area.

Table 4 | Lysine acetylation in oral Candida albicans.
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5 Potential of protein acetylation in the prevention and treatment of oral diseases

Protein lysine acetylation plays a critical role in microbial physiology, influencing both metabolism and pathogenic potential. Recently, it has garnered significant attention in the context of oral diseases. Lysine acetylation influences the onset and progression of conditions such as dental caries, periodontal disease, and oral mucosal disorders by modulating microbial growth, metabolism, and virulence, offering novel insights and therapeutic strategies for their prevention and treatment.

Histone acetyltransferase-based treatments have been utilized in various clinical applications. Many cellular proteins undergo acetylation post-translationally, resulting in alterations to their structure and function. Consequently, HDAC inhibitors have been developed as therapeutic agents, with two currently approved by the US FDA for the treatment of cutaneous T-cell lymphoma (Richon et al., 2009). Moreover, lysine acetyltransferases are emerging as promising drug targets (Folders et al., 2000).

In dental caries research, aspirin, a non-enzymatic acetylating agent, reduces Gtfs activity in Streptococcus mutans. It also inhibits the growth of Streptococcus mutans and the production of EPS, highlighting the potential of protein acetylation in anti-caries therapies (Lin et al., 2024).

In the gingival tissue of periodontitis patients, dysregulated histone acetylation and deacetylation, along with alterations in DNA methylation, are closely linked to immune and inflammatory responses. In experimental periodontitis models, histone acetylation-targeting treatments, such as HDAC inhibitors (HDACi) or acetylated histone mimetics, effectively prevent alveolar bone loss (Cantley et al., 2011; Meng et al., 2014; Li et al., 2020), offering a novel therapeutic approach for periodontal diseases.

In Candida albicans, lysine 56 of histone H3 undergoes acetylation by the acetyltransferase Rtt109p, and pharmacological inhibition or genetic modulation of this enzyme has been proposed as a potential antifungal therapeutic strategy. Acetylation events, often challenging to detect, can significantly impact protein functions, including stability and crystallinity (Mahon et al., 2015). For therapeutic proteins, such modifications may influence immunogenicity and biological activity, thereby affecting safety and efficacy in clinical applications (Walsh and Jefferis, 2006).

Overall, lysine acetylation plays a key role in regulating the metabolism and pathogenicity of oral pathogens by modulating the activity of critical enzymes. Research in this area not only enhances understanding of the pathogenic mechanisms of oral pathogens but also lays a foundation for the development of novel antibacterial and antifungal therapies. Targeting specific acetylases could substantially improve the efficacy of current treatments and offer potential solutions to manage drug resistance. Future investigations should focus on the role of acetylation in the oral microbiota and its impact on host-pathogen interactions, thus paving the way for new strategies in maintaining oral health and addressing oral diseases.




6 Conclusion and prospect

Acetylation, a key PTM, is central to the functional regulation of oral microorganisms. It modulates various bacterial physiological processes, including metabolism, cell signaling, virulence factor expression, and host-pathogen interactions, by altering protein properties such as structure, activity, localization, and interactions with other biomolecules.

This modification significantly impacts the metabolic state of oral bacteria. While acetylation is typically catalyzed by acetyltransferases, it can also occur non-enzymatically via Ac-CoA (Paik et al., 1970; Yan et al., 2008) or acetyladenylate (Ramponi et al., 1975). As a metabolic intermediate, acetylation enables bacteria to adapt to environmental fluctuations and shifts in metabolic activity, thereby playing a crucial role in the regulation of bacterial physiology and pathogenicity.

Acetylation, along with other PTMs such as succinylation and phosphorylation, collectively regulates bacterial protein functions, forming a complex modification network (Latham and Dent, 2007). This cross-regulation of multiple modifications is essential for controlling bacterial virulence factors, adaptive responses, and metabolic processes. For example, in Porphyromonas gingivalis, substantial overlap has been observed between acetylation and succinylation sites—especially on ribosomal and metabolic proteins—suggesting potential competitive or cooperative regulation of key cellular functions (Zeng et al., 2020). Additionally, the response regulator RprY in Porphyromonas gingivalis is modified by both acetylation and phosphorylation, with each modification exerting distinct effects on its DNA-binding activity and transcriptional regulation (Li et al., 2018). These findings underscore the existence of an intricate PTM crosstalk network that supports bacterial adaptation to fluctuating environmental and host-derived conditions. Nevertheless, systematic studies on the functional interplay among different PTMs in oral microorganisms remain limited. Future research should aim to elucidate the molecular mechanisms and biological consequences of these interactions—particularly the synergistic or antagonistic effects between acetylation, phosphorylation, and succinylation—in governing microbial adaptation, pathogenicity, and immune evasion.

Despite extensive research on acetylation, significant gaps remain in the study of acetylation in oral bacteria. Most investigations have concentrated on a limited number of oral pathogens, such as Porphyromonas gingivalis and Streptococcus mutans. It is important to note that lysine acetylation is a widely conserved modification across diverse oral microbial taxa. Nevertheless, functional studies and comprehensive acetylomic profiling in other clinically relevant oral species—such as Fusobacterium nucleatum, Prevotella intermedia, and Veillonella spp.—remain limited. To address this, future research should broaden the scope of study to include a wider range of oral bacteria and conduct comprehensive acetylomics analyses to better elucidate the acetylation patterns and functions across diverse physiological and pathological states.

From a clinical standpoint, acetylation represents a key mechanism in regulating bacterial virulence and drug resistance, offering potential new targets for the treatment of oral infections. Investigating the role of acetylation in oral microbiota could provide a theoretical foundation for the development of novel antibacterial strategies. Future research should not only examine the fundamental role of acetylation in bacterial function but also explore strategies to mitigate bacterial pathogenicity through acetylation regulation, particularly by targeting the acetylation of key virulence factors to enhance therapeutic outcomes.

In conclusion, acetylation plays a crucial role in the adaptation, virulence, and immune evasion of oral microorganisms. Advances in technologies such as metabolomics, proteomics, and mass spectrometry will further elucidate the role of acetylation in bacterial physiological and pathological processes. This enhanced understanding will not only clarify the mechanisms underlying the virulence of oral bacteria but also open new avenues for the treatment of oral diseases.
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Dental caries, a prevalent oral disease, has long been attributed primarily to bacteria, but emerging evidence highlights the critical role of fungi in its pathogenesis. Fungal biofilms, predominantly Candida albicans, release extracellular DNA (eDNA) and DNA-carrying extracellular vesicles (EVs). Together with bacterial eDNA, these form the biofilm matrix and can activate the host cGAS-STING signaling pathway. This review systematically elaborates on the molecular architecture and biological functions of the cGAS-STING pathway, comparing mechanistic differences in its activation by viral, bacterial, and fungal DNA. It further explores direct and indirect modes of STING pathway activation by fungal eDNA and EV-carried DNA, along with their immunoregulatory roles. Specifically, it discusses the interactive mechanisms between fungal biofilms and STING activation in root caries onset, emphasizing the dual effects of STING-mediated immune responses—enhancing antifungal immunity while potentially exacerbating tissue damage via excessive inflammation. Finally, this review outlines current knowledge gaps and future research directions, aiming to provide novel insights for precision prevention and treatment of dental caries.
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1 Introduction

Dental caries is a highly prevalent chronic oral infectious disease worldwide, with its high incidence and disabling impact posing a serious threat to human oral health and quality of life (Wen et al., 2022; Yirsaw et al., 2024). For a long time, it has been widely accepted that acid production metabolism and biofilm formation by cariogenic bacteria like Streptococcus mutans are the core mechanisms of dental caries. Related antibacterial strategies have mostly focused on bacteria (Bhat et al., 2023; Jiang et al., 2023). However, with the development of microbiome technologies in recent years, growing evidence indicates that fungi represented by Candida albicans play an undeniable role in the occurrence and development of dental caries, especially root caries (Ji et al., 2025; Zhang et al., 2025).

These fungi, together with bacteria, form complex mixed biofilms at carious sites. The extracellular DNA (eDNA) they secrete not only cross-links with bacterial eDNA to form the biofilm matrix skeleton—enhancing community stability and stress resistance—but also acts as a key signaling molecule in host immune regulation (Gallucci, 2024; Geng et al., 2024; Han et al., 2025). Among these, the cGAS-STING signaling pathway serves as a core innate immune hub for cytosolic DNA recognition. The molecular mechanisms by which fungal eDNA and vesicle-carried DNA activate this pathway are critical. They link fungal biofilm colonization to host immune response imbalance (Brown Harding et al., 2024; Yang et al., 2024).

This review systematically clarifies the specific mechanisms by which pathogenic DNA in fungal biofilms—including eDNA and vesicle-carried DNA—activates the STING pathway. It analyzes how these mechanisms regulate immune balance in the caries microenvironment and influence dental hard tissue destruction. It also outlines future research directions. This work lays a theoretical foundation for advancing the understanding of caries etiology and facilitating the development of precise preventive and therapeutic strategies.




2 Molecular architecture and biological functions of the STING signaling pathway

The cGAS-STING signaling pathway acts as a central hub linking cytosolic DNA recognition to innate immune responses (Decout et al., 2021). It plays pivotal roles in defending against pathogenic invasion, regulating anti-tumor immunity, and maintaining autoimmune homeostasis.Cyclic GMP-AMP synthase (cGAS) is a cytosolic DNA sensor, primarily distributed in the cytoplasm and nucleus. Its N-terminal DNA-binding domain (DBD) specifically recognizes double-stranded DNA (dsDNA), including pathogenic DNA, damaged nuclear DNA, and mitochondrial DNA (Gentili et al., 2019). Upon binding to dsDNA, cGAS undergoes conformational changes to activate its C-terminal catalytic domain. This catalyzes the synthesis of the second messenger 2’,3’-cyclic GMP-AMP (2’,3’-cGAMP) from ATP and GTP.As a unique cyclic dinucleotide (CDN), 2’,3’-cGAMP diffuses from its binding site. It then interacts with the transmembrane domain of STING (stimulator of interferon genes), which is localized on the endoplasmic reticulum (ER) (Yu and Liu, 2021; Liu et al., 2022). This interaction induces STING tetramerization and translocation from the ER to the Golgi apparatus and perinuclear vesicles. During translocation, STING recruits the serine/threonine kinase TBK1 (TANK-binding kinase 1). TBK1 phosphorylates the C-terminal tail (CTT) of STING. Activated STING further mediates TBK1-dependent phosphorylation of transcription factors IRF3 (interferon regulatory factor 3) and NF-κB (nuclear factor κB). This drives their nuclear translocation, inducing the expression of type I interferons (IFN-α/β), proinflammatory cytokines (e.g., IL-6, TNF-α), and antiviral proteins (ISGs). This completes the signal cascade amplification (Kwon and Bakhoum, 2020).

Functionally, the cGAS-STING pathway has extensive biological significance. In antiviral immunity, it recognizes viral DNA released by herpesviruses and poxviruses. This induces type I interferons to inhibit viral replication (Decout et al., 2021; Zhang et al., 2024). It also activates innate immune cells such as dendritic cells and macrophages, promoting antigen presentation and initiating adaptive immune responses (Ou et al., 2021; Zhou et al., 2023). In tumor immunoregulation, the pathway recognizes DNA released by necrotic tumor cells. When activated via STING agonists, it enhances the infiltration and activation of cytotoxic T lymphocytes (CTLs). This induces tumor cell apoptosis or autophagy (Samson and Ablasser, 2022). Currently, STING agonists are in clinical trials for melanoma and lung cancer. Their combination with PD-1 inhibitors or chemotherapeutic drugs significantly improves anti-tumor efficacy (Pan et al., 2023; Wang et al., 2024).

However, aberrant activation of the cGAS-STING pathway is linked to various diseases. In autoimmune disorders, self-DNA (e.g., nucleosomal DNA in systemic lupus erythematosus patients) is misrecognized by cGAS. This leads to sustained STING activation and excessive type I interferon production, triggering autoimmune reactions (Zierhut and Funabiki, 2020; Skopelja-Gardner et al., 2022; Liu and Pu, 2023). Patients with Aicardi-Goutières syndrome exhibit abnormal pathway activation due to mutations in cGAS or STING. This results in severe type I interferonopathy (Crow and Manel, 2015). Additionally, mitochondrial DNA leakage into the cytoplasm (e.g., during ischemia-reperfusion injury or neurodegenerative diseases) activates the pathway (Paul et al., 2021; Guo et al., 2024b). This exacerbates inflammatory responses and tissue damage. The pathway also participates in cellular responses to DNA damage. It regulates cell cycle arrest, apoptosis, pyroptosis, and senescence, thereby influencing tissue repair and organismal aging (Bai and Liu, 2019; Schmitz et al., 2023).




3 Mechanistic differences in STING pathway activation by viral and bacterial DNA

Host recognition and clearance of pathogenic microorganisms form a critical defense line of the immune system. Innate immunity acts as the first and fastest barrier against invading microbes. The DNA-activated STING pathway is a key immune mechanism for pathogen recognition. Viruses and bacteria use distinct strategies to deliver DNA into the host cytoplasm, triggering the pathway and inducing immune responses. During viral infection, enveloped viruses (e.g., herpesviruses, poxviruses) release dsDNA into the cytoplasm via membrane fusion or endocytosis. cGAS specifically recognizes the double-stranded structure, length, and conformational features of viral DNA through its N-terminal DBD. Upon binding, it activates the C-terminal catalytic domain to generate 2’,3’-cGAMP.2’,3’-cGAMP then binds to ER-localized STING, inducing its activation and translocation to the Golgi apparatus and perinuclear vesicles. This is followed by TBK1 recruitment, which phosphorylates IRF3 and NF-κB. Ultimately, this induces type I interferons and proinflammatory cytokines (Wu et al., 2022; Patel et al., 2023).Notably, some viruses (e.g., adenoviruses) bypass cGAS. They activate STING via direct binding or interference with nucleic acid metabolism (Lam et al., 2014). Retroviral cDNA intermediates and RNA virus-induced mitochondrial DNA leakage also indirectly activate the pathway. To evade immunity, viruses encode proteins that degrade cGAS or inhibit STING translocation (Lange et al., 2022; Xie and Zhu, 2024).

Bacterial activation of the STING pathway differs mechanistically. Intracellular bacteria (e.g., Listeria monocytogenes) secrete hemolysins to disrupt phagosomal membranes. This releases bacterial DNA rich in unmethylated CpG motifs into the cytoplasm. These motifs enhance DNA-cGAS binding affinity, promoting 2’,3’-cGAMP production (Glomski et al., 2002; Fehér, 2019). Extracellular bacteria (e.g., Escherichia coli) inject DNA into host cells via lysis or type III secretion systems (Cornelis, 2000). Beyond the canonical cGAS-dependent pathway, some bacterial DNA is recognized by endosomally localized TLR9. This synergizes with the STING pathway to activate NF-κB and IRF3, amplifying proinflammatory responses (Temizoz et al., 2022; Danielson et al., 2024). However, bacteria also regulate the STING pathway. For example, Mycobacterium tuberculosis DNA activates STING, but its cell wall components inhibit STING translocation. This attenuates interferon responses to facilitate survival (Marinho et al., 2017; Sun et al., 2020).

In summary, viral and bacterial activation of the STING pathway both start with cGAS recognition of cytosolic DNA. But they differ significantly in DNA sources, cytosolic delivery modes, recognition priorities, downstream effects, and evasion mechanisms. Viruses primarily rely on their genomic DNA or replication intermediates to activate the pathway, inducing type I interferons to inhibit replication (Zevini et al., 2017). Bacteria deliver DNA via phagosomal disruption or secretion systems, synergizing with other pathways to enhance phagocytic killing (Ryan et al., 2023). These mechanisms highlight the complexity of host-pathogen interactions.

A comparative summary of the key mechanisms underlying STING pathway activation by different pathogens is provided in Table 1. Among these pathogens, fungi exhibit unique activation modes of the STING pathway, which are discussed in detail below.


Table 1 | Key mechanisms of STING pathway activation by different pathogens (viruses, bacteria, fungi).
	Mechanism Category
	Viruses
	Bacteria
	Fungi (represented by Candida albicans)
	Reference Sequence



	DNA Source
	Viral genomic DNA or replication intermediates
	Bacterial genomic DNA (released into the cytoplasm by intracellular bacteria, and delivered by extracellular bacteria through secretion systems)
	Extracellular DNA (eDNA), genomic DNA/mtDNA fragments carried by extracellular vesicles (EVs)
	Cornelis, 2000; Bolognesi and Hayashi, 2011; Lam et al., 2014; Rodrigues et al., 2025


	Cytoplasmic Delivery Mode
	Envelope fusion with host cell membrane, endocytosis
	Intracellular bacteria: disruption of phagosomal membrane; Extracellular bacteria: injection via type III secretion system
	eDNA: endocytosis, host cell membrane damage; EVs: membrane fusion or endocytosis
	Cornelis, 2000; Glomski et al., 2002; Mayer et al., 2013; Lam et al., 2014; Brown Harding et al., 2024; Rodrigues et al., 2025


	Host Recognition Receptor
	Primarily dependent on cGAS (some viruses can directly bind to STING)
	Primarily dependent on cGAS, with some synergy with endosomal TLR9
	Primarily dependent on cGAS (requires recognition of double-stranded structure and unmethylated CpG motifs)
	Lam et al., 2014; Fehér, 2019; Jannuzzi et al., 2020; Decout et al., 2021; Temizoz et al., 2022


	Activation Auxiliary Factors
	Length and conformation of viral DNA (e.g., double-stranded structure)
	Unmethylated CpG motifs in bacterial DNA (enhancing binding affinity with cGAS)
	Accumulation of high-concentration eDNA, phagosomal rupture (Cryptococcus neoformans), release of host mtDNA (Aspergillus fumigatus), synergy with CLRs and other PRRs
	Wagener et al., 2018; Fehér, 2019; Jang et al., 2022; Kim et al., 2023


	Escape Strategies
	Encoding proteins to degrade cGAS, inhibiting STING translocation
	Mycobacterium tuberculosis: inhibiting STING translocation; degrading host recognition receptors
	Methylation of CpG motifs (reducing affinity with cGAS), secreting proteases to degrade STING, formation of eDNA-polysaccharide complexes to hinder recognition
	Gropp et al., 2009; Lam et al., 2014; Valiante et al., 2015; Sun et al., 2020; Jang et al., 2022; Massey et al., 2023; Zhang et al., 2023


	Main Immune Effects
	Inducing type I interferons (IFN-α/β) to inhibit viral replication
	Inducing proinflammatory cytokines (IL-6, TNF-α) to enhance phagocytic bactericidal activity
	Inducing type I interferons and proinflammatory cytokines to enhance antifungal immunity; sustained activation may lead to excessive inflammation and tissue damage
	Decout et al., 2021; Salgado et al., 2021; Samson and Ablasser, 2022; Temizoz et al., 2022; Brown Harding et al., 2024; Gallucci, 2024; Sun et al., 2024










4 Activation modes and immunoregulation of host STING pathway in fungal infections

During fungal infections, host cells recognize pathogens and initiate immune responses via multiple signaling pathways. Among these, the STING pathway interacts intricately with other immune signaling networks (Chen et al., 2023). As eukaryotic pathogens, fungi exhibit unique and diverse mechanisms for activating the STING pathway, emerging as a research hotspot in recent years.

In direct activation, invasive fungi (e.g., Candida albicans) release genomic DNA into the host cytoplasm. This occurs via secreted hydrolases (which disrupt cell membranes) or phagosomal rupture (Naglik et al., 2003; Mayer et al., 2013). Host cGAS recognizes the double-stranded structure, unmethylated CpG motifs, or specific conformational features (dsDNA length >40 bp) of fungal DNA. It then catalyzes 2’,3’-cGAMP synthesis. 2’,3’-cGAMP binds to ER-localized STING, inducing conformational changes and translocation to the Golgi apparatus. This is followed by TBK1 recruitment, which phosphorylates IRF3 and NF-κB. Ultimately, this induces the expression of type I interferons (e.g., IFN-β) and proinflammatory cytokines (e.g., IL-6, TNF-α), thereby enhancing antifungal immunity (Yu and Liu, 2021; Yum et al., 2021; Su et al., 2022). However, as eukaryotic DNA, fungal DNA has higher CpG methylation levels. Theoretically, it has lower cGAS binding affinity than bacterial DNA. Thus, it requires higher concentrations or specific conditions (e.g., repeated infections, phagosomal rupture) for effective activation (Jeon et al., 2015; Sarkies, 2022). For example, capsular polysaccharides of Cryptococcus neoformans promote phagosomal rupture. This increases fungal DNA-cGAS interactions to indirectly enhance STING activation (Liu et al., 2023c).

Non-cGAS-dependent STING activation in fungal infections primarily involves indirect activation via induced host mitochondrial DNA (mtDNA) release (Kim et al., 2023). For instance, hyphal invasion by Aspergillus fumigatus causes host mitochondrial damage. Released mtDNA is recognized by cGAS, activating STING. This “self-DNA + pathogen components” dual activation mode amplifies inflammatory responses in chronic infections (e.g., candidemia) (Kim et al., 2023; Peng et al., 2023). Additionally, fungal cell wall components (e.g., β-glucan, mannose) cannot directly activate STING. But they trigger signaling via other pattern recognition receptors (PRRs), synergizing with the STING pathway. Dectin-1, a C-type lectin receptor (CLR), recognizes β-glucan and activates NF-κB via the Syk-Card9 pathway. STING-induced IFN-β upregulates Dectin-1 expression, enhancing phagocytic bactericidal capacity. This “STING-IFN-other PRRs” cascade integrates antifungal immune signals (Wagener et al., 2018; Salgado et al., 2021).

The STING pathway is indispensable for antifungal immunity. On one hand, type I interferons induced by its activation enhance natural killer (NK) cell and T cell activation. They also promote macrophage phagocytosis and bactericidal function (Chen et al., 2023). On the other hand, proinflammatory cytokines recruit neutrophils, forming an inflammatory barrier to restrict fungal diffusion (Robertson et al., 2017). In animal studies, STING-deficient mice show increased susceptibility to Candida albicans and Aspergillus fumigatus infections. They exhibit elevated fungal burden and exacerbated tissue damage, confirming STING’s critical role in host antifungal immunity (Chen et al., 2023). Moreover, the STING pathway interacts with autophagy. STING activation induces autophagy-related genes (e.g., ATG5, ATG7), promoting phagosome-lysosome fusion to accelerate fungal degradation (Liu et al., 2019; Schmid et al., 2024). Autophagy also clears intracellular fungal DNA, avoiding excessive STING activation-induced immunopathological damage. This balances antifungal efficacy and tolerance (Maluquer De Motes, 2022).

Fungi have evolved multiple strategies to evade the STING pathway. At the DNA level, fungi such as Blastomyces dermatitidis methylate CpG motifs in their DNA, reducing cGAS binding efficiency (Yu and Liu, 2021). Cryptococcus neoformans capsular polysaccharides encapsulate DNA, blocking cGAS recognition (Jang et al., 2022). At the signaling level, Candida albicans secretes aspartic proteases (e.g., Sap2) that degrade host STING, inhibiting ER-to-Golgi translocation (Gropp et al., 2009). Mannoproteins in Aspergillus fumigatus cell walls competitively bind 2’,3’-cGAMP with STING, blocking downstream signaling (Valiante et al., 2015). Additionally, fungi such as Talaromyces marneffei inhibit host mtDNA release, reducing cGAS substrates to attenuate STING pathway responses (Zhang et al., 2023).




5 Fungal extracellular DNA: a potential bridge from biofilm matrix to STING pathway activation

Fungal extracellular DNA (eDNA) is a key component of fungal biofilms. It has emerged as a research focus due to its interactions with the host immune system and potential to activate the STING pathway during infections. eDNA refers to DNA actively secreted by fungi or released into the extracellular environment upon cell lysis. It is widely present in biofilm matrices of pathogenic fungi such as Candida albicans and Aspergillus fumigatus (Rajendran et al., 2013; Juszczak et al., 2024). It is generated via two main pathways: active secretion (dependent on specific fungal secretion systems) and passive release (from cell wall/membrane rupture induced by programmed cell death, mechanical damage, or host immune attacks) (Bolognesi and Hayashi, 2011). Fungal eDNA has double-stranded structures and contains unmethylated CpG motifs, providing a structural basis for recognition by host pattern recognition receptors (Panchin et al., 2016).

Fungal eDNA has multiple biological functions. In biofilm construction and protection, eDNA forms a three-dimensional network via physical cross-linking. It connects hyphae, yeast cells, and extracellular polysaccharides to enhance mechanical stability. It also defends against antifungal drug penetration and host immune clearance. For example, Candida albicans eDNA chelates echinocandins, reducing their inhibition of cell wall β-glucan synthase (Rajendran et al., 2013; Sharma and Rajpurohit, 2024). In regulating fungal physiology and virulence, eDNA acts as a signaling molecule to modulate morphological transitions and virulence factor expression. Its specific sequences bind fungal transcription factors, promoting invasion-related gene expression (Campoccia et al., 2021). Additionally, eDNA mediates intercellular communication. It transfers genetic information via horizontal gene transfer, accelerating the spread of drug resistance or virulence genes among fungal populations (Gonçalves and Gonçalves, 2022).

In host interactions, fungal eDNA both activates innate immunity and participates in immune evasion and pathological damage. It is recognized by host surface or intracellular pattern recognition receptors. Endosomally localized TLR9 recognizes unmethylated CpG motifs in eDNA, activating NF-κB to induce proinflammatory cytokines. cGAS, as a cytosolic DNA sensor, also potentially recognizes eDNA (Jannuzzi et al., 2020). Conversely, high eDNA concentrations inhibit immune functions via multiple mechanisms. These include chelating antimicrobial peptides and immune cell surface receptors to impair phagocytosis, or promoting macrophage polarization toward an anti-inflammatory phenotype to reduce antifungal efficiency (Massey et al., 2023). In chronic fungal infections, sustained eDNA stimulation may induce cytokine storms and tissue damage (Conti et al., 2018).

The potential mechanisms of fungal eDNA-activated STING pathway have attracted significant attention, involving direct and indirect activation. In direct activation, eDNA may enter the cytoplasm via endocytosis or host membrane damage. cGAS recognizes its double-stranded structure and unmethylated CpG motifs, catalyzing 2’,3’-cGAMP production. This potentially activates STING, recruits TBK1, phosphorylates IRF3 and NF-κB, and induces type I interferons and proinflammatory cytokines (Liu et al., 2023a; Li et al., 2025). In indirect activation, eDNA may induce host cell damage, promoting mitochondrial DNA (mtDNA) release into the cytoplasm. Or it may synergize with TLR9 and other pattern recognition receptors to enhance STING signaling (Lou and Pickering, 2018; Liu et al., 2023b). Activation efficiency may be influenced by multiple factors. eDNA length, methylation status, and CpG density may affect cGAS binding affinity (Ben Maamar et al., 2023; Dong et al., 2025). eDNA-polysaccharide/protein complexes in biofilms may hinder recognition, while local high concentrations may increase activation probability (LuTheryn et al., 2023). Differences in cGAS-STING pathway sensitivity among host cell types may also impact activation (Li and Bakhoum, 2022).

As a core biofilm component, fungal eDNA’s potential to activate the STING pathway reveals novel interaction modes between fungal infections and host immunity. Targeting the eDNA-STING axis may offer new antifungal strategies, such as developing eDNA-degrading nucleases or STING agonists to enhance immunity. However, eDNA-mediated excessive STING activation may contribute to chronic inflammation and autoimmune diseases, necessitating further research into its regulatory mechanisms in pathological states.




6 Mechanisms and immunoregulatory roles of fungal extracellular vesicle–carried DNA in STING pathway activation

Fungal extracellular vesicles (EVs) are membrane-bound vesicles (30–1000 nm in diameter) actively secreted by fungal cells. Their carried DNA plays a key role in host-pathogen interactions (Rodrigues et al., 2025). EV DNA primarily includes genomic DNA fragments, mitochondrial DNA, and cDNA derived from non-coding RNA. Most are in double-stranded or circular forms; some contain unmethylated CpG motifs, endowing potential for recognition by host pattern recognition receptors (Guo et al., 2024a; Ghanam et al., 2025). In pathogenic fungi such as Candida albicans and Aspergillus fumigatus, DNA constitutes 10%-15% of total EV content. EV secretion and DNA loading efficiency increase significantly during biofilm formation or environmental stress (Ullah et al., 2023).

Functionally, fungal EV DNA has diverse biological significance. In intercellular communication and genetic information transfer, EVs act as “molecular carriers” to transport DNA to recipient fungal cells. This enables horizontal gene transfer, accelerating the spread of drug resistance or virulence genes (Marcilla and Sánchez-López, 2022; Werner Lass et al., 2024). In regulating fungal physiology and virulence, EV DNA modulates gene expression in recipient fungi. For example, Aspergillus fumigatus EV DNA regulates morphology-related genes to promote hyphal growth and enhance invasiveness (Rizzo et al., 2023). Additionally, EV DNA has dual roles in immune regulation. It acts as a pathogen-associated molecular pattern (PAMP) to activate host immunity. It also mediates immune suppression via associated immunomodulatory components to facilitate fungal evasion (Montanari Borges et al., 2024).

In host interactions, fungal EV DNA has complex immunoregulatory properties. EVs enter host cells via endocytosis or membrane fusion, releasing DNA that is recognized by intracellular pattern recognition receptors. Endosomally localized TLR9 recognizes unmethylated CpG motifs in EV DNA, activating NF-κB to induce proinflammatory cytokines (Higuchi et al., 2024). Conversely, some fungal EVs evade immunity. For example, Cryptococcus neoformans EV DNA binds immunosuppressive miRNAs to downregulate host cell surface MHC-II expression, impairing antigen presentation (Sk Md et al., 2020). Sustained EV DNA stimulation also induces cytokine imbalance, leading to tissue damage (Fan et al., 2025).

The direct activation pathway of STING by fungal EV-carried DNA likely involves EV entry into host cells via membrane fusion or endocytosis, followed by DNA release. Cytosolic cGAS recognizes this DNA, potentially initiating the 2’,3’-cGAMP-STING signaling cascade to induce antiviral immune responses (Brown Harding et al., 2024; Kwaku et al., 2025). Indirect activation may involve EV DNA-induced host mitochondrial damage, releasing mtDNA to activate cGAS. Or it may synergize with EV-carried components (e.g., β-glucan) via TLR pathways to enhance STING signaling (Tao et al., 2024). This process is regulated by multiple factors. EV DNA fragment length, methylation status, and CpG motif density may affect cGAS recognition efficiency. EV source cell types, membrane components, and loaded immunomodulatory molecules may alter DNA delivery efficiency. Host cell type differences influence STING pathway responsiveness, and EV membrane proteins may regulate STING subcellular localization and activation kinetics.




7 Interactive mechanisms between fungal biofilms and STING pathway activation in root caries onset

In the pathogenesis of dental caries, particularly root caries, interactions between fungal biofilms and the STING signaling pathway may form a potential pathogenic hub. At carious sites, Candida albicans dominates fungal biofilms and releases extracellular DNA (eDNA) and DNA-carrying extracellular vesicles (EVs). These are recognized by host intracellular cGAS, activating the STING pathway (Tian et al., 2022; Lattar et al., 2024; Han et al., 2025). Candida albicans eDNA, together with eDNA from cariogenic bacteria (e.g., Streptococcus mutans, Lactobacillus), forms a mixed biofilm matrix via physical cross-linking. This creates a dense three-dimensional network that enhances stability and acid tolerance, synergistically producing acids to exacerbate dental hard tissue demineralization (Sampaio et al., 2019; Evans et al., 2025; Han et al., 2025).

Immunologically, eDNA and EV DNA from mixed biofilms may enter the cytoplasm via endocytosis or membrane damage. This activates the STING pathway, inducing type I interferons and proinflammatory cytokines (Gallucci, 2024). This immune response has dual effects. On one hand, STING activation enhances antifungal immunity to inhibit biofilm colonization. On the other hand, sustained activation may induce excessive secretion of cytokines such as IL-17. This promotes osteoclast activation, accelerates cementum resorption, and drives root caries progression (Mao et al., 2024; Sun et al., 2024). Additionally, eDNA-polysaccharide/protein complexes in the biofilm matrix may block STING signaling, forming an immune-evasive microenvironment (Buzzo et al., 2021). Fungal and cariogenic bacterial metabolic synergies (e.g., carbon source sharing, mutual provision of growth factors) may further amplify inflammatory damage via the STING pathway (Montelongo-Jauregui et al., 2019; Kim et al., 2020). The dynamic interplay between fungal biofilms and the STING pathway offers novel insights into the mechanisms of immune dysregulation and tissue destruction in dental caries (Figure 1).

[image: Diagram contrasting biofilm effects on teeth. On the left, "Inhibit" section shows biofilm activating STING in host cells, leading to interferon production, neutrophil recruitment, and inhibition of biofilm colonization. On the right, "Promote" section depicts biofilm components causing STING signaling block, excessive IL-17 secretion, osteoclast activation, and demineralization, promoting root caries progression. Symbols for EV, eDNA, Lactobacillus, Streptococcus mutans, Candida albicans, and neutrophils are included.]
Figure 1 | Diagram of the interaction between fungal biofilms and the STING pathway in root caries.




8 Conclusion and perspective

Fungal DNA released via multiple pathways—including extracellular DNA (eDNA) and extracellular vesicle (EV)-carried DNA—may activate the cGAS-STING signaling pathway to induce host immune responses. This mechanism may play a unique role in dental caries. eDNA and EV DNA from carious fungal biofilms (dominated by Candida albicans) may trigger STING activation. This occurs via direct cGAS stimulation or indirect induction of host mitochondrial DNA release. However, activation efficiency may be influenced by the cariogenic microenvironment (e.g., acidic pH, bacterial metabolites). Additionally, synergies between fungal biofilms and cariogenic bacteria (e.g., enhanced acid production) may amplify inflammatory damage via the STING pathway. Meanwhile, eDNA-polysaccharide complexes in the biofilm matrix may block STING signaling, forming an immune-evasive microenvironment. This complex interplay likely has unique significance in immune dysregulation and dental hard tissue destruction in caries.

Current research has not clarified the precise mechanisms of fungal DNA-activated STING pathway in the caries-specific microenvironment. For example, it remains unclear whether acidic conditions affect cGAS recognition efficiency of fungal DNA, or how the fungal-to-bacterial eDNA ratio in biofilms influences STING activation intensity. Future studies should focus on three areas: (1) developing nucleases targeting eDNA or EV inhibitors in cariogenic fungal biofilms to block excessive STING activation; (2) exploring STING pathway modulators in caries to balance antifungal immunity and inflammatory responses; (3) integrating oral microbiome research to dissect dynamic regulation of the fungal DNA-STING pathway during caries progression, providing a theoretical basis for precision caries prevention and treatment.
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Introduction


Dental caries is a multifactorial disease with high prevalence, particularly in vulnerable populations, where Streptococcus mutans contributes to lesion progression via acid production and biofilm formation. Minimally invasive strategies, such as photodynamic therapy (PDT) combined with advanced delivery systems, offer promising alternatives for caries management.







Methods


Zein-based nanocapsules loaded with curcumin (Nano-curcumin) were synthesized via nanoprecipitation and characterized for encapsulation efficiency, particle size, polydispersity, zeta potential, morphology, and curcumin release. Biocompatibility was assessed using rabbit oral mucosal cells via MTT and trypan blue assays. Antimicrobial efficacy was tested in vitro on primary dentin slices contaminated with S. mutans across four groups: Nano-curcumin, Nano-curcumin + PDT, diode laser, and untreated control. Colony-forming units (CFU) were quantified after treatment. Statistical analysis was performed using ANOVA and Tukey’s test (p < 0.05).







Results


Nano-curcumin demonstrated high encapsulation efficiency (~100%), spherical morphology, low polydispersity (0.108), and favorable colloidal stability, with sustained curcumin release over 24 hours. Cytotoxicity assays showed >50% cell viability at 100 μg·mL⁻¹ and ~80% at intermediate concentrations (50–75 µg·mL-¹). Both curcumin nanocapsules and their photosensitized versions significantly reduced S. mutans CFU compared to controls (p < 0.05), with PDT-enhanced nanocapsules showing the greatest reduction, though not statistically different from non-photosensitized nanocapsules.







Discussion


Curcumin-loaded zein nanocapsules are biocompatible and effective against S. mutans, with controlled release properties. Photodynamic activation further enhances antimicrobial activity, supporting their potential as a minimally invasive approach for managing carious lesions, particularly in pediatric dentistry. This strategy integrates a natural photosensitizer with a biodegradable polymeric matrix, providing a safe and innovative alternative for caries control.






Keywords: dental caries, curcumin, nanotechnology, photodynamic therapy, pediatric dentistry







1 Introduction


Dental caries continues to be a major public health issue, particularly among vulnerable populations. This is largely due to frequent carbohydrate consumption, increased acidity, and disruption of the oral microbiota (Takahashi and Nyvad, 2016). This acidic environment promotes pathogenic biofilm formation and enamel demineralization, with Streptococcus. mutans playing a central role. This bacterium efficiently metabolizes sugars, producing acid while thriving in low-pH conditions. It also contributes, to biofilm stability by synthesizing an extracellular polysaccharide matrix which enhances resistance to antimicrobial agents (de Oliveira et al., 2019; Pourhajibagher et al., 2019).


Although conventional treatments focus on removing caries and restoring teeth they often fall short in achieving long-term disease control. Primary teeth are especially susceptible to rapid caries progression due to their thinner dentin, larger pulp chambers, and increased permeability (Nehete et al., 2014). To address these challenges, minimally invasive techniques such as selective caries removal (SCR), stepwise caries removal (SWR), and the Hall Technique have been developed. These methods aim to preserve tooth vitality while minimizing patient discomfort (Aïem et al., 2020; Innes et al., 2011; Machiulskiene et al., 2020).


In addition to preserving tooth structure, controlling residual bacteria is essential to prevent pulp inflammation and recurrent lesion (Diniz et al., 2015). Photodynamic therapy (PDT) has emerged as a promising antimicrobial strategy, utilizing light-activated photosensitizers to selectively eliminate cariogenic bacteria (Wilson and Patterson, 2008). Among these, curcumin stands out as a photosensitizer due to its antibacterial (Carolina Alves et al., 2019), antifungal (Zorofchian Moghadamtousi et al., 2014), antineoplastic (Ghaffari et al., 2020), anti-inflammatory (Zhi et al., 2021) and antioxidant properties (Kamwilaisak et al., 2022).


When used in PDT, curcumin exhibits high cytotoxicity against pathogenic microorganisms, particularly against Gram-positive bacteria (Adamczak et al., 2020). These properties make it a promising candidate for the development of new antimicrobial therapies (Hosseinpour-Nader et al., 2022). Nanotechnology further enhances curcumin’s therapeutic potential by improving its stability, bioavailability, and antimicrobial efficacy (Hosseinpour-Nader et al., 2022). Incorporating nanoparticles into dental materials has also been shown to enhance their mechanical and biological properties (Andreatta et al., 2023; Batista et al., 2024; da Rosa et al., 2022; Masiero et al., 2024; Narciso et al., 2019; Parizzi et al., 2025).


In this context, targeted strategies against S. mutans including the use of nanoparticles to modulate the cariogenic microbiome have shown encouraging results (Sayed et al., 2020). However, despite growing interest in PDT and the the known antimicrobial potential of curcumin, few studies have explored the combined use of curcumin-loaded nanostructures and PDT in primary dentin, which differs morphological and histological characteristics compared to permanent teeth. Moreover, limited research has assessed the biocompatibility of such systems in healthy oral tissues, particularly in pediatric settings.


To address these gaps, the present study aimed to synthesize and characterize zein-based nanocapsules loaded with curcumin, evaluate their biocompatibility with oral mucosal cells, and investigate their their in vitro antimicrobial efficacy on primary dentin contaminated with S. mutans, both with and without photodynamic activation. This innovative approach combines a natural photosensitizers with a biodegradable polymeric matrix, offering a minimally invasive and potentially safer alternative for the treatment of carious lesions in children.






2 Material and methods


This study was approved by the Research Ethics Committee (CAAE No. 6.246.02).





2.1 Materials


The materials used in this study included curcumin, zein, poloxamer 407, and Dulbecco’s Modified Eagle Medium (DMEM), all from Sigma-Aldrich (Saint Louis, MO, USA). The culture media used comprised Mueller-Hinton agar and Tryptic Soy agar (Himedia, Thane, India), along with Brain and Heart Infusion Agar (BHI) (Merck, Darmstadt, Germany). The bacterial strain employed was S. mutans ATCC 25175. All other reagents were also obtained from Sigma-Aldrich.






2.2 Methods





2.2.1 Synthesis and physicochemical characterization of zein nanocapsules loaded with curcumin


Curcumin-loaded zein nanocapsules (Nano-curcumin) were synthesized using the nanoprecipitation method in triplicate (n=3), following the methodology described by (Gonçalves da Rosa et al., 2020; Suzuki et al., 2016). To prepare the organic phase zein (20 mg mL-1) in 6.67 mL of 85% ethanol. Once fully solubilized, 134 μL of an alcoholic curcumin solution (1.5 mg mL-1) was added. The organic phase was then poured into 20 mL of an aqueous phase containing the surfactant Pluronic (0.8% v/v) under constant agitation at 10,000 rpm using a homogenizer IKA T25 homogenizer (IKA, Wilmington, NC,USA) for 3 minutes.


Nanocapsule formation occurred via nanoprecipitation upon contact between the two phases. The resulting suspension was stirred under a fume hood with magnetic agitation to ensure complete evaporation of the organic solvent. A control formulation without curcumin (Nano-curcumin-free) was prepared using the same procedure.


To confirm nanoencapsulation, the encapsulation efficiency (EE) of the curcumin-loaded zein nanocapsules was evaluated in triplicate (n=3) following to the methodology described by (Gonçalves da Rosa et al., 2020). EE was determined using a centrifugal ultrafiltration method, as outlined by Parizzi et al. (2025). Samples were centrifuged using Amicon Ultra centrifugal filters with a 30 kDa Ultracel membrane at 6,000 rpm for 30 minutes, allowing non-encapsulated curcumin to pass through the membrane.


The free curcumin in the supernatant was quantified using UV-Vis spectroscopy (Spectrostar Nano, BMG Labtech, Weston Parkway Suite, NC, USA) at a wavelength of approximately 430 nm. The molar concentration of curcumin was calculated based on a calibration curve prepared with an alcoholic curcumin solution.


Encapsulation efficiency (EE) was calculated using Equation 1:
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To confirm curcumin encapsulation, UV-Vis spectrophotometry was performed using a Spectrostar Nano scanning spectrophotometer (BMG Labtech, Weston Parkway Suite, NC, USA). Measurements were taken across a wavelength range of 200 to 600 nm, with a resolution of 1 nm. The absorbance peak (λmax) of free curcumin was determined after dilution in absolute ethanol, while nanocapsule suspensions were diluted in ultrapure water prior to analysis.


Physicochemical characterization included the assessment of particle size (nm), polydispersity index (PDI), and zeta potential (mV), using dynamic light scattering (DLS) with a Zetasizer Advance (Malvern Panalytical, Worcestershire, UK). Samples of Nano-curcumin and control formulations were diluted in Milli-Q® water and analyzed at 25 °C, with a scattering angle of 173°, in triplicate (n = 3), using electrophoretic cells.


Nanocapsule morphology was examined using transmission electron microscopy (TEM) JEOL JEM 2100 (Tokyo, Japan) operating at 70 kV. Solutions containing curcumin-loaded zein nanocapsules and control samples were diluted in ultrapure Milli-Q water. Approximately 5 µL of each sample was deposited onto carbon-coated copper grids (200 mesh). After air drying at room temperature, the grids were observed under the microscope.


The curcumin release assay was conducted using a citrate–phosphate buffer at pH 7.0, as described by Parizzi et al. (2025). For each experiment, 1 mL of the nanoparticle dispersion was placed into a dialysis membrane (pore size: 25 Å; molecular weight cut-off: 12,000–16,000 Da) and immersed in 100 mL of buffer under continuous stirring. Samples of the external medium were collected at regular intervals from 1 to 8 hours, with additional aliquots taken at 12 and 24 hours. The amount of curcumin released was quantified by UV-Vis spectrophotometry using the Spectrostar Nano (BMG Labtech, Weston Parkway Suite, NC, USA) at 425 nm. Concentrations were determined using a calibration curve constructed with curcumin standards.






2.2.2 Cytotoxicity and cell viability assay


The cytotoxicity and cell viability of curcumin-loaded zein nanocapsules (Nano-curcumin) were evaluated using surface mucosal cells derived from rabbits. The cells were cultured in high-glucose Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum, 100 U/mL penicillin, and 100 mg/mL streptomycin. Cultures were maintained in a humidified atmosphere at 37 °C with 5% CO2 and 95% air until confluence was reached.


Once confluent,the cells were seeded at a density of 10,000 cells per well in 96-well plates. A single dose of nanocapsules was added at concentrations of 25, 50, 75, and 100 μg·mL-1.


Following treatment, the samples were irradiated using a low-power diode laser InGaAlP (DMC-Therapy, Sao Carlos, SP, Brazil) at a wavelength of 660 nm, continuous emission, a power output of 100 mW, and a total energy of 9 joules over 90 seconds (Knorst et al., 2019).The laser tip was positioned 10 mm above the wells, and irradiation was applied alternately to sets of four wells to ensure proper spacing between the light source and avoid overlapping light exposure.


Cell viability was assessed using the MTT assay (0.5 mg·mL-1) and trypan blue exclusion (TBE). For the MTT assay, 20 μL of a stock MTT solution (5 mg·mL-1) was added to each well and incubated for 4 hours. After incubation, cells were dissolved in DMSO, and optical density was measured at 490 nm in equipment Spectrostar Nano (BMG Labtech, Weston Parkway Suite NC, USA)The percentage of viable cells relative to the control was calculated based on the absorbance values, considering the ratiobetween treated cells (Abs. sample) and the absorbance of the cell-free culture medium (Abs blank), as indicated in Equation 2.
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2.2.3 
In vitro antimicrobial evaluation of zein nanocapsules loaded with curcumin on primary tooth dentin contaminated with Streptococcus mutans






2.2.3.1 Sample preparation


Forty mandibular and maxillary primary molars free of caries, restoration and with no visible cracks or fractures were collected for this study. The teeth were donated by patients prior consent from their legal guardians. After collection, the specimens were washed to remove impurities, sterilized in an autoclave, and stored in distilled water until sectioning. For the cutting procedure, each tooth was mounted on an acrylic plate using low-melting-point plasticized wax and sectioned using a precision cutting machine (Isomet 1000, Buehler, Coventry, UK). Sections of approximately 1 mm thick were obtained using a 0.4 mm diamond disc (Buehler, Lake Bluff, IL, USA) operating at 300 rpm. Based on the inclusion criteria a final sample of 28 slices was selected. These slices were then sterilized again by autoclaving before being used in the contamination procedure.






2.2.3.2 Bacterial culture and contamination procedure


To evaluate the antimicrobial activity of the nanoparticles, lyophilized S. mutans (ATCC 25175) strains were rehydrated according to the manufacturer’s instructions and incubated anaerobically in Tryptone Soy Broth (TSB) at 37°C for 48 hours. Following incubation, the samples were plated on solid Blood Agar using the streak plate method to obtain isolated colonies. From these colonies, a bacterial suspension equivalent to 1.5 × 108 cells·mL-¹ was prepared using the 0.5 McFarland scale. The 1 mm dentin slices were then incubated in 990 μL of TSB medium supplemented with 10 μL of the S. mutans bacterial suspension and maintained under anaerobic conditions at 37°C for 48 hours.






2.2.3.3 Experimental groups and treatments


After the incubation period, the dentin slices were removed from the bacterial suspension, transferred to 1 mL of saline solution, and immediately divided into the following experimental groups (n = 7):


	
Group 1: Contaminated Dentin + NanoCurcumin (Dent-NanoCurcumin)


	
Group 2: Contaminated Dentin + NanoCurcumin + Photodynamic Therapy (Dent-NanoCurc-PDT)


	
Group 3: Contaminated Dentin + Diode Laser


	
Group 4: Contaminated Dentin (Dent) – Control





Groups 1 and 2 were incubated with 1 mL of their respective nanocapsule dispersion (containing 7.5 µg/mL of curcumin) for 4 hours at room temperature, while Groups 3 and 4 were incubated with saline solution under the same conditions. Subsequently, Groups 2 and 3 were treated with a low-power InGaAlP diode laser (DMC-Therapy, São Carlos, SP, Brazil) at a wavelength of 660 nm, in continuous emission mode, with a power output of 100 mW and a total energy of 9 joules applied over 90 seconds (Parizzi et al., 2025; Knorst et al., 2019).






2.2.3.4 Microbiological Analysis


Following the treatments, the dentin slices were transferred to 1 mL of saline solution and immediately incubated in TSB broth for 30 minutes. To assess antimicrobial activity, 10 μL of the broth was placed at the center of a sterile Petri dish, over which Mueller-Hinton agar was poured. After solidification, the plates were incubated anaerobically at 37°C for 48 hours. Colony-forming units (CFU) were then counted, and the results were expressed as CFU·mL-¹ (Fernandes et al., 2022).






2.2.3.5 Data analysis


Results were expressed as means and standard deviations from triplicate measurements. Statistical analysis was performed using analysis of variance (ANOVA), followed by Tukey’s test for multiple comparisons, with a significance level of 5%. Data were analyzed using STATISTICA 7 software.









3 Results





3.1 Physicochemical characterization of nanocapsules


The encapsulation efficiency of curcumin in zein matrices was close to 100%. 
Figure 1
 shows the absorbance spectra of free curcumin and nanocurcumin, obtained by UV-Vis spectroscopy. Free curcumin exhibited a well-defined absorbance peak at approximately 425 nm. In contrast, the nanocurcumin spectrum displayed an altered profile, with the absence of this characteristic peak and increased absorbance in the UV region.


[image: Two line graphs labeled "a" and "b" show absorbance (a.u.) against wavelength (nm) from 220 to 660 nm. Graph "a" peaks around 420 nm, while graph "b" peaks near 240 nm, with absorbance decreasing steadily afterward.]
Figure 1 | 
UV-Vis scan spectra: (a) free curcumin; (b) nanocurcumin.






Table 1
 presents the measurements of average particle size, polydispersity index (PDI), and zeta potential for nano-curcumin and nano-curcumin-free samples. Nano-curcumin particles exhibited a larger average size (139.4 ± 1.0 nm) compared to the nano-curcumin-free particles (128.5 ± 0.7 nm), with a statistically significant difference (
Figure 2
). The PDI values indicate that nano-curcumin had a lower polydispersity index (0.108 ± 0.07) whereas nano-curcumin-free showed a significantly higher PDI (0.271 ± 0.03). Regarding zeta potential, nano-curcumin exhibited a lower value (10.9 ± 0.5 mV) compared to nano-curcumin-free (40.0 ± 2.8 mV), also with a significant difference.



Table 1 | 
Average particle size, polydispersity index (PDI), and zeta potential.





	Sample

	Average size (nm)

	Polydispersity index (PDI)

	Zeta potential (mV)






	Nano-curcumin
	139.4 ± 1.0a
	0.108 ± 0.07b
	10.9 ± 0.5b



	Nano-curcumin-free
	128.5 ± 0.7b
	0.271 ± 0.03a
	40.0 ± 2.8a







Results are expressed as mean ± standard deviation (n=3). Different letters indicate significant differences (p<0.05) when analyzed by Tukey’s test within the column.




[image: Graph showing particle size distribution with three overlapping peaks in red, green, and blue. The x-axis represents size in nanometers on a logarithmic scale from 0.1 to 10000, while the y-axis represents intensity percentage ranging from 0 to 25. Peaks are centered around 100 nanometers.]
Figure 2 | 
Particle size distribution of the Nano-curcumin sample.




The transmission electron microscopy (TEM) analysis of zein nanocapsules loaded with curcumin revealed key morphological characteristics. TEM micrographs indicated that the nanocapsules exhibited a spherical shape (
Figure 3
).


[image: Two-panel electron microscopy images showing nanoparticle clusters. Panel (a) displays multiple dense dark clusters spread across the frame, whereas panel (b) shows fewer and more dispersed clusters. Both images include a scale bar indicating 200 nanometers.]
Figure 3 | 
TEM micrographs of the nanocapsules: (a) Nano-curcumin-free (b) Nano-curcumin.




Spectrophotometric analysis showed that nano-curcumin exhibited a sustained release in buffered aqueous medium over a 24-hour period. The release profile indicates a gradual increase in curcumin concentration in the external medium, with a more pronounced release during the first 8 hours and a tendency toward stabilization after 12 hours, as shown in 
Figure 4
.


[image: Line graph showing percentage release over 24 hours. The release starts at 0% and increases steadily, reaching about 25% by 24 hours. Data points with error bars indicate variability.]
Figure 4 | 
Release of nano-curcumin in citrate–phosphate buffer (pH 7.0) over 24 hours.








3.2 Cytotoxicity and cell viability assay


At a 100 μg·mL-1 nanocapsule concentration, the cell survival rate exceeded 50μg·mL-1 while concentrations of 50 μg·mL-1 and 75μg·mL-1 resulted in cell survival rates approaching 80% (
Figure 5
).


[image: Bar chart showing the number of survivors as a percentage across concentrations ranging from zero to one hundred micrograms per milliliter. The dark bars represent the control group treated with PBS, and the gray bars represent the group treated with Nano-Curcumin. Survivor numbers decrease as concentration increases, with greater reduction in the Nano-Curcumin group. Asterisks indicate significant differences.]
Figure 5 | 
Survival of oral mucosal cells in response to different concentrations of zein nanocapsules loaded with curcumin. *The p-values: p < 0.05 indicate a significant difference according to Tukey’s test.




Zein nanocapsules loaded with curcumin at a 100 μg·mL-1 concentration (7.5 µg·mL-¹ of curcumin), indicating that half of the healthy oral mucosal cells exposed to this concentration did not survive (
Figure 6
).


[image: Plot showing the percentage of dead individuals versus concentration in micrograms per milliliter. The LC₅₀ value is indicated as 49.76%, and the graph includes data points with error bars, showing an increase in mortality with higher concentrations.]
Figure 6 | 
Median lethal concentration (LC50) of zein nanocapsules loaded with curcumin.








3.3 Microbiological analysis


The results of the microbiological analysis of dentin contaminated with S. mutans are presented in 
Figure 7
. Both curcumin nanocapsules and their photosensitized versions significantly reduced S. mutans CFU/mL compared to untreated controls (p<0.05). However, the group treated with photosensitized curcumin nanocapsules exhibited the lowest CFU/mL count, this reduction was not statistically different from that observed in the non-photosensitized curcumin nanocapsules group.


[image: Bar chart comparing CFU per milliliter for four treatments: Dent (highest), Dent-NanoCurcumin, Dent-NanoCurcumin-PDT, and Dent-Diode Laser (second highest). Treatments show significant differences indicated by double asterisks.]
Figure 7 | 
Comparison of antimicrobial effectiveness against s. mutans between the tested groups. **The p-values: p < 0.05 indicate a significant difference according to Tukey’s test.









4 Discussion


The high encapsulation efficiency (~100%) of curcumin in zein matrices observed in this study aligns with previous reports highlighting the effectiveness of this biopolymer as a carrier for bioactive compounds (Da Rosa et al., 2020). Given curcumin’s poor solubility and susceptibility to degradation (Hu et al., 2024), encapsulation within a zein matrix offers significant advantages including enhanced stability, protection against oxidation, and shielding from adverse interactions that could compromise its biological activity in the oral environment (Choi et al., 2016). This high retention capacity is particularly advantageous for controlled-release systems, where sustained bioavailability at the target site—such as infected dentin—is essential for therapeutic efficacy.


UV-Vis spectroscopy revealed notable changes in the absorbance profile of curcumin following encapsulation. Free curcumin exhibited a distinct peak at approximately 425 nm, corresponding to π→π* electronic transitions of the β-diketone conjugated system in its enolic form, typically observed in organic solvents (Urošević et al., 2022). In the nanoencapsulated form, this peak was significantly diminished or absent, with a relative increase in absorbance at wavelengths below 400 nm (Wu et al., 2023). These spectral changes suggest that curcumin was incorporated into the hydrophobic regions of the polymeric matrix, resulting in conformational restriction and reduced interaction with the dispersion medium.


These modifications are likely due to non-covalent interactions between curcumin and zein. Zein contains hydrophobic segments that facilitate molecular entrapment and enable additional intermolecular interactions, such as hydrogen bonding and Van der Waals forces (Chen et al., 2015). Furthermore, π–π stacking between the aromatic rings of curcumin and zein contributes to the structural stabilization of the nanoparticles (Ding et al., 2023; Liu et al., 2023).


In addition to confirming encapsulation, comparative studies have shown that encapsulated curcumin undergoes significantly less degradation under UV radiation. Literature indicates that free curcumin degrades by more than 60% after 30 minutes of exposure, whereas the encapsulated form shows less than 10% degradation under the same conditions (Wu et al., 2023). Encapsulation also promotes the dispersion of curcumin in an amorphous state, enhancing its solubility in aqueous media and absorption in the gastrointestinal tract, potentially improving oral bioavailability (Liu et al., 2023).


Thus, the attenuation of the 425 nm peak and the altered absorbance pattern observed in nano-curcumin reflect structural constraints imposed by the zein matrix, resulting in increased protection against degradation and greater potential for use in nutraceutical and pharmaceutical formulations.


The observed increase in nanoparticle size following curcumin incorporation suggests strong physicochemical interactions between zein and curcumin during nanoprecipitation process. This contributes to greater structural stability and reduced aggregation, attributed to the hydrophobic nature of curcumin (Da Rosa et al., 2015). Additionally, the lower polydispersity index (PDI) observed in curcumin-loaded formulations compared to those without the compound indicates a more uniform size distribution - an important factor for optimizing bioavailability and ensuring effective dentin penetrationthereby enhancing antimicrobial action against cariogenic microorganisms (Danaei et al., 2018).


Zeta potential results further support these findings. The lower surface charge observed in nano-curcumin formulations suggests potential alterations in colloidal stability due to interactions with zein. While higher zeta potential values typically indicate greater electrostatic stability (Nunes et al., 2022), the reduction observed here may increase the likelihood of aggregation over time, emphasizing the need for appropriate stabilization or storage strategies to preserve therapeutic efficacy (Danaei et al., 2018).


These findings underscore the potential of nano-curcumin formulations for targeted antimicrobial therapy in dentistry, particularly in minimally invasive approaches for caries management. By ensuring high encapsulation efficiency, enhanced stability, and controlled release, this formulation presents a promising alternative for dental applications. Future studies should explore its long-term stability and in vivo performance to validate clinical applicability and optimize formulation parameters.


The sustained release observed is consistent with the release mechanisms commonly associated with zein-based polymeric systems. Due to its hydrophobic and compact structure, zein acts as a physical barrier to drug diffusion, promoting a passive and controlled release profile (Oh and Flanagan, 2010; Gonzalez-Valdivieso et al., 2021). Hydrophobic interactions and potential hydrogen bonding between curcumin and the zein matrix further contribute to compound retention, limiting its rapid diffusion into the external medium (Lenzuni et al., 2023; Zhang et al., 2023).


Curcumin’s inherently low aqueous solubility (<0.001 mg/mL) further restricts its release in buffered aqueous environments. Even after encapsulation, this intrinsic property limits immediate availability, reinforcing the gradual release profile observed (Karthikeyan et al., 2020; Omidian et al., 2023). The combination of poor solubility and the hydrophobic nature of zein results in a controlled release without burst effects.


The release of bioactive compounds from zein-based systems typically follows anomalous kinetics, often fitting the Korsmeyer–Peppas model. This suggests that both diffusion and slow matrix relaxation or degradation contribute to the release mechanism (Zhang et al., 2021; Lin et al., 2024). These processes occur simultaneously, with diffusion predominating in the initial phase and matrix reorganization influencing release behavior at later stages.


Systems with these characteristics are highly desirable for topical formulations targeting the oral cavity. Prolonged release on surfaces such as the oral mucosa, gingiva, or dentin enhances the local retention of curcumin, thereby amplifying its pharmacological activity. Curcumin is well known for its anti-inflammatory, antioxidant, and antimicrobial properties, with demonstrated benefits in the treatment of gingivitis, periodontitis, and chronic oral lesions (Inchingolo et al., 2024). Moreover, controlled release reduces the frequency of reapplication and contributes to a superior safety profile by avoiding local concentration peaks. These findings confirm that zein is an effective carrier system for the controlled release of hydrophobic compounds like curcumin, representing a promising strategy for minimally invasive therapies in oral healthcare.


The results of this study confirm the biocompatibility of zein nanocapsules loaded with curcumin for oral mucosal cells—an essential requirement for safe use in dental applications. Minimizing cytotoxicity is Inchingly critical to ensure that formulation does not harm surrounding healthy tissues while maintaining its therapeutic effects (Shahi et al., 2019). In this study, at the highest tested concentration of nanocapsules (100 μg·mL-¹, equivalent to 7.5 μg·mL-¹ of curcumin), cell survival remained above 50%. At concentrations of 50 and 75 μg·mL-¹, viability approached 80%. Although a viability threshold above 50% is generally acceptable, these results suggest that even at full concentration, the formulation does not induce critical toxicity. This is particularly relevant for applications in the oral cavity, where direct mucosal exposure requires safe and well-tolerated materials.


The observed LC50 value (49.75 µg·mL-¹) indicates that 50% of the exposed cells did not survive at the highest tested concentration. LC50 is a standard toxicological parameter representing concentration at which half of the cells are affected, serving as a key indicator of formulation safety (Idrees and Kujan, 2023). The nanometric scale of the zein nanocapsules may have enhanced their penetration and interaction with oral mucosal cells, increasing curcumin’s local bioavailability. While this property is advantageous for targeted antimicrobial action, it also underscores the importance of carefully optimizing dosage to mitigate toxicity risks and maintain a favorable therapeutic index.


These findings are consistent with previous studies on the Inchingly biocompatibility of curcumin when encapsulated in nanocarriers. Meng et al. (2023) demonstrated that starch-based nanocapsules loaded with curcumin exhibited low toxicity toward healthy cells while effectively inhibiting tumor cells, suggesting that encapsulation plays an important role in modulating curcumin’s biological interactions. Similarly, Minhaco et al. (2023) reported over 80% cell viability at 325 μg/mL using PLGA-curcumin nanoparticles in oral cells, supporting their biomedical potential.


While reducing zein-curcumin concentrations may lower cytotoxicity, maintaining antimicrobial efficacy is key. Curcumin nanostructures remain effective at low doses; for example, 6.25 µg/mL of curcumin nanocrystals inhibited P. gingivalis growth. The 7.5 µg/mL used in this study supports the efficacy of nano-curcumin at low concentrations (Maleki Dizaj et al., 2022).


These results reinforce the promise of zein-based curcumin nanocapsules for safe, effective dental applications—especially in pediatric care, where non-invasive, biocompatible treatments are preferred.


Photodynamic therapy (PDT) with photosensitizers (PS) is well-documented for treating oral pathogens, including S. mutans (Cusicanqui Méndez et al., 2019; Hosseinpour-Nader et al., 2022; Manoil et al., 2014; Parizzi et al., 2025; Silvestre et al., 2023). Upon irradiation, the PS generates reactive oxygen species (ROS), primarily singlet oxygen, which promotes oxidative damage to microbial DNA, organelles, and cell membranes, ultimately leading to bacterial death (Taraszkiewicz et al., 2013).


Curcumin, a natural polyphenol derived from plants, displays broad-spectrum antibacterial activity due to its unique molecular structure and antioxidant properties. It disrupts quorum sensing, impairs biofilm formation, reduces virulence factor expression, and prevents bacterial adhesion to host cell receptors. When activated, curcumin acts as a photosensitizer, generating phototoxic effects that inhibit bacterial growth and enhance the efficacy of other antimicrobials through synergistic interactions (Zheng et al., 2020).


By producing reactive oxygen species (ROS) such as hydrogen peroxide, superoxide, and singlet oxygen, curcumin damages bacterial cell structures by oxidizing membranes, proteins, and nucleic acids, leading to cell death. Gram-positive bacteria are particularly susceptible due to their permeable peptidoglycan-rich cell walls, which facilitate photosensitizer entry (Ghate et al., 2019).


Additionally, curcumin induces intracellular damage, affecting DNA and proteins, disrupting biofilm adhesion, and downregulating virulence genes involved in pathogenicity. While its effect on outer membranes is limited, photodynamic inactivation (PDI) with curcumin causes significant internal damage and cytoplasmic leakage. The superior antimicrobial effect of light-activated curcumin highlights its potential for targeting biofilm-associated infections and oral pathogens such as Streptococcus mutans (Ghate et al., 2015; Hu et al., 2018; Huang et al., 2020; Pereira et al., 2014; Tonon et al., 2015).


Microbiological analysis confirmed that both conventional and photosensitized curcumin nanocapsules significantly reduced S. mutans CFU/mL in dentin. Although the photosensitized group showed the lowest count, the difference was not statistically significant.


This may be due to the strong inherent antimicrobial activity of nano-curcumin, suboptimal PDT parameters (e.g., light dose, wavelength, pre-irradiation time), or limited light penetration into biofilms. Pre-irradiation time is crucial for PS penetration (de Oliveira et al., 2019), especially in mature biofilms, which are more resistant due to their dense extracellular matrix (Silvestre et al., 2023; Taraszkiewicz et al., 2013).


In this study, extended pre-irradiation was used to assess whether PDT efficacy could be enhanced or if nano-curcumin alone was sufficient. Less structured biofilms may respond well to nano-curcumin without PDT, as the formulation improves curcumin delivery and release.


Curcumin’s poor solubility and rapid degradation limit its therapeutic use, but nanoencapsulation improves stability, lowers the MIC, and enhances antimicrobial efficacy (Pourhajibagher et al., 2018).


Studies support combining PDT with nano-curcumin. Pourhajibagher et al. (2022) found that a 5% nano-curcumin cavity liner with PDT inhibited S. mutans for 60 days. Araújo et al. (2017) required 5 g·L-¹ for photoactivation effects on S. mutans and L. acidophilus. In contrast, this study used only 0.0075 g·L-¹, yet showed efficacy—suggesting nanoencapsulation allows lower doses and reduces side effects like dental staining.


PDT also improves restoration outcomes.Clinical studies show its use in selective caries removal (SCR) reduces microbial load and enhances restoration success (Alves et al., 2019; Borges et al., 2010; Melo et al., 2015; Steiner-Oliveira et al., 2015). Long-term data confirm no compromise in restoration integrity after 6–12 months (Alves et al., 2019).


Combining nano-curcumin with PDT promotes remineralization by enhancing calcium and phosphate penetration into demineralized dentin (Koo et al., 2013; Wilson and Patterson, 2008; Zaleh et al., 2022). This approach aligns with minimally invasive dentistry, especially in pediatrics, by preserving primary teeth, reducing discomfort, and shortening treatment time. However, PDT is less effective in deeper dentin due to light scattering and absorption (Koo et al., 2013; Zanin et al., 2005), highlighting the need for personalized treatment based on lesion depth.


Despite promising results, limitations exist. In vitro conditions don’t fully replicate the oral environment, where saliva, mechanical forces, and microbial diversity affect outcomes. While effective against S. mutans, further studies should assess polymicrobial biofilms. Curcumin’s limited dentin penetration may reduce efficacy in deep lesions, emphasizing the need to optimize nanoencapsulation for better bioavailability.


Tooth staining is another concern. Although some in vitro studies report no significant discoloration (Araujo et al., 2023), these are based on simplified models. PDT with nano-curcumin may be a viable alternative to silver diamine fluoride, especially in posterior teeth where esthetics are less critical (Araujo et al., 2023).


Long-term in vivo studies are needed to assess safety, biocompatibility, and clinical effectiveness. Future research should refine PDT parameters—pre-irradiation time, light dose, and treatment frequency—and explore nano-curcumin’s role in remineralization and its interaction with restorative materials.







5 Conclusions


This study synthesized and characterized curcumin-loaded zein nanocapsules with high encapsulation efficiency, spherical morphology, low polydispersity, and good colloidal stability. Cytotoxicity assays showed oral mucosal cell viability above 50% at high concentrations, supporting safety for topical use. Curcumin nanocapsules significantly reduced S. mutans on primary dentin. Although PDT further reduced bacterial load, the difference was not statistically significant, indicating the nanocarrier alone enhances antimicrobial efficacy via improved penetration and sustained release. With the limitation of this study, these results support nano-curcumin as a safe, effective, and minimally invasive strategy for caries management in primary teeth, aligning with conservative pediatric dental practices.
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Dental caries, a prevalent chronic bacterial disease globally, poses a significant threat to public health due to its complex pathogenesis involving demineralization and microbial dysbiosis. Hydrogels, with their unique three-dimensional network structures and diverse properties, have shown great potential in prevention and treatment of dental caries. This article systematically reviews recent advances in anti-caries hydrogel development. It first introduces the basis of anti-caries hydrogels, covering the applications of natural and semi-synthetic polymers as hydrogel matrices. Then, it elaborates on the mechanisms and research status of different types of anti-caries hydrogels, including probiotic formulations, antibacterial hydrogels, remineralization-inducing hydrogels, and saliva-related caries-reducing hydrogels. Finally, it summarizes the current research achievements and limitations and looks ahead to future research directions.
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1 Introduction

Dental caries is a chronic bacterial disease affecting the hard tissue of the teeth and is recognized as a significant, escalating global public health challenge. According to the World Health Organization (WHO) in 2023, dental caries is the most prevalent non-communicable chronic disease worldwide. Over one-third of the global population living with untreated caries (Benzian et al., 2022). The development of dental caries results from a complex interplay over time among acid-producing bacteria and fermentable carbohydrates and host factors, including the condition of teeth and saliva (Marsh, 1994; Featherstone, 2004; Mandel, 1989). The pathological changes involve the organic matter decomposition and inorganic component demineralization in dental hard tissues (Wefel et al., 1985). Targeting the key factors lead to dental caries formation is effective in preventing and treating this chronic disease.

Antibacterial materials, competitive oral probiotics, and remineralization promoters are increasingly studied for synergistic caries management (Selwitz et al., 2007). Nowadays, quite a lot of improved anti-caries hydrogels are studied and developed, by taking use of anti-caries agents (Jenkins, 1985; Krasse, 1988; Rafiee et al., 2024; Zhen et al., 2022). Complex physicochemical oral environments and bacterial biofilms are considered critical factors compromising the clinical performance of anti-caries materials (Paula and Koo, 2017; Chen et al., 2016). Hydrogel application can enhance key properties of anti-caries agents and improve their effectiveness, such as prolonging duration of action and retention at target sites (Senel et al., 2000). This attribute to hydrogels’ three-dimensional networks that possess properties including electroconductivity, swellability, environmental sensitivity, and viscosity (Jang et al., 2021; Lei et al., 2023; Zhang et al., 2020; Chen et al., 2023; Liang et al., 2021; Vinikoor et al., 2023). The strong hydrophilicity enables hydrogel remain stable for a long time after swelling in water (Thang et al., 2023). This stability enhances both the duration of action and site retention compared to traditional materials (Li et al., 2024). Moreover, hydrogels’ cross-linked polymeric structure provides three-dimensional stability that enables effective loading of active ingredients while serving as a remineralization scaffold (Thang et al., 2023; Ding et al., 2022). These features make hydrogel promising material for caries management. Integrating traditional materials with hydrogels significantly enhances caries preventive and therapeutic efficacy (Rafiee et al., 2024; Zhen et al., 2022; Fathy et al., 2024; Cao et al., 2014; Estes Bright et al., 2022; Matsuda et al., 2022).

In recent years, hydrogels were increasingly studied for caries prevention and treatment (Muşat et al., 2021; Cai and Moradian-Oldak, 2023; Zhang et al., 2021c). Generally, hydrogels are composed of main body, serving as the carrier, and functional payloads. Consequently, hydrogels can be classified into natural and semi-synthetic types based on their structural composition (Loessner et al., 2016; Ho et al., 2022; Corkhill et al., 1989). The loaded ingredients endow the hydrogels with specific functions: antibacterial action, remineralization, probiotic delivery, and reducing saliva-related caries. Therefore, the present paper reviews hydrogel application in caries control, analyze their preventive/therapeutic roles, and outlines future research directions. Additionally, current challenges and potential solutions for complex hydrogels are discussed.




2 The base of anti-caries hydrogels

Commonly, gelling materials serve as the hydrogel base, functioning as the structure matrix. The matrix mainly acts as a carrier for effective ingredients (Cao et al., 2021). Hydrogel bases may comprise natural, synthetic or semi-synthetic polymers (Figure 1) (Taghipour et al., 2020). At present, only natural and semi-synthetic hydrogels are utilized in preventing or treating dental caries.
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Figure 1 | Graphical summery of the base of anti-caries hydrogels. Created in BioRender. Yuqing, C. (2025) https://BioRender.com/1phjnk0.




2.1 Natural polymers in anti-caries hydrogels

Natural polymers, such as polysaccharides (chitosan, alginate, and agarose) and proteins (collagen), have been studied as structural matrix for anti-caries hydrogels (Estes Bright et al., 2022; Rafiee et al., 2024; Mukherjee et al., 2021). As natural polymer matrix originated from living organisms, they exhibit good biocompatibility and accessibility (Coviello et al., 2007). However, many natural polymers lack inherent antibacterial efficacy (Zhong et al., 2020). The past decades have seen many researches incorporate antibiotic and antibacterial agents into natural polymer-based hydrogels to improve antibacterial properties (Zhong et al., 2020). Furthermore, cross-linking these hydrogels with other polymers has been demonstrated to improve stability, tissue adhesion, and mechanical properties (Zhen et al., 2022; Ju et al., 2023; Yuan et al., 2023; Mohanto et al., 2023; Hu et al., 2019). These advancements position natural polymer hydrogels as promising candidates for future caries management.



2.1.1 Polysaccharides

Polysaccharide hydrogels possess characteristic of thickening, stability, and gum formation (Tamo et al., 2024). To date, many natural polysaccharides, including chitosan, alginate, and agarose have great potential in making anti-caries hydrogels (Ju et al., 2023).

Chitosan is a natural polysaccharide originated from chitin within exoskeletons of crustaceans (Gholap et al., 2024). Commonly, it is easy to form hydrogels by physically cross-linking with each other, making it widely used (Pellá et al., 2018; Hamedi et al., 2022; Kalantari et al., 2019; Gholap et al., 2024). These applicable capabilities might originate from its excellent biocompatibility, biodegradability, antibacterial ability, and cell affinity (Pellá et al., 2018; Hamedi et al., 2022; Kalantari et al., 2019; Gholap et al., 2024). Due to equipped with positive charged amine groups, many chitosan-based hydrogels realize loading or releasing materials they carried, through charge interactions with other negative charged amine groups (Sereni et al., 2017; Pellá et al., 2018; Mohamed et al., 2017). Given all these features, chitosan-based hydrogels can serve as effective carriers of antibacterial or remineralization agents for prevention and treatment of dental caries. In addition, chitosan has the ability to suppress the growth of certain oral bacteria, like Streptococcus mutans (S. mutans) and Porphyromonas gingivalis (P. gingivalis), and inhibit the plaque formation (Li et al., 2020; Veltman et al., 2022). Flexibility of chitosan allows it bind to bacteria, penetrate cell membranes, alter DNA structure, prevent the formation of biological macromolecules, and reduce the production of virulence factors in pathogenic bacteria (Li et al., 2022a).

Alginate, mainly obtained from seaweeds, shows promising property in forming ionic hydrogels through coordination between polyvalent metal ions and alginate macromolecules, following the exchange of alginate ions with polyvalent cations (Zhang et al., 2021a). It also shows remarkable advantages like biocompatibility, porosity, adjustable viscosity and water retention capacity (Liu et al., 2022a). All of these features make it an ideal material for biomedical applications (Maity and Das, 2021; Song et al., 2023). At present, alginate-based hydrogels, like sodium alginate synthetic hydrogel, have been applied to remineralize hard tissues of teeth. They show excellent delivering talents, effective mineralization-inducing abilities, and even ion-triggered self-healing abilities (Zhang et al., 2021c; Estes Bright et al., 2022). However, the uncontrolled dissolution of the alginate polymer network, caused by ion exchange or loss, remains a non-negligible problem (Kharkar et al., 2013). More researches still remain to be carried out dealing with these issues.

Agarose, a water-soluble polysaccharide, is notable for its crosslinking ability and effectiveness in delivery properties (Khodadadi Yazdi et al., 2020). It has ability to expand within aqueous solution, allowing agarose-based hydrogels to load drugs when swollen, thereby maximizing drug diffusion (Kolanthai et al., 2017). Under physiological conditions, agarose-based hydrogel can mimic gel-like organic matrix environment in controlling the size and form of hydroxyapatite (HAP) crystals via interacting with calcium by hydroxyl group of agarose (Cao et al., 2014). What’s more, it can also carry remineralization-inducing molecules, making it promising for anti-caries therapy (Dong et al., 2021; Khodadadi Yazdi et al., 2020). Nowadays, studies investigated the role of agarose-based gels in tooth remineralization, demonstrated that agarose hydrogel could replenish mineral precursors and control the size of calcium phosphate complex. Han et al. invented a novel agarose hydrogel system and successfully remineralized dentin in vivo (Han et al., 2017). Besides, Moshy et al. induced remineralizaton via agarose-based hydrogel on the caries lesion with better biosafety (El Moshy et al., 2018). With advancements in agarose-based hydrogels, researchers have successfully translated these biomaterials from in vitro biomimetic models to in vivo rabbit models, demonstrating significant efficacy in dental caries treatment.




2.1.2 Proteins

Proteins are organic macromolecules characterized by distinct three-dimensional conformations formed through the folding and coiling of polypeptide chains. These chains consistently adopt specific spatial configurations essential for biological function. The covalent and non-covalent aggregations of proteins, like collagens, facilitate the formation of gel networks. These protein-based hydrogels equip with certain stability and elasticity (Fu et al., 2023a; Zheng and Zuo, 2021; Antoine et al., 2014). While protein-based hydrogels have shown promise for dental hard tissue remineralization, their unmodified forms are rarely employed in caries management.

Collagen, which can be widely founded in the extracellular matrix, is the most common protein in the human body (Knudsen et al., 1985; Morris-Wiman and Brinkley, 1992; Singh et al., 1998). It is also crucial as the basic component of teeth tissues (Väänänen et al., 2004; Tabata et al., 1995; Lukinmaa and Waltimo, 1992). It can cross-link through chemical, physical or enzymatic way to form hydrogels (Geanaliu-Nicolae and Andronescu, 2020). Upon hydrogel formation, the material exhibits significantly enhanced stability, mechanical strength, and toughness, positioning it as an advanced biomaterial for dental applications (Yang et al., 2022). Moreover, its distinctive triple-helix structure confers molecular recognition capabilities that facilitate efficient carrier functionality (Ruszczak and Friess, 2003; An et al., 2016). At present, collagen-based hydrogel is widely used for remineralization and anti-bacterial activities (Fu et al., 2023b; Amaya-Chantaca et al., 2023; Ikeda et al., 2022). These collagen-based carriers demonstrate significant efficacy in vitro when loaded with therapeutic agents. When loaded with mineralization-inducing or antibacterial agents, collagen-based hydrogels demonstrate good performance in vitro for both mineralization and antibacterial activities. For example, odontogenic ameloblast-associated protein (ODAM)-impregnated collagen hydrogel, has been proved to be effective in inducing mineralization (Ikeda et al., 2018).





2.2 Semi-synthetic polymers in anti-caries hydrogels

Semi-synthetic polymers are derived from chemical modifications of natural polymers. Recently, hydrogels based on these semi-synthetic polymers have shown promise for caries prevention applications.



2.2.1 Recombinant polysaccharides

Chitosan’s derivatives are good examples. Active groups like amino and hydroxyl groups can be modified by etherification, esterification, crosslinking acetylation, and so on. Modified chitosan derivatives readily form hydrogels through physical cross-linking. These materials constitute ideal anti-caries hydrogels, exhibiting excellent biocompatibility, biodegradability, antibacterial efficacy, and cellular affinity (Pellá et al., 2018; Hamedi et al., 2022; Kalantari et al., 2019; Gholap et al., 2024). These modifications can effectively improve hydrogels’ qualities, including antimicrobial ability, mucoadhesive property, and biocompatibility (Mohire and Yadav, 2010; Dilamian et al., 2013; Arora et al., 2023).




2.2.2 Recombinant proteins

In 2015, Li et al. creatively used a type of special biosynthetic elastin-like recombinamers (ELRs) in templating HAP nanocrystal mineralization (Li et al., 2015). These ELRs are made up of repeating pentapeptide sequences derived from tropoelastin (VPG-Xaa-G) (Arias et al., 2006). The chemical linking procedures modified the features of original polymers, enhancing mechanical stability, elasticity, bioactivity, and self-assembly properties (Li et al., 2015). Then these polymers would undergo monomer polymerization to form hybrid hydrogels. Finally, they successfully employed these ELRs to create synthesized thermo-responsive hydrogels, with promising mineralization-inducing properties (Li et al., 2015).

Recombinant silk fibroin (SF) is another type of chemically cross-linked semi-synthetic hydrogel which can deposit HAP perfectly, and with high tensile biomechanical strength, biocompatibility as well as biodegradability (Belda Marín et al., 2020). In 2022, a study showed that by combining tannic acid (TA), SF, and sodium fluoride (NaF), the composite showed remarkable biological stability and biocompatibility (Zhen et al., 2022). Currently, inspired by hagfish, Zhu et al. developed a fluid-hydrogel conversion system containing silk fibroin-TA-black phosphorene-urea (ST-BP-U) to prevent root caries (Zhu et al., 2024). This hydrogel uniformly coats the root surface and penetrates dentinal tubules. Upon aqueous exposure, it undergoes in situ reorganization with enhanced crosslinking density, developing stable wet-adhesion properties. Leveraging this platform, potent phototherapeutic effects and enhanced dentin remineralization are achieved.




2.2.3 Recombinant peptides

Peptides spontaneously self-assemble into ordered structures via non-covalent interactions, enabling their application in drug delivery systems (Liu et al., 2011; Caporale et al., 2021). Besides, some peptides might be effective in inhibiting the growth of cariogenic bacteria, making them the potential candidates for forming anti-caries hydrogels. Sun et al. developed a pH-responsive hydrogel coating, basing on recombinant peptide, aiming at reducing dental caries (Sun et al., 2022). This recombinant peptide-based hydrogel demonstrated significant antibacterial efficacy. However, no comparable recombinant peptide-based hydrogels have been developed for anti-caries applications to date.

In a word, the promising features of semi-synthetic hydrogels in dental fields not only maintain the ideal bioactivity of natural hydrogels but also offer multi-tunable properties derived from various chemical parameters (Park and Park, 2016). However, while many semi-synthetic polymers demonstrate excellent properties in antibacterial activity and remineralization, limited semi-synthetic polymer-based hydrogels are developed for treating dental caries (Itskovich et al., 2021; Barreto et al., 2022; Nistor et al., 2013; Barman et al., 2024). Researches focusing on the effective utilization of semi-synthetic polymer-based hybrid hydrogels for caries treatment remains largely unexplored. Further studies are needed to address this gap.






3 Hydrogels for prevention and treatment of caries

Generally, hydrogels used for preventing and treating dental caries can be classified in to five types: probiotic formulation hydrogels, antibacterial hydrogel, remineralization-inducing hydrogel, antibacterial and remineralization-inducing hydrogel, and salivary-gland-regenerating hydrogel (Figure 2).
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Figure 2 | Graphical summery of anti-caries hydrogels. Created in BioRender. Yuqing, C. (2025) https://BioRender.com/uhrig6b.



3.1 Probiotic formulation hydrogels

Dental biofilms are highly assembled microbial communities, surrounded by an extracellular matrix that includes both commensal bacteria and opportunistic pathogens. Under healthy oral conditions, these components maintain a relative balance (Bowen et al., 2018; Gao et al., 2018; Takahashi and Nyvad, 2011). However, once the balance was broken, like cariogenic bacteria abnormal increasing, there will be higher risk to gain dental caries (Takahashi and Nyvad, 2011). Nowadays, a novel treatment known as oral microbiome transplantation (OMT) has been developed, and might have potential to be used for clinical treatment in the future (Weyrich et al., 2024; Beikler et al., 2021; Xiao et al., 2021; Huang and Cheng, 2024). The primary aim of OMT is to address oral dysbiosis, restore ecological balance, and maintain stable homeostasis with the host’s immune system. This can be achieved by using hydrogel delivery vehicle to introduce samples containing the healthiest microbiota into the oral environment. An OMT has been applied among rats and mice successfully (Nath et al., 2021). This method is emerging as a promising therapeutic strategy for dental caries prevention and management, though further validation through clinical studies is warranted.

Recent studies have indicated that Candida albicans (C. albicans) has the potential to contribute to dental caries. So, an experiment by Ribeiro et al. focused on inhibiting cariogenic C. albicans using gellan gum-Lactobacillus species (Lactobacillus sp.) cells (Ribeiro et al., 2020). This study marked the first investigation that utilized gellan gum hydrogel to incorporate Lactobacillus sp. cells to control oral candidiasis, which is relevant to inducing caries. In another study, Ribeiro et al. selected the non-toxic natural polysaccharide gellan gum as a delivery vehicle to deliver Lacticaseibacillusparacasei (L. paracasei)28.4 into the oral cavity, aiming to inhibit C. albicans growth and development of candidiasis. The gellan gum protected drug inside from degradation caused by physical and chemical factors in oral environments. In vitro experiments demonstrated that the bacteria released from the probiotic-gellan gum formulation effectively inhibited C. albicans growth and biofilm formation on acrylic resin surfaces. Additionally, in vivo experiments using a murine model confirmed that the probiotic-loaded gellan gum at concentrations of 1% (wt/vol) and 0.6% (wt/vol) facilitated oral colonization by L. paracasei, which was sufficient to prevent C. albicans growth and the associated symptomatic lesions like dental caries.




3.2 Antibacterial hydrogels

Colonization, growth and metabolism of cariogenic bacteria are important factors leading to dental caries (Selwitz et al., 2007). A lot of hydrogel materials for suppressing the caries pathogenic bacteria have been developed. These hydrogels can kill the cariogenic bacteria by incorporated molecules such as peptides, reactive oxygen species (ROS), certain enzyme and antibody (Luong et al., 2022; Li et al., 2022b; Patel, 2020).

Metal and metallic oxides have been used in controlling dental caries for quite a long time because of their outstanding features in interfering with bacterial metabolism and preventing biofilm formation. Metal ions induce both oxidative stress and non-oxidative mechanisms to realize significant antimicrobial effect (Nizami et al., 2021). Hydrogels combined with ions or oxides of silver, zinc, titanium, and copper have shown effective in preventing dental caries. Afrasiabi et al. demonstrated the potential of zinc oxide nanoparticles (ZnO NPs) doped into a zeolite/chitosan hydrogel (ZnONC-CS) for preventing dental caries (Afrasiabi et al., 2021). ZnONC-CS gel significantly inhibited S. mutans growth, affected its metabolic activity, and also effectively decreased the expression of the gtfB, gtfC, and ftf genes, making it a promising candidate for caries management. In 2022, Li et al. reported an intelligent fast-cross-linking hydrogel activated by green light. Their experiments demonstrated that Bi12O17Cl2 and Cu2O rapidly cross-link with calcium ions (Ca2+) to form an adhesive network structure on tooth surfaces. This structure releases ROS upon green light exposure, inducing localized sterilization, biofilm removal, and caries prevention in both in vitro and in vivo models (Li et al., 2022b).

Glucosyltransferases (Gtfs) are enzymes involved in the pathogenic proliferations and actions of S. mutans to mediate dental caries (Zhang et al., 2021b). They induce biofilm formation, leading to the colonization of cariogenic bacteria. Therefore, Gtfs are considered an important target for inhibiting cariogenic biofilms. Ahirwar et al. modified the structure of a biofilm inhibitor IIIC5 to synthesize a novel pH-responsive hydrogel: hydroxy aurones 5 (HA5) (Ahirwar et al., 2023). This compound inhibited Gtfs and suppressed glucan production. Moreover, HA5 could selectively inhibit S. mutans biofilms and reduce caries incidence, demonstrating its potential as an ideal candidate to address traditional challenges of anti-caries drugs. These challenges include limited solubility, poor biofilms penetration, and inability to retain efficacy in infected areas within the complex oral cavity environment.




3.3 Remineralization-inducing hydrogels



3.3.1 Demineralization and remineralization balance in caries

In oral environment, the balance between demineralization and remineralization of teeth hard tissues is significant to caries (Selwitz et al., 2007). The emergence, progression, cessation, or reemergence of caries largely depends on whether this balance is preserved (Featherstone, 2004). When the balance was broken and demineralization becomes the predominant, the process of dental caries formation is stimulated (Selwitz et al., 2007; Wang et al., 2021). Consequently, the remineralization of demineralized teeth has long been a major research focus in dental science. Some remineralization-inducing hydrogels function by directly or indirectly interacting with Ca²+, PO4³-, and HAP to promote stable mineral deposition on the tooth surface (Table 1). The resulting mineralized layers cover both intact surfaces and demineralized regions, thereby protecting dental hard tissues from acid erosion (Parker et al., 2014; Sun et al., 2014).


Table 1 | Overview of remineralization-inducing hydrogels.
	Name
	Type
	Active ingredients
	Result
	Year
	Ref.



	NaF/chitosan hydrogel
	Fluoride hydrogel
	NaF
	This hydrogel restored enamel-like prismatic tissue and controlled the formation, size, and mineral composition of crystals through synergistic interactions with calcium, phosphate, and fluoride ions. The regenerated apatite crystals showed strong c axis orientation and high crystallinity.
	2014
	(Cao et al., 2014)


	Mussel-inspired wet adhesive fluoride system (denoted TS@NaF)
	NaF
	TS@NaF exhibited biological stability and biocompatibility. It showed consistent wet adhesion, and released fluoride ions (F-), resulting in significant calcium fluoride (CaF2) deposition on enamel in vitro. Additionally, TS@NaF demonstrated an anti-caries effect and increased enamel mineral density.
	2022
	(Zhen et al., 2022)


	NaF hydrogel coating
	NaF
	This fluoride gel effectively reduced early root surface caries in demineralized dentin by enhancing fluoride uptake and delivering fluorine to deeper dentin before pH cycling. Moreover, it was capable of supplying fluorine into the dentin and preventing dentin demineralization.
	2022
	(Matsuda et al., 2022)


	NaF hydroxyapatite nanocomposite hydrogel
	NaF
	The 70/30 (HAp-CS) nanocomposite gel effectively increased the microhardness and mineral composition of lesions demineralized for 24 hours. But more severe lesions require stronger formulations or longer application times.
	2024
	(Fathy et al., 2024)


	EMD-calcium chloride (CaCl2) agarose hydrogel
	Bioactive factor-loaded hydrogel
	Enamel matrix derivative (EMD), calcium chloride (CaCl2),
and fluoride
	The hydrogel system successfully facilitated in vivo regeneration of HAP crystals, with structural and mechanical properties comparable to natural dentin, on damaged dental tissues.
	2017
	(Han et al., 2017)


	Odontogenic ameloblast-associated protein (ODAM)-impregnated collagen hydrogel
	ODAM
	The hydrogel resulted in formation of calcium phosphate precipitates, after treated 24 hours. Transmission electron microscopy and selected area electron diffraction analyses showed these crystals consisted of needle-like HAP.
	2018
	(Ikeda et al., 2018)










3.3.2 Fluoride hydrogels

Historically, fluoride was the first practical approach for caries prevention due to its ability to induce remineralization (Zampetti and Scribante, 2020). However, traditional fluoride applications faced limitations imposed by the wet, dynamic oral environment, which compromised delivery efficiency and rapidly cleared drugs from tooth surfaces. These challenges were subsequently addressed through the development of fluoride hydrogel (Zhen et al., 2022). Fluoride ions released from the hydrogels interact with dental HAP to form acid-resistant fluorapatite (Bossù et al., 2019).

In 2014, Cao et al. firstly developed an effective NaF/chitosan hydrogel (Cao et al., 2014). This hydrogel restored prismatic enamel-like tissue while controlling formation, size, and mineral composition. It induced remineralization through synergistic interactions with calcium, phosphate, and fluoride ions, producing regenerated apatite crystals with strong c-axis orientation and high crystallinity. Contemporary fluoride hydrogel development has evolved from simple NaF encapsulation to advanced formulations designed for moist oral environments and physiological temperature fluctuations. These hydrogels sustain fluoride release, providing long-term anticaries and antibacterial effects with improved biocompatibility and stability. Matsuda et al. demonstrated that fluoride hydrogels significantly increase fluoride uptake on acid-etched root surfaces and inhibit hard tissue demineralization. For improved performance in moist oral conditions (Matsuda et al., 2022). For better application in moist and dynamic oral cavity environment, another study pioneered a mussel-inspired wet adhesive self-assembled fluoride hydrogel (TS@NaF) (Zhen et al., 2022). Zhen et al. used in vitro retention and degradation tests to simulate the drug performance under complex oral conditions. They proved this material could ideally resist the attack of enzymes and washing of liquids. This system exhibits superior stability, biocompatibility, and promotes effective calcium fluoride deposition on enamel.

However, while fluoride effectively combats caries, excessive fluoride intake poses risks like dental fluorosis, especially in children. As the primary source of fluoride exposure, community water fluoridation targets a concentration of 1 ppm. This specific level is chosen to optimize fluoride’s cavity-preventing benefits while minimizing the risk of dental fluorosis (Buzalaf and Levy, 2011). Moreover, prolonged fluoride exposure may lead to the development of fluoride-resistant bacterial strains. Such strains could disrupt the microecological balance of biofilms and reduce their in vitro anti-caries efficacy (Shen et al., 2022). Therefore, precise control of fluoride concentration is essential in future application of fluoride hydrogels.




3.3.3 Bioactive factor-loaded hydrogels

Contemporary developments in remineralization hydrogels carrying bioactive factors represent a promising strategy for caries prevention. The mechanisms of caries formation underscore the relationship between bioactive factors and mineralization processes (Selwitz et al., 2007). Utilizing hydrogels to deliver remineralization-promoting bioactive factors offers a novel therapeutic approach. And lots of studies focus on enamel matrix derivative (EMD) and ODAM-impregnated collagen systems.

The effects of EMD on biomimetic mineralization were first reported a decay ago. Cao et al. pioneered its application for enamel remineralization using an EMD-calcium chloride (CaCl2) agarose hydrogel. A 2 mm-thick layer of the EMD-CaCl2 hydrogel was applied onto demineralized enamel slices, overlaying by ion-free agarose and phosphate solution with fluoride. This system mediated in vitro mineralization of human enamel, with subsequent optimizations advanced EMD hydrogels efficacy (Han et al., 2017).

Amelotin (AMTN) is a secreted proteins in human body which can induce enamel biomineralization (Somogyi-Ganss et al., 2012; Nishio et al., 2011). Over the past few decades, researches have demonstrated the enamel mineralization inducing ability of AMTN-related complexes (Gasse et al., 2012; Núñez et al., 2016). ODAM, expressed during ameloblast maturation, strongly interacts with AMTN under physiological conditions (Nishio et al., 2013). Ikeda et al. investigated ODAM nucleation in collagen matrics after 24-hour incubation in ODAM-impregnated collagen hydrogel in simulated body fluid (SBF) buffer. They found the composite hydrogel promotes HAP nucleation both in SBF and in non-biological environments, with dose-dependent ways (Ikeda et al., 2018).





3.4 Antibacterial and remineralization-inducing hydrogels

The optimal strategy for caries prevention and treatment involves dual-action anti-caries hydrogels that simultaneously inhibit cariogenic bacteria and promote remineralization (Table 2). Currently, amelogenin peptide-based hydrogels represent the most extensively studied and clinically promising formulation.


Table 2 | Antibacterial and remineralization-inducing hydrogels.
	Name
	Type
	Active ingredients
	Result
	Year
	Ref.



	Chitosan-QP5 hydrogel
	Amelogenin peptide hydrogel
	QP5
	Chitosan-QP5 hydrogel inhibited S. mutans (MIC 5 mg/mL, 95% antibiofilm), and the enhanced enamel remineralization (50% hardness recovery) and pH-responsive in vitro efficacy were confirmed.
	2019
	(Ren et al., 2019; Liu et al., 2022b)


	Amelogenesis-inspired QP5 bioactive glass (BG) hydrogel
	QP5, BG
	The QP5 released from hydrogel triggered enamel remineralization by guiding the release of Ca2+ and PO43- from BG. Showed excellent antibacterial effects and remineralization abilities of initial carious lesions.
	2022
	(Liu et al., 2022b)


	rP172-releasing hydrogel
	rP172, Ca2+, phosphate, and fluoride
	This amelogenin-hydrogel significantly increased enamel microhardness in artificial caries (static/pH/biofilm models), and reduced mineral loss with no cytotoxicity to periodontal cells.
	2012
	(Fan et al., 2012)


	P26-chitosan (P26-CS) hydrogel and P32-chitosan (P32-CS) hydrogel
	P26, P32, and chitosan
	A denser coating of organized hydroxyapatite (HAP) crystals was formed covering entire demineralized enamel surfaces after treated with P26-CS and P32-CS hydrogels. And hardness and modulus of enamel were increased with no significant difference in the mechanical properties between the two peptide hydrogels.
	2021
	(Mukherjee et al., 2021)


	P26-CS hydrogel and P32-CS hydrogel
	P26, P32, and chitosan
	The hydrogels ideally improved microstructure, mineral density, mineral phase, and nanomechanical properties of hard tissues.
	2023
	(Cai and Moradian-Oldak, 2023)


	Dual-function Pluronic F127-alginate hydroge
	Fluoride hydrogel
	NaF and S-nitrosoglutathione (a nitric oxide donor)
	The hydrogel reduced 98% micro-bacteria and effectively inhibited the demineralization of enamel-like substrates under acidic conditions.
	2022
	(Estes Bright et al., 2022; Ikeda et al., 2018)







Hydrogels carry amelogenin peptides were proved effective in antibacteria and remineralization inducing. The hydrogel containing QP5 is a good example. QP5 is effective in repairing the demineralized teeth by inducing remineralization (Ding et al., 2020). Ren et al. combined amelogenin-derived peptide QP5 with chitosan to develop a novel chitosan-QP5 hydrogel, demonstrating its long-term inhibitory effects on S. mutans biofilm growth, lactic acid production and metabolic activity (Ren et al., 2019; Liu et al., 2022b). Later, Liu et al. synthesized an amelogenesis-inspired hydrogel composite incorporating QP5 peptide and bioactive glass (BG) (Liu et al., 2022b). Their results revealed that QP5 promote enamel remineralization by directing the release of Ca2+ and PO43- from BG. Therefore, chitosan-QP5 hydrogels represent promising candidates for caries control, owing to their antibacterial and remineralization abilities.

Beyond QP5, additional amelogenin peptide-chitosan hydrogels incorporating rP172, P26 and P32 have been studied. Fan et al. demonstrated rP172-releasing hydrogel loaded with Ca2+, phosphate, and fluoride improved enamel microhardness while exhibiting no cytotoxicity to periodontal ligament cells (Fan et al., 2012). Mukherjee et al. induced enamel remineralization with increased hardness by using P26-chitosan (P26-CS) and P32-chitosan (P32-CS) hydrogels (Mukherjee et al., 2021). In 2023, Cai et al. further verified the in situ remineralization inducing ability of P26-CS and P32-CS hydrogels (Cai and Moradian-Oldak, 2023). The results revealed that these hydrogels effectively improved the microstructure, mineral density, crystalline phase composition, and nanomechanical properties of dental hard tissues.

Fluoride-containing hydrogels demonstrate dual efficacy when combined with complementary antibacterial and remineralizing components. Bright et al. engineered a dual-functional Pluronic F127-alginate hydrogel incorporating NaF and S-nitrosoglutathione (Estes Bright et al., 2022). The hydrogel elicited nearly 98% viable bacteria while effectively inhibited the demineralization of enamel-like substrates under acidic conditions.




3.5 Hydrogels for reducing saliva-related caries

The constituents and properties of saliva play an essential role in the occurrence and progression of dental caries. As one of the most important host factors, Saliva mediates the cariogenic process (Lenander-Lumikari and Loimaranta, 2000). However, under specific pathological conditions, including post-radiotherapy/chemotherapy, autoimmune diseases which salivary gland dysfunction can occur, altering saliva composition and reducing secretion. These changes may collectively contribute to caries formation (Tappuni and Challacombe, 1994; Mansson-Rahemtulla et al., 1987; Lenander-Lumikari and Loimaranta, 2000). Hydrogel materials are now developed basing on this theory to prevent caries (Figure 3).
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Figure 3 | Hydrogels applied in salivary gland (SG) tissue engineering. (1) Synthesis of a 2.5-dimensional (2.5D) and a three-dimensional (3D) hyaluronic acid (HA)-based culture system in supporting functional salivary units (Pradhan-Bhatt et al., 2013). (2) Synthesis of a pDSG-gel in promoting salivary gland regeneration (Wang et al., 2023a). (3) Synthesis of a L1-HA hydrogel in gland regrowth (Nam et al., 2017). Created in BioRender. Yuqing, C. (2025) https://BioRender.com/qow0ggb.

Some hydrogels manage caries via importing salivary substances. In 2013, Pradhan-Bhatt et al. developed a three-dimensional (3D) hyaluronic acid (HA)-based hydrogel culture system that supports salivary functional units (Pradhan-Bhatt et al., 2013). And the good structural integrity and long viability of the 3D hydrogel in vitro and in vivo was confirmed (Pradhan-Bhatt et al., 2013). The hydrogel worked like natural salivary, conducting anti-caries effectiveness.

Hydrogels can promote salivary gland regeneration showed potential of caries risk reduction. In 2017, Nam et al. pioneered this approach by developing L1 Peptide-conjugated fibrin hydrogels to promote the regeneration of salivary glands (Nam et al., 2017). Wang et al. engineered an injectable decellularized extracellular matrix hydrogel to prevent dental caries through salivary glands regeneration (Wang et al., 2023). Currently, few studies have explored this therapeutic strategy for caries prevention and treatment. The precise relationship between regeneration-induced saliva secretion and caries prevention efficacy remains to be fully elucidated.






4 Conclusion

Anti-caries hydrogels represent a critical frontier in preventive dentistry, with contemporary efforts focused on functionalized systems encompassing remineralizing, antibacterial, and dual-functional formulations. Currently, chitosan and fluoride are leading hydrogel materials for caries management, owing to their dual capacity to induce remineralization and suppress cariogenic bacteria. However, the complicated oral surroundings remain the major barrier to clinical translation of anti-caries hydrogels. Challenges in maintaining efficacy amid bacterial contamination, saliva dilution, and other interferences are still noticing. To overcome these limitations, many noticeable developments have been made. Emerging innovations, like pH-responsive and thermosensitive intelligent hydrogels enable precision strategies that dynamically respond to the oral microenvironment. Novel approaches including probiotic-loaded hydrogels and saliva-modulating systems demonstrate transformative potential, though further mechanistic validation remains essential for clinical translation.

It is worth noting that a critical limitation of multifunctional hydrogels lies in their potential biocompatibility concerns. Therefore, further research should prioritize developing non-cytotoxic hydrogels systems. Moreover, many current studies lack comprehensive biosafety evaluations and clinical validation. Future studies demand in vitro and in vivo biocompatibility assessments, and even proceed to clinical trials. In summary, development of hydrogels for caries management remains at an early stage, substantial further investigation is still required.
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Secondary caries is a leading cause of restoration failure. Inhibiting caries through antimicrobial efficacy is essential for extending the restoration’s service life. Antimicrobial agents have been incorporated into restorative materials for decades. Based on their mechanism of antimicrobial action, these materials are classified as either releasing or non-releasing types. However, the simple release strategy is often insufficient for long-term caries prevention, as it lacks the precision, durability, and adaptability now required. This necessitates the development of next-generation systems that can provide a controlled, sustained, and targeted antimicrobial activity. To this end, this review focuses on advanced, controlled-release antimicrobial strategies, exploring the design of novel nanomaterials, their functional efficacy, and the mechanisms of their representative antimicrobial agents.
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GRAPHICAL ABSTRACT





1 Introduction

Secondary caries is a common reason associated with failed restorations. Factors such as polymerization shrinkage of composite resin materials, mechanical stress, and adhesive degradation can lead to microgaps forming between the restoration and the tooth structure (Alizadeh Oskoee et al., 2017). The polymerization shrinkage of composite resins, combined with mechanical stress and adhesive degradation, can create micro-gaps at the restoration-tooth interface (Bowen et al., 2018). These marginal defects allow acid-producing bacteria to penetrate, metabolizing carbohydrates into a localized acidic microenvironment. Once established, this process of secondary caries accelerates the loss of tooth structure and elevates the risk that pulp treatment will be required (Schwendicke et al., 2021). While modern restorative materials can meet functional restoration needs, they cannot actively address bacterial infections at vulnerable margins or demineralization issues.

Early efforts to extend the service life of dental composites centered on enhancing their mechanical properties and minimizing polymerization shrinkage (Zhang et al., 2015; Balhaddad et al., 2021). Advances in nanotechnology have spurred interest in multifunctional composites, marking a pivotal shift from passive to active strategies in preventing secondary caries. Antimicrobial composites reduce bacterial adhesion via antimicrobial release or contact-killing, preventing biofilm formation (Jiao et al., 2019; Xue et al., 2020). Composites designed for remineralization can provide ion sources: calcium and phosphate to compensate for structural damage caused by demineralization in early-stage caries (Besinis et al., 2014). Traditional antimicrobial agents or remineralization ions are often released linearly or uncontrolled, resulting in short release durations and uncontrollable release quantities (Sivakumar et al., 2014). However, with the continuous development of nanotechnology, this issue has been effectively addressed, enabling precise control over the release of antimicrobial agents and remineralization ions (Rostami et al., 2025). By carefully designing the structure of nanomaterials to respond to specific stimuli, targeted release can be achieved (Wang et al., 2024). Rechargeable nanomaterials allow for the repeated release of bioactive agents, while sophisticated cascade nanoreactors enable a synergistic, multi-step process of antibacterial action and remineralization within the caries microenvironment. Crucially, nanoparticles preserve the mechanical strength of restorative materials while introducing new functionalities (Amin et al., 2025).

Therefore, this paper reviews the latest progress of controlled-release antimicrobial nanomaterials (as summarized in Table 1) in preventing and treating secondary caries from the perspective of the strategy mechanism.


Table 1 | Controlled-release nanomaterials.
	Type
	Nanomaterial
	Material type
	Mechanism
	Release kinetics
	Advantages/ disadvantages
	Author (year)



	pH Responsive
	BioUnion
	Bioactive glass powder
	Release of Zn2+, F−, Ca2+
	Significantly enhanced release of Zn2+ and Ca2+ at pH 4.5–5.5
	Advantages:
Multi-ion synergistic antibacterial effect; responsive release; promotes remineralization.
Disadvantages:
F− release inhibited in acidic environments, reducing anti-caries efficacy
	(Liu et al., 2020)


	Eu@B-UiO-66/Zn
	MOF composite
	Releases eugenol, generates reactive oxygen species, disrupts biofilm
	Maintains physical stability for at least 60 days with sustained release potential
	Advantages:
Synergistic pH-responsive release and ROS-based antibacterial action.
Disadvantages:
Potential toxicity from material degradation
	(Wang et al., 2024)


	PMs@NaF-SAP
	Polymeric micelles
	Releases tannic acid and sodium fluoride
	Releases 70% TA and 80% NaF within 24 hours at pH 5.0
	Advantages:
Multi-stimuli responsive release; validated both in vitro and in vivo.
Disadvantages:
Limited drug loading capacity; complex preparation.
	(Xu et al., 2023)


	Magnetic-Responsive
	SPIONs (Fe3O4)
	Magnetic nanocomposite
	Release under magnetic field stimulation
	Release exceeds 1 mg/mL within 24 hours, sufficient to inhibit MMP-9 activity
	Advantages:
Enhanced bonding strength; combines antibacterial and magnetic-guided penetration.
Disadvantages:
Slightly complex for clinical application.
	(Mokeem et al., 2024)


	Light/Heat-Responsive
	CG-AgPB hydrogel
	Hydrogel
	NIR-triggered photothermal response, release of Fe2+ and Ag+, antibacterial and anti-biofilm
	808 nm laser irradiation triggers temperature rise >50 °C within 3 minutes
	Advantages:
Synergistic photothermal and ion release for highly effective antibacterial action.
Disadvantages:
Dependent on laser activation.
	(Li et al., 2024)


	Sr-ZnO@PDA
	Composite material
	Yellow light and ultrasound synergistically catalyze ROS generation; Sr2+ promotes remineralization
	Light/sonication-triggered release of Sr2+
	Advantages:
Responsive to multiple physical stimuli; combines antibacterial and remineralization functions.
Disadvantages:
Relatively complex activation method.
	(Mu et al., 2025)


	ZnPcS4@GC5AF5
	Supramolecular nanomaterial
	660 nm laser triggers PDT/PTT switching mechanism
	Light-triggered, ATP environment-adaptive
	Advantages:
Smart switching of treatment mode; high targeting ability; low cytotoxicity.
Disadvantages:
ATP concentration-dependent; complex design.
	(Zhang et al., 2024)


	Fluoride-rechargeable
	CaF2 nanoparticles
	Resin composite additive
	Sustained release of F− and Ca2+; PMGDM in resin chelates F− for ion recharge
	Enhanced F− release at pH 4.0, rechargeable multiple times
	Advantages:
Long-term fluoride release; rechargeability.
Disadvantages:
HEMA may cause hydrolysis; stringent recharge conditions.
	(Yi et al., 2019)


	NACP-based
	NACP + DMAHDM
	Resin composite
	NACP releases calcium and phosphate ions under acidic conditions
	Low pH triggers NACP release; mechanically triggered microcapsule release
	Advantages:
Self-healing, antibacterial, and remineralizing.
Disadvantages:
High microcapsule content may compromise mechanical properties.
	(Wu et al., 2015)


	GOx-based
	HA@MRuO2-Cip/GOx
	Nanoreactor
	GOx catalyzes glucose to produce acid and H2O2; pH-triggered antibiotic release and ROS generation
	Sustained release of antibiotics and ROS under acidic conditions
	Advantages:
Cascade reaction amplifies antibacterial effect; bacteria-responsive controlled release.
Disadvantages:
High ROS concentrations may damage adjacent normal cells.
	(Zhu et al., 2023)


	Na2S2O8@ZIF-67/GOx
	ROS nanogenerator
	GOx-catalyzed acid production accelerates ZIF-67 decomposition, releasing SO4²− and ·OH
	At pH 6.5, ZIF-67 decomposes rapidly and the release of ROS can last for 90 minutes
	Advantages:
Highly effective antibacterial; self-acidifying system; multi-mechanism synergy.
Disadvantages:
Complex preparation; potential toxicity risks.
	(Ge et al., 2023)


	CoPt@G@GOx
	Nanocomposite
	Magnetic targeting + two-step cascade reaction to produce ·OH
	Continuous production of oxTMB within 6 minutes
	Advantages:
Highly efficient cascade catalysis; magnetic targeting; pH-responsive.
Disadvantages:
Complex preparation.
	(Dong et al., 2022)


	MX/AgP-GOx
	Heterojunction nanomaterial
	NIR photothermal release of Ag+ + GOx consumes sugar, synergistic antibacterial effect
	Instant response to NIR; release stops upon irradiation cessation; sustained release
	Advantages:
Multi-modal synergy: phototherapy + chemotherapy + metabolic intervention.
Disadvantages:
Risk of accumulation from long-term degradation products of MXene.
	(Zhu et al., 2025)


	Iron Oxide-based
	CAT-NPs
	Catalytic nanoparticles
	Catalyzes H2O2 to produce ·OH under acidic conditions, disrupting biofilm
	CAT-NP exhibits strongest catalytic activity in acidic environments; capable of killing bacteria and degrading EPS within 5 minutes
	Advantages:
Highly effective antibacterial and anti-biofilm activity; matrix degradation capability; pH-responsive.
Disadvantages:
Potential iron ion accumulation; dependent on H2O2.
	(Gao et al., 2016)


	Ferumoxytol
	Nanoparticles
	Catalyzes H2O2 to generate free radicals under acidic conditions, disrupting biofilm
	Catalytic reaction initiates within minutes when combined with H2O2
	Advantages:
High catalytic efficiency; simultaneously kills bacteria and degrades EPS; targets acidic environments.
Disadvantages: Dependent on exogenous H2O2.
	(Liu et al., 2018a)


	Dex-NZMs
	Composite nanoparticles
	Dex-NZM catalyzes H2O2 decomposition into free radicals under acidic conditions
	pH-responsive catalysis when applied locally to biofilm surface
	Advantages:
High stability; high catalytic efficiency.
Disadvantages:
Dependent on exogenous H2O2; limited by pH dependency.
	(Naha et al., 2019)










2 Stimuli-responsive strategy

Incorporating antimicrobial nano-ions into resin can address bacterial infections that cause secondary caries while maintaining the mechanical strength of the restorative material. Traditional antimicrobial agents often compromise the mechanical properties of resins (Ibrahim et al., 2020). In contrast, nano-antimicrobial agents can effectively kill bacteria at lower concentrations with their high specific surface area and extremely small volume (Sowmya et al., 2024). The nano-structure enriches the antimicrobial mechanisms, including contact killing, inducing cellular oxidative stress, and interfering with metabolism (Jowkar et al., 2025), making it less prone to bacterial resistance—a global concern. Initially, nano-antimicrobial agents faced the challenge of the burst effect: the early release of large amounts of antimicrobial agents caused local drug concentrations to rise, leading to significant cellular toxicity and a sharp decline in antimicrobial efficacy later on (de Jesus et al., 2024).

Additionally, concerns arose regarding the accumulation of metal nanoparticles in the body, their potential to induce inflammation, and the risk of breaching the blood-brain barrier (Wang et al., 2023; Yang et al., 2024). Controlled-release nano-antimicrobial materials, which can precisely respond to changes in the oral microenvironment to release antimicrobial agents, have emerged as a highly promising strategy to address this challenge. Common stimulants include exogenous magnetic fields, ultrasound, light, temperature, endogenous glutathione, enzymes, acids, glucose, ions, etc. (Figure 1). Light, temperature, and acid stimulants are commonly used to develop oral nanomedicines. Research on pH responsiveness to the special environment created by microbial acid production is the most prevalent.

[image: Illustration showing stimuli-triggered release mechanisms. A large sphere composed of smaller yellow and blue circles releases smaller yellow spheres, representing active agents. Triggers include magnetic field, heat, ultrasound, light, glutathione, enzymes, pH change, glucose, and iron ions.]
Figure 1 | Common stimulus types for nano-responsive materials.



2.1 pH-responsive

Dental caries-causing bacteria, such as Streptococcus mutans (S. mutans), produce organic acids (lactic acid and acetic acid) through glycolysis. This metabolic process lowers the pH at the interface between the filling material and the tooth structure, ultimately accelerating the dissolution of hydroxyapatite (Sangha et al., 2024).

The mechanism of acid-responsive nanomedicines involves three points: (1) protonation or ionization of functional groups. For example, amino groups (-NH2) protonate at low pH values to form -NH3+, releasing encapsulated antimicrobial agents; (2) cleavage of acid-labile bonds. Aldehyde bonds in specific mesoporous silica nanoparticles readily hydrolyze in acidic environments, enabling rapid drug release; (3) conformational changes in polymers. When pH drops below 5.5, carboxyl groups (–COOH) protonate, causing polymer contraction, which compresses internal pores and expels molecules (Meng et al., 2024; Boyuklieva et al., 2025; Tapponi et al., 2025). Their nanoscale dimensions further enhance biofilm penetration, ensuring efficient drug delivery. When functionalized with fluoride ions (F-), these systems exhibit synergistic antimicrobial-remineralizing dual functionality, presenting a promising strategy for secondary caries prevention and therapy (Qi et al., 2025). Currently, acid-stimuli-responsive nanomaterials are the most extensively studied. Below, three typical acid-responsive materials are introduced: BioUnion, Eugenol, and Tannic acid.



2.1.1 BioUnion

BioUnion filler is a novel bioactive glass powder (Xia et al., 2025), that addresses the issue of declining fluoride release over time observed in traditional glass ionomer cements (GICs) (Dcruz et al., 2024; Da et al., 2025). It composed of silicon dioxide (SiO2), zinc oxide (ZnO), calcium oxide (CaO), and a fluoride compound. Its particles can be incorporated into dental materials, releasing Zn²+ (combats oral bacteria and reduces dentin demineralization), F− (inhibits demineralization), and Ca2+ (enhances remineralization) ions to prevent secondary caries (Fallahzadeh et al., 2022; Piszko et al., 2025). It also exhibits pH-dependent selective release of Zn2+/Ca2+ (Liu et al., 2020).In bovine dentin subjected to 4-week pH-cycling, the GICs-Bio group (Control group: GICs) demonstrated superior inhibition of demineralization and promotion of remineralization. In vitro salivary titration assembly revealed that BioUnion™-incorporated GIC provides higher initial fluoride release and a more sustained release profile under simulated oral conditions (Htet et al., 2025).




2.1.2 Eugenol

Whereas BioUnio’s strategy relies on antibacterial action and remineralization, eugenol acts primarily through pathogen inhibition and pulp inflammation modulation to prevent secondary caries (Nazemisalman et al., 2024; Patil et al., 2025). Innovative nano-delivery systems now enhance its efficacy by improving solubility and enabling controlled release.

These systems retain Eugenol’s functionality while achieving slow, sustained drug release, and can be triggered to release in response to specific environmental stimuli, thereby avoiding the cytotoxicity associated with long-term high-concentration release, improving biosafety (Khan et al., 2019; Montoya et al., 2023). Specific applications include the Eu@B-UiO-66/Zn system, based on eugenol-loaded B-UiO-66 MOF complexed with Zn2+, which achieves pH-responsive release via a phenolic hydroxyl-Zn2+ cage-like network where the released Eugenol generates reactive oxygen species (ROS) to disrupt biofilms (Wang et al., 2024); nanoencapsulation significantly enhances eugenol stability, for example up to 60 days (Vilela et al., 2023);acid-triggered nanoparticles modified with casein and based on hydroxyapatite/calcium carbonate that adhere to dentin and release Eugenol under low pH conditions (Sereda et al., 2023); synthetic eugenol derivatives containing polymerizable methacrylate groups, such as EgMA, enabling participation in resin free-radical polymerization, which maintain antibacterial activity against Gram-positive(G+) and Gram-negative(G-) bacteria while avoiding detrimental effects on resin polymerization and strength (Almaroof et al., 2016).




2.1.3 Tannic acid

Nanotechnology not only overcomes the limitations of natural active substances but also endows them with new functionalities. Tannic acid (TA) is a water-soluble natural polyphenol extracted from plants with antibacterial properties (Yamauchi et al., 1989; Sileika et al., 2013). When combined with phenylboronic acid (PBA), it forms a borate ester bond that can break down and release functional molecules under pH changes caused by bacteria (Springsteen and Wang, 2002). Using nano-polymer micelles (PM) with a shell-core structure as a scaffold, Sodium fluoride (NaF), tannic acid, and salivary acquired peptides (SAP)were loaded to produce multifunctional smart-release nano-antimicrobial materials PMs@NaF-SAP. At pH 5.0, nearly 70% of TA was released from PMs@NaF -SAP, while only approximately 40% was released at pH 7.4. Additionally, the more acidic the pH, the faster the NaF release rate; at pH 5.0, approximately 80% of NaF is released within 24 hours, and its antibacterial efficacy at this pH value is significantly stronger than that of the chlorhexidine (CHX) control group. As determined, PMs@NaF-SAP exhibits excellent demineralization inhibition and remineralization promotion capabilities, with relatively smooth tooth surfaces. Results from a caries-prone rodent model indicate that PMs@NaF-SAP treatment reduces the incidence and severity of lesions on smooth and fissure surfaces, effectively preventing the development of caries in vivo (Xu et al., 2023).





2.2 Magnetic field-responsive

Magnetically responsive materials, activated by an external magnetic field, enable the stimulation or targeting of specific objects using materials containing magnetic substances (Menezes-Silva et al., 2021). The magnetic field can adjust ion distribution within the material, enhancing the marginal sealing of restorative materials and reducing microleakage. Under its guidance, nanoparticles can penetrate dentinal tubules effectively, improving bonding strength.

Superparamagnetic iron oxide nanoparticles (SPIONs) exhibit non-magnetic behavior without an external magnetic field. However, when subjected to an external field, they respond rapidly to Lorentz forces, enabling their movement or directional alignment under magnetic guidance (Hu et al., 2017). In dental adhesives, SPIONs (Fe3O4) guided by a magnetic field can infiltrate the micropores of dentin more effectively, leading to enhanced bond strength. This process generates mild thermal effects that can inhibit bacterial growth (Garcia et al., 2021). Ferroferric Oxide (Fe3O4) is a type of SPION. Constructing a core-shell structure with Fe3O4 cores and mesoporous silica shells allows for encapsulating antimicrobial agents like CHX and quaternary ammonium silane. This system achieved an inhibition rate of over 78% against S. mutans biofilms and maintained antibacterial activity even after 6 months of artificial aging, with no significant cytotoxicity observed (Mokeem et al., 2024). Targeted, sustained antimicrobial delivery to the critical interface prolongs restoration longevity.

Magnetic field-responsive materials provide superior spatiotemporal control and deep-tissue activation capabilities but at the cost of requiring external hardware. Acid-responsive materials are simpler, more autonomous, and highly biocompatible, but their action is less precise and confined to acidic micro-environments.




2.3 Light/heat responsive

For clinical ease-of-use, photothermal-responsive systems are ideal, as they allow therapeutic agents to be activated on-demand with a straightforward light source. Traditional nanomaterials exert antibacterial effects by releasing metal ions such as Ag+, Cu2+, and Zn2+, which disrupt bacterial cell membranes and interfere with enzymatic activities (Xiu et al., 2011; Fan et al., 2021). However, their “burst release” mechanism leads to short therapeutic duration and lacks precise control (Jiang et al., 2023). Photo-responsive nanomaterials based on photodynamic therapy (PDT) offer a novel approach for preventing and managing secondary caries. PDT involves three key components: oxygen, an excitation light source, and a photosensitizer (PS). When exposed to light of specific wavelengths, the PS generates toxic ROS. These ROS possess strong oxidizing power and high reactivity, thereby inducing rapid lipid peroxidation in bacteria (Pereira et al., 2013; Fiegler-Rudol et al., 2025).

Photothermal therapy (PTT) and PDT are two complementary and promising phototherapeutic approaches. Silver-ion-doped Prussian Blue (AgPB) nanoparticles were encapsulated in cationic guar gum (CG) to form an antibacterial PTT hydrogel, CG-AgPB, exhibiting a photothermal conversion efficiency of 34.4%. Upon exposure to an 808 nm laser at a power density of 0.4 W cm², the hydrogel surpassed 50 °C within 3 minutes, synchronized with the release of Ag+ ions from interstitial sites of the AgPB lattice, thereby inhibiting both individual oral cariogenic bacteria and their biofilms. In vivo, CG-AgPB-mediated PTT significantly reduced cariogenic bacteria to less than 1% of the original load in a rat caries model (Li et al., 2024). The laser power and irradiation duration can be precisely modulated to confine the therapeutic thermal zone, thereby minimizing collateral damage to adjacent healthy tissues (Alumutairi et al., 2020).

A polydopamine (PDA)-coated strontium-doped zinc oxide composite (Sr-ZnO@PDA) responds to yellow light and ultrasound. Synergistic piezophotocatalysis generates ROS, destroying bacterial cell membrane structures and decomposing dental surface pigments. Additionally, strontium ions (Sr2+) released from SZ@PDA promote remineralization of enamel and dentin, repairing damaged tooth tissues (Mu et al., 2025). Another supramolecular nanoformulation achieves highly efficient inhibition of S. mutans biofilms through an adaptive PDT/PTT switching mechanism. Guanidinium groups on the material surface specifically bind to negatively charged moieties such as lipoteichoic acid and ATP on the S. mutans cell membrane, enabling targeted accumulation. Upon 660 nm laser irradiation, synergistic PTT and PDT effects are observed. In low-ATP environments (planktonic bacteria), the photosensitizer ZnPcS4 exists as monomers that predominantly generate ROS via PDT, disrupting bacterial membrane integrity. In high-ATP environments (biofilms), ZnPcS4 forms H-aggregates that chiefly produce heat through PTT for bactericidal action, circumventing the limited ROS penetration issue. Experiments also confirmed the material’s low cytotoxicity; compared to the markedly demineralized control group, enamel remained notably intact in a rat dental caries model (Zhang Y. et al., 2024).

This section highlights the promise of stimuli-responsive nanomedicines for combating secondary caries. pH-responsive systems offer high clinical relevance by leveraging the cariogenic microenvironment to trigger targeted drug release and demonstrate synergistic antibacterial-remineralization effects. In comparison, external field-responsive strategies provide superior spatiotemporal control over treatment, enabling on-demand activation. Yet they face significant practical limitations. For light-responsive systems in particular, limited tissue penetration depth remains a major constraint. In morphologically complex teeth such as molars, light may be unable to effectively reach lesions in proximal or deep dentinal areas, resulting in incomplete treatment. Similarly, magnetic-responsive approaches require externally applied devices, which may complicate clinical integration and routine use.





3 Rechargeable strategy

Interventions for secondary caries primarily encompass antibacterial approaches and remineralization. For years, researchers have incorporated remineralizing ions into restorative materials. Fluoride ions(F-) facilitate the deposition of calcium ions (Ca2+) and phosphorus ions (PO4³−) within the tooth structure, forming more acid-resistant fluorapatite (Ca5(PO4) 3F), while also buffering the acidic environment created by bacteria. Sodium fluoride nanoparticles have reduced secondary caries at restoration margins by releasing F- and Ca2+ (Albelasy et al., 2023). However, the short duration of effective ion release from these materials, relative to the expected lifespan of restorations, remains a critical challenge. To address this, a rechargeable strategy has been proposed to prolong ion release (Kelić et al., 2023). This approach centers on replenishing the diminishing active ions within the restorative material through exogenous ion exchange, restoring its remineralizing potential. There are three phases: 1) Release phase: Soluble active ions (F−/Ca2+) are released from the material, promoting remineralization; 2) Depletion phase: Continued ion release depletes surface reservoirs, leading to declining ion concentration and diminished remineralization capacity; 3) Recharging phase: The material is exposed to an exogenous high-concentration ion solution. Driven by concentration gradients or ion exchange, new ions diffuse into the inorganic matrix/microporous structure, achieving reloading (Puttipanampai et al., 2025) (Figure 2).

[image: Illustration depicting the phases of fluoride, phosphate, and calcium ion exchange in tooth enamel. The release phase shows ions leaving the surface, the depletion phase illustrates ion absence, and the recharge phase demonstrates ion return. Arrows indicate remineralization and demineralization processes.]
Figure 2 | Mechanism of rechargeable nanomaterials.



3.1 Fluoride

As widely documented, fluoride combats dental caries through three mechanisms: inhibiting demineralization, promoting remineralization, and suppressing bacterial metabolism (Monjarás-Ávila et al., 2025). To address the transient fluoride release from existing restorative materials, rechargeable fluoride nanomaterials offer a new way for managing secondary caries.

Calcium fluoride (CaF2) nanoparticles (average 58 nm), synthesized via spray-drying and incorporated into resin matrices, exhibit excellent biocompatibility and significantly enhanced F− release capacity that remains stable over repeated recharging cycles (Yi et al., 2019). These materials demonstrate high pH sensitivity, where acidic conditions trigger a surge in fluoride release, particularly pronounced in systems containing CaF2 or fluorohydroxyapatite under cariogenic pH (4.5-5.5) generated by bacterial metabolism (Morawska-Wilk et al., 2025). Studies confirm that ion release (Ca2+, F−, PO4³−) at acidic pH (4.5-5.5) is markedly higher than at neutral pH (6.5), a trend sustained even after recharging (Venkataiah et al., 2025). This pH-responsive sustained release is critical in resin-based restorations: it enhances remineralization within cariogenic microenvironments and extends restoration longevity. Both silane- and methacrylate-based composites effectively serve as rechargeable fluoride carriers (Madhyastha et al., 2025). The synergy between acid-triggered release and on-demand recharging holds significant promise for combating secondary caries.




3.2 Nanoamorphous calcium phosphate

Amorphous calcium phosphate (ACP) possesses a non-crystalline structure and exhibits high ionic release activity (Degli Esposti and Iafisco, 2022). Nanotechnology has effectively addressed the challenge of uncontrolled ion release from traditional ACP. Under acidic conditions, NACP rapidly releases significant amounts of calcium (Ca2+) and phosphate (PO4³−) ions, while maintaining structural stability with minimal ion release in neutral or alkaline environments (Liang et al., 2019).

Incorporating nano-sized NACP alongside dimethylaminohexadecyl methacrylate (DMAHDM) nanoparticles into resin-based materials creates a dual-functional composite. The Ca2+ and PO4³− ions released from NACP neutralize acids produced by cariogenic bacteria, disrupting the acidic environment conducive to demineralization and promoting remineralization. Simultaneously, the DMAHDM component exerts a potent direct antibacterial effect (Wu et al., 2015; Sales-Junior et al., 2025). Furthermore, animal models have demonstrated that these composites induce minimal pulp irritation and stimulate tertiary dentin formation (Li et al., 2014). In an in vitro saliva-derived biofilm secondary caries model, it inhibits the growth of cariogenic bacteria at the resin margin and has no negative impact on tooth enamel hardness (Zhou et al., 2020).

NACP has also been successfully integrated into dental adhesives, often with monobasic calcium phosphate dihydrate (MCPM), to enhance their remineralization and antibacterial capabilities (Liu et al., 2018a). Despite finite ion release duration (typically months), rechargeable NACP nanocomposites overcome this limitation via periodic calcium/pHospHate solution immersion. Both rechargeable NACP and NACP-DMAHDM variants retain flexural strength and elastic modulus comparable to commercial counterparts. They significantly inhibit biofilm metabolic activity and lactic acid production, while drastically reducing biofilm colony-forming units (CFUs). A single recharge sustains effective ion release for up to 42 days (Al-Dulaijan et al., 2018). Crucially, the release profile remains stable over multiple recharge cycles, demonstrating long-term ion release and remineralization potential. This recharge strategy also shows significant anti-caries efficacy in adhesives and sealants (Ibrahim et al., 2020). For instance, a novel self-healing dental adhesive incorporating poly(urea-formaldehyde) (PUF) microcapsules, DMAHDM, and NACP achieved a 67% crack-healing efficiency without compromising dentin bond strength. Concurrently, it reduced biofilm CFUs by four orders of magnitude, confirming its potent antibacterial properties (Wu et al., 2019).

This rechargeable strategy substantially bridges the translational gap: Recharging requires mere minutes per session, with a single treatment sustaining caries-preventive efficacy for up to six months. Crucially, at-home recharge via mouth rinse empowers patient autonomy. It establishes a clinically viable protocol for long-term dynamic management of secondary caries.

Rechargeable resin-based restoratives can markedly extend the functional lifespan of dental restorations through their replenishable ion-release mechanism, simultaneously enhancing remineralization and antimicrobial efficacy. In acidic environments, these materials exhibit intelligent, pH-responsive ionic discharge while maintaining favorable biocompatibility and mechanical stability, offering a novel long-term dynamic management strategy for recurrent caries.

Nevertheless, recent investigations have highlighted several shortcomings. First, although CaF2 and NACP nanoparticles are intrinsically cytocompatible, high fluoride loads or DMAHDM quaternary ammonium antimicrobials still display concentration-dependent cytotoxicity in 3-D spheroid cultures or human dental-pulp stem-cell assays, compromising the biosafety of the pulp and surrounding soft tissues (Fei et al., 2024). Second, even advanced CAD/CAM resin composites undergo inevitable deterioration in flexural strength and surface hardness after prolonged exposure to the moist oral milieu, primarily attributable to water sorption and hydrolytic degradation (Wendler et al., 2021). Third, fluoride-releasing materials experience significant deterioration of nanohardness, elastic modulus, and surface roughness when challenged by acidic beverages (Güner and Köse, 2024). Fourth, no consensus exists on the concentration, pH, or contact time of “recharge mouthwashes”; regulatory agencies have yet to establish in vitro–in vivo correlation guidelines, and published clinical trials are underpowered with follow-up periods < 2 years, precluding reliable assessment of long-term marginal integrity and secondary-caries incidence (Zhang J. et al., 2024).





4 Cascade catalytic nanoreactor

Integrating nanotechnology, catalytic chemistry, and biomedicine has led to the development of cascade catalytic nanoreactors, representing an advanced strategy for preventing and treating oral infectious diseases. Inspired by intracellular multi-enzyme cascade reactions, researchers initially attempted to construct artificial cascade systems by encapsulating natural enzymes within porous synthetic materials, including metal-organic frameworks (MOFs), covalent organic frameworks (COFs), and hydrogen-bonded organic frameworks (HOFs) (Lykourinou et al., 2011; Huang et al., 2022). However, these early systems suffered from poor enzyme stability, low reaction efficiency, and inadequate controllability (Meghwanshi et al., 2020). Subsequent advancements replaced natural enzymes with inorganic nanocatalysts (Fe3O4 or Au nanoparticles), effectively resolving stability issues (Li et al., 2015; Kwon et al., 2021; Ma et al., 2024). Further innovation incorporated stimuli-responsive materials (ultrasound or pH-activated components) to achieve precisely controlled activation (Chen and Li, 2020; Li et al., 2022). Self-supplying substrate systems were engineered to overcome dependence on external reactants (Figure 3). Consequently, application scenarios have expanded beyond tumor therapy to encompass anti-biofilm interventions.

[image: Diagram showing the process of antimicrobial action against biofilms. Glucose and oxygen interact with glucose oxidase (GOx) to form gluconic acid and hydrogen peroxide, reducing pH and generating reactive oxygen species (ROS). These act as antimicrobial agents, leading to EPS degradation and bacterial killing.]
Figure 3 | Mechanism of antimicrobial cascade nanoreactors.



4.1 Glucose oxidase

GOx exhibits catalytic properties and bioactivities uniquely suited to the cariogenic microenvironment: it oxidizes glucose and oxygen into gluconic acid and hydrogen peroxide (Dubey et al., 2017). This reaction directly depletes free glucose, competing with S. mutans for metabolic substrates and suppressing bacterial growth and acid production (Senol et al., 2007; Yuan et al., 2015). The in situ-generated hydrogen peroxide reduces glucosyltransferase activity, diminishing viscous glucan synthesis and disrupting biofilm formation mechanisms (Zhang et al., 2021). Concurrently, gluconic acid production triggers pH-responsive drug release (Wang et al., 2022). GOx is not used in isolation. It is integrated into nanocomposites that incorporate additional targeting strategies (such as magnetic guidance, pH-responsive release, or photothermal activation) which enhance spatial precision and biological specificity. GOx does not target specific bacterial species through molecular recognition, but rather functionally discriminates against cariogenic pathogens. These targeted mechanisms establish a novel paradigm for constructing multimodal antimicrobial systems.

The greatest advantage of cascade nanoreactors lies in their ability to integrate and leverage distinct molecular functions. The HA@MRuO2–Cip/GOx composite (composed of hydroxyapatite, HA; mesoporous ruthenium dioxide, MRuO2; ciprofloxacin, Cip; and GOx) incorporates a mesoporous RuO2 core co-loaded with Cip and GOx. In vitro, the composite disrupts biofilms by cleaving extracellular DNA, thereby enhancing the bactericidal efficacy of Cip against planktonic bacteria. Under acidic conditions, it not only sustains ROS generation but also allows controlled release of antibiotics (Zhu et al., 2023).

Similarly leveraging acidic conditions for antibacterial activity, Na2S2O8@ZIF-67/GOx(composed of sodium persulfate, Na2S2O8; zeolitic imidazolate framework-67, ZIF-67; and GOx) functions as a novel ROS nanogenerator. GOx-mediated catalysis in acidic microenvironments produces H2O2 and gluconic acid, which further reduces pH to accelerate ZIF-67 decomposition and Na2S2O8 release. This process yields highly toxic sulfate (SO42−) and hydroxyl (-OH) radicals, effectively suppressing bacterial proliferation and biofilm formation (Ge et al., 2023).

Also operating under external energy stimulation, the nanozyme CoPt@G@GOx (composed of cobalt-platinum alloy, CoPt; graphene, G; and GOx) employs a two-step cascade reaction to generate potent -OH radicals in acidic environments, achieving 4-fold enhanced catalytic efficiency in disrupting S. mutans biofilms compared to simple mixtures. Its magnetic CoPt@grapHene core enables precise targeting of carious lesions via external magnetic fields, minimizing off-target effects (Dong et al., 2022). TiO2-GOx(composed of titanium dioxide, TiO2; and GOx)exhibits high catalytic activity in glucose-rich environments under UV irradiation, significantly amplifying ROS production (Kim et al., 2019).

Incorporating both photothermal and biochemical antibacterial mechanisms, MX/AgP-Gox (composed of MXene, MX; silver nanoparticles, AgNPs; and GOx) is a cascade bio-heterojunction (HJ) engineered to target both dental-plaque biofilms’ chemical and biological constituents. Under near-infrared (NIR) irradiation, the HJ rapidly heats up to generate photothermal effects while exploiting H2O2 to burst-produce massive ROS, achieving highly efficient phototherapy. Even in darkness, the bactericidal action of Ag+ ions and glucose depletion mediated by GOx act synergistically to suppress bacteria, ensuring long-lasting anti-caries efficacy after light withdrawal. Rat caries models further confirmed that the material inhibits enamel demineralization and exhibits excellent biocompatibility (Zhu et al., 2025).




4.2 Iron oxide

Catalytic iron oxide nanoparticles (CAT-NPs) mimic natural peroxidases through their intrinsic catalytic activity. Under acidic conditions, they catalyze H2O2 decomposition into hydroxyl radicals (-OH), disrupting bacterial membranes, degrading intracellular macromolecules, and breaking down extracellular polymeric substances (EPS) within biofilms. In vitro studies demonstrate that CAT-NPs reduce apatite demineralization at acidic pH. Topical application combined with H2O2 effectively suppresses caries initiation and progression without adverse effects on oral mucosal tissues in vivo (Gao et al., 2016).

Ferumoxytol is a Food and Drug Administration (FDA)-approved nanoparticle formulation used for magnetic resonance imaging and the treatment of iron deficiency (Dósa et al., 2011). Ferumoxytol can penetrate the interior of biofilms and, under acidic conditions, catalyze the production of reactive radicals from H2O2. These radicals disrupt bacterial cell membranes and degrade extracellular polysaccharide matrices, killing the bacteria. In ex vivo biofilm models, its combination with low concentrations of H2O2 effectively inhibits biofilm accumulation on natural teeth and prevents enamel demineralization (Liu et al., 2018b). Notably, it enables pathogenic biofilm detection via colorimetric responses, establishing a theranostic platform for caries management (Liu et al., 2021). Dextran-coated iron oxide nanoparticles (Dex-NZMs) maintain catalytic efficiency while enhancing stability. These particles exhibit potent catalytic activity at acidic pH, enabling biofilm-specific targeting. Dex-NZMs prevent severe carious lesions in murine caries models while demonstrating excellent biosafety (Naha et al., 2019).

Cascade-catalytic nanoreactors that emulate natural enzymatic cascades have recently emerged as promising therapeutics for oral infectious diseases. They efficiently generate ROS, respond precisely to the pathological microenvironment, supply their own substrates, and exert multimodal synergistic antimicrobial effects. Collectively, these attributes substantially enhance biofilm eradication while minimizing collateral damage to healthy tissues.

Nevertheless, clinical translation remains hindered by several unresolved limitations. Catalytic activity is prone to attenuation in the complex oral milieu owing to protein adsorption, pH fluctuations, and variable ionic strength, leading to suboptimal durability and limited functional persistence (Ming et al., 2020). Moreover, the fidelity of cascade activation is still imperfect; off-target triggering or adventitious side-reactions may compromise therapeutic predictability and patient safety (Zhang et al., 2018). It constitute an innovative therapeutic platform, yet scalable manufacturing, reproducible quality control, and comprehensive regulatory frameworks are still in their infancy.





5 Opportunities and challenges in clinical translation

The heterogeneity of biofilms and the presence of salivary proteins pose challenges for oral antibacterial materials. The former has long posed a significant challenge to antimicrobial materials: the oral biofilm forms a complex three-dimensional structure. The EPS matrix acts like a “fortress wall” that blocks the penetration of antimicrobial molecules (Zhao et al., 2023). Gradients of oxygen and nutrients from the surface to the deeper layers lead to altered bacterial metabolic activity, with dormant bacteria in the deep layers exhibiting stronger drug tolerance (Liu et al., 2024).

Controlled-release nano-antimicrobial materials show promising performance in addressing biofilm heterogeneity. Physically, their nanoscale structure provides high surface energy, enhancing adhesion to negatively charged bacterial biofilms and enabling penetration through the EPS matrix to deliver antimicrobial agents directly to dormant bacteria in the deeper layers (Han et al., 2022). Moreover, the released antimicrobial molecules can disrupt bacterial membrane potential, inhibit enzymatic activity, and promote ROS generation (Sahli et al., 2022). Finally, through controlled-release mechanisms, these materials maintain effective bactericidal concentrations at the infection site, preventing exposure to sublethal doses and thereby suppressing the enrichment of drug-resistant mutants. These advantages make them highly effective against biofilms.

However, salivary proteins present a double-edged sword. Within hours after cleaning, teeth become coated with a layer of salivary proteins, which can isolate antibacterial materials from bacteria, thereby reducing antimicrobial efficiency and long-term efficacy (Heo et al., 2013). At the same time, this protein layer facilitates bacterial adhesion. However, current nano-antibacterial materials often fail to account for this effect. How to resist salivary protein adhesion through surface modification of nanomaterials is thus an important issue. Research should also be conducted under conditions that simulate the oral environment to more accurately evaluate the practical antibacterial performance of these materials. Rather than focusing solely on avoiding salivary proteins, it would be more beneficial to explore how to leverage them to enhance material functionality.

In addition to the two aforementioned oral-specific environmental resistance factors, the clinical translation of nanomaterials currently faces several challenges:(1) the long-term biosafety, biocompatibility, and functional durability of these nanomaterials within the oral cavity require rigorous assessment in live animal models and, ultimately, clinical trials (Sajithkumar et al., 2025). Many studies discussed in this article are primarily in vitro. Not only in the dental field, one of the biggest current challenges for nanomaterials is the lack of long-term in vivo experiments. While a few studies have employed rodent caries models to show efficacy in reducing lesion severity, these are often short-term and lack evaluation of critical endpoints; (2) the regulatory landscape for nano-enabled medical products remains fragmented. Harmonized characterization standards and quality-control guidelines are urgently required. Critical parameters—including particle-size distribution, surface charge, and degradation products—must be quantified through validated, standardized assays to guarantee batch-to-batch consistency and clinical reproducibility (Rodríguez-Gómez et al., 2025). (3) Since some dental materials need to meet aesthetic requirements, the coloration issue of certain metal nanoparticles also cannot be ignored. Despite these challenges, the unique properties of controlled-release nano-antimicrobial materials have led to their exploration in a wide range of dental applications. These applications aim to leverage their sustained and targeted antibacterial action to improve the longevity and success of various dental treatments and restorative procedures (Figure 4).
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Figure 4 | Applications of controlled-release nano-antimicrobial materials.




6 Conclusion

This paper systematically reviews the latest mechanistic advances in controlled-release nanomaterials for preventing secondary caries. Stimulus-responsive systems have evolved from single pH triggers to multi-stimulus synergistic activation, rechargeable nanocarriers have graduated from one-off ion reservoirs to “stimulus–response–re-supply” cycles, and cascade nanoplates now seamlessly integrate antibacterial, acid-neutralizing, and remineralizing functions for precise modulation of the cariogenic microenvironment.

However, the oral pH landscape is constantly perturbed by diet, saliva and microbial metabolism, making it difficult for materials to respond specifically to acid niches generated solely by cariogenic bacteria; The layer-by-layer fabrication of cascade structures still relies on complex processes, which limits large-scale production and cost control; and unified characterization protocols together with long-term biosafety regulation for nanomaterials are still absent. These challenges are compounded by patient compliance issues, as complex or expensive preventive measures may lead to poor adherence, reducing real-world effectiveness. Therefore, overcoming these technical and economic barriers while ensuring user-friendly and affordable solutions, which is essential to advancing effective caries management.
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Introduction

Streptococcus mutans and Candida albicans are common pathogenic organisms from the oral microbial community, and are associated with the pathogenesis of caries. We investigated the repressive effects of arginine on the cross-kingdom interactions and synergistic cariogenicity between S. mutans and C. albicans.





Methods

The effect of arginine on the growth of S. mutans and C. albicans in the planktonic state was reflected by analyzing growth curves and pH measurements. Biofilm biomass was measured using growth curves, crystal violet staining, and colony-forming unit measurements; fluorescence in situ hybridization indicated the physical relationship between S. mutans and C. albicans in biofilms. The cariogenic properties of dual-species biofilms were analyzed through extracellular polysaccharide and lactic acid production assessments.





Results

Arginine inhibited the planktonic growth and biofilm formation of S. mutans and C. albicans, with reduced biofilm formation, biomass, and physical adhesion between strains. Moreover, arginine suppressed the production of extracellular polysaccharides and lactic acid. In addition, short-term arginine treatment effectively inhibited the growth of S. mutans and C. albicans.





Conclusion

L-Arginine inhibited both mono- and dual-species growth of S. mutans and C. albicans. Thus, L-arginine may serve as a novel approach to inhibit the cross-kingdom interactions and synergistic cariogenicity of S. mutans and C. albicans.
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1 Introduction

The most prevalent major oral disease is deciduous tooth caries, which is estimated to affect 43% of the world’s population, followed by dental caries of permanent dentition, with an average global prevalence of 29%, according to the World Health Organization (Cherian et al., 2023). Untreated dental caries affects masticatory function, speech, smile characteristics, and psychology, as well as quality of life. Plaque attached to the tooth surface is the main biological factor leading to dental caries. Numerous cariogenic bacteria, including Streptococcus mutans, Actinomyces gerencseriae, Propionibacterium acidifaciens, and Scardovia wiggsiae, have been identified in recent studies, revealing multiple observed synergistic interactions (Jenkinson, 2011; Pang et al., 2021).

In recent years, fungi, particularly Candida albicans, have garnered attention for their cariogenic potential. Recent studies have proposed that C. albicans is also involved in the formation of caries and that S. mutans and C. albicans have a synergistic cariogenic effect. S. mutans and C. albicans co-exist in high enrichment and have been co-detected in a variety of oral disease models, such as early childhood caries (Xiao et al., 2018; Lu et al., 2023), root caries (Du et al., 2021), white spot lesions (Klaus et al., 2016; Beerens et al., 2017; Yang et al., 2023), and denture stomatitis (Baena-Monroy et al., 2005; Clemente et al., 2023). Research has demonstrated that cross-kingdom interactions between cariogenic bacteria and fungi enhance the formation of cariogenic biofilms (Koo et al., 2018; Wan et al., 2021). The synergistic pathogenicity of S. mutans and C. albicans is manifested in physical adhesion, metabolic promotion, acid production, and cross-feeding (Du et al., 2022; Li et al., 2023). S. mutans and C. albicans utilize sucrose to synthesize exopolysaccharides and produce massive cross-kingdom biofilms. Moreover, their symbiotic effects promote carbohydrate metabolism and upregulate the expression of virulence genes, increasing the biomass of, enhancing the active metabolism in, decreasing the pH of, and increasing the cariogenicity of the dual-species biofilm of S. mutans and C. albicans (He et al., 2017; Xiao et al., 2023).

Approaches to inhibit cross-kingdom interactions between S. mutans and C. albicans may be important in preventing dental caries. In most clinical treatments for infections caused by microorganisms, antibiotics or antifungal drugs are used; however, resistance and dysbiosis caused by broad-spectrum antimicrobial drugs limit their use in the treatment of biofilm-associated infections. The development of biofilm-targeted therapeutic strategies to disrupt the growth of polymicrobial biofilms is urgently needed to combat oral diseases and maintain oral health; many approaches, such as natural compounds, chemical compounds, nanomaterials, and photodynamic therapy, have been investigated in this regard (Li et al., 2023; Philip et al., 2018).

One category of natural products that has become a focus of interest is probiotics and prebiotics. Prebiotics are defined as substrates that are selectively utilized by host microorganisms, conferring a health benefit (Gibson et al., 2017). Arginine is a semi-essential amino acid that plays a role in protein synthesis, substance metabolism, immune regulation, anti-inflammatory and antioxidant activities, and various signaling pathways (Wei et al., 2023). Arginine, considered an oral prebiotic, is mainly derived from diet and host saliva and catabolized and metabolized by bacteria via the arginine deiminase system, producing ammonia as a major product. The protonation of ammonia to ammonium increases the pH, which creates a less cariogenic environment (Kuriki et al., 2021).

Arginine is widely reported to inhibit the growth of S. mutans, indicating its inhibitory role in the development of caries by affecting the microbiome of the oral microenvironment (Huang et al., 2017). At present, studies on the effect of arginine on C. albicans are limited and inconclusive. To the best of our knowledge, no study has investigated whether arginine inhibits the synergistic cariogenic effects of C. albicans and S. mutans.

In this study, we aimed to investigate whether arginine exerts an inhibitory effect on the growth of S. mutans and C. albicans, with the expectation of finding new preventive and therapeutic options for inhibiting their synergistic cariogenicity. We proposed the following null hypotheses: 1. Arginine does not inhibit the growth of S. mutans and C. albicans in single cultures; 2. Arginine does not inhibit the co-culture growth of S. mutans and C. albicans; and 3. Arginine does not inhibit the synergistic cariogenic effects of S. mutans and C. albicans.




2 Materials and methods



2.1 Strains and growth conditions

Standard wild-type S. mutans UA159 and C. albicans SC5314, inoculated from frozen glycerol stocks, were used in all experiments. Streptococcus mutans strains were cultivated in brain heart infusion (BHI) broth, and C. albicans strains were cultivated in yeast peptone dextrose (YPD) broth at 37°C under aerobic conditions with 5% CO2 overnight (without shaking). Cells were grown to the mid-exponential phase and harvested by centrifugation (5000 rpm, 5 min, 4°C). S. mutans and C. albicans were inoculated into BHI broth supplemented with a 1% (w/v) sucrose (BHI-S), with or without 100 mM L-arginine at the concentration for which the optical density of the suspensions at 600 nm (OD600nm) reached 0.005 for the subsequent experiments. BHI-S medium was autoclaved and the required amount of L-arginine (0.1742 g per 10 mL) was added aseptically to achieve a final concentration of 100 mM. The solution was then vortexed until fully dissolved, after which it was sterilized by passing it through a 0.22 µm membrane filter. The experiments were performed in triplicate.




2.2 Effects of arginine on planktonic cultures of S. mutans and C. albicans



2.2.1 Growth curves

Planktonic growth of S. mutans and C. albicans co-cultures and monocultures, with or without arginine, was monitored at 4, 6, 8, 10, 12, 14, 16, 20, 22, and 24 h based on the optical density of the culture supernatant. By measuring the optical density at 600 nm (OD600nm) using a diluphotometer (Implen, Munich, Germany), microbial growth analysis was performed. The microbial culture was shaken well and added to the cuvette in a volume of 2 mL, whereas a cuvette containing 2 mL of BHI-S was used as a blank control. For microbial cultures at later stages of growth, we measured absorbance by adding a volume of 200 μL culture to 1800 μL phosphate-buffered saline (PBS) and diluting it 10-fold. The control consisted of an equal volume of BHI-S broth as the measured sample, and the total volume was brought to 2 ml with PBS. Growth curves were then plotted to assess the effect of arginine on growth.




2.2.2 pH test

Changes in the pH of the supernatant during incubation can reflect the degree of acid production by both microorganisms and the effect of arginine. A pH meter (Orion 868, Thermo Fisher Scientific, Waltham, MA, USA) was used to measure the pH of the supernatants obtained from S. mutans, C. albicans, and dual-species cultures in the planktonic state after incubation for 4, 6, 8, 12, 20, and 24 h.





2.3 Effect of arginine on biofilm growth and cariogenicity of S. mutans and C. albicans

Biofilm growth was monitored based on the analyses of the absorbance of the cultures, crystal violet (CV) staining, colony-forming units (CFUs), and lactic acid production. Equal volumes of the suspensions of each strain were inoculated into the wells of 24-well microtiter plates (1 mL each) and 96-well microtiter plates (100 μL each). The plates were incubated at 37°C in the presence of 5% CO2.



2.3.1 Growth curve

Biofilm growth curves were measured using 96-well plates. Growth curves were constructed by measuring OD600nm using a multimode microplate reader (SpectraMax iD3, Molecular Devices, San Jose, CA, USA). The kinetic data were acquired by programming the microplate reader to automatically record the optical density at one-hour intervals. These values were then plotted as a line graph.




2.3.2 Crystal violet staining

Biofilm biomass, formed in the presence or absence of arginine, was evaluated by CV staining after 4, 8, or 24 h of incubation. The biofilms were washed twice with PBS and stained with 0.1% (w/v) CV for 15 min. Thereafter, plates were washed twice with PBS to remove the unbound stain and dissolved in 600 μL of 100% ethanol for 30 min. The biofilm concentration was determined by measuring the optical density of the samples at 570 nm (OD570nm) (Liu et al., 2022).




2.3.3 CFU measurement

After incubation for 4, 8, and 24 h, the biofilms of S. mutans and C. albicans in single- and dual-species cultures were analyzed to determine the CFU/mL of each strain. At each time point, biofilms were washed twice with PBS, were disrupted by sonication and then harvested, serially diluted, and plated on YPD agar supplemented with kanamycin and streptomycin (to culture C. albicans while inhibiting the growth of S. mutans) and BHI agar supplemented with amphotericin B (to culture S. mutans while inhibiting the growth of C. albicans). Plates were incubated at 37°C with 5% CO2 for 24 h, after which CFUs were counted.




2.3.4 Lactic acid production assay

Mature biofilms were cultured in buffered peptone water supplemented with 0.2% (w/v) sucrose at 37°C with 5% CO2 for 3 h after rinsing with PBS. The concentrations of lactic acid produced by the biofilms were measured using an L-Lactic Acid Assay Kit (Nanjing Jiancheng, Nanjing, China) according to the manufacturer’s instructions (Lu et al., 2022).




2.3.5 Exopolysaccharide production assay

Congo red (CR) staining was performed to evaluate the production of exopolysaccharides (EPS). After 24 h of incubation in 96-well plates, the biofilms were washed using PBS, and each well was stained with a mixture of 100 μL BHI-S and 50 μL Congo red (0.5 mM). After staining, the supernatants from each well were transferred to microtiter plates; the absorbance of the supernatants was measured at 490 nm in triplicate. Optical density values were used to measure EPS production as per the following formula: OD of EPS production = OD of blank control group supernatant CR− OD of experiment group supernatant (Kulshrestha et al., 2016).




2.3.6 Fluorescence in situ hybridization

S. mutans and C. albicans were inoculated into confocal Petri dishes containing BHI-S with or without 100 mM arginine at an initial concentration of OD600nm = 0.005, and incubated for 4 h. Thereafter, samples were fixed with 4% paraformaldehyde, eluted twice using PBS solution, and dried at room temperature.

The solutions were prepared as required for the experiment. The hybridization solution comprised 20 mM trimethylolamine hydrochloride, 0.9 M NaCl, 0.01% sodium dodecyl sulfate, and 20% deionized formamide; the pH was 7.5 and the solution was stored at 4°C. The elution solution comprised 215 mM NaCl, 20 mM tris(hydroxymethyl)aminomethane, and 5 mM ethylenediaminetetraacetic acid; the pH was 7.5 and the solution was stored at room temperature. In addition, we prepared 20x SSC solution (3 M NaCl, 0.3 M sodium citrate), which was stored at room temperature.

The S. mutans fluorescent probe (ATTO488-5′-ACTCCAGACTTTCCTGAC-3′, Ex 502 nm/Em 524 nm) and C. albicans fluorescent probe (TexasRed X-5′- GCCAAGGCTTATACTCGCT-3′, Ex 596 nm/Em 615 nm) were diluted to 100 pmol/μL with enzyme-free sterile water and added to the prepared 100 μL hybridization solution so that the final concentration of each probe was 1 pmol/μL. After vortexing and oscillating for mixing, the hybridization solution containing fluorescent probes was evenly covered with the plaque and hybridized at 46°C for 3 h. The hybridized biofilm was placed in the elution solution and eluted at 48°C for 15 min. The biofilm was eluted at 37°C for 10 min using 0.1x SSC solution, and the process was repeated twice. After drying away from light, the plaques were sealed with an anti-fade sealer and stored in a dark box for subsequent imaging analysis.

Imaging analysis was performed using a Zeiss LSM 780 laser confocal scanning microscope, with a laser emission wavelength of 488 nm/561 nm, laser power of 2.0%, and an xy-axis image size of 1024 × 1024 pixels. The whole layer of the biofilm was captured along the Z-axis of the biofilm during the imaging process, with Z-axis layers swept at an interval of 1 μm. Three images were taken from each group of samples. The Imaris 10.2 (Bitplane, Switzerland) software was used to construct the 3D structure of the biofilm and perform post-image processing. The heights of the biofilm xz and yz planes were measured to compare the thickness of the biofilms in the experimental and control groups, and to compare the differences in interspecies distances between S. mutans and C. albicans, in order to assess the effect of arginine on the interspecies adhesion of S. mutans and C. albicans.





2.4 Short-term treatment of arginine on biofilm growth and cariogenicity of S. mutans and C. albicans

After 4 h of incubation without arginine, the medium was changed to BHI-S medium containing 100 mM arginine, followed by incubation for 10 min. After the treatment, the medium was again changed to the original one, and the incubation was continued. This was performed to evaluate the short-term effect of arginine after 24 h.

As described in sections 2.2 and 2.3, the change in the absorbance of the solutions was measured to evaluate the planktonic growth; we also performed CV staining and measurement of the CFU counts for all the biofilms.




2.5 Statistical analyses

Biofilm CV staining, biomass, thickness of the biofilm, interspecies distances, EPS production, and lactic acid production were analyzed using IBM SPSS 27.0 (IBM, Armonk, NY, USA). The Shapiro–Wilk test was used to determine whether the data were normally distributed. T-tests and one-way analysis of variance (ANOVA) were used for data conforming to the normal distribution, whereas Mann–Whitney U tests and Kruskal–Wallis tests were used otherwise. Statistical significance was set at values of p < 0.05.





3 Results



3.1 Arginine inhibited the planktonic growth of both S. mutans and C. albicans

Our results showed that C. albicans promoted the growth of S. mutans when co-cultured in the planktonic state, with a decrease in the pH of the supernatant. Absorbance value measurements of the bacterial broths after 24 h incubation showed that the addition of 100 mM arginine significantly inhibited the growth of both S. mutans and C. albicans, as well as the symbiotic growth of the dual-species culture in the planktonic state (Figures 1A–C).

[image: Six graphs show growth (A-C) and pH (D-F) of S. mutans, C. albicans, and their combination over time. They compare effects of Arg(-) and Arg(+) media. Growth increases in Arg(-) but remains low in Arg(+). pH decreases in Arg(-) while staying stable in Arg(+).]
Figure 1 | Planktonic growth curve and pH of Streptococcus mutans and Candida albicans in non-treated control group (0 mM arginine) and treated group (100 mM arginine). Planktonic growth curves of S. mutans (A), C. albicans (B), and dual-species (C) after incubation for 4, 6, 8, 10, 12, 14, 16, 20, 22, and 24 h Planktonic pH of S. mutans (D), C. albicans (E), and dual-species (F) after incubation for 4, 6, 8, 12, 20, and 24 h.

The results of pH testing of the planktonic culture solution showed that S. mutans had a stronger acid-producing ability than did C. albicans, which may lower the pH below the demineralization threshold, and could lead to the emergence of enamel demineralization, corroborating the pathogenicity of S. mutans and the synergistic effect of S. mutans and C. albicans in caries. In the supernatants of S. mutans and C. albicans monocultures and their co-cultures (all in the planktonic state), the addition of arginine minimized the pH decrease and maintained the pH at a level above the demineralization threshold (Figures 1D–F).

This suggests that arginine may reduce the effect on enamel demineralization by reducing the acid-producing properties of S. mutans and C. albicans, and by maintaining a non-cariogenic alkaline environment.




3.2 Arginine inhibited the formation of both S. mutans and C. albicans biofilms

Our results demonstrated a symbiotic promotion of growth for S. mutans and C. albicans when co-cultured in the biofilm state. The presence of C. albicans enabled the growth of S. mutans, and the co-culture biofilms exhibited thicker and larger biomass. The biofilm growth curves of S. mutans, C. albicans, and dual-species cultures showed decreased biofilm formation rates in the presence of arginine in the growth medium, with growth curves ultimately showing a reduction in the biomass, a delay in the onset of the rapid growth phase, and a slowing of the growth rate. The inhibitory effect of arginine on the growth of S. mutans monoculture biofilms was the most pronounced, with essentially no growth (Figure 2A).

[image: Four-part chart showing microbial growth and biofilm formation in different conditions. Panel A displays growth curves for six conditions of *S. mutans* and *C. albicans* with and without arginine over 30 hours. Panels B, C, and D show biofilm formation at four, eight, and twenty-four hours for *S. mutans*, *C. albicans*, and both combined, respectively, comparing arginine-present and absent conditions. Statistical significance indicated with asterisks.]
Figure 2 | Biofilm growth of Streptococcus mutans and Candida albicans in non-treated control group (0 mM arginine) and treated group (100 mM arginine). Biofilm growth curves of S. mutans, C. albicans, and dual-species (A). Biofilm mass determined by crystal violet staining of S. mutans (B), C. albicans (C), and dual-species (D). Values are expressed as the mean and SD. Student’s t-test and Mann–Whitney U tests were used to compare biomass between the control and experimental groups (*p < 0.05, **p < 0.01, and ***p < 0.001).

The CV staining and CFU counts of single-species and double-species biofilms were performed at three selected time points, namely the early 4 h incubation, the middle 8 h incubation, and the late stage 24 h incubation stages of growth. Moreover, CV staining showed that the addition of 100 mM arginine inhibited biofilm formation (Figures 2B–D).

The CFU counts of S. mutans, C. albicans, and dual-species biofilms observed after incubation for 4, 8, and 24 h were used to determine the effects of arginine on biofilm biomass. Our results showed that co-culture of S. mutans and C. albicans resulted in more colonies of S. mutans and C. albicans compared with the respective number of colonies in monoculture biofilms at the three assayed time points. Arginine reduced the counts of S. mutans and C. albicans in the biofilms. The counts of both S. mutans and C. albicans in the single-species biofilm were significantly lower than those of the two organisms in the dual-species co-culture biofilm (Figure 3). CFU counts of S. mutans and C. albicans were consistent with the previous results of biofilm CV staining, both of which demonstrated that the addition of arginine reduced the biofilm biomass of microorganisms, resulting in a reduction in biofilm production. Our results indicate that arginine may inhibit the formation of cariogenic biofilm by decreasing the biomass of biofilm, thereby achieving a caries-inhibiting effect.
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Figure 3 | Colony forming units (CFUs) of single- and dual-species biofilms. Mean and SD of CFU/mL of Streptococcus mutans after incubation for 4 (A), 8 (B), and 24 (C) h and Candida albicans after incubation for 4 (D), 8 (E), and 24 (F) h in single- and dual-species biofilm viable cells obtained for the control group (0 mM arginine) and treated group (100 mM arginine). One-way ANOVA and Kruskal–Wallis tests were used to compare the control and experimental groups (*p < 0.05, **p < 0.01, and ***p < 0.001).

FISH staining was performed on single- and dual-species biofilms of S. mutans and C. albicans after 4 h of incubation. Biofilms were observed using a confocal fluorescence microscope. Both monoculture (Figure 4) and dual-culture (Figure 5) biofilms of S. mutans and C. albicans showed a decrease in biomass after the addition of 100 mM arginine, and this result was in line with the trend of the results of biofilm CFU counting. Moreover, biofilm thicknesses were significantly decreased after the addition of 100 mM arginine. The reduction of both biomass and biofilm thickness indicated that arginine could inhibit biofilm formation (Figure 6). Simultaneously, the interspecies distance of S. mutans and C. albicans in the co-cultured biofilm increased after the addition of 100 mM arginine (Figure 7).

[image: Fluorescence microscopy images showing biofilms. Image A and C display S. mutans in green, with different density levels. Image B and D show C. albicans in red, with varying hyphal formations. Z-plane views are provided alongside each main image for depth perception.]
Figure 4 | Fluorescence in situ hybridization staining images of biofilms of Streptococcus mutans biofilms in the experimental group (A) and control group (C), and Candida albicans biofilms in the experimental group (B) and control group (D) after 4 h of incubation, with the Z-plane denoting biofilm thickness.

[image: Fluorescent microscopy images showing biofilm formation. Panel A depicts separate images of S. mutans (green) and C. albicans (red), with a merged view displaying both organisms together. The Z-plane indicates a vertical section. Panel B shows similar images with denser biofilm growth and overlapping species presence.]
Figure 5 | Fluorescence in situ hybridization staining images of Streptococcus mutans and Candida albicans co-cultured biofilms with the addition of 100 mM arginine (A) and in the control group (B) after 4 h of incubation, with the Z-plane indicating biofilm thickness.

[image: Bar chart showing biofilm thickness in micrometers for four different groups: S.m, C.a, S.m+C.a, and S.m+C.a. Blue bars represent Arg(-), and brown bars represent Arg(+). The Arg(-) bars are consistently taller, indicating greater thickness. Statistical significance is marked with asterisks above the bars, with two asterisks for S.m and three for the others.]
Figure 6 | Thickness measurements of Streptococcus mutans and Candida albicans monoculture and co-culture biofilms after 4 h of incubation with 100 mM and 0 mM arginine (*p < 0.05, **p < 0.01, and ***p < 0.001).

[image: Bar graph showing interspecies distance in co-cultured biofilms. The vertical axis represents distance in micrometers. The Arg(-) group has a lower mean distance, depicted by a short blue bar, while the Arg(+) group has a higher mean distance with a taller brown bar. Asterisks indicate statistical significance.]
Figure 7 | Interspecies distance measurements of Streptococcus mutans and Candida albicans in co-cultured biofilms after 4 h of incubation with 100 mM and 0 mM arginine (**p < 0.01).

The biomass of S. mutans and C. albicans in the biofilm was reduced, the physical contact between the strains was sparse, and the biofilm became loosely packed. The synergistic cariogenic effect between S. mutans and C. albicans included their physical adhesion, and their close association contributed to the biomass accumulation of the co-cultured biofilm and stabilization of the biofilm structure, which may also be one of the ways that arginine inhibited the co-cultivated biofilm of S. mutans and C. albicans.

The metabolism of S. mutans for acid production from dietary sugars and the production of extracellular polysaccharides (EPSs) for biofilm generation are crucial indicators of its cariogenicity. The production of lactic acid and EPSs by co-cultured biofilm was increased compared with that observed in the S. mutans single-species biofilm, thus increasing in the cariogenicity of the co-cultured biofilm, in line with the synergistic cariogenic effects of S. mutans and C. albicans as reported in previous studies. S. mutans and dual-species biofilms exhibited higher lactic acid production than C. albicans biofilms. L-Arginine (100 mM) inhibited biofilm lactate production, substantially reducing levels compared with those observed without arginine (Figure 8A). The addition of arginine decreased the level of EPSs produced, leading to the suppression of biofilm formation. This finding was consistent with the biofilm CV staining results, suggesting that arginine had an inhibitory effect on the cariogenicity of the co-cultured biofilms (Figure 8B).

[image: Graph A shows lactic acid production in biofilms across three groups: S.m, C.a, and S.m + C.a. Arg(-) groups have higher production compared to Arg(+), with significance denoted by asterisks. Graph B displays biofilm EPS measured by OD490nm, showing higher values in Arg(-) across the same groups, with significant differences indicated by asterisks. Blue bars represent Arg(-), and brown bars represent Arg(+).]
Figure 8 | Lactic acid (A) and extracellular polysaccharide (B) production in single- and dual-species biofilms in the control group (0 mM arginine) and experimental group (100 mM arginine). Values are expressed as the mean and SD. Student’s t-test and Mann–Whitney U tests were used to compare biomass between the control and experimental groups (*p < 0.05, **p < 0.01, and ***p < 0.001).

In summary, the addition of arginine to the culture medium inhibited the formation of S. mutans and C. albicans single- and dual-species biofilms, resulting in the suppression of biofilm formation and a decrease in biofilm biomass, as well as the production of extracellular polysaccharides and lactic acid within the biofilms.




3.3 Short-term arginine treatment inhibited the growth of both S. mutans and C. albicans

We treated S. mutans and C. albicans with 100 mM arginine for 10 min after 4 h of incubation. Short-term treatment with arginine similarly inhibited the planktonic and biofilm growth of both single- and dual-species cultures but was not as effective as the long-term treatment of adding arginine to the culture medium. These results suggest that arginine inhibits the planktonic growth of S. mutans, C. albicans, and the dual-species culture (Figure 9A). Biofilm CV staining and analysis of the CFU counts (Figures 9B–D) demonstrated that short-term treatment of biofilms with arginine also reduced biofilm formation, resulting in a decrease in biofilm biomass. However, some of these results demonstrated no statistically significant differences.

[image: Bar graphs showing microbial growth under different conditions. (A) Planktonic OD readings for S.m, C.a, and S.m+C.a groups. (B) Biofilm CV readings for the same groups. (C) S.mutans CFU/mL comparison. (D) C.albicans CFU/mL comparison. Blue bars represent Arg(-) and brown bars Arg(+). Significant differences are marked with asterisks.]
Figure 9 | Short-term effect of arginine on planktonic and biofilm growth of Streptococcus mutans and Candida albicans. Planktonic solution absorbance in non-treated control group (0 mM arginine) and treated group (100 mM arginine, treated for 10 min after 4 h incubation) (A). Biofilm mass determined by crystal violet staining (B) and CFU/mL of S. mutans (C) and C. albicans (D) in single- and dual-species biofilm viable cells obtained for the control group (0 mM arginine) and experimental group (100 mM arginine, treated for 10 min after 4-h incubation). Values are expressed as the mean and SD. Student’s t-test and Mann–Whitney U tests were used to compare biomass between the control and experimental groups (*p < 0.05, **p < 0.01, and ***p < 0.001).





4 Discussion

In the present study, we demonstrated the potential of arginine as a prebiotic agent that may serve as a novel caries control measure by exerting inhibitory effects on cavity-causing microorganisms. Our results showed that the use of arginine as a prebiotic inhibited both mono- and dual-species growth of S. mutans and C. albicans and reduced the production of EPSs and lactic acid in biofilms. Thus, our null hypothesis that arginine does not affect the growth and synergistic cariogenic effects of S. mutans and C. albicans is rejected.

S. mutans and C. albicans have been shown to co-exist in several models of oral diseases, especially caries, and are important in disease development. Although fluoride is a known standard of care for the prevention of caries, its effects on oral biofilms are limited (Dang et al., 2016). The use of broad-spectrum antimicrobials, such as chlorhexidine, may alter the composition of the oral flora by non-selectively destroying bacteria and allowing antimicrobial-resistant bacteria to flourish. Given the synergistic cariogenic effects between S. mutans and C. albicans, approaches targeting microorganisms or cross-kingdom interactions may be effective in treating or preventing caries.

Therapeutic approaches targeting S. mutans and C. albicans biofilms include natural compounds, antimicrobial peptides, nanomaterials, antimicrobial photodynamic therapy, and combination therapy, all of which have demonstrated good inhibitory effects as antimicrobial therapies (Khan et al., 2021; Li et al., 2023). Arginine has shown promise in preventing and treating dental caries in several studies. Arginine is metabolized by five main pathways: (1) to creatine and homoarginine by arginine glycine amidinotransferase; (2) biosynthesized to guanidine butyramine and carbon dioxide by decarboxylation of arginine decarboxylase; (3) produced to citrulline and nitric oxide by nitric oxide synthase; (4) decomposed to ornithine and urea by arginases; and (5) metabolized to ammonia and citrulline by arginine deiminase (Wei et al., 2023). Arginine can be metabolized by microorganisms with arginine deiminase systems, such as Streptococcus gordonii, to produce ammonia, which increases the environmental pH and reduces the occurrence of enamel demineralization (Jing et al., 2022). In contrast, S. mutans does not have an arginine deiminase system and cannot metabolize arginine. Most of these studies focused on the effects of arginine against S. mutans showed that arginine negatively impacts S. mutans biofilm formation ability, pathogenicity, metabolism, and tolerance to environmental stressors (Huang et al., 2017). Several studies have examined the effects of the addition of arginine to fluoridated toothpaste and found that a fluoridated toothpaste containing 1.5% arginine exhibited more prominent anti-caries effects (Yin et al., 2013; Li et al., 2015). Arginine-containing toothpaste favorably modifies the bacterial composition to a healthier community (Nascimento et al., 2014). In addition, arginine has been added to products such as mouth rinses (Wang et al., 2012; Yu et al., 2017), varnishes (Shapira et al., 1994), and confections (Acevedo et al., 2008) to study its caries-controlling effects. Furthermore, 8% arginine has been reported to be effective in treating dentin hypersensitivity (Hirsiger et al., 2019).

C. albicans can encode arginases that metabolize arginine (Schaefer et al., 2020). However, relatively few studies have focused on the effects of arginine on the growth of C. albicans and have indicated different effects than those on S. mutans. Ghosh et al. demonstrated that arginine supplementation stimulates hyphal growth in C. albicans (transition from yeast to hyphal form is a critical virulence factor in C. albicans) (Ghosh et al., 2009). Another study reported that the addition of 0.2% arginine promoted cross-kingdom interactions between C. albicans and Actinomyces viscosus in root caries (Xiong et al., 2022). In contrast, Koopman et al. demonstrated that arginine supplementation enhanced the resilience of the oral microenvironment against acidification and suppressed C. albicans outgrowth (Koopman et al., 2015). However, to the best of our knowledge, no prior studies have examined the effects of arginine on the combined growth of S. mutans and C. albicans.

Our study focused on whether arginine has an inhibitory effect on S. mutans and C. albicans, with the goal of guiding the clinical application of arginine and exploring novel methods for inhibiting the development of caries. Previous studies reported that toothpastes supplemented with 1.5% arginine were used for the prevention of dental caries. Similarly, we used 100 mM arginine and investigated its effects on the growth of S. mutans, C. albicans, and their dual-species co-cultures. In the present study, a high concentration of arginine (100 mM) inhibited the growth of both single- and dual-species cultures in the planktonic and biofilm states. Biofilm CV staining, CFU quantification, and FISH showed that arginine inhibited biofilm formation by reducing both biomass and physical adhesion. These results lead to the rejection of our null hypotheses, indicating that the effect of arginine not only inhibits the growth of S. mutans and C. albicans in both single- and dual-species cultures but also suppresses the synergistic cariogenic effects of these organisms. The effect of arginine on S. mutans was consistent with that reported in previous studies. Our results also demonstrated that arginine inhibited the growth of C. albicans, consistent with prior findings. However, discrepancies with certain previous findings suggest that the effect of arginine on C. albicans growth is concentration-dependent; higher concentrations (such as the 100 mM arginine used in this study) appear to exert stronger inhibitory effect.

Our results showed that S. mutans and C. albicans co-culture enhanced the growth and cariogenic properties of S. mutans. Previous studies have demonstrated that the presence of C. albicans increases S. mutans metabolism, including the upregulation of genes involved in glycolytic carbohydrate metabolism (eno) and galactose metabolism (lacC and lacG), as well as genes related to acid production (ldh) and acid stress tolerance (fabM and atpD). Additionally, the downregulation of genes associated with ammonia production (arcA and ureC) allows the pH to drop below the demineralization threshold (Du et al., 2021; Xiao et al., 2023). S. mutans is a major producer of extracellular polysaccharides in dental plaque biofilms, converting dietary sucrose to extracellular glucans primarily through glucosyltransferases (Gtfs) (Krzyściak et al., 2014). Gtfb secreted by S. mutans binds tightly to the mannan layer of C. albicans, resulting in the production of a large amount of extracellular α-glucan on the fungal surface, contributing to the bacterial-fungal association and biofilm formation (Hwang et al., 2017; Bowen et al., 2018; Falsetta et al., 2014).

Additionally, arginine has been shown to increase the pH of the oral microenvironment, as its metabolism leads to the production of ammonia, and downregulates genes associated with the production of extracellular polysaccharides (gtfB) in S. mutans, thereby affecting its cariogenic properties (Chakraborty and Burne, 2017). Our results indicate that the production of extracellular polysaccharides and lactic acid within the dual-species biofilm decreased after the addition of arginine, while also maintaining a higher pH, which reduces the initiation and progression of demineralization and caries. These findings suggest that arginine has an inhibitory effect on the co-cultured biofilm and reduces the pathogenicity of S. mutans and C. albicans, representing a novel approach to preventing caries.

Our results showed that the co-culture of S. mutans and C. albicans enhanced the growth of both organisms and the cariogenic properties of the co-cultured biofilms. The inhibition of growth of both S. mutans and C. albicans, along with the reduction of biomass, physical adhesion, EPS production, and lactic acid production in the co-cultured biofilms after the addition of arginine, may explain how arginine reduces the cariogenicity of S. mutans and C. albicans, presenting a new strategy for caries prevention.

Arginine exerts different inhibitory effects on C. albicans and S. mutans, presumably due to their different modes of action toward fungi and bacteria. In S. mutans, arginine significantly impacts physiological homeostasis and gene regulation. Arginine inhibits growth, suppresses virulence and compromises stress tolerance (Chakraborty and Burne, 2017). Recent evidence shows that arginine can weaken the S. mutans cell wall, ultimately causing lysis (Liu et al., 2022).

In contrast, the effect of arginine against C. albicans is believed to resemble the action of cationic surfactants, primarily targeting the plasma-membrane lipids (Fait et al., 2023). As arginine has a more profound and multifaceted impact on the physiology and transcriptome of S. mutans, its inhibitory effect is more pronounced. Consequently, when S. mutans and C. albicans are co-cultured, the pronounced suppression of the former disrupts their cross-kingdom synergy and markedly restricts the overall growth of the dual-species community.

We also investigated whether the short-term application of arginine affected the growth of S. mutans and C. albicans; the inhibitory effects of arginine against the growth of these bacteria were similar. Short-term treatments reduced the biomass of S. mutans and C. albicans in the planktonic state. Similarly, in the biofilm state, a reduction in biofilm biomass was noted, although the CFU counts of S. mutans and C. albicans showed no statistically significant differences. It is encouraging to note that short-term treatment with arginine also inhibited the formation of S. mutans and C. albicans biofilms. This suggests adding arginine to toothpaste, mouthwash, and other oral cleansing products, in conjunction with regular oral hygiene, could be effective in inhibiting the growth of caries-causing bacteria and preventing the development of caries. Further research is needed to determine the duration and effectiveness of the short-term application of L-arginine.

Arginine may help prevent dental caries due to its effect on the growth of both S. mutans and C. albicans. This inhibition results in a decrease in biofilm biomass, which, in turn, reduces cariogenic biofilm production. Moreover, arginine affects the physical adhesion of these microbes, thereby affecting the formation of a symbiotic biofilm. Arginine may also suppress the expression of virulence factors in S. mutans, leading to reduced production of EPSs and lactic acid, as well as maintaining a higher pH. Collectively, these changes contribute to a decrease in the onset and progression of demineralization and caries. Moreover, the cross-kingdom cariogenic effect of S. mutans and C. albicans can enhance the cariogenicity of S. mutans. Arginine could reduce the production of extracellular polysaccharides and lactic acid, which become more abundant during co-culture, as reflected in the reduced cariogenicity of S. mutans. This suggests that the inhibitory effect of arginine may stem from its action on the cross-kingdom interactions between S. mutans and C. albicans. However, further studies are required to determine whether the mechanisms underlying the inhibitory effects of arginine are associated with its action on the growth of a single microorganism or its effect on the cross-kingdom interactions between both microorganisms. Moreover, future studies should investigate the mechanisms by which the inhibitory effect of arginine are mediated through the regulation of genes in these two pathogens.




5 Conclusion

L-Arginine inhibited the growth and biofilm formation of S. mutans and C. albicans, both monocultured and co-cultured. Moreover, L-arginine suppressed the bacterial growth-associated reduction in pH, as well as the production of EPSs and lactic acid. Our findings suggest that L-arginine can serve as a potential candidate to inhibit the synergistic cariogenicity of S. mutans and C. albicans.
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Introduction

The increased consumption of refined carbohydrates, particularly sucrose, has contributed to metabolic disorders and oral diseases such as dental caries by promoting dysbiotic biofilm formation and reducing microbial diversity. Allulose, a rare sugar with physicochemical properties similar to sucrose, has been suggested to offer metabolic health benefits; however, its impact on oral biofilm ecology remains unclear.





Methods

We evaluated the cariogenic potential of allulose using a multi-tiered in vitro platform consisting of single-species planktonic and biofilm models, a dual-species biofilm model involving Streptococcus mutans (pathogen) and Streptococcus oralis (commensal), and a saliva-derived microcosm biofilm model. Key virulence indicators, including bacterial growth, acid production, biofilm biomass, exopolysaccharide (EPS) synthesis, and microbial community composition, were quantitatively assessed.





Results

Compared to sucrose, glucose, and fructose, allulose supported reduced bacterial growth and acid production, showing a profile similar to non-fermentable sugar alcohols such as xylitol and erythritol. Biofilms developed under allulose conditions lacked the dense EPS-enmeshed microcolonies and dome-shaped architecture characteristic of sucrose-induced S. mutans-dominant biofilms. In the saliva-derived microcosm model, allulose-treated biofilms maintained higher microbial diversity and preserved health-compatible genera such as Neisseria, Haemophilus, Veillonella, and Granulicatella.





Discussion

These findings demonstrate that allulose supports lower bacterial virulence activity and minimal biofilm formation compared to common dietary sugars while preserving microbial diversity. This highlights its potential as a non-cariogenic sugar alternative with microbiome-conscious benefits and provides ecological insight into how allulose may modulate oral biofilm structure and function.
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Introduction

The evolution of human diets has been accompanied by an increased refined carbohydrate consumption, which has increased metabolic disorders, such as obesity and diabetes, as well as oral health issues, such as dental caries. The habitual intake of refined sugars, particularly sucrose, promotes oral biofilm formation by reducing microbial diversity and fostering pathogenic microorganisms (Bowen et al., 2018). Streptococcus mutans is widely recognized as a primary etiological agent owing to its strong biofilm-forming ability and acidogenic properties (Palmer et al., 2010; Hajishengallis et al., 2017).

Among the fermentable dietary sugars, sucrose plays a crucial role in caries development (Forssten et al., 2010; Sheiham and James, 2015; Benahmed et al., 2021), significantly contributing to dental biofilm accumulation and pathogenicity (Leme et al., 2006; Bowen et al., 2018). It serves as a key substrate for the synthesis of exopolysaccharides (EPS), specifically glucans, catalyzed by glucosyltransferases (Gtfs) secreted by S. mutans. These EPS glucans facilitate bacterial adhesion to tooth surfaces, promote biofilm accumulation, and enhance the structural stability of biofilms (Bowen and Koo, 2011; Klein et al., 2015; Kim et al., 2020, 2022). Additionally, water-insoluble glucans trap nutrients and sugars within biofilms, creating an environment conducive to bacterial proliferation.

During sucrose metabolism, S. mutans produces acidic metabolites, which reduce the biofilm pH and accelerate enamel demineralization and dental caries progression (Bowen et al., 2018). The metabolic activity of S. mutans within dental plaques is central to dental caries development (Parisotto et al., 2010; Durso et al., 2014; Zhang et al., 2022). Although other microorganisms within the biofilm can also be considered cariogenic, S. mutans possesses several potential characteristics such as rapid dietary carbohydrate transport and fermentation, acidic byproduct production, extracellular and intracellular polysaccharide synthesis, and stress-responsive carbohydrate metabolism (Banas, 2004; Beighton, 2005; Kanasi et al., 2010).

Considering the critical role of dietary sugars in EPS synthesis and biofilm development, efforts to mitigate dental caries have primarily focused on reducing sugar consumption and enhancing oral hygiene practices (Philip et al., 2018). However, sugar reduction alone is not always feasible owing to dietary habits and lifestyle choices. Consequently, developing non-cariogenic sugar substitutes has attracted attention as an alternative approach. Non-nutritive sweeteners, including synthetic and naturally occurring compounds such as sugar alcohols (polyols), have been widely studied as they interfere with bacterial metabolism and inhibit biofilm formation (Milgrom et al., 2012; Rice et al., 2020; Staszczyk et al., 2020). Despite their potential, the effectiveness of these sugar alternatives varies, causing gastrointestinal side effects and offering limited long-term benefits (Mäkinen, 2016).

D-Allulose, a naturally occurring monosaccharide classified as a rare sugar, is found in small amounts in maple syrup, dried figs or raisins, and brown sugar. It is a fructose epimer via enzymatic treatment with epimerases, with 70% sweetness of sucrose and minimal caloric content (Hu et al., 2021). Clinical studies have suggested that allulose consumption positively influences metabolic health, including improved plasma glucose control, insulin regulation, and weight management, showing benefits in healthy populations and individuals with type 2 diabetes (Hasturk, 2018; Document, 2019; Daniel et al., 2022; Lee et al., 2022). In addition, it has been generally recognized as safe (GRAS) by the United States Food and Drug Administration (FDA), allowing its use as a food ingredient (FDA, 2023).

Clinical and controlled feeding studies have shown that allulose is not efficiently metabolized in mammalian systems (Iida et al., 2010; Iwasaki et al., 2018), but its effects on oral microbial ecology—including biofilm interactions—remain poorly explored. Despite the promising attributes of allulose, few studies have explored its effects on oral biofilm formation and microbial diversity. In this study, the effects of dietary carbohydrates on oral microbial cariogenicity were assessed across various ecological models using a multi-tiered platform (Figure 1), including single-species planktonic and biofilm, dual-species models involving S. mutans and S. oralis, and saliva-derived microcosm biofilm experiments with increasing complexity. Each model was used to assess key virulence parameters, including bacterial growth, glycolytic pH drop, biofilm biomass, EPS synthesis, and microbial community composition. The cariogenic potential of allulose has been systematically compared to that of conventional fermentable sugars, such as sucrose, glucose, and fructose (Benahmed et al., 2021), as well as with that of non-fermentable sugar alcohols, such as xylitol and erythritol (Razak et al., 2017; Jeong et al., 2024). Using clinically relevant oral biofilm models, including a hydroxyapatite disc model that mimics the enamel surface and a saliva-based model simulating the oral microbiome, this study provides novel insights into the ecological impact of allulose and highlights its potential as a preventive strategy against dental caries.
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Figure 1 | Schematic representation of the overall experimental approach to assess the cariogenic potential of dietary sugars using biofilm models of increasing complexity. The study evaluates the impact of sucrose and allulose on Streptococcus mutans biofilm formation and oral microbial communities. The biofilm models progress in complexity: single-species (S. mutans), dual-species (S. mutans and Streptococcus oralis), and a saliva-derived microcosm model that simulates the natural oral environment. This comprehensive approach provides mechanistic insights into the role of dietary sugars in biofilm development and microbial dysbiosis. Figure created using BioRender.





Materials and methods




Bacterial strains and culture conditions

S. mutans UA159 (an established cariogenic dental pathogen and well-characterized EPS producer) was used to generate single- and multi-species biofilms. For inoculum preparation, S. mutans was cultured to the mid-exponential phase [optical density at 600 nm (OD600) approximately 1.0] in ultrafiltered (10-kDa molecular-mass cutoff membrane; Millipore, MA, USA) tryptone–yeast extract broth [UFTYE; 2.5% tryptone and 1.5% yeast extract (BD Biosciences, San Jose, CA, USA)] with 1% (w/v) glucose at 37°C under 5% CO2 as previously described (Kim et al., 2017).





Sweetener supplementation

The effects of different sweeteners on S. mutans biofilm formation and microbial dynamics were evaluated using a panel of common dietary sugars, such as sucrose, glucose, and fructose (Sigma-Aldrich, Saint Louis, MO, USA), and sugar substitutes, such as allulose (Samyang Co., Seongnam, Korea), xylitol (Sigma-Aldrich), and erythritol (Samyang Co.). Each sweetener was freshly prepared at 1% (w/v) final concentration in sterile UFTYE medium based on previous studies demonstrating its physiological relevance in stimulating dietary sugar exposure in the oral cavity (Benahmed et al., 2021). The UFTYE medium (without additional sugars) was used for the baseline comparison, and basal culture medium was used for both planktonic and biofilm models. To replicate normal dietary sugar exposure and oral clearance patterns, the medium was replaced twice daily (at 19 h and 28 h).





Planktonic growth assay

To assess the cariogenic potential of each sweetener, planktonic growth kinetics and acid production by S. mutans were evaluated in UFTYE medium supplemented with 1% glucose, fructose, allulose, xylitol, or erythritol. UFTYE medium without additional sugars served as a blank control. Growth was monitored by measuring the OD600 at 30 min intervals for 24 h.





Glycolytic pH drop assay in planktonic cells

Glycolytic acid production by S. mutans was assessed using a pH drop assay as previously described (Jeon et al., 2011; Jung et al., 2022). Briefly, planktonic cultures were harvested, washed once, and resuspended in salt solution (50 mM KCl + 1 mM MgCl2). The suspension pH was adjusted to 7.0 using 0.2 M KOH. Each sweetener was added at 1% (w/v) final concentration and the pH was recorded at 10 min intervals over 120 min using a calibrated glass pH electrode (Orion 3-Star, Thermo Scientific, Waltham, MA, USA).





Gene expression analysis by quantitative real-time polymerase chain reaction

RNA was extracted and purified using protocols optimized for in vitro biofilm formation (He et al., 2017). Total RNA was isolated and treated with on-column DNase using a RNeasy Micro kit (Qiagen, Valencia, CA, USA). The RNAs were further treated with a second DNase I (Turbo DNase, Applied Biosystems/Ambion) and purified using the Qiagen RNeasy MinElute Cleanup Kit (Qiagen). Complementary DNA (cDNA) was synthesized from 0.5 µg purified RNA using the iScript cDNA synthesis kit (Bio-Rad Laboratories, Hercules, CA, USA) (Cai et al., 2018). Quantitative real-time polymerase chain reaction (qRT-PCR) was performed using the Applied Biosystems StepOne Real-Time PCR system with gene-specific primers targeting gtfB, gtfC, gtfD, ftf, dexA, pdhA, adhE, ldh, atpD, and 16S rRNA as previously described (Jeon et al., 2009; He et al., 2017; Cai et al., 2018). Gene expression was analyzed using the comparative ΔΔCt method, normalizing each target gene to 16S rRNA as the internal reference.





Single-species biofilm model

To replicate the smooth surfaces of the pellicle-coated tooth, biofilms were formed on saliva-coated hydroxyapatite (sHA) disc (surface area: 2.7 ± 0.2 cm2) vertically suspended in 24-well plates using a specifically designed wire specimen holder (Xiao et al., 2012; Kim et al., 2018). Filter-sterilized human whole saliva was collected from healthy donors as previously described (Koo et al., 2000). Hydroxyapatite (HA) discs were immersed in cell-free saliva for 1 h to stimulate salivary pellicle formation. The discs were then vertically suspended in a 24-well plate using custom-made holders; inoculated with S. mutans (105 colony-forming unit (CFU)/mL; mid-exponential growth phase) in 2.8 mL UFTYE medium supplemented with 1% (w/v) sucrose, glucose, fructose, allulose, xylitol, or erythritol; and incubated at 37°C under 5% CO2. The inoculum size reflected the typical S. mutans levels in the saliva of caries-active individuals (Ren et al., 2022). The sweetener-containing media were changed at 19 h and 28 h to stimulate eating (meal-like) episodes under continuous sugar exposure. Biofilms were harvested and analyzed at 19, 23, and 43 h post-incubation. Sucrose served as the control (cariogenic reference) for head-to-head comparison.





Acidogenicity of pre-formed biofilms

To assess the glycolytic activity, a pH drop assay was performed on pre-formed biofilms cultivated on sHA discs. S. mutans biofilms were grown for 43 h in UFTYE medium supplemented with 1% (w/v) sucrose. At 43 h, the discs were transferred to fresh solutions containing 1% (w/v) sweetener, and pH was recorded at 10-min intervals over 120 min to monitor acid production. The initial rate of acid production, which is considered the best indicator of the acid production capacity of the biofilm, was determined from the pH values.





Dual-species biofilm model

A dual-species biofilm model was developed using the cariogenic pathogen S. mutans UA159 and oral commensal S. oralis KCTC 13038 [originated from ATCC 35037; obtained from Korean Collection for Type Cultures (KCTC), Jeongeup, Korea]. Bacterial suspensions were prepared and mixed to obtain final inoculum concentrations of 105 and 107 CFU/mL for S. mutans and S. oralis, respectively. Consistent with the ecological plaque hypothesis, this mixed inoculum was cultured in UFTYE medium containing 0.1% (w/v) sucrose (cariogenic reference) for 19 h to establish an initial colonization community. The discs were then transferred to UFTYE containing 1% sucrose to stimulate a cariogenic challenge at 19 h. The culture medium was changed at 28 h, and the biofilms were harvested at 43 h to determine the viable bacterial count, expressed as CFU per biofilm, using blood agar plating.





Saliva-derived microcosm biofilm model

To simulate a clinically relevant oral microenvironment, a saliva-derived microcosm biofilm model was established using sHA discs (Liu et al., 2023) with slight modifications. The saliva-originated microbial consortium was centrifuged at 3,000× g for 10 min to remove the host cells, and the salivary microbiome (saliva collected from healthy individuals, as qualified S. mutans absence) was inoculated for initial binding (1 h). Next, approximately 105 CFU/mL S. mutans was inoculated into UFTYE medium containing 1% (w/v) sucrose or allulose, or UFTYE medium without additional sugars (blank).





Biofilm imaging using confocal microscopy

The biofilms formed under each condition were examined using confocal microscopy. The bacterial cells were stained with 2.5 μM SYTO 9 green-fluorescent nucleic acid stain (485/498 nm; Molecular Probes Inc., Eugene, OR, USA), while EPS was labeled with 1 μM Alexa Fluor 647–dextran conjugate (647/668 nm; Molecular Probes Inc.) The 3D biofilm architecture was acquired using a C2+ confocal microscope (Nikon, Tokyo, Japan) with 20× (0.75 numerical aperture (NA)). NIS-Elements software version 5.21 (Nikon) was used to create 3D renderings to visualize the biofilm architecture (Jung et al., 2022).





Metagenome profiling of saliva-derived microcosm biofilms

Microcosm biofilm samples were collected from the sHA discs and eluted in phosphate-buffered saline (PBS). Genomic DNA was extracted using the FastDNA® Spin Kit for Soil (MP Biomedicals, USA) and quantified using a BioTek Epoch™ spectrophotometer. DNA quality was verified using 1% agarose gel electrophoresis. The V3–V4 region of the bacterial 16S rRNA gene was amplified using the universal primers 341F and 805R with overhang Illumina adapter sequences following the Nextera™ consensus design. Polymerase chain reaction (PCR) amplification was conducted in two steps: the first round of target amplification and the second round of indexing. The first PCR included 25 cycles using Takara Ex Taq polymerase, and the second PCR consisted of eight indexing cycles. Libraries were purified using AMPure XP beads (Beckman Coulter) and quantified using the Quant-iT PicoGreen dsDNA Assay Kit. Library quality was assessed using an Agilent 2100 Bioanalyzer, and sequencing was performed using the Illumina MiSeq platform with the MiSeq Reagent Kit v2 (500 cycles). Chimeric sequences were detected and removed using the UCHIME method and embedded in the EzBioCloud database (Yoon et al., 2017). Downstream analysis included alpha- and beta-diversity metrics (e.g., Shannon index and Bray–Curtis distance) and relative abundance profiling across taxonomic ranks. The 16S rRNA gene sequences are available in the NCBI Sequence Read Archive (BioProject accession number: PRJNA1269248).





Statistical analysis

All data are presented as mean ± standard deviation (SD). For comparisons involving multiple groups against a single control, a one-way analysis of variance (ANOVA) followed by Dunnett’s multiple comparison test was applied. Interspecies CFU comparisons were analyzed using non-parametric Kruskal–Wallis tests with Dunn’s post-hoc correction. For gene expression analysis, ΔCt values were evaluated using one-way ANOVA followed by Holm–Šídák’s multiple comparisons test. Statistical significance was set at p<0.05. Analyses were performed using GraphPad Prism version 10.4.0 (GraphPad Software, San Diego, CA, USA).






Results and discussion




Planktonic growth and acid production of S. mutans in response to various sweeteners

To evaluate allulose with fermentable sugars and non-fermentable polyols in a controlled setting, the initial phase of the cariogenic evaluation platform concentrated on a single-species model using the key cariogenic pathogen S. mutans (Hajishengallis et al., 2017; Kim et al., 2020). To assess how different sweeteners affect the planktonic growth kinetics (OD600) and the acid production (pH drop assay), S. mutans was cultured in a UFTYE defined medium supplemented with 1% (w/v) sweetener. Basal medium UFTYE (blank) is a complex medium that contains low-molecular-weight nutrients (<10 kDa). The minimal growth observed in the UFTYE medium without additional sugars likely reflects the utilization of these residual nutrients. The growth curves showed that glucose and fructose supported robust bacterial growth with an extended exponential phase, reaching the stationary phase (OD600: approximately 1.0, Figure 2A). These observations align with previous findings that fermentable carbohydrates serve as a preferred and rapidly metabolizable energy source that fuels bacterial proliferation (Jurakova et al., 2023). Moreover, these sugars induced a steep pH drop, with the final pH value dropping to 4.20 ± 0.04 within 30 min, indicating high acid production from glycolytic fermentation (Figure 2B).

[image: Graphs and illustrations compare the effects of various sugars on bacterial growth and gene expression. Panel A shows optical density of cultures over 23 hours, with glucose and fructose showing higher growth. Panel B shows pH changes, with allulose maintaining higher pH. Panel C displays gene expression relative to sucrose, highlighting increased expression with glucose and fructose. Panel D illustrates sucrose and allulose uptake and their effects on cellular processes, suggesting sucrose has higher acidogenic potential.]
Figure 2 | Bacterial growth curve, glycolytic pH drop, and relative gene expression of Streptococcus mutans in response to different sweeteners. (A) Growth curve of S. mutans measured as optical density at 600 nm (OD600) over time in a UFTYE medium supplemented with 1% (w/v) glucose, fructose, allulose, xylitol, or erythritol. The UFTYE medium without any sugar supplementation was used as a blank control. (B) pH drop assay of S. mutans in the presence of different sweeteners. Different sweeteners were added to 50 mM KCl + 1 mM MgCl2 solution (pH=7) to obtain a concentration of 1% (w/v), and pH changes were assessed over 120 min. The data are presented as mean ± standard deviation (n=3). (C) Relative gene expression of S. mutans planktonic cells in response to different sweeteners at 19 h. Bar graph shows the relative expression levels of key genes associated with biofilm formation (gtfB, gtfC, gtfD, ftf), extracellular matrix (dexA), energy metabolism (pdhA, adhE, atpD), and acid production (ldh) in S. mutans cultured in UFTYE medium supplemented with 1% (w/v) sucrose, glucose, fructose, or allulose. Xylitol and erythritol were excluded from gene expression analysis due to minimal growth, which precluded reliable RNA extraction. Data represent mean ± standard deviation from biological replicates (n=6). Only statistically significant differences compared to the sucrose group are indicated with asterisks: *p<0.05; **p<0.01; ***p<0.001. All other comparisons were not significant (ns). (D) Conceptual working model summarizing observed phenotypes under sucrose versus allulose, including bacterial growth, glycolytic pH drop, EPS production, and gene expression profiles. The schematic is illustrative and created using BioRender.

Conversely, although allulose had a structural resemblance to fructose, it did not promote exponential growth and exhibited only marginal acidification (Figures 2A, B). The growth in the presence of allulose supplementation remained constant at OD600 approximately 0.3, and the pH remained above 5.0 (critical pH for enamel demineralization) over 120 min with a reduction in acid production by 99% compared to that in the presence of sucrose, indicating the absence of key metabolic pathways for effectively metabolizing allulose. This growth profile highlights that, under the conditions tested, allulose supported minimal bacterial growth and acid production compared to conventional sugars. Xylitol and erythritol also failed to support exponential growth and acid production, establishing their roles as non-fermentable sugar alcohols (Figures 2A, B) (Mäkinen, 2010; Jeong et al., 2024).





Dynamics of cariogenicity-associated genes in response to allulose and other fermentable sugars

To elucidate the molecular basis underlying the observed differences in planktonic growth and acid production, we examined the expression of key virulence genes in 19 h-old S. mutans cells cultured in the presence of different dietary sweeteners (Figure 2C). Planktonic gene expression is important because it may indicate the ability of free cells to colonize a pre-formed biofilm or a new surface (Durso et al., 2014). The cariogenicity of S. mutans is closely linked to its ability to synthesize extracellular glucans and produce acids via carbohydrate fermentation.

Glucosyltransferase (Gtf catalyzes EPS synthesis and forms a protective scaffold that supports biofilm integrity under external stress (Wang et al., 2018). Specifically, gtfB and gtfC are associated with insoluble and soluble glucan production, whereas gtfD contributes to soluble glucan production (Zhao et al., 2014). In our study, gtfB and gtfC expression were significantly upregulated in the presence of fructose than in the presence of sucrose (p<0.0001), consistent with prior findings on fructose-mediated EPS-related gene induction (Shemesh et al., 2006). In contrast, gtfD was significantly downregulated in the presence of allulose (p<0.05), which may limit the primer availability for initial EPS synthesis, thereby impairing biofilm formation.

Notably, gtfB expression remained unaffected by allulose exposure. Since environmental stress often triggers gtfB upregulation to promote adhesion and glucan synthesis (Zhang et al., 2022), its stable expression in the presence of allulose may represent a compensatory mechanism for surface attachment in nutrient-limited or metabolically inactive states. It is important to note that transcriptional levels may not always correspond to enzymatic activity because post-transcriptional regulation can modulate the final protein function (Zhang et al., 2021).

Unlike gtf genes, ftf expression, which is involved in fructan synthesis, remained unchanged in the presence of all sweeteners, suggesting a limited role of fructan-mediated EPS under these experimental conditions. Interestingly, the significant downregulation of dexA, which encodes the dextranase responsible for glucan degradation during biofilm remodeling, suggests that, under allulose conditions, EPS synthesis and biofilm maturation pathways were less active compared to fermentable sugars (Igarashi et al., 2002).

pdhA, which encodes a component of the pyruvate dehydrogenase complex, was upregulated in the presence of allulose. This enzyme links glycolysis to the tricarboxylic acid (TCA) cycle by converting pyruvate into acetyl-CoA, suggesting a shift toward alternative energy metabolism in response to inefficient allulose fermentation. This metabolic reprogramming was consistent with previous findings under carbohydrate-limited conditions (Lemos and Burne, 2008), indicating that under allulose conditions, S. mutans exhibited a low-metabolic, low-virulence-like state.

In terms of acidogenicity, the expression of ldh, which encodes lactate dehydrogenase, a key enzyme in lactic acid production, was significantly lower in the presence of allulose than in the presence of sucrose (p<0.001), correlating with the reduced acid production. Similarly, atpD, encoding the β-subunit of the F1F0–ATPase complex responsible for proton extrusion under acidic conditions, was highly expressed in the presence of fructose (p<0.01), reflecting increased acid stress. Conversely, its significant downregulation in the presence of allulose (p<0.001) supports the notion that allulose imposes minimal acidogenic stress, further reinforcing its low cariogenic potential.

Taken together, the gene expression profiling and phenotypic data on growth and acid production support a less-cariogenic profile for allulose under the tested conditions (Figure 2D). Its inability to activate key virulence pathways, including those involved in EPS synthesis (gtfD), acid production (ldh), and acid tolerance (atpD), aligns it with the properties of non-cariogenic sugar alcohols, such as xylitol and erythritol (Mäkinen, 2011; Milgrom et al., 2012; Runnel et al., 2013; De Cock, 2018).





Modulation of S. mutans biofilm formation and EPS synthesis by sweeteners

To assess the effects of dietary sugars on biofilm development and EPS production, which are key indicators of cariogenic potential, we employed a sHA disc model to simulate a pellicle-formed tooth surface (Figure 3A). S. mutans was incubated for 43 h in the presence of 1% (w/v) various sweeteners, and the mature biofilm biomass was quantified in terms of CFU and dry weight (Figures 3B, C). The three-dimensional (3D) architecture of the biofilm, consisting of both bacterial cells and EPS, was visualized using confocal microscopy (Figure 3D).
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Figure 3 | Experimental workflow and microbiological analysis of Streptococcus mutans biofilm architecture at 43 h. (A) Experimental design for S. mutans biofilm formation on the saliva-coated hydroxyapatite (sHA) discs. Biofilms were cultured in UFTYE media supplemented with 1% (w/v) sweetener at 37°C and 5% CO2. The culture medium was changed twice daily (at 19 h and 28 h). Biofilm quantification in terms of (B) colony-forming units (CFU)/biofilm and (C) dry weight. (D) Confocal images showing the structural and spatial organization of 43-h-old S. mutans biofilm grown in the presence of various sweeteners. (E) Representative 3D confocal microscopy images showing biofilm formation in the presence of sucrose (left) and allulose (right). Green represents bacterial cells, while magenta indicates the extracellular polysaccharide (EPS) matrix. The data are presented as mean ± standard deviation (n=5). One-way analysis of variance (ANOVA) followed by Dunnett’s multiple comparisons test was used to compare each treatment group with the sucrose control. ***p<0.0001.

Quantitative data (Figures 3A, B) showed that sucrose yielded significantly higher CFU counts and dry biofilm weights (p<0.001) than all the other sugars. This further validates its established role as a high-carbohydrate sugar that enhances bacterial cell attachment and EPS production (Banas and Vickerman, 2003; Duarte et al., 2008; Razak et al., 2017). The dense, well-defined, dome-shaped microcolonies embedded in the EPS matrix under sucrose supplementation (Figures 3D, E) were consistent with those reported in previous reports on the sucrose-driven upregulation of Gtf exoenzymes, which are crucial for water-insoluble glucan synthesis and robust biofilm development. In contrast, supplementation with other fermentable sugars, such as glucose and fructose, resulted in comparatively less biomass with a dispersed cell–EPS arrangement (Figure 3D). These results indicate that, although these monosaccharides are fermentable, they cannot replace the dual role of sucrose as a fuel for acid production and a key substrate for water-insoluble EPS biosynthesis.

Biofilms developed in the presence of allulose showed significantly reduced CFU counts and dry weights, similar to those developed in the presence of xylitol and erythritol (Figures 3A, B). Confocal imaging further showed that biofilms formed under allulose conditions lacked the dense, matrix-rich structures typical of sucrose-induced S. mutans biofilms (Figures 3D, E). The initial inhibition of biofilm formation in the presence of allulose can be attributed to reduced planktonic growth compared to that in the presence of fermentable sugars, correlating with the gene expression data showing a more complicated adaptive response. The upregulation of genes associated with metabolic stress and compensatory energy pathways (pdhA and adhE, respectively; Figure 2C) indicates that S. mutans may activate adaptive strategies under nutrient-limited conditions rather than simply undergoing growth arrest. These results suggest that biofilms under allulose conditions were characterized by reduced biomass, less EPS, and altered metabolic programming compared to fermentable sugars.

Taken together, the results of the single-species S. mutans biofilm provide consistent evidence that, under the conditions tested, allulose exhibits fewer cariogenic phenotypes compared to fermentable sugars and shows functional similarities to previously reported sugar alcohols (Miyasawa‐Hori et al., 2006; Park et al., 2014). Our study further showed that biofilm architecture and EPS accumulation are the main indicators of cariogenic potential, and the sHA biofilm model is pertinent for evaluating dietary sugar under near-physiological conditions.





Acidogenic potential of sweeteners in mature S. mutans biofilm

Assessing how pre-formed oral biofilms respond to altered sugar exposure is necessary to comprehend how dietary sugar variations affect the cariogenic behavior of established biofilms. This was evaluated by a glycolytic pH drop assay using a 43 h-old S. mutans biofilm grown on tooth mimetics (Figure 4). To mimic the dietary changes, biofilms grown in the presence of 1% sucrose were exposed to various fermentable and non-fermentable sweeteners, and the pH drop was monitored for 120 min. The results show that sucrose supports the highest H+ ion release (1.95 µM/min) and reaches a pH of 4.5 within 20 min of exposure, which further establishes its role as a fuel for both bacterial metabolisms, followed by acid production and EPS-associated proton accumulation (Duarte et al., 2008; Razak et al., 2017; Jurakova et al., 2023). The acidogenic profile of fructose was similar to that of sucrose than that of glucose, which is consistent with earlier findings on the expression of fructose-induced virulence factors in S. mutans (Shemesh et al., 2006).
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Figure 4 | pH drop assay with pre-formed Streptococcus mutans biofilm in the presence of different sweeteners. The top panel illustrates the experimental design where S. mutans biofilms were grown on saliva-coated hydroxyapatite (sHA) discs in UFTYE medium supplemented with 1% (w/v) sucrose. The pH drop assay was performed at 43 h in the presence of different sweeteners. The bottom panel presents the pH drop over time, showing acid production from bacterial metabolism. Data are presented as the mean of two biologically different experiments.

Conversely, allulose-, xylitol-, or erythritol-supplemented biofilms maintained near-neutral pH throughout the assay period, with 98%, 99%, and 99% reduction in acid production, respectively, within 30 min compared to the sucrose-supplemented biofilm (Figure 4). This result confirms that they serve as poorly fermentable substrates for S. mutans metabolism.

Although the oral cavity generally maintains a near-neutral pH, localized acidification from dietary sugars can promote enamel demineralization, favor acid-tolerant microbiota proliferation, and disrupt biofilm homeostasis (Marsh, 1994; Welin-Neilands and Svensater, 2007; Ikäläinen et al., 2024). Poor oral hygiene may exacerbate these effects by allowing the aciduric biofilms to mature and persist (Sälzer et al., 2020). In this context, alternative sweeteners, such as allulose, may help suppress acid accumulation, even in 3D-structured biofilms.





Modulation of interspecies balance in a dual-species biofilm model by sweeteners

Microbial interactions play crucial roles in the modulation of health and disease. Cooperative and competitive interactions among oral pathogens and commensals, as well as their composition, are modulated by ecological factors, such as nutrients and pH (Marsh, 2003). In the second phase of our cariogenic assessment platform, we evaluated the impact of dietary sugar (as it is the major nutrient source) on the dual-species biofilm model using S. mutans as the oral pathogen and S. oralis as the commensal bacterium (Figure 5A). The results show that supplementation with 1% (w/v) sucrose, glucose, or fructose selectively enriched S. mutans over S. oralis (p<0.001, Figure 5B). S. mutans enrichment in the presence of fermentable sugars such as sucrose, glucose, and fructose is driven by its robust metabolic and ecological adaptations. S. mutans can produce acid and survive in low-acid conditions because of its highly efficient fermentable sugar uptake system and virulence-associated gene expression. Particularly, sucrose can serve as both a substrate and precursor for EPS matrix synthesis for dense, acidic, and robust biofilm formation (Koo et al., 2010). Previous reports have shown that S. mutans can compete with commensal species, such as S. oralis, and dominate biofilms through bacteriocin production and a quorum-sensing mechanism (Li et al., 2002; Kreth et al., 2005). Conversely, S. oralis is an early colonizer associated with healthy oral biofilms, sensitive to acidic conditions, and lacks EPS production capacity, which makes it vulnerable to sugar-rich and acidic environments. This clearly shows the ecological imbalance that can shift the biofilm into a dysbiotic state with enhanced cariogenic potential.

[image: Diagram detailing bacterial growth and microbial balance in biofilms. Panel A shows a timeline for biofilm development on hydroxyapatite discs, indicating stages from saliva coating to mature biofilm over 43 hours. Panel B presents a bar graph of bacterial growth comparing *Streptococcus mutans* and *Streptococcus oralis* across different sugars, highlighting significant growth differences with sucrose, glucose, and fructose. Panel C illustrates microbial imbalance with sucrose and glucose, and a balanced community with allulose, xylitol, and erythritol, using scales to represent relative bacterial populations.]
Figure 5 | Impact of different sweeteners on Streptococcus mutans and Streptococcus oralis interspecies biofilm formation. (A) Experimental design for interspecies biofilm formation of S. mutans and S. oralis saliva-coated hydroxyapatite (sHA) discs. The biofilms were cultured in UFTYE medium supplemented with 1% (w/v) sweetener at 37°C and 5% CO2. (B) Quantification of S. mutans and S. oralis colony-forming units (CFU) in 43 h-old biofilms grown in the presence of different sweeteners. (C) Schematic representation of microbial balance shift induced by different sweeteners, illustrating the impact of sugar supplementation on the dominance of S. mutans (cariogenic) and S. oralis (commensal species). Data are presented as mean ± standard deviation (n=8). Pairwise comparisons between S. mutans and S. oralis in the presence of each sweetener were performed using Dunn’s multiple comparisons test following Kruskal–Wallis analysis. ***p<0.0001; **p<0.001; ns, not significant.

In contrast, allulose, xylitol, and erythritol maintained a balanced microbial composition, with no significant overgrowth of S. mutans toward S. oralis (Figure 5B). Previous studies have shown that the balance of S. oralis abundance in oral biofilms can be beneficial for dental health because these commensals secrete hydrogen peroxide, which can interfere with S. mutans growth and colonization (Kim et al., 2022). These findings align with the ecological plaque hypothesis, indicating the importance of non- or less-fermentable sugars such as allulose in reducing acid production and suppressing the overgrowth of acid-tolerant species over that of sensitive commensal bacteria in oral biofilms (Marsh, 1994, 2003). Therefore, oral microbial homeostasis and cariogenic biofilm formation control depend on the preservation of the balance between S. mutans and S. oralis (Figure 5C).





Ecological modulation in saliva-derived multi-species microcosm biofilm model by allulose

Next, we used HA discs coated with pooled whole saliva to stimulate a clinically relevant polymicrobial environment and support early colonization by native microbes. The ecological response to allulose was evaluated under caries-promoting conditions by supplementation with 1% (w/v) sucrose, followed by adding S. mutans, and compared with that of the no-added-carbohydrate saliva control. Changes in biofilm structure and community profile were examined in early (19 h) and mature (43 h) biofilms (Figure 6A).

[image: Diagram illustrating a study on biofilm formation over time in three conditions: blank, sucrose, and allulose.   Panel A shows a timeline of saliva-coated hydroxyapatite incubation with *S. mutans* followed by initial colonization and mature biofilm development over 43 hours.   Panel B displays fluorescent microscopy images of bacterial and EPS distribution at 19 and 43 hours for each condition.   In the blank condition, limited growth is visible. In the sucrose condition, dense biofilm formation is observed, especially at 43 hours. The allulose condition shows reduced biofilm compared to sucrose.]
Figure 6 | Biofilm development and extracellular polysaccharide (EPS) production in a saliva-derived microcosm model in the presence of 1% (w/v) sucrose or allulose. (A) Schematic representation of an ex vivo microcosm biofilm model using saliva-coated hydroxyapatite (sHA) discs. The discs were first incubated with the saliva from healthy donors for 1 h to allow initial microbial colonization, followed by incubation in UFTYE media supplemented with 1% (w/v) sucrose or allulose and inoculated with S. mutans. UFTYE media without any sweetener supplementation served as the blank control. (B) Confocal laser scanning microscopy images of biofilms grown at 19 and 43 h. Green and magenta represent bacterial cells and the extracellular polysaccharides (EPS), respectively.

Confocal imaging revealed significant architectural differences between the biofilms grown under sucrose and allulose supplementation. Early biofilm maturation, in terms of significant bacterial adhesion and EPS deposition, was observed in sucrose-supplemented biofilms at 19 h (Figure 6B). In contrast, the saliva-only control (without sugar addition) showed moderate bacterial attachment with little or no EPS, whereas the allulose-supplemented biofilms showed sparse bacterial colonization with minimal EPS deposition. Minimal baseline growth or biofilm may have resulted from trace amounts of sugars in the UFTYE medium; however, all groups were cultured under the same basal medium to ensure comparability. Upon extended incubation for 43 h, sucrose induced the development of dense dome-shaped microcolonies with a robust EPS matrix. The allulose-supplemented biofilm maintained a reduced biofilm structure with minimal bacteria and EPS, suggesting that biofilms under allulose conditions remained thinner and less structured over time compared to sucrose-treated biofilms; as expected, biofilms developed in the saliva-only group remained less organized and thinner.

Following confocal imaging, diversity analysis showed that the bacterial community structure was distinct among the groups (Figure 7). Alpha-diversity, in terms of the Shannon index, which is a measure of both richness and evenness (Kitikidou et al., 2024), was significantly lower in the sucrose-supplemented biofilm than in the no-sugar-added control and allulose-supplemented biofilms in early and mature stages, respectively (Figures 7A, B; p=2.8E−2). Interestingly, allulose maintained the highest Shannon diversity index compared to the other two sweeteners at both 19 and 43 h. This suggests the ecological neutrality of allulose under the tested conditions by maintaining or promoting microbial diversity. Beta-diversity analysis (principal coordinate analysis based on the Bray–Curtis distance) revealed distinct clustering of microbial communities by treatment and time point. At both early (19 h) and mature (43 h) stages, sucrose-treated biofilms showed strong separation from both the allulose-supplemented and no-sugar-added control biofilms, indicating a marked shift in microbial community composition toward a dysbiotic state. In contrast, allulose-treated communities clustered closer to the no-sugar-added control communities, suggesting the maintenance of a more health-compatible microbial community (Figure 7C). Sucrose significantly reduced community diversity by selectively promoting the growth of acidogenic and aciduric Streptococcus and Lactobacillus species. In contrast, the relative abundance was maintained or increased under allulose supplementation compared to that without any supplementation (Figure 7A).
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Figure 7 | Microbial diversity and community structure in biofilm grown in the presence of 1% (w/v) sucrose or allulose. (A) Relative abundance of bacterial genera in 19 (left) and 43 h (right) biofilms grown on saliva-coated hydroxyapatite (sHA) discs with 1% (w/v) sucrose, allulose, or no sugar (blank). (B) Alpha-diversity (Shannon index) of microbial communities among treatment groups at 19 and 43 h. (C) Principal coordinate analysis (PCoA) of beta-diversity (Bray–Curtis distance) across treatment groups.

Biofilm development is a multistep process that begins with the attachment of early colonizers via specific or non-specific interactions with pellicle-coated surfaces (Marsh and Bradshaw, 1995; Dang and Lovell, 2000; Rickard et al., 2003). Favorable conditions promote microcolony formation by primary colonizers, subsequently facilitating secondary (late) colonizers to adhere primarily through co-aggregation (Rickard et al., 2003). Genera such as Streptococcus, Actinomyces, Haemophilus, Veillonella, and Neisseria are well-established early colonizers (Ritz, 1967; Foster and Kolenbrander, 2004; Dige et al., 2009; Huang et al., 2011). In this study, the presence of all these genera (except Actinomyces) in the allulose-treated and blank (saliva-origin microbiome) groups supported the establishment of a health-associated early biofilm community. Veillonella species convert the lactic acid produced by fermentative bacteria, such as Streptococcus sp., into weak acids, which may reduce the enamel demineralization rate (Geddes, 1972; Mikx and Van der Hoeven, 1975). The enrichment and maintenance of Veillonella sp. in the allulose-treated group than in the no-sugar-added group confirmed a more balanced community with metabolic cooperation (Figure 7A).

Additionally, the presence of Neisseria, Haemophilus, Granulicatella, Fusobacterium, and Veillonella further supports the establishment of a healthy nitrate-reducing biofilm with a beneficial role in maintaining oral homeostasis (Hyde et al., 2014). Notably, Fusobacterium plays a key bridging role in plaque development, promoting co-aggregation and supporting anaerobic colonizers (Bradshaw et al., 1998; Kolenbrander et al., 1999; Rickard et al., 2003). Hence, its presence in the allulose-supplemented group suggests a diverse microbial community structure, where microbial connectivity and balance were preserved (Figures 7A–C).

Altogether, our microbial community analysis data align with the “ecological plaque hypothesis,” which explains that environmental shifts owing to acid production from dietary sugar fermentation can select acid-tolerating species such as Streptococcus and Lactobacillus, developing dysbiotic, caries-associated biofilms. By dealing with these detrimental and virulent factors, the allulose-treated microcosms retained microbial interactions, community diversity, and spatial organization, which are key characteristics of health-compatible biofilms.

In this study, we used a multi-tiered platform to investigate the ecological and functional effects of allulose on oral biofilm development. Using a biologically relevant model that included single-species planktonic, biofilm, dual-species biofilm, and saliva-derived microcosms, we systematically showed that allulose does not support the key virulence traits typically promoted by commonly used fermentable sugars such as sucrose, fructose, and glucose. Allulose consistently resulted in lower growth, acidogenicity, and EPS matrix formation compared to fermentable sugars, while preserving the ecological equilibrium of commensal bacteria (S. oralis). Additionally, it preserved many health-compatible taxa such as Neisseria, Haemophilus, Granulicatella, and Veillonella and maintained high alpha-diversity, indicating microbial equilibrium and ecological resilience. The follow-up experiment will apply shotgun metagenomics to identify species-level community shifts and functional gene analyses to link taxonomic shifts to cariogenic traits.

The overall findings of our study indicate that allulose is a microbiome-friendly sugar substitute that may limit cariogenic shifts under in vitro conditions. While promising, the translational potential of allulose as an alternative to established cariostatic agents, such as xylitol and erythritol, warrants further investigation.

We acknowledge the limitations of this platform, particularly the inability of the continuous sugar exposure model to accurately mimic the dynamic nature of dietary intake. Future research should aim to improve the ecological relevance of cariogenic evaluations by incorporating a feast–famine strategy. In addition, future research should evaluate the composition of plaques, the dynamics of salivary pH, and the incidence of caries over time to validate these in vitro results using in vivo models, including clinical trials. Ecological engineering of oral microbiota may also be clarified by further studies on the interactions of allulose with fluoride, oral prebiotics, or probiotics. Overall, this study establishes a strong foundation for developing next-generation microbiome-conscious sugar alternatives that support oral and systemic health.
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Mechanism

Lysine acetylation in Streptococcus mutans

Effect

Biological function

References

Acetylation of GtfB and GtfC
by ActG

Acetylation of LDH

Acetylation of LDH and PykF
by ActA

YkuR-mediated NAD"-dependent
deacetylation of Gtfs

Non-enzymatic acetylation by ASA

Inhibits the enzymatic activity of GtfB and GtfC, reducing
EPS synthesis and biofilm formation

Inhibits LDH activity, reducing acidogenic potential

Inhibits bacterial adaptation to oxidative stress

Restores Gtf activity and increases EPS synthesis

Inhibits bacterial growth, reduces EPS production and Gtfs
enzyme activity

Inhibits biofilm formation

Decreases Streptococcus mutans’
cariogenic potential

Inhibits oxidative stress
tolerance and competitiveness of
Streptococcus mutans

Enhances Streptococcus mutans biofilm
formation and virulence

Provides antimicrobial and anti-biofilm
effects by targeting acetylation

Ma et al,, 2021a

Ma et al., 2022

Ma et al,, 2024a

Ma et al, 2024b

Lin et al., 2024

Interaction of SmsR1 sRNA with
lysine acetylation

Modulates acetylation levels and LDH activity by regulating
pdhC and acetyl-CoA

Environmental stress response and
metabolic flexibility

Li et al, 2024
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Mechanism

Lysine acetylation in Porphyromonas gingivalis

Effect

Biological function

References

VimA-mediated acetylation
of pro-RgpB

VimA regulation of
branched-chain amino
acid metabolism

Acetylation of the
transcription factor RprY

VimA and its homolog PG1842 acetylate the gingipain precursor
pro-RgpB at key lysine residues, facilitating its activation
and maturation

VimA indirectly affects Lipid A synthesis by modulating acetyl-
CoA levels

Acetylation of RprY reduces its DNA-binding ability

Enhances bacterial invasiveness and biofilm-
forming capacity

Maintains membrane stability, enhances
oxidative stress tolerance, and promotes
immune evasion

Weakens the transcriptional activation of target
genes and participates in
transcriptional regulation

Mishra
etal, 2018

Aruni
et al, 2012

Li et al,, 2018

Crosstalk between
acetylation and succinylation

There is a significant overlap between Kac (acetylation) and Ksuc
(succinylation) modifications in ribosomal and metabolic proteins

Forms a complex network of post-translational
regulation, modulating bacterial physiology

Zeng
et al, 2020
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Mechanism

Lysine acetylation in Actinomycetes

Effect

Biological function

References

Amino acid sensing via
GNATs and ACT domains

Dynamic balance between
acetyltransferases
and deacetylases

Acetylation of transcription
factors and metabolic enzymes

Acetylation of acetyl-
CoA synthetase

Acetyltransferase activity modulated allosterically
by amino acids binding to the ACT domain

Acetylation levels regulated by AcuA
acetyltransferase and Sirtuins deacetylases

Acetylation alters transcription factor DNA
binding, influencing secondary metabolite synthesis

Modifies catalytic efficiency and metabolic flux

Fine-tunes metabolic processes and correlates
with ecological adaptability of Actinomycetes

Modulates metabolic state in response to
energy deprivation or stress conditions

Regulates biosynthesis of antibiotics and non-
ribosomal peptides

Influences overall metabolic pathways and
secondary metabolite production

Lu etal, 2017

Gardner et al., 2006; Tucker
and Escalante-Semerena, 2013

Martin et al,, 2021

Tucker and Escalante-
Semerena, 2013

Acetylation of non-ribosomal
peptide synthetases

Acetylation of StrM enzyme in
Streptomyces griseus

Acetylation in amino
acid metabolism

Modulates the activity of enzymes involved in
secondary metabolism

Reduces StrM activity, limiting
streptomycin biosynthesis

AAPatA acetyltransferases modulate aspartate and
cysteine metabolism

Enhances or inhibits the synthesis of
secondary metabolites such as antibiotics

Regulates antibiotic production in response to
metabolic signals

Regulates cellular metabolic pathways and
adapts to changing environmental conditions

Liao et al,, 2014

Ishigaki et al., 2017

Xu et al,, 2014; Lu et al., 2017

Acetylation-driven metabolic
network regulation

Alters transcription factors and redox regulatory
enzymes to modulate bacterial metabolic pathways

Supports the synthesis of secondary
metabolites and adaptation to diverse habitats

Toplak et al., 2022
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Gene ID Gene nam: log2FoldChange G product description
gene-D820_RS04535 ciaH —2.388584358 Three-component system sensor histidine kinase
gene-D820_RS04530 ciaR -1.660277218 Three-component system response regulator
gene-D820_RS06890 IytS —1.044404874 Two-component system sensor histidine kinase
gene-D820_RS06895 IytR -1.490154315 Two-component system response regulator
gene-D820_RS06900 IrgA —4.847658908 Holin-like protein

gene-D820_RS06905 IrgB —-4.310981884 Antiholin-like protein

gene-D820_RS07385 LuxS —1.164248994 S-ribosylhomocysteine lyase

gene-D820_RS00575 dexA -1.002077734 Dextranase

gene-D820_RS03620 mubB -1.879608552 Mutanobactin A non-ribosomal peptide synthetase
gene-D820_RS03625 mubC ~1.996091508 Mutanobactin A non-ribosomal peptide synthetase
gene-D820_RS03630 mubD -1.837350518 Mutanobactin A non-ribosomal peptide synthetase
gene-D820_RS03555 mubY —-5.956253759 Mutanobactin A system ABC transporter permease subunit
gene-D820_RS03610 mubH —1.182104006 Mutanobactin A polyketide synthase
gene-D820_RS03580 mubR -1.400053226 Mutanobactin A biosynthesis transcriptional regulator
gene-D820_RS08310 aguA -1.50902996 Agmatine deiminase

gene-D820_RS00580 treR 1242887742 Trehalose operon repressor
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gene-D820_RS08610 D820_RS08610 -4.35039416 Metal ABC transporter ATP-binding protein
gene-D820_RS08600 D820_RS08600 —5.299646868 Metal ABC transporter substrate-binding protein
gene-D820_RS08605 D820_RS08605 ~-4.680503916 Metal ABC transporter permease

gene-D820_RS02670 D820_RS02670 —3.320788871 Extracellular solute-binding protein

gene-D820_RS04680 D820_RS04680 -2.095828916 ABC transporter permease/substrate-binding protein
gene-D820_RS02655 ugpC ~2.274872059 sn-glycerol-3-phosphate ABC transporter ATP-binding protein
gene-D820_RS01050 D820_RS01050 -1.381214985 MetQ/NIpA family ABC transporter substrate-binding protein
gene-D820_RS02665 D820_RS02665 —=2.14457111 Sugar ABC transporter permease

gene-D820_RS04675 D820_RS04675 -1.977690467 ABC transporter ATP-binding protein

gene-D820_RS05590 msmE ~2.511339465 Sugar-binding protein MsmE

gene-D820_RS04570 D820_RS04570 —-1.468165245 BMP family protein

gene-D820_RS08355 D820_RS08355 ~1.831419345 Peptide ABC transporter substrate-binding protein
Gene-D820_RS0109815 D820_RS0109815 -1.45009996 Energy-coupling factor transporter ATPase
gene-D820_RS08420 D820_RS08420 -1.592411347 Amino acid ABC transporter ATP-binding protein
gene-D820_RS02660 D820_RS02660 ~2.178411965 Sugar ABC transporter permease

gene-D820_RS05585 D820_RS05585 ~1.94908875 Sugar ABC transporter permease

gene-D820_RS08415 D820_RS08415 ~-1.353656759 ABC transporter substrate-binding protein/permease
gene-D820_RS05580 D820_RS05580 —1.365270344 Carbohydrate ABC transporter permease

gene-D820_RS00140 D820_RS00140 -1.273980434 Energy-coupling factor transporter transmembrane protein EcfT
gene-D820_RS07555 D820_RS07555 ~1.06599486 ABC transporter permease

gene-D820_RS05570 ugpC -1.16129183 sn-glycerol-3-phosphate ABC transporter ATP-binding protein UgpC
gene-D820_RS07560 D820_RS07560 ~-1.092495506 ABC transporter ATP-binding protein

gene-D820_RS06575 D820_RS06575 ~-1.011033093 ABC transporter ATP-binding protein
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and bioadhesivity

Solubilize drug and enhance
its bioavailability

(increasing the absorbency of membrane

(2)Destroy the DNA, proteins, and lipids
are among the bacterial components

(3)cause bacterial cell death by inducing an
oxidative stress response

nHA remineralizes the organic scaffold in
the carious attack by directly replacing lost
minerals or as a carrier for lost mineral
ions and increasing the supply of calcium
and phosphorus ions

Nanoparticles of amorphous calcium
phosphate (NACP), able to discharge much
‘more Ca and P by virtue of the tiny
particle size and large surface area

‘The smaller particle size and higher surface
area achieved with the use of nCaF2
enabled a higher level of F ion release

Antibacterial:BG release ionic dissolution
products leading to the damaging of
bacterial cell wall by BG sharp debris

Remineralization:Ca2+ and P2+ can
combine in solution and deposit onto
silanol bonds on the glass surface,
nucleating a hydroxycarbonate
apatite layer.

conclusion

nano-encapsulated lactoferrin
reduced the CFU of biofilm up
to two logarithmi cycles.

TEM confirmed successful
tubular penetration and
retention of Nano-PLGA/CHX

de the
structure of dentinal-tubules.

nanoparticles

relative light units(RLUS) of S.
mutans reduce

triclosan encapsulated in the
formulation are able to release
in a controlled manner

higher fluoride uptake ability
and smooth releasing profile

exerts effective antibacterial
adhesion and cariogenic
biofilm resistance

Having Stronger inhibit caries
and better in the dental
remineralization ability

zinc oxide have an excellent

anti-bacterial benefit and it can
be better by increasing the
solution concentration that
Contains the nanoparticles.

‘TIO2NPs enhanced the
antibacterial a

Remineralising effects of
NanoHAP dentifrice were found
to be significantly superior to
routine fluoridated dentifrice.

NACP+DMAHDM release a
great deal of Calcium and
phosphate had the highest
microhardness compared
NACP+DMAHDM group

nCaF2+DMAHDM composite
showed a significant fluoride
ion concentration

XRD characterization: hydroxy-
carbonate apatite layer
formation on their surfaces
following the immersion in SBE

Model In Vivo/
Vitro
Experiment

Biofilm, synthetic
and
biological
hydroxyapatite

micron-
sizeddentinal-tubules
under pulpal-
pressure simulated

Biofilm of S. mutans
and L. casei

Artificial Saliva,
Dentin disks

In vitro
characterization
of nanopa

es

Both in vitro and
in vivo

decayed

teeth in vivo

The transferred
Staphylococeus and
Streptococeus in
Mannitol salt agar
and MSB agar base

Teeth in vivo

Teeth of therapeutic
extraction for the

orthodontic
treatment in vivo

Antificial initial
carious lesion in
Bovine incisors

dental plaque
microcosm biofilm

simulated body fluid

Luo et al,, 202:
Wang et al.,
20183; Wang
etal, 2018b;

Xiao et al., 2023

Priyadarshini
etal, 2017
Francisco Fibio
Oliveira de
etal, 2021

Marta et al

Lu et al,,
2018; Yuti
etal, 202:

Tao et al,, 2021;
Tao et al,, 2022;
Menglin
et al,, 2020

Jiang et al,
2024; Ran

etal, 2023

Xueetal, 2023

Karol
etal

Tahreem et al.,
2022; Fairoz Ali
etal, 2022

Wongchai et al,
2023; Amir
Hossein
etal, 2021

Verma and
Muthuswamy
Pandian, 2021;

Juntavee

etal, 2021

Fan etal, 2022

Daixing
etal, 2022

Kazemian

etal, 2021






OPS/images/fcimb.2025.1614363/fcimb-15-1614363-g001.jpg
Absorbance (a.u.)

220 240 260 280 300 320 340 360 380

400

420

440 460 480 SO0 S20 S40 S60 SBO 600 620 640 660

220 210 260 220 300 320 340 360 380

400

qa20

490 460 4980 SO0 S20 S40 S60  S8O0 600 620 640 660

Wavelength (nm)





OPS/images/fcimb.2025.1535539/crossmark.jpg
©

2

i

|





OPS/images/fcimb.2025.1614363/fcimb-15-1614363-g002.jpg
10000

1000

100

e " o wn o

Q] - -

(weaued) Aysuai|

Size (d.nm)





OPS/images/fcimb.2025.1546816/crossmark.jpg
©

2

i

|





OPS/images/fcimb.2025.1614363/fcimb-15-1614363-g003.jpg





OPS/images/fcimb.2025.1546816/fcimb-15-1546816-g001.jpg
Oxidative stress Damage intercellular structure

e H >
W vd YNNG SONON
\}Qso “0gey v
p DNA damage
AL ol W S
Eparn | TRIRE/R
o= @ G, . 4
e = < £
% F [a “' e 1 —>
Yiiiod® S %,
e A
[ Co, [o)
£ e % cell live cell death
. & -."..-.o L
®_ % o' O =
TN Y Q
Nano-systems <5007 ®
for drug delivery
5]
Q
2
5]
$
o
\é’ 3
P ® ® O
oo °?
@ @
%
ooooooooo»“”. 5000000000000
@
5000066008
0000000000000, 7 N 00000
e @ @ &

Remineralization Increasing the absorbency of membrane





OPS/images/fcimb.2025.1614363/fcimb-15-1614363-g004.jpg
Release (%)

6

3

10

12 14
Time (h)

16

18 20 22 24 26





OPS/images/fcimb.2025.1535539/fcimb-15-1535539-g003.jpg
PC2(12.10%)

FK
ns
*k

4 *k .

3 *k

0D 575

2 *k

*%

Scores(PCA) plot
20 @

0D575

Scores(PLS-DA) plot

crs
@corvol

150
W

100

2

Component2(s.45%)

2

100

40

150

200 § 50

E) B 0 ] 0 160 150
PC1(51.70%)

B ]

Componentt(70.80%)

%

Pc(14:1(92)/P-18:1(112)) -]
Emivirine |

N-(2-Cyanoethyl)Valine -

Ancistrocladine |

Sarmentosin |

Leu Ala

Pe-Nme(18:0/18:2(92,122)) |
Tetradeca-5.7,9-Trienedioylcarnitine -
3,7-Dimethyl-10-Phenylphenazin-10-lum-2,8-Diamine
Sapidolide A |
N-[1-(Furan-2-Carbonyl)-3,4-Dihydro-2H-Quinolin-7-Yl]Butanamide |
6-Hydroxymelatonin —

Isoleucylproline |

Nicotinamide —f

2,6-Dihydroxypurine -

Arg Leu

Phe Leu |

Proglumide —|

Asymmetric Dimethylarg

N2-Acetylornithine —|

5-Methoxyindoleacetate |

N1-Acetylspermidine —|

Ala-ile

1-Anilino-9,10-Dioxo-2-Anthroic Acid o

Hypoxanthine —

Honokiol |

Epsilon-Caprolactone

lle Pro lle o

2,3-Benzofuran

Ser Leu |

2's 3

i an G GEEED GEEES cEEEy GEEED 0 @B @ WAnbois
1 Carbohydrates

4 W Hormones and transmitters
M Liios

1 Pepides

W Steroids

1 Vitamins and cofactors

W Nucieic acids

W Organic acids.

Compounds classification

a5
viP

* %

Temperature (°C)

2

20

15

~Log10(pvalue)

Significant
P(36)

® rosig(2202)
@ down(694)

vip
- 00
.6
33
® 49

®up
@ down

@ Organic acids and derivatives: 101(28.77%)
@ Organoheterocyclic compounds: 82(23.36%)
@ Lipids and lipid-like molecules: 67(19.09%)
@ Organic oxygen compounds: 44(12.54%)
@ Benzenoids: 23(6.55%)
@ Phenylpropanoids and polyketides: 15(4.27%)
© Nucleosides, nucleotides, and analogues: 7(1.99%)
@ Alkaloids and derivatives: 6(1.71%)
@ Hydrocarbon derivatives: 2(0.57%)

Not Available: 2(0.57%)
@ Organic nitrogen compounds: 2(0.57%)





OPS/images/fcimb.2025.1594947/table4.jpg
Mechanism

Lysine acetylation in oral Candida albicans

Effect

Biological function

References

Acetylation of H3K56

Rtt109-mediated acetylation

Hatl-mediated acetylation

SWRI complex-mediated acetylation

MYST family HATS, including Esal
and Sas2, acetylation

Histone acetylation by NuA4 complex

Gen5-mediated acetylation in response
to host signals

Glucosamine-6-phosphate
acetyltransferase by GNA1

NGG1 gene-encoded HAT activity

Hsp90 regulation by KDACs

Promotes gene transcription by increasing
chromatin accessibility

Plays a role in DNA damage repair
and pathogenicity

Modifies chromatin structure and promotes
DNA repair

Modulates nucleosome positioning and
chromatin structure changes

Impairs hyphal growth upon Esal deletion

Regulates histone acetylation, influencing
morphological transitions

Alters histone acetylation, influencing survival
in macrophages

Regulates growth and virulence

Involves in morphological transformation
and virulence

Enhances antifungal treatment effectiveness by
regulating Hsp90 activity

Enhances transcriptional activation, aiding host
adaptation and pathogenicity

Protects against DNA damage and enhances survival
in macrophages

Impacts DNA damage response and growth pattern
changes, reducing survival

Regulates white-opaque morphological transition and
phenotypic plasticity

Contributes to hyphal growth and virulence

Affects hyphal transition and virulence

Regulates stress response and immune evasion

Modulates pathogenicity and immune evasion

Influences pathogenic potential through
morphological regulation

Plays a critical role in drug resistance
and morphogenesis

Waurtele
etal, 2010

Lopes da Rosa
etal, 2010

Tscherner
etal, 2012

Guan and
Liu, 2015

Wang et al,, 2013

Wang et al,, 2013

Yu et al,, 2022

Mio et al,, 2000

Lietal, 2017a

Li et al, 2017b
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