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Abstract: Antimicrobial strategies have consistently been a central theme in caries prevention research. Due to their potent 
antibacterial properties and the potential for multifunctionality through sequence modification, antimicrobial peptides (AMPs) are 
emerging as promising candidates for anticaries therapeutics. Traditional investigations primarily focused on the broad-spectrum 
bactericidal efficacy of AMPs to eradicate cariogenic bacteria; however, this approach may inadvertently harm the beneficial oral 
microbiome. With advancing knowledge of oral microecology, the focus has progressively shifted towards ecological approaches. 
These strategies aim to selectively modulate cariogenic populations or the disease-associated microbiota while preserving microbial 
diversity and maintaining ecological balance, as demonstrated in multispecies biofilm models and sequencing-based microbiome 
analyses. Current innovations include targeting specific pathogens, regulating virulence factors, utilizing bio-responsive mechanisms 
within the cariogenic microenvironment, and disrupting dental plaque biofilms. This article reviews the current progress and 
limitations of antimicrobial peptide-based ecological approaches to caries control and offers valuable insights for the future design 
and optimization of antimicrobial peptides with microecology regulating effects or other promising functions aiding caries prevention. 
Keywords: antimicrobial peptides, dental caries, anticaries agents, ecological prevention of dental caries, multifunctional peptides

Background
Dental caries is among the most prevalent chronic diseases worldwide, leading to complications such as pain, tooth 
loss, and masticatory dysfunction, all of which significantly affect quality of life and impose considerable economic 
burdens.1 Under physiological conditions, cariogenic and commensal bacteria maintain a dynamic homeostasis, 
wherein transient acidogenic activity is effectively neutralized by the salivary buffering system and innate anti
microbial components.2 However, this ecological equilibrium can be disrupted by the convergence of multiple 
determinants, including frequent carbohydrate consumption, diminished salivary flow or buffering capacity, altered 
host immune responses, and innate variations in enamel composition and structure.3 Excessive carbohydrate intake 
and inadequate oral hygiene drive the accumulation of exopolysaccharides (EPS) and prolonged acid production. 
When coupled with insufficient salivary clearance and neutralization, this promotes the progressive acidification of 
the dental plaque biofilm. This process, heavily modulated by host susceptibility and microbial succession patterns, 
selects for highly aciduric and acidogenic microbiota, ultimately establishing a dysbiotic microenvironment. 
Consequently, when the localized drop in pH disrupts the delicate balance between demineralization and reminer
alization—a threshold further dictated by enamel solubility and salivary mineral content—the progressive destruc
tion of dental hard tissues ensues (Figure 1). 2–7

Antimicrobial peptides (AMPs) can combat bacteria, viruses, and fungi.8 They generally disrupt bacterial cell 
membranes, leading to cell lysis, and pose a minimal risk of inducing drug resistance.9 Additionally, they can 
undergo conformational transitions to form nanonets or nanofibers, thereby preventing biofilm formation, and can 
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inhibit cellular metabolism and translation through intracellular mechanisms.10–12 Previous research has primarily 
focused on their bactericidal efficacy against cariogenic bacteria and dental biofilms. These compounds have 
demonstrated antimicrobial activity against a wide array of oral bacteria.13 Their potential anti-caries effects are 
attributed to their broad-spectrum antimicrobial properties, which, however, result in a lack of specificity and may 
lead to microbial dysbiosis. A significant challenge associated with the use of AMPs is that their broad-spectrum 
nature may indiscriminately target both pathogenic and commensal bacteria, potentially causing unpredictable 
disruptions to the oral microbiota and adverse effects on host health.14,15 Consequently, researchers are advancing 
the development of novel AMPs to establish an effective and ecological strategy for the prevention and management 
of dental caries.13,16,17 These novel ecological antimicrobial strategies aim to achieve caries control while strictly 
preserving microbial diversity. This preservation is typically substantiated by complex experimental frameworks, 
such as saliva or dental plaque-derived biofilm models and in vivo studies, where microbiome sequencing analyses 
confirm that overall microbial diversity remains intact despite the suppression of cariogenic phenotypes and caries 
progression. Furthermore, advanced approaches actively restore a balanced microecology by selectively reducing the 
abundance of caries-associated pathogens without disrupting commensal populations. At a minimum, in vitro 
multispecies models must demonstrate the suppression of cariogenic bacteria or their virulence, without altering 
the overall proportion of commensal species.18–20 Beyond their antimicrobial efficacy and concerns about side 
effects on the oral microbiome, the applicability of AMPs is also constrained by their potential cytotoxic effects on 
host cells and their capacity to affect local immune responses. Uncontrolled or non-selective activity could lead to 
inflammation or soft tissue impairment.21–24 Therefore, the design of anticaries peptides must also focus on 
biocompatibility to preserve oral tissue health. Novel strategies, such as pH-triggered activation, where antimicrobial 
activity is enhanced specifically within the acidic cariogenic niche, offer a promising approach to minimize off- 
target effects on healthy oral tissues under neutral physiological conditions, ensuring both safety and ecological 
balance.25 In addition to biocompatibility issues, the clinical translation of AMPs is significantly hindered by their 
proteolytic instability in the complex oral environment. Notably, the oral cavity is replete with diverse proteases 
originating from saliva, host cells, and bacteria, which can rapidly degrade linear peptides. This rapid enzymatic 
cleavage leads to severely shortened half-lives and reduced therapeutic efficacy.26,27 Therefore, addressing this 
structural vulnerability is essential for the successful formulation of AMP-based therapeutics for caries prevention.

This literature review presents a comprehensive overview of some novel typical antimicrobial peptides with 
ecological properties and discusses future development strategies, aiming to inspire more researches in antimicrobial 
peptide-based caries prevention strategies.

Figure 1 Ecological plaque hypothesis of dental caries. The development of dental caries is caused by the dysbiosis of oral microecology, the acidification of the plaque 
microenvironment, and the disequilibrium of enamel mineral homeostasis.4–6
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Specifically Targeted Antimicrobial Peptides (STAMP): Eliminating 
Cariogenic Bacteria or Virulence Factors Precisely
AMPs exhibit significant structural diversity and exert their antimicrobial effects on a broad spectrum of extracellular and 
intracellular targets through various mechanisms.15 This diversity of mechanisms presents substantial opportunities for 
the design of AMPs that can selectively interact with specific microorganisms, leading to the development of STAMPs 
targeting cariogenic bacteria.

Usually, STAMPs incorporate a species-targeting peptide domain conjoined with an antimicrobial killing peptide 
domain, a longstanding yet effective design concept that persists today.28,29 The targeting domains increase the concentra
tion of antimicrobial peptides on the surface of target bacteria, thereby enhancing the killing efficacy and dynamic 
properties of the antimicrobial peptides. Several studies have demonstrated that STAMPs can be engineered to selectively 
target and eliminate Streptococcus mutans without affecting other non-cariogenic oral streptococci (Figure 2). 30–33 

Furthermore, the incorporation of a targeting domain enables the antimicrobial peptide to specifically act on cariogenic 
bacteria while sparing host oral cells and tissues, thereby enhancing its potential safety profile during application.

C16G2 and C16G2-Like STAMPs
An early and notable instance of the STAMP is C16G2, which consists of three interconnected yet distinct domains.33 

The targeting domain of the STAMP, CSP-C16, is a truncated variant of the competence stimulating peptide (CSP) 
pheromone from S. mutans. This domain is fused with G2, a fragment derived from the broad-spectrum antimicrobial 
peptide novispirin G10. The two regions are linked by a flexible tri-glycine linker. Within a multispecies community, 
C16G2 selectively inhibits S. mutans and suppresses some harmful bacteria interacting with S. mutans, while concur
rently allowing for the relative enrichment of beneficial symbiotic bacteria such as S. mitis and S. cristatus.31,33 This 
selective modulation facilitates the development of a more benign oral microbial community, indicating that STAMPs 
possess the capability to regulate microbial ecology.15,31 Furthermore, C16G2 exhibits rapid action, affecting bacteria 
within a minute, and is water-soluble, rendering it suitable for delivery via mouth rinse.34,35 R. Sullivan et al reported that 
C16G2 rinse usage was associated with reductions in plaque and salivary S. mutans, lactic acid production, and enamel 
demineralization.35 C16G2 has completed a Phase II clinical trial (ClinicalTrials.gov Identifier: NCT03196219), which 
evaluated various varnish and strip formulations in both male and female dental subjects using a single-blind, open-label 

Figure 2 As illustrated, STAMPS consist of two functional components, a targeting domain and a killing domain. The targeting domain guides STAMPS to specifically 
recognize and bind to cariogenic bacteria (eg., S. mutans), enabling the killing domain to destroy them. This precision-targeted approach specifically eliminates cariogenic 
bacteria while leaving commensal bacteria unharmed. Ultimately, this decreases the dominance of cariogenic pathogens and significantly inhibits the cariogenic properties of 
the dental plaque biofilm, such as EPS accumulation and acid production.30–33
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design.36,37 The primary outcomes assessed included safety and tolerability, as well as reductions in S. mutans levels. 
However, the open-label nature of the trial and the absence of detailed microbiome-profiling outcomes limit the 
assessment of its true ecological impact. Additionally, robust sample size justification and long-term efficacy data 
were not reported in the available trial summaries, representing further limitations of the current clinical evidence. 
Consequently, antimicrobial peptides hold significant potential for practical applications. However, further clinical 
translation has been hindered by the high costs of chemical synthesis, which pose limitations for the use of antimicrobial 
peptides in caries prevention. Some studies have suggested biosynthesis strategies for antimicrobial peptide production to 
enhance efficiency and reduce costs.38,39 Montesinos et al utilized rice oleosin 18 as a carrier protein and applied oleosin 
fusion technology to efficiently synthesize cecropin A in rice seeds, indicating that the use of plants as biofactories for 
AMPs may represent a cost-effective and safe alternative.40 In a related study, Amir Pandi et al developed a cell-free 
protein synthesis platform for the rapid and economical production of antimicrobial peptides directly from DNA 
templates.41

Building upon the design strategy of STAMPs C16G2, subsequent research has integrated antimicrobial peptide 
domains with targeting domains such as C16 to develop targeted anticaries peptides. For instance, Che et al engineered 
a human-specific targeted antimicrobial peptide, C16-LL-37, aimed at S. mutans by combining the human antimicrobial 
peptide domain LL-37 with the targeting domain C16.42 Similarly, Huo et al designed and chemically synthesized 
a series of STAMPs exhibiting selective antibacterial activity against S. mutans in both planktonic and biofilm states, 
while demonstrating minimal effects on oral Streptococci and multi-species biofilms. They also investigated the potential 
of various fragments of CSP to function as the STAMP-targeting domain (C8: TFFRLFNR; C11: TFFRLFNRSFT; C12: 
LSTFFRLFN; C13: STFFRLFNRSFTQ; C14: LSTFFRLFNRSFTQ).32 This approach has facilitated the exploration of 
additional STAMPs. Employing this methodology, a greater number of STAMPs were investigated. He et al employed 
synthetic targeting and antimicrobial peptide libraries as foundational elements to create several novel STAMPs 
exhibiting selective activity against S. mutans. The STAMPs developed through these methodologies were subsequently 
optimized by modifying the linker and the incorporated antimicrobial peptides. The refined STAMPs exhibited efficacy 
against S. mutans and biofilms, thereby illustrating an enumeration method for screening STAMPs.43 This enumeration 
method also serves as an inspiration for the development and screening of antimicrobial peptides with enhanced efficacy 
through sequence assembly (Figure 3).

In summary, C16G2 could serve as a reference model for similar studies, encompassing its design strategy and 
anticaries functional validation.

Figure 3 Schematic of the combinatorial enumeration method for generating multifunctional peptides. Inspired by the design of STAMPS, this schematic illustrates a modular 
approach. As illustrated, different “Functional sequence 1” modules (such as antimicrobial domains) are linked to “Functional sequence 2” modules (such as targeting 
domains) using distinct “Linkers”. Through combinatorial assembly, these components generate a comprehensive library of theoretically multifunctional peptides for 
subsequent screening.
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Screening of Phage Peptide Libraries for Antimicrobial Peptides
Phage display is a robust and high-throughput screening methodology wherein exogenous genes are incorporated into the 
DNA of bacteriophages, facilitating the expression of a library of peptide or protein variants on the exterior of the phage 
virion.44 This technique has enabled researchers to identify peptide sequences with specific binding affinities for Candida 
albicans,45 Staphylococcus aureus,46 and Acinetobacter baumannii.47 While some investigations have focused on human 
antibody fragments capable of recognizing Streptococcus mutans with high specificity through human antibody variable 
gene phage-display libraries, there is a paucity of research dedicated to designing specific antimicrobial peptides targeting 
Streptococcus mutans using this technology.48,49 Lee et al employed a target non-immobilization approach for phage 
selection, successfully screening three effective sequences: SmP (SLSTATPLSLIR), SoP (SSSLSYPTTSHL) and LcP2 
(GHNRAQPMTTPF), for S. mutans, Streptococcus oralis and lactobacillus casei respectively.50 SmP showed high bind 
affinity for both S. mutans and S. oralis and decreased the biofilm thickness of the two species, but SmP only inhibited 
biofilm formation of S. mutans, suggesting the selectivity to some extent. Therefore, this approach could represent a new 
direction for research of targeted antimicrobial peptides against cariogenic bacteria.

Other STAMPs
Several studies have identified that certain anticaries peptides, which were not initially developed for targeted action, 
demonstrate selective inhibitory effects. Nonetheless, the precise mechanisms underlying their targeting capabilities 
remain unclear.

Proteomic analyses have shown significantly elevated levels of lactotransferrin in the acquired enamel pellicle of 
individuals susceptible to dental caries, indicating its crucial role as a caries-associated protein.51 Based on this research, 
Luo et al designed and synthesised novel lactotransferrin-derived antimicrobial peptides, designated as LF-1.52 In follow- 
up studies and subsequent analyses, LF-1 displayed selective antibacterial activity against S. mutans rather than common 
oral streptococci strains.53 While the design of LF-1 deviates from traditional targeting strategies, it exhibits a strong 
interaction with the membrane of S. mutans, causing significant membrane disruption compared to the commensal 
bacteria S. sanguinis and S. gordonii. This observation suggests that LF-1 may engage with specific binding sites on the 
S. mutans membrane.53 This study advocates for the use of proteomic techniques to analyze protein profiles in acquired 
enamel pellicle or saliva, aiming to identify proteins that are differentially expressed between individuals susceptible to 
dental caries and those who are caries-free. These differentially expressed proteins could serve as templates for designing 
biomimetic anticaries peptides, offering a promising strategy for dental health. Numerous salivary proteins, such as 
lysozyme, play a crucial role in defending against cariogenic bacteria and maintaining oral microbiota balance.2 

However, due to the limited exploration of underlying mechanisms and the restricted inclusion of diverse bacterial 
strains, further assays are necessary to validate the selectivity.

Peptides Targeting Cariogenic Virulence Factors
Targeting cariogenic virulence factors is another promising precision-guided strategy for caries prevention. Precisely 
inhibiting cariogenic properties without excessively impacting the growth of oral bacteria may minimize harm to the oral 
microbiota. Furthermore, the reduction in virulence could diminish the ecological advantages of cariogenic bacteria, 
thereby aiding in the reestablishment of homeostasis. For instance, common targets include antigen I/II, which mediates 
bacterial adhesion to the tooth surface and co-aggregation; glucosyltransferases, which play essential roles in EPS 
production and biofilm establishment; and sortase A, a membrane-associated enzyme responsible for anchoring surface 
virulence proteins.54,55 Multiple small molecules have been synthesized using computer-aided drug design to perturb the 
adhesion and biofilm accumulation of S. mutans via the aforementioned targets.54,55 Beyond biofilm formation, efflux 
pumps and proton pumps represent other promising virulence targets that confer bacterial pathogenicity and colonization. 
For instance, reserpine—an inhibitor of multidrug resistance pumps—significantly impairs the efflux capacity of 
S. mutans without affecting its growth, thereby weakening its acid tolerance, mutacin production, and transformation 
efficiency.56 Similarly, the F-type ATPase is a crucial proton pump responsible for bacterial survival in the acidified 
cariogenic microenvironment. Small molecules such as bedaquiline, piceatannol, curcumin, and demethoxycurcumin 
have been shown to act as F-type ATPase inhibitors, effectively reducing enzymatic activity and bacterial growth under 
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acidic conditions.57 Although the inhibitors discussed above are small molecules rather than peptides, they are explicitly 
included here as conceptual analogues. They successfully illustrate the feasibility of targeting specific virulence factors 
and highlight the utility of computational drug discovery—approaches that remain significantly underexplored in peptide 
design. Ultimately, while these proof-of-concept studies demonstrate the viability of virulence-targeted interventions, 
such strategies have yet to be widely adopted for anticaries peptides. Therefore, these small-molecule paradigms provide 
a highly valuable framework to inspire and guide future peptide-based therapeutics.

In most studies of anticaries peptides, their anti-virulence properties are derived from their antibacterial effects, 
serving primarily as a complement to antibacterial mechanisms. This limitation can be attributed not only to the complex 
structures of antimicrobial peptides, which pose challenges for binding to specific targets, but also to several additional 
physicochemical and delivery-related constraints. First, the proteolytic instability of peptides in the oral environment 
leads to rapid degradation before they can reach and interact with intracellular or membrane-associated virulence targets. 
Second, poor tissue penetration limits the ability of peptides to access deeper layers of dental plaque biofilms or infiltrate 
the complex extracellular polymeric matrix. Third, many key virulence targets, such as sortase A or components of two- 
component signal transduction systems, are located intracellularly or on the inner surface of the membrane, posing 
challenges for intracellular accessibility that most cationic linear peptides cannot readily overcome. These limitations 
highlight the need for innovative delivery strategies and structural modifications, such as conjugation with cell- 
penetrating peptides, encapsulation in nanoparticles, or incorporation of biofilm-penetrating domains, to enhance the 
translational potential of virulence-targeting peptides. For instance, Duprez et al found that a nine-residue ligand 
(PSPFATCDF) from the Escherichia coli oxidative folding machinery protein DsbB could bind the partner enzyme 
DsbA.58 The subsequent structure-activity relationship study provided additional modified peptides and confirmed their 
selective binding effects, thereby offering a novel approach for the design of anti-virulence peptides in caries prevention.

Do the so-Called Targeting Peptides Really Selectively Inhibit Cariogenic Bacteria?
Although numerous antimicrobial peptides reported in recent years have been proposed to selectively target cariogenic 
bacteria, many of them did not fully achieve such precision in practice. In this section, a table (Table 1) of antimicrobial 
peptides with claimed targeting and selective activity on S. mutans in the studies of 2020–2025 is summarized using 
a simple retrieval on PUBMED, ((target) OR (selective)) AND (peptide) AND (Streptococcus mutans), among which 64 
articles were searched and 10 original research articles (6 peptides) were selected because only the peptides, not 
combination or biomaterials, were used as antimicrobial strategies for caries prevention in these studies.25,50,52,53,59–64 

All six peptides were thought to possess selective inhibitory effects on cariogenic bacteria. Specifically, SmP and 8DSS- 
C8-P-113 were tested against only three bacterial species, whereas GHb and its derivatives were evaluated with a single 
oral commensal strain. In contrast, only LF-1, LH12, and GH12 were subjected to a more comprehensive analysis 
involving a broader array of cariogenic and commensal bacteria. Although SmP, GHb and its derivatives, and GH12 
demonstrated potent antibacterial effects against S. mutans and other cariogenic species, they also showed similar 
inhibitory activity against beneficial commensals such as S. oralis, S. sanguinis, and S. salivarius. The restricted scope 
of testing and the unintended suppression of commensal bacteria undermine the evidence supporting their purported 
specificity. Among these peptides, only LF-1 and GH12 were evaluated in vivo. However, LF-1 was not subjected to 
in vivo microbial profiling, rendering its impact on oral microbiota composition and S. mutans colonization ambiguous. 
While GH12 effectively decelerated caries progression, sequencing data did not reveal a significant reduction in oral 
S. mutans levels. While LH12 has yet to undergo in vivo testing, its efficacy in multi-species biofilm models has 
demonstrated enhanced selectivity, effectively inhibiting cariogenic pathogens while promoting commensal populations 
within an S. mutans–S. gordonii model. Among the six peptides analyzed, only LF-1 and LH12 exhibited notably 
selective inhibitory effects across various caries-associated species, although their underlying mechanisms remain largely 
unexplored. These findings underscore the necessity for future research to encompass a broader spectrum of bacterial 
species, employ more complex multi-species models, conduct rigorous in vivo studies, and pursue mechanistic investiga
tions to accurately assess the selective antibacterial efficacy of targeted antimicrobial peptides.
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Table 1 The so-Called Targeting Peptides for Dental Caries from 2020 to 2025

Antimicrobial Peptide Research Findings Limitations Safety Profile Ref

SmP 

(antimicrobial)

SmP was screened via phage selection. It showed 

high bind affinity for S. mutans and inhibited 
S. mutans biofilm formation.

Only three species (S. mutans, S. oralis, L. casei) 
were tested in this study, and SmP also bound to 
S. oralis and decreased its biofilm thickness. 

Therefore, it is not accurate to refer to SmP as 

targeted sequence.

Not evaluated in the original study. [50]

8DSS-C8-P-113 

(antimicrobial and 
remineralizing)

8DSS-C8-P-113 is composed of a non-specific 

antimicrobial peptide P-113, a competence 
stimulating peptide C8, and an enhancing 

remineralization domain 8DSS to make 

a multifunctional peptide. The antimicrobial 
domain C8-P113 targeted S. mutans with lower 

MBC.

Only three species (S. mutans, S. sanguinis, 
S. gordonii) were tested in this study. Only MBC 
was measured to demonstrate the differential 

activities on the planktonic bacteria. The MIC was 

unknown so whether 8DSS-C8-P-113 could also 
inhibit the commensal bacteria at the inhibitory 

concentration of S. mutans is unclear. Besides, no 

multispecies biofilm model is established to verify 
the targeted elimination of S. mutans.

There were no significant differences in cell 

survival rate of MC3T3-E1 treated with 8DSS-C8 
-P-113 up to 2×MBC (4 μg/mL). The cells treated 

with the peptide at 16 μg/mL were stained green 

with the LIVE/DEAD kit and exhibited a spindle- 
like morphology after 3 days of incubation. All 

rats survived without significant differences in 

body weights when treated with 8DSS-C8-P-113, 
as well as no abnormal signs were observed in 

the histopathology analysis in a rat caries model.

[59]

GHb, GHbR, GHbK, GHb3K 

(antimicrobial)

The temporin-derived peptides damaged cell 

membranes of S. mutans, disrupted EPS of 
S. mutans, inhibited biofilm formation and 

virulence genes expression. Particularly, they 

displayed a mild effect on the probiotics, such as 
Bifidobacterium adolensentis, Bifidobacterium breve, 
Lactobacillus acidophilus, whereas they killed 

pathogens effectively, suggesting a selective 
inhibitory potential.

In this study, the peptides killed S. sanguinis and 

Porphyromonas gingivalis the same effectively; 
however, S. sanguinis is primarily considered as 

commensal and probiotic in dental caries. So it is 

unappropriate to envisage the potential of the 
peptides for selectively inhibiting cariogenic 

pathogens to prevent dental caries. Moreover, 

the dental caries-associated bacteria involved in 
the test were limited. Contradictorily, GHb was 

spoken highly of its broad-spectrum antimicrobial 

effects in the previous study, while in its study on 
dental caries, the selective inhibition was 

highlighted.

GHb and GHb3K showed no cytotoxicity on 

human oral keratinocytes, even at 
a concentration of 100 μM, while GHbR and 

GHbK displayed no impact on the cell viability at 

the concentrations of 3.1–12.5 μM. For GHb3K- 
treated rats, the buccal mucosa and gingiva 

exhibited a normal morphology. Conversely, the 

GHbK-treated rats demonstrated indications of 
atrophy and thinning of the gingival epithelia. 

Likewise, the GHbR and GHbK treated rats 

displayed loosely separated gingival epithelial 
layers.

[60,61]

(Continued)
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Table 1 (Continued). 

Antimicrobial Peptide Research Findings Limitations Safety Profile Ref

LH12 

(antimicrobial)

This pH-responsive antimicrobial peptide was 

designed utilizing the acid-sensitivity of histidine 

to target the acidified microenvironment of 
cariogenic pathogens. LH12 showed selective 

inhibition on cariogenic pathogens, such as 

S. mutans, Actinomyces viscosus, Actinomyces 
naeslundii, L. casei, and Lactobacillus fermentum, 

with much lower MICs and MBCs than 

commensal streptococci. In a dual-species biofilm 
model containing S. mutans and S. gordonii, LH12 

suppressed S. mutans and promote S. gordonii.

In this study multiple cariogenic bacteria and 

commensal bacteria were involved to 

demonstrate the selective inhibition of LH12. The 
limitations lies in that the multispecies biofilm 

model is simple and the pH-response may not be 

the only mechanism of the targeting because both 
cariogenic and commensal bacteria live in the 

same acidified niche.

The in vitro hemolysis was only found at high 

concentrations (≥128 μg/mL), and the in vitro 

cytotoxicity to human gingival epithelial cells was 
also slight and only occurred at high 

concentrations (≥128 μg/mL).

[25]

LF-1 

(antimicrobial)

LF-1 was derived from lactotransferrin. LF-1 

killed S. mutans, Streptococcus salivarius, A. viscosus 
and A. naeslundii much more effectively than other 
streptococci and lactobacilli. LF-1 showed 

stronger membrane disrupting ability against 

S. mutans than S. gordonii and S. sanguinis

The mechanisms of LF-1 targeting S. mutans and 

actinomycetes remains unclear. Moreover, no 

multispecies biofilm model was conducted to 
observe whether LF-1 could really selectively 

inhibit the cariogenic bacteria in a complex 

microbiota.

LF-1 demonstrate hemolytic toxicity towards 

erythrocytes only at 128 μM, while the hemolytic 

toxicity of LF-2 was dramatically increased at 
64 μM. The cytotoxicity of LF-1 to human gingival 

fibroblast increased at 64 μM. The 

histopathological analysis indicated no signs of 
harmful effects of LF-1 and LF-2 at 32 μM on the 

oral mucosa in a rat caries model.

[52,53,62]

GH12 

(antimicrobial)

GH12 showed lower MICs and MBCs on 

S. mutans, lactobacilli and actinomycetes. The 

study attributed the selection to the pH-response 
of the histidine-rich sequence. GH12 could 

regulate dental plaque microbiota and prevent 

dental caries development.

Though GH12 was stronger against cariogenic 

bacteria, the gap between the cariogenic bacteria 

and commensal bacteria was not so wide, 
especially at acidic pH, that GH12 also showed 

similar antibacterial effects on S. sanguinis and 

S. salivarius. In a S. mutans infected rodent caries 
model, though GH12 inhibited caries 

development, suppress caries associated bacteria, 

such as Rothia, and promoted commensal 
bacteria, such as Strptococcus parasanguinis II, the 

abundance of S. mutans was not decreased by 

GH12, suggesting that in vivo efficacy of the 
targeting peptide is unclear.

GH12 showed no drastic impact on viability of 

human gingival fibroblasts even at 256 μg/mL. The 

in vivo biocompatibility of 8 μg/mL was validated 
with no mucosal irritation in a rat caries model.

[63,64]
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Bioresponsive Antimicrobial Peptides: Establishing a Balanced Oral 
Microbial Community in the Pathogenic Acidified Microenvironment
Targeted antimicrobial peptides undoubtedly offer a promising ecological strategy for caries prevention. However, 
microbial analysis of saliva samples and plaque samples has revealed that the abundance of S. mutans is not directly 
correlated with the occurrence and development of dental caries.65,66 Some studies have reported that S. mutans is not 
consistently detected in all cases of early childhood caries and may also be present in caries-free children, indicating 
a complex relationship between specific bacterial species and caries development.66,67 It is found that S. mutans is not the 
primary cariogenic bacterium in all patients, and there are other non-Streptococcus mutans cariogenic bacteria associated 
with high caries, such as S. sanguinis, S. mitis, S. sinensis, S. rubneri, S. vestibularis, S. cristatus and S. massiliensis.68 

These findings suggest that an exclusive focus on S. mutans for caries prevention may not yield optimal outcomes and 
could potentially disrupt microbial balance, allowing other cariogenic bacteria with similar biological traits to occupy 
larger ecological niches. Cariogenic bacteria may exist as part of normal oral flora in healthy environments and contribute 
to caries only in highly cariogenic oral environments. Therefore, antimicrobial caries prevention strategies should 
encompass not only the inhibition of cariogenic bacteria but also the management of high-risk microenvironments 
such as the acidification-induced microecological imbalances caused by various acid-producing and acid-tolerant 
bacteria.69 Therefore, bioresponsive strategies are proposed, which targets the dysbiotic microenvironment associated 
with dental caries and helps recover microbial homeostasis, is more consistent with ecological principles (Figure 4).

pH-Responsive Antimicrobial Peptides
Given that acidification of the microenvironment results in dysbiosis of dental plaque and enamel demineralization, the 
development of pH-responsive antimicrobial peptides, which exploit the pH differential between normal oral buffering 
conditions and acidic biofilms, represents a promising ecological strategy for caries prevention.

Wang et al designed and synthesized a cationic amphipathic α-helical AMP GH12 (GLLWHLLHHLLH-NH2) which 
showed rapid and strong antimicrobial activity against oral streptococci in vitro and inhibited various virulence factors of 
S. mutans effectively.70–72 In subsequent investigations, Jiang et al demonstrated that GH12 to some degree selectively 

Figure 4 Bioresponsive antimicrobial peptides for dental caries. The antimicrobial effects of the peptides can be activated by the pathogenic conditions via net charge change 
and conformation change. The bioresponsive antimicrobial peptides may be more sensitive to cariogenic bacteria because of the cariogenic microenvironment created by the 
pathogens. Apart from the direct bactericidal effects and virulence inhibiting effects on cariogenic bacteria, the peptides may also stimulate the production of antimicrobial 
substances from the commensal bacteria and promote their ecological advantages, and subsequently regulate the composition of the microbiota.
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inhibits S. mutans within a controlled multispecies biofilm model containing both pathogenic bacteria (S. mutans) and 
commensal bacteria (S. gordonii and S. sanguinis).73 Moreover, the potential of this antimicrobial peptide for ecological 
caries prevention has been substantiated. It exhibited minimal impact on the microbiota of human dental plaque-derived 
multispecies biofilms from healthy volunteers but could regulate the microbiota of dental plaque in the rat caries model 
in vivo, reducing the abundance of some cariogenic bacteria.64 Subsequent mechanistic studies have suggested that this 
modulation effect is attributable to the histidine-rich sequence present in GH12, which enhances the cationic and 
amphipathic properties of the peptide.63 Under acidic pH conditions, the histidine residue in GH12 becomes protonated, 
thereby increasing the net positive charge of the molecule.74 This enhanced positive charge promotes the electrostatic 
attraction of GH12 to anionic microbial membranes. In addition to the pH-responsive charge change, conformation 
change in the secondary structure of peptides, such as transitioning from a random coil at neutral pH to an α-helix at 
acidic pH, is also utilized to design the pH-responsive AMPs. For example F5 (FLEHLIPHVIHGLVHAIHH-NH2) was 
designed with an increased helical structure at acidic pH to enhance selective killing activity for bacterial abscess 
therapy.75

While GH12 exhibits ecological caries-preventive properties, it nonetheless impacts some symbiotic bacterial 
populations. Jiang et al further utilized the pH-sensitivity of histidine to design a pH-responsive antimicrobial peptide, 
LH12 (GLLHLLHHLLHH-NH2).25 LH12 exhibited significantly lower minimum inhibitory concentrations against the 
tested cariogenic bacteria compared to commensal bacteria. LH12 underwent protonation within the acidified cariogenic 
microenvironment, resulting in increased cationicity and stronger interactions with bacterial membranes. This acid- 
activated mechanism enabled LH12 to selectively target cariogenic pathogens and acidified niches without disrupting 
commensal bacteria. Furthermore, the acid-activated mechanism endows the peptide with an enhanced biosafety profile. 
Because healthy oral tissues are maintained in a buffered, neutral physiological environment, the peptide’s positive 
charge and membrane-interacting capabilities are substantially reduced, thereby minimizing unintended effects on host 
tissues.

LH12 demonstrated significant inhibitory effects on various virulence factors of S. mutans, including biofilm 
formation, acid tolerance, acid production, and polysaccharide synthesis. The expression of virulence-associated genes, 
such as gtfBCD, atpD, and ldh, was notably downregulated. Simultaneously, the transcriptional levels of genes involved 
in two-component signal transduction systems related to stress tolerance, cell viability, and the regulation of cariogenic 
virulence, including vicR, liaR, and comDE, were also diminished. Beyond its suppressive effects on S. mutans, LH12 
enhanced the production of hydrogen peroxide and the generation of reactive oxygen species by S. gordonii, thereby 
increasing its competitive advantage. These findings underscore the dual ecological regulatory role of LH12 in 
modulating the composition of biofilm-associated bacteria. LH12 effectively inhibits S. mutans activity while promoting 
the ecological benefits of S. gordonii, contributing to a healthier oral microbiome and reducing the risk of dental caries. 
Although in vivo model results are currently insufficient, preliminary findings indicate that the ecological modulation 
mechanism of antimicrobial peptides not only targets cariogenic bacteria but also promotes the growth of symbiotic 
bacteria. This dual-functional mechanism of LH12 offers a novel bioresponsive ecological approach for caries 
prevention.

Dual-Sensitive Antimicrobial Peptides
Zhang et al designed pHly-1 (KIWFHAMHIIAHFIAHQHLHQHL) by primarily replacing lysine with histidine 
residues.76 The AMP exhibited pH-sensitive activity under acidic conditions and demonstrated lipid-binding capabilities, 
suggesting its potential application in the treatment of dental caries. Under acidic conditions, it adopted random coil 
conformation and formed nanoparticles with an average diameter of approximately 40 nm. In contrast, at neutral pH, the 
peptide underwent a conformational shift to β-sheet structures, leading to the assembly of nanofibers. Within the acidic 
microenvironment of cariogenic biofilms, interaction with the bacterial membrane induced a coil-helix transition in the 
peptide pHly-1, facilitating its penetration into the lipid bilayer and subsequent disruption of the S. mutans biofilm. 
Conversely, at neutral pH, pHly-1 adopted a β-sheet configuration, forming nanofibers that remain in an aggregated state 
due to stabilization by hydrogen bonding and hydrophobic interactions. This aggregation impeded the penetration of 
pHly-1 into bacterial membranes, thereby exhibiting minimal toxicity to oral microbiota and host tissues. Subsequent 

https://doi.org/10.2147/DDDT.S592732                                                                                                                                                                                                                                                                                                                                                                                                                                       Drug Design, Development and Therapy 2026:20 10

Jiang et al                                                                                                                                                                             

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



in vitro and in vivo experiments have corroborated that this antimicrobial peptide demonstrates significant efficacy 
against cariogenic bacteria and biofilms, without adversely impacting oral microbial communities or host tissues. This 
design strategy thereby augments both the safety and ecological effectiveness of the antimicrobial peptide in combating 
dental caries.

In conclusion, bioresponsive strategies constitute a promising ecological approach for the application of antimicrobial 
peptides in the prevention and treatment of dental caries. Nevertheless, these studies are not without their limitations. 
Numerous researchers have expressed optimism regarding pH-responsive strategies, expecting these approaches to exert 
ecological regulatory effects that inhibit cariogenic bacteria and restore the balance between acid-producing and acid- 
tolerant bacterial populations. Despite this optimism, limitations in model construction, experimental design, and 
sequencing accuracy hinder the ability of these studies to conclusively demonstrate whether pH-responsive antimicrobial 
peptides can effectively regulate the dysbiosis in the microecology associated with dental caries as anticipated. This 
highlights the necessity for the advancement of both in vitro and in vivo models, as well as the exploration of 
microbiome analysis, in future research on pH-responsive antimicrobial peptides. Such improvements are essential to 
more effectively demonstrate the theoretical benefits of pH-responsive strategies.

Antibiofilm Peptides: Preventing the Accumulation of Cariogenic Initiator
Dental plaque biofilm has been considered as the initiator of dental caries. Biofilms serve as a physical barrier, 
safeguarding embedded bacteria from antimicrobial agents and the host defense system, while also providing 
a conducive environment for bacterial interaction and the accumulation of cariogenic virulence factors.77 

Consequently, the antibiofilm properties of various agents are of significant interest for their potential application in 
plaque control and caries prevention. Many antimicrobial peptides exhibit antibiofilm properties to varying degrees, as 
they can inhibit bacterial growth or directly kill bacteria, similar to other antimicrobial peptides discussed in this 
manuscript. Notably, certain peptides demonstrate antibiofilm efficacy without possessing bactericidal activity, which 
is believed to result in minimal adverse effects on the oral microbiota. This aspect will be further explored in this section.

Chen et al utilized computational methods to simulate short amyloid-forming peptides (ASNIVI, TSFVLV, GIDLKI) 
derived from the amyloid-forming truncated protein C123 of Streptococcus mutans. These amyloid-forming hexapeptides 
(AFhPs) displayed broad-spectrum antibiofilm activity against S. mutans as well as other Gram-positive bacteria, Gram- 
negative bacteria, and fungus, by aggregating into rigid amyloid fibrils that entangle microbe cells without killing 
bacteria.78 In addition, one of the AFhPs, GIDLKI, demonstrated efficacy in inhibiting multi-species biofilm formation 
and mitigating the progression of caries in both human tooth blocks and rat teeth.79 Kokilakanit et al found a series of 
pomegranate-derived peptides (LLKLFFPFLETGE, GAVGSVV, LGTY, FPSFLVGR) could inhibit biofilm formation of 
S. mutans without exhibiting strong bactericidal effects.80 The sequence LLKLFFPFLETGE was found to reduce 
glucosyltransferase activity, thereby impeding bacterial adhesion. In addition, taking the peptide sequence for other gram- 
positive pathogenic biofilm is useful to extend the scope of cariogenic biofilm control. A cationic synthetic peptide, 
called P1 (PARKARAATAATAATAATAATAAT), derived from the Ixodes tick antifreeze glycoprotein with potent 
antibiofilm activity against S. aureus, also strongly inhibited biofilm formation of S. mutans. This inhibitory action is 
likely attributable to the interaction between P1 and S. mutans, which disrupts surface attachment and microcolony 
aggregation.81 The anti-adhesion and anti-aggregation characteristics of these antibiofilm peptides offer promising 
avenues for the inhibition of biofilm formation and dispersion, potentially facilitating the removal of persistent dental 
plaque (Figure 5).

Bifunctional Anticaries Peptides: Providing Not Only Bacteriostasis but 
a Bonus of Tooth Surface Protection
Microenvironmental acidification and microbial dysbiosis lead to a localized reduction in pH, thereby disrupting the 
balance between mineral loss caused by oral microbial biofilms and physiological mineral uptake from the oral 
environment.82 This disruption is a fundamental cause of dental caries. It can be concluded that the initiation of bacterial 
activity and the subsequent demineralization of enamel ultimately result in the formation of dental caries. Traditional 
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antimicrobial peptides primarily inhibit bacterial proliferation to prevent caries but lack the capability to repair existing 
enamel damage. However, due to the variability in amino acid sequences of antimicrobial peptides, these molecules can 
exhibit a range of additional activities.83 Several studies have focused on the design of bifunctional antimicrobial 
peptides that target both antibacterial effects and the protection of tooth surfaces to prevent caries (Figure 6).

Dual-Action Peptide with Antimicrobial and Remineralizing Properties
It has been demonstrated that the design of peptides, through the assembly of two or more peptides, can yield distinct 
functionalities derived from their individual components and facilitate their formulation into pharmaceutical 
products.84,85 The initial design strategy involved the fusion of an antibacterial peptide with a short peptide possessing 
established remineralizing capabilities. Wang et al developed and synthesized a bifunctional anticaries peptide, TVH19 
(TKRQQVVGLLWHLLHHLLH-NH2), which exhibits both antibacterial and remineralizing properties.86 Its N-terminal 
mineralizing sequence, derived from the hydrophilic C-terminal tail of amelogenin TD7 (TKREEVD), is TKRQQVV, 
while its C-terminal antimicrobial sequence is antimicrobial peptide GH12 (GLLWHLLHHLLH-NH2). Research has 
shown that TVH19 exhibited the antimicrobial activities and could inhibit biofilm formation. Furthermore, researchers 
assessed the remineralizing activity of TVH19 in vitro, demonstrating its efficacy. It could promote remineralization of 

Figure 5 Antibiofilm peptides for dental caries. The antibiofilms peptides entangle bacteria to prevent the microbial aggregation, inhibit the activity of glucosyltransferase to 
reduce matrix production and bacteria adhesion, or serve as an obstacle to tooth surface attachment and bacteria co-aggregation, which destroy the formation and 
accumulation of the dental plaque microenvironment without killing bacteria.
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demineralized enamel, reduce mineral loss on the tooth surface and restore microhardness of demineralized enamel. 
Furthermore, Li et al designed bifunctional peptides, 8DSS-C8-P113, by fusing the non-specific antimicrobial peptide 
P-113 (AKRHHGYKRKFH) with a competence-stimulating peptide C8 (TFFRLFNR) to create a targeted antimicrobial 
peptide against S. mutans. C8-P113 was fused with enhancing remineralization domain 8DSS 
(DSSDSSDSSDSSDSSDSSDSSDSS) for addition remineralising activity. 8DSS-C8-P113 showed both anti-S. mutans 
effects and remineralising effects on etched enamel.59 An alternative design strategy for dual-action peptides involves the 
modification of antibacterial peptide sequences with mineralizing groups. In a study by Niu et al, the N-terminus of the 
LL-37-derived antimicrobial peptide KR12 (KRIVQRIKDFLR) was modified with gallic acid (GA), resulting in the 
novel peptide GA-KR12. This peptide comprises KR12 as the antimicrobial domain and gallic acid as the mineralizing 
domain.87 Studies have shown that the novel antimicrobial peptide GA-KR12 inhibited the growth of S. mutans biofilm 
and enhanced the remineralization of artificial dentine caries.88,89

Although TVH19 demonstrated both antibacterial and remineralizing properties, its antimicrobial efficacy was inferior to 
that of the template antimicrobial peptide GH12. The minimum inhibitory concentration (MIC) and minimum bactericidal 
concentration (MBC) of TVH19 against S. mutans were 64 μM (149.0 μg/mL) and 128 μM (249.9 μg/mL), respectively, 
which were much higher than the MIC and MBC of GH12 against S. mutans (8.0 μg/mL, around 6 μM).70,86 The fusion 
drastically lowered the antimicrobial activity of 8DSS-C8-P113. The MBC of C8-P113 against S. mutans was 30 μM 
(79.0 μg/mL), compared to 2000 μM (9922.0 μg/mL) for 8DSS-C8-P113. Notably, in remineralization assays, 8DSS-C8- 
P113 required a concentration of 16000 μM to exhibit significant effects, whereas the control group C8-P113 was effective at 
only 250 μM. When both peptides were administered at their respective MBC, they displayed similarly limited remineraliz
ing capabilities. Consistent with this pattern, GA-KR12 exhibited a MIC of 160 μM and an MBC of 320 μM against 
S. mutans, values significantly higher than those of the parent peptide KR-12.87 Furthermore, GA-KR12 required concentra
tions up to 640 μM to function effectively in an in vitro biofilm demineralization model.88 These findings suggest that the 
fusion of functional domains may compromise the intrinsic activity of each component, resulting in functional interference. 
Consequently, achieving the intended bifunctionality necessitates elevated dosages, which invariably increases application 
costs and hinders clinical translation. This reduction in antimicrobial efficacy likely stems from a biophysical conflict 

Figure 6 Bifunctional peptides for dental caries. Certain peptides can bind tooth surface and act as protective layer to inhibit bacterial colonization and biofilm formation. 
Other bifunctional peptides can kill cariogenic bacteria to eliminate the initiator of dental caries and promote the formation of hydroxyapatite and remineralize the damaged 
tooth surface.
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between the domains: antimicrobial peptides rely on specific cationic and hydrophobic properties to penetrate biological 
membranes,90 which may be disrupted by the introduction of mineralizing sequences. Conversely, the process of miner
alization typically demands hydrophilic and negatively charged domains to facilitate calcium ion binding and subsequent 
hydroxyapatite nucleation. This creates a structural paradox, as these requirements often oppose the physicochemical traits 
necessary for antimicrobial action. Therefore, a critical objective for future research is to delineate the optimal equilibrium 
between antimicrobial potency and mineralizing capacity. Achieving this balance is essential to engineering dual-action 
peptides that maintain high efficacy at reduced concentrations, thereby improving their therapeutic viability. It is also worth 
noting that remineralizing domains, owing to their interactions with calcium ions or hydroxyapatite, may inherently possess 
an affinity for the tooth surface, thereby contributing to peptide retention. For instance, as will be discussed in Dual-Action 
Peptide with Antibacterial Efficacy and Improved Retention on Tooth Surface, the phosphoserine (Sp) domain of Sp-H5 not 
only facilitates enamel adsorption but also actively drives the remineralization process.

Dual-Action Peptide with Antibacterial Efficacy and Improved Retention on Tooth 
Surface
Furthermore, the clinical utility of AMPs in the oral environment is frequently hindered by rapid salivary clearance and 
susceptibility to proteolytic degradation. To circumvent these stability issues, an alternative strategic approach focuses on 
enhancing the retention of AMPs directly onto tooth surfaces. By establishing a contact-active antimicrobial barrier on 
the enamel, this method effectively inhibits initial bacterial adhesion and subsequent biofilm maturation, thereby 
providing a potent mechanism for in situ caries prevention. Crucially, this site-specific anchoring ensures that anti
microbial activity is targeted strictly toward cariogenic plaque, minimizing disruption to the broader commensal oral 
microbiome. Additionally, this strong adsorption to the tooth surface prevents the peptide from accumulating on 
surrounding soft tissues, further mitigating any unintended impact on the oral mucosa.

To implement this strategy, Huang et al engineered a hydroxyapatite-binding antimicrobial peptide (HBAMP, 
NNHYLPR-GGG-KKVVFWVKFK) by fusing a broad-spectrum antimicrobial peptide (KSLW, KKVVFWVKFK) 
with a specific hydroxyapatite-binding heptapeptide (NNHYLPR) identified via phage display bio-panning.91 While 
the fusion resulted in a modest reduction in antimicrobial potency—HBAMP exhibited a MIC of 125 μg/mL and an 
MBC of 250 μg/mL against S. mutans, compared to 62.5 μg/mL and 125 μg/mL for the parent KSLW—its surface- 
functionalization properties were superior. In vitro assays demonstrated that HBAMP rapidly binds to hydroxyapatite, 
creating a contact-active antibacterial surface capable of eliminating adhering bacteria and effectively inhibiting biofilm 
formation on tooth substrates.92

Beyond simple surface retention, recent efforts have aimed to engineer molecules that possess simultaneous 
antibiofouling and mineralizing capabilities. In this vein, Zhou et al synthesized a bioactive conjugate, phosphoserine- 
histatin 5 (Sp-H5, phosphoserine-DSHAKRHHGYKRKFHEKHHSHRGY), by attaching a phosphoserine (Sp) moiety to 
the N-terminus of Histatin 5 (H5).93 As a naturally occurring salivary peptide, native H5 is recognized for its broad- 
spectrum antimicrobial activity against oral pathogens, including S. mutans, as well as its inherent ability to adsorb onto 
dental surfaces. The strategic addition of Sp was designed to augment this functionality by recruiting calcium ions to the 
tooth surface. Regarding its antimicrobial profile, Sp-H5 exhibited an MIC of 2 mM and an MBC of 4 mM against 
planktonic S. mutans. Although these concentrations are significantly lower than those required to eradicate established 
biofilms, they indicate a moderate efficacy against free-floating bacteria. Importantly, in vitro assays confirmed that 
Sp-H5 exhibits superior hydroxyapatite binding affinity compared to the native peptide, alongside an enhanced capacity 
to inhibit demineralization and promote remineralization. Consequently, conjugating the Sp domain to H5 not only 
anchors the peptide to the tooth surface to resist biofilm accumulation and exert sustained in situ antimicrobial activity, 
but also endows it with the capacity to repair damaged enamel through active remineralization. This highlights a highly 
promising two-pronged strategy that simultaneously tackles the two most critical targets in caries management: bacterial 
pathogenesis and structural mineral loss. Mechanistically, this binding is driven by strong electrostatic attractions 
between the cationic amino acid residues (Lys12, Arg13, Lys14, Lys18, and Arg23) of the peptide and the anionic 
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phosphate groups (PO4
3-) of the enamel lattice. Concurrently, the negatively charged phosphoserine moiety acts as 

a nucleation site by sequestering calcium ions, thereby facilitating hydroxyapatite crystal growth.
Building upon this conceptual framework, further optimization studies have focused on refining the functional 

domains of H5.94 Researchers selected P-113 (AKRHHGYKRKFH), the minimal active fragment of H5, as the core 
antimicrobial motif. To engineer dual-bioactive conjugates, specific functional moieties were appended to the C-terminus 
of P-113, yielding three distinct variants: P-113-DPS (incorporating a bisphosphoserine motif, SpSp), P-113-DA 
(conjugated with D-3,4-dihydroxyphenethylamine, or dopamine), and P-113-SK (fused with the hydroxyapatite- 
binding peptide SKHKGGKHKGGKHKG). Comparative analysis revealed that P-113-DPS exhibited the most compre
hensive therapeutic profile, demonstrating superior surface adsorption, antibiofouling efficacy, and inhibition of demi
neralization, alongside enhanced remineralization capacity, stability, and cytocompatibility. It is hypothesized that the 
interaction between the bisphosphoserine residues and divalent metal ions facilitates the accumulation of P-113-DPS on 
bacterial membranes, thereby increasing membrane permeability. Furthermore, in the P-113-DPS-hydroxyapatite com
plex, the exposed anionic DPS moieties serve as potent calcium attractors, significantly amplifying the peptide’s 
remineralizing potential. Collectively, this design strategy, which integrates antibiofouling and mineralizing functional
ities into a single construct, offers a promising paradigm for caries prevention and in situ enamel regeneration.

Potential Novel Strategy for Designing Multifunctional Peptides
Consistent with the examples discussed above, bifunctional peptides engineered via conventional sequence assembly 
strategies frequently suffer from compromised biological activity. These assembly protocols generally fall into three 
categories: (1) conjugation, where two active fragments are joined via a linker; (2) fusion, involving the direct coupling 
of functional domains; and (3) merging (or hybridization), where shared structural motifs between two fragments are 
utilized for integration (Figure 7). In such constructs, functional domains with divergent physicochemical properties— 
such as charge, hydrophobicity, and conformation—often exhibit mutual interference. This structural incompatibility 
increases molecular complexity while attenuating specific biological functions, creating significant hurdles for multi
functional peptide design. Consequently, there is a pressing need to optimize design strategies beyond simple physical 
assembly. While computational methodologies have been extensively applied to develop antimicrobial agents for caries 
management, their application specifically for bifunctional anticaries peptides remains largely unexplored. A relevant 
precedent is provided by Hsueh et al, who employed a super-learning-based algorithm to engineer multifunctional 
peptides capable of efficient cell entry and melanin binding.95 They successfully screened a lead candidate, HR97, for 
effective cell penetration and sustained drug release. Although distinct from the oral environment, this study underscores 
the immense potential of bioinformatics approaches in accelerating the discovery of novel anticaries agents. A refined 
iteration of the assembly approach involves the hybridization of chemically compatible functional segments. For 
instance, Christian et al successfully integrated two independent domains to construct a multifunctional peptide posses
sing both cell-penetrating and antimicrobial activities.96 Similarly, Wang et al engineered a peptide targeting autoimmune 
and oxidative stress-related disorders by combining immunomodulatory and antioxidant sequences.97 While fundamen
tally remaining a form of sequence assembly, this strategy distinguishes itself by selecting functions and sequences that 
are intrinsically compatible, thereby circumventing the activity loss typically caused by structural conflicts. However, the 
success of this method relies heavily on the extensive screening of compatible candidates. In the context of caries 
prevention, this highlights the critical need to deeply explore the structural interplay between antibacterial and miner
alizing fragments to identify combinations that permit harmonious functional integration.

Beyond physical assembly, a more innovative strategy is “sequence transformation.” Xie et al demonstrated this by 
modifying osteogenic growth peptide (OGP) into a multifunctional agent with integrated anti-infective, immunomodu
latory, and osteogenic activities (Figure 7). 98 Initially, they employed a conventional fusion strategy to create GK16 by 
combining sequences from OGP and lactoferrin. However, they subsequently developed two superior peptides, WL14 
and GL14, using a novel transformation approach. Recognizing that OGP inherently possesses a hydrophobic- 
hydrophilic alternation pattern similar to that of antimicrobial peptides, they preserved its basic skeletal framework 
while substituting specific amino acids to optimize amphiphilicity and net charge. Through these modifications, the 
osteogenic peptide underwent a structural transformation, acquiring additional immunomodulatory and antibacterial 
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capabilities. Essentially, this transformation entails introducing site-specific mutations within a primary functional 
sequence—guided by its conformational propensities—to align it with the structural requirements of a secondary 
function. This similarity-driven shift enables distinct functional motifs to operate concertedly within a single-sequence 
framework. This concept offers a compelling alternative for harmonizing antimicrobial and remineralizing fragments, 
paving the way for next-generation bifunctional anticaries peptides that simultaneously regulate the oral microecology 
and protect tooth surfaces.

Notably, beyond incorporating functional domains for enhanced tooth surface retention or remineralization, structu
rally modifying the peptide sequences themselves is a promising strategy to improve resistance against proteolytic 
degradation. The oral cavity contains a diverse array of proteases from saliva, host tissues, and bacteria that can rapidly 
cleave linear peptides and reduce their therapeutic efficacy.26,27,99,100 Although the complex oral environment poses 

Figure 7 The design concept of a group of mutlifunctional peptides.98 A novel design strategy named sequence transformation beyond sequence assembly was proposed in 
this study. Amino acid mutations at specific sites were conducted within the first functional sequence, based on its inherent conformational propensities, to progressively 
align it with the secondary functional sequence and thus facilitate multiple functions.
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a high risk of degrading AMPs and lowering their efficacy, most anticaries AMP studies do not routinely test for peptide 
stability. Instead, this focus is largely seen in pure peptide engineering research.101,102 This difference is likely due to 
disciplinary gaps, as dental research focuses more heavily on anticaries properties. This highlights a limitation in current 
oral research and suggests that stability testing must be included to broaden the characterization of anticaries AMPs.86 To 
overcome this challenge, various chemical and structural approaches have been utilized. These include cyclization to 
constrain peptide conformation and limit protease access; incorporating D-amino acids unrecognized by natural pro
teases; terminal modifications (N-terminal acetylation or C-terminal amidation) to prevent exopeptidase cleavage; and 
substituting labile residues with resistant analogs.26,103–105 These modifications can be seamlessly added without losing 
antimicrobial activity, thereby extending the peptide’s half-life and clinical viability. Future development of anticaries 
peptides should therefore consider not only the optimization of dual functionalities but also the engineering of proteolytic 
stability as an integral design criterion.

Conclusion
In summary, the development of AMPs for caries management has shifted from a purely bactericidal focus to a broader 
paradigm of ecological regulation. These next-generation agents are designed not merely to eliminate pathogens but to 
modulate microbial communities and provide multifunctional protection, thereby advancing the concept of ecological 
caries prevention. Broadly, these innovative peptides categorize into four distinct classes: specifically targeted AMPs, 
bioresponsive AMPs, antibiofilm peptides, and bifunctional anticaries peptides. The evolution of this field represents 
a convergence of diverse disciplines—spanning dentistry, microbiology, biochemistry, and biomaterials—reflecting the 
immense translational potential of these therapeutic agents.106–108 Notably, emerging evidence links dental erosion to the 
microbial proteolysis of protective salivary proteins within the acquired enamel pellicle,109 suggesting a novel therapeutic 
avenue: the development of AMPs capable of inhibiting bacterial proteases.

Despite significant progress and promising experimental data, several scientific and technological hurdles remain. 
A substantial proportion of novel anticaries AMPs have been validated predominantly in vitro using single-species 
biofilm models, leaving a gap in verification within complex, multi-species environments and in vivo systems. In contrast 
to the heavy emphasis placed on the antimicrobial, ecological, and anti-caries properties of AMPs, their safety profiling is 
often simplistic or overlooked. Considering their intended clinical application, these safety evaluations warrant signifi
cantly greater attention. Parallel to these safety concerns, while robust proteolytic resistance is equally critical for AMPs 
to function in the complex oral environment, independent stability assessments are largely absent in most studies. This 
omission likely stems from a retrospective assumption: once AMPs demonstrate efficacy in bacterial or in vivo models, 
researchers tend to implicitly assume adequate stability. This prevalent oversight highlights a critical blind spot in current 
methodologies and underscores the absolute necessity of incorporating dedicated stability assays in future research. 
Furthermore, many engineered peptides possess intricate architectures and extended amino acid sequences, factors that 
inevitably escalate production costs and hinder clinical scalability. Consequently, future research must prioritize four key 
areas: (1) the establishment of physiologically relevant in vitro and in vivo models that better mimic the oral micro
environment; (2) the optimization of peptide design to achieve structural simplicity while maintaining high potency at 
reduced concentrations; (3) the rigorous evaluation of AMP safety and stability within the complex oral environment to 
ensure rational and compliant clinical translation; and (4) the standardization of research protocols to facilitate 
reproducible pre-clinical assessment and the rapid transition of promising candidates into clinical trials.
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