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Abstract: 

Background: Dental materials are crucial for treating and improving oral health as teeth have limited 

regenerative capabilities. The structure of enamel and dentin poses challenges in oral health restoration, 

and traditional materials such as resin composites and colloidal nanoparticles have been explored for their 

regenerative potential. Despite advances, common oral diseases, including dental caries, remain 

widespread due to factors like bacterial infection. Additionally, the oral cavity presents a harsh environment 

for dental materials, where acids from bacteria can cause degradation. The ideal dental material should 

resist infection, promote remineralization, and regenerate dental tissues. 

Aim: This review aims to explore the design and applications of smart dental materials, particularly their 

antimicrobial capabilities, in addressing oral health challenges. These materials include bioactive, 

bioresponsive, and autonomous biomaterials that can respond to environmental stimuli to enhance 

treatment outcomes. 

Methods: The review examines various dental materials, categorized by their “smartness,” including 

bioinert, bioactive, bioresponsive, and autonomous. It discusses their use in antimicrobial therapy, 

specifically for the prevention and treatment of oral infections such as dental caries and periodontitis. Key 

materials and mechanisms, including antimicrobial agents such as silver and nanoparticles, are highlighted, 

along with innovative strategies for their delivery. 

Results: Smart dental materials exhibit diverse functionalities, such as pathogen eradication and biofilm 

disruption. The integration of antimicrobial agents into dental materials allows for sophisticated delivery 
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mechanisms that can release therapeutic compounds in response to environmental stimuli. For example, 

nanoparticles incorporated with agents like myricetin and farnesol offer enhanced biofilm control, 

targeting specific pathogens like Streptococcus mutans. 

Conclusion: The development of smart dental materials represents a promising frontier in oral health. 

These materials offer more effective and sustainable solutions for preventing and treating infections, 

reducing the risk of restoration failure, and promoting tissue regeneration. However, further research is 

needed to fully realize their potential in clinical settings. 

Key Words: Smart dental materials, antimicrobial agents, bioactive, bioresponsive, biofilm, dental caries, 

tissue regeneration, nanoparticles, and antimicrobial therapy. 
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Introduction: 

Because teeth have a limited ability to regenerate themselves, dental materials are required in 

order to treat and improve oral health [1]. Since enamel is a cellular, it cannot regenerate, whereas the stem 

cell pool in the tooth pulp limits and influences the regenerative capability of dentin [3]. For example, 

odontoblasts produce reactive dentin by secreting minerals in response to carious lesions [4]. Cells are 

embedded in the matrix of this freshly produced tissue, which has an atubular, disordered structure [5,6]. 

In order to treat, diagnose, prevent, and alleviate oral and dental pathological problems, dental materials 

are essential. For instance, resin composites are widely utilized to restore tooth function after pathogenic 

infection-induced tissue damage [7]. Furthermore, colloidal gold nanoparticles (NPs) and 

superparamagnetic iron oxide (SPIO) have been investigated as theranostic agents for dental pulp capping, 

exhibiting improved dentin regeneration and magnetic resonance imaging capabilities [8]. Significant oral 

diseases are nonetheless common despite the availability of preventive methods, despite the fact that they 

might be significantly reduced with basic self-care practices [9]. Dental caries, which affects 92% of 

individuals in the US, is one example [10]. As a result, dental supplies continue to be essential in the 

profession. For dental materials, the mouth cavity is an especially harsh and difficult environment. Both 

direct and indirect restorations may fail as a result of the acids produced by oral bacteria that demineralize 

hard tissues. Salivary esterase disruption causes this, hastening the hydrolytic breakdown of dental resin 

adhesives [[11], [12], [13]]. To effectively treat dental disorders, the perfect dental material should have the 

ability to fight off infections, stop hydrolytic degradation, encourage remineralization, form a strong link 

with tissues, and regenerate dental tissues. In particular, during treatment, such a material must withstand 

these degradative difficulties. The "holy grail" of dental materials that can fully meet these standards has 

not yet been found, despite continuous research. 

The creation of "smart" dental materials—materials with numerous functions for a range of 

therapeutic applications—is being made possible by technological and manufacturing advancements, 

including additive manufacturing. "Smart" biomaterials are typically made to change one or more of their 

characteristics in reaction to outside stimuli [14,15]. Enzymes generated over the course of a disease, for 

instance, can cause a smart biomaterial to release particular therapeutic compounds at the exact time 

needed for therapy. However, it is difficult to categorize and identify biomaterials with different levels of 

"smart" capability because the term "smart biomaterials" is vague and frequently misunderstood. A 

classification system for smart biomaterials was proposed by Montoya et al. (2021) to address this problem. 

This system is based on the biomaterial's degree of "smartness," which is based on how well it delivers 

therapeutic interventions and how much it interacts with its surroundings [16]. Bioinert, bioactive, 

bioresponsive, and autonomous are the four types they distinguished. 

Following implantation, bioinert biomaterials present little risk of damage or toxicity and interact 

with surrounding tissues very little [17]. One prominent example is polyetheretherketone (PEEK), a 

chemically inert substance frequently found in denture frames, endoposts, crowns, bridges, and oral 

implants [18]. Polymethyl methacrylate (PMMA) [21], titanium [20], and 316L stainless steel [19] are 

further bioinert materials. On the other hand, after being implanted or coming into touch with cells, tissues, 
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or bodily fluids, bioactive materials are made to trigger a particular biological reaction at the interface 

between the material and tissue [22]. Rather than materials that only aid in remineralization, the term 

"bioactive" here refers to compounds that have therapeutic benefits, such as antibacterial activities, 

regenerative characteristics, or drug delivery [23]. Once implanted, these biomaterials release therapeutic 

chemicals in an uncontrollable way. Fluoride-releasing substances, for instance, aid in maintaining the 

tooth's normal cycles of demineralization and remineralization [24]. More acid-resistant fluorapatite (FA) 

or fluorohydroxyapatite (FHA) compounds are formed when the pH of saliva falls below 5 because fluoride 

ions (F-) take the place of hydroxide ions (OH-) in the tooth's hydroxyapatite (HAp) [25]. Moreover, fluoride 

is toxic to bacteria by preventing their growth and preventing them from generating acids, surviving in 

acidic conditions, and adhering to tooth surfaces [26]. Bioinert dental materials can be transformed into 

bioactive forms by surface coating or functionalization  

Bioresponsive or stimulus-responsive biomaterials can release pre-programmed therapeutic 

compounds in response to certain environmental stimuli, such as light, temperature, pH changes, magnetic 

fields, or enzymes [27]. Both internal and external impulses can cause these materials to react. To cure 

caries, for example, a dental composite may include pH-sensitive nanoparticles (NPs) that, when exposed 

to acidic environments, release antimicrobial agents [28]. Autonomous biomaterials, the most 

sophisticated type, are able to detect various stimuli and modify their reactions, accordingly, providing 

customized interventions at particular periods. In order to sterilize and cure root canal infections, 

magnetically driven nanobots that are equipped with antibacterial treatments can enter dentinal tubules 

in radicular dentin [29]. Nevertheless, the promise of these intelligent biomaterials to improve oral health 

has not yet been completely realized in dentistry. 

Across a range of medical specialties, the application of smart biomaterials has grown dramatically 

in recent years [30]. Drug delivery [31,32], biosensing [33,34], tissue engineering [35,36], antibacterial 

therapies [37], tissue regeneration [30], and remineralization [38] are just a few of the many uses for these 

materials. In tissue engineering, for example, intelligent piezoelectric scaffolds are used to produce 

electrical signals that replicate the physiological processes of tissues [39, 40]. The multifunctional 

properties of these biomaterials are steadily helping dentistry, especially in the treatment and prevention 

of infections. The purpose of this article is to give a general overview of the design and use of active, 

bioresponsive, and autonomous biomaterials for antimicrobial therapy in dental applications. 

Oral Environment:: 

Bacteria, viruses, fungi, and protozoa are all found in the oral cavity, which is the second most 

complex microbial ecosystem in the human body [41]. In the oral cavity, more than 700 bacteria species, 

especially on teeth and dental materials, produce biofilms [42, 43]. These oral biofilms typically maintain a 

symbiotic, balanced relationship that inhibits the growth of pathogenic microbes, hence halting the 

progression of disease [44]. For example, in spite of intense microbial colonization, the immune system 

works in concert with commensal species to avoid acute infections of the oral mucosa [45]. When this 

equilibrium is upset, a condition known as dysbiosis takes place, which usually results in an overabundance 

of harmful microbes at the expense of helpful ones. Changes in the content and flow of saliva, inadequate 

dental hygiene, antibiotic treatments, and lifestyle choices including smoking and eating habits are all 

contributing factors to oral dysbiosis [46]. For instance, germs that are difficult to eradicate using standard 

cleaning techniques may be present at the interface between dental restorations and tooth tissue, leading 

to secondary caries and early restoration failure [47]. Furthermore, the general health and oral care habits 

of communities are greatly influenced by elements like socioeconomic disparities, public health regulations, 

and dental care accessibility [49]. 
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Figure 1: Levels of Smart Biomaterials. 

Caries, periodontitis, root canal infections, peri-implantitis, pulpitis, candidiasis, denture 

stomatitis, and soft tissue infections are among the oral disorders that can result from upsetting the normal 

equilibrium of the oral microbiome [50]. Increased sugar intake and decreased salivary flow in caries lead 

to the formation of acid-producing bacteria such as Streptococcus mutans, which demineralize tooth tissues 

and prevent commensal species from growing [51]. Pathogenic biofilms can cause persistent oral infections 

that cause dental tissue loss and possibly tooth loss if they are not controlled [52]. To avoid these infections 

and lessen the likelihood that dental procedures may fail too soon, antimicrobial dental materials must be 

developed [53]. 

Although oral infections typically exhibit polymicrobial characteristics, certain pathogens are 

commonly linked to specific dental conditions. The primary approach in the development of antimicrobial 

biomaterials is to inhibit the proliferation or target these specific pathogens. For instance, Streptococcus 

mutans is the predominant pathogen associated with dental caries, while an overgrowth of Candida albicans 

is implicated in the onset of denture stomatitis induced by Candida [54,55]. Most anti-caries biomaterials 

are evaluated primarily against this pathogen. However, dental infections are often polymicrobial. S. mutans 

does not act in isolation in the development of caries, as interactions with other microorganisms are 

evident. For example, C. albicans and S. mutans engage in a synergistic interaction during caries formation 

[53]. Microbial products from this cross-kingdom interaction promote the accumulation of S. mutans within 

biofilms, exacerbating the disease's severity and complicating treatment [53]. More advanced strategies in 

the design of antimicrobial dental materials focus on targeting specific virulence-associated genes pertinent 

to particular infections or disrupting bacterial communication systems (e.g., quorum sensing), via 

enzymatic degradation of signaling molecules, blocking signal production, or impeding signal reception 

[56]. A notable example includes the extracellular polymeric substance (EPS), which forms a protective 

matrix for cells during biofilm development. Disrupting the EPS, for instance, by utilizing enzymes such as 

dispersin B, offers a promising avenue for antibiofilm therapy [57]. Furthermore, quorum quenching, which 

involves the degradation or inhibition of autoinducers, suppresses quorum sensing and inhibits density-

dependent functions such as virulence and biofilm formation [58]. The primary advantage of these 

approaches lies in preventing the elimination of commensal organisms. The optimal antimicrobial strategy 

would integrate antibacterial agents (for pathogen removal) with capabilities for EPS disassembly and 

quorum quenching [57]. 

3. Smart Dental Materials for Antimicrobial and Antibiofilm Therapies 

The dental sector has employed a wide range of antimicrobial agents to address various infections. 

Additional details on antimicrobial dental materials are available in recent reviews 
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[59,60,61,62,63,64,65,66,67,68,69,70,71,72]. This review does not provide an exhaustive list of all 

antimicrobial agents used in dentistry. Instead, it presents a novel examination of the diverse strategies for 

delivering these agents, categorized by the level of sophistication of the biomaterials. For example, silver, a 

traditional antibacterial agent employed in the treatment and prevention of dental caries, is commonly 

delivered through surface coatings such as silver diamine fluoride (SDF) [73]. However, with the advent of 

nanoscale silver particles (NPs), these can be encapsulated or incorporated into various vehicles or carriers, 

thus facilitating a more "sophisticated" or "smart" delivery system. Additionally, the field has witnessed the 

emergence of dental materials that offer multiple antimicrobial functionalities, such as pathogen 

eradication and biofilm matrix disruption, by integrating various agents into a single carrier. A notable 

example is a dual antibacterial system comprising NPs loaded with myricetin and farnesol. This 

combination reduces biofilm acidogenicity and EPS synthesis, with farnesol serving as a membrane-

disrupting agent, while myricetin targets and eradicates S. mutans biofilms [74]. This paper highlights the 

various approaches used to deliver and release antimicrobial agents in dental applications, including 

bioactive, bioresponsive, and autonomous systems. Conventional materials and agents employed in the 

prevention and treatment of oral and systemic diseases, along with their respective antimicrobial 

mechanisms [75,78,96,106]. 

• Chemical Agents 

o Chlorhexidine (CHX): Binds to bacterial cell walls, disrupting membrane transport systems and causing 

cytoplasmic protein precipitation. 

o Tetracycline (minocycline, doxycycline): Binds to the bacterial 30S ribosomal subunit, inhibiting protein 

synthesis. 

o Metronidazole: Interferes with protein synthesis by interacting with DNA. 

o Triclosan (TCS): Blocks bacterial fatty acid biosynthesis at the FabI step of the enoyl-acyl carrier protein 

reductase pathway. 

o Amphotericin-B: Disrupts membrane stability by sequestering ergosterol. 

o Quaternary Ammonium Compounds: Induce antibacterial action through attraction to the negatively 

charged bacterial membrane. 

o Nitrous Oxide (NO): Generates reactive nitrogen oxide species (RNOS), causing oxidative and nitrosative 

damage to DNA, enzymes, and lipids. 

o Sodium Hypochlorite (NaOCl): Disrupts cytoplasmic membrane integrity, causing enzymatic inhibition and 

metabolic alterations. 

• Natural Agents and Extracts 

o Catechins (EGCG, GCG): Bind to bacterial cell walls, disrupting biosynthesis, or generate hydrogen peroxide 

through reactions with dissolved oxygen. 

o Coffea arabica/canephora: Inactivate cellular enzymes. 

o Cranberry Proanthocyanidins: Inhibit bacterial adhesion and coaggregation. 

o Allicin: Inhibits sulfhydryl-dependent enzymes like alcohol dehydrogenase. 

o Isothiocyanates: React with proteins, disrupting bacterial biochemical processes. 

o Clove Oil (Eugenol): Damages the bacterial cell membrane. 

o Citrus limonum/Citrus aurantium: Disrupt bacterial cytoplasmic membranes. 

o Punica granatum: Inhibits microbial extracellular enzymes and oxidative phosphorylation. 

• Compounds 
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o Quaternary Ammonium Polymers: Attract to the bacterial membrane, inducing antibacterial effects. 

o Zwitterionic Polymers: Form hydration layers that strongly repel bacterial adhesion via electrostatic 

interactions. 

o Chitosan: Binds to bacterial cell walls, altering membrane permeability and inhibiting DNA replication. 

o Catechol Derivatives: Produce hydrogen peroxide, which generates hydroxyl radicals damaging bacterial 

structures. 

o Polyaniline (PANI): Produces reactive oxygen species (ROS), damaging proteins and membranes. 

o Polyamidoamine (PAMAM): Binds to lipid membranes, leading to bacterial cell death. 

o Silver (Ag): Releases ions that disrupt bacterial membranes and cytoplasmic integrity. 

• Enzymes 

o α-Amylase: Prevents microbial adherence by inhibiting extracellular polymeric substances. 

o Salivary Peroxidases: Induces DNA damage and inhibits bacterial growth. 

o Lysozyme: Aggregates bacteria, affecting their adherence. 

o Lactoferrin: Disrupts bacterial membranes and deprives them of iron. 

o Dextranase: Disrupts biofilm formation by interfering with sucrose-dependent bacterial adhesion. 

o Mutanase, Krillase: Disrupt bacterial adhesion and coaggregation. 

o Dispersin B (DspB): Hydrolyzes biofilm exopolysaccharides, disrupting biofilm integrity. 

 

Bioactive Antimicrobial Therapies 

To counteract microbial activity, bioactive antimicrobial treatments use a variety of substances. 

These consist of chemical substances such antimicrobial peptides (AMPs) [77], cationic monomers [75,76] 

(like quaternary ammonium methacrylate, MDPB), antibiotics (like chlorhexidine (CHX) and minocycline), 

and both metallic and non-metallic fillers (like zinc oxide, or ZnO) [78,79]. These technologies usually 

provide the medication right after implantation by combining antimicrobial chemicals into a carrier 

(biomaterial). Leachable antibiotics, such as CHX, tetracyclines, and metronidazole, for example, are used 

in adhesives [80], sealants [81], and dentures [82] to limit microbial growth and stop biofilm development. 

Other nanospace carriers of antibacterial drugs, including dendrimers [85], nanocapsules [86], core-shell 

structures [87], liposomes [88], micelles [89], and nanofibers [90], have been investigated [83,84]. Micelles 

are preferred for their ease of manipulation and capacity to encapsulate agents [92], but nanofibers are 

high-loading carriers because of their large surface area [91]. Enhanced control over agent release, better 

pharmacokinetics (particularly for antibiotics), and higher selectivity are just a few advantages that these 

nano-carriers provide, all of which contribute to improved therapeutic success [83,93]. Numerous 

formulations of bioactive antimicrobials are now being used in therapeutic settings. For instance, Arestin® 

treats periodontal disease by using polylactide-glycolic acid copolymer (PLGA) microspheres that contain 

minocycline hydrochloride [94]. For sustained-release treatment, a similar idea was used with calcium 

polyphosphate glass microspheres loaded with minocycline [95]. 
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Figure 2: Pathogen Microorganisms associated to oral environment. 

For antimicrobial treatments, bioactive monomers are commonly added to dental resins (such as 

composites, primers, and adhesives) [[96], [97], [98]]. When left unpolymerized, these monomers have 

strong antibacterial qualities; once polymerized, they also impede contact. Moreover, antibacterial 

monomers may remain leachable as free compounds or become trapped within the polymer chain [96]. In 

order to improve antimicrobial effects while preserving mechanical qualities, solvent sorption, 

biocompatibility, and curing efficiency, recent studies have concentrated on raising the monomer 

concentration to 5% [96]. Both gram-positive and gram-negative bacteria, including those linked to caries 

and endodontic problems, have been tested against these substances. MDPB has demonstrated bactericidal 

action against a wide range of caries-related bacteria when added commercially to primer solutions of self-

etching systems (Clearfil Liner Bond 2, Kuraray Medical, Japan) and adhesives (Clearfil SE Protect) [99]. 

Concerns regarding microbial resistance to antibiotics may be resolved with the help of bioactive 

fillers [100]. These fillers, which are usually inorganic, are made at the nanoscale and come in a variety of 

forms [78]. The most widely used fillers include AMPs, polymeric/organic fillers (such as quaternary 

ammonium polyethyleneimine, chitosan), and nano-structures (such as silver, zinc oxide, titanium, copper 

compounds, glass, and nanodiamonds) [62]. These fillers or their ions are released into the surrounding 
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microenvironment to inhibit infections in order to have an antibacterial effect. Nanoparticles (NPs) provide 

a great deal of customizing potential when used as fillers. For instance, by modifying the size, surface area-

to-mass ratio, particle shape, surface charge, dosage, and coatings, NPs' antibacterial and antibiofilm 

response can be maximized [101]. Furthermore, fillers with fewer adverse effects can be altered to target 

particular infections. The antibacterial selectivity towards certain bacteria is improved by methods such 

surface charge modification, functional group addition, and molecule adsorption [102]. The filler content 

in dental composites affects the material's chemical, biological, structural, and cosmetic properties [103]. 

For instance, adding up to 7.5% ZnO NPs to a typical dental adhesive led to a notable decrease in bacteria 

in biofilms while preserving a respectable level of conversion, flexural strength, and elastic modulus [104]. 

Gram-positive and gram-negative bacteria, fungi, parasites, and viruses are among the many 

pathogens that AMPs have broad-spectrum inhibitory effect against [105]. Their shape (e.g., α-helical, β-

sheet), hydrophobicity, and net charge are associated with their antibacterial activity [105]. Saliva, gingival 

crevicular fluid (e.g., histatin-1,3, and 5), the epithelium (e.g., adrenomedullin, β-defensins), and 

neutrophils (e.g., α-defensins) are natural sources of AMPs [106]. When it comes to protecting against the 

virulence factors of bacteria, AMPs are essential. For example, mature α-defensin has antibacterial activity 

against Escherichia coli, Enterococcus faecalis, and Candida albicans, while histatin functions as an 

antimicrobial agent to prevent secondary caries induced by Streptococcus mutans [107]. Both 

manufactured and natural sources, such as bacteria, plants, insects, crustaceans, and mammals, can 

produce AMPs. AMPs have been included into implant coatings [110,111] and adhesive systems [108,109] 

as antibacterial agents. For instance, when added to dental adhesives, the peptide GH12, which comes from 

both bacterial and fungal origins, suppresses microorganisms at the adhesive/dentin interface [112]. 

Additionally, ε-Polylysine has been evaluated against oral pathogens associated with periodontitis and 

caries and added to resin systems [113]. The use of AMPs has expanded to ex vivo testing at dentin-

composite interfaces, where they have shown selective antibacterial action against the most common taxa 

linked to failed composite restorations as well as two important acidogenic colonizers [114,115]. Clinical 

research on AMPs have shown encouraging results, and products like C16G2 strips, varnish, and gels are 

being tested for their antibacterial properties against S. mutans in the treatment of dental decay [117,118]. 

Furthermore, it has been demonstrated that injecting Nal-P-113 into the periodontal pocket lowers the 

amounts of Porphyromonas gingivalis, Treponema denticola, Streptococcus gordonii, and Fusobacterium 

nucleatum in patient subgingival plaque [119]. For the treatment of oral candidiasis in HIV-positive people, 

a PAC113 (histatin analogue) mouthwash that targets Candida albicans is presently undergoing phase two 

evaluation [120]. The main benefits of AMPs over conventional antibiotics are their low cellular toxicity 

[123,124], quick beginning of action [122], and poor bacterial resistance [121]. Additionally, certain 

bacterial groups can be targeted by AMPs [125]. However, problems still exist, including low stability in 

vivo, excessive hemolysis, short half-lives (less than 37 hours), short spacer lengths that impair 

antibacterial activity, and expensive extraction procedures [126,127]. 

Because they stop germs from colonizing and forming biofilms on implant surfaces, antimicrobial 

coatings are essential parts of bioactive therapies, especially in implant dentistry. It has been demonstrated 

that these coatings lower the risk of implant failure, peri-implantitis, and peri-implant mucositis [128]. Both 

contact-killing and release-killing surfaces are used in antimicrobial coating techniques [129]. 

Antimicrobial components affixed to the surface, such as quaternary ammonium compounds [130], AMPs 

[131,132], and antimicrobial enzymes (AMEs) [133], are essential for contact-killing surfaces. For instance, 

peri-implantitis is treated using implant surface coatings that include GL13K, an AMP that is generated from 

the human salivary protein BPIFA2 [134]. When paired with GL13K, a titanium dioxide (TiO2) nanotube 

coating demonstrated antibacterial action against Porphyromonas gingivalis and Fusobacterium 

nucleatum, along with biocompatibility with macrophage and preosteoblast cells [135]. Drug delivery 

methods [136] or ion-releasing coatings like copper (Cu), zinc (Zn), silver (Ag), and gold (Au) [137] are 

commonly used in release-killing coatings. Although their optimum antibacterial potency may occasionally 

jeopardize biocompatibility and osseointegration, these antimicrobial coatings provide localized activity 

advantages over systemic antibiotic administration [138]. 
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By changing the surface topography, anti-biofouling surfaces stop microorganisms from adhering 

and forming biofilms [139, 140]. Some of these topographical changes are modeled after the structure of 

plant surfaces (like lotus or rose petals) and animal skins (like shark, cicada, or dragonfly wings) [141]. In 

contrast to unaltered wires, Arango-Santander et al. (2020) reduced the adherence and colonization of S. 

mutans by altering orthodontic archwires to resemble the surface of Colocasia esculenta leaves [142]. In 

wet conditions, catechols inspired by mussels, like dopamine and polydopamine (PDA), are used for surface 

bonding and functionalization [143]. By generating hydrogen peroxide (H2O2) and singlet oxygen (O2), 

catechol coatings prevent bacterial adherence and growth and cause oxidative stress, which kills bacteria 

[144]. Catechols are good for dental implant coatings because of their antibacterial qualities, as well as their 

high biocompatibility and moisture resistance [145,146]. For instance, when compared to uncoated 

implants, PEEK dental implants coated with graphene oxide (GO) and PDA shown a notable decrease in 

bacterial attachment from Porphyromonas gingivalis, Fusobacterium nucleatum, and S. mutans [147]. 

Furthermore, dopamine methacrylate-based polymeric particles can be added to hydroxyapatite (HA) 

coating to create a strong bond and increase surface roughness, which would increase antibacterial activity 

[148]. 

Polymeric particles composed of dopamine methacrylamide (DMA) and eugenyl methacrylate 

(EMA), utilized as coatings on titanium implants, demonstrated exceptional antimicrobial efficacy (over 

90%) against Escherichia coli [148]. Typically, micro-scale topographies lack bactericidal properties but 

may reduce bacterial adhesion [149]. In contrast, nano-scale topographical features with high aspect ratios 

(ranging from 0.2 to 2 in width-to-height ratio) induce significant deformational stress on bacterial 

membranes, leading to rupture [150]. However, the antimicrobial effectiveness of patterned surfaces is also 

influenced by the specific microbial species [151]. While several studies have explored the impact of 

topographical modifications on both gram-positive and gram-negative bacteria in orthopedic applications 

[[152], [153], [154]], the advancement of such approaches in dental applications, particularly those 

involving in-vivo results, remains limited. A recent study involved etching commercially pure titanium to 

form spiked surfaces, effectively eliminating anaerobic dental pathogens [155]. 

Despite the commercial use of several bioactive antimicrobial agents, certain limitations persist. A 

primary challenge is the long-term delivery of antimicrobial therapies, which could lead to antimicrobial 

resistance through horizontal gene transfer among bacteria [156,157]. These technologies typically release 

antimicrobial agents immediately after implantation, leading to rapid depletion and insufficient therapeutic 

duration (often less than one year) [158]. Once exhausted, the agents cannot be replenished. Additionally, 

the release of antimicrobial agents may alter the properties of the carrier. For instance, dental composites, 

sealants, or adhesives with depleted antimicrobial agents may exhibit diminished mechanical and physical 

properties compared to their counterparts without such agents [96]. Uncontrolled release further 

complicates the delivery of an adequate dosage, potentially accelerating agent depletion or providing 

insufficient amounts for effective therapy. This issue has been somewhat mitigated by employing nano-

carriers. Furthermore, the lack of specificity in targeting pathogens can lead to collateral damage, 

disrupting the balance of the oral microbiota and harming commensal species [159,160], as the therapy 

indiscriminately affects all microorganisms in the microenvironment. Despite the advantages of chemical 

compounds—such as high efficacy, elevated cure rates, and minimally invasive applications—concerns 

about microbial resistance to antibiotics persist [161,162]. Antimicrobial polymers, while overcoming 

some drawbacks of leachable agents (e.g., prolonged activity without leaching, minimal toxicity to 

mammalian cells, reduced resistance, and enhanced chemical stability) [163], face challenges, including 

limited efficacy against gram-positive strains and high production costs [163]. Moreover, although several 

clinical trials have successfully tested the use of nanoparticles in dental materials as antimicrobial agents 

[[164], [165], [166], [167], [168]], the widespread clinical adoption of these nanoparticles is hindered by 

concerns over the release of toxic ions, which can trigger inflammation, immunotoxicity, cytotoxicity, and 

genotoxicity in healthy cells. For example, titanium nanoparticles released from implants during 

decontamination procedures, such as ultrasonic cleaning and laser treatment, can provoke a pronounced 
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systemic immune response [169,170]. The challenge of controlling nanoparticle dispersion in clinical 

settings remains a significant concern [171]. 

Bioresponsive Antimicrobial Therapies 

Materials that can recognize particular stimuli and react by releasing therapeutic substances are 

known as bioresponsive or stimulus-responsive biomaterials [16,66,172]. These materials are frequently 

made to include antimicrobial compounds in carriers, which alter their characteristics (such as 

deterioration) in reaction to stimuli, allowing the agent to be released in a controlled manner [173]. Because 

they overcome some of the drawbacks of traditional bioactive antimicrobial treatments, bioresponsive 

antimicrobial biomaterials hold great promise. These materials improve the efficacy, dose, localization, and 

duration of therapy while providing better targeting of certain infections. These responsive technologies in 

dentistry are triggered by a variety of internal stimuli, including microbial metabolites (like secreted 

enzymes), microenvironmental signals (like salivary enzymes or low pH levels caused by pathogens), or by 

targeting particular peptides, proteins, or genes on the microbial surface. These biomaterials can also be 

activated by extrinsic stimuli like as electrical fields, light, magnetism, and masticatory strain. The several 

bioresponsive antimicrobial biomaterials utilized in dental applications are examined in this section.  

One important subset of biomaterials in this field are pH-responsive biomaterials, which react to 

variations in the pH of the surrounding medium. Depending on the pH, these materials may expand, 

collapse, or change other characteristics. For example, certain hydrogels alter structurally in an acidic 

environment, expanding to release therapeutic drugs, and collapsing to retain the medication in a basic 

environment [174]. In dentistry, where many oral infections are aciduric and acidogenic and cause major 

changes in the pH of the microenvironment during the course of disease, the development of pH-sensitive 

biomaterials is extremely beneficial. For instance, normal saliva has a pH range of 6.2–7.6, whereas the 

microenvironment pH falls to between 4.5 and 5.5 with active dental caries. As a result, pH-responsive 

biomaterials are now the go-to option for treating peri-implantitis, periodontitis, and dental cavities [175].  

Hydrogels, resins (adhesives and sealants), and nanocarriers (such micelles) have all been used as the 

"smart" vehicles for pH-responsive antimicrobial technologies in dental applications. When exposed to 

particular pH values, polymers with weak acid groups (like carboxylic acids) or base groups (like primary 

and tertiary amines) alter in ionization, solubility, surface activity, and configuration, which makes them 

useful for therapeutic applications [177]. In dentistry, for instance, the tertiary amine resin 

dodecylmethylaminoethyl methacrylate (DMAEM) serves as a pH-responsive agent [178]. DMAEM 

functions as a cationic polymer in acidic environments, generating quaternary ammonium monomers that 

release antibacterial agents [178]. DMAEM has recently been added to dental adhesive resins, which have 

antimicrobial properties in acidic conditions (pH < 6) and provide long-term antimicrobial benefits without 

upsetting the equilibrium of the oral microbiota. The application of DMAEM to resin-based sealants has 

been effectively expanded by additional study, improving their resistance to microleakage [178]. In 

dentistry, caries has also been treated with pH-responsive hydrogels that release antibacterial compounds. 

In order to prevent dental caries, one study created a hydrogel made of N-dimethylaminoethyl methacrylate 

(DMAEMA) and 2-hydroxyethyl methacrylate (HEMA) that effectively produced chlorhexidine (CHX) in 

response to acidic pH levels [179].  

Furthermore, antimicrobial compounds have been encapsulated and released in response to pH 

variations using pH-responsive nanocarriers, such as core-shell nanoparticles, micelles, and nanogels. 

These nanocarriers usually consist of charge-shifting polymers or pH-degradable links that release their 

payload in a regulated way when exposed to acidic environments [182]. By enhancing agent stability, 

solubility, and penetration within biofilms, this tailored release boosts therapeutic efficacy [184]. For 

example, in animal models, farnesol-loaded pH-responsive micelles have been demonstrated to lessen the 

severity of dental caries [89]. Similarly, it was discovered that farnesol and pyrophosphate-containing 

polymeric micelles adhered to dental enamel and released farnesol in acidic environments, preventing the 

growth of germs [89]. antibacterial drugs including metronidazole and N-phenacylthiazolium bromide 

(PTB) have been encapsulated in PLGA and chitosan nanospheres for the treatment of periodontitis, and 
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when released in response to low pH, they exhibit effective antibacterial activity [185]. In order to combat 

biofilms and avoid periodontal damage, quaternary ammonium chitosan-liposome complexes have been 

included into formulations of pH-responsive nanoparticles for dental caries treatment [187]. In in vivo 

investigations, these nanoparticles showed good cytotoxicity profiles, preventing alveolar bone loss and 

inflammation. Notwithstanding the encouraging possibilities of these nanocarriers, problems including 

particle aggregation, batch-to-batch variability, and low transfection effectiveness continue to be major 

obstacles [194].  Oral antibacterial technologies with enhanced bacterial selectivity are now possible 

because to the combination of pH-responsive nanocarriers with antimicrobial peptides (AMPs). A 

promising tactic for targeted antimicrobial therapy is the encapsulation of AMPs in these sensitive carriers, 

which provides improved protection against enzymatic degradation. 

Enzyme-Responsive Systems in Antimicrobial Therapy: 

Certain bacterial and salivary enzymes have been used as triggers to release antimicrobial agents 

(antibiotics, antimicrobial peptides [AMPs], and nanoparticles [NPs]) for therapeutic purposes. Enzymes 

operate as biological catalysts and are essential for speeding up biochemical reactions. Numerous enzymes 

secreted by bacteria and fungi, such as lipase, esterase, phosphatase, urease, gelatinase, and others, have 

been found to be biomarkers for identifying disease phases that are active and require intervention 

[202,203]. For example, during chronic periodontitis, bacteria secrete a by-product called matrix 

metalloproteinase-8 (MMP-8), which triggers the host immunological response [204]. In bioresponsive 

delivery systems intended to treat periodontal disease, MMP-8 has been used as a stimulus. Guo et al. 

(2019) treated periodontal diseases by encapsulating minocycline hydrochloride and antimicrobial 

peptides in a biodegradable poly(ethylene glycol) (PEG) hydrogel that reacted to MMP-8 [205]. Likewise, 

under MMP-8 activity, a hydrogel made of gelatin methacrylate (GelMA) loaded with aluminosilicate 

nanotubes and chlorhexidine (CHX) was demonstrated to break down in 20 days, allowing for prolonged 

CHX release to treat dental infections [206]. In order to treat periapical infections, Ribeiro et al. (2020) also 

used MMP-mediated biodegradation of GelMA to release CHX, halloysite aluminosilicate nanotubes, 

clindamycin, metronidazole, and ciprofloxacin. They showed notable antimicrobial effects against Candida 

albicans and Enterococcus faecalis in vitro, as well as acceptable biocompatibility and low inflammatory 

responses in vivo [206,207].  

By signaling when treatment is necessary, bacterial and oral enzymes function as biomarkers for 

the development and prevention of oral illnesses, aiding in clinical management. Degradation of 

extracellular matrix components, control of pH homeostasis, and modulation of cytokine and chemokine 

activity by enzymes such matrix metalloproteinases (MMPs), carbonic anhydrase, and proteinase 3 are 

some of the mechanisms implicated in different disorders [202,203,210]. As demonstrated by alpha-

amylase in periodontal disease and cavities, these enzymes also help determine the severity of the disease 

[210]. Furthermore, enzymes such as cathepsins and cysteine proteases aid in the production of biofilms 

and tissue degradation, both of which are essential steps in the pathophysiology of illness. By breaking 

down different extracellular matrix proteins and antibiotics, aryl sulfatase, elastase, and β-lactamases 

further affect the course of the disease, especially in periodontitis [210]. Understanding disease processes 

and developing customized treatment plans depend heavily on these enzymatic reactions.  

Bacterial enzymes (including esterase, phosphatase, phospholipase, β-lactamases, and gelatinase), 

cell-surface enzymes (like MMPs), and salivary enzymes (like lipase, protease, alpha-amylase, lysozyme, 

and lactoperoxidase) can all be specifically targeted by enzyme-responsive biomaterials [208]. By 

eliminating the non-specificity connected with conventional antimicrobial treatments, these systems 

provide great efficacy and selectivity during catalysis. Enzymatic activity triggers the enzymatic destruction 

of degradable carriers, including poly(ethylene succinate) (PES), polycaprolactone (PCL), hyaluronic acid, 

and PEG, which results in the release of antimicrobial compounds in enzyme-responsive systems [210]. The 

targeted release of medicines at illness locations is made possible by enzymatic reactions that can cause 

hydrolysis, swelling, backbone cleavage, or degradation. For instance, Wang et al. (2022) used 1,2-

Distearoyl-sn-glycero-3-phosphoethanolamine-PEG (DSPE-PEG) to create a lipase-responsive nanocarrier 
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that was loaded with minocycline hydrochloride and alpha-lipoic acid (ALA). The lipase released by 

periodontal pathogens activated the nanocarrier. In diabetic rats with periodontal infections, the activated 

nanocarrier successfully prevented the growth of microbial colonies [209]. Since endogenous enzyme levels 

function as triggers and do not require external activation, enzyme-responsive biomaterials are a step 

toward autonomous systems. 

 

Photodynamic Therapy in Antimicrobial Treatment: 

Using light to activate non-toxic or minimally toxic photosensitizers (PS), photodynamic 

antimicrobial therapy (aPDT) eliminates microorganisms by producing reactive oxygen species (ROS) like 

singlet oxygen (O2), hydrogen peroxide (H2O2), and hydroxyl radicals (⋅OH). In addition to impairing 

external virulence factors like collagenase and lipopolysaccharides, this method damages bacterial 

membranes and cell walls by interfering with lipids, proteins, ion channels, and vital metabolic enzymes 

[216]. Reduced antimicrobial resistance, quicker pathogen removal with lower PS concentrations, localized 

effects without causing tissue damage, and a broad antimicrobial spectrum that targets both gram-positive 

and gram-negative bacteria are just a few of the benefits that aPDT offers over conventional antimicrobial 

treatments. The method has been widely used in dentistry to treat a variety of oral microbial pathogens 

that cause conditions such peri-implantitis, endodontic infections, periodontitis, dental caries, and 

candidiasis [217].  

For instance, when employing PS agents like methylene blue, toluidine blue, aluminum chloride-

phthalocyanine, and chlorophyll derivatives, aPDT has proven to be very successful in removing cariogenic 

biofilms, especially Streptococcus mutans [218][219][220][221][222][223]. In comparison to methylene 

blue, fotoenticine® has shown higher efficacy in controlling S. mutans. It has been proven efficient against 

multispecies biofilms linked to dental caries [230]. Additionally, Enterococcus faecalis has been successfully 

eradicated from root canals using toluidine blue O [232,233]. Because aPDT may treat a wide range of oral 

disorders with minimal negative effects on surrounding tissues, its usage has become more popular. 

Conclusion: 

The integration of smart materials into dentistry is a transformative approach to improving oral 

health. Traditional dental materials often fail due to the harsh and dynamic conditions in the oral cavity, 

such as bacterial presence and acidic environments. These conditions challenge the longevity and 

effectiveness of dental restorations, necessitating materials that can resist degradation and promote tissue 

regeneration. Smart dental materials, which respond to environmental stimuli such as pH changes, light, or 

temperature, are emerging as a promising solution to address these challenges. This review highlights 

various categories of smart dental materials, each designed to provide specific therapeutic benefits. 

Bioactive materials, for instance, release fluoride or antimicrobial agents to aid in remineralization and 

combat infections. Bioresponsive materials can release therapeutic compounds when triggered by 

environmental stimuli, offering more targeted and timely treatment. Autonomous materials, the most 

advanced, adapt to changing conditions and can even perform complex functions such as detecting 

pathogens or releasing drugs on demand. These capabilities significantly enhance the potential of dental 

materials to prevent, treat, and even reverse the effects of common oral diseases like dental caries and 

periodontitis. The incorporation of nanoparticles into dental materials further enhances their functionality, 

offering controlled release of antimicrobial agents like silver and myricetin. Such innovations not only 

improve the treatment of infections but also tackle biofilm formation, a key factor in the persistence of oral 

diseases. The dual functionality of these materials, targeting both pathogens and biofilm matrices, offers a 

sophisticated approach to oral health management. Despite these advancements, the full potential of smart 

dental materials has yet to be realized. Challenges in achieving optimal performance and long-term clinical 

success remain, but ongoing research is likely to overcome these hurdles. As these materials evolve, they 

hold the promise of significantly improving the effectiveness and durability of dental treatments, paving the 

way for more personalized, efficient, and sustainable dental care. 



1960 
 
   https://reviewofconphil.com 

References: 

[1] J.F. McCabe, et al., Smart materials in dentistry, Aust. Dent. J. 56 (2011) 3–10, 

https://doi.org/10.1111/j.1834-7819.2010.01291.x.  

[2] Z. Fang, et al., Enamel-like tissue regeneration by using biomimetic enamel matrix proteins, Int. J. Biol. 

Macromol. 183 (2021) 2131–2141, https://doi.org/ 10.1016/j.ijbiomac.2021.06.028.  

[3] G.T.-J. Huang, Dental pulp and dentin tissue engineering and regeneration–advancement and challenge, 

Front. Biosci. 3 (2011) 788.  

[4] P.R. Cooper, et al., Inflammation–regeneration interplay in the dentine–pulp complex, J. Dent. 38 (2010) 

687–697, https://doi.org/10.1016/j. jdent.2010.05.016.  

[5] L. Tj¨ aderhane, et al., Dentin basic structure and composition—an overview, Endod. Top. 20 (2009) 3–

29, https://doi.org/10.1111/j.1601-1546.2012.00269. x.  

[6] N. Charadram, et al., Regulation of reactionary dentin formation by odontoblasts in response to 

polymicrobial invasion of dentin matrix, Bone 50 (2012) 265–275, 

https://doi.org/10.1016/j.bone.2011.10.031.  

[7] R.R. Moraes, et al., Clinical performance of resin composite restorations, Current Oral Health Reports 9 

(2022) 22–31, https://doi.org/10.1007/s40496-022- 00308-x.  

[8] S. Mastrogiacomo, et al., A theranostic dental pulp capping agent with improved MRI and CT contrast 

and biological properties, Acta Biomater. 62 (2017) 340–351, 

https://doi.org/10.1016/j.actbio.2017.08.018.  

[9] G.A. Roth, Global burden of disease collaborative network. Global burden of disease study 2017 (GBD 

2017) results. Seattle, United States: institute for health metrics and evaluation (IHME), Lancet 392 

(2018) 1736–1788, 2018.  

[10] National Institutes of, H. Dental Caries (Tooth Decay) in Adults (Age 20 to 64), 2008.  

[11] D. Arola, Fatigue testing of biomaterials and their interfaces, Dent. Mater. 33 (2017) 367–381, 

https://doi.org/10.1016/j.dental.2017.01.012.  

[12] U. Lohbauer, et al., Factors involved in mechanical fatigue degradation of dental resin composites, J. 

Dent. Res. 92 (2013) 584–591, https://doi.org/10.1177/ 0022034513490734.  

[13] C.A. Stewart, et al., Biostable, antidegradative and antimicrobial restorative systems based on host-

biomaterials and microbial interactions, Dent. Mater. 35 (2019) 36–52.  

[14] P.S. Kowalski, et al., Smart biomaterials: recent advances and future directions, ACS Biomater. Sci. Eng. 

4 (2018) 3809–3817.  

[15] S. Amukarimi, et al., Smart biomaterials—a proposed definition and overview of the field, Current 

Opinion in Biomedical Engineering 19 (2021), https://doi.org/ 10.1016/j.cobme.2021.100311, 

100311-100311.  

[16] C. Montoya, et al., On the road to smart biomaterials for bone research: definitions, concepts, advances, 

and outlook, Bone Research 9 (2021) 12, https:// doi.org/10.1038/s41413-020-00131-z.  

[17] L. Ghasemi-Mobarakeh, et al., Key terminology in biomaterials and biocompatibility, Current Opinion 

in Biomedical Engineering 10 (2019) 45–50, https://doi.org/10.1016/j.cobme.2019.02.004.  

[18] H. Alqurashi, et al., Polyetherketoneketone (PEKK): an emerging biomaterial for oral implants and 

dental prostheses, J. Adv. Res. 28 (2021) 87–95, https://doi. org/10.1016/j.jare.2020.09.004.  

[19] S. Ali, et al., Biocompatibility and corrosion resistance of metallic biomaterials, Corrosion Rev. 38 

(2020) 381–402.  

https://doi.org/10.1111/j.1834-7819.2010.01291.x
https://doi.org/10.1016/j.bone.2011.10.031
https://doi.org/10.1016/j.actbio.2017.08.018
https://doi.org/10.1016/j.dental.2017.01.012
https://doi.org/10.1016/j.cobme.2019.02.004


1961 
 
   https://reviewofconphil.com 

[20] W. Nicholson, J. Titanium alloys for dental implants: a review, Prosthesis 2 (2020) 11.  

[21] M.S. Zafar, Prosthodontic applications of polymethyl methacrylate (PMMA): an update, Polymers 12 

(2020), https://doi.org/10.3390/polym12102299.  

[22] X. Zhao, Bioactive Materials in Medicine, vols. 1–13, Elsevier, 2011.  

[23] G. Spagnuolo, Bioactive dental materials: the current status, Materials 15 (2022) 2016, 

https://doi.org/10.3390/ma15062016.  

[24] P. Francois, et al., Commercially available fluoride-releasing restorative materials: a review and a 

proposal for classification, Materials 13 (2020) 2313, https://doi.org/10.3390/ma13102313.  

[25] C.E. Fernandez, ´ et al., Validation of a cariogenic biofilm model to evaluate the effect of fluoride on 

enamel and root dentine demineralization, PLoS One 11 (2016), e0146478, 

https://doi.org/10.1371/journal.pone.0146478.  

[26] Y. Liao, et al., Fluoride resistance in Streptococcus mutans: a mini review, J. Oral Microbiol. 9 (2017), 

1344509, https://doi.org/10.1080/ 20002297.2017.1344509. C. Montoya et al. Bioactive Materials 

24 (2023) 1–19 14 

 [27] W. Ahmed, et al., Adaptive antibacterial biomaterial surfaces and their applications, Materials Today 

Bio 2 (2019), https://doi.org/10.1016/j. mtbio.2019.100017, 100017-100017.  

[28] J. Liang, et al., pH-responsive antibacterial resin adhesives for secondary caries inhibition, J. Dent. Res. 

99 (2020) 1368–1376.  

[29] D. Dasgupta, et al., Mobile nanobots for prevention of root canal treatment failure, Advanced Healthcare 

Materials 11 (2022), 2200232.  

[30] H. Wei, et al., Recent advances in smart stimuli-responsive biomaterials for bone therapeutics and 

regeneration, Bone Research 10 (2022), https://doi.org/ 10.1038/s41413-021-00180-y, 17-17.  

[31] M.J. Mitchell, et al., Engineering precision nanoparticles for drug delivery, Nat. Rev. Drug Discov. 20 

(2021) 101–124, https://doi.org/10.1038/s41573-020- 0090-8.   

[32] S. Vasiliu, et al., The benefits of smart nanoparticles in dental applications, Int. J. Mol. Sci. 22 (2021) 

2585, https://doi.org/10.3390/ijms22052585. 

[33] M. Olaru, et al., Hard dental tissues regeneration—approaches and challenges, Materials 14 (2021), 

2558-2558.  

[34] P. Li, et al., From diagnosis to treatment: recent advances in patient-friendly biosensors and 

implantable devices, ACS Nano 15 (2021) 1960–2004, https:// doi.org/10.1021/acsnano.0c06688.   

[35] E.R. ´ Oliveira, et al., Advances in growth factor delivery for bone tissue engineering, Int. J. Mol. Sci. 22 

(2021), https://doi.org/10.3390/ijms22020903, 903-903.  

[36] J. Huang, et al., Cell-free exosome-laden scaffolds for tissue repair, Nanoscale 13 (2021) 8740–8750, 

https://doi.org/10.1039/D1NR01314A.  

[37] B. Bhattacharjee, et al., Advancements in release-active antimicrobial biomaterials: a journey from 

release to relief, WIREs Nanomedicine and Nanobiotechnology 14 (2022) e1745, 

https://doi.org/10.1002/wnan.1745.  

[38] A.C. Ionescu, et al., Dental tissue remineralization by bioactive calcium phosphate nanoparticles 

formulations, Sci. Rep. 12 (2022), https://doi.org/ 10.1038/s41598-022-09787-5, 5994-5994.  

[39] J. Jacob, et al., Piezoelectric smart biomaterials for bone and cartilage tissue engineering, Inflamm. 

Regen. 38 (2018) 11, https://doi.org/10.1186/s41232- 018-0059-8.  

https://doi.org/10.3390/polym12102299
https://doi.org/10.3390/ma15062016
https://doi.org/10.3390/ma13102313
https://doi.org/10.1371/journal.pone.0146478
https://doi.org/10.3390/ijms22052585
https://doi.org/10.1039/D1NR01314A
https://doi.org/10.1002/wnan.1745


1962 
 
   https://reviewofconphil.com 

[40] A.H. Rajabi, et al., Piezoelectric materials for tissue regeneration: a review, Acta Biomater. 24 (2015) 

12–23, https://doi.org/10.1016/j.actbio.2015.07.010.  

[41] E. Caselli, et al., Defining the oral microbiome by whole-genome sequencing and resistome analysis: 

the complexity of the healthy picture, BMC Microbiol. 20 (2020), https://doi.org/10.1186/s12866-

020-01801-y, 120-120.  

[42] K. Kriebel, et al., Oral biofilms from symbiotic to pathogenic interactions and associated disease –

connection of periodontitis and rheumatic arthritis by peptidylarginine deiminase, Front. Microbiol. 

9 (2018).  

[43] C. Bacali, et al., Oral microbiome: getting to know and befriend neighbors, a biological approach, 

Biomedicines 10 (2022), https://doi.org/10.3390/ biomedicines10030671, 671-671.  

[44] Q. Shang, et al., Interaction of oral and toothbrush microbiota affects oral cavity health, Front. Cell. 

Infect. Microbiol. 10 (2020).  

[45] E. Zaura, et al., Acquiring and maintaining a normal oral microbiome: current perspective, Front. Cell. 

Infect. Microbiol. 4 (2014).  

[46] P.D. Marsh, et al., Prospects of oral disease control in the future – an opinion, J. Oral Microbiol. 6 (2014), 

https://doi.org/10.3402/jom.v6.26176, 26176- 26176.  

[47] I. Nedeljkovic, et al., Secondary caries: prevalence, characteristics, and approach, Clin. Oral Invest. 24 

(2020) 683–691, https://doi.org/10.1007/s00784-019- 02894-0.  

[48] M.H.N.G. de Abreu, et al., Perspectives on social and environmental determinants of oral health, Int. J. 

Environ. Res. Publ. Health 18 (2021), 13429.  

[49] P. Bastani, et al., What makes inequality in the area of dental and oral health in developing countries? 

A scoping review, Cost Eff. Resour. Allocation 19 (2021) 54, https://doi.org/10.1186/s12962-021-

00309-0. 

[50] A. Muras, et al., Breaking bad: understanding how bacterial communication regulates biofilm-related 

oral diseases, Trends in Quorum Sensing and Quorum Quenching (2020) 175–185.  

[51] J.A. Lemos, et al., The Biology of Streptococcus mutans, Microbiol. Spectr. 7 (2019) 7, 

https://doi.org/10.1128/microbiolspec.GPP3-0051-2018, 1.03- 07.01.03.  

[52] W.H. Bowen, et al., Oral biofilms: pathogens, matrix, and polymicrobial interactions in 

microenvironments, Trends Microbiol. 26 (2018) 229–242, 

https://doi.org/10.1016/j.tim.2017.09.008.  

[53] D. Kim, et al., Candida albicans stimulates Streptococcus mutans microcolony development via cross-

kingdom biofilm-derived metabolites, Sci. Rep. 7 (2017), https://doi.org/10.1038/srep41332, 

41332-41332.  

[54] M.S. Shaikh, et al., Therapeutic role of nystatin added to tissue conditioners for treating denture-

induced stomatitis: a systematic review, Prosthesis 3 (2021).  

[55] Z. Iqbal, et al., Role of antifungal medicaments added to tissue conditioners: a systematic review, 

Journal of Prosthodontic Research 60 (2016) 231–239, https://doi.org/10.1016/j.jpor.2016.03.006.  

[56] M. Basavaraju, et al., Quorum quenching: signal jamming in dental plaque biofilms, Journal of dental 

sciences 11 (2016) 349–352, https://doi.org/ 10.1016/j.jds.2016.02.002.  

[57] R.M. Pinto, et al., Innovative strategies toward the disassembly of the EPS matrix in bacterial biofilms, 

Front. Microbiol. 11 (2020), https://doi.org/10.3389/ fmicb.2020.00952, 952-952.  

https://doi.org/10.1016/j.actbio.2015.07.010
https://doi.org/10.1186/s12962-021-00309-0
https://doi.org/10.1186/s12962-021-00309-0
https://doi.org/10.1016/j.tim.2017.09.008
https://doi.org/10.1016/j.jpor.2016.03.006


1963 
 
   https://reviewofconphil.com 

[58] R. Sikdar, et al., Quorum quenching enzymes and their effects on virulence, biofilm, and microbiomes: 

a review of recent advances, Expert Rev. Anti-infect. Ther. 18 (2020) 1221–1233, 

https://doi.org/10.1080/14787210.2020.1794815.  

[59] W. Ntow-Boahene, et al., Antifungal polymeric materials and nanocomposites, Front. Bioeng. 

Biotechnol. 9 (2021).  

[60] D.C. Chan, et al., Antibacterial and bioactive dental restorative materials: do they really work? Am. J. 

Dent. 31 (2018) 3B–5B.  

[61] S. Mahira, et al., J. 1-37, The Royal Society of Chemistry, 2019.  

[62] P. Makvandi, et al., Polymeric and inorganic nanoscopical antimicrobial fillers in dentistry, Acta 

Biomater. 101 (2020) 69–101.  

[63] Q. Sun, et al., Recent progress in antimicrobial strategies for resin-based restoratives, Polymers 13 

(2021) 1590, https://doi.org/10.3390/ polym13101590.  

[64] R.A.G. da Silva, et al., Eradicating biofilm infections: an update on current and prospective approaches, 

Curr. Opin. Microbiol. 63 (2021) 117–125, https://doi. org/10.1016/j.mib.2021.07.001.  

[65] R. Alkattan, et al., Antimicrobials in dentistry, Appl. Sci. 11 (2021), 3279-3279.  

[66] L. Tallet, et al., New smart antimicrobial hydrogels, nanomaterials, and coatings: earlier action, more 

specific, better dosing? Advanced Healthcare Materials 10 (2021) 

https://doi.org/10.1002/adhm.202001199, 2001199-2001199.  

[67] U. Mangal, et al., Bio-interactive zwitterionic dental biomaterials for improving biofilm resistance: 

characteristics and applications, Int. J. Mol. Sci. 21 (2020), 9087-9087.  

[68] K.D. Jandt, et al., Nanotechnology in dentistry: present and future perspectives on dental 

nanomaterials, Dent. Mater. 36 (2020) 1365–1378, https://doi.org/ 10.1016/j.dental.2020.08.006.  

[69] L.K. Foong, et al., Applications of nano-materials in diverse dentistry regimes, RSC Adv. 10 (2020) 

15430–15460, https://doi.org/10.1039/D0RA00762E.  

[70] H. Chen, et al., Advances of anti-caries nanomaterials, Molecules 25 (2020), 5047-5047.  

[71] F. Chen, et al., Novel technologies for the prevention and treatment of dental caries: a patent survey, 

Expert Opin. Ther. Pat. 20 (2010) 681–694, https://doi. org/10.1517/13543771003720491.  

[72] P. Ramburrun, et al., Recent advances in the development of antimicrobial and antifouling 

biocompatible materials for dental applications, Materials 14 (2021), 

https://doi.org/10.3390/ma14123167.  

[73] J.A. Horst, et al., UCSF protocol for caries arrest using silver diamine fluoride: rationale, indications and 

consent, J. Calif. Dent. Assoc. 44 (2016) 16–28.  

[74] K.R. Sims, et al., Dual antibacterial drug-loaded nanoparticles synergistically improve treatment of 

Streptococcus mutans biofilms, Acta Biomater. 115 (2020) 418–431, 

https://doi.org/10.1016/j.actbio.2020.08.032.  

[75] P. Makvandi, et al., Antibacterial quaternary ammonium compounds in dental materials: a systematic 

review, Dent. Mater. 34 (2018) 851–867.  

[76] M. Hashimoto, et al., Improving the durability of resin-dentin bonds with an antibacterial monomer 

MDPB, Dent. Mater. J. 37 (2018) 620–627, https://doi. org/10.4012/dmj.2017-209.  

[77] Fischer, N.A.-O., et al., Harnessing biomolecules for bioinspired dental biomaterials. LID - 

10.1039/d0tb01456g [doi].  

[78] W. Song, et al., Application of antimicrobial nanoparticles in dentistry, Molecules 24 (2019) 1033.  

https://doi.org/10.1080/14787210.2020.1794815
https://doi.org/10.1039/D0RA00762E
https://doi.org/10.3390/ma14123167
https://doi.org/10.1016/j.actbio.2020.08.032


1964 
 
   https://reviewofconphil.com 

[79] Y. Wang, et al., Functional fillers for dental resin composites, Acta Biomater. 122 (2021) 50–65, 

https://doi.org/10.1016/j.actbio.2020.12.001.  

[80] C. Boutsiouki, et al., Inhibition of secondary caries in vitro by addition of chlorhexidine to adhesive 

components, Dent. Mater. 35 (2019) 422–433, https:// doi.org/10.1016/j.dental.2018.12.002.  

[81] F.M. Collares, et al., Methacrylate-based root canal sealer containing chlorexidine and α-tricalcium 

phosphate, J. Biomed. Mater. Res. B Appl. Biomater. 106 (2018) 1439–1443.  

[82] T. Ahmed, et al., Comparison of Candidal Growth & Chlorhexidine Efficacy on Complete Denture-

Biofilms of Patients with & without Denture Stomatitis-An in Vivo Study, Annals of Medical and Health 

Sciences Research, 2019.  

[83] P. Makvandi, et al., Drug delivery (Nano)Platforms for oral and dental applications: tissue regeneration, 

infection control, and cancer management, Adv. Sci. 8 (2021), 

https://doi.org/10.1002/advs.202004014, 2004014-2004014.  

[84] J. Liang, et al., Emerging applications of drug delivery systems in oral infectious diseases prevention 

and treatment, Molecules 25 (2020) 516, https://doi.org/ 10.3390/molecules25030516.  

[85] R.A. Bapat, et al., The potential of dendrimer in delivery of therapeutics for dentistry, Heliyon 5 (2019), 

https://doi.org/10.1016/j.heliyon.2019.e02544 e02544-e02544.  

[86] B.M. Priyadarshini, et al., Chlorhexidine nanocapsule drug delivery approach to the resin-dentin 

interface, J. Dent. Res. 95 (2016) 1065–1072, https://doi.org/ 10.1177/0022034516656135.  

[87] Y. Yang, et al., Novel core–shell CHX/ACP nanoparticles effectively improve the mechanical, 

antibacterial and remineralized properties of the dental resin composite, Dent. Mater. 37 (2021) 

636–647, https://doi.org/10.1016/j. dental.2021.01.007.  

[88] B. Sinjari, et al., Curcumin/liposome nanotechnology as delivery platform for anti-inflammatory 

activities via NFkB/ERK/pERK pathway in human dental pulp treated with 2-HydroxyEthyl 

MethAcrylate (HEMA), Front. Physiol. 10 (2019).  

[89] Y. Yi, et al., Farnesal-loaded pH-sensitive polymeric micelles provided effective prevention and 

treatment on dental caries, J. Nanobiotechnol. 18 (2020), https:// doi.org/10.1186/s12951-020-

00633-2, 89-89.  

[90] A. Deepak, et al., Development and characterization of novel medicated nanofiber for the treatment of 

periodontitis, AAPS PharmSciTech 19 (2018) 3687–3697, https://doi.org/10.1208/s12249-018-

1177-y.  

[91] I. Jarak, et al., Nanofiber carriers of therapeutic load: current trends, Int. J. Mol. Sci. 23 (2022) 8581, 

https://doi.org/10.3390/ijms23158581. C. Montoya et al. Bioactive Materials 24 (2023) 1–19 15  

[92] W. Xu, et al., Polymeric micelles, a promising drug delivery system to enhance bioavailability of poorly 

water-soluble drugs, Journal of Drug Delivery 2013 (2013), 340315, 

https://doi.org/10.1155/2013/340315.  

[93] R. Yadav, et al., In situ gel drug delivery system for periodontitis: an insight review, Future Journal of 

Pharmaceutical Sciences 6 (2020) 33, https://doi.org/ 10.1186/s43094-020-00053-x.  

[94] N. Jhinger, et al., Comparison of Periochip (chlorhexidine gluconate 2.5 mg) and Arestin (Minocycline 

hydrochloride 1 mg) in the management of chronic periodontitis, Indian J. Dent. 6 (2015) 20–26, 

https://doi.org/10.4103/0975- 962X.151697.  

[95] I. Gibson, et al., Minocycline-loaded calcium polyphosphate glass microspheres as a potential drug-

delivery agent for the treatment of periodontitis, J. Appl. Biomater. Funct. Mater. 17 (2019), 

2280800019863637, https://doi.org/ 10.1177/2280800019863637. 

https://doi.org/10.1016/j.actbio.2020.12.001
https://doi.org/10.1208/s12249-018-1177-y
https://doi.org/10.1208/s12249-018-1177-y
https://doi.org/10.1155/2013/340315


1965 
 
   https://reviewofconphil.com 

[96] S. Imazato, et al., Antibacterial resin monomers based on quaternary ammonium and their benefits in 

restorative dentistry, Japanese Dental Science Review 48 (2012) 115–125, 

https://doi.org/10.1016/j.jdsr.2012.02.003.  

[97] X. Xu, et al., Synthesis and characterization of antibacterial dental monomers and composites, J. 

Biomed. Mater. Res. B Appl. Biomater. 100 (2012) 1151–1162, 

https://doi.org/10.1002/jbm.b.32683.  

[98] Y. Jiao, et al., Quaternary ammonium-based biomedical materials: state-of-theart, toxicological aspects 

and antimicrobial resistance, Prog. Polym. Sci. 71 (2017) 53–90, 

https://doi.org/10.1016/j.progpolymsci.2017.03.001.  

[99] S. Imazato, et al., In vitro antibacterial effects of the dentin primer of Clearfil Protect Bond, Dent. Mater. 

22 (2006) 527–532, https://doi.org/10.1016/j. dental.2005.05.009.  

[100] M. Ozdal, et al., Recent advances in nanoparticles as antibacterial agent, ADMET and DMPK 10 (2022) 

115–129.  

[101] L. Wang, et al., The antimicrobial activity of nanoparticles: present situation and prospects for the 

future, Int. J. Nanomed. 12 (2017) 1227–1249, https://doi.org/ 10.2147/IJN.S121956.  

[102] P. Salas-Ambrosio, et al., Synthetic polypeptide polymers as simplified analogues of antimicrobial 

peptides, Biomacromolecules 22 (2021) 57–75, https://doi.org/ 10.1021/acs.biomac.0c00797.  

[103] F. Elfakhri, et al., Influence of filler characteristics on the performance of dental composites: a 

comprehensive review, Ceram. Int. 48 (2022) 27280–27294, 

https://doi.org/10.1016/j.ceramint.2022.06.314.  

[104] I.M. Garcia, et al., Antibacterial response of oral microcosm biofilm to nano-zinc oxide in adhesive 

resin, Dent. Mater. 37 (2021) e182–e193, https://doi.org/ 10.1016/j.dental.2020.11.022.  

[105] Y. Huan, et al., Antimicrobial peptides: classification, design, application and research progress in 

multiple fields, Front. Microbiol. 11 (2020), https://doi.org/ 10.3389/fmicb.2020.582779.  

[106] Z. Khurshid, et al., Oral antimicrobial peptides: types and role in the oral cavity, Saudi Pharmaceut. J. 

24 (2016) 515–524, https://doi.org/10.1016/j. jsps.2015.02.015.  

[107] B.R.d. Silva, et al., Antimicrobial peptide control of pathogenic microorganisms of the oral cavity: a 

review of the literature, Peptides 36 (2012) 315–321, https:// 

doi.org/10.1016/j.peptides.2012.05.015.  

[108] S.-X. Xie, et al., Peptide mediated antimicrobial dental adhesive system, Appl. Sci. 9 (2019) 557.  

[109] M. Zhao, et al., A universal adhesive incorporating antimicrobial peptide nisin: effects on 

Streptococcus mutans and saliva-derived multispecies biofilms, Odontology 108 (2020) 376–385, 

https://doi.org/10.1007/s10266-019-00478-8.  

[110] N. Masurier, et al., Site-specific grafting on titanium surfaces with hybrid temporin antibacterial 

peptides, J. Mater. Chem. B 6 (2018) 1782–1790, https:// doi.org/10.1039/C8TB00051D.  

[111] M. Godoy-Gallardo, et al., Antibacterial properties of hLf1–11 peptide onto titanium surfaces: a 

comparison study between silanization and surface initiated polymerization, Biomacromolecules 16 

(2015) 483–496, https://doi.org/ 10.1021/bm501528x.  

[112] S.-X. Xie, et al., Antimicrobial peptide-polymer conjugates for dentistry, ACS applied polymer materials 

2 (2020) 1134–1144, https://doi.org/10.1021/ acsapm.9b00921.  

[113] S. Dima, et al., Antibacterial effect of the natural polymer ε-polylysine against oral pathogens 

associated with periodontitis and caries, Polymers 12 (2020) 1218, 

https://doi.org/10.3390/polym12061218.  

https://doi.org/10.1002/jbm.b.32683
https://doi.org/10.1016/j.progpolymsci.2017.03.001
https://doi.org/10.1016/j.ceramint.2022.06.314
https://doi.org/10.1007/s10266-019-00478-8
https://doi.org/10.3390/polym12061218


1966 
 
   https://reviewofconphil.com 

[114] D.G. Moussa, et al., Targeting the oral plaque microbiome with immobilized antibiofilm peptides at 

tooth-restoration interfaces, PLoS One 15 (2020), e0235283, 

https://doi.org/10.1371/journal.pone.0235283.  

[115] D.G. Moussa, et al., Dentin priming with amphipathic antimicrobial peptides, J. Dent. Res. 98 (2019) 

1112–1121, https://doi.org/10.1177/ 0022034519863772.  

[116] G.S. Dijksteel, et al., Review: lessons learned from clinical trials using antimicrobial peptides (AMPs), 

Front. Microbiol. 12 (2021).  

[117] Armata Pharmaceuticals, I. A Phase 2 Study to Evaluate the Microbiology, Safety and Tolerability of 

C16G2 Varnish and Strip in Adolescent and Adult Subjects (C3J17-206-00).  

[118] Armata Pharmaceuticals, I. Study to Evaluate the Safety and Microbiology of C16G2 in Adolescent and 

Adult Dental Subjects, 2019.  

[119] H. Wang, et al., The effects of antimicrobial peptide Nal-P-113 on inhibiting periodontal pathogens 

and improving periodontal status, BioMed Res. Int. 2018 (2018).  

[120] Pacgen Biopharmaceuticals, C. Phase 2B Dose-Ranging Study of PAC113 Mouthrinse in HIV 

Seropositive Individuals with Oral Candidiasis.  

[121] B. El Shazely, et al., Resistance evolution against antimicrobial peptides in Staphylococcus aureus 

alters pharmacodynamics beyond the MIC, Front. Microbiol. 11 (2020).  

[122] N. Klubthawee, et al., A novel, rationally designed, hybrid antimicrobial peptide, inspired by 

cathelicidin and aurein, exhibits membrane-active mechanisms against Pseudomonas aeruginosa, 

Sci. Rep. 10 (2020) 9117, https://doi.org/ 10.1038/s41598-020-65688-5.  

[123] I. Greco, et al., Correlation between hemolytic activity, cytotoxicity and systemic in vivo toxicity of 

synthetic antimicrobial peptides, Sci. Rep. 10 (2020), 13206, https://doi.org/10.1038/s41598-020-

69995-9.  

[124] H. Takahashi, et al., Amphiphilic polymer therapeutics: an alternative platform in the fight against 

antibiotic resistant bacteria, Biomater. Sci. 9 (2021) 2758–2767, 

https://doi.org/10.1039/D0BM01865A.  

[125] M. Lei, et al., Engineering selectively targeting antimicrobial peptides, Annu. Rev. Biomed. Eng. 23 

(2021) 339–357.  

[126] B.H. Gan, et al., The multifaceted nature of antimicrobial peptides: current synthetic chemistry 

approaches and future directions, Chem. Soc. Rev. 50 (2021) 7820–7880, 

https://doi.org/10.1039/D0CS00729C.  

[127] C.H. Chen, et al., Development and challenges of antimicrobial peptides for therapeutic applications, 

Antibiotics 9 (2020), https://doi.org/10.3390/ antibiotics9010024, 24-24.  

[128] F. Carinci, et al., A new strategy against peri-implantitis: antibacterial internal coating, Int. J. Mol. Sci. 

20 (2019) 3897, https://doi.org/10.3390/ijms20163897.  

[129] T. Wei, et al., Responsive and synergistic antibacterial coatings: fighting against bacteria in a smart 

and effective way, Advanced Healthcare Materials 8 (2019), 1801381, 

https://doi.org/10.1002/adhm.201801381.  

[130] J. Jung, et al., Amphiphilic quaternary ammonium chitosan/sodium alginate multilayer coatings kill 

fungal cells and inhibit fungal biofilm on dental biomaterials, Mater. Sci. Eng. C 104 (2019), 109961, 

https://doi.org/10.1016/j. msec.2019.109961.  

[131] S. Acosta, et al., Antibiofilm coatings based on protein-engineered polymers and antimicrobial 

peptides for preventing implant-associated infections, Biomater. Sci. 8 (2020) 2866–2877, 

https://doi.org/10.1039/D0BM00155D.  

https://doi.org/10.1371/journal.pone.0235283
https://doi.org/10.1038/s41598-020-69995-9
https://doi.org/10.1038/s41598-020-69995-9
https://doi.org/10.1039/D0BM01865A
https://doi.org/10.1039/D0CS00729C
https://doi.org/10.3390/ijms20163897
https://doi.org/10.1002/adhm.201801381
https://doi.org/10.1039/D0BM00155D


1967 
 
   https://reviewofconphil.com 

[132] K.V. Holmberg, et al., Bio-inspired stable antimicrobial peptide coatings for dental applications, Acta 

Biomater. 9 (2013) 8224–8231, https://doi.org/ 10.1016/j.actbio.2013.06.017.  

[133] H. Mitwalli, et al., Emerging contact-killing antibacterial strategies for developing anti-biofilm dental 

polymeric restorative materials, Bioengineering 7 (2020) 83, 

https://doi.org/10.3390/bioengineering7030083.  

[134] G. Kortv ¨ ´elyessy, et al., Bioactive coatings for dental implants: a review of alternative strategies to 

prevent peri-implantitis induced by anaerobic bacteria, Anaerobe 70 (2021), 102404, 

https://doi.org/10.1016/j.anaerobe.2021.102404.  

[135] T. Li, et al., Antibacterial activity and cytocompatibility of an implant coating consisting of TiO(2) 

nanotubes combined with a GL13K antimicrobial peptide, Int. J. Nanomed. 12 (2017) 2995–3007, 

https://doi.org/10.2147/IJN.S128775.  

[136] M.S. Zafar, et al., Customized therapeutic surface coatings for dental implants, Coatings 10 (2020) 568.  

[137] J. Grischke, et al., Antimicrobial dental implant functionalization strategies —a systematic review, 

Dent. Mater. J. 35 (2016) 545–558, https://doi.org/10.4012/ dmj.2015-314.  

[138] G.M. Esteves, et al., Antimicrobial and antibiofilm coating of dental implants-past and new 

perspectives, Antibiotics 11 (2022) 235, https://doi.org/10.3390/ antibiotics11020235.  

[139] Y. Luan, et al., Bacterial interactions with nanostructured surfaces, Curr. Opin. Colloid Interface Sci. 38 

(2018) 170–189, https://doi.org/10.1016/j. cocis.2018.10.007.  

[140] G. Tullii, et al., Micro- and nanopatterned silk substrates for antifouling applications, ACS Appl. Mater. 

Interfaces 12 (2020) 5437–5446, https://doi.org/ 10.1021/acsami.9b18187.    

[141] S. Arango-Santander, Bioinspired topographic surface modification of biomaterials, Materials 15 

(2022) 2383, https://doi.org/10.3390/ma15072383.  

[142] S. Arango-Santander, et al., Assessment of streptococcus mutans adhesion to the surface of 

biomimetically-modified orthodontic archwires, Coatings 10 (2020) 201.  

[143] Y. Fu, et al., Polydopamine antibacterial materials, Mater. Horiz. 8 (2021) 1618–1633, 

https://doi.org/10.1039/D0MH01985B.  

[144] I. Singh, et al., Recent advances in a polydopamine-mediated antimicrobial adhesion system, Front. 

Microbiol. 11 (2021), 607099.  

[145] Q.H. Yu, et al., Mussel-inspired adhesive polydopamine-functionalized hyaluronic acid hydrogel with 

potential bacterial inhibition, Global Challenges 4 (2020), 1900068.  

[146] K. Li, et al., The application of novel mussel-inspired compounds in dentistry, Dent. Mater. 37 (2021) 

655–671, https://doi.org/10.1016/j.dental.2021.01.005.  

[147] C. Guo, et al., Graphene oxide-modified polyetheretherketone with excellent antibacterial properties 

and biocompatibility for implant abutment, Macromol. Res. 29 (2021) 351–359.  

[148] H. Xu, et al., Antibacterial nanoparticles with universal adhesion function based on dopamine and 

eugenol, Journal of Bioresources and Bioproducts 4 (2019) 177–182, 

https://doi.org/10.12162/jbb.v4i3.006.  

[149] S.W. Lee, et al., How microbes read the map: effects of implant topography on bacterial adhesion and 

biofilm formation, Biomaterials 268 (2021), 120595, 

https://doi.org/10.1016/j.biomaterials.2020.120595.  

[150] E.P. Ivanova, et al., Natural bactericidal surfaces: mechanical rupture of Pseudomonas aeruginosa cells 

by cicada wings, Small 8 (2012) 2489–2494, https://doi.org/10.1002/smll.201200528. C. Montoya 

et al. Bioactive Materials 24 (2023) 1–19 16  

https://doi.org/10.3390/bioengineering7030083
https://doi.org/10.1016/j.anaerobe.2021.102404
https://doi.org/10.2147/IJN.S128775
https://doi.org/10.3390/ma15072383
https://doi.org/10.1039/D0MH01985B
https://doi.org/10.1016/j.dental.2021.01.005
https://doi.org/10.12162/jbb.v4i3.006
https://doi.org/10.1016/j.biomaterials.2020.120595


1968 
 
   https://reviewofconphil.com 

[151] U. Mahanta, et al., Antimicrobial surfaces: a review of synthetic approaches, applicability and outlook, 

J. Mater. Sci. 56 (2021) 17915–17941, https://doi.org/ 10.1007/s10853-021-06404-0.  

[152] D.T. Elliott, et al., Bioinspired antibacterial surface for orthopedic and dental implants, J. Biomed. 

Mater. Res. B Appl. Biomater. 109 (2021) 973–981, https:// doi.org/10.1002/jbm.b.34762.  

[153] R. Bright, et al., Surfaces containing sharp nanostructures enhance antibiotic efficacy, Nano Lett. 22 

(2022) 6724–6731, https://doi.org/10.1021/acs. nanolett.2c02182.  

[154] J. Hasan, et al., Recent advances in engineering topography mediated antibacterial surfaces, Nanoscale 

7 (2015) 15568–15575.  

[155] A. Hayles, et al., Spiked titanium nanostructures that inhibit anaerobic dental pathogens, ACS Appl. 

Nano Mater. (2022), https://doi.org/10.1021/ acsanm.1c04073.  

[156] D. Sun, et al., Editorial: horizontal gene transfer mediated bacterial antibiotic resistance, Front. 

Microbiol. 10 (2019).  

[157] S. Tao, et al., The spread of antibiotic resistance genes in vivo model, The Canadian journal of 

infectious diseases & medical microbiology = Journal canadien des maladies infectieuses et de la 

microbiologie medicale 2022 (2022), https://doi.org/10.1155/2022/3348695, 3348695-3348695.  

[158] Z. Raszewski, et al., The effect of chlorhexidine disinfectant gels with antidiscoloration systems on 

color and mechanical properties of PMMA resin for dental applications, Polymers 13 (2021) 1800, 

https://doi.org/10.3390/ polym13111800.  

[159] M. Terreni, et al., New antibiotics for multidrug-resistant bacterial strains: latest research 

developments and future perspectives, Molecules 26 (2021), https://doi. 

org/10.3390/molecules26092671.  

[160] T. Maxson, et al., Targeted treatment for bacterial infections: prospects for pathogen-specific 

antibiotics coupled with rapid diagnostics, Tetrahedron 72 (2016) 3609–3624, 

https://doi.org/10.1016/j.tet.2015.09.069.  

[161] H. Ahmadi, et al., Antibiotic therapy in dentistry, International journal of dentistry 2021 (2021), 

https://doi.org/10.1155/2021/6667624, 6667624- 6667624.  

[162] T.M. Uddin, et al., Antibiotic resistance in microbes: history, mechanisms, therapeutic strategies and 

future prospects, Journal of Infection and Public Health 14 (2021) 1750–1766, 

https://doi.org/10.1016/j.jiph.2021.10.020.  

[163] M.R.E. Santos, et al., Recent developments in antimicrobial polymers: a review, Materials 9 (2016), 

599-599.  

[164] C.G. P´erez-Pacheco, et al., Local application of curcumin-loaded nanoparticles as an adjunct to scaling 

and root planing in periodontitis: randomized, placebocontrolled, double-blind split-mouth clinical 

trial, Clin. Oral Invest. 25 (2021) 3217–3227, https://doi.org/10.1007/s00784-020-03652-3.  

[165] K.S. Fakhruddin, et al., Clinical efficacy and the antimicrobial potential of silver formulations in 

arresting dental caries: a systematic review, BMC Oral Health 20 (2020), 

https://doi.org/10.1186/s12903-020-01133-3, 160-160.  

[166] A. Al-sharani, et al., Clinical efficacy of nanosilver and chlorhexidine in the treatment of plaque-

induced gingivitis: randomized controlled clinical trial, J Oral Res 7 (2018) 238–244.  

[167] N. Hassan, et al., Post-operative pain and antibacterial efficacy of silver nanoparticles formulations 

intracanal medication: a randomized controlled clinical study, Open Access Macedonian Journal of 

Medical Sciences 9 (2021) 248–256.  

[168] Hadassah Medical, O. The Antibacterial Effect of Insoluble Antibacterial Nanoparticles (IABN) 

Incorporated in Dental Materials for Root Canal Treatment (IABN).  

https://doi.org/10.1016/j.tet.2015.09.069
https://doi.org/10.1016/j.jiph.2021.10.020
https://doi.org/10.1007/s00784-020-03652-3


1969 
 
   https://reviewofconphil.com 

[169] M. Eger, et al., Mechanism and prevention of titanium particle-induced inflammation and osteolysis, 

Front. Immunol. 9 (2018), https://doi.org/10.3389/ fimmu.2018.02963, 2963-2963.  

[170] Z. Zhou, et al., The unfavorable role of titanium particles released from dental implants, 

Nanotheranostics 5 (2021) 321–332, https://doi.org/10.7150/ ntno.56401.  

[171] C.A. Stewart, et al., Responsive antimicrobial dental adhesive based on drug-silica co-assembled 

particles, Acta Biomater. 76 (2018) 283–294, https://doi.org/ 10.1016/j.actbio.2018.06.032.  

[172] X. Wang, et al., Stimuli-responsive antibacterial materials: molecular structures, design principles, 

and biomedical applications, Adv. Sci. 9 (2022), https://doi. org/10.1002/advs.202104843, 

2104843-2104843. [173] Y. Zhang, et al., Drug delivery systems for oral disease applications, J. Appl. 

Oral Sci. : revista FOB 30 (2022), https://doi.org/10.1590/1678-7757-2021-0349 e20210349-

e20210349.  

[174] M.R. Bayat, et al., A review on swelling theories of pH-sensitive hydrogels, J. Intell. Mater. Syst. Struct. 

32 (2021) 2349–2365, https://doi.org/10.1177/ 1045389X21995880.  

[175] J. Zhou, et al., Characterization and optimization of pH-responsive polymer nanoparticles for drug 

delivery to oral biofilms, J. Mater. Chem. B 4 (2016) 3075–3085, 

https://doi.org/10.1039/C5TB02054A.  

[176] L. Liu, et al., pH-Responsive carriers for oral drug delivery: challenges and opportunities of current 

platforms, Drug Deliv. 24 (2017) 569–581, https://doi. org/10.1080/10717544.2017.1279238.  

[177] G. Kocak, et al., pH-Responsive polymers, Polym. Chem. 8 (2017) 144–176, 

https://doi.org/10.1039/C6PY01872F.  

[178] H. Li, et al., Intelligent pH-responsive dental sealants to prevent long-term microleakage, Dent. Mater. 

37 (2021) 1529–1541, https://doi.org/10.1016/j. dental.2021.08.002.  

[179] X. Peng, et al., Effect of pH-sensitive nanoparticles on inhibiting oral biofilms, Drug Deliv. 29 (2022) 

561–573, https://doi.org/10.1080/ 10717544.2022.2037788.  

[180] H. Fullriede, et al., pH-responsive release of chlorhexidine from modified nanoporous silica 

nanoparticles for dental applications, BioNanoMaterials 17 (2016) 59–72.  

[181] F. Sun, et al., Invisible assassin coated on dental appliances for on-demand capturing and killing of 

cariogenic bacteria, Colloids Surf. B Biointerfaces 217 (2022), 112696, 

https://doi.org/10.1016/j.colsurfb.2022.112696.  

[182] T. Zhu, et al., Functional nanomaterials and their potentials in antibacterial treatment of dental caries, 

Colloids Surf. B Biointerfaces 218 (2022), 112761, https://doi.org/10.1016/j.colsurfb.2022.112761.  

[183] P. Taneja, et al., Advancement of nanoscience in development of conjugated drugs for enhanced 

disease prevention, Life Sci. 268 (2021), https://doi.org/ 10.1016/j.lfs.2020.118859, 118859-

118859.  

[184] M. Zhang, et al., A new pH-responsive nano micelle for enhancing the effect of a hydrophobic 

bactericidal agent on mature Streptococcus mutans biofilm, Front. Microbiol. 12 (2021), 

https://doi.org/10.3389/fmicb.2021.761583, 761583- 761583.  

[185] J.H. Lin, et al., Modulation of periodontitis progression using pH-responsive nanosphere 

encapsulating metronidazole or N-phenacylthialzolium bromide, J. Periodontal. Res. 53 (2018) 22–

28.  

[186] P.-C. Chang, et al., Inhibition of periodontitis induction using a stimuli-responsive hydrogel carrying 

naringin, J. Periodontol. 88 (2017) 190–196, https://doi.org/ 10.1902/jop.2016.160189.  

https://doi.org/10.1039/C5TB02054A
https://doi.org/10.1039/C6PY01872F
https://doi.org/10.1016/j.colsurfb.2022.112696
https://doi.org/10.1016/j.colsurfb.2022.112761


1970 
 
   https://reviewofconphil.com 

[187] F. Hu, et al., A novel pH-responsive quaternary ammonium chitosan-liposome nanoparticles for 

periodontal treatment, Int. J. Biol. Macromol. 129 (2019) 1113–1119, 

https://doi.org/10.1016/j.ijbiomac.2018.09.057.  

[188] P.C. Naha, et al., Dextran-coated iron oxide nanoparticles as biomimetic catalysts for localized and pH-

activated biofilm disruption, ACS Nano 13 (2019) 4960–4971, 

https://doi.org/10.1021/acsnano.8b08702.  

[189] B. Horev, et al., pH-activated nanoparticles for controlled topical delivery of farnesol to disrupt oral 

biofilm virulence, ACS Nano 9 (2015) 2390–2404, https:// doi.org/10.1021/nn507170s.  

[190] L. Gao, et al., Nanocatalysts promote Streptococcus mutans biofilm matrix degradation and enhance 

bacterial killing to suppress dental caries in vivo, Biomaterials 101 (2016) 272–284, 

https://doi.org/10.1016/j. biomaterials.2016.05.051.  

[191] Y. Liu, et al., Topical ferumoxytol nanoparticles disrupt biofilms and prevent tooth decay in vivo via 

intrinsic catalytic activity, Nat. Commun. 9 (2018) 2920, https://doi.org/10.1038/s41467-018-

05342-x.  

[192] Y. Yang, et al., pH-sensitive compounds for selective inhibition of acid-producing bacteria, ACS Appl. 

Mater. Interfaces 10 (2018) 8566–8573, https://doi.org/ 10.1021/acsami.8b01089.  

[193] Z. Zhao, et al., pH-Responsive polymeric nanocarriers for efficient killing of cariogenic bacteria in 

biofilms, Biomater. Sci. 7 (2019) 1643–1651, https://doi. org/10.1039/C8BM01640B.  

[194] J. Ahlawat, et al., Nanocarriers as potential drug delivery candidates for overcoming the blood–brain 

barrier: challenges and possibilities, ACS Omega 5 (2020) 12583–12595, 

https://doi.org/10.1021/acsomega.0c01592.  

[195] M. Gontsarik, et al., pH-responsive aminolipid nanocarriers for antimicrobial peptide delivery, J. 

Colloid Interface Sci. 603 (2021) 398–407, https://doi.org/ 10.1016/j.jcis.2021.06.050.  

[196] E. Malik, et al., pH dependent antimicrobial peptides and proteins, their mechanisms of action and 

potential as therapeutic agents, Pharmaceuticals 9 (2016), 67-67.  

[197] W. Jiang, et al., The pH-responsive property of antimicrobial peptide GH12 enhances its anticaries 

effects at acidic pH, Caries Res. 55 (2021) 21–31, https:// doi.org/10.1159/000508458.  

[198] M.A. Hitchner, et al., Activity and characterization of a pH-sensitive antimicrobial peptide, Biochim. 

Biophys. Acta Biomembr. 1861 (2019), https://doi.org/ 10.1016/j.bbamem.2019.05.006, 182984-

182984.  

[199] S.K. Boda, et al., Dual oral tissue adhesive nanofiber membranes for pHresponsive delivery of 

antimicrobial peptides, Biomacromolecules 21 (2020) 4945–4961, 

https://doi.org/10.1021/acs.biomac.0c01163.  

[200] P. Zhang, et al., Dual-sensitive antibacterial peptide nanoparticles prevent dental caries, Theranostics 

12 (2022) 4818–4833, https://doi.org/10.7150/thno.73181.  

[201] S.M. Dizaj, et al., Targeting multidrug resistance with antimicrobial peptidedecorated nanoparticles 

and polymers, Front. Microbiol. 13 (2022).  

[202] M. Vachher, et al., Microbial therapeutic enzymes: a promising area of biopharmaceuticals, Current 

Research in Biotechnology 3 (2021) 195–208, https://doi.org/10.1016/j.crbiot.2021.05.006.  

[203] N. Gurung, et al., A broader view: microbial enzymes and their relevance in industries, medicine, and 

beyond, BioMed Res. Int. (2013) 2013.  

[204] C. Franco, et al., Matrix metalloproteinases as regulators of periodontal inflammation, Int. J. Mol. Sci. 

18 (2017) 440, https://doi.org/10.3390/ ijms18020440.  

https://doi.org/10.1016/j.ijbiomac.2018.09.057
https://doi.org/10.1021/acsnano.8b08702
https://doi.org/10.1038/s41467-018-05342-x
https://doi.org/10.1038/s41467-018-05342-x
https://doi.org/10.1021/acsomega.0c01592
https://doi.org/10.1021/acs.biomac.0c01163
https://doi.org/10.7150/thno.73181
https://doi.org/10.1016/j.crbiot.2021.05.006


1971 
 
   https://reviewofconphil.com 

[205] J. Guo, et al., MMP-8-Responsive polyethylene glycol hydrogel for intraoral drug delivery, J. Dent. Res. 

98 (2019) 564–571, https://doi.org/10.1177/ 0022034519831931.  

[206] J.S. Ribeiro, et al., Injectable MMP-responsive nanotube-modified gelatin hydrogel for dental infection 

ablation, ACS Appl. Mater. Interfaces 12 (2020) 16006–16017, 

https://doi.org/10.1021/acsami.9b22964.  

[207] J.S. Ribeiro, et al., Hybrid antimicrobial hydrogel as injectable therapeutics for oral infection ablation, 

Biomacromolecules 21 (2020) 3945–3956. C. Montoya et al. Bioactive Materials 24 (2023) 1–19 17  

[208] M. Gulfam, et al., Design strategies for chemical-stimuli-responsive programmable nanotherapeutics, 

Drug Discov. Today 24 (2019) 129–147, https://doi.org/10.1016/j.drudis.2018.09.019.  

[209] L. Wang, et al., pH and lipase-responsive nanocarrier-mediated dual drug delivery system to treat 

periodontitis in diabetic rats, Bioact. Mater. 18 (2022) 254–266, 

https://doi.org/10.1016/j.bioactmat.2022.02.008.  

[210] R.L. Minehan, et al., Controlled release of therapeutics from enzyme-responsive biomaterials, 

Frontiers in Biomaterials Science 1 (2022). 

[211] P.G. Stathopoulou, et al., Epithelial cell pro-inflammatory cytokine response differs across dental 

plaque bacterial species, J. Clin. Periodontol. 37 (2010) 24–29, https://doi.org/10.1111/j.1600-

051X.2009.01505.x.  

[212] S. Liu, et al., Gingipain-responsive thermosensitive hydrogel loaded with SDF-1 facilitates in situ 

periodontal tissue regeneration, ACS Appl. Mater. Interfaces 13 (2021) 36880–36893, 

https://doi.org/10.1021/acsami.1c08855.  

[213] N. Li, et al., An enzyme-responsive membrane for antibiotic drug release and local periodontal 

treatment, Colloids Surf. B Biointerfaces 183 (2019), 110454, https:// 

doi.org/10.1016/j.colsurfb.2019.110454.  

[214] C.M. Wells, et al., Stimuli-responsive drug release from smart polymers, J. Funct. Biomater. 10 (2019) 

34.  

[215] Y. Ren, et al., Photoresponsive materials for antibacterial applications, Cell Reports Physical Science 1 

(2020), 100245, https://doi.org/10.1016/j. xcrp.2020.100245.  

[216] X. Hu, et al., Antimicrobial photodynamic therapy to control clinically relevant biofilm infections, 

Front. Microbiol. 9 (2018).  

[217] Y. Jiao, et al., Advancing antimicrobial strategies for managing oral biofilm infections, Int. J. Oral Sci. 

11 (2019) 1–11.  

[218] F. Cieplik, et al., Antimicrobial photodynamic therapy as an adjunct for treatment of deep carious 

lesions—a systematic review, Photodiagnosis Photodyn. Ther. 18 (2017) 54–62, 

https://doi.org/10.1016/j.pdpdt.2017.01.005.  

[219] M. Terra Garcia, et al., Photodynamic therapy mediated by chlorin-type photosensitizers against 

Streptococcus mutans biofilms, Photodiagnosis Photodyn. Ther. 24 (2018) 256–261, 

https://doi.org/10.1016/j. pdpdt.2018.08.012.  

[220] M. Nie, et al., Photodynamic inactivation mediated by methylene blue or chlorin e6 against 

Streptococcus mutans biofilm, Photodiagnosis Photodyn. Ther. 31 (2020), 101817, 

https://doi.org/10.1016/j.pdpdt.2020.101817.  

[221] M. Terra-Garcia, et al., Antimicrobial effects of photodynamic therapy with Fotoenticine on 

Streptococcus mutans isolated from dental caries, Photodiagnosis Photodyn. Ther. 34 (2021), 

102303, https://doi.org/10.1016/j. pdpdt.2021.102303.  

https://doi.org/10.1021/acsami.9b22964
https://doi.org/10.1016/j.drudis.2018.09.019
https://doi.org/10.1016/j.bioactmat.2022.02.008
https://doi.org/10.1021/acsami.1c08855
https://doi.org/10.1016/j.pdpdt.2017.01.005
https://doi.org/10.1016/j.pdpdt.2020.101817


1972 
 
   https://reviewofconphil.com 

[222] S. Afrasiabi, et al., Anti-biofilm and anti-metabolic effects of antimicrobial photodynamic therapy 

using chlorophyllin-phycocyanin mixture against Streptococcus mutans in experimental biofilm 

caries model on enamel slabs, Photodiagnosis Photodyn. Ther. 29 (2020), 101620, 

https://doi.org/10.1016/j. pdpdt.2019.101620.  

[223] M. Pourhajibagher, et al., Theranostic nanoplatforms of emodin-chitosan with blue laser light on 

enhancing the anti-biofilm activity of photodynamic therapy against Streptococcus mutans biofilms 

on the enamel surface, BMC Microbiol. 22 (2022), https://doi.org/10.1186/s12866-022-02481-6, 

68-68.  

[224] Y.-H. Lee, et al., The photodynamic therapy on Streptococcus mutans biofilms using erythrosine and 

dental halogen curing unit, Int. J. Oral Sci. 4 (2012) 196–201, https://doi.org/10.1038/ijos.2012.63.  

[225] G. Nima, et al., Photodynamic inactivation of Streptococcus mutans by curcumin in combination with 

EDTA, Dent. Mater. 37 (2021) e1–e14, https://doi.org/ 10.1016/j.dental.2020.09.015.  

[226] C.V.G. Sanches, et al., Diacetylcurcumin: a new photosensitizer for antimicrobial photodynamic 

therapy in Streptococcus mutans biofilms, Biofouling 35 (2019) 340–349, 

https://doi.org/10.1080/08927014.2019.1606907.  

[227] H.-R. Hwang, et al., Effect of antimicrobial photodynamic therapy with Chlorella and Curcuma extract 

on Streptococcus mutans biofilms, Photodiagnosis Photodyn. Ther. 35 (2021), 102411, 

https://doi.org/10.1016/j. pdpdt.2021.102411.  

[228] J. Kim, et al., Antibacterial photodynamic inactivation of Fagopyrin F from tartary buckwheat 

(fagopyrum tataricum) flower against Streptococcus mutans and its biofilm, Int. J. Mol. Sci. 22 (2021) 

6205, https://doi.org/10.3390/ ijms22126205.  

[229] L.D. Dias, et al., Curcumin as a photosensitizer: from molecular structure to recent advances in 

antimicrobial photodynamic therapy, J. Photochem. Photobiol. C Photochem. Rev. 45 (2020), 100384, 

https://doi.org/10.1016/j. jphotochemrev.2020.100384.   

[230] M.T. Garcia, et al., Susceptibility of dental caries microcosm biofilms to photodynamic therapy 

mediated by fotoenticine, Pharmaceutics 13 (2021) 1907, 

https://doi.org/10.3390/pharmaceutics13111907.  لمواد السنية الذكية وتطبيقاتها المضادة للميكروبات: مراجعة محدثة 

 :الملخص

الأسنان تتمتع بقدرات تجديد محدودة. يشكل هيكل المينا والعاج تحديات في استعادة صحة   إنتعد المواد السنية أساسية في علاج وتحسين صحة الفم حيث   :الخلفية 

تقدم، لا تزال الأمراض الفموية الفم، وقد تم استكشاف المواد التقليدية مثل المركبات الراتنجية والجسيمات النانوية الغروية لإمكاناتها التجديدية. على الرغم من ال 

في ذلك  بما  يمكن    الشائعة،  السنية، حيث  للمواد  قاسية  بيئة  الفمي  التجويف  يقدم  على ذلك،  علاوة  البكتيرية.  العدوى  مثل  عوامل  منتشرة بسبب  تسوس الأسنان، 

 .السنية الأنسجةللأحماض الناتجة عن البكتيريا أن تسبب التدهور. يجب أن تقاوم المادة السنية المثالية العدوى، وتعزز التمعدن من جديد، وتعيد تجديد 

 قدراتها المضادة للميكروبات، في مواجهة تحديات صحة ال :الهدف
ً
فم. تشمل هذه تهدف هذه المراجعة إلى استكشاف تصميم وتطبيقات المواد السنية الذكية، خصوصا

 .ن نتائج العلاجالمواد البيولوجية النشطة، والبيولوجية المستجيبة، والمواد الحيوية المستقلة التي يمكنها الاستجابة للمحفزات البيئية لتحسي 

يولوجية المستجيبة،  تستعرض المراجعة مختلف المواد السنية، مصنفة حسب "ذكائها"، بما في ذلك المواد البيولوجية غير التفاعلية، والبيولوجية النشطة، والب :الطرق 

سنان والتهاب اللثة. يتم تسليط الضوء على  والمستقلة. تناقش استخداماتها في العلاج المضاد للميكروبات، وخاصة للوقاية من وعلاج الالتهابات الفموية مثل تسوس الأ 

 .لتوصيلها المواد والآليات الرئيسية، بما في ذلك العوامل المضادة للميكروبات مثل الفضة والجسيمات النانوية، بالإضافة إلى استراتيجيات مبتكرة

كروبات في المواد  تتمتع المواد السنية الذكية بوظائف متنوعة، مثل القضاء على مسببات الأمراض وتعطيل الأغشية الحيوية. يسمح دمج العوامل المضادة للمي :النتائج

النانوية المدمجة بعوامل مثل الميريستين    السنية بآليات توصيل متطورة يمكنها إفراز المركبات العلاجية استجابة للمحفزات البيئية. على سبيل المثال، توفر الجسيمات

 في الأغشية الحيوية، مستهدفة مسببات الأمراض المحددة مثل  
ً
 معززا

ً
 .Streptococcus mutansوالفارنيسول تحكما
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 أكثر فعالية واستدامة للوقاية من وعلاج الالته :الخاتمة
ً
 واعدة في صحة الفم. توفر هذه المواد حلولا

ً
ابات، وتقليل خطر فشل  يمثل تطوير المواد السنية الذكية آفاقا

 من البحث مطلوب لتحقيق إمكاناتها بالكامل في الأوساط السريرية
ً
 .الترميم، وتعزيز تجديد الأنسجة. ومع ذلك، فإن مزيدا
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