Biomimetic Materials in Pediatric Dentistry: Innovations that Imitate Nature
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ABSTRACT 
	
	
Biomimetic materials are designed to replicate the natural properties of enamel, dentin, and pulp, offering a biologically friendly approach to dental care. In pediatric dentistry, where developing teeth present unique structural and biological challenges, these materials provide solutions that go beyond repair, aiming to restore natural function and promote tissue regeneration. Glass ionomer cements, calcium silicate-based materials, bioactive composites, and remineralizing agents such as casein phosphopeptide–amorphous calcium phosphate represent key examples of biomimetic innovations currently used in children’s dentistry. Their applications extend from restorative procedures to pulp therapy and preventive care, offering advantages in durability, aesthetics, and biocompatibility. The limitations include higher costs, technique sensitivity, and the limited number of pediatric-focused clinical studies. Future directions highlight the integration of nanotechnology and regenerative approaches that may redefine the scope of minimally invasive pediatric dental care. Overall, biomimetic materials mark a shift from conventional restorative dentistry toward strategies that imitate and support natural biology in young patients.
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1. INTRODUCTION 

Biomimetics, derived from the Greek words bios (life) and mimesis (imitation), refers to the development of materials and technologies that replicate the structure and function of natural biological systems. In dentistry, this concept has gained increasing attention as a strategy to restore teeth by mimicking their natural properties rather than merely replacing lost tissue with inert substitutes. Unlike conventional restorative approaches that focus on mechanical repair, biomimetic dentistry emphasizes biological harmony, tissue preservation, and regeneration, offering promising applications in children’s oral care (Van Meerbeek et al., 2010).

Pediatric dentistry presents unique challenges due to the anatomical and physiological differences between primary and permanent teeth. Primary teeth have thinner enamel and dentin, larger pulp chambers, and a higher susceptibility to caries. Restorative interventions in children must therefore balance functionality, aesthetics, and biocompatibility while preserving tooth vitality whenever possible. Biomimetic materials offer distinct advantages in this context, as they not only restore function but also interact positively with dental tissues, supporting remineralization and natural healing processes (Frencken et al., 2012).

Several classes of biomimetic materials have been integrated into pediatric dentistry. Glass ionomer cement (GIC) is commonly used as they bond chemically with tooth structure and release fluoride ions, thereby offering both restorative and preventive benefits (Nicholson & Czarnecka, 2008). Calcium silicate–based materials such as mineral trioxide aggregate (MTA) and Biodentine have become the gold standard in vital pulp therapies, promoting dentin bridge formation and pulpal healing (Torabinejad & Parirokh, 2010). Bioactive composites and giomers are designed to release calcium and phosphate ions, enhancing remineralization while maintaining aesthetic properties suitable for anterior restorations in children. Furthermore, remineralizing agents like casein phosphopeptide–amorphous calcium phosphate (CPP-ACP) has demonstrated effectiveness in reversing early enamel demineralization, making them highly valuable in preventive pediatric care (Reynolds, 2009).

The use of biomimetic principles in dentistry aligns closely with the philosophy of minimally invasive dentistry, which is particularly relevant in young patients. By reducing the need for aggressive tissue removal and instead enhancing the natural repair potential of teeth, biomimetic materials support long-term oral health and function (Banerjee, 2013; Arifa et al., 2019). Despite these advantages, certain limitations persist, including high cost, limited clinical data specific to children, and the need for specialized handling techniques. Nonetheless, ongoing research into nanotechnology, stem cell–based regeneration, and bioengineered scaffolds promises to expand the scope of biomimetics in pediatric oral health.

In summary, biomimetic materials represent a paradigm shift in pediatric dentistry, bridging the gap between biology and technology. Their integration into restorative, preventive, and regenerative treatments offers the potential to not only repair but also rejuvenate the natural tooth structure in children, thereby ensuring functional and aesthetic outcomes with long-term benefits.

2. METHODOLOGY

A structured literature search was conducted to identify publications relevant to the use of biomimetic materials in pediatric dentistry. The databases PubMed, Web of Science, and Scopus were searched using combinations of the keywords biomimetic materials, pediatric dentistry, bioactive restorative materials, vital pulp therapy, remineralization, and special health care needs. The search included articles published in English up to 2025.

Both original research articles and review papers were considered.
Inclusion criteria were:
1. Studies focused on restorative, preventive, or regenerative biomimetic materials used in children.
2. Clinical trials, laboratory studies, and systematic reviews providing evidence for biomimetic applications in pediatric dentistry.
3. Articles addressing material properties such as bioactivity, remineralization potential, and pulp response.
Exclusion criteria were:
1. Studies limited to adult populations without relevance to children.
2. Articles not published in English.
3. Reports with insufficient methodological detail or lacking peer review.
Data were extracted and categorized under major themes: restorative biomimetic materials, pulp therapy applications, preventive strategies, advantages, challenges, and emerging technologies. References were reviewed to ensure inclusion of the most relevant and non-duplicate sources. This methodology ensured a comprehensive and unbiased synthesis of available literature on the role of biomimetic materials in pediatric dentistry.

3. Biomimetic Concept in Pediatric Dentistry

Biomimetics in dentistry focuses on designing materials and techniques that replicate the structural, functional, and biological characteristics of natural dental tissues. Unlike traditional approaches that rely on inert restorative substances, biomimetic dentistry integrates materials into the tooth environment in a manner that harmonizes with natural tissue properties and enhances long-term clinical outcomes (Schwendicke et al., 2016; Dawasaz et al., 2023).

In pediatric dentistry, the biomimetic approach holds special importance due to the distinctive features of primary and young permanent teeth. These teeth have thinner enamel and dentin, larger pulp chambers, and greater permeability, which increases their susceptibility to caries and pulpal involvement. As a result, restorative interventions in children benefit significantly from materials that not only restore lost structure but also encourage remineralization and support tissue vitality (Innes et al., 2016; Verma et al., 2023).

3.1 Mimicking Enamel

Enamel is highly mineralized and functions as the tooth’s protective barrier. Natural enamel formation is controlled by amelogenin and other enamel matrix proteins, which guide the nucleation and growth of hydroxyapatite (HAp) crystals through precise molecular interactions. Biomimetic systems mimic this process using amelogenin-derived peptides or recombinant proteins that self-assemble into nanospheres, acting as scaffolds for oriented crystal formation. This allows for organized nanocrystalline enamel-like layers that replicate the hardness and translucency of natural enamel (Moradian-Oldak, 2012). Biomimetic restorative strategies aim to reproduce its hardness, translucency, and resistance to acid attack. Bioactive composites and nanotechnology-based materials can release calcium, phosphate, and fluoride ions, support the remineralization of adjacent enamel while offering aesthetic and mechanical properties that closely resemble the natural tissue (Xu et al., 2010).

3.2 Mimicking Dentin

Dentin is a more resilient tissue composed of mineralized collagen and permeated with tubules that connect to the pulp. Dentin mineralization is a collagen-driven process regulated by non-collagenous proteins (NCPs) such as dentin matrix protein 1 (DMP1) and phosphophoryn. Biomimetic remineralization replicates these functions using analogues of NCPs, such as polyacrylic acid, polyaspartic acid, or phosphorylated chitosan, which act as nucleation templates for calcium and phosphate ions.
This process enables bottom-up mineral growth within the collagen fibrils, restoring both mechanical integrity and permeability of demineralized dentin (Tay et al., 2008). Modern adhesive systems aim to recreate the hybrid layer and dentin–enamel junction, thus reducing microleakage and increasing the durability of restorations (Pashley et al., 2011).

3.3 Mimicking the Pulp–Dentin Complex

The pulp–dentin complex is central to tooth vitality. Biomimetic pulp therapy seeks not only to protect but also to regenerate pulp tissue. Calcium silicate–based materials such as MTA and Biodentine stimulate odontoblastic differentiation and promote the formation of reparative dentin. These properties make them particularly valuable for vital pulp therapy in children, where maintaining pulp health is crucial for the development of immature permanent teeth (Camilleri et al., 2013).

3.4 Connection with Minimally Invasive Dentistry

The biomimetic approach aligns with the philosophy of minimally invasive dentistry, which emphasizes conservation of tooth structure and the activation of natural healing mechanisms. In pediatric practice, this philosophy translates into management techniques that favor remineralization, selective caries removal, and biological preservation over radical operative methods. Biomimetic materials are central to this philosophy as they combine tissue compatibility with the ability to strengthen and protect the remaining tooth structure (Banerjee, 2013).

In summary, the biomimetic concept in pediatric dentistry emphasizes mimicking enamel, dentin, and pulp to restore teeth in a biologically harmonious and minimally invasive manner. This approach ensures durable, esthetic, and functional restorations tailored to the unique needs of children.

3.5 Biomimetic Adhesion: Molecular Interactions at the Interface

[bookmark: _GoBack]Biomimetic dental adhesives aim to replicate natural dentin–enamel junction bonding by promoting chemical and physical integration at the molecular level. Incorporation of bioactive molecules (e.g., calcium phosphates, peptide nanofibers, and biomimetic primers) enhances hybrid layer remineralization and reduces degradation.
These systems emulate the molecular interactions of collagen and hydroxyapatite, enabling stable and durable resin–dentin interfaces.

3.6 Bioactive Ion Exchange and Smart Release

In the oral environment, biomimetic materials mimic saliva’s natural remineralizing capacity through controlled ion release. Bioactive glasses, calcium silicate cements, and nano-hydroxyapatite composites act as ion reservoirs, releasing Ca²⁺, PO₄³⁻, and F⁻ ions in response to acidic pH. This ion-exchange mechanism promotes crystal nucleation on tooth surfaces, forming a protective apatite layer and facilitating self-repair of early enamel lesions (Hannig & Hannig, 2009).

4. BIOMIMETIC RESTORATIVE MATERIALS

The clinical success of biomimetic dentistry depends largely on the choice of restorative materials that not only replace lost tissue but also interact with the natural tooth structure to promote healing, remineralization, and long-term stability. In pediatric dentistry, restorative materials must meet additional requirements such as biocompatibility, ease of placement, fluoride release, and esthetic outcomes suitable for young patients [Table 1]. Over the years, several biomimetic restorative materials have been developed to address these needs (Ferracane, 2011; Pires et al., 2023; Singer et al., 2023).

Table 1. Biomimetic restorative materials and their applications in pediatric dentistry

	Material
	Composition/ Key Feature
	Applications in Children
	Biomimetic Advantage

	GIC
	Fluoroaluminosilicate glass + polyacrylic acid
	ART, small restorations, liners
	Chemical adhesion, fluoride release


	RMGIC
	GIC + resin
	Restorations requiring improved esthetics
	Enhanced strength and appearance, fluoride release

	MTA	
	Calcium silicate
	Pulpotomy, apexogenesis
	Stimulates dentin bridge, preserves pulp vitality


	Biodentine	
	Tricalcium silicate
	Pulp therapy, dentin substitute
	Biocompatibility, faster setting, dentin regeneration


	Bioactive composites
	Resin with ion-releasing fillers
	Class III, Class V restorations
	Remineralization, caries inhibition, esthetics


	Giomers	
	Resin with pre-reacted glass fillers
	Anterior pediatric restorations	
	Fluoride release + esthetics


	CPP-ACP
	Casein protein with calcium and phosphate
	Preventive care, white spot lesion management
	Enhances enamel repair, anticariogenic


	Nanocomposites/ Ormocers
	Nanoparticles with resin matrix
	Esthetic restorations
	Enamel-like translucency, polishability



(Abbreviations: GIC- Glass ionomer cement; RMGIC- Resin modified glass ionomer cement; MTA- Mineral trioxide aggregate; CPP-ACP- Casein Phosphopeptide- Amorphous Calcium Phosphate; ART- Atraumatic restorative treatment)

4.1 Glass Ionomer Cements (GICs) and Resin-Modified GICs

Glass ionomer cements are among the earliest materials introduced with biomimetic potential. They consist of fluoroaluminosilicate glass and polyacrylic acid, which bond chemically to enamel and dentin, reducing microleakage and secondary caries. Their most significant advantage is fluoride release, which provides a cariostatic effect and supports remineralization of adjacent tooth structure (Ngo et al., 2006).

Resin-modified GICs (RMGICs) were later developed to improve aesthetics and mechanical properties while retaining fluoride release. They are particularly suitable for atraumatic restorative treatment (ART) and as liners in pediatric patients (Yengopal & Mickenautsch, 2010).

4.2 Calcium Silicate–Based Materials (MTA and Biodentine)

MTA is a calcium silicate–based material widely recognized for its bioactivity and biocompatibility. It is the gold standard for pulpotomy in primary molars due to its ability to stimulate dentin bridge formation and preserve pulp vitality (Torabinejad & Parirokh, 2010). However, MTA has drawbacks such as prolonged setting time and potential discoloration.

Biodentine, a newer calcium silicate cement, was introduced as a dentin substitute. It offers faster setting, superior handling, and excellent biocompatibility compared to MTA. In pediatric dentistry, Biodentine is used for pulp therapy, indirect pulp capping, and as a dentin replacement under restorations (Camilleri, 2013).

4.3 Bioactive Composites and Giomers

Conventional resin composites, though aesthetically pleasing, are relatively inert. Bioactive composites were developed to overcome this limitation by incorporating fillers that release calcium, phosphate, and fluoride ions. These ions promote remineralization, inhibit secondary caries, and enhance the longevity of restorations. Giomers, a subclass of composites containing pre-reacted glass fillers, combine the fluoride release of GICs with the esthetics of composites, making them valuable for anterior pediatric restorations (Ikemura et al., 2008).

4.4 Casein Phosphopeptide- Amorphous Calcium Phosphate (CPP-ACP)

CPP-ACP is a milk-derived biomimetic remineralizing agent that stabilizes calcium and phosphate ions in an amorphous form, making them bioavailable for enamel remineralization. It is especially effective in reversing white spot lesions and early carious lesions, which are common in children (Reynolds, 2009). CPP-ACP is often incorporated into topical creams, chewing gums, and fluoride varnishes, serving as an adjunct in preventive pediatric care.

4.5 Other Novel Biomimetic Restorative Approaches

Emerging biomimetic approaches include nanohybrid composites, calcium phosphate cements, and ormocer-based materials. These aim to mimic enamel translucency, improve polishability, and enhance ion release while minimizing polymerization shrinkage. Although clinical data in pediatric populations remain limited, early studies indicate potential applications in restorative dentistry (Moszner & Klapdohr, 2004).

5. BIOMIMETIC APPROACHES IN PULP THERAPY

Vital pulp therapy (VPT) in pediatric dentistry aims to maintain the health and vitality of the pulp in primary and immature permanent teeth affected by caries or trauma. The biomimetic approach focuses not only on protecting the pulp but also on stimulating natural regenerative processes within the dentin–pulp complex [Table 2]. This philosophy has shifted pulp therapy from being a purely protective procedure to a regenerative and biologically driven treatment modality (Farges et al., 2015).

Table 2. Biomimetic materials used in pulp therapy for children

	Material
	Clinical Application
	Biomimetic Property
	Key Advantage
	Limitation

	Calcium hydroxide 
	Direct/indirect pulp capping
	Induces dentin bridge
	Easy to use, cheap	
	Dissolves over time, poor seal	

	MTA	
	Direct pulp capping, pulpotomy, apexogenesis
	Bioactive calcium silicate, dentin bridge formation	
	High success in pulpotomy, preserves pulp vitality
	Long setting time, discoloration, expensive


	Biodentine
	Direct pulp capping, pulpotomy, dentin substitute
	Stimulates odontoblastic activity, dentin regeneration
	Short setting time, good handling, biocompatible
	Cost, limited long-term pediatric data


	Calcium silicate cements 
	Regenerative endodontics
	Bioactive ion release, scaffold sealing
	Promotes apical closure in immature teeth
	Still experimental in pediatrics


	Scaffold-based regenerative protocols
	Immature permanent teeth
	
	Mimics natural tissue regeneration with SCAP cells
	Root development continues, biomimetic repair
	Complex procedure, limited clinical evidence


(Abbreviations: MTA- Mineral trioxide aggregate; SCAP- Stem cells of apical papilla)

5.1 Indirect and Direct Pulp Capping

Indirect pulp capping involves preserving affected but remineralizable dentin to avoid pulp exposure, while direct pulp capping is performed when a small pulp exposure occurs. Calcium hydroxide was traditionally used but has limitations such as dissolution over time and poor sealing ability. Biomimetic calcium silicate–based materials, such as MTA and Biodentine, have demonstrated superior outcomes by promoting dentin bridge formation and reducing pulpal inflammation. Their ion release stimulates odontoblastic activity, mimicking the natural dentinogenesis (Laurent et al., 2008; Singh et al., 2023).

5.2 Pulpotomy in Primary Teeth

Pulpotomy is one of the most common procedures in pediatric dentistry. The goal is to remove infected coronal pulp while preserving the vitality of radicular pulp. Historically, formocresol was widely used, but safety concerns regarding toxicity and mutagenicity have limited its use. MTA has emerged as a preferred biomimetic material for pulpotomy because of its biocompatibility, sealing ability, and ability to promote dentin bridge formation. Bio dentine has shown comparable or even superior results, offering improved handling and shorter setting times, making it an excellent option for pediatric pulpotomies (Cuadros-Fernández et al., 2016).

5.3 Regenerative Endodontics in Immature Permanent Teeth

In immature permanent teeth, traditional root canal treatment often leads to compromised root development. Regenerative endodontic procedures (REPs) offer a biomimetic alternative by stimulating root development and apical closure. These techniques involve root canal disinfection, induction of bleeding to provide a scaffold, and sealing with biomimetic materials such as calcium silicate cements. Stem cells from the apical papilla (SCAP) are thought to play a central role in dentin–pulp regeneration (Sonoyama et al., 2008; Zafar et al., 2020). Although REPs in pediatric patients are still under investigation, early results indicate high potential for restoring function while maintaining natural tissue vitality.

5.4 Future Directions in Pulp Biomimetics

The future of biomimetic pulp therapy is moving toward tissue engineering approaches that combine stem cells, scaffolds, and growth factors to regenerate the dentin–pulp complex. Nanomaterials are also being explored for their ability to deliver bioactive ions and growth factors in a controlled manner, further enhancing regenerative outcomes (Galler et al., 2016). While these technologies are still largely experimental, they highlight the potential of biomimetic strategies to transform pulp therapy in children from reparative to truly regenerative care.

6. PREVENTIVE BIOMIMETIC APPLICATIONS

Biomimetic principles extend beyond restorative and pulp therapy into the field of prevention. In pediatric dentistry, preventive care is a cornerstone of treatment, aiming to protect developing teeth from demineralization, caries, and structural compromise. Biomimetic preventive materials are designed to enhance natural remineralization, restore mineral balance in enamel, and provide long-lasting protection against caries without invasive procedures (Featherstone, 2008).

6.1 Remineralizing Agents

Remineralization therapy is a major biomimetic strategy for the prevention of early carious lesions. CPP-ACP is widely used due to its ability to stabilize calcium and phosphate ions in a bioavailable state. This compound enhances enamel repair and has shown effectiveness in reversing white spot lesions, particularly in children undergoing orthodontic treatment. Combinations of CPP-ACP with fluoride have demonstrated synergistic effects, improving both remineralization and resistance to future acid challenges (Reynolds et al., 2008).

6.2 Bioactive Sealants

Pit and fissure sealants are a well-established preventive tool in pediatric dentistry. The introduction of bioactive sealants, incorporating ion-releasing fillers such as calcium phosphate or fluoride, has added a biomimetic dimension to these materials. Such sealants not only provide a mechanical barrier against bacterial colonization but also promote remineralization of adjacent enamel, offering dual protection (García-Godoy & Hicks, 2008).

6.3 Fluoride-Releasing Systems

Fluoride remains one of the most effective preventive agents in pediatric dentistry. Advances in biomimetic material design have led to the addition of fluoride into varnishes, glass ionomer sealants, and restorative materials, allowing for sustained fluoride release. This sustained exposure helps mimic the natural dynamic process of demineralization- remineralization at the tooth surface (Peters & McLean, 2001).

6.4 Emerging Preventive Biomimetic Technologies

Nanotechnology-based preventive systems are currently under investigation, including nanoparticles of hydroxyapatite and calcium phosphate, which closely resemble the mineral phase of enamel. These nanoparticles are capable of integrating into demineralized enamel, restoring surface integrity, and improving resistance to caries (Hannig & Hannig, 2010). Early evidence suggests that such technologies may provide a biomimetic alternative to traditional fluoride therapy in the future.

7. ADVANTAGES OF BIOMIMETIC MATERIALS IN CHILDREN

The use of biomimetic materials in pediatric dentistry provides several distinct benefits compared to conventional restorative and preventive approaches. These advantages are particularly relevant in children, where biological preservation, esthetics, and long-term functionality are central to clinical decision-making.

7.1 Biocompatibility and Pulp Preservation

Biomimetic materials are designed to work in harmony with the biological environment of the tooth. Calcium silicate-based materials such as MTA and Biodentine release bioactive ions that stimulate odontoblastic differentiation and dentin bridge formation, preserving pulp vitality even in compromised teeth (Parirokh & Torabinejad, 2010). This property is especially valuable in primary molars and immature permanent teeth, where pulp vitality is crucial for root development.

7.2 Enhanced Remineralization Potential

Many biomimetic materials actively release calcium, phosphate, and fluoride ions that enhance natural remineralization. Glass ionomer cements and bioactive composites not only restore lost structure but also strengthen adjacent enamel and dentin. Preventive agents such as CPP-ACP provide additional protection against caries by stabilizing mineral ions in a bioavailable form (Morgan et al., 2008).

7.3 Natural Esthetics

Children and parents often place importance on esthetic outcomes, particularly in anterior teeth. Biomimetic composites, giomers, and nanocomposites replicate the translucency and optical properties of natural enamel, resulting in restorations that are visually indistinguishable from surrounding tooth tissue (Ilie & Hickel, 2009). This improves acceptance of treatment and supports psychological well-being in young patients.

7.4 Minimally Invasive Dentistry

The biomimetic approach aligns with the principles of minimally invasive dentistry by prioritizing tissue preservation and natural repair. In pediatric practice, this reduces the need for extensive cavity preparation and aggressive interventions. Materials such as fluoride-releasing GICs and bioactive sealants allow clinicians to adopt preventive and conservative strategies while maintaining long-term functionality (Tyas et al., 2000).

7.5 Long-Term Benefits

Biomimetic materials contribute to the longevity of both primary and permanent teeth. By reinforcing tooth structure, reducing microleakage, and promoting remineralization, they decrease the risk of secondary caries and restoration failure. This reduces the frequency of re-intervention, a significant advantage in pediatric populations where patient cooperation can be limited (Mount, 1989).

8. IMPLICATIONS FOR CHILDREN WITH SPECIAL HEALTH CARE NEEDS

Children with special health care needs frequently experience oral conditions such as enamel hypoplasia, high caries susceptibility, medication-induced xerostomia, and behavioral or medical limitations that complicate routine dental treatment. In these patients, the application of biomimetic materials provides important clinical advantages by enabling simplified procedures, conserving tooth structure, and promoting natural repair processes (Da Franca et al., 2011).

Glass ionomer restorations are especially useful, as they bond chemically to enamel and dentin, release fluoride over time, and can be placed using atraumatic techniques, reducing reliance on rotary instrumentation (Nicholson, 2016).

Hybrid ionomer and bioactive resin systems deliver esthetic and durable results while requiring fewer clinical steps, which is beneficial in children who have limited tolerance for lengthy appointments (Deepika et al., 2022).

Remineralization therapies such as CPP-ACP are valuable in cases of developmental enamel defects or reduced salivary flow, providing bioavailable calcium and phosphate ions that lower hypersensitivity and strengthen enamel (Camilleri, 2008).

Calcium silicate–based cements used in vital pulp therapy help preserve immature teeth without complex endodontic interventions, offering predictable healing and reduced chair time (Schwendicke et al., 2017; Singer et al., 2023).

By incorporating these biomimetic strategies, clinicians can provide safer, more efficient, and biologically supportive care tailored to the unique challenges of children with special health care needs.

9. CHALLENGES AND LIMITATIONS

While biomimetic materials provide significant clinical benefits in pediatric dentistry, certain challenges limit their widespread application. These barriers are linked to material properties, cost, clinical handling, and the availability of long-term pediatric-specific evidence.

9.1 Technique Sensitivity

Several biomimetic materials require strict adherence to handling protocols. For instance, calcium silicate-based cements may require careful moisture control and precise placement to achieve optimal outcomes. Operator inexperience can increase the risk of treatment failure, particularly in children who may not tolerate lengthy procedures (Deepika et al., 2022). 

9.2 Cost and Availability

[bookmark: _Hlk211716880]Many bioactive materials, including Biodentine and nanohybrid composites, are significantly more expensive than conventional alternatives. This financial burden can limit access in public health systems and in low-resource settings, where traditional restorative options may still be preferred (Camilleri, 2008).

9.3 Limited Long-Term Data in Children

[bookmark: _Hlk211716910]Although biomimetic approaches show promising results, most supporting evidence comes from in vitro studies or clinical trials in adults. Pediatric-specific long-term studies are scarce, creating uncertainty about the durability and cost-effectiveness of these materials in primary and immature permanent teeth (Schwendicke et al., 2017).

9.4 Esthetic and Mechanical Limitations

Glass ionomer cements, though beneficial for fluoride release, often lack the esthetic qualities and mechanical strength of resin-based composites. This restricts their use in high-load areas or anterior restorations where esthetics are critical. Similarly, some calcium silicate cements may discolor teeth, limiting their use in visible regions (Zhang et al. 2023).

9.5 Patient- and Operator-Related Factors

Children with limited cooperation or those requiring treatment under general anesthesia may pose additional challenges. Biomimetic procedures that demand longer chairside time or multiple steps may not be feasible in such circumstances. Additionally, dentists require advanced training to fully implement biomimetic protocols, which may not yet be part of standard pediatric curricula (Chong et al., 2003).

10. FUTURE PERSPECTIVES

The development of biomimetic materials for pediatric dentistry is an evolving field. While current options already improve outcomes through remineralization, biocompatibility, and pulp preservation, ongoing research points toward transformative innovations that may redefine child dental care in the near future.

10.1 Nanotechnology-Enhanced Materials

Nanoparticles of hydroxyapatite, bioactive glass, and calcium phosphate are being incorporated into restorative and preventive systems. These particles closely resemble the mineral structure of enamel and dentin, enabling enhanced integration and superior remineralization potential. Such nanomaterials also improve mechanical strength and wear resistance of restoratives, making them highly suitable for long-term use in children (Banerjee & Doméjean, 2013; Harshita et al., 2024).

10.2 Regenerative Dentistry and Tissue Engineering

The integration of stem cells, growth factors, and scaffolds offers the potential to regenerate entire dental tissues rather than just repair them. In children, this is especially significant for immature permanent teeth where maintaining vitality is crucial for continued root development. Tissue-engineered pulp–dentin complexes and bioactive scaffolds are currently under investigation, with encouraging preclinical results (Banerjee & Doméjean, 2013).

10.3 Personalized and Preventive Dentistry

Advances in biomaterials are being paired with personalized treatment strategies. Risk assessment tools and salivary diagnostics may guide the tailored application of remineralizing agents, sealants, and bioactive restorations for children at high risk of caries. This individualized approach aligns with the philosophy of preventive and minimally invasive dentistry (Hannig & Hannig, 2012; Balhaddad et al., 2025).

10.4 Digital and Smart Biomaterials

Emerging research focuses on “smart” dental materials capable of responding to environmental changes such as pH fluctuations. These materials release ions or antimicrobial agents when demineralization begins, providing targeted protection against caries. The combination of digital dentistry and smart biomaterials could streamline pediatric care by offering precision and enhanced monitoring capabilities (Subramanian et al., 2024).

10.5 Barriers to Implementation

Despite promising developments, several barriers remain before these innovations become routine in pediatric practice. These include high production costs, the need for extensive safety evaluations, and a lack of long-term pediatric-specific trials. Collaboration between material scientists, pediatric dentists, and public health systems will be essential to ensure clinical translation and equitable access (Subramanian et al., 2024).

11. Conclusion

Biomimetic materials represent a transformative advancement in the field of pediatric dentistry, moving treatment beyond conventional restorative approaches toward biologically active, regenerative, and minimally invasive strategies. Their ability to interact with enamel, dentin, and pulp tissues provides significant advantages in terms of remineralization, biocompatibility, esthetics, and long-term preservation of both primary and immature permanent teeth. Preventive biomimetic agents further enhance protection against caries, while pulp therapy innovations support natural healing and continued root development.

Despite these benefits, challenges remain, including higher costs, technique sensitivity, and the lack of long-term pediatric-specific data. Future directions such as nanotechnology-enhanced restoratives, tissue engineering, and smart biomaterials hold the promise of transforming dental care for children, including those with special health care needs.

In summary, biomimetic dentistry in children bridges the gap between nature and technology, ensuring treatment approaches that not only repair but also regenerate, preserve, and protect the developing dentition. Continued research, clinical trials, and interdisciplinary collaboration will be essential for translating these promising materials into everyday pediatric practice.
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