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Background: Nanotechnology has introduced a new era in pediatric dentistry by enabling 

precise, biocompatible, and minimally invasive treatment modalities. Through nanoscale 

materials and bioengineered systems, clinicians can now enhance preventive, restorative, and 

regenerative outcomes in young patients.  Aim: This narrative review explores the recent 

advances, applications, and future trends of nanotechnology in pediatric dental practice, 

emphasizing clinical utility, biosafety, and translational potential.  Methods: A comprehensive 
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review of literature from 2015 to 2025 was conducted using PubMed, Scopus, and Google 

Scholar databases. Peer-reviewed studies and systematic reviews on nanotechnology in 

pediatric dentistry were analysed for emerging applications, benefits, and safety 

considerations.  Results: Nanomaterials such as nano-hydroxyapatite, silver, and zinc oxide 

nanoparticles demonstrate superior antibacterial and remineralizing properties, improving the 

management of caries and enhancing restorative longevity. Nanocomposites, bioactive nano 

glass ionomers, and nano scaffolds show promising roles in pulp therapy, regeneration, and 

enamel repair. Furthermore, nano-diagnostic tools and AI-integrated nano sensors are 

redefining early detection and personalized preventive care.  Conclusion: Nanotechnology is 

revolutionizing pediatric dentistry by merging advanced material science with clinical 

precision. However, the translation of these innovations into daily pediatric practice requires 

long-term safety validation, ethical regulation, and cost-effective scalability. 

KEYWORDS: Nano dentistry; Pediatric Dentistry; Nanotechnology; Nano-hydroxyapatite; 

Nanocomposites; Nanotoxicology; Regenerative Dentistry; Smart Biomaterials; Nano-

diagnostics; Dental Public Health.  
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NANOTECNOLOGÍA EN ODONTOLOGÍA PEDIÁTRICA: INNOVACIONES EMERGENTES, 

APLICACIONES CLÍNICAS Y PERSPECTIVAS FUTURAS: UNA REVISIÓN NARRATIVA. 

 

Antecedentes: La nanotecnología ha inaugurado una nueva era en la odontología pediátrica al 

permitir modalidades de tratamiento precisas, biocompatibles y mínimamente invasivas. 

Mediante materiales a nanoescala y sistemas bioingenierizados, los clínicos ahora pueden 

mejorar los resultados preventivos, restaurativos y regenerativos en pacientes jóvenes. 

Objetivo: Esta revisión narrativa explora los avances recientes, las aplicaciones y las 

tendencias futuras de la nanotecnología en la práctica odontológica pediátrica, haciendo 

hincapié en la utilidad clínica, la bioseguridad y el potencial traslacional. Métodos: Se realizó 

una revisión exhaustiva de la literatura desde 2015 hasta 2025 utilizando las bases de datos 

PubMed, Scopus y Google Scholar. Se analizaron estudios revisados ??por pares y revisiones 

sistemáticas sobre nanotecnología en odontología pediátrica para aplicaciones emergentes, 

beneficios y consideraciones de seguridad. Resultados: Los nanomateriales como la 

nanohidroxiapatita, la plata y las nanopartículas de óxido de zinc demuestran propiedades 

antibacterianas y remineralizantes superiores, mejorando el manejo de la caries y 

aumentando la longevidad de las restauraciones. Los nanocompuestos, los ionómeros de 

vidrio nanoactivos y los nanoandamios muestran un papel prometedor en la terapia pulpar, la 

regeneración y la reparación del esmalte. Además, las herramientas de nanodiagnóstico y los 
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nanosensores con IA integrada están redefiniendo la detección temprana y la atención 

preventiva personalizada. Conclusión: La nanotecnología está revolucionando la odontología 

pediátrica al combinar la ciencia de los materiales avanzados con la precisión clínica. Sin 

embargo, la aplicación de estas innovaciones en la práctica pediátrica diaria requiere una 

validación de seguridad a largo plazo, una regulación ética y una escalabilidad rentable.  

PALABRAS CLAVE: Nanoodontología; Odontología pediátrica; Nanotecnología; 

Nanohidroxiapatita; Nanocompuestos; Nanotoxicología; Odontología regenerativa; 

Biomateriales inteligentes; Nanodiagnóstico; Salud pública dental. 

 

INTRODUCTION 

Nanotechnology, defined as the 

manipulation of matter at dimensions 

between 1 and 100 nanometres, has 

transformed dentistry by enabling materials 

with enhanced physical, chemical, and 

biological properties 1,2. Nano dentistry 

applies these advances to prevention, 

restoration, diagnosis, and regeneration, 

with particular relevance in pediatric care 3. 

Children face early childhood caries, enamel 

defects, and limited treatment tolerance; 

nanotechnology offers biocompatible, 

aesthetic, durable, and minimally invasive 

alternatives 4. Nano-hydroxyapatite, silver 

nanoparticles, nanocomposites, and nano-

glass ionomers support remineralization, 

antibacterial action, and robust restorations 

5-7. Nano scaffolds, nano-calcium silicates, 

nano sensors, and quantum dots aid 
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regeneration and diagnosis 8,9, while 

nanotoxicity and regulatory concerns 

persist 10. 

Historical Background: Tracing the Path of 

Nano dentistry 

Nanotechnology in dentistry has evolved 

into tools for pediatric care. 

 Foundational Concepts (1960s – 

1980s) 

Feynman envisioned atomic-scale control 

11; Drexler outlined molecular 

nanotechnology 12. 

 The Birth of Nano dentistry (Early 

2000s) 

Nano dentistry used nanocomposites and 

nanoceramics to improve restorations 13. 

 The Shift to Bioactivity and 

Prevention (Mid-2000s) 

Nano-hydroxyapatite enabled enamel 

repair and remineralization 14. 

 Clinical Translation and 

Diversification (2010s) 

Nano-glass ionomers, nano-adhesives 15, 

nano scaffolds, and Ag, ZnO, TiO2 

nanoparticles helped manage early 

childhood caries 16. 

 Integration and Future Horizons 

(2020s) 

Integration with Artificial Intelligence and 

biomaterials is inspiring novel pediatric 

nanodevices 17, 18. 
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Classification of Nanotechnology in 

Pediatric Dentistry 

The diverse applications of 

nanotechnology in dentistry are 

systematically categorized based on its 

function, composition, and mechanism. This 

framework, simplifies understanding its role 

in prevention, restoration, regeneration, 

and diagnostics for children’s oral health. 

 

 

Classification Based on Application Summary of Nanotechnology in Pediatric Dentistry 

Table 1. summarizes the clinical goals and key materials of different nanotechnology 
categories as applied to pediatric dentistry. 

 
Category Primary Focus (Clinical Goal) Key Nanomaterials & 

Examples 

Reference 

Preventive 

Nanotechnology 

Early Childhood Caries 

Prevention (Enamel 

Remineralization & Antibacterial 

Action) 

Nano-hydroxyapatite, Nano-

fluoride, Metallic 

Nanoparticles (in toothpaste, 

varnishes, and sealants). 

23 

Restorative 

Nanotechnology 

Superior Restoration & 

Durability (Improved Mechanical 

Properties & Esthetics) 

Nano glass Ionomers, 

Nanocomposites, Nano 

adhesives (for primary teeth). 

24 

Regenerative Pulp–Dentin Repair  Nano scaffolds, Nano-calcium 25 
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Nanotechnology (Cellular Proliferation & 

Odontoblastic Differentiation) 

Silicate, Bioactive Glass 

Nanoparticles. 

Diagnostic 

Nanotechnology 

Early and Real-Time Detection 

(Caries, Microbial Activity, and 

Biomarkers) 

Nano sensors, Nanorobots, 

Quantum Dots (to detect early 

demineralization). 

26 

Orthodontic & 

Behavioral 

Nanotechnology 

Patient Comfort & Compliance 

(Friction Reduction, Adhesion, & 

Sensory Modification) 

Nano coatings (on brackets), 

Flavor-modified Nano-

varnishes, Color-adaptive 

Composites. 

27 

 

 

Classification Based on Material 

Composition: 

 

This section groups nanotechnology by the 

core chemical makeup of the nanoscale 

particles. 

 Metallic Nanoparticles: 

Examples: Silver (Ag), Zinc Oxide (ZnO), 

Titanium Dioxide (TiO₂), and Gold (Au). 

Function: Exhibit strong antibacterial and 

photocatalytic effects crucial for pediatric 

caries prevention. 28 

 

 Polymeric Nanoparticles: 

Examples: Chitosan, Polyethylene Glycol 

(PEG), and Poly(lactic-co-glycolic acid) 

(PLGA). 
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Function: Used as biocompatible carriers for 

targeted drug delivery and biofilm 

inhibition. 29 

 Bioactive Nanoparticles: 

Examples: Nano-hydroxyapatite, Silica, and 

Calcium Phosphate particles. 

Function: Mimic natural mineral structures 

(Enamel/Dentin) to facilitate biomimetic 

remineralization and regeneration. 30   

 

Classification Based on Functional 

Mechanism: 

This groups the applications by their specific 

biological or physical action within the oral 

cavity. 

 Antibacterial Nanotechnology: 

Inhibits microbial adhesion and 

growth on tooth surfaces. 

 Remineralizing Nanotechnology: 

Promotes the controlled deposition 

of calcium and phosphate ions into 

enamel microdefects.   

 Regenerative Nanotechnology: 

Enhances tissue repair and the 

formation of the dentin–pulp 

complex.   

 Diagnostic Nanotechnology: Enables 

real-time, non-invasive caries 

detection and salivary biomarker 

monitoring. 

This multidisciplinary classification 

emphasizes that nanotechnology is 

fundamental to the future of preventive, 

regenerative, and personalized pediatric 

dentistry. 31, 32 
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Nanotechnology Mechanisms in Pediatric 

Dentistry: Nanotechnology enhances 

pediatric dental outcomes through 

fundamental physicochemical and biological 

mechanisms, leveraging the high surface-

area-to-volume ratio and enhanced 

reactivity of nanoscale materials 33. [Table 2] 

1. Antimicrobial Mechanism: 

Metallic nanoparticles AgNP, ZnO 

NPs, TiO NPs exhibit broad-spectrum 

antimicrobial properties. These particles 

attach to bacterial cell walls, alter 

membrane permeability, and generate 

Reactive Oxygen Species (ROS) that cause 

oxidative stress and cell death 34. Nano-

silver varnishes reduce Streptococcus 

mutans levels for caries prevention 35.TiO 

nanoparticles also possess photocatalytic 

properties that inhibit bacterial colonization 

36. 

2. Remineralization Mechanism 

Nano-hydroxyapatite (n-Hap), 

structurally similar to enamel, integrates 

directly into demineralized enamel and 

dentin 37. The nanoparticles fill subsurface 

lesions and release calcium and phosphate 

ions that aid in restoring enamel 

microhardness. N-Hap-based toothpaste 

and varnish formulations show significant 

improvements in enamel integrity in 

pediatric patients 38. 

3. Drug Delivery Mechanism 

Polymeric nanocarriers (chitosan, 

PLGA) facilitate controlled, site-specific 

delivery of therapeutic agents (fluoride, 

antimicrobials). Their nanoscale size allows 

efficient mucosal penetration and sustained 
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drug release, reducing dosing frequency and 

systemic exposure 39. Chitosan nanoparticles 

possess inherent antimicrobial and 

bioadhesive properties 40. 

4. Regenerative and Bioactive Mechanism 

Nanoscaffolds (Calcium silicate, 

bioactive glass) create an osteoinductive 

and odontogenic microenvironment 41, 

supporting stem cell differentiation and 

stimulating reparative dentin formation. 

Materials like nano-MTA and nano-

biodentine are being explored for 

apexogenesis and vital pulp therapy in 

immature teeth 42. 

5. Diagnostic Mechanism 

Nanosensors and quantum dots 

(QDs) detect salivary biomarkers, pH 

fluctuations, and bacterial activity in real 

time. QDs allow early caries detection 

before visible lesion formation 43.Integration 

with AI-based analysis enhances predictive 

capabilities for personalized pediatric caries 

management 44. 

Collectively, these mechanisms enable 

precision-based, biocompatible, and 

preventive pediatric dental treatments. 
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Table 2.  Nanomaterials in Pediatric Dentistry: Mechanisms 

Mechanism Key 

Nanomaterial(s) 

How It Works (Action) Pediatric 

Application 

Reference(s) 

Antimicrobial Metallic 

Nanoparticles 

(Silver (AgNPs), 

Zinc Oxide, 

Titanium 

Dioxide (TiO₂ 

NPs)) 

Disrupts bacterial cell walls 

and generates Reactive 

Oxygen Species (ROS), causing 

cell death (Oxidative Stress). 

Used in varnishes, 

rinses, and sealants 

to reduce 

Streptococcus 

mutans and 

prevent caries. 

34, 35, 36 

Remineralization Nano-

Hydroxyapatite 

(n-Hap) 

Mimics natural enamel 

crystals, integrating directly 

into demineralized areas to fill 

subsurface lesions. Releases 

Calcium/Phosphate ions. 

Incorporated into 

toothpaste and 

varnish 

formulations to 

restore enamel 

integrity and 

microhardness. 

37, 38 

Drug Delivery Polymeric 

Nanocarriers 

(Chitosan, 

Encapsulates drugs (fluoride, 

antimicrobials) allowing 

controlled, sustained release 

Sustained, site-

specific delivery of 

therapeutic agents 

39, 40 
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PLGA) and efficient mucosal 

penetration. 

to reduce systemic 

exposure and 

dosing frequency. 

Regenerative / 

Bioactive 

Nano-Calcium 

Silicate, 

Bioactive Glass 

Nanoparticles 

Forms an osteoinductive 

microenvironment 

(nanoscaffolds) that 

stimulates stem cell activity 

and the deposition of 

reparative dentin. 

Used in vital pulp 

therapy (e.g., nano-

MTA) and 

apexogenesis to 

promote 

development of 

immature teeth. 

41, 42 

Diagnostic Nanosensors, 

Quantum Dots 

(QDs) 

Detects minute changes in 

salivary biomarkers and pH. 

QDs use high fluorescence for 

early, non-visible detection. 

Real-time, highly 

sensitive detection 

of early caries and 

integration with AI 

for personalized 

risk assessment. 

43, 44 
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Applications of Nanotechnology in 

Pediatric Dentistry: 

Nanotechnology transforms 

pediatric dental care, enhancing prevention, 

restoration, regeneration, and diagnosis 

due to superior biocompatibility and 

functionality 45. [Table 3] 

1. Preventive Applications 

Nano-hydroxyapatite (n-Hap) 

promotes remineralization by integrating 

into demineralized enamel 46, significantly 

reducing microhardness loss 47. Silver 

(AgNPs) and zinc oxide (ZnO NPs) suppress 

Streptococcus mutans 48, used in rinses and 

sealants for caries resistance. Fluoride 

nanoparticles enhance ion uptake efficiency 

49. 

 

2. Restorative Applications 

Nanocomposites offer enhanced 

polish, wear resistance, and color stability 

50. Nano-GICs provide mechanical 

reinforcement with sustained fluoride 

release 51. Nano-adhesives improve dentinal 

penetration for better retention 52. Color-

adaptive materials and flavour coatings 

improve patient comfort and cooperation 

53. 

3. Regenerative Applications 

Nano scaffolds (calcium silicate) 

create an Oste inductive microenvironment 

54, supporting stem cell differentiation for 

pulp–dentin regeneration. Nano-MTA 

shows superior handling and enhanced 

bioactivity 55. Nanoparticle drug delivery 
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controls growth factor release (BMPs, 

VEGF) within the root canal system 56. 

4. Orthodontic Applications 

Nano coatings (silver, TiO2) on 

brackets reduce bacterial adhesion and 

friction 57, minimizing plaque and white 

spot lesions 58. Smart Nano polymers are 

developing self-cleaning aligners to resist 

biofilm formation 59. 

5. Diagnostic Applications 

Quantum dots (QDs) and nano 

sensors detect salivary biomarkers for early 

caries detection before visible lesions 60. 

Graphene biosensors offer real-time 

pathogen detection 61. AI-integrated nano 

sensors aid proactive, home-based 

monitoring 62. 

6. Oral Surgery and Trauma Management 

Nano-bio glass and nano-calcium 

phosphate accelerate alveolar bone healing 

63. Nano-silver coatings on dressings provide 

antimicrobial protection 64. Nanocurcumin 

and chitosan NPs enhance anti-

inflammatory and wound-healing effects 65. 

This enables a shift toward preventive, 

biologically driven, and personalized 

pediatric oral healthcare 66. 
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Table 3. Nanotechnology Applications in Dentistry 

Application Area Key Nanomaterial(s) Specific Outcome / Function Reference(s) 

1. Preventive 

Care 

Nano-Hydroxyapatite  

(n-Hap) 

Promotes remineralization, restoring 

mineral density and reducing enamel 

microhardness loss. 

46, 47 

 Silver (AgNPs) & 

 ZnO NPs 

Broad-spectrum antibacterial action; 

suppresses S. Mutans in sealants and 

rinses for long-term caries resistance. 

48 

 Fluoride Nanoparticles Enhanced ion release and uptake 

efficiency for increased caries 

susceptibility reduction. 

49 

2. Restorative 

Care 

Nanocomposites Improved filler dispersion leads to 

enhanced polishability, wear resistance, 

and color stability. 

50 

 Nano-GICs Combines mechanical reinforcement 

with sustained fluoride release for 

protection at restoration margins. 

51 

 Nano-Adhesives Improves penetration into dentinal 

tubules, forming a stronger hybrid layer 

for better retention. 

52 
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3. Regenerative 

Care 

Nano-Calcium 

Silicate/Bioactive Glass 

Forms nanoscaffolds that support stem 

cell adhesion and odontoblastic 

differentiation. 

54, 55 

 Nanoparticle Drug 

Delivery 

Controlled release of growth factors 

(BMPs, VEGF) to enhance angiogenesis 

and dentin bridge formation. 

56 

4. Orthodontics Nanocoatings 

 (Silver, TiO2 Graphene 

Oxide) 

Applied to brackets/wires to reduce 

bacterial adhesion, minimize plaque, and 

lower frictional resistance. 

57, 58 

 Smart Nanopolymers Used in aligners to create self-cleaning 

surfaces that resist biofilm formation. 

59 

5. Diagnostics Quantum Dots (QDs) & 

Nanosensors 

Detects salivary biomarkers, pH changes, 

and bacterial metabolites in real-time for 

early detection. 

60, 61 

 AI-Integrated 

Nanosensors 

Collects oral health data in devices (e.g., 

toothbrushes) for proactive, home-

based monitoring. 

62 

6. Oral 

Surgery/Trauma 

Nano-Bioglass/Nano-

Calcium Phosphate 

Used in bone grafts to enhance 

osteoconductivity and accelerate 

alveolar bone healing. 

63 
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 Nano-Silver Coatings Applied to surgical dressings and sutures 

to provide antimicrobial protection and 

reduce infection risk. 

64 

 

 

Mechanisms of Nanoparticles: 

1. Nano-Hydroxyapatite (n-Hap) 

Mechanism: Biomimetic Nucleation and 

Filling 37, 46. 

Action: Structurally identical to natural 

enamel, n-Hap's small size <20 nm 

penetrates subsurface lesions. It acts as a 

nucleation site, attracting Ca and phosphate 

ions to grow stable apatite crystals, 

physically filling micro-voids 47. 

Outcome: Restores mineral density and 

microhardness, treating early caries and 

dentin sensitivity 47.   

2. Metallic/Oxide Nanoparticles AgNPs ZnO 

NPs TiO NPs 

Mechanism: Oxidative Stress, Cell 

Membrane Disruption, and Photocatalysis 

34, 36. 

Action: Positively charged particles adhere 

to the negatively charged bacterial cell wall, 

compromising permeability. They generate 

Reactive Oxygen Species (ROS), causing 

oxidative damage to DNA and proteins, 

leading to cell death 47, 48.TiO NPs use 

photocatalysis to enhance ROS production 

under light 36, 58. 
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Outcome: Broad-spectrum antimicrobial 

activity in restorative materials and coatings 

48, 57.   

3. Bioactive Ceramic Nanoparticles (Nano-

MTA, Nano-Calcium Silicate) 

Mechanism: Bioactive Ion Release and 

Osteo/Odontogenic Stimulation 54, 55. 

Action: Materials release high 

concentrations of Ca and silicate ions into 

tissue fluids. The Ca ions form a new, 

biomimetic apatite layer and stimulate stem 

cells to differentiate into odontoblasts 

(dentin-forming cells) (55). 

Outcome: Supports pulp-dentin complex 

regeneration; used for vital pulp treatments 

and apexogenesis 42, 54. 

4. Polymeric Nanocarriers (Chitosan, PLGA) 

Mechanism: Controlled and Sustained Drug 

Delivery 39, 56. 

Action: The polymer shell encapsulates 

therapeutics (fluoride, antimicrobials). 

Nanoscale size facilitates penetration of 

biological barriers. The shell degrades 

slowly, gradually releasing the cargo over an 

extended period 39, 56. 

Outcome: Localized, targeted therapy with 

reduced systemic exposure, used for 

regenerative endodontics 39, 56. 

5. Quantum Dots (QDs) and Nanosensors 

Mechanism: Fluorescence and Molecular 

Recognition 60, 61. 

Action: Highly fluorescent QDs are 

conjugated with recognition molecules to 

bind specific biomarkers (e.g., bacterial 

metabolites), fluorescing upon excitation 
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for detection 60. Nanosensors provide a 

sensitive platform for real-time chairside 

monitoring of bacterial species or pH 

changes 61.  Outcome: Early, high-sensitivity 

diagnosis of caries and real-time oral health 

monitoring 62. 

 

Table 4. Nanoparticles: Mechanisms 

Nanoparticle 

Type 

Core Material(s) Primary Mechanism of 

Action 

Specific 

Function/Outc

ome 

Reference(s) 

Nano-

Hydroxyapatite  

(n-Hap) 

Ca10 PO4OH2 Biomimetic Nucleation & 

Filling: Acts as a crystal seed 

to attract Ca2and PO 4 ions, 

physically rebuilding lost 

enamel structure. 

Remineralizati

on and Dentin 

Desensitizatio

n. 

37, 46, 47 

 

Metallic/Oxide 

Nanoparticles 

AgZnO TiO Oxidative Stress & Cell 

Membrane Disruption: 

Generates Reactive Oxygen 

Species (ROS) and directly 

damages bacterial cell walls 

and DNA. 

Broad-

Spectrum 

Antimicrobial 

action (in 

coatings, 

sealants, 

34, 48, 57 
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composites, 

rinses). 

Bioactive 

Ceramic 

Nanoparticles 

(Nano-MTA, 

Nano-Ca Silicate) 

CaSiO 3 Bioactive Ion Release & 

Odontogenic Stimulation: 

Releases Ca2 and silicate ions 

to stimulate stem cells and 

form a new layer of 

restorative mineral (apatite). 

Regenerative 

Endodontics 

and Vital Pulp 

Therapy. 

42, 54, 55 

Polymeric 

Nanocarriers 

(Chitosan, PLGA) 

Polymeric 

compounds 

Controlled Drug Release & 

Mucosal Penetration: 

Encapsulates active agents 

(drugs, growth factors) for 

sustained, localized delivery 

over time. 

Targeted Drug 

Delivery and 

enhanced 

tissue 

regeneration. 

39, 56 

Quantum Dots 

(QDs) and 

Nanosensors 

Semiconductor 

nanocrystals / 

Graphene 

Fluorescence & Molecular 

Recognition: Binds to 

specific biomarkers and uses 

high fluorescence to detect 

disease markers in real-time. 

Early Disease 

Diagnosis and 

Real-Time Oral 

Health 

Monitoring. 

43, 60, 61 
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Advantages of Nanotechnology in Pediatric 

Dentistry: 

1. Enhanced Biological Defense 

 Antibacterial/Antibiofilm: AgNPs , 

ZnO, and TiO2 provide potent 

antibacterial effects against 

cariogenic organisms like S. mutans, 

reducing secondary caries 68, 69. 

 Caries Resistance: Nano-

hydroxyapatite and nano-fluoride 

enhance enamel remineralization 

and microhardness, preventing 

demineralization more effectively 70, 

71. 

2. Material Superiority and Longevity 

 Performance: Nanocomposites offer 

enhanced polishability, wear 

resistance, and strength, resulting in 

superior esthetics 72, 73. 

 Adhesion/Sealing: Nano-adhesives 

<20 nm penetrate dentinal tubules, 

increasing bond strength and 

reducing microleakage, which 

prolongs restoration life 74. 

3. Regenerative and Biocompatible 

Potential 

 Active Healing: Bioactive 

nanomaterials (nano-calcium 

silicate, nano-biodentine) release 

Ca2 and Si ions to stimulate 

odontoblastic differentiation and 

facilitate tissue engineering in 

developing teeth 75, 76. 

4. Behavioral and Clinical Advantages 
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 Minimally Invasive: Innovations like 

flavored varnishes and self-cleaning 

nano-coatings reduce patient 

anxiety, minimize chair time, and 

decrease the need for repeated, 

invasive interventions 77. 

 

 

Table 5. Advantages of Nanomaterials in Contemporary Dentistry 

Advantage 

Category 

Key Benefits Specific Nanomaterials & Effects Reference(s) 

1. Biological 

Protection 

Antibacterial & 

Anti-biofilm 

AgNPs ZnO and TiO2 disrupt cell membranes 

and inhibit biofilm formation, reducing 

secondary caries and plaque accumulation. 

68, 69, 74 

 Enhanced 

Remineralization 

Nano-hydroxyapatite mimics natural apatite to 

effectively repair subsurface lesions and 

increase enamel microhardness. 

70, 71 

2. Material 

Performance 

Superior 

Mechanical 

Strength 

Nanocomposites provide uniform filler 

distribution, resulting in better wear resistance 

and higher strength. 

72 

 Improved 

Aesthetics 

Enhanced translucency and color stability allow 

restorations to closely replicate natural 

73 
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enamel, crucial for anterior teeth. 

 Adhesion & 

Longevity 

Nano-adhesives (with silica/zirconia NPs) 

penetrate dentinal tubules deeply, forming 

stronger hybrid layers and reducing 

microleakage. 

74 

3. Regenerative 

Potential 

Biocompatibility & 

Healing 

Nano-calcium silicate and bioactive glass 

release Ca and Si ions, stimulating 

odontoblastic differentiation for pulpal healing. 

75, 76 

4. Clinical & 

Behavioral 

Child-Friendly 

Innovations 

Flavored varnishes and color-adaptive 

materials reduce patient anxiety and chair 

time, improving compliance. 

77 

 

Limitations of Nanotechnology in Pediatric 

Dentistry 

Barriers include: High Cost 78, Material 

Variability 79, lack of Long-Term Clinical Data 

80, required Training 81, and absence of 

regulatory Standards1. [Table 4] 

Nanotoxicology and Pediatric Safety 

Concerns: 

1. Penetration and Systemic Fate: Minute 

size enables Biological Penetration into cells 

1. Particles can cause Organ Accumulation 

(liver, brain); their long-term fate in children 

is unknown. [Image illustrating 
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nanoparticles passing through a cell 

membrane and entering circulation 

2. Cytotoxicity and Inflammation: AgNPs 

and TiO NPs induce Oxidative Stress, leading 

to mitochondrial dysfunction 83. Exposure 

can cause an Inflammatory Response 8.  

3. Mitigation and Regulation: Research 

focuses on Green Synthesis of safer, 

biodegradable nanomaterials 8. Regulatory 

bodies demand rigorous Safety 

Assessments for pediatric products 2. 

Table 6. integrating both the Clinical & Practical Limitations and the Nanotoxicology & Safety 
Concerns 

Category Specific Challenge / Concern Key Implication Reference(s) 

I. Clinical & Practical 

Limitations 

 

 

Cost & Accessibility: High 

expense of nanoparticle 

synthesis and 

characterization. 

Limits large-scale 

production and use in 

public health settings. 

78 

Material Variability: Changes 

in particle size, surface charge, 

or aggregation during storage. 

Alters the biological 

behavior and reduces the 

clinical efficacy of the 

product. 

79 

Data Scarcity: Lack of long-

term randomized controlled 

human trials. 

Safety and sustained 

efficacy in growing children 

are unconfirmed. 

80 
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Training Needs: Different 

handling properties of new 

nano-materials. 

Requires specific operator 

training and proficiency. 

81 

Lack of Standardization: No 

universal ISO standards for 

testing and characterization. 

Hinders regulatory approval 

and creates research 

variability. 

1 

II. Nanotoxicology & 

Safety Concerns 

 

Systemic Penetration: 

Nanoparticles <100nm can 

cross biological membranes. 

Potential to reach systemic 

circulation and enter cells. 

82 

Organ Accumulation: 

Following ingestion or 

absorption, particles 

accumulate in organs. 

Long-term biological fate in 

organs like the liver, 

kidneys, and brain is 

unknown. 

83 

Cytotoxicity: AgNPs and TiO 

NPs at high concentrations. 

Causes oxidative stress, 

mitochondrial dysfunction, 

and potential DNA damage. 

84 

Inflammatory Response: 

Exposure alters gene 

regulation in cells (e.g., 

gingival fibroblasts). 

Increased expression of 

inflammatory cytokines. 

8 
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Mitigation & Regulation: 

Emphasis on green-

synthesized, biodegradable 

materials (e.g., chitosan). 

Reduces risks through 

natural degradation and 

ensures adherence to strict 

FDA EMA guidance. 

85, 8 

 

 

 

Future Directions in Nanotechnology for 

Pediatric Dentistry 

1. Smart and Stimuli-Responsive 

Nanomaterials 

pH-Responsive Release: Materials 

target carious lesions low pH for dynamic 

remineralization 86. 

2. Nanorobotics and Targeted Therapy 

Dentifrobots: Microscopic devices 

aim for autonomous plaque removal and 

targeted drug delivery, reducing anxiety 87. 

3. Artificial Intelligence and Nano-

Diagnostics 

Real-Time Monitoring: AI assisted 

nanosensors monitor salivary biomarkers for 

personalized prevention 8. 

4. Regenerative Nanomedicine and 3D 

Bioprinting 

Nanostructured Scaffolds: Used in 

3D bioprinting with DPSCs 89 to regenerate 

functional dental tissues 90. 

5. Eco-Nanotechnology and Green Synthesis 
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Sustainable Synthesis: Plant extracts 

yield biodegradable, low-cytotoxicity 

materials 91. 

6. Translational Research and Clinical 

Integration 

Standardization/Collaboration: 

Requires clinical trials and ISO safety 

frameworks 2. 

 

 

 

Table 7. Summary of Future Directions in Nanodentistry 

Direction Key Concept / 

Technology 

Expected Outcome in Pediatric 

Care 

Reference(s) 

Smart & Stimuli-

Responsive 

Materials 

pH-responsive 

nanoparticles (e.g., 

calcium, fluoride). 

Targeted drug release only under 

acidic conditions, providing 

dynamic, precise remineralization. 

86 

Nanorobotics & 

Targeted Therapy 

Denti robots (nanoscale 

robots). 

Noninvasive plaque control and 

micro-repair of enamel; reduced 

anxiety and discomfort. 

7 

AI & Nano-

Diagnostics 

AI assisted graphene 

nano sensors and 

quantum dot biosensors. 

Real-time monitoring of salivary 

biomarkers, enabling personalized, 

predictive interventions. 

88 
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Regenerative 

Nanomedicine & 

3D Bioprinting 

Nanostructured scaffolds 

and nano-bioinks seeded 

with DPSCs}. 

Guided regeneration and 3D 

bioprinting of fully functional 

dental tissues. 

89,90 

Eco-

Nanotechnology & 

Green Synthesis 

Plant extracts and 

biopolymers (chitosan). 

Development of biocompatible, 

low-cytotoxicity nanomaterials for 

safer, sustainable pediatric 

products. 

91 

Translational 

Research & 

Clinical Integration 

Large-scale clinical trials 

and standardized ISO 

safety frameworks. 

Bridging the gap between lab 

innovation and routine clinical 

practice; ensuring regulatory 

compliance. 

2 

 

Translational and Ethical Considerations: 

 Translational Challenges: Lack of 

pediatric clinical data, environmental 

variability, high cost, and missing 

regulatory ISO standards impede 

clinical adoption 92,93. 

 Ethical Concerns: Need for informed 

parental consent 94 due to systemic 

exposure risk and lack of long-term 

biodistribution data in children. 8. 

Data privacy from nano-diagnostics 

and adherence to Green Chemistry 

are also crucial 6,7 
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Conclusion:  

Nanotechnology has brought about a 

transformative advancement in pediatric 

dentistry by integrating molecular science 

with clinical practice to enhance prevention, 

restoration, and regeneration. 

Enhanced Efficacy: Over the last two 

decades, nanomaterials have been utilized 

for enhanced treatment effectiveness.  

Key materials include: 

 Nano-hydroxyapatite for superior 

remineralization. 

 Silver nanoparticles AgNPs for 

antimicrobial protection. 

 Bioactive nano scaffolds for 

regeneration. 

Improved Outcomes: The technology has 

delivered better aesthetics and 

biocompatibility in dental materials for 

children. 

Safety and Toxicity: Although current 

evidence is largely supportive, concerns 

remain regarding potential nanotoxicity and 

the long-term safety profiles of materials in 

children. 

Implementation Barriers: Widespread 

clinical adoption is hindered by high 

production costs and a shortage of long-

term clinical trials. 

Smart Systems: The future promises the 

development of smart technologies, 

including AI integrated nano sensors for 

advanced diagnostics and pH responsive 
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drug delivery systems that release agents 

only when disease conditions are present. 

Sustainability: There is a critical move 

toward green-synthesized biomaterials to 

ensure sustainable and ethically sound 

manufacturing. 

Validation: Future efforts must focus on 

long-term clinical validation, establishing 

eco-ethical manufacturing processes, and 

creating standardized pediatric safety 

guidelines. 

The evolution of nano dentistry, guided by 

interdisciplinary collaboration and 

regulatory oversight, is transitioning it from 

an experimental innovation to a 

mainstream tool for minimally invasive, 

biologically guided, and personalized oral 

care.  
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