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Sustainable Restorative Dentistry: Integrating Life Cycle Assessment, Minimally Invasive Dentistry, and Bioactive Material Innovations
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ABSTRACT 

	Sustainability has emerged as a critical priority in healthcare systems due to their substantial contribution to global environmental degradation, with dentistry—particularly restorative dentistry—playing a notable role through intensive material consumption, chemical discharge, energy use, and waste generation. This narrative review synthesizes current evidence on sustainable restorative dentistry by integrating Life Cycle Assessment (LCA), minimally invasive dentistry (MID), and recent advances in bioactive and smart restorative materials. A structured but non-systematic literature review was conducted using major scientific databases, including PubMed, Scopus, and Web of Science, focusing on sustainability, restorative materials, LCA methodologies, and conservative clinical approaches. Evidence from LCA studies demonstrates marked variability in the environmental performance of restorative materials. Dental amalgam exhibits the highest ecological burden due to mercury toxicity and associated environmental risks, leading to its phase-down under the Minamata Convention. Resin-based composites are associated with considerable carbon emissions related to energy-intensive manufacturing processes, polymerization, and packaging waste, whereas glass ionomer cements (GICs) consistently demonstrate lower environmental impacts owing to their water-based composition and favorable life cycle profiles. Minimally invasive strategies, particularly prioritizing repair over complete replacement of restorations, substantially reduce clinical waste, energy consumption, and loss of sound tooth structure while extending restoration longevity. In addition, bioactive and smart materials—including GICs, calcium silicates, and ion-releasing systems—actively promote remineralization, inhibit secondary caries, and support tissue regeneration, thereby aligning clinical performance with sustainability goals. The integration of LCA-informed decision-making, digital workflows, and the 4R framework (Reduce, Reuse, Rethink, Recycle) into clinical practice and dental education fosters a systems-based approach to sustainability. Sustainable restorative dentistry thus represents an ethical, evidence-based paradigm that aligns oral healthcare delivery with environmental responsibility and defines a future-oriented standard for restorative dental practice.
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1. INTRODUCTION 

Healthcare systems are increasingly recognizing the responsibility to embrace sustainability in response to climate change, environmental pollution, and biodiversity loss (Hackley & Luca, 2024). Dentistry significantly contributes to this environmental footprint through the extensive use of disposable materials and the high water and energy consumption associated with the production of dental materials (Zia, Doss, John, & Panezai, 2024). Often, efficiency is prioritized over environmental considerations, resulting in increased waste generation and elevated carbon dioxide emissions (Hackley & Luca, 2024; Zia et al., 2024).
The World Health Organization (WHO) has emphasized the importance of limiting global warming to 1.5 °C and highlighted the role of renewable energy projects in achieving this goal (World Health Organization, 2021; Saxena, Datla, & Deheriya, 2023). Similarly, the World Dental Federation (FDI) has stressed the need for sustainable clinical practices in dentistry within broader environmental and economic frameworks (FDI World Dental Federation, 2018; Zia et al., 2024).

Restorative dentistry lies at the center of this sustainability transformation. Beyond traditional materials used to fill cavities, it increasingly incorporates bioactive materials that actively interact with the oral environment, promoting remineralization and tissue regeneration (Ihsan, 2025; Sun et al., 2025). This evolving paradigm integrates minimally invasive dentistry (MID) strategies to preserve natural tooth structure, the use of intelligent biomaterials, and Life Cycle Assessment (LCA), which provides a systematic framework for evaluating the environmental performance of restorative materials (Hackley & Luca, 2024; Smith et al., 2023). By identifying environmental hotspots related to material production, energy consumption, and waste generation, LCA enables informed decisions that align clinical practice with sustainability goals (Mulligan, Kakonyi, Moharamzadeh, Thornton, & Martin, 2018; Smith et al., 2023).

Within this framework, the present chapter critically examines the quantitative role of LCA in promoting sustainable restorative dentistry, the clinical necessity of MID strategies, and recent technological advances in intelligent biomaterials. By integrating these perspectives, it provides a comprehensive, evidence-based foundation for sustainable dental practice, highlighting the potential for restorative dentistry to achieve superior patient outcomes while reducing environmental impacts.

This narrative review was based on a structured literature search conducted in PubMed, Scopus, and Web of Science databases using relevant keywords related to sustainable restorative dentistry, life cycle assessment, minimally invasive dentistry, and bioactive restorative materials. The search included peer-reviewed articles published between 2010 and 2025 and written in English. Conference abstracts, editorials, and studies not directly related to restorative dentistry were excluded. Duplicate records were removed, and titles and abstracts were screened for relevance, followed by full-text assessment to ensure alignment with the scope and objectives of the review.

[bookmark: _Hlk217830909]2. LIFE CYCLE ASSESSMENT IN DENTISTRY

Life Cycle Assessment is a standardized methodology for systematically evaluating the environmental impacts of a product across all stages, from raw material extraction through production, use, and final disposal (Rebitzer et al., 2004; Smith et al., 2023). The globally recognized framework for LCA applications is provided by the ISO 14040:2006 standard (International Organization for Standardization, 2006; Rebitzer et al., 2004). Results from the LCA studies are instrumental in guiding procurement decisions, highlighting environmental benefits in communications, and encouraging organizations to comply with evolving regulatory requirements and stakeholder expectations (Viere et al., 2024).
2.1. Methodological Framework and Educational Implications

LCA serves as a foundational tool for environmental impact analysis and is increasingly in demand within the growing global sustainability consultancy sector (Viere et al., 2024). The reliability of LCA results depends on the careful definition of system boundaries and functional units. Key parameters, such as energy and material consumption, are quantified using established methods, allowing for accurate inventory analysis.
This methodological understanding is crucial not only for conducting rigorous LCA studies but also for structuring student competencies in higher education, particularly in applied fields like dentistry. Global surveys on LCA instruction indicate that competency levels should be hierarchically structured, yet significant discrepancies exist between reported workloads and expert expectations (Viere et al., 2021; Viere et al., 2024). Four progressively advanced competence levels have been defined in the LCA literature, ranging from foundational knowledge of basic concepts and their contextual relevance to the ability to apply core methodological steps, design and partially execute full LCA studies with attention to data quality, and ultimately conduct comprehensive analyses that incorporate methodological refinement. However, survey findings show that most LCA courses—approximately 75%—are offered either as a single session or as part of a short teaching sequence, typically addressing only the introductory levels (Viere et al., 2024). This limited exposure poses a significant barrier to fully understanding and applying LCA results in practical, hands-on disciplines such as dentistry (Hackley & Luca, 2024; Martin et al., 2021).

Although LCA provides valuable quantitative insights into the environmental impacts of restorative materials, its results are constrained by data quality, regional variability, and assumptions regarding energy use, emissions, and clinical practices (Mulligan et al., 2018; Rebitzer et al., 2004; Viere et al., 2024). System boundaries and functional unit definitions can significantly influence outcomes, complicating cross-study comparisons. Differences in the methodology, restoration lifespans, and clinical contexts may also lead to inconsistent conclusions. Therefore, LCA findings should be interpreted critically and supplemented with practical, context-specific considerations to effectively guide sustainable restorative dentistry.

Despite these limitations, the practical value of LCA becomes evident when applied to restorative materials. The environmental performance of amalgam, resin-based composites (RBCs), and glass ionomer cements (GICs) illustrates how material-specific factors shape sustainability outcomes.

2.2. Environmental Profile of Restorative Materials

Life Cycle Assessment has emerged as a critical tool for identifying the environmental “hotspots” within restorative dentistry (Smith et al., 2023). The materials commonly used — amalgam, RBCs, and GICs — along with associated clinical procedures, generate substantial waste, consume high levels of energy, and in some cases, release hazardous chemicals (Mulligan et al., 2018; Zia et al., 2024). 

Recent Life Cycle Assessment studies have quantified the environmental footprint of commonly used restorative dental materials, revealing differences in their contributions to greenhouse gas emissions, energy consumption, and resource use. These findings show that dental amalgam, resin-based composites (RBCs), and glass ionomer cements (GICs) each possess distinct environmental and clinical profiles. In light of these insights, Table 1 presents a concise summary of the key environmental and clinical characteristics of each material, facilitating a direct comparison in terms of sustainability and clinical performance.

Table 1.	Comparison of Environmental, Clinical, and Biocompatibility Characteristics of Dental Restorative Materials

	Criterion
	Dental Amalgam
	Resin-Based Composites 
	Glass Ionomer Cements 

	Environmental Impact
	1.25E−01 kg CO₂-eq; dominant contribution from silver (>80%) (Smith et al., 2023)
	1.89E−01 kg CO₂-eq (including adhesive); dominated by processing energy (Smith et al., 2023)
	5.94E−02 kg CO₂-eq; favorable for sustainable dentistry (Smith et al., 2023)

	Energy and Resource Use
	High impact related to material use; ~20% of total mercury consumption attributed to this sector (Smith et al., 2023)
	Intensive electrical and thermal energy consumption during manufacturing and packaging (Smith et al., 2023)
	Packaging materials (polycarbonate) as the major environmental burden (Smith et al., 2023)

	Clinical Durability and Performance
	Lowest annual failure rate (0.16–2.83%); safely used for over 150 years (Santos et al., 2024; Smith et al., 2023)
	Annual failure rate 1–4%; superior esthetic outcomes (Santos et al., 2024)
	Highest annual failure rate (~7%); relatively low mechanical strength (Santos et al., 2024)

	Bioactivity and Ion Release
	Not bioactive; corrosion products may gradually seal marginal gaps (Miranda et al., 2024)
	Conventional forms passive; newer “smart” formulations may release Ca, P, and F ions (Sun et al., 2025; Ihsan, 2025)
	Intrinsically bioactive; high fluoride release and remineralization potential (Ihsan, 2025)

	Toxicological Risks
	Risk of neurotoxicity and bioaccumulation due to mercury (Speroni & Polizzi, 2025; Fernandes & França, 2023)
	Potential endocrine-disrupting and genotoxic effects due to monomer elution (e.g., BPA, TEGDMA) (Sun et al., 2025; Speroni & Polizzi, 2025)
	Generally regarded as the material group with the highest biocompatibility (Abozaid et al., 2025; Vasluianu et al., 2025)


Abbreviations: BPA, bisphenol A; TEGDMA, triethylene glycol dimethacrylate. Environmental impacts are expressed as carbon dioxide equivalents (kg CO₂-eq). Reported values are based on comparative life cycle assessment studies and may vary depending on system boundaries and methodological assumptions.

2.2.1. Dental Amalgam

Dental amalgam, due to its mercury (Hg) content, is considered a significant environmental pollutant. Mercury and other heavy metals released from amalgam pose global human health concerns (Tibau & Grube, 2019; Jirau-Colón, González-Parrilla, Martinez-Jiménez, Adam, & Jiménez-Velez, 2019). While the Minamata Convention mandates a phased reduction of amalgam use, certain clinical scenarios may still necessitate its application (UNEP Chemicals, 2025; Miranda, Silveira, Schirm, Lima, & Manzi, 2024).

[bookmark: _Hlk215355230]2.2.2. Resin-Based Composites 

Resin-based composites are widely employed in restorative dentistry, yet their environmental impact is largely determined by the energy-intensive production of resin and filler components and associated packaging processes (Smith et al., 2023). Concerns have also been raised regarding chemical elution and potential long-term toxicity, particularly linked to monomers such as TEGDMA (Darmani & Ali, 2024; Mulligan, Hatton, & Martin, 2022). Microparticulate waste generated during RBC procedures represents an emerging form of environmental contamination (Hackley & Luca, 2024; Mulligan et al., 2021). 

2.2.3. Glass Ionomer Cements 

Comparative LCA studies indicate that GICs generally exhibit lower environmental impacts than both dental amalgam and RBCs (Mulligan et al., 2018; Smith et al., 2023). GICs and resin-modified glass ionomer cements release fluoride, promoting remineralization and conferring bioactive properties that enhance tooth tissue repair (Azimi, Shahgholi, & Khandan, 2024; da Maceno Oliveira et al., 2024; Ihsan, 2025).  Their chemical adhesion to dental tissues and cariostatic effects make them particularly suitable for applications requiring conservative treatment approaches. Their chemical adhesion to dental tissues and cariostatic effects render them particularly suitable for pediatric dentistry and minimally invasive procedures (Smith et al., 2023).
 
While material-specific LCA findings identify key environmental hotspots, it is important to note that a substantial portion of dentistry’s overall ecological impact originates from clinical operations, particularly through energy consumption and waste generation. Accordingly, sustainability assessments must also extend beyond materials to encompass practice-level processes.

3. SUSTAINABLE RESTORATIVE PRACTICES

Sustainable restorative practices in dentistry focus on minimizing environmental impacts while maintaining or enhancing clinical outcomes. By combining energy-efficient clinic operations, minimally invasive strategies, and the use of smart and bioactive materials, these practices aim to reduce waste, preserve natural tooth structure, and promote tissue regeneration. This integrated approach reflects a shift toward environmentally conscious, patient-centered care in modern restorative dentistry.

3.1. Sustainable Practices in Dental Clinics

The environmental impacts of RBCs and GICs restorative systems can be significantly reduced through the use of less energy-intensive resources and sustainable packaging (Smith et al., 2023). Packaging waste represents a critical environmental hotspot across all restorative dental materials (Di Spirito et al., 2025; Smith et al., 2023), with single-use plastics, including sterilization pouches and barrier materials, contributing substantially to the sector’s environmental impact (Hackley & Luca, 2024; Landrigan et al., 2023). Annual disposal rates for sterilization pouches are frequently cited in studies addressing sustainability challenges in dental settings (Saxena et al., 2023; Zia et al., 2024).

Digital solutions, including electronic health records and digital appointment reminders, further enhance sustainability by reducing paper consumption and improving clinical efficiency, while teledentistry applications decrease the carbon footprint and expand patient access to care (Di Spirito et al., 2025; El Tantawi et al., 2023; Hackley & Luca, 2024; Usher, Williams, & Jackson, 2024).

Effective waste management, guided by the 4R Framework (Rethink, Reduce, Reuse, Recycle), is central to sustainable dentistry, with reprocessing and sterilization of single-use materials such as protective eyewear and gowns minimizing waste generation (Di Spirito et al., 2025; Hackley & Luca, 2024).

Additionally, observations from LEED (Leadership in Energy and Environmental Design) -accredited facilities indicate that the combined use of energy-efficient technologies, structured waste management strategies, and digital systems is associated with improved sustainability outcomes (Di Spirito et al., 2025; Hackley & Luca, 2024).

3.2. Minimally Invasive Dentistry 

Minimally Invasive Dentistry forms the cornerstone of sustainable restorative practice by extending restoration longevity and preserving natural tooth structure (Hatipoğlu et al., 2025; Santos, Zare, McDermott, & Santos Junior, 2024). Up to 60% of dental procedures involve the replacement of failed restorations, making prolonged restoration lifespan critical for environmental and economic reasons (Hatipoğlu et al., 2025). Decisions regarding repair versus full replacement depend on multiple factors. Amalgam restorations are typically fully replaced due to higher associated risks, whereas composite restorations may be repaired if defects are minor (Hatipoğlu et al., 2025; Miranda et al., 2024). Patient- and tooth-related factors—such as high caries risk, poor oral hygiene, and large restorations—favor replacement, while evidence indicates that repairing partially fractured composites can achieve longevity comparable to full replacement, supporting conservative strategies that reduce unnecessary tooth loss (Vandekar et al., 2025). Global variations in repair practices are influenced by Human Development Index levels and health system support, though amalgam replacements remain predominant worldwide (Hatipoğlu et al., 2025). Restoration lifespan is further affected by patient factors (oral hygiene, caries risk, systemic conditions, parafunctional habits, tobacco use, genetics), clinician factors (technical skill, decision-making, practice management), and tooth factors (restoration size, cavity type, marginal adaptation, occlusal forces) (Santos et al., 2024; Wierichs, Kramer, & Meyer-Lueckel, 2020). Optimizing these interrelated variables is essential for the effective implementation of MID and sustainable restorative care.

While MID focuses on preserving sound tooth structure and extending the lifespan of existing restorations, advancements in smart and bioactive materials represent the next step in this continuum by actively promoting tissue repair and regeneration. This shift from a primarily preservative framework to a regenerative, material-assisted paradigm underscores how modern restorative dentistry is evolving beyond minimally invasive principles toward biologically integrated, sustainability-oriented solutions.

3.3. Smart and Bioactive Restorative Materials

Conventional dental materials often fail to fully address the multifactorial challenges of the oral environment, including hydrolytic degradation, fatigue, and biofilm formation (Sun et al., 2025). In contrast, smart biomaterials actively support biological processes such as remineralization, antimicrobial activity, and tissue regeneration, representing a paradigm shift from passive to multifunctional restorative systems (Ihsan, 2025; Vasluianu et al., 2025).

Their mechanisms rely on key components including bioactive glasses and bioceramics, which release ions such as Ca²⁺, PO₄³⁻, Sr²⁺, Si, and Al to promote remineralization and hydroxycarbonate apatite formation (Tuygunov et al., 2024; Vasluianu et al., 2025). Nanoparticle-based systems, including amorphous calcium phosphate (ACP) and silver nanoparticles, further support pH-responsive remineralization and antimicrobial effects (Harun-Ur-Rashid, Foyez, Krishna, Poda, & Imran, 2025; Vasluianu et al., 2025). In addition, chitosan- and hydrogel-based carriers enable controlled release of therapeutic agents to support both antimicrobial activity and soft tissue regeneration (Li et al., 2022; Sun et al., 2025). Together, these technologies position smart materials at the interface of restorative and regenerative dentistry, enabling applications in both hard and soft tissue repair.

Despite their promise, smart and bioactive materials face several limitations. Long-term clinical data remain insufficient, making it difficult to predict durability, ion-release kinetics, and biocompatibility under variable oral conditions (Ihsan, 2025; Sun et al., 2025). Mechanical properties such as fracture toughness, wear resistance, and fatigue behavior may be inferior to those of conventional materials, particularly in high-stress posterior restorations (Vasluianu et al., 2025). Controlled therapeutic release is also sensitive to environmental factors such as pH, saliva composition, and bacterial biofilm, potentially leading to inconsistent clinical outcomes (Harun-Ur-Rashid et al., 2025). Cost and accessibility remain significant barriers, as many smart materials are more expensive and less widely available than traditional composites or glass ionomers. Furthermore, evolving regulatory and standardization processes continue to limit widespread clinical adoption.

Taken together, while smart biomaterials offer significant promise for sustainable and regenerative restorative dentistry, their clinical implementation requires careful evaluation of performance, mechanical reliability, cost-effectiveness, and long-term outcomes to ensure both functional and environmental benefits. Building on these multifunctional capabilities, smart and bioactive materials not only enhance restorative outcomes but also enable targeted regenerative strategies, supporting coordinated repair of both hard and soft oral tissues.
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Fig. 1. Conceptual framework integrating Life Cycle Assessment (LCA), minimally invasive dentistry, and bioactive restorative materials in sustainable restorative dentistry

3.4. Regenerative Strategies for Dental Hard and Soft Tissues

Bioactive and smart restorative materials facilitate comprehensive regeneration of both hard and soft oral tissues. In hard tissues, such as enamel and dentin, these materials support targeted ion delivery, remineralization, self-healing, and antimicrobial protection, enhancing the durability of the restoration-tooth interface (Ihsan, 2025; Sun et al., 2025). 

Simultaneously, in soft tissues including pulp and periodontal structures, functionalized nanofibers, injectable hydrogels, and biologically active matrices enable in situ tissue regeneration by responding to local biochemical cues and optimizing healing (Daghrery et al., 2023; Sun et al., 2025; Yoo et al., 2025).

The integration of these approaches—combining ion release, antimicrobial activity, and regenerative scaffolding—allows for coordinated repair across enamel, dentin, pulp, and periodontal tissues, aligning restorative dentistry with the principles of minimally invasive, regenerative care, and sustainability (Sun et al., 2025; Vasluianu et al., 2025). 

Although regenerative and biomaterial innovations expand the technical possibilities of sustainable restorative care, their integration into daily practice is not solely dependent on scientific progress. The extent to which dental professionals adopt and apply sustainability principles plays a decisive role, making awareness and education key components of effective implementation.

4. AWARENESS, BARRIERS, AND ENVIRONMENTAL PRACTICES IN SUSTAINABLE DENTISTRY

Full adoption of sustainable dentistry requires addressing knowledge, attitude, and practice gaps among dental professionals (Martin et al., 2021; Saxena et al., 2023). Surveys show varying awareness levels, with postgraduate professionals generally more knowledgeable than undergraduates. Barriers include financial constraints, limited access to sustainable products, and challenges in amalgam waste management (Al Shatrat, Shuman, Darby, & Jeng, 2013; Zia et al., 2024). Regional variations in repair and replacement decisions are influenced by socioeconomic development and healthcare system support (Hatipoğlu et al., 2025). Studies indicate that factors such as education, policy development, and standardized environmental protocols are associated with improved sustainability practices among dental professionals. 

5. FUTURE RESEARCH DIRECTIONS AND POLICY IMPLICATIONS 

Future research should focus on the standardization of clinically relevant life cycle assessments (LCAs) to ensure consistent measurement of the environmental burdens associated with restorative procedures, as well as on the integration of these methodologies into academic curricula (Smith et al., 2023; Viere et al., 2024). In parallel, rigorous evaluation of next-generation bioactive materials—addressing both their clinical performance and long-term environmental impacts across the entire life cycle from production to disposal—is essential to validate the true sustainability potential of emerging “smart” systems (Sun et al., 2025; Abozaid et al., 2025). 
At the operational level, the adoption of energy-efficient clinical practices and digital workflows, including low-energy sterilization cycles and water-saving dental units, is necessary to minimize the carbon footprint of dental care delivery (Speroni & Polizzi, 2025). From a policy perspective, the phased reduction of dental amalgam use in accordance with the Minamata Convention should be consistently pursued, while regulatory frameworks should incorporate incentive-based mechanisms—such as green public procurement—to promote the use of sustainable restorative materials (Miranda et al., 2024; Di Spirito et al., 2025). 
Collectively, this integrated approach can facilitate the effective translation of scientific innovation into clinical practice and oral health policy frameworks, thereby supporting a lasting transformational impact toward sustainability in dentistry (Ihsan et al., 2025; Di Spirito et al., 2025).

6. Conclusion

Current literature increasingly characterizes sustainable dentistry as an integrated paradigm that not only minimizes environmental impacts but also enhances the quality and longevity of clinical outcomes. This chapter outlines a structured framework for environmentally responsible restorative practice by integrating Life Cycle Assessment, minimally invasive dentistry, and smart bioactive materials. The combined use of optimized clinical protocols, effective waste management strategies, and digital technologies improves resource efficiency and strengthens the adoption of sustainability principles in dental practice.

By incorporating minimally invasive approaches and bioactive restorative materials, clinicians can extend restoration longevity, reduce secondary caries risk, and support the regeneration of both hard and soft oral tissues. These strategies also contribute to measurable environmental benefits by reducing material consumption, energy use, and clinical waste.

The chapter further emphasizes the importance of professional education, policy development, and standardized environmental protocols in advancing sustainable practice. The evidence-based framework presented here provides a foundation for academic, clinical, and policy-oriented efforts, enabling practitioners to make informed, sustainability-focused decisions.

Looking ahead, ongoing advances in biomaterials, controlled-release technologies, and digital systems are anticipated to further reshape restorative dentistry, effectively harmonizing patient-centered care with ecological responsibility. Taken together, this integrative approach constitutes a robust, evidence-informed, and forward-looking model for sustainable restorative practice.
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