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Abstract: Dental materials have progressed from passive restoratives, which merely replace lost
tissue, to active or intelligent systems that dynamically interact with the oral environment to pro-
mote health and prevent disease. This mini-review highlights the core scientific advancements in
next-generation dental materials, focusing on bioactive and smart formulations. Bioactive materials
are engineered to support natural tissue functions like remineralization and regeneration, while
smart materials exhibit a stimuli-responsive capacity (e.g., to pH changes) to release therapeutic
agents or modify their properties. These innovations, often leveraging nanotechnology, represent a
paradigm shift towards truly restorative and preventive dentistry, aiming to increase the longevity
of restorations and address the leading cause of failure: secondary caries.
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Introduction

Traditional dental restorative materials, such as amalgam, conventional resin
composites, and ceramics, are largely inert. While offering excellent mechanical
properties, their failure to actively combat the persistent challenges of the oral en-
vironment—specifically the formation of cariogenic biofilms and the subsequent
acidic demineralization—leads to secondary (recurrent) caries, which remains the
primary reason for restoration replacement. The development of next-generation
materials is motivated by the need to create a functional interface between the res-
toration and the tooth structure, minimizing material degradation, inhibiting bac-
terial colonization, and actively contributing to the overall health of the adjacent

dental tissues [1].
Scientific Data on Advanced Formulations

The most significant recent scientific developments fall into two key catego-
ries, frequently overlapping through the use of advanced manufacturing (e.g., 3D

printing) and nanotechnology (the incorporation of nanoparticles).
1. Bioactive Materials

Bioactivity in dental materials refers to their ability to provoke a specific bi-

ological response that results in the formation of a mineralized layer similar to
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enamel on their surface or the release of ions that aid in native remineralization

processes [2].

Ion-Releasing Systems: Materials such as bioactive glasses (BGs), which typ-
ically contain SiO,, Na,O, CaO, and P,0s, are engineered to dissolve in a controlled
manner when exposed to aqueous environments. This dissolution process releases
ions such as Ca?, PO,*, and F-, which raise the local pH and supersaturate the
surrounding fluid with minerals. This promotes the formation of a hydroxyapatite
(HAp) layer. The HAp layer can seal micro-gaps at the tooth/restoration margin,
preventing bacterial infiltration. In vitro studies have demonstrated that incorpo-
rating BGs into resin composites can significantly enhance mineral deposition. This
effect is often quantified using Scanning Electron Microscopy (SEM) for morpho-
logical analysis and Energy-Dispersive X-ray Spectroscopy (EDX) to verify the

chemical composition of the formed HAp layer [3].

Tissue Regeneration: Advancements in bioactive materials extend to those
designed to promote dental pulp stem cell (DPSC) differentiation for dentin-pulp
complex regeneration, a key aspect of regenerative endodontics. Materials used as
capping agents are being modified with growth factors or integrated into hydrogel
scaffolds to stimulate odontoblast differentiation. Evidence of this includes in-
creased expression of marker genes such as Dentin Sialoprotein (DSP) and Dentin

Matrix Protein 1 (DMP1) in cell culture assays [4].
2. Smart (Stimuli-Responsive) Materials

Smart (Stimuli-Responsive) Materials: These materials are designed to sense
environmental changes and respond with pre-programmed therapeutic actions,

such as the release of targeted drugs or agents [5].

pH-Responsive Systems: Caries, caused by bacterial acid production, typi-
cally leads to a drop in pH. Smart materials are designed to detect this drop and
respond accordingly. Polymeric hydrogel networks or nano-reservoirs containing
therapeutic agents (e.g., antimicrobials) can swell or degrade at an acidic pH
(around 5.5 or lower), characteristic of cariogenic environments. In vitro studies
assess the release kinetics by incubating materials in buffers with varying pH lev-
els, such as 7.0 and 5.5. The material’s defining characteristic is the sharp increase in
drug release at lower pH, ensuring that therapeutic agents are only released when

needed, minimizing cytotoxicity, and prolonging the material’s efficacy [6].

Antimicrobial Nanoparticles: Incorporating nanoparticles like Silver (AgNPs)
and Zinc Oxide (ZnONPs) into composite or adhesive matrices provides
broad-spectrum antimicrobial activity to prevent biofilm formation. Research in-
dicates that AgNPs, incorporated at concentrations between 0.1-1.0 wt%, signifi-
cantly reduce the viability of *Streptococcus mutans®, a key cariogenic bacterium.
This effect is typically quantified using colony-forming unit (CFU) assays or

live/dead staining, showing up to a 2-log reduction in biofilm load compared to
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control materials. The particle size, often below 50 nm, is optimized to provide a
high surface-area-to-volume ratio, maximizing efficacy without compromising the
material’s mechanical properties [6].

Conclusion

The evolution of dental materials toward bioactive and smart systems repre-
sents a significant advancement in preventative and regenerative oral healthcare.
Through the application of precise material engineering, often driven by nano-
technology, these next-generation formulations are designed to proactively address
the primary causes of restoration failure —microbial challenges and demineraliza-
tion. Scientific data confirms that these materials are being successfully engineered
to be pH-responsive and ion-releasing, thereby enhancing the restorative process
and holding the potential to greatly improve the long-term clinical success and
durability of dental restorations. Ongoing research is focused on translating these
promising in vitro and ex vivo findings into comprehensive, long-term clinical tri-

als.
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