Pre prints.org

Review Not peer-reviewed version

Seeking Endurance: Designhing Smart
Dental Materials for Tooth Restoration

Tasneem Alluhaidan , Masoumah Qaw , Isadora Garcia, Carolina Montoya , Santiago Orrego , MARY MELO i

Posted Date: 29 July 2024
doi: 10.20944/preprints202407.2234 v1

Keywords: Dental caries; Dental resins; stimuli-responsive; smart materials; bioactive

Preprints.org is a free multidiscipline platform providing preprint service that
is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This is an open access article distributed under the Creative Commons
Attribution License which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.



https://sciprofiles.com/profile/3725846
https://sciprofiles.com/profile/1646696
https://sciprofiles.com/profile/254386

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 July 2024 d0i:10.20944/preprints202407.2234.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Review

Seeking Endurance: Designing Smart Dental
Materials for Tooth Restoration

Tasneem Alluhaidan !, Masoumah Qaw 1, Isadora Martini Garcia 2, Carolina Montoya 3#,
Santiago Orrego 34 and Mary Anne Melo 12*

1 Dental Biomedical Sciences Ph.D. Program, University of Maryland School of Dentistry, Baltimore, MD,
21201, USA.

2 Division of Cariology & Operative Dentistry, Department of Comprehensive Dentistry, University of
Maryland School of Dentistry, Baltimore, MD, 21201, USA.

3 Department of Oral Health Sciences, Kornberg School of Dentistry, Temple University, Philadelphia,
Pennsylvania 19140, United States

4 Bioengineering Department, College of Engineering, Temple University. Philadelphia, Pennsylvania 19122,
United States

* Correspondence: mmelo@umaryland.edu

Abstract: Smart Dental Materials refer to materials used in dentistry with additional functionality
to enhance treatment outcomes, which may improve oral health. Smart materials for dental
restorations can react to stimuli such as a specific temperature, a different pH, or mechanical stress,
repair small cracks or damage by themselves, and interact beneficially with biological surroundings.
For example, they might release ions and promote tooth remineralization or have antibacterial
properties to prevent bacterial growth. Others can have enhanced mechanical properties like
strength and wear resistance to ensure these materials can withstand the daily masticatory forces.
This review presents our current comprehension of smart dental materials designed for tooth
restoration. We focused on what these materials need to be effective, like durability,
biocompatibility, and aesthetic requests, besides identifying new ideas for their design. A detailed
analysis of the current challenges faced in formulating these materials, such as the balance between
enough ions released with proper physicochemical properties and achieving the desired biological
response, was discussed. We also discussed how these cutting-edge technologies are being
leveraged to overcome existing limitations, creating more dental materials with potential clinical
translation. The review also discusses the practical challenges in implementation and the prospects
for these materials in dentistry.
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1. Introduction

Dental resin composites have become a cornerstone biomaterial in restorative dentistry, offering
aesthetic and functional solutions for various dental needs [1]. However, despite their widespread
clinical use and ongoing advancements, these materials are not without shortcomings [2].

Failure of resin composite restorations is multi-faceted, influenced by a combination of material
properties, clinical application, and patient factors [3]. Secondary caries is one of the primary reasons
for the failure of dental composite restorations [4,5]. Composite restorations are subjected to a
dynamic and complex oral environment, including an unbalanced microbiome, mechanical stresses,
fluctuating temperatures, and chemical exposure [4]. These factors can lead to microcracking, wear,
and degradation of the resin matrix, compromising the longevity of restorations [2,3]. The
polymerization shrinkage during the curing process can also introduce internal stresses and marginal
gaps, making areas more prone to secondary caries [6].

Polymers are susceptible to hydrolysis, and this would not be different for dental resin
composites, which are immersed in saliva often exposed to fluctuating pH levels and temperatures,
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speeding up the softening, swelling, degradation, and biodegradation processes [7,8]. The
degradation of the resin composites over time in the oral environment generates by-products
essential for bacterial growth and biofilm development on the teeth/material interface [4,5], which
can exacerbate the development of secondary caries.

The inherent challenges resin composites face in the oral environment are illustrated in Figure
1. Inadequate handling and placement techniques can lead to voids, poor adhesion, and improper
curing, all of which compromise the integrity of the restoration [9]. Additionally, patient factors such
as oral hygiene practices, diet, occlusal forces, and parafunctional habits significantly affect the
lifespan of these restorations [2]. Systematic reviews have consistently emphasized the multifactorial
nature of resin composite failures, underscoring the need for comprehensive material development
and clinical application approaches [2,5,10].
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Figure 1. Schematic drawing illustrating the inherent challenges encountered in resin composites,
portraying three primary problems: mechanical stress, biodegradation by saliva and bacteria, and
incomplete polymerization.

2. The Dental Resin Landscape —What Is on The Horizon?

Despite the steps taken to improve the clinical durability of restorations, prevent hydrolytic
degradation, deter bacterial attacks, and enhance the mechanical properties of the hybrid layer,
several challenges inherent to resin composites and dentin adhesives persist [11-13]. Together, these
challenges impact the material's ability to maintain its functional and aesthetic properties over time
when applied directly toward a tooth cavity [14]. In response, the dental research field has seen the
proposal of multiple strategies to overcome these barriers, paving the way for developing "smart"
dental resin composites [15,16]. The landscape of resin composites is undergoing a significant
transformation, marked by the emergence of innovative bioactive biomaterials and approaches
seeking to enhance the effectiveness and longevity of restorations [15,17].

The core of dental resin composites compromises a basic formulation of filler particles, a
monomeric resin matrix, silane coupling agents, and photoinitiators [1]. The filler particles provide
strength and wear resistance [1,18]. At the same time, the resin matrix blends with fillers, providing
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the composite with physical properties, such as flexibility and aesthetics [19]. To covalently bond the
resin matrix with the fillers, an organosilane is used, acting as a bridge and assisting to distribute the
strength within the resin composite better [20,21]

Besides their use in resin composite formulation, monomers are the main components of
adhesive systems [22]. These materials penetrate the previously etched enamel and dentin
microstructure, forming a micromechanical interlock between the resin composite and the tooth
structure [14].
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Figure 2. Schematic drawing illustrates the fundamental components constituting the core of dental
resin composites comprising filler particles, a monomeric organic resin matrix, silane coupling agents,
and photoinitiators. Bis-GMA: Bisphenol A-glycidyl methacrylate, UDMA: Urethane dimethacrylate,
TEGDMA: Triethylene glycol dimethacrylate, HEMA: 2-Hydroxyethyl methacrylate, Bis-EMA:
Bisphenol A ethoxylate dimethacrylate.

As the field of dental restorative materials has evolved, there has been a notable shift in research
focus toward enhancing the longevity of the service of these restorations inside the mouth [15,23].
Over the past decade, this progression has advanced further, with a growing interest in transitioning
from materials that prioritize strength alone to the development of "responsive" or "smart" materials
[24,25]. Smart materials design aims to achieve optimal conditions that endow dental resins with
properties enabling them to maintain high-performance quality over time and positively contribute
to maintaining the health status of the restored tooth [24,26].

Starting from the essential pillars of smart dental materials, this review aims to provide a
comprehensive overview of the advancements in the field to guide future research directions in
developing dental materials that can adapt to and overcome the challenges inherent in dental
restorations.

3. Focus on Mechanical Properties

With the shift from mechanically strong amalgam to composite materials in dental restorations,
there has been an increased concern over the susceptibility of dental resin restorations to fractures.
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This concern has prompted investigations on more mechanically robust resin-based materials. In the
last three decades, predominant research in dental resin composites has primarily focused on
enhancing mechanical strength and aesthetic properties [27]. Integrating inorganic fillers like glass
ceramics, zirconia, and titania into dental resins has significantly improved their mechanical
properties and stability [28]. Zirconia was particularly noted for its wear resistance, high toughness,
and aesthetic qualities such as natural color and enhanced color matching. By manipulating these
inorganic particles' size, distribution, and concentration, dental material scientists have tailored
mainly the mechanical, physical, and optical properties described by Ferracane [29]

The evolution of dental composite fillers over the decades highlights a continual trend toward
refining the size of these particles to enhance the material's overall properties and clinical
effectiveness, as illustrated in Figure 3. Starting in the late 1970s, the dental industry saw a significant
shift from macrofill composites, which had larger particle sizes, were more prone to wear, and were
less aesthetic, to microfill composites. These microfill composites provided a smoother finish and
better aesthetic qualities due to their smaller particle sizes [1].

As the industry moved into the 1980s and beyond, the development of hybrid composites
combined the durability benefits of macrofills with the aesthetic and polishability advantages of
microfills [30]. This combination optimized the physical properties suitable for anterior and posterior
applications. Further advancements led to the creation of small particle composites and micro
hybrids in the 1990s, which offered further enhancements in handling and finishing.
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Figure 3. The evolution of dental composite materials from the 1950s to the 2020s. It introduces glass-
filled PMMA, highlights advancements in resin technologies such as UV curing and nanotechnology,
and transitions into modern developments incorporating bioactive and antibacterial properties over
the decades. Each innovation reflects a shift from enhancing mechanical and aesthetic properties to
improving oral health outcomes through remineralization and bacterial resistance approaches.

The shift to hybrid particles has been driven by the need for materials that mimic the appearance
of natural teeth and withstand the mechanical stresses of daily oral mastication. A significant
breakthrough in this area has been the incorporation of nanoparticles (NPs) in dentistry, which have
been demonstrated to have various beneficial properties, making them ideal choices for incorporation
into dental materials [31,32].

Advances in monomeric organic resin matrices have also targeted improving the mechanical
performance of dental composites [33]. Micro-crack formation, polymerization shrinkage, high water
absorption, and inadequate stress dissipation can significantly impact mechanical performance [34].
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These issues compromise the material's integrity and contribute to its deterioration over time.
Specifically, micro-cracks can also allow bacterial infiltration, leading to secondary caries [35]. Studies
have focused on reducing these drawbacks by modifying monomer chemistry and polymerization
conditions. For instance, developing new monomers such as urethane dimethacrylate (UDMA),
thiolene, and thiourethane monomers shows promising reductions in polymerization shrinkage and
improved mechanical integrity [36], including novel photoinitiators and alterations in light curing
methods that enhance complete monomer conversion [37]. Furthermore, improved filler-matrix
interaction through enhanced silanization [38] and nanoparticles [39] has led to better stress
distribution and increased fracture toughness.

4. Shift Towards Health-Promoting Restorations

Current dental composites primarily serve as space fillers, restoring form and function to the
affected tooth but not contributing to the microenvironmental homeostasis and overall health status
[40]. These materials are designed to replace lost tooth substance structurally but lack properties that
prevent bacterial buildup or resist the acidic by-products of bacteria [41]. By focusing on making
these materials antibacterial or enabling them to release beneficial ions or make them resistant to
degradation, researchers aim to restore teeth' form and function and actively contribute to oral health
maintenance and microenvironmental homeostasis. This shift in focus seeks to transform dental
composites from passive space fillers to active defenders against secondary caries.

5. Dental Materials in the Context of Biomedical Smart Materials

Smart materials are a class of innovative substrates engineered to respond to environmental
stimuli, significantly impacting various fields, including biomedical sciences [42]. For example,
piezoelectric materials can be used to harvest energy from mechanical vibrations. Due to their
distinctive characteristics of responding to environmental stimuli and exhibiting autonomous
actions, smart materials have laid the foundation for numerous innovative technological advances
[43]. For instance, in robotics, shape memory polymers have seen a swift progression from traditional
rigid structures to soft robots made from flexible materials [44].

In biotechnology, smart materials create responsive systems through key properties such as
stimuli-responsiveness, shape memory, piezoelectricity, magnetostrictive, photochromic, self-
healing, and pH sensitivity that interact dynamically with biological environments. These materials
have catalyzed significant progress in areas such as physiological monitoring, minimally invasive
procedures, and precision drug delivery [45]. For example, smart hydrogels have been extensively
researched for their ability to administer medications in response to specific bodily signals like
temperature fluctuations or pH changes [46,47]. This ensures localized drug release, minimizing
systemic side effects and enhancing the effectiveness of treatments.

Another application is developing energy harvesting devices for implantable medical devices
[48]. Piezoelectric materials can be incorporated into implants where they harvest mechanical energy
from body movements, such as heartbeat or muscle motion, and convert it into electrical energy [49].
This energy can then be used to power devices like pacemakers, potentially reducing or eliminating
the need for battery replacements in critical medical implants, enhancing such devices' longevity and
reliability. Furthermore, smart dressings incorporating chitosan or alginate can adjust their
properties based on the moisture content of the wound, facilitating optimal healing environments
[50]. These dressings may also include mechanisms for releasing antibacterial substances upon
detecting pathogens or physically contracting to aid in closing the wound, thereby exemplifying the
integration of smart materials in biotechnological applications [51].

Parallel advancements in Dentistry show how the principles of smart materials—responsiveness
to environmental changes, self-healing, and the ability to perform multiple functions—are being
applied [52]. In restorative dentistry, this translates to materials that restore the tooth, actively
maintain oral homeostasis, and create an environment less susceptible to caries development [25].
Similar to how biotechnological applications of smart materials are designed to interact and integrate
with biological systems for enhanced therapeutic outcomes. The term "Smart Dental Materials for
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Tooth Restorations " refers to materials used in Restorative/Operative dentistry that are engineered
with additional functionalities beyond their core functions. Figure 4 showcases the innovative use of
smart dental materials in tooth restorations, emphasizing their unique properties tailored to assist
the maintenance of a health status and durability of the material.

Smart Materials Development

Restorative Dental Materials SMART Biomedical Sciences
MATERIALS
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Figure 4. The diagram provides a comprehensive overview of smart materials utilized in restorative
dental and biomedical sciences. In dental applications, the materials exhibit properties such as
releasing calcium and phosphate ions, antibacterial charges through low-frequency mechanical
stimulation, self-repair of microcracks, and targeted drug delivery via magnetic motion. In biomedical
contexts, the materials are engineered for specialized tasks such as targeted drug release in acidic
environments, adaptive shape memory polymers for stents, and piezoelectric properties to heal skin
wounds. These innovative materials leverage key properties like piezoelectricity, pH sensitivity, and
magnetostriction to significantly enhance clinical outcomes and material performance in their
respective fields.

Below are detailed descriptions of some of the smart dental materials, highlighting their key
functionalities:

Self-Healing Dental Composites: These composites are engineered with embedded
microcapsules that contain a healing agent. When the composite develops microcracks, these
capsules rupture, releasing the agent, which then polymerizes in the presence of an embedded
catalyst to repair the crack [53]. This capability is intended to prolong the life of dental restorations
by continuously repairing damage caused by normal wear and tear, thus maintaining structural
integrity over time. Self-healing agents commonly investigated for dental resin include dibenzoyl
peroxide (BPO) and dental tertiary amine accelerator, N, N-dihydroxyethyl-p-toluidine (DHEPT) [54]
(Figure 5A). They are typically added to the composite material to react with the core material when
the microcapsules rupture, facilitating self-healing. However, BPO's reactivity can significantly
reduce the shelf life of dental materials. A recent study explored a strategy to address this issue by
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encapsulating BPO in poly(urea-formaldehyde) (PUF) microcapsules (MC). This encapsulation aims
to isolate BPO until needed, thus mitigating its impact on the shelf life of dental materials [55].

Piezoelectric Dental Composites: Incorporating piezoelectric materials into dental composites
allows these materials to convert the mechanical stress from chewing into electrical energy. The
electrical charges are used to enable different therapeutic effects, including antimicrobial,
mineralization, and bone-tissue regeneration [56,57]. In restorative dentistry, integrating
piezoelectric nanoparticles of barium titanate (BaTiOs) as a bioactive filler in dental resin composites
was recently demonstrated by Montoya et al. [58]. This novel approach provided both antibacterial
and remineralization effects at the bonded interface. The developed piezoelectric dental composites
exhibit enhanced mechanical and physical properties suitable for restorative applications [58], as
shown in Figure 5B.

pH-Sensitive Composites Containing Nano Amorphous Calcium Phosphate (NACP): These
composites are designed to react to fluctuations in the oral environment's pH levels. Under acidic
conditions caused by acid-producing bacteria in dental plaque, such as Streptococcus mutans and
Lactobacillus species, the oral environment's pH drops, demineralizing tooth enamel. In these acidic
conditions, NACP releases calcium and phosphate ions, which help to neutralize the acidic
environment and counteract the effects of acid attacks, thereby slowing down the conditions that
favor tooth decay development [59-61].

The optimal concentration of NACP in experimental resin composites is around 20% by weight,
balancing both remineralization efficacy and mechanical properties of the intended resin material
[62] (Figure 5C). Higher concentrations of NACP improve the composite's ability to buffer acids and
enhance remineralization but can negatively impact mechanical properties such as strength and wear
resistance. Therefore, a trade-off exists between maximizing the bioactive benefits of NACP and
maintaining sufficient mechanical integrity [60].

Adhesives with Magnetic Motion as Part of Magnetostrictive Properties: These adhesives
leverage magnetostrictive components that respond to external magnetic fields. This response can
enhance the bonding process between the dental adhesive and the tooth by improving micro-
mechanical interlocking and improving the bond strength [31,63]. As a drawback, the color of the
adhesive can be affected by the concentration and type of magnetic particles used, potentially limiting
its aesthetic applications. Smaller particles typically have higher surface area-to-volume ratios, which
can enhance their magnetic response and exhibit superparamagnetic behavior, where they can
rapidly align with an external magnetic field and return to a non-magnetic state when the field is
removed [64]. This means they can align more effectively with an external magnetic field, improving
the overall performance of the adhesive. Other findings indicate that these adhesives can be designed
to respond dynamically to external magnetic fields, offering potential applications in smart materials
and responsive systems [65]( Figure 5D).

In addition to the abovementioned properties, magnetic particles can be assembled into
innovative dental adhesives featuring core-shell structures for drug delivery. These adhesives, part
of the array of smart dental materials, are designed to allow the controlled release of therapeutic
agents, such as antibiotics or anti-MMPs (matrix metalloproteinases inhibitors) [66]. Engineered with
core-shell nanoparticles embedded within the adhesive matrix, the core of these particles can be
loaded with specific drugs. The protective shell encapsulating these drugs regulates the rate and
timing of their release, ensuring a targeted and sustained therapeutic effect [67]. This multifunctional
approach not only enhances the mechanical and magnetic properties of the adhesive but also
provides additional health benefits through localized drug delivery, addressing structural and
microbial challenges in dental treatments.

The design of smart dental materials aims to integrate multifunctional properties through
innovative engineering and material science techniques.
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Figure 5. 5A: Microcapsules containing TEGDMA-DHEPT healing liquid within PUF shells were
synthesized and characterized. The images display a pile of microcapsules (A), their shell structure
(B), SEM images showing typical microcapsules (C) and detailed views of the shell surface (D) and
thickness (E), and an optical image of crushed microcapsules releasing the healing liquid (F).
Reproduced, with permission, from [54]; 5B: Characterization of piezoelectric composites. The images
include a micrograph of a 10% barium titanate (BaTiOs) nanoparticles composite's fracture surface
showing piezoelectric fillers (a), an EDS spectrum highlighting barium and titanium peaks (b), and
comparative evaluations of flexural strength (c), flexural modulus (d), electrical charge density under
cyclic load (e), and degree of conversion (f) of the composites. Reproduced, with permission, from
[58]; 5C: Release of calcium ions from endodontic sealers. The graphs show Ca ion release from
nanoparticles of amorphous calcium phosphate (NACP) sealer (A) and NACP +
dimethylaminohexadecyl methacrylate (DMAHDM) sealer (B), with mean + SD values (n = 4).
Reproduced, with permission, from [68]; and 5D: Microshear bond strength assessment of
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superparamagnetic iron oxide nanoparticles- loaded dental adhesives. The schematic (A) illustrates
the restoration process using conventional adhesive systems on human teeth embedded in acrylic
resin. The results (B) present mean and standard deviation values of microshear bond strength, with
significant differences among groups indicated by different capital letters (p <0.05). Reproduced, with
permission, from [69].

6. Designing Smart Materials Pathways

Developing smart dental materials for tooth restorations involves a multi-faceted approach,
primarily in modifying fillers, resin monomers, and other key constituents such as photoinitiators
and silanes [17]. Each of these pathways provides distinct opportunities to enhance the properties
and performance of dental materials [70]. For instance, modifying the filler can improve the material's
mechanical strength and wear resistance. At the same time, modification/addition of the chemical
composition of resin monomers can enhance the polymerization process, resulting in a more durable
and stable dental material. Optimizing photoinitiators can lead to more efficient curing processes
under light activation, and tweaking silanes can improve the bond strength between fillers and the
resin matrix. These modifications are crucial for tailoring the material to respond to specific oral
challenges, enhancing its functionality and longevity. The various pathways for designing smart
materials are detailed in Figure 6, illustrating the strategic adjustments made to these components to
achieve desired outcomes.

Designing Smart Materials Pathways
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Figure 6. Schematic illustration of the most prevalent pathways for developing smart dental materials,
focusing on the strategic modifications of fillers, resin monomers, photoinitiators, and silanes.

7. Filler Modification Pathway:

Several filler modification strategies are employed in designing smart materials to enhance
dental composites' performance and therapeutic properties. These modifications are tailored to
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improve mechanical properties and integrate functionalities promoting oral health [71].
Nanostructures have been increasingly recognized for their antibacterial and bactericidal properties,
making them highly investigated for dental resins [72].

Materials such as silver nanoparticles, zinc oxide, and copper oxide possess intrinsic
antibacterial activities that disrupt bacterial cell membranes or interfere with their metabolic
processes [73]. When embedded into dental composites, these nanostructures can reduce bacterial
colonization and biofilm formation on the surface of dental restorations [69,74,75]. This proactive
antibacterial action could potentially help prolong the restorations' lifespan and reduce secondary
caries' incidence. Several nanoparticles commonly incorporated in dental materials are assorted in
Table 1.

Table 1. Summary of the prevalent types of nanoparticles incorporated into restorative dental
materials to innovate and improve their properties. Each row represents a different nanoparticle, the
intended new properties it conveys to the material, and the base restorative materials with which it is
commonly used.

NANOPARTICLE TYPE INTENDED NEW PROPERTY BASE RESTORATIVE MATERIAL
= Dental restorative nanocomposite
SILVER NANOPARTICLES Antibacterial - Dental implants

- Dental prosthesis

- Dental composite

ZINC OXIDE NANOPARTICLES Antibacterial . . .
- Dental implant coating material
TITANIUM COMPOUND: Antibacterial - Dental implant
TITANIA NANOPARTICLES (TIO2) - Dental resin
- Dental implants
COPPER NANOPARTICLES: Antibacterial - Dental primers
COPPER IODIDE, COPPER OXIDE - Adhesive systems
- Glass ionomer-based materials
. . - Dental resin
NANODIAMONDS Antibacterial - Antibiotics drug carrier

- Gutta-percha

POLYMERIC/ORGANIC FILLERS

I E TV ENEIMINE (OAPE - Temporary restorative materials
POLYETHYLENEIMINE (QAPEI) St ) R tpanai’ o
NANOPARTICLES Racen oot canal seale

= Resin composite

- Dental varnishes

- In calcium hydroxide paste
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Similarly, nanoparticles capable of releasing fluoride, calcium, and phosphate have been
extensively explored to enhance the remineralizing properties of dental resins [76]. Fluoride-releasing
nanoparticles, such as calcium fluoride, release fluoride ions in the presence of saliva, promoting the
formation of a more acid-resistant fluorapatite layer on the enamel [77]. Additionally, calcium-
phosphate nanoparticles release both calcium and phosphate ions, which synergistically contribute
to the precipitation of new mineral formation on the tooth surface [78].

Incorporating bioactive ions such as fluoride, calcium, and phosphate into dental resins offers
significant remineralizing benefits, while ions such as silver and zinc provide antibacteriostatic and
antibacterial effects. However, an important drawback of these bioactive ions is the exhaustion of
their release over time. As the restoration ages, the ion release rate diminishes, gradually losing these
protective effects [69,79]. This depletion can make the restoration less effective in preventing caries
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in the long term. Furthermore, the finite nature of ion release means that the longevity of the
restoration's preventive capabilities is inherently limited. To address these challenges, ongoing
research is directed toward developing materials that can sustain ion release for extended periods or
can be 'recharged' by external sources, such as fluoride treatments, to extend the effectiveness of
dental restorations [80].

8. Monomeric Organic Resin Modification Pathway:

This pathway involves incorporating specific additives or modifying the chemical composition
of monomers that compose the resin formulation to impair antibacterial, remineralizing, or anti-
degradation properties.

Dental resins can be modified with monomers that actively kill bacteria or inhibit their growth
on the dental restoration surface to impart antibacterial properties. For example, Quaternary
Ammonium Monomers (QAMs) are often integrated into the resin matrix to impair antibacterial
surface to restorative materials, such as dental adhesives, resin composites, and cements [81]. These
monomers, such as methacryloyloxydodecylpyridinium bromide (MDPB), disrupt bacterial
membranes upon contact, effectively reducing bacterial colonization [82].

Enhancing the durability and resistance of dental composites has been a key focus of
investigations, driven by the inherent susceptibility of dental monomers to degradation. Ester-free
thiol-ene dental resins have been developed to address these challenges. These innovative resins aim
to improve mechanical performance, minimize water uptake, and reduce leachables and degradation.
They also help lower polymerization shrinkage stress, enhancing dental restorations' overall stability
and longevity [83,84].

Furthermore, advancements in monomeric resins have led to modifying these materials with
methacrylamide-based QAC (Quaternary Ammonium Compound) monomers, aiming to convey
antibacterial and hydrolictic resistance properties. Formulations with 10 wt% methacrylamide-based
quaternary ammonium monomer have successfully preserved physical properties and enhanced
resin-dentin bond strength [85].

9. Modification of Other Constituents:

Apart from fillers and resin monomers, modifying other constituents, such as photoinitiators
and silanes, also plays a crucial role in enhancing the performance of dental materials [86].
Photoinitiators play an essential role in the polymerization process, initiating the curing of resin
composites upon exposure to light. Investigations on optimizing photoinitiators have sought
improved polymerization efficiency, reduced polymerization shrinkage, enhanced depth cure, and
improved color stability [37]. By optimizing the type and concentration of photoinitiators, researchers
can achieve faster curing times, improved depth of cure, and enhanced polymerization efficiency
[87].

Silanes, commonly used as coupling agents in dental composites, contribute to filler-matrix
adhesion and overall material stability [88]. Modifying silanes allows for better integration of fillers
into the resin matrix, resulting in improved mechanical properties and longevity of dental
restorations [89]. Recently, Garcia et al. explored the potential of antibacterial and hydraulic
resistance of ionic liquid silanes [90]. Ionic liquids prevent degradation in dental resins primarily due
to their unique chemical properties. They comprise organic cations and inorganic or organic anions,
creating a stable and non-volatile medium [91]. This stability helps resist chemical breakdown and
environmental degradation, such as hydrolysis and oxidation [92], which are common in the moist
and dynamic environment of the oral cavity. Moreover, ionic liquids can enhance the physical
properties of the resins, such as improving their mechanical strength and flexibility, thus contributing
to the overall durability of dental restorations.

Modifications must adhere to a structured approach to ensure new smart dental materials'
feasibility and potential clinical application. This structured process is represented in Figure 7, which
outlines a clear sequence of development stages.
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10. "SMART FAB" Structured Approach for Smart Restorative Materials

The design of smart dental materials should start with a structured approach focusing on
ensuring baseline biocompatibility and enhancing functionality.[93]. Here, we provide a
straightforward and user-friendly guide named "SMART FAB." This outline provides a systematic
framework to guide the development process, ensuring that each critical aspect of material
innovation is addressed comprehensively. The process begins with defining the objectives these new
materials must meet, followed by research and development to explore viable materials and
additives. The formulation is refined through prototyping and rigorous testing phases to enhance
these properties effectively [45]. This process may lead to the eventual scale-up and regulatory
approvals necessary for bringing innovative dental materials to market. A systematic approach aims
to reduce innovation spans between conceptual and molecular levels and practical application,
supporting the development of next-generation dental materials.

"SMART FAB" summarizes a series of steps to rationally create, design, and process restorative
materials with specific properties in mind by focusing on specific stages from the initial conception
to the final product testing and approval.

Starting with "Specify Application", this approach identifies the specific applications for the
smart material, such as resin composites, cement crowns, adhesives, or dental sealants. Each
application demands unique properties like strength, flexibility, biocompatibility, and aesthetic
qualities to effectively provide the expected performance of the material inside the mouth [26].

SMART F A B

Specify Material Base Additive Review - Testing Fine-tune
Application Selection Selection Compatibility Thoroughly Refinement
APPLICATION BASE MATERIAL ADDITIVESELECTION COMPATIBILITY TESTING REFINEMENT
Identify the Research The choice of Ensuring that the Rigorously testthe ¢ e
purpose of the existing additives to dental material new formulation in ormulation to
new dental materials and enhance or possesses the laboratory settings better meet the
material. their introduce necessary to ensure it meets des.lrEd
compositions. desired characteristics for the necessary propemles ‘?t';,]to
properties in the optimal standards or cor:;gt;\n
terial.
materia performance. control values. tandaan
ADVANCETO
FEASIBILITY STAGES FURTHER
DEVELOPMENT

Figure 7. The flowchart illustrates the structured development process for smart dental materials,
outlining the key stages from the initial objective setting through research and development,
prototyping, and rigorous testing, leading to final refinements.

The next stage is " Base Material Selection". This stage focuses on examining existing materials
and their compositions, fully understanding dental materials' chemistry, physics, and biology and
their interactions with tooth structures. For example, if the material base is a flowable resin, several
properties and attributes are significant, such as low viscosity, strong bonding to tooth enamel and
dentin, and high elasticity [60].

The process continues with the "Additive Selection" stage, which involves carefully selecting
additives that introduce or enhance desired properties within the dental material. At this critical
intersection, specific additives are chosen for their ability to grant new functionalities to the base
material. For instance, certain additives are engineered to release beneficial ions that contribute to
enamel mineral integrity. Others may be selected to reduce bacterial growth over the material [94].
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In the subsequent step, " Review Compatibility," the formulation is meticulously tailored with
specifically chosen additives to ensure compatibility and performance. This critical and arduous labor
phase involves producing small batches of the material to sift through the innumerable possibilities,
find the optimal formulations, and evaluate how the additives interact with the base materials. These
preliminary tests are crucial as they provide initial insights into the feasibility of the formulation. This
set becomes essential because, while additives can enhance specific properties, they might also
negatively impact others. For instance, certain additives might significantly affect the degree of
conversion in resin-based dental materials [95]. A high degree of conversion is crucial for achieving
optimal mechanical properties and durability; however, some additives can inhibit this process,
compromising the material's integrity and functionality. For example, some larger bioactive particle
sizes may impair light transmission [96]. This reduction in performance can cease further research
and development of the formulation, as materials failing to meet basic performance criteria may not
proceed to later stages of development. Consequently, many formulations may be discontinued at
this stage if they do not demonstrate the desired compatibility and performance characteristics,
underscoring the importance of this phase in developing dental materials.

In the subsequent step, " Test Thoroughly," the new formulation undergoes rigorous laboratory
testing to ensure it adheres to established standards and control values. This phase involves
comprehensive preclinical assays and in vitro modeling designed to evaluate the material's
mechanical strength, biocompatibility, and other specific properties under ISO guidelines [97,98] and
conditions that closely mimic the oral environment [99].

This step is critical and must encompass a range of complementary assays to evaluate the
material comprehensively. Relying on a single assay or a limited set of tests that only examine one
aspect of the material is discouraged. For example, materials with antibacterial properties should not
be assessed just using microbiological assays. Still, a multi-faceted testing approach should be
employed to assess different characteristics simultaneously, ensuring the material's overall
effectiveness and safety. These tests help identify any potential weaknesses in the formulation and
confirm that the material meets all necessary specifications for further development and eventual
clinical use. This comprehensive testing protocol is vital for advancing the material through the
development pipeline, which has the potential to translate to clinical use.

In the "Fine-tune Refinement" phase, the formulation undergoes adjustments based on the
results of rigorous testing. This stage aims to align the material with the desired properties better and
ensure it adheres to health and safety standards. The refinement process is essential for optimizing
the material's performance and suitability for the intended dental application.

Following refinement, the "Finalize Material Properties” phase ensures that the final product
meets all specified requirements for dental applications, including safety standards. It is crucial that
the material maintains its functional properties over time with shelf-life simulation [100] and
manages the release of any components, such as nanoparticles, to avoid potential harm [101]. This
step confirms the material's readiness for real-world dental applications and long-term stability and
safety.

The "Advance Prototyping” phase involves creating prototype versions of the final product,
which are subjected to further testing and evaluation. This may include clinical studies, providing
critical data on the material's performance, and gathering user feedback. Depending on the local
regulatory agency, clinical data for new dental resins may be recommended in case designs are
dissimilar from designs previously cleared, e.g., novel polymer systems [102].

Finally, the “Benchmark Against Standards” stage is crucial before the product can enter the
market. During this phase, the material must obtain the necessary approvals from health and safety
regulatory bodies, ensuring that the new smart dental materials have met all relevant ISO standard
requirements and safety standards of organizations such as the Federal Food, Drug, and Cosmetic
Act (the act), in the United States [102]. Similar regulatory bodies in Europe and Asia, such as the
European Medicines Agency (EMA) and the China National Medical Products Administration
(NMPA), as well as in Latin America, like the Brazilian Health Regulatory Agency (ANVISA), and in
the Middle East, such as the Saudi Food and Drug Authority (SFDA), play analogous roles in
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ensuring that dental materials meet stringent safety and performance criteria before being allowed
on the market.

11. Concluding Remarks and Future Perspectives

Smart dental materials hold significant promise for advancing the field of restorative dentistry
by providing enhanced functionality beyond traditional tooth-filling materials. The integration of
stimuli-responsive features, self-healing capabilities, and antibacterial/remineralization/acid
neutralization properties offers a comprehensive solution to the challenges faced by conventional
dental materials, such as polymerization shrinkage, secondary caries, and mechanical degradation.
This review highlights cutting-edge technologies and innovative balancing mechanical properties,
biocompatibility, and aesthetic considerations in the design of effective smart dental materials.
However, several major challenges remain in integrating smart materials into clinical settings and
evaluating economic and long-term outcomes.

In the advancing design of smart dental materials, the exploration and integration of advanced
technologies such as machine learning (ML) and artificial intelligence (AI) may accelerate the design
process. These technologies can significantly contribute to designing and fabricating new smart
dental materials by optimizing material formulations and predicting their performance in various
clinical scenarios. ML algorithms can analyze vast datasets to identify optimal combinations of fillers,
monomers, and additives that enhance dental materials' mechanical, physical, and biological
properties. Additionally, AI and ML can develop predictive models that simulate the long-term
behavior of smart dental materials in the oral environment. These models can provide insights into
material performance, helping researchers identify potential issues and make necessary adjustments
before clinical implementation. This interdisciplinary approach can foster innovation and accelerate
the development of next-generation smart dental materials.
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