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Abstract: This commentary emphasizes the significance of conceptually biofunctional polymeric dental
restorations in promoting improved periodontal health. Advances in periodontal and restorative den-
tistry suggest that conceptual biofunctional polymeric restorations could achieve controlled, sustained
release of therapeutic ions, anti-inflammatory agents, and growth factors. The targeted release of
agents (e.g., VEGF, BMPs, PDGF) could then support fibroblast proliferation, promote mineralization,
and enhance cellular activity and tissue regeneration. However, their successful translation requires
designing materials that provide stable, long-term release of bioactive substances and modulate the
immune response. They must also present bioadhesive and cell-compatible surfaces and maintain
mechanical durability within the oral environment. Successful translation requires interdisciplinary
collaboration, standardized metrics for bioactivity, and advanced in vitro and in vivo validation.
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1. Introduction
Over time, restorative dental materials have been primarily developed as biocompatible and inert

biomaterials. Their purpose is to restore the anatomical form and functional integrity of the tooth
while ensuring a durable marginal seal. These biomaterials are expected to exhibit high resistance to
mechanical wear and chemical degradation in a harsh oral environment [1]. In the fabrication and
clinical application, meticulous attention is given to marginal adaptation, overhanging, contour accuracy,
and surface roughness. These specific factors are critical, as they can influence plaque retention, soft
tissue irritation, and attachment loss. Such complications may subsequently contribute to the onset of
gingivitis, periodontitis, and other periodontal pathologies [2,3].

Advancements in biomaterials science, tissue engineering, and our understanding of biological
mechanisms are leading to a new hypothesis. Based on this, it can be hypothesized that restorative dental
materials may evolve beyond their traditional passive role. The idea suggests the potential to develop
restorative biomaterials capable of performing dual functions. These biomaterials would replace lost
dental structures while also functioning as active therapeutic interfaces via timed drug release [4], mod-
ulating immune responses [5], promoting soft-tissue integration, and actively contributing to periodontal
health beyond merely preventing harm. Biofunctional restorations may offer significant advantages for
periodontally compromised or high-risk patients by providing active biological modulation over passive
restoration, despite greater material complexity and cost.

This commentary argues that the focus of next-generation restorative dental materials should
be biofunctionality. Restorative materials should promote gingival fibroblast, reduce inflammation,
discourage dysbiotic biofilms, support soft tissue sealing, and ideally assist in tissue regeneration. In
subsequent sections, we intend to provide a concise overview of the prevailing trends, key challenges and
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emerging opportunities. Based on the analysis, key design criteria for biofunctional restorative materials
are defined.

2. Overview of the prevailing trends
Current research in periodontology places considerable emphasis on elucidating the biological

mechanisms responsible for the initiation of gingivitis and its progression to periodontitis. Accordingly,
much of the contemporary research is devoted to investigating the complex host–microbe interactions,
immunomodulatory processes, microbial dysbiosis, and the underlying mechanisms of tissue regener-
ation. In contemporary practice, hydrogels are used for the sustained release of growth factors such as
bone morphogenetic proteins (BMPs), platelet-derived growth factor (PDGF), fibroblast growth factor,
and biological extracts for regenerative processes [6]. Sometimes, bioactive agents are applied topically
as gels or solutions onto cleaned root surfaces during periodontal surgery to aid in modulating the
local wound healing environment [7,8]. Additionally, bioactive glass-based materials are valued for
their osteogenic, angiogenic, antibacterial, and immunomodulatory properties [9]. These materials are
integrated into polymeric composites, hydrogels, and nanoparticles to release therapeutic ions. This
ion release enhances regeneration of alveolar bone, cementum, and periodontal ligament while also
modulating immune responses to foster a favorable healing environment. Ongoing research is also
focused on 3D printing and bioprinting techniques to fabricate biomimetic, patient-specific scaffolds
that replicate the complex architecture of periodontal tissues. These advanced approaches aim to enhance
coordinated and functional tissue regeneration [10,11].

Concurrently, smart and immune-responsive restorative materials are engineered to sense and adapt
to physiological stimuli. In this context, a recent study investigated antiadhesive and antibacterial
dental restoratives utilizing polymeric hollow beads as carriers for active agents, demonstrating that
antiadhesive composites exhibited superior biocompatibility with reduced cytotoxicity [12]. While
another study demonstrated that eugenol and its derivatives, if encapsulated in polymeric nanoparticles
(e.g., chitosan, zein, PLGA) within dental cements, enabled controlled and sustained release of
therapeutic agents [13].

Yet another study, the investigators synthesized polymethyl methacrylate (PMMA) and graphene
oxide nanocomposite with improved mechanical and antibacterial properties. Fabrication tech-
niques ensured homogeneous dispersion and strong interaction between PMMA, fillers, and GO
nanosheets [14]. While a recent study suggests that amino acid–based resin adhesive materials
(ABRAMs) can promote remineralization and biofunctionality at the dentine–resin interface. They do so
by stimulating apatite crystal nucleation and deposition. This process leads to the formation of a mineral
layer that effectively seals the bonded dentine interface [15].

Collectively, advancements in periodontal and restorative dentistry research suggest a conceptual
transformative shift from passive restorative materials to active materials endowed with dual function-
ality. These advanced materials not only fulfill conventional restorative requirements but also actively
participate in biological signaling and tissue modulation to enhance healing and regeneration. We assume
that such restorative materials can influence gingival fibroblast behavior, cytokine expression, immune
modulation, and soft-tissue healing, not merely through their surface topography or marginal adaptation,
but also via bioactive molecules and ions released from their surfaces.

3. Design of biofunctional restorative material
The concept of developing biofunctional restorative materials is both appealing and promising. Such

materials, however, must meet rigorous criteria to be considered suitable for clinical application. From
a materials science perspective, the design of biofunctional restorative materials requires a deliberate
selection of material classes, architectures, and physicochemical properties to achieve both mechanical
integrity and biological performance (Figure 1).
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Figure 1. Schematic overview of the incorporation and functionalization of essential ions and growth
factors within a resin matrix to develop a biofunctional restorative material

Firstly, controlled and sustained release of essential ions, including Ca2+, PO4
3−, F−, Mg2+, and Sr2, +

is necessary to support fibroblast growth and tissue mineralization [16]. Secondly, the incorporation of
anti-inflammatory and antioxidant agents is critical to mitigate oxidative stress within the restorative
interface [17,18]. Additionally, incorporating biological extracts packed with bioactive compounds can
enhance cellular proliferation in a natural way. Adding targeted growth factors such as VEGF for better
blood vessel formation, BMPs for bone healing, and PDGF for tissue repair can promote regeneration.
Collectively, these modifications strengthen the biofunctionality of restorative materials. However, these
fillers, agents and biological extracts must be encapsulated in a polymeric material for their sustained and
controlled release. Biodegradable polylactic-co-glycolic acid (PLGA) is tunable via lactide:glycolide
ratios and molecular weight for weeks-to-months release, making it suitable for prolonged therapeutic
delivery in periodontal tissues. However, risks such as burst release and acidic degradation by-products
may exacerbate local inflammation. PMMA- and polyethylene glycol-based networks are widely
investigated because of their processability, structural stability, and controllable diffusion characteristics,
which support sustained release within the periodontal microenvironment [19]. Their physicochemical
properties govern water uptake, diffusion kinetics, and release profiles, rendering them ideal for
modulating the periodontal microenvironment [20] Nevertheless, their limited biodegradability may
restrict long-term biological responsiveness. Alternatively, pH-responsive chitosan hydrogels provide
inherent bioadhesion, antibacterial activity, and site-responsive release under inflammatory conditions,
making them attractive for targeted periodontal delivery [21]. However, their relatively poor mechanical
strength necessitates crosslinking or reinforcement. Furthermore, nanoparticle-based carriers may
improve penetration and localized delivery efficiency within periodontal pockets, whereas microsphere-
based systems are more suitable for prolonged depot-like release. Therefore, carrier selection should
be guided by the intended therapeutic duration, inflammatory status, required mechanical stability,
biodegradation behavior, and the dynamic physicochemical conditions of the oral microenvironment.

The surface properties must support soft-tissue attachment by promoting gingival fibroblast adhesion
and migration, balancing roughness to prevent plaque retention yet mimicking natural extracellular
matrix signals. Plasma treatment can be used to create a bioactive interface that directs favorable
cellular responses while minimizing biofilm adhesion [22]. Biocompatibility with minimal cyto-
toxicity is crucial, especially since antimicrobial agents can inhibit fibroblast functions at certain
concentrations [23].

We all know that immunomodulatory capability is vital for reducing pro-inflammatory cytokines
and encouraging regenerative macrophage phenotypes, thereby avoiding chronic inflammation or
fibrosis [24]. While at the same time, mechanical properties should ensure restoration strength, wear
resistance, and marginal integrity to prevent crevicular leakage. Longevity under oral conditions
requires resistance to enzymatic, pH, and microbial degradation, maintaining controlled release of active
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agents. This necessitates polymeric matrices of sufficient durability. The use of these polymers, either
individually in optimized ratios or in combination (e.g., Bis-GMA/UDMA or TEGDMA/Bis-EMA),
can fulfill this requirement [25]. Figure 2 schematically represents the difference between conventional
passive restoration and conceptual active restoration for enhanced periodontal health.

Figure 2. Schematic representation of passive restoration (left), characterized by mechanical replace-
ment without biological interaction, and conceptual biofunctional restoration (right), illustrating active
material-tissue interaction for enhanced periodontal health

4. Challenges and limitations in the development of biofunctional restoration
Developing biofunctional dental restorative materials may present several critical challenges and

potential risks. Achieving a balance between antimicrobial or antiadhesive efficacy and soft-tissue
compatibility remains complex. This is because certain bioactive agents may inadvertently inhibit
fibroblast proliferation or interfere with collagen synthesis [26]. Therefore, restoration with precise
dose optimization and controlled delivery systems within the dynamic biological environment of the
periodontium is essential. Although the matrix systems discussed in the above section are considered
safe, hydrolytic or enzymatic degradation over time may lead to the release of degradation by-products.
This could alter local physicochemical conditions and potentially disrupt the critical balance of the
oral microbiome at a susceptible periodontal site. Thus, microbiome-friendly design of biofunctional
polymeric restoratives is imperative, alongside long-term evaluations to safeguard oral ecological
stability from unintended therapeutic disruptions.

5. Research and implementation
The clinical translation of biofunctional restorative material demands an integrated, multi-

disciplinary effort. With rational material design strategies, targeted release of bioactive fillers,
antioxidant/antimicrobial agents, and biological extracts is achievable. This approach can control
cytotoxicity and avoid continuous localized high-dose exposure. By using pH- or enzyme-responsive
polymeric matrices, on-demand release of therapeutic agents in inflammatory or dysbiotic microenvi-
ronments is possible. These strategies collectively would balance efficacy, biocompatibility, regulatory
feasibility, and cost-effectiveness in developing biofunctional restorative materials. The development
of advanced in vitro models with complex cell systems, biofilms, and simulated oral environments
must precede in vivo validation to confirm tissue integration and the inflammatory response. Robust
human clinical trials should follow, using microbiologic, gingival, and patient-centered outcomes to
establish efficacy. A defined regulatory framework is crucial to ensure material safety and mechanical
performance. Figure 3 presents a schematic pathway to clinical integration of biofunctional polymeric
restoration for enhanced periodontal health.
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Figure 3. Schematic diagram demonstrating the pathway to clinical integration of biofunctional
polymeric restoration for enhanced periodontal health

6. Conclusion
The evolving concept of biofunctionality is particularly compelling. It serves a dual role by

fulfilling conventional restorative requirements while simultaneously interacting with the biological
microenvironment. Through signaling and tissue modulation, it contributes to enhancing periodontal
health. Realizing this concept requires the development of materials capable of controlled, safe, and
biocompatible release of therapeutic agents, accompanied by measurable clinical outcomes. Progress
toward this goal depends on interdisciplinary collaboration, robust standardization frameworks, and
regulatory approval and translational challenges to bring this conceptual dental restorative into routine
clinical practice.
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