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Abstract

Bioactive restorative materials represent a paradigm shift in modern dentistry, moving from passive restorations to functional
materials that actively promote oral health. This review comprehensively explores the evolution, mechanisms of action,
methods of assessment, and clinical applications of direct bioactive restorative materials, including glass ionomer cements
(GICs), resin-based composites, and ion-releasing materials. This review critically analyzes their roles in remineralization,
fluoride release, antimicrobial activity, and tissue regeneration, while also addressing their mechanical properties and limita-
tions. A systematic literature search was conducted across major databases, including PubMed, Scopus, Web of Science, and
ScienceDirect. Key findings reveal that bioactive GICs, resin-based composites, and ion-releasing materials exhibit varying
degrees of bioactivity through ion release, apatite layer formation, and collagen interaction. Recent advances in calcium
phosphate-based fillers, bioactive glass additives, and antimicrobial agents have significantly improved these materials’
therapeutic potential. However, challenges remain regarding mechanical strength, long-term stability, and standardization
of bioactivity assessment. Future research should focus on developing standardized testing protocols, optimizing mechanical
performance, and conducting rigorous long-term clinical trials to fully harness the potential of bioactive restorative materials
in dental practice. Also identifying the key knowledge gaps and proposing future research directions to advance the field.
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Introduction

Dental materials have undergone a significant transforma-
tion over the past few decades, evolving from passive, bio-
logically inert substances to bioactive materials designed
to actively interact with the oral environment. Historically,
dental restorative materials primarily focused on restoring
form and function, with minimal consideration for their bio-
logical impact. However, recent breakthroughs in material
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science have led to the development of bioactive substances
that elicit beneficial biological outcomes, including tissue
repair, remineralization, and antimicrobial action [1-4].
The concept of bioactivity in dental materials is rooted
in their ability to interact with biological tissues, inducing
positive cellular responses and promoting healing. Bioactive
materials are broadly defined as those capable of releasing
ions, forming apatite-like layers, and stimulating cellular
activity, all of which contribute to improved clinical out-
comes. However, despite the growing interest in bioactive
materials, a consensus on the precise definition and criteria
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for bioactivity remains elusive, particularly in restorative
dentistry [5]. This ambiguity hinders the standardization of
testing methods and the interpretation of clinical results [6,
71.

This review aims to provide a comprehensive and critical
overview of bioactive restorative dental materials, focusing
on their mechanisms of action, clinical applications, and
assessment methods. In addition, the challenges and future
directions in the development of bioactive materials, with
an emphasis on the need for standardized criteria to evalu-
ate their efficacy, safety, and long-term clinical performance
will be discussed. The existing controversies and knowledge
gaps surrounding the clinical translation of these materials
will be addressed.

Mechanisms of bioactivity

The term “bioactive” refers to materials that exert a biologi-
cal effect on surrounding tissues, typically promoting repair,
regeneration, or modulation of bacterial activity. In restora-
tive dentistry, bioactive materials are expected to not only
restore lost tooth structure but also actively stimulate cellular
responses or control microbial interactions [8, 9]. However,
the definition of bioactivity remains contentious, with some
researchers arguing that no current dental restorative mate-
rial fully meets the criteria for bioactivity. It’s crucial to
differentiate between materials exhibiting “bioactivity” and
those simply being “biocompatible.”

The 2023 FDI Policy Statement provides a framework
for defining bioactive dental materials, categorizing them
based on their mechanisms of action (biological, mixed, or
chemical) and outlining essential criteria for their use. These
criteria include clear mechanisms of action, documented
bioactive effects, duration of activity, absence of adverse
side effects, and preservation of the material’s primary
restorative function [10]. However, the practical applica-
tion of these criteria in evaluating different materials needs
further scrutiny.

Bioactive restorative materials in dentistry are designed to
interact beneficially with dental tissues, promoting processes
such as remineralization and tissue repair. The bioactivity
of these materials can be attributed to several mechanisms:

lon release and precipitation

Bioactive materials such as 45S5 bioactive glass rapidly
liberate calcium, phosphate, sodium and soluble silica ions
into the surrounding fluid [1, 10]. The resulting ionic burst
elevates the degree of supersaturation, so an amorphous
calcium-phosphate (ACP) precursor nucleates on the mate-
rial surface. Bakry et al. showed that this transient brushite
layer transforms within 24 h into a hydroxyapatite coating
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enriched with silica, which infiltrates demineralized enamel
and restores its micro-hardness [11]. Consequently, the
kinetics of ion release and subsequent mineral precipitation
are pivotal determinants of the long-term remineralization
performance of these materials.

Formation of apatite layer

When 4585 bioactive glass contacts an acidic aqueous phase
it liberates Ca*, PO4>~ and soluble silica; these ions quickly
supersaturate the fluid, precipitating an amorphous cal-
cium-phosphate (ACP) film that densifies through brushite
and monetite intermediates and ultimately matures toward
hydroxyapatite [1, 12]. Bakry et al. demonstrated that the
resulting interaction layer spreads over the entire dentin
surface, penetrates 3—5 pum into the tubules and raises nano-
hardness and elastic modulus within 24 h [13]. A subsequent
durability study by the same group showed that this layer
withstands 6000 simulated brushing strokes, maintains a low
fluid conductance and outperforms oxalate-based desensitiz-
ers in keeping tubules sealed. Because the phase composi-
tion evolves over time, the final apatite’s crystallinity and
acid tolerance are influenced by both the glass chemistry
and the oral milieu, highlighting ion release kinetics as a key
design parameter [14].

Interaction with collagen fibers

Bioactive materials can induce mineral precipitation
between collagen fibers, enhancing the structural integrity
of the dentin matrix. This interaction also helps in reduc-
ing enzymatic degradation by matrix metalloproteinases
(MMPs), which are involved in the breakdown of collagen
[1]. The long-term stability of this collagen-mineral interac-
tion and its impact on the durability of the restoration require
further investigation.

Mixed biological and chemical mechanisms

Some materials, like those containing calcium hydroxide,
exhibit both chemical and biological effects. They can
induce the formation of tertiary dentin by activating sign-
aling molecules within the dentin, while also providing a
chemical environment conducive to mineralization [10].
The specific signaling pathways involved in tertiary dentin
formation and their modulation by bioactive materials are
areas of active research.

Antimicrobial effects
Bioactive materials may incorporate antimicrobial agents

or release ions that inhibit bacterial growth, further sup-
porting oral health by preventing caries and other infections
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[10]. The spectrum of antimicrobial activity, the potential for
developing bacterial resistance, and the long-term effects on
the oral microbiome need careful consideration [15]. These
mechanisms highlight how bioactive restorative materials
can enhance dental health by promoting tissue repair and
preventing disease progression. However, the relative contri-
bution of each mechanism and its synergistic effects remains
to be fully elucidated.

Classification of bioactive restorative
materials

Bioactive restorative materials and bioactive glasses rep-
resent a diverse and expanding group of substances with
varying compositions, mechanisms of action, and degrees
of bioactivity. For clarity and to facilitate comparison, these
materials can be classified according to two main crite-
ria: composition and degree of bioactivity.

Classification by composition

Bioactive materials can be grouped based on their major
chemical constituents:

Silica-containing bioactive glasses

The prototypical example is Bioglass® 45S5, composed
primarily of SiO,, Na,O, CaO, and P,Os. These glasses are
well-known for their ability to bond to hard and soft tissues
and to form a hydroxyapatite layer when exposed to physi-
ological fluids [16].

Silica-free bioactive glasses

Some newer formulations exclude silica, instead incorpo-
rating other oxides or phosphates to tailor bioactivity and
mechanical properties [17].

Calcium phosphate-based materials

This group includes synthetic hydroxyapatite, p-tricalcium
phosphate, and calcium phosphate cement. These materials
are valued for their chemical similarity to the mineral phase
of bone and teeth, and their ability to promote remineraliza-
tion [18].

Resin-based composites with bioactive fillers
These materials combine a resin matrix with bioactive glass

or calcium phosphate particles, aiming to provide both
mechanical strength and therapeutic ion release [19].

Glass ionomer cements (GICs)

While not traditionally classified as bioactive glasses, GICs
exhibit bioactivity through fluoride and ion release, contrib-
uting to remineralization and antibacterial effects [20-22].

Classification by degree of bioactivity

The degree of bioactivity reflects a material’s ability to
induce a biological response, typically categorized as:

High bioactivity

Materials that can rapidly form a direct bond with living
tissues via the precipitation of an apatite layer. Classic exam-
ples include Bioglass® 45S5 and certain calcium phosphate
cements [16].

Moderate bioactivity

Materials that induce slower or less robust apatite forma-
tion, or require specific conditions (e.g., acidic or basic
environments) to exhibit bioactivity. Some resin-modified
glass ionomers and newer bioactive composites fall in this
category [19].

Low bioactivity

Materials that release beneficial ions but do not readily form
an apatite layer or bond directly to tissue. Some glass iono-
mer cement, and ion-releasing resins may be considered low
bioactivity materials [20].

Mechanism of bioactivity

The concept of bioactivity originally referred to specialty
glasses that elicit a positive biological response when intro-
duced into the human body [23]. In modern usage, the term
refers to several essential features: the emission of ions that
benefit biological systems, the formation of a calcium phos-
phate layer, and the promotion of cell differentiation and
proliferation [5]. It is crucial to understand, however, that
merely releasing ions does not qualify a material as bio-
active; the ion release must occur alongside the other two
processes [10]. Moreover, in certain materials—such as spe-
cific polymers—bioactivity may also include the release of
biological signaling molecules that support tissue restoration
and repair. [5]. This aspect was not part of the original defi-
nition of bioactive glasses when the term was first applied.
A critical analysis of the evolution of the bioactivity concept
and its implications for restorative materials is warranted.
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The evolution of bioactivity

The development of bioactive materials in dentistry can be
traced back to 1969, when Professor Larry Hench and his
team introduced Bioglass [24]. As early as 1971, research
articles described this material as bioactive, emphasizing
its unique ability to create a mechanically robust bond
between host tissue and implant [25]. The inaugural bio-
active glass, Bioglass 4555, is composed of four primary
ingredients: SiO, (46.1% by mass), CaO (26.9%), Na,O
(24.4%), and P,0s (2.6%) [26, 27]. Its extensive appli-
cation in bone-contact procedures is largely due to its
capacity to develop a hydroxyapatite carbonate layer when
immersed in simulated body fluid [28]. In living systems,
Bioglass interacts closely with bone cells—especially
osteoblasts—which are activated by the initial deposi-
tion of a calcium phosphate layer, leading to a firm bond
between the glass and emerging bone [26, 27, 29].
Following the original composition, a variety of bio-
active glasses have been produced and their biological
actions investigated in depth. Most new formulations have
utilized the Si0,—-CaO-Na,0-P,0s framework, though
other glass variants containing five or more components
have also been explored [30]. One example is the apatite-
wollastonite (A/W) glass ceramic, which bonds with bone
and is marketed for clinical use as Cerabone® A-W [31].
In addition, synthetic hydroxyapatite and p-tricalcium
phosphate [32], also demonstrate the capability to bond
with living bone in a manner similar to Bioglass [18]. These
substances trigger analogous surface reactions: they release
calcium and phosphate ions into the surrounding body fluid,
leading to the precipitation of an amorphous calcium phos-
phate layer that osteoblasts colonize in vivo, ultimately giv-
ing rise to fully functional natural bone [33, 34].
Furthermore, calcium phosphate cements formed in situ
are recognized as bioactive as well [35]. These cements
are produced by mixing aqueous slurries of tetra-calcium
phosphate and di-calcium phosphate, which react to form
hydroxyapatite [36]. The hydroxyapatite then precipitates
as a solid mass that retains all the water from the original
slurry [36]. Resulting in a material that, although rela-
tively weak, is biologically active and capable of directly
bonding with bone. This makes it clinically useful for
repairing craniofacial defects and bone fractures [37, 38].

Assessment of bioactivity
Both in vitro and in vivo methods are employed to char-

acterize the bioactivity of these materials. However, a
standardized approach to bioactivity assessment is lacking,
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which complicates the comparison of results across dif-
ferent studies.

Apatite formation
In vitro assessment using simulated body fluid (SBF)

In vitro assessments often involve immersing the samples
in SBF to simulate physiological conditions. This method
allows researchers to evaluate the material’s bioactivity and
its ability to form an apatite layer, which is indicative of its
potential to integrate with biological tissues. The specimens
are typically soaked in SBF for a specified duration, often
ranging from several days to weeks, while maintaining a
physiological pH (around 7.4) [39]. Simulated body fluid
(SBF) is extensively employed in bioactivity assessments
as an in vitro screening test to identify materials that exhibit
bioactivity in vivo. This method involves exposing materials
to SBF, which mimics the composition of human plasma,
particularly in terms of key ions like Ca** and PO.>~ [40,
41]. The primary purpose of using SBF is to assess the mate-
rial’s ability to form hydroxyapatite (or hydroxy-carbonate
apatite), which is indicative of bioactivity [40, 41].

Purpose of SBF testing The main goal of SBF testing is to
evaluate the material’s ability to induce apatite formation on
its surface. This process is crucial for assessing bioactivity,
as it suggests the material can integrate with bone tissue by
forming a bone-like apatite layer [40, 41].

While ion release is an important aspect of bioactivity,
SBF testing primarily focuses on apatite formation as a
direct indicator of bioactivity. However, the release of ions
such as calcium and phosphate is essential for this apatite
formation process [40].

Limitations of SBF testing SBF testing can yield both false
positives and false negatives. For example, glass-ionomers
often fail to precipitate apatite in SBF despite showing bio-
active properties in vivo, due to factors like the inhibition of
calcium phosphate precipitation by poly (acrylic acid) [40].

SBF lacks organic components present in real biological
fluids, which can affect its predictive accuracy for in vivo
bioactivity [40, 42].

The technique described for ion release analysis using
simulated body fluid (SBF) involves two approaches: static
and dynamic immersion testing.

Approaches of SBF testing Static approach:

Disk-shaped specimens are immersed in a fixed volume of
SBF under controlled temperature conditions, allowing for
the evaluation of ion release properties by analyzing the SBF
at predetermined time intervals to determine the concentra-
tion of ions released from the specimens. While this method



Odontology (2026) 114:349-377

353

Static Dynamic

Saturation of lons Unsaturation of lons

SBF

The specimens of
restorative materials

Fig. 1 The static and dynamic SBF assay

Table 1 Comparisons between Static SBF and Dynamic SBF

Static SBF Dynamic SBF

- Disk specimen in vial - Specimen in flow chamber
- Circulating SBF

- Continuous flow (120 rpm)

- Stagnant fluid
- Weekly renewal

Outcome: Saturation artifacts Outcome: Clinically predic-

tive ion release

is straightforward and useful for initial screening, it may not
accurately replicate physiological conditions due to the lack
of fluid movement, which can lead to saturation effects [43].

Dynamic approach:

Simulates a more realistic in vitro environment by
allowing a continuous flow of SBF over the specimens.
disk-shaped specimens are placed in a specially designed
chamber that facilitates fluid flow. The SBF is circulated at
a controlled rate and temperature, ensuring fresh fluid con-
tinuously interacts with the specimen’s surface Fig. 1. This
simulates a more realistic in vitro environment by allowing
continuous flow of SBF over the specimens. disk-shaped
specimens are placed in a specially designed chamber that
facilitates fluid flow. The SBF is circulated at a controlled
rate and temperature, ensuring fresh fluid continuously
interacts with the specimen’s surface Fig. 1. This setup pre-
vents saturation of released ions in the medium and pro-
vides insights into the materials’ ion release behavior under
conditions that approximate the dynamic nature of bodily
fluids. While dynamic immersion testing is more complex
and requires precise control overflow rates and temperature,
it offers a more accurate representation of how materials
behave in vivo. Together, these techniques are essential for
evaluating the biocompatibility and effectiveness of mate-
rials intended for medical or dental applications [43, 44].
Comparisons between the two approaches is illustrated in
Table 1.

SBF remains a valuable tool for predicting in vivo bio-
activity, particularly when combined with other testing

methods. The development of more sophisticated in vitro
models that better mimic the oral environment is essential
for improving the accuracy of bioactivity assessments.

In vivo studies

In addition to in vitro assessments, in vivo studies are con-
ducted to evaluate the apatite-forming ability of hydroxyapa-
tite in a biological environment. For example, new-genera-
tion hydraulic calcium silicate cements have been implanted
in animal models to observe hydroxyapatite formation over
time [45, 46].

Method of characterization

In both methods, Changes in morphology and the formation
of an apatite layer can be monitored using many characteri-
zation techniques. Scanning Electron Microscopy (SEM) is
utilized to visualize the surface morphology of hydroxyapa-
tite samples before and after immersion in SBF. This tech-
nique allows for observation of apatite layer formation over
time, indicating the material’s bioactivity [47]. X-Ray Dif-
fraction (XRD) provides information about the crystallinity
and phase composition of synthesized hydroxyapatite. The
distinct diffraction patterns help confirm the presence of
HAp and assess its purity [47]. Other characterization tech-
niques, such as FTIR spectroscopy and Raman spectroscopy,
can provide complementary information about the chemical
composition and structure of the apatite layer [45, 46].

Other characterization techniques, such as FTIR spectros-
copy and Raman spectroscopy, can provide complementary
information about the chemical composition and structure
of the apatite layer.

Figure 2 shows SEM and XRD characterization of amor-
phous calcium magnesium fluoride phosphate (ACMFP)
particles undergoing in vitro crystallization in simulated
sali [48]. (A—C) Sequential SEM images illustrate the pro-
gressive transformation from hollow, amorphous core—shell
spheres to a dense network of elongated crystalline bundles
on the particle surfaces. The arrow in (A) indicates a hol-
low interior characteristic of the initially amorphous parti-
cle core. Over time, high-aspect-ratio crystals emerge and
increasingly dominate the particle surfaces (B, C). (D) XRD
pattern confirms the conversion of ACMFP into a mixture
of hydroxyapatite and fluoride-substituted apatite, revealing
the material’s capacity for rapid mineralization under physi-
ologically relevant conditions. Collectively, these findings
demonstrate that ACMFP particles release fluoride, calcium,
and phosphate ions that drive their own transformation into
a crystalline apatite phase. This ability to form apatite-like
minerals in a simulated oral environment underpins the par-
ticles’ potential for remineralization and acid-resistant repair
in dental applications [48].
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Fig.2 SEM and XRD characterization of amorphous calcium magnesium fluoride phosphate (ACMFP) particles undergoing in vitro crystalliza-

tion in simulated saliva [48]

Figure 3 shows SEM images of dentin surfaces and den-
tinal tubules before and after an acid challenge, highlight-
ing the impact of adding amorphous calcium phosphate
(ACMP) or amorphous calcium magnesium fluoride phos-
phate (ACMFP) particles on remineralization and tubule
occlusion. (A—C) Dentin treated with a blank formula (no
mineralizing particles) [48]. The surface (A, B) shows open
tubule orifices both before and after acid exposure, illus-
trating negligible mineral deposition. The cross-sectional
view (C) likewise reveals unoccluded tubules. (D-F) Den-
tin treated with ACMP (no fluoride). Although the tubules
are initially filled with a mineralized layer (D), partial reo-
pening is evident post-acid challenge (E). Cross-sectional
imaging (F) confirms mineral deposition within tubules, but
it is susceptible to acidic dissolution. (G-I) Dentin treated
with ACMFP (with fluoride). A continuous, dense mineral
layer covers the surface and effectively blocks tubule orifices
(G). Even after an acid challenge (H), the tubules remain
occluded. Cross-sectional analysis (I) shows a tightly packed
mineral front, including high-aspect-ratio crystals extending
deep into the tubules. These observations underscore the
superior acid resistance conferred by incorporating fluoride
into the amorphous calcium phosphate matrix. The ACMFP-
treated surfaces and tubules retain their mineralized barrier
even under acidic conditions, highlighting the promise of
fluoride-bearing amorphous phosphate particles for durable
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dentin tubule occlusion and enhanced remineralization in
clinical dentistry [48].

lon release analysis

The bioactivity of restorative materials is primarily linked
to their capacity to release fluoride, calcium, and phosphate
ions, crucial for promoting remineralization and enhancing
antibacterial properties. These ions play a critical role in
promoting remineralization and enhancing the material’s
antibacterial properties. Fluoride (F-) Provides anti-cario-
genic effects by inhibiting bacterial metabolism and promot-
ing enamel remineralization. Calcium (Ca*) and Phosphate
(PO4*) are essential for the formation of hydroxyapatite,
contributing to the repair of demineralized tooth structures
[49].

The resulting ionic burst elevates the degree of supersatu-
ration, so an amorphous calcium-phosphate (ACP) precursor
nucleates on the material surface. Bakry et al. showed that
this transient brushite layer transforms within 24 h into a
hydroxyapatite coating enriched with silica, which infiltrates
demineralized enamel and restores its micro-hardness [11].
Consequently, the kinetics of ion release and subsequent
mineral precipitation are pivotal determinants of the long-
term remineralization performance of these materials.
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Fig.3 Shows SEM images of dentinal surfaces and dentinal tubules before and after an acid challenge [48]

Ion release analysis involves quantifying bioactive
ions—namely calcium (Ca?h), phosphate (PO.+*), and flu-
oride (F-)—that are crucial for both remineralization and
antibacterial actions. Researchers have experimented with
incorporating calcium and phosphate-based compounds
into dental materials to encourage the discharge of Ca, P,
and F ions [50]. The boost in bioactivity observed in glass
ionomer cements (GICs) due to this ion release is key
to fostering long-term oral health [50]. For instance, the
liberation of Ca and P ions from GIC markedly enhances
its bioactive properties [50]. Additionally, the release of
these ions can initiate remineralization and help inhibit
bacterial growth, thereby supporting overall tooth health
[50].

For instance, the liberation of Ca and P ions from GIC
markedly enhances its bioactive properties [51]. Addi-
tionally, the release of these ions can initiate reminerali-
zation and help inhibit bacterial growth, thereby support-
ing overall tooth health [51]. Many ion release analysis
methods used in previous studies are listed in Table 2.

Techniques for measuring ion release

lon-selective electrode (ISE) This method utilizes an elec-
trode that selectively responds to fluoride ions in solutions.
The potential difference generated by fluoride and Calcium
ions is measured against a reference electrode, providing a
direct indication of fluoride concentration [57].

Atomic absorption spectroscopy (AAS) This method
measures calcium and Phosphate concentrations by ana-
lyzing the absorption of light at a specific wavelength
characteristic of calcium. Involves reactions that produce
a color change proportional to the concentration of the
ion, quantified via spectrophotometry [58]. The samples
are immersed in a solution (e.g., distilled water) then the
washed-out solution after a predetermined time is col-
lected to analyze calcium release. If analyzing a solid
sample, it must be dissolved in an acid to free calcium
ions. The concentration of calcium in the sample can be
determined using the calibration curve. Standard solutions
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Table 2 Show studies measured ion release and measured it with different methods

Study Material Methodology

Findings

[52] Reinforced glass ionomer cement (ChemFil
Rock, Dentsply Sirona, Konstanz, Ger-
many; shade: A2, LOT: 1,903,000,819)

calcium

[53] Glass-ionomer cement (AquaCem, Dent-

sply, Konstanz, Germany) calcium

2. Ton-selective electrode for fluoride
(Phosphate ion release was not examined)

[54]  Glass ionomer cement (Fuji VIITM [F7]

and Fuji VIITM EP [F7EP]) calcium

2. UV-Vis spectroscopy for phosphate
3. Ion-selective electrode for fluoride

[55]  Glass ionomer cement (AquaCem, Dent-

sply) sion spectroscopy for calcium
2. Inductively coupled plasma-optical emis-
sion spectroscopy for phosphate
(Fluoride release was not investigated)

[56] Conventional aluminosilicate glass (fabri-

cated by the researcher) calcium

2. UV-Vis spectroscopy for phosphate
(Fluoride ion release was not investigated)

1. Atomic absorption spectrometry for

2. UV-Vis spectroscopy for phosphate
3. Ion-selective electrode for fluoride

1. Atomic absorption spectrometry for

1. Atomic absorption spectrometry for

1. Atomic absorption spectrometry for

1. Resin-based adhesive layers may impede
ion release, thereby limiting the advan-
tages offered by remineralizing restorative
materials

2. Sufficient water uptake is necessary to
promote ion release from filler components

1. Incorporation of chicken eggshell powder:

— Improves mechanical characteristics

— Exerts no noteworthy impact on fluoride
and calcium release

1. Adding 3% (w/w) CPP-ACP to the GIC:

— Elevates calcium and phosphate ion output

— Does not significantly change fluoride
release, surface hardness, or mass

1. Inductively coupled plasma-optical emis- 1. Calcium ions remain unreleased under

neutral conditions but are notably released
in acidic environments

2. Phosphate ions are released under both
neutral and acidic conditions, with higher
release occurring in acidic settings

1. Introducing bioactive glass increases
bioactivity through apatite formation but
compromises mechanical strength

2. Adding A1** to the bioactive glass boosts
strength while reducing bioactivity

of calcium are prepared at known concentrations for creat-
ing a calibration curve.

Inductively coupled plasma optical emission spectrom-
etry (ICP-OES) This analysis is performed using ICP-OES,
which identifies and measures the concentrations of specific
ions, such as calcium or phosphorus. The specimens are
immersed in a liquid medium, such as distilled water or sim-
ulated body fluid, which is analyzed periodically to detect
and quantify ions released from the specimens. The method
is known for its sensitivity and ability to detect multiple ele-
ments simultaneously, making it suitable for evaluating the
ionic release characteristics of dental materials [46].

pH variation and neutralizing capacity assessment

The assessment of pH variation and neutralizing capacity
is crucial in evaluating the interactions of dental materials
with their environment, particularly in the oral cavity. This
analysis helps understand how these materials respond to
acidic conditions, which can occur due to dietary habits or
pathological conditions like gastroesophageal reflux disease
(GERD) [59]. GICs typically exhibit an acidic pH during
the initial setting phase, which gradually neutralizes over
time. This pH change is significant for ion release but may
limit the formation of hydroxyapatite under acidic condi-
tions. Despite their ion-releasing capabilities, conventional
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GICs have limited antibacterial activity and can exhibit cyto-
toxicity over time. These shortcomings highlight the need
for modifications to enhance their bioactive properties [60].

pH variation assessment

pH variation assessment typically involves immersing dental
materials in different pH media for specified durations, and
their pH is measured at regular intervals using a calibrated
pH meter. Calibration of the pH meter is performed using
standard buffer solutions with known pH values to ensure
accurate readings. The immersion conditions, including tem-
perature and solution replacement schedule, are controlled
and standardized [46]. This method allows researchers to
monitor how the material influences the surrounding pH
over time.

Neutralizing capacity assessment

Neutralizing capacity refers to the ability of dental materials
to buffer or neutralize acidic conditions in their surround-
ings. This property is particularly important for materials
used in restorative dentistry, as they can help mitigate the
effects of acid exposure on tooth structure and overall oral
health. To assess neutralizing capacity, specimens are typi-
cally immersed in an acidic solution (e.g., hydrochloric acid)
at a controlled pH [61]. Following immersion, the change
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in pH of the surrounding solution is measured over time. A
material with high neutralizing capacity will demonstrate a
significant increase in the solution’s pH as it buffers the acid-
ity. This assessment can be complemented by analyzing ion
release (e.g., calcium and fluoride ions) during immersion,
as these ions can contribute to the buffering capacity [62].

Hydroxyapatite formation assessment
Remineralization potential

The assessment of remineralization potential employs a
variety of methods, including SEM—EDX analysis, Vickers
Microhardness testing, CLSM, pH-cycling models, and light
scattering techniques. Each method offers unique insights
into the effectiveness of different remineralizing agents
and their ability to restore lost minerals in dental tissues.
Understanding these methodologies is essential for develop-
ing effective treatments aimed at enhancing oral health and
preventing caries progression.

Scanning electron microscopy (SEM) and energy disper-
sive X-ray (EDX) analysis SEM is widely used to assess the
surface morphology of enamel before and after treatment
with remineralizing agents [63, 64]. This technique allows
for high-resolution imaging of the enamel surface, reveal-
ing structural changes indicative of remineralization. Fig-
ure 4 shows SEM micrographs depicting the surface evolu-
tion of the two newly synthesized bioactive glasses—BGl1
(left column) and BG2 (right column)—after immersion in
PBS at 37 °C for 1/4, 1, 3, 7, and 14 days. Initially, smooth
surfaces in both materials acquire increasingly irregular
deposits, becoming progressively denser and more compact
over time. Compared to BG1, BG2 demonstrates a more
pronounced texture change at earlier immersion intervals,
suggesting faster interaction with the surrounding medium.
These morphological shifts are consistent with the gradual
formation of a surface layer (likely hydroxyapatite or other
Ca/P-rich phases), reflecting the in vitro biodegradability
and bioactivity of the glass compositions [65].

EDX, often coupled with SEM, provides elemental analy-
sis by measuring the composition of calcium (Ca) and phos-
phorus (P) in the enamel. The Ca/P ratio is a critical indica-
tor of remineralization, as it reflects the mineral content of
the treated enamel compared to untreated or demineralized
samples. For instance, studies have shown that specimens
treated with different remineralizing agents exhibit varying
degrees of surface smoothness and mineral content when
analyzed using SEM-EDX [63]. The mineralization of the
bioactive glass with high phosphorus (10.8 mol% P(,)O(s)-
54.2 mol% SiO(,)-35 mol% CaO, named PSC) and its ability
to induce type I collagen mineralization were observed by
SEM and TEM [65].

Vickers microhardness test (VMH) It is another quantitative
method used to evaluate the hardness of enamel before and
after remineralization treatments. This test measures the
resistance of the enamel surface to indentation, providing
insights into changes in mineral content. A statistically sig-
nificant increase in microhardness after treatment indicates
effective remineralization [66].

Confocal laser scanning microscopy (CLSM) CLSM is
employed to visualize demineralization and remineraliza-
tion processes at a microscopic level. This technique allows
for three-dimensional imaging of tooth structures and can
assess areas of mineral loss and gain following treatment
with remineralizing agents. In studies utilizing CLSM,
samples are often stained with dyes (e.g., rhodamine B)
to enhance visualization of demineralized areas, enabling
researchers to quantify changes in mineral content over time
[63].

pH-cycling models In vitro pH-cycling models simulate
the dynamic conditions found in the oral cavity by alter-
nating between demineralizing and remineralizing phases.
This method allows researchers to assess how effectively a
material can promote remineralization under conditions that
mimic real-life exposure to acids from dietary sources. The
effectiveness of different remineralizing agents can be com-
pared based on their ability to restore mineral content during
these cycles.

Light scattering techniques Light scattering techniques can
also be utilized to assess changes in mineral content within
enamel samples. These methods measure variations in light
transmission through the enamel before and after treatment,
providing indirect evidence of remineralization based on
changes in optical properties.

Bioactive materials can be used as direct restorative mate-
rials, enhancing the bond between the restoration and dental
tissues while promoting remineralization [1].

Clinical applications of bioactive glasses

Bioactive glass materials offer broad utility, from oral care
products (such as toothpastes that aid in remineralization
and sensitivity reduction) through periodontic interven-
tions (bone grafts, implant coatings), orthodontic adhe-
sives, and endodontic treatments (pulp-capping, filling,
and disinfection). Their role extends into oral/maxillofa-
cial surgeries (bone scaffolds and grafts) as well as esthetic
and restorative dentistry (e.g., dentin hypersensitivity man-
agement and bonding agents). Collectively, this diagram
underscores the versatility and clinical significance of bio-
active glasses in fostering tissue regeneration, enhancing
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Fig.4 Shows SEM micrographs BG1
depicting the surface evolution
of the two newly synthesized
bioactive glasses—BG]1 (left
column) and BG2 (right col-
umn)—after immersion in PBS
at37 °Cfor 1/4, 1, 3,7, and 14
days

14
days
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Fig.5 Represents a schematic overview of the diverse dental applications of bioactive glasses

antimicrobial properties, and improving mechanical stabil-
ity in various dental procedures [67]. Figure 5 represents
a schematic overview of the diverse dental applications of
bioactive glasses.

This review is concerned with the influence of bioac-
tive materials on direct restorative materials such as glass
ionomer cements (GICs), resin-based composites, and ion-
releasing materials.

Bioactivity of glass ionomer cements

Glass ionomer cements can release and replenish fluoride
ions, thus potentially aiding remineralization while also
forming a direct bond with the tooth’s hard tissue [68, 69].
However, their mechanical performance tends to be inad-
equate [68]. Leading to higher failure rates and rendering
them unsuitable as a direct restoration capable of handling
occlusal force. Consequently, improving the bioactivity of
GICs remains a critical goal for enhancing their clinical
efficacy. One approach involves incorporating bioceramic
particles—such as bioactive glass, calcium phosphate,
and amorphous calcium phosphate—into dental materials
to help prevent caries and support tooth remineralization
[70]. Nonetheless, the ion release from these additives can
generate voids, potentially undermining both the physical
and mechanical properties of the materials [71].

The interaction of glass-ionomers with biological
tissues

In view of the recent policy statement by the FDI (World
Dental Federation) on the bioactivity of dental restorative
materials, several overarching points emerge regarding the
interaction of glass-ionomers with biological tissues [10].

lon release

Both variants of glass polyalkenoate cement have been
shown to emit various ions under neutral conditions—such
as sodium, aluminium, silicate, phosphate, and fluoride—
and either calcium or strontium in acidic conditions [55].

pH modification

These cements alter the pH of the surrounding environment,
a phenomenon initially described as buffering, attributed to
the partial neutralization of a weak acid within the cement
[72].

Robust bonding

They establish a mechanically strong bond with both enamel
and dentine [73].

Demonstrated bioactivity
They exhibit bioactivity under in vitro conditions [74].
Evidence of bioactive behavior of GICs

GICs do not always show apatite precipitation in simulated
body fluid (SBF) GICs have been shown to bond effectively
to living bone and hard tissues in vivo, indicating bioac-
tive properties. The presence of poly (acrylic acid) (PAA) in
GICs can inhibit apatite formation in SBF, leading to false
negatives in bioactivity tests. Even small amounts of PAA
can significantly reduce apatite precipitation [75]. While
GICs may not always meet traditional criteria for bioactiv-
ity based on SBF testing, they exhibit bioactive properties
through ion release, mechanical bonding, and positive cell
interactions. These characteristics support their classification
as bioactive materials in the context of restorative dentistry.
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The interaction of 45S5 Bioglass and biological environ-
ments, such as simulated body fluid (SBF), is crucial for
understanding how these materials can induce apatite forma-
tion and integrate with tissues like bone and dentine. Here
are key points related to bioactive glass and its effects:

Apatite formation mechanism

5S5 Bioglass, a well-known type of bioactive glass, pro-
motes apatite formation through a series of ion exchange
reactions when immersed in SBF. This process involves of
calcium and phosphate ions, which eventually precipitate
as hydroxyapatite, a mineral similar to bone tissue [76, 77].

Role of bioactive glass powder Adding 45S5 Bioglass
powder to materials like glass polyalkenoates enhances
the release of calcium, silica, and phosphate ions, which is
essential for apatite deposition from SBF [76].

Effect without bioactive glass Without bioactive glass,
conventional or resin-modified glass polyalkenoates do
not induce apatite precipitation in SBF. However, they still
exhibit beneficial effects in vivo by forming strong bonds
with hard tissues due to their ion-release properties [76].

In vivo and in vitro effects Despite the inability to induce
apatite formation in vitro, glass polyalkenoates show posi-
tive effects in vivo. They form strong mechanical bonds
with dentine, enamel, and bone, which is attributed to their
ion-release capabilities [40]. In cell culture studies, resin-
modified glass-ionomers, even without bioactive glass pow-
der, support cell attachment and proliferation. This suggests
that these materials can interact positively with biological
systems at the cellular level [40].

Bioactive glass composition and properties

Bioactive glasses can be modified with various elements
such as strontium (Sr), zinc (Zn), and copper (Cu) to
enhance their bioactivity and control their degradation rates.
For example, Sr incorporation increases the rate of hydroxy-
carbonated apatite deposition [78].

The reactivity of bioactive glass is significantly influ-
enced by its surface area. Glasses with higher surface areas,
such as those produced via the sol-gel method, exhibit faster
ion exchange and apatite formation rates [40].

Modifications to enhance bioactivity
Over the years, various modifications have been explored to
enhance their mechanical properties, bioactivity, and bio-

logical responses, making them more effective for diverse
clinical applications. This table summarizes recent studies

@ Springer

on bioactive GICs, focusing on materials studied, research
aims, bioactivity evaluations, outcomes, and key findings.
These studies highlight advancements in incorporating bio-
active additives, nanoparticles, and novel composites into
GIC formulations, aiming to improve ion release, remin-
eralization potential, antibacterial properties, cytotoxicity,
and mechanical strength. This overview provides valuable
insights into the evolving field of bioactive GICs and their
potential to address current limitations and broaden their
scope in restorative dentistry. Recent modifications un GIC
regarding bioactivity ae shown in Table 3.

Dental composite resin

Dental composite resin is an interesting area of research
work. It has been modified by many additives to enhance
its properties [90]. Various calcium phosphates—includ-
ing monocalcium phosphate, dicalcium phosphate, trical-
cium phosphate, hydroxyapatite (HA), and amorphous cal-
cium phosphate (ACP) are utilized as ion-releasing fillers
in experimental composite materials. Among these, ACP
is particularly noteworthy because it directly precedes the
formation of HA, a key component in the natural mineraliza-
tion process of teeth and bones. Typically, the performance
of ACP-based composites is evaluated by measuring the
concentration of released calcium and phosphate ions in an
aqueous solution. As a result, composites containing ACP
that generate calcium/phosphate solutions supersaturated
with HA are considered capable of remineralizing dental
hard tissues [91].

Beyond purely chemical evidence of their demineraliz-
ing potential, the bioactive properties of ACP composites
have been confirmed through in vitro [92], in situ [93] and
in vivo [94].

Bioactive glasses (BGs), such as 45S5 Bioglass and
Biomin, are soluble materials primarily formulated from
Si0,, Ca0O, Na,0O, and P,Os in various proportions [95].
Their solubility and bioactivity are directly influenced by
their specific compositions, which allows them to be tai-
lored for particular applications [95]. Historically, BGs have
been employed in orthopedic settings, notably as coatings
for bone implants, because of their ability to precipitate
hydroxyapatite (HA) and thereby enhance osseointegration.
[26]. In experimental dental composites, BGs hold potential
as sources of remineralizing ions. Upon exposure to water,
BGs undergo a series of reactions, including ion exchange,
dissolution, and reprecipitation, leading to HA formation
[95].

To enable these effects, the composite must allow water
access to BG particles, ensure ion release, and avoid silane-
coated BG particles. Additionally, resin hydrophilicity must
be optimized [96].
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Modifications of dental composite resin

Modifications of GIC have been a focus area of research
recently. Recent modifications are listed in Table 4.

lon releasing direct restorative materials

Direct restorative materials that release therapeutic ions,
such as fluoride and calcium, represent a great shift in den-
tistry. These materials aim to bridge the gap between tradi-
tional composites and glass ionomer cements (GICs), offer-
ing both mechanical strength and bioactivity. Among the
recent advancements, Two direct restorative materials that
release ions have reached the market: Cention N (CN) from
Ivoclar Vivadent in Schaan, Liechtenstein, and ACTIVA™
Bioactive Restorative (ACT) from Pulpdent in Massachu-
setts, USA.

ACTIVA™ bioactive restorative (ACT)

The manufacturer markets ACT as a “bioactive compos-
ite” that allegedly releases more fluoride than traditional
glass ionomer cements (GICs) [103], though this claim has
been challenged [104]. Some researchers even view ACT
as an enhanced, reinforced version of a resin-modified
glass ionomer (RMGIC) because it incorporates a modified
polyacid containing a small amount of water and follows
similar chemical setting reactions [105]. Additionally, ACT
is formulated with a proprietary bioactive matrix and spe-
cialized bioactive fillers [104]. It is promoted as a highly
esthetic composite that not only embodies the benefits of
glass ionomers—such as chemically bonding to teeth and
sealing against microleakage—but also provides a robust,
resilient resin matrix that resists chipping and crumbling.
Moreover, ACT is reported to release higher levels of cal-
cium, phosphate, and fluoride, making it more bioactive

than conventional glass ionomers and more durable and
fracture-resistant than standard composites. Its design ena-
bles a continuous cycle of ion release and recharge—yvital
minerals naturally present in saliva and supported by dietary
sources—as this dynamic ion diffusion can only occur in
materials capable of water transport, a property absent in
traditional hydrophobic materials.

Cention N (CN)

In contrast, CN is described by its manufacturer as an
“alkasite”—a variant of resin-based composites that func-
tions as a self-adhesive composite. It contains three primary
fillers: inert barium alumino-silicate glass, calcium barium
alumino-fluoro-silicate glass, and an active fraction of cal-
cium fluoro-silicate glass [106].

Comparative evaluations have shown that both ACT and
CN release varying amounts of ions, including fluoride (F")
and calcium (Ca’*) [107]. However, there is not yet sufficient
evidence to confirm any bioactivity for either material. For
example, Garoushi et al. noted no mineralization potential
for ACT despite its moderate calcium release [108]. Fur-
thermore, Tiskaya et al. [109] found that CN released higher
levels of F* and Ca** and was capable of forming an “apa-
tite-like” phase. Although these findings suggest a potential
bioactive advantage for CN, additional studies are neces-
sary for confirmation. Both materials are considered bulk-
fill restorative options. The depth of cure (DoC) is crucial
since inadequate curing can lead to problems such as gap
formation, marginal leakage, recurrent caries, adverse pulpal
effects, and ultimately restoration failure [110]. Given that
ion-releasing materials are inherently brittle and prone to
cracking, measuring fracture toughness (KIC) is an appro-
priate method to assess their strength [111]. This property
is also linked to the clinical fracturing of resin composites,
making it a key parameter for the long-term success of direct
restorations [112]. Moreover, evaluating durability through

Table 5 Comparison between Cention N (CN) and ACTIVA™ Bioactive Restorative (ACT)

Property Cention N (CN)

ACTIVA™ Bioactive Restorative (ACT)

Category Alkasite (Resin-based composite)

Setting Mechanism Light-curing and optional self-curing

Composition
fillers
Ion Release High fluoride and calcium ion release
Bioactivity Potential to form an “apatite-like” phase
Fracture Toughness
Wear Resistance
Durability

Applications

Acceptable for posterior restorations
Good under standard clinical conditions
Bulk-fill restorations in posterior teeth

Manufacturer Claims Bioactive benefits through ion release

Resin matrix with fluoride- and calcium-releasing

Relatively brittle, requires careful handling

Bioactive composite (Resin-modified glass ionomer-like)
Dual cure (RMGIC-like chemical reaction 4+ polymerization)
Modified polyacid matrix, proprietary bioactive fillers

Moderate fluoride and calcium ion release

Limited evidence of mineralization potential

Brittle but manageable for routine use

Suitable for moderate mechanical demands
Adequate, with susceptibility to degradation in water
Versatile use in moderate caries-risk patients

Enhanced fluoride release and bioactive properties

@ Springer
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degradation methods like water immersion is essential [113].
As is assessing wear resistance, particularly in large restora-
tions or in patients with bruxism or clenching habits [70].

Notably, after one day of water storage, ACT exhibited
the highest fracture toughness; however, after 30 days, both
ACT and CN performed similarly to conventional resin-
based composites (RBCs) [114]. Water storage signifi-
cantly diminished the fracture toughness of both ACT and
CN, suggesting potential instability and a risk of hydrolytic
degradation, and both materials also experienced markedly
greater wear compared to conventional RBCs or RMGICs
[114].comparison between CN and ACT is summarized in
(Table 5).

Comparative studies

The clinical evaluation of ACT and CN has been the subject
of several studies, highlighting their performance in vari-
ous dental applications. Key findings from recent research
(Table 6 and 7). Also, the effect of Surface Properties, Bac-
terial Adhesion, Thermal Aging Effects, and Energy Drink
Impact on Bioactive Restorative Materials has been sum-
marized in (Table 8).

Challenges and future directions

The development and application of bioactive restorative
materials face several challenges that need to be addressed to
fully realize their potential, such as the lack of standardized
testing protocols for bioactivity. Enhancing the mechanical
strength, wear resistance, and fracture toughness of bioactive

@ Springer

materials is essential for expanding their clinical applica-
tions, particularly in stress-bearing areas. Incorporating
reinforcing fillers, optimizing the matrix composition, and
exploring novel material combinations are potential strate-
gies for improving mechanical properties. Limited long-term
clinical data raise the need for conducting clinical trials with
extended follow-up periods is essential for evaluating their
durability, success rates, and potential complications.

Conclusion

Bioactive restorative materials represent a significant
advancement in modern dentistry, offering the potential to
actively promote oral health and improve patient outcomes.
These materials can stimulate tissue repair, remineraliza-
tion, and reduce secondary caries. However, a critical and
evidence-based approach is essential when selecting and
using bioactive restorative materials.

Continued research and development are needed to
address the existing challenges and fully realize the potential
of bioactive materials. By developing standardized assess-
ment methods, improving mechanical properties, conduct-
ing long-term clinical trials, and exploring novel materials,
we can pave the way for a new era of restorative dentistry
focused on bioactivity, regeneration, and long-term oral
health. The integration of bioactive materials into dental
education and clinical practice guidelines is also crucial for
promoting their appropriate and effective use.
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