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Introduction: This paper examined the clinical applications of “bioactive” dental
materials within a framework of minimum intervention dentistry, ranging from
non-invasive to invasive procedures for managing carious lesions. Modern
approaches to caries management emphasise personalised care, caries risk
assessment, and lesion activity evaluation, combined with the strategic use of
ion-releasing biomaterials (IRB). These materials, which can release ions such
as calcium, phosphate, fluoride and other ions, may support dental
remineralization, stabilize collagen, buffer pH, and deter bacterial growth, thus
promoting long-term oral health.

Discussion: The Bioactive Dental Concept finds a great ally with the new
generation ABRAM (Advanced Bioactive Restorative Adhesive Material) and
available materials; it is structured to guide clinicians to select bioactive
options when clinically appropriate. Interventions are categorised as non-
invasive (home care and professional applications), micro-invasive (sealants,
resin infiltration, peptides), and invasive. Diagnostic tools like fluorescence and
infrared imaging improve early detection, enabling minimally invasive, targeted
treatments. Early lesions are sealed and remineralised; moderate ones need
selective excavation and cavity conditioning. Extensive lesions require durable
bioactive restorations, with new materials like “alkasite” and dual-cure
bioactive composites. Integrating evidence-based dentistry (EBD) principles
remains essential, though reliance on strict hierarchies of evidence may limit
the adoption of innovative approaches. Practical clinical experience and
biological acceptability must also inform decision-making.

Conclusion: The article emphasises the need for a balanced approach that
combines the rigor of EBD with clinical pragmatism. Even though no
restorative material is yet biologically ideal, bioactive and ion-releasing
materials significantly improve the management of carious lesions, supporting
the aim of preserving natural tooth structures and promoting oral eubiosis.

KEYWORDS

bioactive dental concept, caries activity, caries risk susceptibility assessment, ions
released biomaterials, Ml dentistry
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Key points

The article aimed to provide an overview of bioactive products
and clinical interventions beneficial for managing carious lesions,
with restorative procedures systematically categorized as non-
invasive, micro-invasive, and invasive techniques.

1 Introduction

A modern, person-focused, team-based approach to carious
lesion management has emerged from a better understanding of
how these lesions form, resulting in new, targeted treatments.
These therapies emphasise using bioactive materials appropriately
and do not always require operative intervention. Even Care
should follow the minimum intervention concepts like CAMBRA,
MIOC or CariesCare 4D and incorporate the Bioactive Dental
Concept (1-5), which could promote the use of new ions-
releasing biomaterials. Such materials are defined as products that
in contact with biological fluids can trigger a biological response,
forming bonds with tissues via apatite formation. Others consider
bioactive materials those able to release specific ions capable of
protecting
collagen, maintaining a favourable pH, and deterring bacteria.

binding collagen, promoting mineral formation,
This paper examined the clinical applications of “bioactive” dental
materials within a framework of minimum intervention dentistry,
ranging from non-invasive to invasive procedures for managing
carious lesions. The hypothesis is that modern approaches to
caries management should emphasise personalised care, caries
risk assessment, and lesion activity evaluation, combined with the
strategic use of ion-releasing biomaterials (IRB) (1, 2).

2 Steps of the minimum intervention
concept and bioactive dental concept

2.1 Definition of the word “bioactive”
material

Larry Hench has described a bioactive material as one that
elicits a specific cellular and biological response at the interface of
the material, which results in the formation of a bond between
the tissues and the material or one that forms a surface layer of
an apatite-like material in the presence of saliva or a saliva-like
substitute (3). The vast majority of biomaterials in dentistry do
not meet this “bioactive” definition; others use the term Dental
Bioactive Material or Ions Released Biomaterials, which is ideally
able to bind to collagen, acting as a template of calcium and
phosphorus  and nucleation  of

stimulating  the apatite

crystallization, protecting collagen from degradation, providing an

Abbreviations

CARS: caries associated with restorations and sealants, CPP-ACP: Caseine
phosphopeptide-amorphous calcium phosphate, CMRC: chemical-mechanical
caries removal, CRsA: Caries risk susceptibility assessment, EBD: evidence-
based dentistry, HVGIC (LC): high viscosity glass ionomer cement (LC: light
cured), HCR: High caries risk/LCR: Low caries risk, IRB: ions released
biomaterials, ~MEC: mineral-enriched  composite, =~ MMP:
metalloproteinase, RCTs: randomised clinical trials, RI: Resin infiltration,
RMGIC: Resin-modified glass ionomer cement, SDF: Silver diamine fluoride.
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adequate pH to favour new mineral formation, having a pH
buffering effect to reduce the secondary caries risk and repelling
or constraining bacteria (2, 4).

2.2 Minimum intervention concept

Several key principles outlined in this chapter underpin the
concept of minimum intervention dentistry. First, individual
caries risk and susceptibility should be assessed longitudinally
CAMBRA (Caries
MIOC (Minimum
(5-7). Patients
should receive individualized counselling on oral hygiene

using validated frameworks such as

Management by Risk Assessment),

Intervention Oral Care), and CariesCare4D

practices and dietary habits, with particular attention to the
amount, frequency, and duration of consumption of sugary and
acidic foods throughout the day. Based on this comprehensive
assessment, a personalized care plan should be developed,
incorporating  non-invasive, micro-invasive, and, when
necessary, minimally invasive operative interventions in line
with the MIOC framework. Additional practical guidance can be
found in the UK evidence-based prevention toolkit, Delivering
Better Oral Health (8). The use of the ICCMS™ (9, 10)
(International Caries Classification and Management System)
classification is recommended. Prevention and disease control
strategies should be implemented within a holistic, patient-
centred preventive framework; including non-invasive, micro-
invasive, and invasive interventions, as well as patient-directed
behavioural —modifications. Minimally invasive operative
dentistry further involves the development and use of sonic or
ultrasonic instrumentation (11) with inserts specifically adapted
to the size and morphology of the cavity (12), thereby
preserving sound tooth structure. Finally, active surveillance
protocols are essential to reduce the risk of secondary caries.
This approach supports the maintenance of a balanced oral
microbiota and a non-cariogenic biofilm, consistent with the

Eubiosis paradigm (13, 14).
2.3 Specificity of the bioactive dental
concept

Clinical
parameters: the presence or absence of cavitation, the activity

decision-making is guided by three principal
status of the lesion, and the accessibility of the carious lesion,
particularly in terms of its cleanability (15). In addition, the use of
IRB, adapted according to lesion location and patient-specific
factors, may reasonably inform management when these three
clinical criteria are considered. Integrating these elements, together
with complementary clinical and biological considerations, further

refines and completes the bioactive dental concept.
2.3.1 Three clinical situations

First, patient with a High Individual Caries Risk, priority
should be given to rebalancing the caries risk profile through
targeted preventive and therapeutic strategies (6, 16). Definitive
operative decisions should follow only after this risk modulation
has been addressed.
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Second, in the presence of any active dentinal carious lesion,
management should aim to promote lesion arrest or reversal.
This includes leveraging the buffering capacity of restorative
materials and facilitating the formation of an interdiffusion zone
with remineralization potential at the tooth-material interface (17).

Third, in cavities with little or no bondable enamel at the
gingival margins, particularly when associated with active
carious dentin, material selection and operative strategy must
account for the compromised substrate and the biological
activity of the lesion to optimize marginal integrity and long-
term stability (18).

2.3.2 Additional key points

Before diagnosing suspicious surface lesions, thorough
biofilm removal is essential. Airflow technology may be used
according to the intended level of intervention: erythritol
powder for non-invasive cleaning; sodium bicarbonate or
calcium carbonate powders for micro-invasive procedures;
and bioactive glass powders when a more invasive tooth-
cleaning approach is indicated. The use of rotary brushes
with prophylactic paste should be avoided. Their bristle
diameter (approximately 0.2 mm) is too large to effectively
clean narrow pits and the deepest areas of fissures and
residual paste may interfere with certain diagnostic devices.
In cases of proximal lesions, placement of a tooth separator,
such as the Ivory tooth separator, can facilitate visual access
and improve operative management. The application of
disclosing or fluorescent agents may also provide additional
information for plaque-detection systems (6). The use of

10.3389/fdmed.2026.1739208

dedicated diagnostic technologies (Figures 2, 3) can further
support lesion assessment and guide selective caries removal.
This approach prioritizes preservation of leathery dentin
while respecting the principle of the peripheral seal zone,
thereby ensuring an effective marginal seal and protecting the
integrity of the dentin-pulp complex (19, 20). Subsequently,
the application of IRB, based on caries risk susceptibility,
lesion activity, availability of bondable enamel at the gingival
accessibility/cleanability (18, 21),
provides a rational framework for clinical decision-making
(see Supplementary Tables S9, S10). Finally, continued
appraisal of the current level of evidence using the Oxford
Centre for Evidence-Based Medicine (OCEBM) framework
remains necessary to refine and further develop these
techniques for the benefit of patients (see Supplementary
Table S11).

margins, and lesion

3 Bioactive framework

The bioactive dental concept identifies the optimal bioactive
materials for each clinical case. The bioactive option is preferred
when choosing between traditional composite resin and a
bioactive material with similar properties and limitations. Sauro
et al. (22) detail the current attributes and constraints of
“bioactive” materials. Whenever feasible, material selection
should be guided by functional properties that significantly
influence such biocompatibility,
remineralisation

Moreover,

clinical  outcomes,
biofilm modulation,

biofunctionality (22).

as
antibacterial
potential,

efficacy,

and overall a

Magnification

FIGURE 1

radiometry (PTR).

Diagnosis tools

Caries ris
susceptibility
With photonic assessment
signals
Modified cleaning
steps:

Airflow + selective
powder

Recorded pictures
Reviews
Shared pictures

Expert-driven flow chart for modern caries detection technology. It includes photonic signals (fluorescence, Infrared (IFR), and photothermal

Magnification
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Aacreon

FIGURE 2

modes) for dental diagnosis.

Newly released intraoral C50® camera (acteon, France) with 2 daylight modes (classic and boosted) and 2 fluorescence modes (caries and periodontal

FIGURE 3

Digital magnification system (x3 to x6 or x4 to x8, bewelltech®, magnificent vision, Nankin, China)

systematic review and meta-analysis by Albelasy et al. (23)
examined clinical evidence comparing ion-releasing dental
restorative materials (such as glass ionomer cements (GICs and
compomers) with conventional resin composite restorations
regarding secondary caries occurrence and marginal adaptation.
The review included randomised clinical trials but noted a high
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risk of bias in over 60% of the studies, with only three reporting
low risk of bias. Performance bias was prevalent, partly due to
the distinguishable nature of the materials used. The quality of
evidence (GRADE assessment) was rated as low for both
secondary caries incidence and marginal adaptation outcomes,
weakening confidence in the effect estimates. No significant
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difference was found between ion-releasing and resin composite
materials in secondary caries occurrence, implying that ion
release capability alone does not reduce secondary caries risk.
However, short study follow-up periods and an overall low
number of caries events limited the ability to detect long-term
material performance. The review also emphasised that new
ion-releasing materials emerging in recent years lack robust
clinical data and require further high-quality investigation. This
article, also, discussed how resin composites with bioactive glass
(BG) release ions and precipitate hydroxyapatite, offering
benefits in dental caries management. Ion release, particularly
calcium, phosphate, and fluoride, helps prevent demineralisation
and promote remineralisation of enamel and dentine. Ion
release profiles depend on pH: acidic conditions (pH 4.0)
encourage ion release, while artificial saliva (pH 6.4) supports
apatite precipitation, which may seal gaps and reduce leakage at
the dentin-composite interface. SEM and FTIR confirmed
apatite formation. Previous research shows BG composites
reduce bacterial penetration and secondary caries, and some
commercial materials like “alkasite” form apatite even in acidic
environments, indicating potential for caries prevention (24-26).
Although clinical trials are lacking, in vitro evidence shows
sustained ion release, surface apatite formation, pH increases,
and bioactivity =~ supporting remineralisation. = Long-term
protection may result from prolonged ion release and surface
activity. Mechanical factors like mastication or brushing can
extend ion release by exposing unreacted BG fillers. These
materials alter the local environment to reduce erosion and
promote remineralisation, suggesting clinical effectiveness (27, 28).

4 Lesion detection technologies

The use of non-invasive and micro-invasive preventive
therapies is influenced by the detection technologies used. Some
can offer critical information about the presence or absence of
cavitation, caries activity (fluorescence, bio-photonic signalling)
and the accessibility (pictures magnified) of the lesion, meaning
the real possibilities to clean the suspected area and then control
the biofilm long term. The use of those devices that combine
different magnification options, pictures or videos recording and
photonic signals like infrared or fluorescence is advised in
combination for the greatest accuracy especially for the earliest
lesions (Figures 1-3) (6, 29, 30). To avoid misunderstanding like
false positive signals and over-treatment risk by the clinician,
progressive learning is recommended. Fluorescent cameras
typically demonstrate average sensitivity and specificity values of
approximately 0.93 and 0.63, respectively. However, selecting
instruments based on suitability in relation to the following
criteria is advisable.

4.1 Main clinical factors affecting
intervention thresholds for all detection
tools

A carious lesion detection device should enable the
three
cavitation, lesion activity, and cleanability. First, cavitation:

clinician to assess essential clinical parameters:
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the device should determine whether the surface is
cavitated, ideally under magnification, to guide the selection
of an appropriate management strategy ranging from non-
invasive to invasive interventions. Second, lesion activity: it
should help establish whether the lesion is active or
arrested. This distinction is critical in deciding whether
therapeutic measures, including the use of ion-releasing
biomaterials, are indicated. Third, cleanability: the device
should assist in evaluating whether the lesion is accessible
This
dimensions,

assessment includes
depth,
anatomical location (particularly proximal surfaces), and
morphology. Together, these three parameters
provide a structured and biologically oriented framework

to effective plaque control.

consideration of cavitation size,

overall

for clinical decision-making.

4.2 Additional useful clinical carious lesion
detection criteria include

Diagnostic tools should be appropriate for both pre-
operative and intra-operative stages of care. They should
allow high-quality image and video recording to facilitate
documentation, communication, and longitudinal
monitoring. Adjustable magnification is essential to meet
varying clinical requirements and to enhance precision
these

technologies should improve the detection and monitoring,

during diagnosis and treatment. Importantly,

particularly in hard-to-access proximal areas.

5 Levels of operative interventions

The specificity and sensitivity of diagnostic tools and their

technical characteristics (magnification levels, photonic
signals) make it possible to define three levels of intervention:
Non-invasive (NI), micro-invasive (Mcl), invasive treatment
(I) (Table 1). For each level of intervention, expert-driven flow
chart were proposed to make reading smoother and clearer,
but they are not yet derived from consensus statements. The
Supplementary Tables S9, S10 contain the detailed references

for each product.

6 Non-invasive and micro-invasive
treatments for proximal, smooth and
occlusal surface initial lesions depends
on the CRsA and caries activity

That concerns mainly the initial non-cavitated lesion or with
tiny cavitation, only visible with magnification. Non-invasive
home resumed in

products  at and professional are

Supplementary Tables S9, S10.

6.1 Proximal and smooth surfaces

The main professional treatment modalities include the
application of silver diamine fluoride (SDF) (32-34), resin
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TABLE 1 Levels of operative interventions.

10.3389/fdmed.2026.1739208

Levels of intervention Descriptions

NI, Non-invasive interventions.

That include those administered by patients at home, under advice and guidance from members of the oral
healthcare team: biofilm control, diet control and topical remineralising agents, without conditioning [for
example, toothbrushing with fluoride toothpaste, casein phosphopeptide-amorphous calcium phosphate (CPP-
ACP) agent application, specific fluoride mouth rinses etc.] and all professional preventive techniques, at office,
aiming to remineralise (Supplementary Table $9-S11) like SDF (multifunctional use) (21) and dopped fluoride
varnish applications with Bioglass or surface pre-reacted filling (S-PRG filler) (31).

Mcl, micro invasive interventions.

That include etching, chemically conditioning, coating and so microscopically altering the susceptible tooth
surfaces, which encompass also micro-abrasion, sealants, resin infiltration or self-peptide applications (21), in case

of little cavitated initial caries lesions.

I, Invasive restorative interventions included moderate

and extensive lesions.

Materials products are summarised in Supplementary Table S10. That include all extensive lesion treatments and

“Slot or tunnel” preparations which preserved the marginal crest.

Vital pulp therapy (VTP).

in Chapter 10.

Class I [traumatic/iatrogenic] or class II [carious], partial and full pulpotomies, a short description was developed

TABLE 2 Optional treatments and materials for proximal and smooth surface initial lesions.

Caries risk/susceptibility

assessment (CRsA)

High CRsA and active caries

Low CRsA

Proximal or smooth surface initial lesion

supposed non cavitated.

Resin infiltrant with or without micro abrasion, Silver Diamine

Fluoride (SDF), Self-peptide P11-4 (Figure 5).

Fluoride varnish application 3,4x per years or new

fluoride varnish with bioglass.

Proximal or smooth surface initial lesion
with suspicious small cavitation.

caries reachable.

Resin infiltrant with or without micro abrasion, Silver Diamine

Fluoride (SDF), Self-peptide P11- 4 + GIC or composite patch if

Resin infiltrant with or without microabrasion, Silver
Diamine Fluoride + GIC or composite patch if caries

reachable.

Bioactivity and proof levels: SDF has remineralisation and anti-bacterial properties. Proof levels: caries in children Lla, caries in older adults L1b-2. For the self-peptide
which is supposed to creates an amino acid scaffold which promotes remineralisation the proof levels are L1b and L5 for laboratory data (42, 43). Concerning the resin

infiltrant which has no bioactive activity that remains useful in arresting the proximal caries process: Proof levels: Lla and L2, (44) L5 (laboratory data) (35).

Clinical comments: For patients with a high risk of caries, SDF application is recommended twice per year (39, 41). An Ivory Tooth separator could be mandatory to better
access the proximal lesion. However, evidence-based dentistry does not clearly specify a preference among these three materials and constraints due to the CRsA and does
not give a clear reccommendation in case of a very small cavity visible thanks to the huge magnification used, which is nearly inaccessible. Issues remain concerning the self-
peptide with narrow clinical applications and some studies suggest that the benefits of self-peptide are significantly enhanced when used alongside adjunctive agents such as
fluoride varnish or CPP-ACPF, implying that its standalone efficacy may be limited. There is also evidence of reduced mechanical stability over time; one study reported a

decline in specific properties after prolonged water storage (six months), raising concerns regarding the long-term durability of the remineralised enamel (45, 46).

infiltration (RI) (35), and self-assembling peptide therapy (36, 37)
(Figure 5). In addition, micro-abrasion of smooth surfaces
(performed using air abrasion, sonic inserts, or chemical agents
such as 6% hydrochloric acid (Opalustre™ UltraDent, USA), can
be combined with resin infiltration for the management of
specific types of white spot lesions. SDF application offers
multiple clinical benefits, as previously documented (38-41).
These three treatments are intended exclusively for non-
cavitated lesions, although their applicability depends on the
level of magnification used during examination. SDF is generally
preferred for patients at high caries risk (32, 33, 39). RI involves
infiltrating a demineralized,
hydrophobic resin. Successful application requires a clean tooth
surface free of visible cavitation. All three treatments, RI, SDF,
and self-assembling peptide therapy, are suitable for proximal or

non-cavitated lesion with a

smooth surfaces, including orthodontic white spot lesions,
hypoplastic or fluorotic defects, other white spot lesions, and

Frontiers in Dental Medicine

root surfaces. Evidence demonstrates that RI effectively arrests
the progression of non-cavitated caries, although it does not
provide Dbioactive properties (35). Cleaning and accessing
proximal surfaces remain challenging. Tools such as orthodontic
separators, plastic wedges, or ivory separators can facilitate
proper access and assessment, guiding the choice between RI,
SDF, or self-peptide application (Table 2, Supplementary Tables
S9, S10).

6.2 Occlusal lesions

Sealants are regarded as one of the most effective therapeutic
approaches for caries prevention among the various treatment
options available for managing early occlusal carious lesions.
This includes preventive fissure sealants (applied to healthy

tooth surfaces in high-risk or susceptible patients) (40),
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Proximal, smooth and occlusal

surfaces 2
Non cavitated

(initial lesions) and
micro cavitated
lesions

Non cavitated
(initial lesions) and
micro cavitated
lesions

HCR + active lesion

Cleaning steps
Occlusal : GIC as sealant and new

. - Occlusal Monitoring,
/ New MEC as sealant / dlagHOSIS tools

resin sealant if necessary

Proximal : SDF, resin / proximal: Self-petide /

infiltrant/Micro abrasion Micro abrasion / advices

/ Monitoring /advices 5% 59% NaF varnish
NaF varnish
(2 per year).
(3/4 per year).

FIGURE 4

Expert-driven flow chart of non-invasive and micro-invasive treatment options for non-cavitated, initial proximal, smooth surface and
occlusal lesions.

FIGURE 5
Non-invasive proximal caries ICDAS 2/3 treatment without cavitation with self-peptide solution. (a) Frontal view with microscope (b) Intraoral camera
C50™ (Acteon, France), mode boosted daylight view revealing the proximal white spot (c) Proximal view after cleaning with erythritol powder and

teeth separated with “Teeth Ivory separator”, with no cavitation visible (d) Application of the self-peptide solution (soaked sponge, duration 5mn)
(Curodont Repair®, vVardis, orange arrow).

Frontiers in Dental Medicine 07 frontiersin.org
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FIGURE 6

Occlusal fissure pattern in a high caries risk/susceptible patient-sealant restoration. (a) Daylight view (intraoral camera C50%, boosted mode, Acteon,
France) with suspicious cavitated lesion and coloured fissures (b) Macro view in caries mode of the intraoral camera C50® (c) Red fluorescence signal
revealing fluorescence deposits (Intraoral camera, caries mode, C50%) (d) Details of the ongoing occlusal preparation (Intraoral camera C50%) (e)
Presto® injection (f) Occlusal view of mineral enriched composites (Presto®, Pulpdent, USA) as sealant.

TABLE 3 Optional treatments and materials for occlusal initial lesions.

Caries risk/ High CRsA and active caries Low CRsA

susceptibility
assessment (CRsA)

Occlusal fissure with complex

shape, non-cavitated.

If dental dam placement not feasible: GIC with finger press
technique. Combination with SDF is optional. Mineral-enriched

composite if moisture control adequate (47).

All resin-based sealants (if moisture control achieved, ideally
with dental dam, etching and adhesive system mandatory) if

occlusal fissure with complex shape. Mineral-enriched composite

can be used too.

Occlusal lesion with small Mineral-enriched composite: only if dental dam application is All resin-based sealants or composite flow (if application of

cavitation. feasible. dental dam feasible, etching, and adhesive system mandatory).

Mineral-enriched composite can be used too if dental dam

application is feasible.

Bioactivity and proofs levels: Dental sealants are supported by high-level evidence (Level 1) for preventing caries in children and adolescents. Comparisons of specific
materials rely on Level 2 evidence from RCTs, with some methodological limitations noted (48, 49). EBD remains cautious about the use of MEC versus traditional sealants,
even if the first results show very encouraging results (Level 1-2, Systematic/RCTs for Activa®) (47, 50). Currently, despite some case reports, it does not seem reasonable to

recommend self-peptide and resin infiltration for the treatment of occlusal lesions.

Clinical comments: The evidence is insufficient to determine which sealant type is superior clearly. A 76% reduction in caries is possible, supported by moderate evidence
and strong recommendations (51, 52). Clinicians should consider caries risk and dental dam use when choosing between GIC and mineral-enriched resin composites.
Mineral-enriched composites alter the traditional resin composite approach by offering similar performance (53). Associating the SDF with the GICs appears promising but

remains not yet clearly recommended by the EBD (54).

therapeutic fissure sealants (applied to early demineralised
surfaces without visible cavitation), or sealant restorations
high
magnification also known as preventive resin restorations). The

(where early, limited cavitation 1is visible under
treatment flowchart for occlusal surfaces is shown in Figure 4,
which depends on the patient’s caries risk or susceptibility and
the accuracy of cavitation diagnosis. The patient’s caries activity
can be assessed using devices that produce fluorescence signals,
although evidence of their efficacy is still under discussion

(Table 3, Figure 6).

Frontiers in Dental Medicine

7 Therapeutic options for excavation
and tissue conditioning for invasive
caries lesions (moderate and
extensive)

7.1 Common recommendations
Prior to the excavation steps, the tooth should be thoroughly

cleaned using airflow with soft powders to remove biofilm and
debris while preserving the integrity of the hard tissues (8).
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TABLE 4 Optional treatments and materials for moderate occlusal lesions.

High CRsA and active caries

10.3389/fdmed.2026.1739208

Low CRsA options for caries activity

IRB are preferred as temporary materials except Alkasite composite. Flow
conventional GIC: high fluoride ion releasing for a temporary restoration,
conventional GIC, High viscosity GI (self or light cure) (72).

Optional: SDF can be combined with GIC as dentine conditioning to reduce the

caries process.

IRB as dentine substitute if active caries.

Option 1: If RMGIC: apply “dentine conditioner” (optional), rinse than inject
RMGIC as dentine substitute.

Option 2: If RMGIC-based composite, (Mineral-enriched composite) can be used
with “Universal adhesive” in etch-rinse (5s selective etching) may contribute to
maintain the bonding performance (17).

Option 3: If HVGIC (self or light cure): applied with “dentine conditioner”
(optional), rinse than injected HVGIC.

Option 4: If inactive caries: All options available.

Bioactivity and proofs levels: According to the Oxford classification, the level of evidence for high-viscosity GIC as a dentine substitute is moderate (Level 3-4), supported

by multiple RCTs and cohort studies, though long-term comparative data are limited (54, 73, 74).

Clinical comments: Few materials besides calcium silicate cements, mainly used for vital pulp therapies (L2), can form a hydroxyapatite-like structure. Most materials

infiltrate the hybrid layer and began to outperform conventional composite. Current level of evidence for Alkasite material as a dental restorative material is moderate at

best, based on one-year randomized clinical trial data showing comparable performance to composite restorations, supported by in vitro mechanical studies, while

bioactivity findings remain preliminary and further clinical trials are awaited (24, 75). New generations of dopped GIC with zinc ions was developed by GC (Japan) with

promising results (76). However, the product is less available on the dental market and not available in Europe. Biomaterials like Giomer® positioning at the boundary

between GIC and resin composite or specific coating containing S-PRG filler seem to prevent caries while supporting enamel remineralization, reduce dentin

hypersensitivity with immediate and lasting relief but long-term clinical trials are required to confirm durability and therapeutic effects (77-79).

Where available, magnification and photonic technologies, such
as fluorescence or infrared, should be employed to reassess the
lesion and evaluate caries activity. The Peripheral Seal Concept
should be applied when residual affected dentin is intentionally left,
targeting peripheral excavation to sound hard dentin (19). This
approach can be integrated with the selective excavation concept to
maximize tissue preservation. Preservation of the gingival enamel
margin is recommended whenever possible. Polymer burs provide
an optimal balance between caries removal effectiveness (CRE) and
minimal invasiveness potential (MIP), allowing effective removal of
soft carious tissue while minimizing damage to surrounding tooth
structure (20). For moderate lesions (ICCMS score 3-4), excavation
may proceed to firm dentin. For extensive lesions (ICCMS score 5-
6), excavation should be limited to leathery dentin, using IRB as
dentine substitute (20).

7.2 Various optional cavity conditioning
methods available before applying the
adhesive system

Air abrasion using bioglass 45S5 can create a therapeutic,
“bioactive” smear layer that protects the bonded interface
while maintaining adhesion performance (22, 55, 56). An
additional application of chlorhexidine (CHX 2%, 1 min, no
rinsing) has been suggested for its antibacterial properties and
effect (MMPs);
however, its routine use remains debated (57), Photo-activated

inhibitory on matrix metalloproteinases
disinfection (PAD) with photoactive compounds, such as
Tolonium chloride (Dentfotex®, USA), followed by light
activation and rinsing, produces oxygen-based free radicals.
The effectiveness of PAD is limited, however, as these reactive
oxygen species diffuse only approximately 100 nm and have a
very short half-life (58, 59).
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Sodium hypochlorite (NaOCl) can also be applied before
restorative procedures; for example, 6% NaOCI for 15 s followed
by rinsing. The hybrid layer remains intact after deproteinization,
even with 10% NaOCI gel, provided the application time does not
exceed 30s (42). Chemo-mechanical caries removal (CMCR)
agents, such as enzyme gels like Papacaries®, may be used either
before self-etching or after total-etching techniques, offering
additional antibacterial effects (60, 61). Dentin surface treatment
with 37% phosphoric acid for 5s has no adverse effect on the
bonding of resin-modified glass ionomer cement (RMGIC)
compared with treatment with polyacrylic acid for 10 s (4, 17, 55).
Moreover, the combined use of silver diamine fluoride (SDF) with
CMCR methods, such as papain-based enzyme gels, may further
enhance antibacterial efficacy (62).

7.3 Adhesive systems options including
antiseptic molecules or specific ions

In addition, adhesive systems containing 0.2% chlorhexidine
(CHX) (63), or
12-methacryloyloxydodecylpyridinium bromide (MDPB) provide

antibacterial ~monomers such as
targeted antibacterial activity against key cariogenic bacteria,

including  Streptococcus mutans, Lactobacillus  casei, and
Actinomyces naeslundii. These adhesives can help disinfect
cavities that retain residual bacteria after caries removal (64, 65).
Emerging universal adhesive systems incorporating bioactive or
antimicrobial agents, such as zinc oxide, copper nanoparticles,
titanium dioxide (TiO;), cerium dioxide (CeO;), L-arginine,
loaded mesoporous silica nanoparticles, or theobromine,
demonstrate promising results in enhancing the hybrid layer
and improving the interface with caries-affected dentin. These
effects have been observed in both in vitro and in vivo studies

(66-69).
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7.4 Common limiting clinical factors

Common limiting factors include the inherent challenges in
accurately diagnosing non-cavitated and micro-cavitated lesions, as
well as limited accessibility to the deepest portions of fissures where
residual biofilm may persist. Assessing caries activity with precision
remains difficult, and the actual effectiveness of ions released by
bioactive materials (as described in the ABRAM framework) at the
dentin interface is not fully established. Additional limitations
involve long-term monitoring of structural changes and the
stability of the hybrid layer in contact with individualized risk—
benefit (IRB), guided interventions, as well as the practical realities
of dentin remineralization, particularly considering residual water
within collagen fibres (56, 70). Evaluating the remineralization
potential at the dentin interface, whether with glass ionomer
cements (GIC), high-viscosity GICs (HVGIC), newer modified
experimental cements (MEC), or doped bioactive materials,
remains challenging in in vivo clinical situations (22, 55, 71).

8 Treatment for proximal and occlusal
moderate and extensive lesions
depends on the CRsA and caries
activity

Treatment for proximal and occlusal moderate and extensive
lesions are designed as invasive treatments (Figures 7, 10). Note
that SDF can be combined with GIC as dentine conditioning to
reduce the caries process in case of HCR and active caries.
Available products are described in Supplementary Tables S9, S10.

10.3389/fdmed.2026.1739208

8.1 Moderate occlusal carious lesions

For moderate occlusal lesions, clinical difficulties are reduced to
3 points as the enamel border often surrounds the entire cavity
preparation: 1) CRsA: HCR for High caries risk or LCR for Low
caries risk. 2) Carious lesion activity and diagnosis. 3) Excavation
can be extended to the firm or leathery dentine layer (20) (Figure 7).

8.2 Moderate proximal lesion with
bondable enamel

For proximal lesions with bondable enamel, clinical difficulties
are based to 4 points: 1) CRsA: HCR for High caries risk or LCR
for Low caries risk. 2) Carious lesion activity and diagnosis. 3)
Excavation can be extended to the firm or leathery dentine layer
(20). Presence or not of bondable enamel in gingival margins,
but in case of moderate many lesions, many times the enamel
cervical border still exists. (see above, invasive lesion with no
bondable enamel). (Figures 8, 9) (Table 5).

9 Invasive treatment for proximal and
occlusal extensive lesions depend of
the CRsA and caries activity

The treatment of these lesions seems to depend on the patient’s
risk of caries, the presence of active caries, and the absence of an
enamel border in the cervical area (Figure 10). Available products
are described in (Supplementary Tables S9, S10).

Supposed cavitated

(moderate lesion )

HCR / active
lesion

FIGURE 7

silver diamine fluoride, HVGIC: high viscosity glass ionomer cement).

Occlusal
&

Proximal

Caries Risk
Susceptibility

Assessement

Cleaning steps

New diagnosis tools
if available

Selective dentine
Excavation or not

Expert-driven flow chart of microinvasive treatment options for moderate occlusal and proximal lesions. (MEC: mineral enriched composite, SDF:

Supposed cavitated
(moderate lesion)

LCR /non active
lesion

SDF* as dentine pre-treatment
** MEC: Mineral enriched composite
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FIGURE 8

(Riva®™ SDI, Australia), (f) Bitewing x-rays control.

Slot cavity on a distal carious lesion of an second upper premolar. (a) Bitewing x-rays (b) Cleaning step with airflow, EMS dye plaque (c) US diamond
insert half-round, (NSK®, Japan) (d) Slot preparation with metal matrix setting, intraoral C50® camera view (Acteon, France) (e) HVGIC LC injection

FIGURE 9

Distal Cl Il moderate preparation (tooth 14) on HCR patient with cention® (ivoclar, Liechtenstein). (a) Bitewing x-rays (b) Visible cavitation after air flow
cleaning (c) Fluorescence mode (Soprolife® view, Acteo, France) (d) Cention®+ primer (e) Cention®” injection (f) Cention® + fluorid varnish.

9.1 Extensive occlusal lesions

For extensive occlusal lesions, clinical management involves
several key considerations. First, the patient’s caries risk must be
stratified, distinguishing between high caries risk (HCR) and low
caries risk (LCR),

as this informs the overall treatment
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approach. Second, accurate assessment of lesion activity is
essential to guide decision-making. Third, excavation may be
extended to the leathery dentin layer when clinically indicated
(20). Finally, bondable enamel is typically present around the
preparation to support adhesion. In situations where only soft
dentin remains, restoration should

rely exclusively on
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TABLE 5 Optional treatments and materials for proximal moderate lesions.

High CRsA and active caries Low CRsA options for caries activity

See therapeutic options for occlusal lesions for HCR patients | Option 1: If a slot or a tunnel preparation (Figure 8), the use of IRB for active and non-active carious
(Table 4). Avoid sophisticated cavitary preparations and lesions remains mandatory, and it is preferred HVGIC LC or RMGIC as it is easier to use due to the longer
prefer classic proximal preparations. setting time and is easiest to remove in case of overflow. The occlusal increment of the tunnel restoration is
Optional: SDF can be combined with GIC as dentine preferably covered with a resin composite after adhesive procedures. Be careful in case of SDF application

conditioning to reduce the caries process. as dark shadows could appear through the marginal crest.

Option 2: If conventional preparations, all techniques are possible in case of non-active carious lesions and

prefer IRB as a dentine substitute in case of active caries.

Option 3: Alkasite composite (Figure 9) or mineral enriched self-adhesive composite or dual MEC. If no

bondable enamel, see proximal extensive caries lesion.

Bioactivity and proofs levels: Because studies focused specifically on slot or tunnel (80, 81) preparations are scarce, their best-supported grade is low (Level 3-5). Evidence
for traditional Class II composite restorations is stronger overall, with multiple RCTs and systematic reviews (Level 1-2) evaluating longevity and failure modes, but not

isolating the “slot” design as a subgroup (82-84).

Clinical comments: Although slot or tunnel preparation may require additional time, preserving the marginal ridge remains critical for optimal outcomes. Achieving this

objective necessitates using specialised diagnostic tools and preparation instruments (9, 85).

Occlusal
&

Proximal Cavitated

(extensive lesion)

Cavitated
(extensive lesion)

Caries Risk
LCR +
active

caries

LCR + little
bondable
enamel

Susceptibility LCR + non

active caries

Assessement

Modified
cleaning steps
and new
diagnosis tools

Occlusal and
proximal:
HVGIC as bulk
material

IRB as
dentine
substitute +
resin
composite

(SDF *)

All
techniques

(option SDF*)
Option: MEC**

Selective dentine
excavation

SDF* dentine pre-treatment
MEC** Mineral enriched composite

FIGURE 10
Expert-driven flow chart of invasive treatments options for extensive cavitated, occlusal and proximal lesions. (MEC: mineral enriched composite, SDF:
silver diamine fluoride, HVGIC: high viscosity glass ionomer cement).

high-viscosity glass ionomer cement (HVGIC), allowing for  extended to the leathery dentine layer (49). 4) Absence of residual

appropriate clinical follow-up and monitoring of lesion

progression (18) (Table 6).

bondable enamel at the gingival margin: This finding indicates
that the lesion should be classified as an active caries (Table 7)
(Figure 11).

9.2 Extensive proximal lesion with non-
bondable enamel

10 Vital pulp therapy (VTP)

For proximal extensive lesions, clinical difficulties are based to
4 points: 1) CRsA: HCR for high caries risk or LCR for low caries
risk. 2) Carious lesion activity and diagnosis. 3) Excavation can be
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VPTs [class I [traumatic/iatrogenic] or class II [carious]],
and partial and full pulpotomies, are generally considered less
controversial when supported by solid clinical evidence across
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TABLE 6 Optional treatments and materials for occlusal extensive lesions.

High CRsA

Low CRsA options for caries activity

HVGIC (combination is optional with SDF) or Calcium silicate base material as LCR + active lesion: IRB like HVGIC as dentine substitute. In case of a pulpal

temporary materials (protected with GIC) in case of vital pulp therapy. Optional: | proximity consider applying a bioactive liner like calcium silicate cement. Optinal:

SDF can be combined with GIC as dentine conditioning to reduce the caries application of SDF.

process. Option 1: Alkasite composite (Figure 11).

Option 2: Mineral enriched self-adhesive composite (86) or dual MEC.

Option 3: If LCR + inactive lesion: all therapeutic options are available.

Bioactivity and proof levels: Consistent with moderate lesions. The levels of evidence of real bioactivity of these new materials are still low (L3-4), but mainly due to the lack

of publications (24, 25).

Clinical comments: New materials are changing the paradigm of material choice such as Stela® (SDI, Australia), which offers a new mode of polymerization (bottom-up self-
cured) or new MEC bulk and dual cured and both seems very promising. Even if its bioactivity capacities are reduced, they must be, carefully, taken into account. The best

choice between all these options is not given by the EBD (53, 85).

TABLE 7 Optional treatments and materials for proximal extensive lesions.

High CRsA Low CRsA options for caries activity

HCR: Favor HVGIC (self or light cure) to support the cavity constraints or apply a | LCR: IRB as dentine substitute for both active or inactive caries (Figure 11).

calcium silicate based material in case of vital pulp therapy (Protected with GIC). If active caries:

Optional: SDF can be combined with GIC as dentine conditioning to reduce the Option 1: RMGIC or HVGIC (self or light cure) as dentine substitute, in open

caries process. sandwich, + resin composite. SDF is optional as dentine conditioning if active

caries.

Option 2: Alkasite composite or mineral enriched self-adhesive composite.

Option 3: Calcium silicate based material in case of vital pulp therapy (Protected
with GIC).

Option 4: if LCR + inactive lesion: all technics are available.

Bioactivity and proof levels: Consistent with moderate lesions. It is not possible to make an EBD hierarchy on the 4 options (41, 87, 88).

Clinical comments: New mineral enriched self-adhesive composite are changing the paradigm of material choice, which offers a new mode of polymerization and seems
very promising for deep marginal elevation (89). In the same spirit, new bulk-dual composite looks promising too, even if both their bioactivity capacities are reduced, they
must be considered. A limitation of EBD is that it does not provide specific reccommendations when bondable enamel levels are low in contrast of the Bioactive dental

concept. Choosing between HVGIC, RMGIC, Alkasite composite or new mineral enriched composite as a dentine substitute or bulk materials is challenging, and EBD offers

no clear guidance. The application of SDF in case of active caries before application of GIC seems promising (54).

various therapeutic contexts (Table 8). In direct pulp capping
procedures, hydraulic silicate cements are recognized for their
favourable biological and therapeutic properties, while resin-
based materials offer greater facilities of use but lower
biological efficacy (88, 90-92). The recent introduction of
XP
components (tricalcium silicate, zirconium oxide, calcium

Biodentine® cartridges incorporates both powder
oxide, calcium carbonate, iron oxides) and an aqueous
solution consisting of calcium chloride, polycarboxylate, and
purified water, resulting in enhanced material properties.
Technical improvements have achieved a compressive
strength of at least 150 MPa within 24 h, with a final strength
ranging from 260 to 300 MPa, comparable to that of healthy
dentin, as well as a faster and more reliable setting time.
Successful clinical outcomes, however, rely not only on the
material but also on meticulous procedural execution: use of
magnification, accurate assessment of pulp vitality (for
example, by observing the nature and rate of pulp bleeding),

strict isolation and asepsis, careful coagulation control, gentle
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application of the capping material without excessive
pressure, and proper sealing with a high-viscosity glass
ionomer under certain situations but should not be applied
as an open sandwich in proximal restorations. For further
reference, material properties the

Supplementary Table S10 (88).

are summarized in

11 Contemporary bioactive materials
and future prospectives

Recent developments in bioactive dentistry have progressed
beyond the traditional application of glass-ionomer cements and

early ion-releasing composites. Contemporary ion-releasing

“bioactive” materials now encompass nanocomposite-based

systems, calcium-silicate cements, bioactive glass-enhanced
composites, giomers, alkasite materials, and self-adhesive, dual-cure
restorative systems endowed with bioactive properties (93). Recent

reports underscore innovations such as nanotechnology-enhanced
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FIGURE 11

SDI, Australia) (f) HVGIC LC obturation (Riva®, SDI, Australia).

Second premolar with distal extensive proximal cavity. (@) Occlusal view (b) Semicircular diamond insert to shape the cavity (c) Special hand excavator
to preserve the pulp complex (d) Partial cervical edge rupture (e) Modification of the dentine looking after SDF (Aquabond® 1 and 2 application, Riva®™,

TABLE 8 Optional products for Vital Pulp Therapy.

Hydraulic calcium silicate-based (Tricalcium silicate

(purified))

MTA (Tricalcium silicate, dicalcium silicate, tricalcium
aluminate), Resin Modified MTA

Bio-Interactive Properties: These materials set through hydration and
precipitation, with an alkaline reaction that promotes remineralisation, decreases

MMP activity, and provides antibacterial benefits for caries-affected dentine.

Biological Effects: Collagen fibril degradation creates a porous structure, boosting
Ca and carbonate ion penetration and enhancing mineralisation at the interface

zone.

Drawbacks: Slow setting time; suitable mainly as liners or temporary restorations
with efficient biological effects. MTA®, can’t be used as dentine substitute in

contrast of the Biodentine® (only close sandwich for Biodentine®).

bioactive composites that augment strength, wear resistance, and
antimicrobial activity, as well as intelligent, stimuli-responsive
materials that adapt to pH variations within carious lesions.
Moreover, advances in bioactive adhesive systems, fibre-reinforced
composites, and ion-releasing restorative materials designed
specifically  for elderly populations exemplify ongoing
improvements in biological compatibility and restoration durability
(94). Indeed. These materials will actively interact with tooth tissues
and the oral These materials promote
remineralisation, enhance interfacial stability, release ions such as
Ca®*, PO,>~, and F~, and exhibit antimicrobial or pH-modulating
behaviour, thereby reducing secondary caries and improving long-
term restoration survival. Recent reports highlight innovations such

environment.

as nanotechnology-enhanced bioactive composites that improve
strength, wear resistance, and antimicrobial activity, as well as
smart, stimuli-responsive materials that adapt to pH fluctuations
within carious lesions. Moreover, future trajectories include
establishing standardised bioactivity testing protocols; enhancing
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Bio-Interactive Properties: Exhibits bio-interactive principles similar to calcium

silicate-based materials, though with little reduced effectiveness.

Biological Effects: Suitable for vital pulp therapy; facilitates dentine bridge like

formation less than MTA and but offers user-friendly application.

Drawbacks: Primarily utilized as a liner near the dental-pulp complex, but
demonstrates fewer biological effects compared to Biodentine ®. Can’t be used as

dentine substitute.

long-term mechanical performance through novel calcium-
phosphate fillers; developing antibacterial and self-healing
composites; and integrating Al-assisted material selection, 3D
printing, and bioprinting technologies to produce patient-specific
bioactive restorations (22). signify a
prominent shift towards biologically interactive, regenerative, and
personalized restorative dentistry, aligning closely with the
minimal-intervention philosophy articulated in our manuscript (95).

These advancements

12 Conclusion

The findings of this work should be viewed as hypothesis-
generating rather than definitive, since the study design did not
aim to confirm clinical superiority using S3-level evidence-based
guideline methodology. Models like the S3 framework, based on
quality ratings for outcomes such as failure, tooth survival,
postoperative hypersensitivity, secondary caries, and longevity, are
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helpful for standardising recommendations, but they can also be
overly restrictive. By heavily weighting criteria like risk of bias,
inconsistency, or imprecision, these systems may lead to
conclusions that overlook promising approaches, including the
use of liners or dentin substitutes in deep caries management. Our
observations suggest that such rigid interpretations may not
always reflect clinical reality. The same limitation applies to novel
bioactive materials and technologies, such as recently developed
chemically cured restorative systems or next-generation
fluorinated varnishes. Although early results and mechanistic data
are encouraging, these products often lack the volume of long-
term randomised evidence needed for high-level grading, which
should not be mistaken for a lack of promise or clinical value.
Likewise, diagnostic innovations, such as fluorescent intraoral
cameras, have demonstrated notable clinical benefits despite
historically receiving only moderate levels of evidence, sometimes
from reviewers who have never used the technology.

Our findings support the biological plausibility and clinical
relevance of ion-releasing, bioactive restorative materials. The
mechanistic roles of calcium, phosphate, and other ions (fluoride,
zinc, magnesium, silanols) in fostering dentin remineralisation,
hybrid layer stabilisation, enzymatic protection, pH buffering, and
microbial modulation are well established. These mechanisms
align with the clinical goals of minimally invasive dentistry and
selective caries removal. However, while our results concur with
these mechanisms, they do not serve as definitive proof that any
particular material offers superior long-term clinical performance.
Larger, longer-term randomised trials are necessary to test that
hypothesis. This study also highlights a broader challenge: strict
adherence to evidence-based dentistry (EBD) can unintentionally
limit clinical options by excluding emerging techniques or
materials simply because they lack sufficient high-level evidence.
Many widely adopted clinical practices, such as behaviour
management techniques like “Tell-Show-Do,” have long histories
of practical success despite lower evidence ratings in systematic
reviews. Classic examples outside dentistry, such as the untestable
yet universally accepted benefit of parachutes, illustrate that not all
interventions are amenable to RCT validation. For this reason, we
advocate a balanced approach to clinical decision-making: one
that remains evidence-aware, acknowledges methodological
rigour, but also recognises the practical realities of dental care.
Our study offers preliminary comparative observations that can
guide future research and help clinicians understand the
biological and functional rationale for bioactive materials.
Nonetheless, confirming clinical superiority will require further

controlled, long-term randomised clinical trials.
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