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ABSTRACT 

Objectives: Evaluate the ion-releasing materials’ ability to remineralise bacteria-driven 

artificial caries lesions. 

Materials and Methods: Standardised class I cavities were obtained in 60 extracted 

human molars. Specimens underwent a microbiological cariogenic protocol (28d) to 

generate artificial caries lesions, then were randomly divided into four restorative groups: 

Adhesive+composite (negative control); Glass ionomer cement (GIC); calcium silicate 

cement (MTA); resin-modified calcium silicate cement (RMTA). Microhardness analysis 

(ΔKHN) was performed on 40 specimens (10/group, t=30d, 45d, 60d in artificial saliva, 

AS). Micro-CT scans were acquired (3/group, t=0, 30d, 90d in AS). Confocal microscopy 

was employed for interfacial ultra-morphology analysis (2/group, t=0, 60d in AS). 

Additional specimens (n=13) were prepared and processed for scanning electron 

microscopy (SEM) and FTIR (n=3/group + control) to analyse the ability of the tested 

materials to induce apatite formation on totally demineralised dentine discs (60d in AS). 

Statistical analyses were performed with a significance level of 5%.  

Results: Adhesive+composite specimens showed the lowest ΔKHN values and the 

presence of gaps at the interface when assessed through micro-CT even after storage. 

Conversely, all the tested ions-releasing materials presented an increase in ΔKHN after 

storage (p<0.05), while MTA best reduced the demineralised artificial carious lesions gap 

at the interface. MTA and RMTA also showed apatite deposition on totally demineralised 

dentine surfaces (SEM and FTIR).  

Conclusions: All tested ion-releasing materials expressed mineral precipitation in 

demineralised dentine. Additionally, calcium silicate-based materials induced apatite 

precipitation and hardness recovery of artificial carious dentine lesions over time.  

Clinical Relevance: Overall, the use of ions-releasing materials can recover carious 

dentine. MTA shows enhanced ability of nucleation/precipitation of hydroxyapatite 

compared to RMTA and GIC which are more applicable for preservation/bio-

remineralisation of the caries-affected collagen. 

 

Keywords: Dental biomaterials; Dentine replacement materials; Ions-releasing 

materials; Remineralisation; Restorative dentistry. 
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1. INTRODUCTION 

 

Preservation of dental hard tissues (i.e. dentine and enamel) through minimally invasive 

clinical approaches should be prioritised in contemporary operative dentistry [1-3]. 

Furthermore, selective carious tissue removal should be mainly considered an operative 

option for cavity preparation, especially in deep lesions near the pulpal chamber [4,5]. 

Indeed, it is advised to remove caries-infected dentine entirely while preserving the 

affected dentine [6]. Such an approach reduces the risk of excessive tissue removal with 

consequent unnecessary pulp exposure in deep cavities [7]. It was seen that tissue 

preservation is indeed one of the main factors improving a restoration’s longevity, 

provided that the restoration is able to seal the carious cavity adequately [8]. 

Nevertheless, conventional adhesive systems partially infiltrate this demineralised 

caries-affected substrate due to its unfavourable chemical-morphological characteristics 

[9,10]. The collagen fibrils not infiltrated by the adhesive system are the leading cause 

of the low bond strength of the whole composite restoration and its reduced longevity 

[2,11]. 

A reasonable approach to restoring caries-affected dentine is represented by the use of 

pulp-protective materials with high remineralisation properties [12,13]. However, in such 

a scenario, there is still a need to develop innovative restorative materials, which should 

possess adhesive properties and the ability to “repair” caries-affected tissues through 

ion-releasing remineralisation processes [2,14,15]. The research yielded several 

materials based on such repairing properties, each having pros and cons so that the 

ideal restorative material with remineralising properties is still missing. Among the 

materials available nowadays, glass-ionomer cements (GICs), calcium silicate-based 

cements, and resin-modified types of the latter are commonly employed as restorative 

materials after selective caries removal [2,16]. GICs were demonstrated to exhibit 

chemical adhesion to dental hard tissues thanks to a well-known ion exchange process 

[17,18]. Moreover, such materials are responsible for the long-term fluoride release in 
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the microenvironment [19]. The latter can prevent the formation of recurrent lesions along 

the margins of the restoration [8,20]. The resin-modified hydraulic calcium-silicate 

cement (resin-modified mineral trioxide aggregate, RMTA) showed sustained release of 

Ca2+ and OH- ions [21], able to induce tissue remineralisation [22]. Moreover, RMTA is 

a photocuring material that can be relatively compatible with an adhesive restoration [23]. 

However, data comparing the remineralising abilities of such materials in conditions as 

similar as possible to the clinical ones are still scarce and inconsistent. 

The purpose of this study was to investigate the remineralising effect of different ion-

releasing restorative materials in mineral-depleted simulated carious dentine by means 

of microhardness test and micro-CT analysis. The tooth-material interface ultra-

morphology was also analysed through confocal scanning microscopy (CLSM). 

Moreover, the ability of the tested materials to induce apatite precipitation in 

demineralised dentine was assessed through scanning electron microscopy (SEM) and 

Fourier transform infrared spectroscopy (FTIR). The null hypothesis was that the tested 

materials would be able to remineralise the affected dentine to the same extent. 

 

2. MATERIALS AND METHODS 

2.1. Specimen preparation  

Sound human molars (n=73), extracted for periodontal or orthodontic reasons, were 

collected according to the guidelines of the local ethics committee, under protocol 

number (blind for revision) and stored in distilled water at 4 ˚C for no longer than 3 

months. Figure 1 shows the distribution of the specimens based on the experimental 

groups and methodological procedures. 

Standardised class I cavities (4 mm length × 3 mm width) were obtained in 60 teeth with 

the floor ending in deep dentine (4 mm deep), using a high-speed handpiece with a 

cylindrical diamond bur (3146, Komet, Germany). Subsequently, the roots were removed 
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1 mm below the cement–enamel junction using a diamond-embedded blade (XL 12205; 

Benetec, London, UK) mounted on a low-speed microtome (Remet evolution, REMET, 

Bologna, Italy) under water cooling. All surfaces of the teeth were covered with an acid-

resistant varnish (Deliplus®, Mercadona, Valencia, Spain), leaving only the dentine of 

the cavity exposed to be submitted to the cariogenic protocol.  

The roots of the remaining teeth (n=13) were removed 1 mm beneath the cement–

enamel junction as described previously. A second parallel cut was made to remove the 

occlusal enamel. Mid-coronal dentine was exposed and flattened using 320-grit SiC 

papers. These specimens were stored at 4˚C and 100% humidity until further use. 

2.2. Artificial caries lesions formation 

The Class I cavity specimens were fixed on the bottom of 24-well polystyrene plates 

(TPP, Zellkultur Testplatte 24F, Trasadingen, Switzerland) and sterilised under UV light 

for 40 minutes before receiving the microbial inoculum, according to the methodology 

previously described by Pires et al., [24]. The following bacterial strains were obtained 

from the type culture collection (CECT, Paterna, Valencia, Spain) used to prepare the 

inoculum: Streptococcus mutans (CECT 479T), Streptococcus gordonii (CECT 804), 

Streptococcus salivarius (CECT 805T) and Lactobacillus casei (CECT 475T). A pure 

suspension of each microorganism was obtained in Brain Heart Infusion (BHI, used as 

nutrient growth substrate) after overnight incubation in a 5% supplemented CO2 

environment at 37 °C. Cells were harvested by centrifugation (2200 x g, 19°C, 5 min), 

washed twice with phosphate-buffered saline (PBS), and resuspended. The suspension 

was then subjected to low-intensity ultrasonic energy (Sonifier model B-150; Branson, 

Danbury, CT, USA) to disperse bacterial chains and was finally adjusted to an equivalent 

of 0.5 on the McFarland scale. 

Twelve µL (1.5 × 108/well) of the microbial inoculum was placed in each well along with 

the brain-heart infusion (BHI) broth with 5 wt.% of sucrose. The plates were incubated at 

37 °C in a 5% CO2 supplemented atmosphere to allow biofilm growth. Every 24 h, the 
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growth medium in each well was replaced with a fresh one, and the pH was monitored 

(Sension+ PH3, HACH LANGE, Barcelona, Spain). There was also a control plate 

without microorganisms to assess possible issues related to contamination. After 28 

days, the specimens were gently detached from the plates and biofilm was detached by 

immersion in an ultrasonic bath for 5 minutes. The specimens were then immersed in 

ethanol (97%) for 2 min and rinsed with PBS for 1 min. 

2.3. Restorative procedures 

Tooth specimens with artificial caries lesions were randomly allocated to four 

experimental groups (n = 15 / group) based on the tested restorative materials (Table 1). 

According to the manufacturer’s instructions, each dental cavity was filled with one of the 

materials. 

• GIC: Specimens were rinsed with tap water (20 s) and air-dried (5 s). The GIC (Fuji 

IX, GC, Japan) powder was divided into 2 equal parts: the first aliquot was mixed 

with the GIC liquid for 10 s while the remaining one was subsequently incorporated 

and mixed for the following 20 s (ratio powder / liquid 1:1). The material was finally 

applied into the cavities without pre-conditioning the dentine. The material was left 

to set for 10 min. 

• MTA: Specimens were rinsed with tap water (20 s) and air-dried (5 s). The cement 

(Endo-Pass, DEI Italia, Italy) was mixed with bi-distilled water (powder / water ratio 

= 2:1) to obtain a creamy consistency. The cement was placed in the cavity and left 

to set in contact with a wet cotton pellet for 20 min. 

• RMTA: Specimens were rinsed with tap water (20 s) and gently air-dried (5 s), 

leaving the dentine moist. The RMTA (TheraCal LC, Bisco Inc, USA) was placed in 

incremental layers of 1 mm without any previous dentine treatment. Each increment 

was light-cured for 20 s using an LED curing unit (Radii plus, SID Ltd., Bayswater 

VIC, Australia, 1200 mW/cm2).  
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• Negative control: Specimens were rinsed with tap water (20 s) and air-dried (5 s). 

Then, a universal adhesive (ZipBond, SDI, Australia) was used in self-etch mode. 

The adhesive was brushed inside the cavity for 10 s using a microbrush, left for 10 

s, air-blown for 5 s to evaporate the solvent, then light-cured using the LED light-

source (Radii plus) for 10 s. The specimens were restored with a flowable resin 

composite (Aura, SDI, Australia), applied in 2 mm increment layers, each light-cured 

for 20 s (Radii plus). 

All specimens were incubated at 37 ˚C in artificial saliva for 24 h before further 

processing. The composition of the AS was 0.103 g L-1 of CaCl2, 0.019 g L-1 of MgCl2 x 

6H2O, 0.544 g L-1 of KH2PO4, 30 g L-1 of KCl, and 4.77 g L-1 HEPES (acid) buffer, pH 7.4 

[25]. This solution was replaced with a fresh batch every 7 days throughout the 

experiment. 

2.4. Microhardness evaluation 

Specimens (n = 10 / group) were prepared for microhardness analysis. These were first 

embedded in epoxy resin and then cut into 1.5 mm slabs perpendicular to the occlusal 

surface to expose the tooth-material interface. Slices not containing a tooth-material 

interface were discarded. On each slice, three parallel indentation series were 

performed. In each series, the first probing (25 gf load; 30 s dwell time) was made 50 µm 

away from the interface, while additional three indentations were performed below the 

first one (throughout the artificial caries lesion) at 50 µm intervals (Figure 1). Each 

specimen was tested 24 h after restoration placement (baseline) and after storage in 25 

ml of AS for 30, 45, and 60 days. The AS solution was replaced with a fresh one every 

7 days. 

The average microhardness was measured for each slab by an operator, who was 

unaware of the treatment groups. The percentage difference between each storage time-

point with baseline was calculated for each group at different depths (ΔKHN%). 
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2.5. Micro-CT analysis 

A total of 12 restored specimens (n=3/group) were scanned (Skyscan 1176, Bruker, 

Kontich, Belgium) 24h after restoration (t0) and after 30 and 90 days of storage at 37 °C 

in AS (t30 and t90, respectively). The acquisition parameters were: 80 kV, 300 µA source 

current, 8.92 µm isotropic pixel size, 0.5 mm Al + 0.38 mm Cu filter, 0.5° rotation step 

over 360° with frame averaging of 5. Reconstruction was performed using proprietary 

software (NRecon, Bruker) using standardised parameters of beam hardening correction 

(30%), smoothing = 7, smoothing kernel = 2 (Gaussian), ring artefact compensation = 

20, and optimal contrast limits based on the initial scanning and reconstruction tests. 

Image data were then aligned and resliced using another proprietary software 

(Dataviewer v1.5.4.6, Bruker). After that, the volume (mm3) of the demineralised dentine 

extending between the restoration and the sound tissue in each specimen and for each 

scanning time was obtained within the ImageJ platform (v1.8.0_112) by a single operator 

that was blinded regarding the experimental groups. The operator manually defined a 

visual region of interest (ROI) on each slice of the CT stacks. The presence of CT 

artefacts due to materials’ radiopacity and air bubbles trapped inside materials during 

mixing procedures (especially GIC) prevented an automatic AI-based threshold 

detection method to be applied. 

2.6. Confocal Microscopy – Interface analysis for mineral precipitation   

Eight specimens (n = 2 / group) were prepared as previously described (Par. 2.4) and 

submitted to confocal microscopy to investigate the interfacial characteristics of the 

demineralised/remineralised dentine interfaces. After sectioning, half of the specimens 

were stored in AS for 60 days and the other half were immediately immersed in 0.5 wt% 

Xylenol Orange solution (XO: FITC – Merck Life Science SLU, Spain) for 24h at 37°C 

(pH: 7.2). XO is a calcium-chelator fluorophore commonly used as a dye to trace the 

deposition of minerals within the interfaces of restored teeth due to its ability to form 

complexes with Ca2+ ions [26]. Specimens stored in AS were immersed in XO solution 



 

9 
 

as the control specimens. After immersion in XO, all specimens were ultrasonicated for 

2 min in an ultrasonic bath containing distilled water to remove excess XO and then 

polished for 30 s each side with 1200-grit and 2400-grit SiC papers. The specimens were 

finally ultrasonicated in distilled water for 5 min to remove the surface smear layer and 

immediately submitted to confocal microscopy analysis (CLSM - Olympus FV1000, 

Olympus Corp, Tokyo, Japan) a 63X/1.4 NA oil immersion lens and 514 nm LED 

illumination. Optical transmission and fluorescence (568 nm emission filter) images were 

obtained with a 1-µm z-step to optically section the specimens to a depth of up to 20 µm 

below the surface [27]. The z-axis scan of the interface surface was pseudo-coloured 

arbitrarily for improved visualisation and compiled into both single and topographic 

projections using the CLSM image-processing software (Fluoview Viewer, Olympus). 

The configuration of the system was standardised and used at constant settings for the 

entire investigation. Three to five image stacks were randomly captured and recorded, 

representing the most noteworthy morphological features observed along the dentine-

material interfaces [28,29]. 

2.7. FTIR-ATR and FEG SEM – evaluation of mineral precipitation  

Flat dentine specimens (n = 13) previously obtained (Par. 2.1) were divided into four 

groups (n = 3 / group, Figure 1) and demineralised in a 10% phosphoric acid solution for 

48 h [28] except for one sound dentine specimen that was stored at 4º C and 100% 

humidity. The tested materials were placed in direct contact with the demineralised 

specimens as previously described. Orthodontic rubber bands were used to ensure tight 

contact between the material and dentine specimens. The chemical analysis was 

performed on the surfaces of the specimens before and after 60 days of AS storage in 

contact with the materials using an FTIR-ATR microspectroscopic system (Spectrum 

Two UATR; Perkin Elmer). Specimens were scanned (3,000 - 650 cm–1) at a 4 cm–1 

spectral resolution. For standardisation, an initial correction and normalisation were 

applied to all scans. 
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After that, the specimens were mounted on aluminium stubs, dehydrated in silica gel for 

24 h, gold sputter-coated, and analysed using a field-emission gun scanning electron 

microscope (FEG-SEM S-4100; Hitachi, Wokingham, UK, acceleration voltage, 20 kV 

and 15-20 mm working distance) to observe the presence of mineral precipitation after 

storage in AS (t60) at different magnifications. 

2.8. Statistical Analysis 

Shapiro-Wilk’s test was used to check the normality of distribution for all datasets 

(α=5%). Microhardness data (ΔKHN%) were first analysed using a three-way ANOVA 

model complemented with Sidak test considering the material type, the indentation 

depths, and the storage time-points as fixed factors (α=5%). Then, the Kruskal-

Wallis/Dunn tests were used to compare the microhardness of materials within the same 

time-point, and Friedman tests compared the same material throughout the time-points 

(α=5%). These analyses were performed separately for each indentation depth or using 

the overall average of depths considering the interaction between the material type and 

the indentation depths (p<0.001). Regarding micro-CT data, homogeneity of variances 

was preliminarily assessed using Bartlett’s test (α=5%) followed by two-way ANOVA 

analysis considering the material type and the scan time as fixed factors. Student’s post-

hoc t-test was used in consideration of the small number of specimens to assess 

significant differences between the groups (α=5%). 

 

3. RESULTS 

The results of the dentine microhardness assessment are depicted in Figure 2. When 

comparing the dentine microhardness using the overall average of depths, all ion-

releasing materials provided a significant increase in microhardness when compared to 

the control group after 45 and 60 days (p<0.05). However, only MTA and RMTA induced 

an overall increase of the dentine microhardness at all the different storage time-points 
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(30, 45, and 60 days) (p<0.05; Figure 2A). Also, only the effect promoted by MTA on the 

overall dentine microhardness increased after 60 days compared with the other time-

points (p<0.05).   

Figure 2 B-D shows the dentine microhardness compared separately for each 

indentation depth. At 50 μm sampling (Figure 2B), all ion-releasing materials provided a 

significant increase in microhardness when compared to the control group at all time-

points (p<0.05). However, only RMTA increased the dentine hardness after 60 days 

compared with the other time-points (p<0.05). At 100 μm sampling (Figure 2C), only MTA 

increased microhardness at all time-points (p<0.05). Also, only MTA and RMTA 

increased the microhardness over time (p<0.05; Figure 2C). There was no significant 

difference in dentine microhardness between groups at 150 μm and 200 μm depths over 

time (Figure 2D and 2E). 

Shapiro-Wilk’s test revealed that micro-CT data did not have normal distribution. Thus, 

a cubic root function transformation was applied to approach normality. A highly 

significant influence of both considered factors on demineralised volume can be seen, 

while no significant interaction between the factors was highlighted. The volume analysis 

shows a progressive decrease of the demineralised volume during storage. This 

decrease was significant for GIC and MTA at t90 compared to baseline (Figure 3). MTA 

produced the highest reduction in the demineralised volume, resulting in less than 50% 

of the carious volume after three months (t90). For RMTA, an initial, albeit non-significant 

reduction of volume was observed in t30, while no further reduction could be seen at t90. 

No volume reduction could be observed in the control group. 

Confocal single projection images (Average Intensity Projection - AIP) of the specimens 

treated with the different materials and analysed at baseline and t60 are presented in 

Figure 4. At the baseline assessment, the calcium-staining dye highlighted the presence 

of an extended (100-120 µm) demineralised dentine layer just underneath the material-

dentine interface in all tested materials (Figure 4A). At t60, the specimens restored with 
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the adhesive composite system (negative control) were still characterised by the 

presence of an extended layer of demineralised dentine with no sign of remineralisation 

and areas of possible collagen degradation (Figure 4B). Conversely, at t60 the 

specimens restored with GIC showed the presence of calcium-stained minerals at 20-30 

µm depth underneath the GIC-dentine interface (Figure 4C). MTA specimens at t60 

showed calcium-stained minerals accumulated only very few microns underneath the 

interface (Figure 4D). Similar to MTA, the RMTA specimens at t60 showed the presence 

of calcium-stained minerals that accumulated few microns underneath the RMTA-

dentine interface (Figure 4E). 

The SEM analysis confirmed the presence of demineralised dentine collagen in the 

negative control group at t60 (Figure 5A). Then again, no exposed collagen fibrils were 

observed at the dentine surface restored with GIC, but the presence of minerals on the 

top of the surface together with partially obliterated dentine tubules (Figure 5B). MTA 

specimens clearly showed needle-like crystals (Figure 5C), while RMTA showed 

globular-like crystals (Figure 5D) on the dentine surface. The difference in surface 

morphology of the deposits indicate that the mechanism of mineral recovery induced by 

these materials are indeed different. 

The FTIR analysis (Figure 6) confirmed the presence of remineralised dentine in MTA 

and RMTA-treated specimens due to apatite deposition (CaP stretch vibrations at: 559 

cm-1, 598 cm-1, 970 cm-1, 1024 cm-1 1088 cm-1). GIC-treated specimens showed no 

apatite precipitation but the preservation of collagen phosphorylation (1030-1080 cm-1) 

plus the presence of carbonates (870 cm-1) corresponding to the ν2CO3 vibrations. The 

same collagen phosphorylation (1030-1080 cm-1) band could be observed in the 

demineralised dentine at baseline. 

 

4. DISCUSSION 
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Understanding the bio-interaction at the interface between the tooth and ion-releasing 

materials is crucial in predicting the longevity of such restorations and their 

physicochemical properties [14,30]. The formulation of innovative adhesive systems and 

composites with ion-releasing properties [31,32] may represent an alternative to reduce 

the degradation and repair the resin-dentine interface through remineralisation [2,33]. 

Since “bioactive” materials release specific ions from their fillers, the exposed collagen 

fibrils inside the demineralised dentine would become filled with apatite crystals, so 

recovering the initial stiffness [34] and fossilising the endogenous proteases [35,36]. The 

results obtained with the GIC material showed an increase in microhardness over time 

in the demineralised dentine underneath the bonding interface to a maximum depth of 

100 μm. However, at 50 μm depth, there was no significant difference compared to the 

negative control (composite) up to 45 days of AS storage. The micro-CT analysis only 

showed a slight reduction in demineralised volume. In a previous study of Pires et al. 

[31], the authors demonstrated through micro-CT analysis the potential of a GIC in 

increasing the mineral density of artificially-induced carious dentine, confirming our 

results. 

Further confirmation of the remineralisation ability by the tested GIC was obtained using 

confocal microscopy. Indeed, a porous mineral accumulation was observed in 

demineralised dentine 30-40 µm underneath the GIC-dentine interface after 60 days of 

storage in AS. The SEM analysis showed the presence of mineral deposits on the 

demineralised dentine surface, while FTIR demonstrated that those deposits were not 

made by apatite. In accordance with these results, a study found that GICs may not be 

effective in remineralising simulated caries-affected dentine via intrafibrillar apatite 

deposition, even when analogues of salivary proteins were employed [37]. 

It is well known that GICs have the ability to undertake a dynamic ionic exchange with 

the surrounding microenvironment for a relatively long time [19,31,38,39]. Indeed, such 

materials exhibit chemical bonding to dental tissues, along with their ability to release 
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specific ions (e.g. fluoride, strontium) at the bonded interface, being classified as 

bioactive ion-releasing material [2,18,40]. 

The MTA and RMTA produced the highest increase in KHN values over time, especially 

at 50 and 100 µm underneath the interface. The micro-CT analysis confirmed the ability 

of MTA to reduce the demineralised volume significantly. Interestingly, this reduction did 

not occur to the same extent as RMTA, which showed a performance comparable to 

GIC. Confocal microscopy observations supported the difference in mineralisation ability 

of MTA and RMTA. MTA specimens showed only few microns of residual calcium-

stained minerals, indicating that, after 60 days of storage, most of the caries-affected 

dentine was mineralised. On the contrary, RMTA-dentine interfaces were characterised 

by calcium-stained minerals accumulated 20-30 microns underneath the interface, 

indicating that such area was not yet wholly remineralised.  

The results of this study agree with the literature that demonstrated dentine 

remineralisation in the presence of hydraulic calcium silicate cements [21,41]. Such 

studies demonstrated mineral precipitation with different shapes and dimensions in 

artificial carious dentine treated with a calcium silicate cement, but no evidence of 

collagen remineralisation. On the other hand, the RMTA material used in the present 

study is a light-cured resin-modified calcium silicate cement that can be considered a 

bioactive material [16,23,33], as confirmed by our results. In these MTA-based materials, 

an intrinsic instability and rearrangement of filler particles due to the release (or re-

uptake) of ions are apparently not compatible with a material designed to be inert [39]. It 

can be speculated that the presence of a resin-based matrix, albeit hydrophilic, reduces 

the material’s bioactivity once it is placed in the cavity. Therefore, since the bioactive 

materials tested in the present study showed different behaviour in remineralising 

artificial caries-affected dentine, the null hypothesis can be rejected. 

When the universal adhesive and resin composite were used to restore the artificial 

caries-affected dentine substrate, an incomplete infiltration of the adhesive was 
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observed together with degradation over time. Furthermore, as shown by micro-CT and 

microhardness analyses, no sign of remineralisation and no significant increase in 

hardness was observed. Indeed, it is well known that the peculiar chemical and 

morphological characteristics of caries-affected dentine are mainly responsible for the 

unsatisfactory bonding performance of adhesive/composite restorations [42,43]. 

Moreover, the poorly resin-infiltrated dentine collagen fibrils underneath the resin–

dentine interface are much more prone to collagen degradation due to hydrolytic and 

enzymatic activity [43,44].  

Nevertheless, it has to be noted that the presence of a soft, caries-affected dentine layer 

at the bottom of a cavity does not affect a composite restoration’s longevity, provided 

that good adhesion is obtained in the surrounding tissue to form a seal. In fact, such a 

condition can arrest the primary lesion progression [8]. 

The protocol used in this study to obtain artificial caries-affected lesions in class I cavities 

was suitable for creating an extended (100-120 µm) mineral-depleted dentine. Xylenol 

orange solution is a calcium‐chelator fluorophore commonly used to trace the deposition 

of minerals within the interfaces of restored teeth due to its ability to form complexes with 

Ca2+ ions. Such a dye is able to bind dental substrates where there is a substantial 

availability of calcium-rich substrates expressing free ions, non-complexed calcium-

based minerals, partially demineralised hydroxyapatite, or in case there is a freshly 

formed calcium-rich complex [26,45]. This latter aspect may support the speculation that 

the RMTA- or GIC-dentine interfaces induced less consistent and porous mineral 

precipitation underneath the interface. Conversely, the reason why the MTA-dentine 

interface showed only a slight signal was probably a consequence of increased 

mineralisation of the demineralised dentine, characterised by more complex calcium 

based-complex (e.g. hydroxyapatite, as supported by the results in SEM and FTIR 

analysis). This may also be the reason why the extended 100-150 µm mineral-depleted 

simulated caries dentine layer was not observed after prolonged storage of the 
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specimens treated with all the ion-releasing tested materials in AS. Moreover, due to 

their strongly alkaline pH, calcium silicate cements (MTA) have a caustic effect on 

demineralised collagen fibrils. The space left after their degradation is replaced by 

calcium carbonates and apatite-like minerals, which also penetrate several microns 

inside the dentine tubules [46,47].  

The choice of bioactive dentine replacement materials often placed over caries-affected 

dentine has to be considered in the light of a minimally invasive tooth-restoration concept 

to preserve the substrate that is still remineralisable [4, 21]. Nevertheless, the behaviour 

of such materials has to be assessed in terms of translatability to the clinical setting when 

directly applied to caries-affected dentine. The interactions with overlying restorative 

materials and their influence on the mechanical performance of the whole restoration 

also have to be addressed. In this sense, in vivo comparative studies are needed to 

confirm their performance. 

 

5. CONCLUSION 

Contemporary ion-releasing materials such as GIC, MTA and RMTA can remineralise 

the artificial caries-affected dentine, but to different extents. MTA showed the highest 

ability to induce apatite precipitation and remineralisation of extended mineral-depleted 

dentine. Conversely, RMTA and GIC are probably more appropriate for preserving the 

demineralised collagen fibrils in the outer layer of caries-affected dentine and 

remineralising it. 
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Tables 

Table 1: Description of materials used in the present study. 

Group Material 
Commercial 

name 
Composition Manufacturer 

 control 

Universal 
adhesive and 

flowable 
composite 

ZipBond 

Aura 

Adhesive: monomers including 
MDP, ethanol, water, fluoride 

Composite: Acrylic monomers 
as (6-46%), Diurethane 
dimethacrylate (6-46%), 

Triethylene glycol 
dimethacrylate (6-46%), 2,2-

bis[4-(2-
methacryloxy)ethoxy)phenyl ] 

propane (6-46%) 

SDI, Australia 

GIC 
Glass ionomer 

cement 
Fuji IX 

Powder: 95%w alumino-fluoro-
silicate glass, 5% polyacrylic 

acid powder. 

Liquid: 50% distilled water, 40% 
polyacrylic acid, 10% polybasic 

carboxylic acid. 

Powder/liquid ratio: 3.6/1.0 

GC, Japan 

MTA 
Trioxide mineral 

agreggate 
Endo-Pass 

Tricalciumsilicate, 
dicalciumsilicate, 

tricalciumaluminate, 
phyllosilicates (smectite and 

hydrotalcite), zirconium dioxide 
and barium sulfate 

DEI Italia, Italy 

RMTA 
Resin-based 

trioxide mineral 
agreggate 

TheraCal LC 

Portland cement type III <60%, 
HEMA, polyethleneglycol 

dimethacrylate<50%, barium 
zirconate<10% 

Bisco Inc, USA 
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FIGURES CAPTION 

 

 

Figure 1: Distribution of specimens and methodological study design. 
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Figure 2: Microhardness assessment of tested materials at different depths and storage 
times. (A) Box plot of the overall microhardness (ΔKHN (%)) obtained at different time-
points evaluation T1, T45, and T2 (average of the results of 50, 100, 150, and 200 µm). 
The ΔKHN (%) results obtained over time (T1, T45, and T2 ) at different depths are 
shown in figures (B) 50 µm, (C) 100 µm, (D) 150 µm, and (E) 200 µm.   

Different uppercase letters indicate significant differences between the groups at 
different time-point evaluations (Friedman test; α=5%)  

Different lowercase letters indicate a significant difference between groups at the same 
time-point evaluation (Kruskal-Wallis/Dunn tests; α=5%).  

The absence of letters in graphs (D) and (E) indicates no differences between groups. 
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Figure 3: Micro-CT volumetric analysis of the carious dentine zone. Means and standard 

errors are indicated. Levels connected by different letters are statistically significant 

(Student’s t-test; α=5%). 
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Figure 4: Confocal single projection images captured in transmission/fluorescence mode of the specimens 

treated with the different materials tested in this study and analysed after 60 d storage in AS. A) This is a 

comparative image in a specimen treated with the GIC at baseline (24h). An extended (100-120 µm) mineral-

depleted dentine layer (pointer: simulated caries-affected dentine) just underneath the GIC-dentine (d) interface 

can be observed. Such a morphological scenario was comparable between all groups at the baseline. B) 

Adhesive+composite specimen showing no sign of remineralisation within the mineral-depleted dentine. Areas 

of degradation (pointers) occurred during the storage period. C) Morphological features observed in GIC-

restored specimens. Most of the calcium-stained minerals accumulated only 30-40 µm underneath the GIC-

dentine interface. D) MTA specimen showing residual calcium-stained minerals accumulated only few microns 

underneath the MTA-interface after prolonged storage in AS (pointer). Calcium-stained minerals are deposited 

also within the cement (cem). E) Specimen treated with RMTA. Similar to (D), calcium-stained minerals 

accumulated only few microns (pointer) underneath the RMTA-dentine (d) interface. 
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Figure 5: SEM micrographs obtained after prolonged storage (60 days) in AS. A) 

Representative specimen treated with conventional adhesive/composite materials 

showing the presence of demineralised dentine collagen fibrils with no presence of 

mineral precipitation (no signs of remineralisation). B) This specimen treated with GIC 

shows a surface with no exposed collagen fibrils, partially covered by minerals and 

residual material. C) This is a representative specimen treated with MTA where it is 

possible to note the clear presence of needle-like crystals deposited on the dentine 

surface. D) This specimen treated with RMTA presents globular-like crystals deposition 

of the dentine surface. 
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Figure 6: FTIR-ATR characterisation of demineralised dentine treated with the different 

tested materials and after 6 months storage in AS. The PO stretching of hydroxyapatite 

presents peaks at 559 cm-1, 598 cm-1, 970 cm-1, 1024 cm-1 1088 cm-1 and P–O(H) 

stretching at 870 cm-1. The dentine collagen is visible at 1650 cm-1 (C O: amide I) and 

1540 cm-1 (CNH: amide II). 

 


