Interface between calcium silicate cement and adhesive systems according to adhesive families and cement maturation
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Abstract
Objectives
This study aimed to evaluate the interface between a calcium silicate cement (CSC), Biodentine and dental adhesives in terms of sealing ability.

Materials and Methods
Microleakage test: 160 standardized class II cavities were prepared on 80 extracted human molars. The cavities were filled with Biodentine and then divided into 2 experimental groups according to the time of restoration: composite resin obturation 15 minutes after Biodentine handling (D0); restoration after 7 days (D7). Each group was then divided into 8 subgroups (n = 5) according to the adhesive system used: etch-and-rinse adhesive (Prime & Bond); self-etch adhesive 2 steps (Optibond XTR and Clearfil SE Bond); self-etch adhesive 1 step (Xeno III, G-aenial Bond, and Clearfil Tri-S Bond); and universal used as etch-and-rinse or self-etch (ScotchBond Universal ER or SE). After thermocycling, the teeth were immersed in a silver nitrate solution, stained, longitudinally sectioned, and the Biodentine/adhesive percolation was quantified. Scanning electron microscopic observations: Biodentine/adhesive interfaces were observed.

Results
A tendency towards less microleakage was observed when Biodentine was etched (2.47%) and when restorations were done without delay (D0: 4.31%, D7: 6.78%), but this was not significant. The adhesives containing 10-methacryloyloxydecyl dihydrogen phosphate monomer showed the most stable results at both times studied. All Biodentine/adhesive interfaces were homogeneous and regular.

Conclusions
The good sealing of the CSC/adhesive interface is not a function of the system adhesive family used or the cement maturation before restoration. Biodentine can be used as a dentine substitute.
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INTRODUCTION
In 2010, a calcium silicate material, Biodentine (Septodont, Saint-Maur-des-Fossés, France), was launched with indications in operative dentistry [1]. Until the development of Biodentine, calcium silicate cements (CSCs) which present high bioactivity and biocompatibility, were only indicated in endodontics [23456]. Local bioactivity is based on mineral repair and re-construction with a subjacent substrate within a local ion rich alkaline environment [78]. The main component of CSC powders is tricalcium silicate Ca3SiO5 (C3S). In the case of Biodentine, CaCO3 and ZrO2 are added to the powder and the liquid solution consists of CaCl2 with a water reducing agent. This material thus presents shorter setting times and higher mechanical properties than other CSCs. However, these mechanical properties, which do not sufficiently allow resisting occlusal force and the poor esthetic properties, suggest the use of Biodentine as a dentin substitute [91011].
Marginal sealing (studied with microleakage studies) and shear-bond strength (SBS) are 2 properties that have to be evaluated to indicate the use of a dentin substitute [1213]. Although the use of Biodentine has been validated following several studies evaluating the interfaces, SBS and marginal adaptation in an “open sandwich” technique, there is still limited information on leakage [9141516171819202122].
The current study was thus conducted to evaluate the sealing of the interface between Biodentine and adhesive systems according to the adhesive families and the maturation of the cement in order to establish the best operative sequence for weaker microleakage.

MATERIALS AND METHODS
Materials
1. Materials used
The materials used in this study were Biodentine paired with 7 adhesive systems and a composite resin (Ceram X Mono, Dentsply, York, PA, USA). The 7 adhesive systems were selected according to their family (self-etching or etch-and-rinsing) and composition. In each family, an adhesive system with acetone was chosen and among the self-etching adhesive, an adhesive containing 10-methacryloyloxydecyl dihydrogen phosphate (MDP). The universal adhesive system was used with self-etching and etch-and-rinsing protocol to give information about the etching role (Table 1). For final restoration, 2 procedures were evaluated: realization of the composite restoration on the same day that Biodentine was applied (D0); realization of the composite restoration 7 days after Biodentine application (D7) since it was shown that physicochemical and mechanical properties are obtained at a minimum of 7 days [10].
Table 1 Materials used in this study

[image: ]	Family of material	Material	Components	pH	Protocol
	Calcium silicate	Biodentine (Septodont, St. Maur-des-Fossés, France)	Solid: tricalcium silicate (> 80%), calcium carbonate, zirconium oxide	12.5	1. Incorporate 5 drops of liquid in the powder.
	Liquid: water, CaCl2, partially modified polycarboxylate	2. Close the capsule and put it 30 sec in the oscillator.
	Adhesive system				
		Self-etch 2 steps	Optibond XTR (Kerr, Orange, CA, USA; batch: LE03355)	Primer: GPDM, HEMA, water, acetone, ethanol, camphorquinone	Primer: 2.4	1. Apply primer to enamel/dentin using scrubbing motion (20 sec).
	Bonding: HEMA, MEHQ, ethanol, camphorquinone, loads of silica	Bond: 3.3	2. Air thin with medium air pressure (5 sec).
	3. Shake adhesive briefly, and apply to enamel/dentin surface using light brushing motion (15 sec).
	4. Air thin with medium air pressure, and then strong air for at least 5 sec.
	5. Light-cure (10 sec).
	Clearfil SE Bond (Kuraray, Okayama, Japan; batch: 041838)	Primer: 10-MDP, HEMA, dimethacrylate aliphatque absorbent, camphorquinone, N-diethanol-p-toluidine, water	2.0	1. Apply primer and leave for 20 sec.
	Bonding:10-MDP, Bis-GMA, HEMA, dimethacrylate aliphatic hydrophobic subject, camphoroquinone, N-diethanol-p-toluidine, loads of silica	2. Do not rinse and dry with mild air flow.
	3. Apply bond and distribute evenly with mild air flow.
	4. Light-cure for 10 sec.
		Self-etch 1 step	Xeno III (Dentsply/Caulk, Mildford, DE, USA; batch: 1212000562)	Liquid A: HEMA, water purified, ethanol, BHT, silicon dioxide	< 1.0	1. Apply generous amounts of self-etch adhesive to wet all cavity surfaces thoroughly.
	Liquid B: Pyro-EMA, PEM-F, urethan dimethacrylate, BHT, camphorquinone, ethyl-4-Dimethylaminobenzoate	2. Leave undisturbed for at least 20 sec.
	3. Uniformly spread the adhesive using a gentle stream of oil free air for at least 2 sec.
	4. Cure the adhesive with a light-curing unit for at least 10 sec.
	G-aenial Bond (GC, Tokyo, Japan; batch: 1301161)	4-META, acetone, water, triethyleneglycol dimethacrylate, phosphoric acid ester monomer, silica loads, photo-initiators	2.0	1. Apply to the prepared enamel and dentin surfaces using the disposable applicator.
	2. Leave undisturbed for 10 sec after applying.
	3. Then, dry thoroughly for 5 sec with oil-free air under maximum air pressure.
	4. Light-cure for 10 sec.
	Clearfil Tri-S Bond (Kuraray, Okayama, Japan; batch: 1M004)	MDP, Bis-GMA, HEMA, Absorbent aliphatic dimethacrylate, hydrophobic aliphatic methacrylate, silica colloidal, sodium fluoride, di-camphorquinone, accelerators, initiators, ethanol, water	2.7	1. Apply bond to the entire cavity wall with the applicator brush. Leave it in place for 10 sec.
	2. Dry the entire cavity wall sufficiently by blowing mild air for more than 5 sec.
	3. Light-cure for 10 sec.
		Universal	ScotchBond Universal (3M ESPE, Monrovia, CA, USA; batch: 70201139014)	MDP, resin of dimethacrylate, HEMA, Vitrebond copolymer, loads, ethanol, water, silane	2.7	Protocol 1: self-etch 1-step
		1. Apply the adhesive to the prepared tooth and rub it in for 20 sec.
		2. Gently air dry the adhesive for approximately 5 sec to evaporate the solvent.
		3. Light-cure for 10 sec.
	Protocol 2: etch-and-rinse 2-steps
		1. Apply orthophosphoric acid for 15 sec.
		2. Apply the adhesive to the prepared tooth and rub it in for 20 sec.
		3. Gently air dry the adhesive for approximately 5 sec to evaporate the solvent.
		4. Light-cure for 10 sec.
		Etch-and-rinse 2 steps	Prime & Bond (Dentsply DeTrey, Konstanz, Germany; batch: 1206001168)	Resin di- and trimethacrylate, silica, PENTA, photo-initiators, stabilizing, cetylamine hydrofluoride, acetone	2.0	1. Application of orthophosphoric acid 37% for at least 15 sec.
	2. Rinsing and blot drying for at least 10 sec.
	3. Application of Prime & Bond for 20 sec.
	4. Remove excess solvent by gently drying for at least 5 sec.
	5. Cure Prime & Bond adhesive for 10 sec.
	Acid	Orthophosphoric acid 37% (Dentsply DeTrey, Konstanz, Germany; batch: 155245)	Phosphoric acid, water, thickener, methylen Blue benzalkonium chloride	0.4	
	Composite resin	Ceram X Mono (Dentsply, York, PA, USA; batch: 1107000M97)	Methacrylate modified polysiloxane, dimethacrylate resin, fluorescence pigment, UV stabilizer, stabilizer, camphorquinone, ethyl-4(dimethylamino)benzoate, barium-aluminium-borosilicate glass, methacrylate functionalised silicon dioxide nano filler, iron oxide pigments and titanium oxide aluminium sulfo silicate pigments	ND	The composite resin material is incrementally placed and light-cured for 20 sec.

CaCl2, calcium chloride; GPDM, glycero-phosphate dimethacrylate; HEMA, hydroxyethylmethacrylate; MEHQ, hydroquinone monomethyl ether; MDP, methacryloyloxydecyl dihydrogen phosphate; Bis-GMA, bisphenol A-glycidyl methacrylate; BHT, butylated hydroxytoluene; Pyro-EMA, tetramethacryloxyethyl pyrophosphate; PEM-F, pentamethacryloxyethyl cyclophosphazen mono fluoride; META, methacryloyloxyethy trimellitate anhydride; PENTA, dipentaerythritol penta acrylate monophosphate; UV, ultraviolet; ND, not designated.



2. Tooth collection
A total of 80 molars extracted for orthodontic reasons were collected from young adult patients. All teeth were collected after obtaining the patients' informed consent and approval from the institutional ethics committee (Art R1211 CSP). After collection, teeth were gently cleaned with tap water and kept in a 1% chloramine solution (VWR International, Radnor, PA, USA) at 4°C for up to 1 month.

3. Artificial saliva
The artificial saliva used was the Ringer solution made with sodium chloride (NaCl): 9 g/L, potassium chloride (KCl): 0.4 g/L, calcium chloride (CaCl2): 0.24 g/L and sodium bicarbonate (NaHCO3): 0.15 g/L (VWR International).


Methods
1. Microleakage method
1) Cavity preparation
Standardized class II cavity preparations were made in the mesial and distal surfaces of the 80 selected teeth. The dimensions of the cavity were: 4 mm width (buccolingual), 5 mm high (occlusogingival), 2 mm depth (mesiodistal) and the gingival wall was placed in coronal enamel to the enamel-cement junction (1 mm to 1.5 mm width of enamel remaining in the gingival wall). This methodology allowed studying the adhesive restoration/Biodentine interface (Figure 1). The specimens were then randomly assigned to one of the 2 experimental groups (D0 or D7) to evaluate the impact of Biodentine maturation time on the quality of the adhesive interface [23].
[image: Figure 1]
Figure 1 Cavity preparation and measurements of the dye penetration length.


2) Filling
The cavities were filled with Biodentine according to the manufacturer's instructions (Table 1). For the experimental group D0 which was divided into 8 subgroups (n = 5, 10 cavities), Biodentine was directly applied on the cavity walls. After 15 minutes, Biodentine was cut to leave a height of material of 2 mm to achieve a restoration of type “open sandwich” with the composite resin. The specimens were then restored using the adhesive system/composite resin according to the manufacturer's instructions (Table 1).
For experimental group D7 which was also divided into 8 subgroups (n = 5, 10 cavities), Biodentine was directly applied on the cavity walls, but after 15 minutes, samples were stored in an artificial Ringer solution. After 7 days, Biodentine cement was then cut to leave a height of material of 2 mm to achieve a restoration of type “open sandwich” with the composite resin. The specimens were then restored using the adhesive system/composite resin according to the manufacturer's instructions (Table 1).
Polymerization was achieved using a halogen light-curing unit (Elipar Highlight, 3M ESPE, Monrovia, CA, USA). The irradiance tested using a curing radiometer was 750 mW/cm2 and was consistent during the entire procedure. The restorations were polished with disks (Soflex, 3M ESPE) and the root apices were sealed using Ceram X Mono composite resin.

3) Thermocycling
Following resin composite obturation, each group of teeth was placed in a separate mesh bag and thermocycled together for 2,200 cycles in water between 5°C and 55°C for 10 seconds for each bath, and 10-second transfer time between baths [24].

4) Dye immersion
After cycling, the external surfaces of each tooth were completely coated with 2 layers of nail varnish, leaving a 1 mm wide margin around the restoration free of varnish. The specimens were then immersed in a 50 wt% silver nitrate aqueous solution (VWR International) for 2 hours in total darkness. Following retrieval, they were placed in distilled water and exposed to fluorescent light for 12 hours. Specimens were then immersed for 2 hours in a photo-developing solution (Kodak SA, Maisons-Alfort, France). After removal from the developing solution, the teeth were rinsed thoroughly in running water and immersed in acetone to dissolve the nail varnish. Each tooth was then embedded in a cold-curing epoxy resin (Epofix, Struers, Champigny-sur-Marne, France). Using a diamond blade circular disk (Accutom, Struers) at a speed of 500 rpm and with cutting lubricant (Water free cutting fluid, Struers), each specimen was sectioned longitudinally in the mesio-distal direction into 2 sections with 4 interfaces (Figure 2).
[image: Figure 2]
Figure 2 Tooth section: on the left, the arrow shows silver nitrate penetration along the interface; on the right no penetration.

For each interface, dye penetration measurement was performed at the adhesive restoration/Biodentine interface using a binocular loop connected to a camera and analyzed using Leica Software (Leica Microsystems Imaging, Wetzlar Germany). The percentage of microleakage was defined as the measured length of dye penetration divided by the measured length of the interface. The mean percentage of microleakage was the mean of 10 cavities (10 × 4 = 40 interfaces) for each subgroup investigated (Figure 1).

5) Statistical analysis
Data were analyzed using one-way analysis of variance with Stat View software (SAS Institute, Cary, NC, USA). To compare each pair, the Mann-Whitney U test was used. A p value ≤ 0.05 was considered statistically significant.


2. Scanning electron microscope (SEM) methodology
According to the results obtained previously concerning microleakage, a tooth section from each adhesive system family of the D0 microleakage experimental group has been selected for the SEM observations [25].
Each sectioned surface was polished with abrasive discs and diamond pastes down to 1-micron particle size. The specimens were immediately immersed in 2.5% glutaraldehyde (VWR International) in 0.1 M sodium cacodylate buffer (VWR International) at pH 7.4 for 12 hours at 4°C. After fixation, the disks were rinsed with 20 mL of 0.2 M sodium cacodylate buffer at pH 7.4 for 1 hour (3 baths of 20 minutes), followed by distilled water for 1 minute. The surface of the material was then polished with abrasive discs and diamond pastes down to 1-micron particle size. The specimen was dehydrated in ascending grades of ethanol (25% for 20 minutes, 50% for 20 minutes, 75% for 20 minutes, and 100% for 20 minutes). After the final ethanol step, the specimens were placed on a filter paper inside a covered glass vial at room temperature. The sample was then mounted on copper stubs, sputter-coated with gold using a biorad sputter-coater SC 500 (Quorum Technologies Ltd., Laughton, UK) and observed under a JEOL JSM 6400 (Jeol, Tokyo, Japan) scanning electron microscope.



RESULTS
Microleakage at the adhesive restoration/Biodentine interface
1. Experimental group D0
The mean rates of microleakage on the interfaces ranged from 2.01% to 9.73% according to the adhesive system used. The adhesive systems may thus be classified by increasing efficiency. For adhesive systems with a penetration rate close to 2%: Prime & Bond > Scotchbond Universal etch-and-rinse (ER) system > G-aenial Bond > Scotchbond Universal self-etch (SE) system. No significant difference in terms of penetration rate was observed between these adhesive systems. For adhesive systems with a penetration rate close to 5%: Xeno III > Clearfil Tri-S Bond > Clearfil SE Bond. Once again, no significant difference was observed between these systems. The Optibond XTR adhesive system showed a penetration rate of 9.73%, which was significantly higher than that of Prime & Bond, Scotchbond Universal ER system, G-aenial Bond, Scotchbond Universal SE system, and Xeno III (Tables 2 and 3).
Table 2 Percentage of percolation according to the adhesive system used for both time points

[image: ]	Adhesive family	Adhesive system	% of percolation at D0	% of percolation at D7
	Etch & rinse	Prime & Bond NT	2.01% (1.072)	0.38% (0.38)
	Scotchbond Universal ER	2.19% (0.611)*	5.3% (1.328)*
	Self-etch 1 step	G-aenial Bond	2.32% (0.821)	4.95% (1.642)
	Scotchbond Universal SE	2.58% (1.084)*	12.58% (2.177)*
	Xeno III	4.33% (0.930)*	18.49% (2.652)*
	Clearfil Tri-S Bond	5.37% (2.274)	5.7% (1.715)
	Self-etch 2 steps	Clearfil SE Bond	5.95% (2.723)	5.85% (1.303)
	Optibond XTR	9.73% (1.832)*	0.97% (0.464)*

Data are presented as mean % (standard error).
D0, immediate restoration; D7, delayed restoration (7 days).
*Represents significant differences for each adhesive system at D0 and D7 (p < 0.05).


Table 3 Intergroup analysis at D0

[image: ]		Prime & Bond NT	Scotchbond Universal ER	G-aenial Bond	Scotchbond Universal SE	Xeno III	Clearfil Tri-S Bond	Clearfil SE Bond	Optibond XTR
	Prime & Bond NT		NS	NS	NS	NS	NS	NS	S
	Scotchbond Universal ER	NS		NS	NS	NS	NS	NS	S
	G-aenial Bond	NS	NS		NS	NS	NS	NS	S
	Scotchbond Universal SE	NS	NS	NS		NS	NS	NS	S
	Xeno III	NS	NS	NS	NS		NS	NS	S
	Clearfil Tri-S Bond	NS	NS	NS	NS	NS		NS	NS
	Clearfil SE Bond	NS	NS	NS	NS	NS	NS		NS
	Optibond XTR	S	S	S	S	S	NS	NS	

NS, no significant difference; S, significant difference (p < 0.05).



2. Experimental group D7
The mean rates of microleakage on the interfaces ranged from 0.38% to 18.49% according to the adhesive system used. The adhesive systems may also be classified by increasing efficiency. For adhesive systems with a penetration rate lower than 1% without any significant difference between them: Prime & Bond > Optibond XTR. For adhesive systems with a penetration rate close to 5%, without any significant difference between them: G-aenial Bond > Scotchbond Universal ER system > Clearfil Tri-S Bond > Clearfil SE Bond. For adhesive systems with a penetration rate higher than 10%, Xeno III rate (18.49%) was significantly higher than that of Scotchbond Universal SE system (12.58%) and both showed significantly higher rates than all the others (Tables 2 and 4).
Table 4 Intergroup analysis at D7

[image: ]		Prime & Bond NT	Scotchbond Universal ER	G-aenial Bond	Scotchbond Universal SE	Xeno III	Clearfil Tri-S Bond	Clearfil SE Bond	Optibond XTR
	Prime & Bond NT		NS	NS	S	S	S	S	NS
	Scotchbond Universal ER	S		NS	S	S	NS	NS	NS
	G-aenial Bond	NS	NS		S	S	NS	NS	NS
	Scotchbond Universal SE	S	S	S		S	S	S	S
	Xeno III	S	S	S	S		S	S	S
	Clearfil Tri-S Bond	S	NS	NS	S	S		NS	NS
	Clearfil SE Bond	S	NS	NS	S	S	NS		NS
	Optibond XTR	NS	NS	NS	S	S	NS	NS	

NS, no significant difference; S, significant difference (p < 0.05).



3. Comparison between experimental groups D0 and D7 according to the adhesive system investigated
There was no significant difference in terms of microleakage between Prime & Bond, Clearfil SE bond, G-aenial Bond, and Tri-S Bond at D0 or D7. The microleakage of Xeno III and Scotchbond Universal was significantly higher at D7 than D0, whereas Optibond XTR showed a penetration rate significantly lower at D7 compared to D0 (Table 2).
When analyzing the mean penetration rates by the family of adhesive systems, independently from immediate or delayed restoration, results showed that etch-and-rinse systems (2.47%) present a trend towards the lowest penetration rate, followed by 2 steps self-etch systems (5.63%) and then one step self-etch systems (7.04%). Further analysis of mean penetration rates according to time of application, independently of the family of adhesives, found no significant difference in terms of microleakage between D0 (4.31%) and D7 (6.78%).


SEM observation of the adhesive restoration/Biodentine interface
A tooth section from each adhesive system family of the D0 microleakage experimental group has been selected for the SEM observations of the interfaces: 2 steps self-etch system represented by Clearfil SE bond (Figure 3); 1 step self-etch system by Clearfil Tri-S Bond (Figure 4); universal system used in self-etching protocol represented by Scotchbond Universal (Figure 5); universal system used in etch-and-rinsing protocol represented by Scotchbond Universal (Figure 6); and etch-and-rinse system represented by Prime & Bond (Figure 7). Whatever the interfaces studied, the observations have shown that the adhesive layers were homogeneous and regular, and were adherent to the composite material. No gap was observed.
[image: Figure 3]
Figure 3 Scanning electron microscopic (SEM) observation of Biodentine/2 steps self-etch system (Clearfil SE Bond) interface (×1,000).

[image: Figure 4]
Figure 4 Scanning electron microscopic (SEM) observation of Biodentine/one step self-etch system (Clearfil Tri-S Bond) interface (×1,000).

[image: Figure 5]
Figure 5 Scanning electron microscopic (SEM) observation of Biodentine/universal system used as one step self-etch system (Scotchbond Universal) interface (×1,000).

[image: Figure 6]
Figure 6 Scanning electron microscopic (SEM) observation of Biodentine/universal system used as etch-and-rinse system (Scotchbond Universal) interface (×1,000).

[image: Figure 7]
Figure 7 Scanning electron microscopic (SEM) observation of Biodentine/etch-and-rinse system (Prime & Bond) interface (×1,000).



DISCUSSION
This in vitro dye microleakage study showed that, in terms of sealing ability, Biodentine could be used, in a sandwich procedure, especially since silver nitrate chemical tracer allows the detection of very small defects. However, specific considerations might be given regarding the best operative sequence (immediate or delayed application time of the resin composite) for weaker microleakage according to the family of adhesive.
At D0, the chemical characteristics of the setting reaction for CSC entail that the maturation of Biodentine is incomplete when the bonding procedure is performed. Indeed the adhesive protocols were conducted only 15 minutes after the application of Biodentine. At that time, since the setting reaction is ongoing, the surface is more alkaline and presents a higher water content than at D7 [26]. From a physicochemical point of view, this means a lower acidic attack, especially when using the self-etch adhesives, during which a buffer effect occurs. From a clinical perspective, placing the dentin substitute and the definitive restoration during the same intervention is easier and time-saving. Moreover, at D0, new crystal products can form at the interface after adhesive application, improving sealing as the maturation is incomplete. Results herein showed that both etch-and-rinse systems (Prime & Bond and Scotchbond Universal ER) and self-etch adhesives except Optibond XTR all exhibit weak microleakage at D0. Of note, the results under 10% obtained using Optibond XTR, would be equivalent to a score 1 (0% to 33%), which was previously reported as satisfactory by Rengo et al. [27]. Thus, the present results indicate that the use of etch-and-rinse systems, and hence of orthophosphoric acid does not alter sealing at the Biodentine/adhesive system interface, as previously described [28]. More precisely, the 2 etch-and-rinse systems studied herein were found to be the adhesive family presenting the less leakage. Although the use of orthophosphoric acid leads to a chemical modification of the cement surface, as a poor calcium rate and a lower chloride peak, which weakens the surface structure of the material, the sealing does not appear to be degraded [14]. In line with the present results, Atabek et al. [29] showed that etch-and-rinse systems displayed a stronger adhesion force on another CSC, white mineral trioxide aggregate (WMTA) than 1-step self-etching adhesives. More precisely, the latter study showed that the fracture between the WTMA and etch-and-rinse systems is cohesive, while self-etching adhesives present adhesive fractures. The occurrence of the latter is likely to be the consequence of the low acidity of self-etching adhesives. This is further confirmed by Cengiz et al. [17], who showed that the application of etch-and-rinse adhesives might indeed improve the bond strength of composite resin on Biodentine. Conversely, when studying the effect of thermocycling on the self-etching adhesive/Biodentine interface, Meraji and Camilleri [15] noticed a total decohesion of this interface after thermocycling. However, although Hashem et al. [16] showed that there was no difference in SBS when using self-etching systems or etch-and-rinse systems, Odabas et al. [19], found improved bond strength for self-etching adhesives. Overall, the results of the present study thus confirm that orthophosphoric acid can be used on Biodentine with satisfactory marginal sealing and bond strength properties, likely increasing restoration longevity.
At D7, the setting reaction products, calcium hydroxide (CaOH2) and calcium silicate hydrate (CaOSiO2H2O) are mainly stabilized [10]. At that time, the etch-and-rinse systems and the acetone-based systems showed better results in terms of microleakage than those containing ethanol and water solvents. Indeed, the Scotchbond Universal adhesive exhibits lower leakage at D7 when used in an etch-and-rinse procedure rather than self-etch. This further confirms the performance and interest of using orthophosphoric acid on Biodentine surface similarly at D0 and D7. After maturation, the lowest percentage of microleakage being observed for Prime & Bond, Optibond XTR, and Gaenial Bond, the presence of the acetone solvent appears to be important, likely due to the high pressure of evaporation which helps the monomer create greater forces of adhesion [30].
Nevertheless, the results obtained using self-etch adhesives can also be considered satisfactory at D7, except for that of Xeno III. It is possible that the packaging of the latter which consists of 2 liquids to be mixed through a blister, could have led to an inhomogeneous mixing. This would be in accordance with the study by Karaman et al. [31], who showed that Xeno III is a very operator-dependent system. Similarly to what was reported by Palma et al. [32] and Çolak et al. [18], the results herein showed that the operative protocol did not impact the sealing on the Biodentine/adhesive restoration for half of the adhesive systems used (Prime & Bond, Clearfil SE bond, G-aenial Bond, or Clearfil Tri-S Bond). However, leakage was less important at D0 for Scotchbond Universal (ER or SE) and Xeno III. Only the interface obtained using Optibond XTR presented a better sealing at D7, this adhesive also showing the highest rate of leakage at D0. In the literature, several studies have found that applying the adhesives with delay improved bond strength, as the resin composite curing contraction can stress Biodentine in the early sensitive phase and lead to interface defects [162933]. Conversely, we could also consider that the adhesive systems interact better in the porosity of the tricalcium silicate during the maturation process, leading to better sealing [10]. Overall, when considering all family of adhesives, we found no difference between D0 and D7 in terms of leakage. Consequently, if bond strength is improved in delayed time, we recommend placing the definitive resin composite restoration after maturation.
Clearfil SE Bond is a reference in terms of dentin sealing and is the gold standard of self-etching adhesives, due to the functional monomer 10-MDP. The latter behaves perfectly well in terms of degradation thanks to its stable chemical bond and the formation of nanolayering (mild self-etching system). This slightly acid monomer preserves some of the calcium of the dentinal structure and can then bind to it [34353637]. Although it is unknown whether a similar chemical union exists between Biodentine and the overlying resin composite restoration, the results found herein on the Biodentine/Clearfil SE Bond interface, at both D0 and D7, were very similar to those from a preliminary study reporting percolation rates on the dentin/Clearfil SE Bond interface [38]. This could be due to the presence of 10-MDP which could, in theory, chemically bond to the Biodentine calcium. The 10-MDP is found in Clearfil SE Bond, Scotchbond Universal, and Clearfil Tri-S Bond. Two of the self-etching systems, Clearfil SE Bond and Clearfil Tri-S Bond, presented homogeneity of their percolation rates at both D0 and D7, confirming the reproducibility and stability of these systems [1819], which were found to be the most tolerant herein.
The good results in terms of microleakage were further confirmed by SEM observations. All interfaces showed homogeneous, regular, and adherent adhesive layers. No gap was observed. Layer thickness, however, was tighter for Prime & Bond, the only adhesive which is not loaded, and Clearfil Tri-S Bond, a self-etch adhesive. Morphology was similar when using Scotchbond Universal in either self-etch or etch-and-rinse. These considerations concerning the thickness of the interface layer may have an impact on long-term evaluation, which could be further assessed using nanoleakage evaluation.
The open sandwich technique is recommended when the conditions required for a good sealing are not obtained as the impossibility to put a watertight dental dam or a subgingival situation. In these situations, the open sandwich restoration allows to go up the cervical margin and improves bonding conditions [1123]. Using Biodentine in this situation could also be a good alternative in the situation where the carious lesion is very deep. It may preserve the vitality of the teeth limiting endodontic treatment and prosthetic restoration, but of course, as always, benefit/risk report must be evaluated for each clinical case. The dentin/Biodentine interface is well documented in the literature and presents good sealing properties [1839]. Moreover, in the cervical situation, the mechanical solicitations are weak and Biodentine leads to no dimensional changes in different environmental conditions [4041]. However, practitioners must be vigilant about the contact point of the restoration which must necessarily be realized with the composite or ceramic restorative material. Further in vitro and in vivo studies should be investigated to confirm this data.

CONCLUSIONS
This in vitro dye microleakage study further confirms the ability of Biodentine, a CSC, to be used in a sandwich procedure, in terms of marginal sealing regardless of the family of adhesives used. Furthermore, concerning the adhesive used, cement maturation does not impact sealing at the Biodentine/adhesive interface.
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