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Abstract 

Background: 
Silver diamine fluoride (SDF) effectively arrests dental caries by forming a silver-protein complex and calcium fluoride deposits, preventing bacterial activity and remineralizing dentin. However, SDF application adversely affects bond strength when composite restoration is performed immediately due to a hyper mineralized layer that inhibits resin infiltration. 
Objectives: 
This study aimed to evaluate and compare the shear bond strength (SBS) of composite resin to 
SDF-treated dentin under different conditions, including immediate and delayed bonding after SDF application (2 and 15 days), with and without air abrasion. 
Materials and Methods: 
An in-vitro study was conducted on 54 extracted human teeth sectioned to expose mid-coronal dentin. The specimens were treated with 38% SDF and divided into six groups (n=9) based on bonding time and surface treatment: no air abrasion, with air abrasion, SDF with immediate restoration with/without air abrasion, and SDF with delayed restoration with/without air abrasion. Composite resin was bonded using an eighth-generation bonding agent. SBS was tested using a universal testing machine, and failure modes were evaluated under a stereomicroscope. Kruskal-Wallis and Mann-Whitney U tests were used for group comparisons. A p-value <0.05 was considered statistically significant 
Results: 
SBS was highest in the SDF 15 days with air abrasion group (mean = 20.62 MPa, p < 0.001). 
Air abrasion significantly improved SBS, while SDF 15 days without air abrasion showed the lowest SBS (mean = 3.18 MPa). Mixed failure was the most common failure mode across all groups. 
Conclusion: 
Delaying bonding after SDF application, particularly for 15 days combined with air abrasion, significantly improves SBS. The use of an eighth-generation bonding agent further enhances adhesive outcomes in SDF-treated dentin. 
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1.Introduction 
Dental caries remains a major global oral health concern, ranking second only to periodontal disease in prevalence, affecting approximately 54.16% of the population [1]. The management of dental caries depends on the extent of lesion progression within the dental tissues, ranging from conservative restorations to invasive root canal therapy or tooth extraction. Various restorative materials—including amalgam, resin composites, and indirect restorations such as cast metals and ceramics—are employed to replace lost tooth structure. The primary goal of any restorative procedure is to restore tooth form, function, and aesthetics while ensuring a durable seal between the restorative material and tooth substrate. Compromise in this seal may lead to microleakage, which can result in the ingress of bacteria and fluids, ultimately causing secondary or recurrent caries [2].
Driven by the growing demand for aesthetics, composite resins have become the preferred restorative material for anterior and posterior teeth. Dental composites are composed of resin matrices and inorganic fillers, allowing them to mimic the natural colour and translucency of enamel. However, their inherent polymerisation shrinkage remains a significant clinical challenge [3]. This property can cause debonding at the tooth–restoration interface, marginal gap formation, bacterial penetration, and postoperative sensitivity [4], all of which increase the risk of secondary caries, particularly in individuals with a high caries index.
Patients at high risk of developing recurrent caries require additional preventive measures. Fluoride application remains a cornerstone in such preventive strategies, with delivery methods including varnishes, fluoride-releasing restorative materials, and regular follow-up care. Silver Diamine Fluoride (SDF) is a topical agent that has gained considerable attention due to its potent caries-arresting ability. It is a colourless, odourless solution containing silver, fluoride, and ammonium ions, with an exceptionally high fluoride concentration of 44,800 ppm. When applied to carious lesions, SDF promotes dentinal tubule occlusion, bacterial eradication, remineralisation, and inhibition of collagen degradation [5]. However, its use is associated with an undesirable side effect—permanent black staining of the treated carious lesion due to silver precipitation.
Evidence suggests that SDF application before amalgam placement may reduce microgap formation, thereby improving the longevity of restorations [6]. Nevertheless, when used prior to composite placement, SDF can adversely affect bonding. The precipitated layer on dentin may interfere with resin infiltration, resulting in reduced bond strength, especially when restoration is performed immediately after application [7]. Interestingly, some studies have reported improved bonding when composite placement is delayed for one week post-SDF treatment [8].
To address the bonding challenges associated with SDF-treated dentin, several surface modification techniques have been investigated. These include the use of sodium ascorbate [9], proanthocyanidins [9], chlorhexidine [10], and air abrasion [11]. Among these, air abrasion—using high-velocity abrasive particles to micro-mechanically roughen the dentin surface—has been proposed as a promising method to improve adhesion by removing or altering the SDF-affected surface layer [11]. However, the combined influence of delayed restoration and air abrasion on composite–dentin bond strength remains unexplored.
Therefore, the present study aims to evaluate and compare the bond strength of composite restorations to SDF-treated dentin, with and without the use of air abrasion, and under immediate and delayed restoration protocols. The null hypothesis states that neither the timing of restoration nor the application of air abrasion will significantly influence composite–dentin bond strength.

2.Materials and Methods 
2.1 Ethical Approval and Sample Size Determination
The study protocol was approved by the Institutional Ethics Committee (IEC) of [SDM Institute of Dental Sciences], approval number [IEC Approval No.******************]. All experimental procedures followed the Declaration of Helsinki and applicable national guidelines for biomedical research.
The sample size was calculated using G*Power software (version X.X, Universität Düsseldorf, Germany). Parameters included a significance level (α) of 0.05, a statistical power (1–β) of 0.80, and an effect size derived from previously published studies assessing shear bond strength on SDF-treated dentin. The minimum required sample size was 54 specimens, ensuring adequate statistical validity.
2.2 Sample Selection and Storage
Caries-free maxillary first premolars extracted for orthodontic or periodontal indications were obtained. Teeth with cracks, hypoplastic defects, restorations, or previous endodontic treatment were excluded. Samples were debrided of soft tissue remnants, cleaned with an ultrasonic scaler, and stored in deionized water containing 0.01% thymol at room temperature until testing, for a maximum of six months.
2.3 Specimen Preparation
The roots were sectioned approximately 2 mm below the cementoenamel junction using a low-speed diamond disc under continuous water irrigation to avoid thermal damage. Coronal segments were embedded in self-cure acrylic resin blocks, positioning the buccal surface upward. Each buccal surface was flattened using 600-grit silicon carbide abrasive paper under running water to produce a standardized smear layer and bonding area.
2.4 Grouping of Samples
The specimens were randomly divided into three groups (n = 18), each with two subgroups (n = 9):
· Group 1 (Control) – Composite restoration only
 • 1a: No air abrasion
 • 1b: With air abrasion
· Group 2 – SDF pretreatment, composite restoration after 2 days
 • 2a: No air abrasion
 • 2b: With air abrasion
· Group 3 – SDF pretreatment, composite restoration after 15 days
 • 3a: No air abrasion
 • 3b: With air abrasion
2.5 SDF Pretreatment
In Groups 2 and 3, 1 drop of 38% SDF (FAgamin®, Tedequim) was dispensed into a mixing well and applied evenly to the dentin surface using a microbrush with light brushing motion for 5–10 seconds. The treated surface was left undisturbed for 1 minute to allow penetration and reaction. Excess solution was blotted with sterile cotton, followed by rinsing with distilled water for 15 seconds and gentle air drying for 5 seconds. In Group 2, composite restoration was performed after 2 days; in Group 3, after 15 days, with specimens stored in distilled water at 37°C in between.
2.6 Air Abrasion Treatment
For subgroups receiving air abrasion, 50 μm aluminium oxide particles (Bio-art, Brazil) were delivered at 45 psi using an air abrasion unit. The nozzle was positioned 5 mm from the dentin surface, perpendicular to it, and moved in a circular motion for 10 seconds to ensure uniform abrasion. Post-treatment, surfaces were rinsed under vigorous water spray for 30 seconds to remove all residual abrasive particles, then air dried.
2.7 Restorative Procedure
An 8th-generation universal adhesive (G-Premio Bond, GC Corp.) was applied to the dentin surface with a microbrush, actively agitated for 20 seconds to enhance monomer infiltration, then gently air-dried for 5 seconds to evaporate the solvent. The adhesive was light-cured for 10 seconds using an LED curing unit with an output intensity of 1200 mW/cm².
A cylindrical Teflon mold (internal diameter 2 mm, height 5 mm) was positioned over the prepared dentin surface. The mold was incrementally filled with nanohybrid composite resin (Shofu Beautifil II) in two layers, each condensed using a plastic filling instrument. Each increment was light-cured for 20 seconds, totaling 40 seconds of curing. After polymerization, the mold was carefully removed.
2.8 Storage and Shear Bond Strength Testing
All restored specimens were stored in distilled water at 37°C for 24 hours before testing. Shear bond strength was measured using a universal testing machine at a crosshead speed of 0.5 mm/min. The load at failure (in Newtons) was recorded, and the bond strength was calculated in megapascals (MPa) by dividing the load by the bonding area. 

Results 
Table 1. Descriptive Statistics for Shear Bond Strength (MPa) by Group 
 
	
	No 	air abrasion 
 
	With 	air abrasion 
	SDF 2 days and No air 
abrasion 
	SDF 2 days with 
air abrasion 
	SDF 15 days and No air 
abrasion 
	SDF 15 days with 
air abrasion 

	N 
	9 
	9 
	9 
	9 
	9 
	9 

	Mean 
	5.2422 
	4.8511 
	5.4778 
	9.2822 
	3.1811 
	20.6222 

	Std. 
Deviation 
	.43355 
	2.16914 
	.45989 
	3.07056 
	.66812 
	26.33533 

	Minimum 
	4.42 
	1.15 
	4.72 
	7.13 
	2.11 
	2.28 

	Maximum 
	5.91 
	6.68 
	5.99 
	15.80 
	3.97 
	67.90 

	25 percentiles 
	5.0100 
	2.9350 
	5.0300 
	7.6100 
	2.6650 
	5.8050 

	50 percentiles 
	5.1700 
	5.7900 
	5.5700 
	7.8900 
	3.0600 
	6.6400 

	75 percentiles 
	5.5750 
	6.3400 
	5.8700 
	10.8350 
	3.8500 
	40.5500 

	 
	 
	 
	 
	 
	 
	 


 
Figure 1- Mean shear bond strength among various groups  
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Table 2. Kruskal-Wallis Test for Shear Bond Strength by Group 
	Group 
	
	N 
	Mean Rank 

	Stress in MPa 
	No air abrasion 
	9 
	21.61 

	
	With air abrasion 
	9 
	24.67 

	
	SDF 2 days and No air abrasion 
	9 
	25.44 

	
	SDF 2 days with air abrasion 
	9 
	46.28 

	
	SDF 15 days and No 
air abrasion 
	9 
	7.89 

	
	SDF 15 days and with air abrasion 
	9 
	39.11 

	
	Total 
	54 
	  


  
	Test Statistics 
	

	  
	Stress in MPa 

	Chi-Square 
	33.423 

	df 
	5 

	Asymp. Sig. 
	.000* 


*<0.05 considered statistically significant <0.001 considered highly significant 






Table 3. Mann-Whitney U Test for Pairwise Comparisons of Shear Bond Strength Between Groups 
 
	Group 
	No 	air 
abrasion 
	With air abrasion 
	SDF 2 days and No air 
abrasion 
	SDF 2 days with 
air abrasion 
	SDF 15 days and No air 
abrasion 
	SDF 15 days with 
air abrasion 

	No 	air 
abrasion 
	- 
	0.310 
	0.309 
	<0.001* 
	<0.001* 
	0.008* 

	With 	air abrasion 
	0.310 
	- 
	0.757 
	<0.001* 
	0.047* 
	0.047* 

	SDF 2 days and No air abrasion 
	0.309 
	0.757 
	- 
	<0.001* 
	0.001* 
	0.019* 

	SDF 2 days with air abrasion 
	<0.001* 
	<0.001* 
	<0.001* 
	- 
	<0.001* 
	0.536 

	SDF 15 days and No air 
abrasion 
	<0.001* 
	0.047* 
	<0.001* 
	<0.001* 
	- 
	0.004* 

	SDF 15 days with 
air abrasion 
	0.008* 
	0.047* 
	0.019* 
	0.536 
	0.004* 
	- 


 
P-values <0.05 are considered statistically significant.
Table 4. Distribution of Failure types  
	Group 
	N 
	Mixed (%) 
	Cohesive (%) 
	Adhesive (%) 

	No air abrasion 
	9 
	8 (88.9%) 
	0 (0.0%) 
	1 (11.1%) 

	With air abrasion 
	9 
	8 (88.9%) 
	1 (11.1%) 
	0 (0.0%) 

	SDF 2 days and No air abrasion 
	9 
	8 (88.9%) 
	0 (0.0%) 
	1 (11.1%) 

	SDF 2 days with air abrasion 
	9 
	8 (88.9%) 
	1 (11.1%) 
	0 (0.0%) 

	SDF 15 days and No air abrasion 
	9 
	7 (77.8%) 
	0 (0.0%) 
	2 (22.2%) 

	SDF 15 days and with air abrasion 
	9 
	6 (66.7%) 
	3 (33.3%) 
	0 (0.0%) 

	Total 
	54 
	45 (83.3%) 
	5 (9.3%) 
	4 (7.4%) 


 
  
Table 5. Frequency of failure types 
	Mixed (%) 
	Cohesive (%) 
	Adhesive (%) 

	8 (88.9%) 
	0 (0.0%) 
	1 (11.1%) 

	8 (88.9%) 
	1 (11.1%) 
	0 (0.0%) 

	8 (88.9%) 
	0 (0.0%) 
	1 (11.1%) 


 
 	 
The shear bond strength (SBS) results revealed variations across the groups. The group receiving delayed restoration after air abrasion (group 3b) demonstrated the highest mean bond strength (20.62 MPa) but also substantial variability (SD=26.34) with values ranging from 2.28 to 67.90 MPa. The group receiving delayed restoration without air abrasion showed the lowest mean bond strength (3.18 MPa, SD=0.67). The group receiving immediate restoration with air abrasion displayed moderate bond strength (9.28 MPa, SD=3.07), while the group receiving immediate restoration without air abrasion (5.48 MPa, SD=0.46) performed similarly to the control groups without SDF treatment (5.24 MPa without air abrasion; 4.85 MPa with air abrasion). Groups without air abrasion generally showed more consistent results with lower standard deviations. In descending order of mean shear bond strength, the groups ranked: delayed restoration with air abrasion > immediate restoration with air abrasion > immediate restoration without air abrasion > control without air abrasion > control with air abrasion > delayed restoration without air abrasion as shown in Table1 and Figure1. 
The results of the study when analysed statistically using Kruskal-Walli’s test showed significant differences in shear bond strength across the six groups (Chi-Square = 33.423, df = 5, p < 0.001) as shown in Table 2. The mean ranks indicate the relative strength of each group, with higher ranks indicating higher bond strength values. The p-value of 0.000 (reported as < 0.001) indicates that these differences are highly significant statistically. suggesting that the combinations have a meaningful effect on shear bond strength.  
Comparison of shear bond strength with all pairs of groups using Mann-Whitney U tests showed significant differences (p < 0.05) as shown in Table 3. There was no statistically significant difference between the control groups (1a and 1b) with p = 0.310. Similarly, there was no statistically significant difference between the control groups and group 2a (p=0.309). There was statistically significant difference between groups 1a &2b, 3a, 3b (p < 0.001, 0.001, 
0.008) respectively, groups 1b and 2b,3a, 3b (0.001,0.047,0.047) respectively, groups 2a and 2b, 3a,3b (0.001,0.001,0.0019) respectively, group 2b and 3a, (0.001), groups 3a and 3b(0.004) as shown in Table 3.   
In the distribution of failure types across different groups, mixed failure was the most frequent type, occurring in 88.9% of samples irrespective of the group. In the "No air abrasion" group, 
8 out of 9 samples exhibited mixed failure, while 1 sample (11.1%) showed adhesive failure. Similarly, the "With air abrasion" group had 8 (88.9%) mixed failures and 1 (11.1%) cohesive failure. Groups treated with SDF and receiving immediate restoration followed a comparable pattern. Without air abrasion, 88.9% of samples demonstrated mixed failure, while 11.1% exhibited adhesive failure. In the "SDF treated with immediate restoration with air abrasion" group, 8 samples showed mixed failure (88.9%), while cohesive failure was seen in 1 sample (11.1%). Overall, mixed failure was consistently dominant, with minimal variation across groups as shown in Table 4. 
Across all groups, the predominant failure type observed was mixed failure, accounting for 88.9% of the total failures. Adhesive failure was identified in only 11.1% of cases in the groups without air abrasion and in those where SDF and restored immediately without air abrasion. In contrast, cohesive failure was observed only once (11.1%) in the group with air abrasion & after immediate restoration of SDF application, while it was completely absent in other groups. This consistent pattern suggests that mixed failure remains the most common mode across all conditions as shown in Table 5. 
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	Fig. 2- Adhesive mode of fracture 
	Fig. 3- Mixed mode of fracture 
	Fig. 4- Cohesive mode of fracture


	
Discussion
The treatment of carious lesions depends on factors such as the depth of caries, pulp health, restorability, and patient-specific needs. Direct restorative materials like amalgam and composites are preferred when feasible, while indirect materials such as ceramics and cast metals are used when direct placement is impractical. With the increasing demand for aesthetics, composites have gained popularity due to their superior esthetics and minimal tooth reduction requirements. However, limitations such as polymerisation shrinkage, restricted use in high-caries-risk patients, postoperative sensitivity, marginal discoloration, secondary caries, and pulp-related complications remain challenges. Secondary caries, affecting more than 25% of restoration replacements, particularly threatens restoration longevity. In high caries index patients, the application of anticariogenic agents beneath restorations can provide additional benefits.
Silver Diamine Fluoride (SDF) has gained popularity as a potent antibacterial agent effective against cariogenic bacteria. Its mechanism involves the formation of silver protein complexes and CaF deposits, which inhibit bacterial activity and promote dentin remineralisation [13,15]. However, a significant drawback when planning immediate composite restoration is the potential reduction in bond strength, attributed to the formation of a hyper mineralised surface layer that hinders resin adhesive infiltration [16] and prevents hybrid layer formation [17].
Various techniques have been proposed to overcome this limitation, including the use of potassium iodide, air abrasion, and mechanical removal with burs. Air abrasion using aluminium oxide particles is effective in eliminating the superficial hyper mineralised layer, thereby increasing surface area, enhancing wettability, and improving adhesive penetration. In the present study, air abrasion with 50 µm aluminium oxide particles at 45 psi, from a distance of 5 mm with the nozzle perpendicular to the dentin surface, was employed for SDF-treated dentin in groups 2b and 3b.
Evidence from Quock et al. demonstrated higher bond strength with total-etch systems compared to self-etch, although no difference was noted on non-carious dentin [18]. A systematic review also indicated that SDF reduces bond strength if the surface is not polished and that phosphoric acid conditioning can neutralise the alkaline SDF-treated surface (pH 10), improving bonding.
In this study, an eighth-generation adhesive (G-Premio Bond) containing hydrophilic and hydrophobic monomers such as 10-MDP and PENTA was used, as these enhance dentinal tubule penetration and bond strength. Chauhan et al. reported higher shear bond strength for eighth-generation adhesives compared with earlier generations [19]. Previous studies have also shown that delaying composite restoration after SDF application enhances bond strength [20,8]; thus, in group 3b, composite placement was delayed by 15 days.
The findings revealed higher shear bond strength with delayed restorations compared to immediate placement (group 3 > group 2), and air abrasion further improved bond strength (group 3b > 3a; group 2b > 2a). This improvement may result from the reduction in inhibitory effects of silver ions on MMPs and cathepsins, as well as the removal of ammonia preservatives [8]. Air abrasion likely contributed by creating micro-retentive surfaces and enhancing resin infiltration [11,12]. The synergistic effect of air abrasion and delayed restoration has been similarly reported by Uctasli M et al. [13].
A known drawback of SDF is discoloration. Delaying restoration can reduce this discoloration [14], supporting the protocol proposed in this study. The in-vitro nature of this study limits direct clinical extrapolation, as oral conditions such as moisture, temperature, and occlusal loading were not simulated. Additionally, although the sample size was statistically adequate, larger samples would increase the robustness and generalisability of results.
This study concluded that delaying composite bonding after SDF application, particularly when combined with air abrasion, significantly enhances bond strength by optimizing dentin surface conditions. These findings offer valuable guidance for clinicians seeking to improve the success and longevity of restorative procedures following SDF application.  
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