Effect of adhesive application method on repair bond strength of composite
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Abstract
Objectives
This study aimed to evaluate the effect of the application method of universal adhesives on the shear bond strength (SBS) of repaired composites, applied with different thicknesses.

Materials and Methods
The 84 specimens (Filtek Z350 XT) were prepared, stored in distilled water for a week and thermocycled (5,000 cycles, 5°C to 55°C). They were roughened using 400-grit sandpapers and etched with phosphoric acid. Then, specimens were equally divided into 2 groups; Single Bond Universal (SU) and Prime&Bond Universal (PB). Each group was subdivided into 3 subgroups according to application methods (n = 14); UC: 1 coat + uncuring, 1C: 1 coat + curing, 3C: 3 coats + curing. After storage of the repaired composite for 24 hours, specimens were subjected to the SBS test and the data were statistically analyzed by 2-way analysis of variance and independent t-tests. Specimens were examined with a stereomicroscope to analyze fracture mode and a scanning electron microscope to observe the interface.

Results
Adhesive material was a significant factor (p = 0.001). Bond strengths with SU were higher than PB. The highest strength was obtained from the 1C group with SU. Bonding in multiple layers increased adhesive thicknesses, but there was no significant difference in SBS values (p = 0.255). Failure mode was predominantly cohesive in old composites.

Conclusions
The application of an adequate bonding system plays an important role in repairing composite resin. SU showed higher SBS than PB and the additional layers increased the adhesive thickness without affecting SBS.
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INTRODUCTION
An increasing focus on dental aesthetics and the development of new materials and techniques have led to an increase in resin restorations. When clinicians are faced with defective restorations, they need to decide whether to replace or repair the restorations. As part of the healthy tooth is removed together to replace the restoration, the size of the restoration increases and the likelihood of pulp irritation increases, which shortens the life of the tooth [1]. Due to the development of adhesive dentistry over the last few decades, repair, as opposed to replacement, may increase the clinical longevity of the restorations and prolong the long-term life of the tooth [23].
Bonding between aged and repaired resin composites is partly achieved by the critical amount of the unreacted monomer. However, aged composites have a diminished number of carbon double bonds to react with repaired composites [4]. A wide variety of methods have been proposed to increase the bond strength between aged and freshly added composites; surface roughening with burs, etching with phosphoric or hydrofluoric acid, air-borne particle abrasion with aluminum oxide particles, application of a silane coupling agent, and adhesive systems [5678910111213].
Universal adhesives have been developed and used in a large variety of restorative applications. They can be used to bond with metals, composites, ceramics as well as teeth and can be applied through total-etch, self-etch, and selective-etch modes according to the clinician's preference and specific clinical situation. Additionally, they are compatible with light-cure, self-cure, and dual-cure resin-based cements, so they can be used for the placement of both direct and indirect restorations [1415]. In addition, some universal adhesives already contain a silane composition, although there is a controversy about the efficacy of the silane [16].
When considering the bond strength between dentin and composites, multiple applications of dental adhesives increase the thickness of the adhesive layer, which is related to high shear bond strength (SBS) [1718]. However, in a repair, the thickness of the adhesive layer, which is considered the weakest part should be minimized. It has even been stated that not curing the adhesive before the composite placement allows for intimate contact between aged and repaired composite and a thinner adhesive layer renders higher bond strength [1920].
The objectives of this study were to assess the SBS between aged and repaired composite with different application protocols, and to determine the effects of adhesives on the bond strength. The null hypothesis of the present study was that the SBS of repaired composite will not be affected by (i) different adhesives and (ii) application methods of adhesives.

MATERIALS AND METHODS
The materials are listed in Table 1 with associated components. This study was carried out in 2 main groups according to the adhesive system used. Each main group was further divided into 3 subgroups according to application methods. In all groups, the same composite was used as a repair material.
Table 1 Materials used in this study

[image: ]	Materials	Type of material	Component	Manufacturer
	SU	Universal adhesive	10-MDP, dimethacrylate resins, Vitrebond copolymer, HEMA, filler, ethanol, water, initiators, silane	3M ESPE, St. Paul, MN, USA
	PB	Universal adhesive	Phosphoric acid-modified acrylic resin, multifunctional acrylate, acid acrylate, bifunctional acrylate, isopranolol, water, initiators, stabilisators	Dentsply Caulk, Milford, DE, USA
	Selection-K Etchant	Etchant	37% phosphoric acid viscous gel, thickener	Shinhung, Seoul, Korea
	Filtek Z350 XT Universal Restorative	Resin composite	bis-GMA, UDMA, TEGDMA, bis-EMA, PEDGMA, non-aggregated 4 to 10 nm zirconia, non-aggregated 20 nm silica and aggregated zirconia/silica cluster filler (63.3 vol%)	3M ESPE, St. Paul, MN, USA

SU, Single Bond Universal; PB, Prime&Bond Universal; 10-MDP, 10-methacryloyloxydecyl dihydrogen phosphate; bis-GMA, bisphenol A-glycidyl methacrylate; UDMA, urethane dimethacrylate; TEGDMA, triethylene glycol dimethacrylate; bis-EMA, ethoxylated bisphenol-A dimethacrylate; PEGDMA, poly(ethylene glycol) dimethacrylate; HEMA, 2-hydroxyethyl methacrylate.


Since there is no protocol for repairing resin restorations, the general protocol for direct resin restoration was used in the case of applying the adhesive once. The general application methods by manufacturers are shown in Table 2.
Table 2 General application protocol for direct resin restorations

[image: ]	Adhesives	Application protocol
	SU	1. Apply SU to the prepared tooth and rub it for 20 sec.
	2. Gently air dry the adhesive for 5 sec to evaporate the solvent.
	3. Light cure for 10 sec.
	PB	1. Apply PB to all cavity surfaces. Avoid pooling.
	2. Keep PB slightly agitated for 20 sec.
	3. Evaporate solvent with air for at least 5 sec.
	4. Light cure for 10 sec.

SU, Single Bond Universal; PB, Prime&Bond Universal.


Specimen preparation
A rectangular mold made of polypropylene was used to prepare 84 samples (10 × 10 × 2 mm) of Filtek Z350 XT composite. Each increment was light-polymerized with a light-curing device (Skylight, Dmetec, Bucheon, Korea) for 30 seconds. The wavelength was between 440 and 490 nm and the radiant emittance was 1,000 mW/cm2. The sample was removed from the mold and the specimens were then embedded in a cylinder-shaped mold (25 × 25 × 13 mm) and filled with self-cure acrylic resin (Ortho-Jet, Lang Dental Manufacturing Company, Wheeling, IL, USA).
The specimens were aged by thermal cycling 5,000 times between 5°C and 55°C, with a dwell time of 10 seconds and transfer time of 10 seconds. Then, the specimens were all surfaced flat with a 400-grit silicon carbide sandpaper under running water to obtain a standardized roughness. The phosphoric acid (Etchant, Shinhung, Seoul, Korea) etching on each specimen was conducted for cleaning for 15 seconds. Subsequently, specimens were classified into 2 groups according to the adhesive systems; Single Bond Universal (SU) or Prime&Bond Universal (PB). Then, each group was subdivided into 3 subgroups according to the application methods; 1 coat + uncuring (UC), 1 coat + curing (1C), 3 coats + curing (3C). In the case of applying the adhesive, the protocol suggested by the manufacturer for bonding was used. When applying 3 times for 3C groups, air blow and light polymerization were separately performed for each layer. The experimental designs are shown in Figure 1. All samples were kept in distilled water for 2 weeks before carrying out the repair process.
[image: Figure 1]
Figure 1 Experimental design of this study.


SBS test
The 2 mm thick layer of composite resin was added into a plastic mold (Ultradent jig, Ultradent Products, South Jordan, UT, USA) and then light polymerized under 1,000 mW/cm2 power light gun for 20 seconds.
After 24-hour storage in distilled water, samples were submitted to the SBS test (Shear Bond Tester, Bisco Inc., Schaumburg, IL, USA) (Figure 2). The measured values were then divided by the area of the adhesive surface (4.34 mm2) and converted to units of MPa.
[image: Figure 2]
Figure 2 Schematic representation of the shear bond strength test.

Failure modes were analyzed at a magnification of ×20 with a microscope. The results were classified as mixed, adhesive and cohesive failures.

Scanning electron microscopic analysis
One specimen of each group was made for the analysis of the interface, which was observed by a scanning electron microscope (SEM) at an accelerating voltage of 10 kV after sputter coating with gold powder.

Statistical analysis
Statistical analyses were conducted using commercial statistical software (SPSS Statistics 23, IBM, Armonk, NY, USA). The normality of data distribution was tested using the Shapiro-Wilk test. A 2-way analysis of variance (ANOVA) test was applied to SBS data with “adhesives” and “application methods” as factors. After verifying which factor causes the difference, an independent t-test was then used for comparisons of SBS data of 2 adhesive systems. All tests were run at the significance level of p < 0.05.


RESULTS
SBS
The mean bond strengths and average deviations are presented in Table 3. The results of the 2-way ANOVA test showed there was a significant difference according to the adhesives (p = 0.001) but no significant difference depending on the application methods (p = 0.255) and the interaction between these 2 factors (p = 0.900). It was observed through the independent t-test that the bond strengths of SU were higher than those of PB (p < 0.05).
Table 3 Shear bond strength values (MPa)

[image: ]	Application methods	Code	Adhesive
	SU	PB
	1 coat + uncuring	UC	9.14 ± 3.94a	6.40 ± 1.64b
	1 coat + curing	1C	10.03 ± 2.96a	8.05 ± 1.80b
	3 coats + curing	3C	10.12 ± 3.48a	7.67 ± 3.43b
			9.76 ± 3.42a	7.37 ± 2.47b

Values are presented as mean ± SD. The p < 0.05 was considered statistically significant.
SU, Single Bond Universal; PB, Prime&Bond Universal; SD, standard deviation.
Values followed by the same letter were not significantly different.



Failure mode analysis
Analysis of the failure mode showed that the greatest number of failures found were cohesive in old resin (Table 4).
Table 4 Failure mode analysis

[image: ]	Adhesives	Group	Code	Type of fracture
	A	M	C
	SU	1 coat + uncuring	UC	2	5	6
	1 coat + curing	1C	0	1	12
	3 coats + curing	3C	0	2	11
	PB	1 coat + uncuring	UC	3	3	7
	1 coat + curing	1C	0	4	9
	3 coats + curing	3C	1	4	8

SU, Single Bond Universal; PB, Prime&Bond Universal; A, adhesive fracture; M, mixed fracture; C, cohesive fracture (in old composite substrate).



SEM analysis
Figures 3 and 4 present SEM images of the bonding interface obtained after the application of the tested adhesives. They showed that multiple adhesive applications produced an increase in adhesive layer thickness for 2 adhesive systems. SU showed a thicker adhesive layer than PB. No clear adhesive layer could be observed in both adhesives without curing.
[image: Figure 3]
Figure 3 Scanning electron microscopy images of bonding interface obtained by application of Single Bond Universal (SU): (A) SU-UC, 1 coat + uncuring; (B) SU-1C, 1 coat + curing; (C) SU-3C, 3 coats + curing (×5,000).WD, working distance; EHT, electron high tension.

[image: Figure 4]
Figure 4 Scanning electron microscopy images of bonding interface obtained by application of Prime&Bond Universal (PB): (A) PB-UC, 1 coat + uncuring; (B) PB-1C, 1 coat + curing; (C) PB-3C, 3 coats + curing (×5,000).WD, working distance; EHT, electron high tension.

At any of 3 points, the thickness of the adhesive layer was measured and averaged. The results are shown in Table 5.
Table 5 Thickness of adhesive layer (μm)

[image: ]	Adhesives	Method of application
	UC	1C	3C
	SU	Not measurable	4.28	12.87
	PB	Not measurable	2.47	7.30

SU, Single Bond Universal; PB, Prime&Bond Universal; UC, 1 coat + uncuring; 1C, 1 coat + curing; 3C, 3 coats + curing.




DISCUSSION
This study evaluated the effect of different adhesives and application methods of adhesives on the SBS of repairs in a nanocomposite. The null hypothesis was partly rejected, as significant differences were found between different adhesives, but not between application methods.
When resin restorations fracture or secondary caries occur, repairs are known to benefit the life of the tooth rather than replacements. The replacement of the entire restoration will inevitably lead to a larger restoration as the healthy tooth substrates are removed [1]. In the repair process, it is important to obtain a high bond strength between the aged and repaired composite substrates. It is known that applying an adhesive on the underlying aged substrates improves the repair bond strength between the aged and repaired composite [2122]. In this study, we investigated the influence of the application methods of universal adhesives on the repair SBS of a newly filled composite applied to the old composite substrates.
Universal adhesives were developed to simplify various dental restoration procedures. Previous studies have shown that universal adhesives have comparable bond strengths compared to previous generations of adhesive systems [1423]. In this study, 2 universal adhesives were evaluated; SU and PB. Since SU was the first universal adhesive available after the patent for 10-methacryloyloxydecyl dihydrogen phosphate expired, it is widely used not only in clinics but also in various experimental studies [14]. Meanwhile, PB was launched later and features low film thickness. As the film thickness is expected to affect the repair bond strength, the 2 adhesives mentioned above were selected and tested in this experiment.
Unlike relying on micromechanical and chemical bonding between resin and tooth, the repair bond strength between aged and repaired composite substrates depends much more on the micromechanical bonding by surface roughening [21]. When a high viscosity composite is applied to this rough surface, it is difficult to achieve a mechanical interlocking. Therefore, the application of an adhesive with low viscosity prior to the repair is recommended in general to achieve a higher bond strength [2224].
However, the adhesive layer in the repair process is regarded as the weakest part and the adhesive needs to act just as a wetting agent [19]. Contrary to the fact that the thick adhesive layer acts as a shock-absorbing layer between the tooth substrate and composites to thus disperse the stress at the interface, a minimally thin adhesive layer is required in the repair process, so that the substrates fit together as tightly as possible [25]. Eliasson et al. [20] reported that repairing composite restorations was enhanced by the use of an adhesive rendering a thin bonding layer and not curing the adhesive before placement of composite made an ideal situation for repairs between aged and repaired composites. Very intimate contact was observed between aged and repaired substrates under a light microscope when not curing the adhesive separately. It was believed that the repaired composite squeezed the uncured adhesive.
In this study, it was also found that if the adhesive was not cured, a clear adhesive layer did not appear on the SEM analysis, signifying intimate contact between substrates accomplished by squeezing pressure. However, this did not lead to an improvement in bond strength. The mean thickness of 1 layer of cured adhesive was measured at randomly selected 3 points and was approximately 4.28 μm for SU and 2.47 μm for PB, respectively. Each of the 3 layers applied increased the thickness accordingly, but there was no significant difference in the SBS. It was found that the multiple application of universal adhesives did not improve the repair bond strength. This is in contrast to the report showing higher bond strength between teeth and composite when applying bonding agents several times [18].
In the statistical analysis, SU, which contains silane in its composition, showed a higher SBS than that of PB. Although most of the bond strength is obtained from micromechanical bonds, some is achieved due to chemical bonds [21]. Silane may form siloxane bonds to promote chemical bonding between silicate-containing filler particles exposed on the surface and the resin matrix of the fresh resin layer [6]. It could be postulated that the silane contained in SU helps to improve the bond strength between aged and repaired composite. Yet more research would be needed to prove this effect because other studies show that the silane contained in the adhesive has no discernible effect on the bond strength. It was stated that only freshly mixed silane helped to improve the bond strength [16]. In addition, silane did not significantly affect the bond strength, depending on the substrates and thermocycling process [26]. Meanwhile, the group using PB showed a significantly lower SBS despite the comparatively thin film thickness. It could be inferred that the component itself had a significant influence on the bond strength rather than the thickness of the adhesive.
The bond strength is a force measured when the specimen fractures and when the adhesive failure occurs, it is the “true” bond strength. In this study, many of the test specimens showed cohesive failures in aged composite specimens. Della Bona and van Noort [27] suggested that the shear bond test measured the cohesive strength of the underlying composite. Cohesive failures in the underlying composite have been considered as evidence that the bond strength is superior to the cohesive strength of the parent substrate. It may also indicate that the underlying composite was weakened because of water sorption due to aging. However, the pull-out of substrates was partly due to the biomechanics of the test and did not indicate superior adhesive strength [28].
The composite substrate itself is also important to obtain a high repair bond strength. The nanocomposite used in this experiment, Filtek Z350 XT, consists of bisphenol A-glycidyl methacrylate (bis-GMA), ethoxylated bisphenol-A dimethacrylate (bis-EMA), urethane dimethacrylate (UDMA), and triethylene glycol dimethacrylate (TEGDMA). Hydrophilic TEGDMA absorbs greater amounts of water after thermocycling. It has a detrimental effect on the structural integrity of resin-based composites. The loose particles in the hydrolyzed Filtek Z350 XT resin matrix could easily detach. This would probably be the reason for the high percentage of cohesive failures.
Although the minimally required repair bond strength of the composite is unknown, repair bond strength was measured at a lower level that was far below that stated by the manufacturer even in the SU group with higher bond strength. The manufacturer of SU claims repair bond strengths above 20 MPa using their internal data [29]. The lower bond strength in this study may be due to the fact that repair was performed without mechanical roughening, such as air abrasion, which is recommended for the repair process.
There are a few limitations to this study. Clinicians perform surface preparation during resin repairing to remove surface contaminants and to form a rough surface [30]. In this experiment, 400-grit silicon carbide paper was used to obtain standardized surface coverage with smear layers similar to the surface created with a coarse diamond bur at a clinic [31]. However, it may be insufficient to simply prepare the surface to enhance micromechanical retention. Additional roughening, such as air abrasion, may need to be conducted during the preparation.
In this study, the SBS between the old and new composite substrates depends on the adhesive used, not on the application method. However, it is not yet possible to offer a universal repair protocol for all composites. Further studies are needed to assess the performance of these adhesives with different resin composites and over longer periods of time, allowing for aging.

CONCLUSIONS
The repair bond strength between aged and repaired composites depends on the adhesives used. However, application methods had no significant effect on the SBS between aged and repaired composites for the materials used in this study.
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