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Abstract
Purpose: The objective was to assess the effect of various etching techniques on the shear bond strength(SBS) of resin infiltratedsound/ demineralized enamel.
Materials and Methods: A total of 180 extracted human upper incisors’ enamel surfaces were utilized. Half of these specimensunderwent artificial demineralization, which involved exposing to an acidic buffer with a pH of 4.8 (14 days). The remaining halfof the specimens were kept in their original sound condition. Subsequently, both the sound/ demineralized specimens weredivided into 6 groups according to the presence (I)/absence (NI) of resin infiltrant and etching methods (35% phosphoric acid (PA),9% hydrofluoric acid (HFA), and Er,Cr:YSGG laser(L) (n=15): Following different etching procedures, an etch-and-rinse adhesivesystem was used, before the application of a nanohybrid composite to the enamel surfaces. Then all specimens were submitted toSBS test (MPa). Three-way ANOVA and Bonferroni test were used for statistical analysis (p=0.05).
Results: PA showed the highest SBS in the I groups compared with L and HFA groups, both in demineralized and sound enamel(p<0.05). On sound enamel, L showed higher SBS than HFA (p<0.05). On demineralized enamel, L showed similar values withHFA(p>0.05). In the NI groups, L showed similar SBS to HFA on both demineralized and sound enamel(p>0.05).
Conclusions: Resin-infiltrated enamel can be etched by 35% phosphoric acid without jeopardize bond strength.
Key words: Shear bond strength; Resin infiltration; Etching; Laser; Composite resin

Introduction

Enamel demineralization is one of the earliest stages of caries le-sions that occurs as a result of the plaque remaining on the toothsurface longer than the critical process. Initial enamel demineral-ization is expressed as a "white spot lesion" (WSL) as a consequenceof the optical illusion caused by mineral loss 1,2.WSL is the reversible stage of dental caries. Initial enamel carieshave been traditionally treated with the use of remineralizing andantibacterial agents, such as topical fluoride, chlorhexidine glu-conate, ozone therapy. However, the success of these treatmentapproaches is closely related to the patient’s cooperation 3,4.The resin infiltration treatment has been introduced as a mini-mally invasive technique for noncavitated carious lesions. The tech-nique provides penetration of a low viscosity resin into the lesionwith minimal removal of the hypermineralized surface layer 5,6.The resin has a comperable refractive index (RI 1.51) to that of thesound enamel (RI 1.62); therefore, the resin infiltration of WSLs

can also mask the whitish appearance 7.Recently, it was questioned whether a resin infiltration treat-ment can also be applied prior to a composite resin restoration 8–10.For minimally invasive treatment of initial enamel lesions with par-tially cavitated areas, both resin infiltration and restoration mightbe required. This application also may be required for the treat-ment of WSLs, which is frequently observed around the orthodonticbrackets. In clinical circumstances of rebonding the brackets, itmay be necessary to apply composite resin to the resin-infiltratedareas. In cases where aesthetic restoration is applied to the resin-infiltrated teeth, the bond strength of the composite resin will alsobe questioned.The enamel etching protocol with 35-40% phosphoric acid (PA)before the bonding procedures is most commonly used today 11. Ithas been reported in the literature that etching composite resinwith 4-10% hydrofluoric acid (HFA) may be successful in repairingcomposite resins 12,13.Erbium lasers also represent an alternative method for etch-
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ing. Given their nature of being well absorbed by hydroxyapatite,Erbium lasers can form microretentive surfaces for adhesive infil-tration 14,15. It also has been reported that the laser-etched enamelturns into a structure which exhibits more resistance to acid at-tacks 16,17.
The aim of this in vitro study is to assess the effect of threedifferent etching methods, i.e., hydrofluoric acid, phosphoric acidand laser, on the SBS of resin-infiltrated sound and demineralizedenamel. The null hypothesis of this in vitro study is that 1) applica-tion of the resin infiltrant does not improve the bond strength ofsound and demineralized enamel, and 2) the SBS of resin infiltrantdoes not differ depending on different etching techniques.

Material and Methods

1. Specimen Preparation

The study protocol was designed and performed according to theprinciples of the Helsinki Declaration. In this research, 180 anony-mous, extracted, permanent upper central incisor human teethwere used. After being separated from the root under water cooling,the crowns of teeth were encapsulated by acrylic resin (Meliodent,Heraeus Kulzer, Germany) with the buccal surfaces left exposed.The specimens were flattened and polished using 800, 1200, 2400-grit silicon carbide paper, respectively.
Experimental groups were determined according to the follow-ing criteria:

• 1. Demineralized enamel (D) / Sound enamel (S)• 2. Resin infiltrant (ICON) application (I) / No resin infiltrantapplication (NI)• 3. Different etching methods [Phosphoric acid (PA), Hydrofluo-ric acid (HFA), Laser (L)]
Figure 1 represents the flow chart of the experimental design.Materials used in this study are listed in Table 1.
For the demineralized enamel groups, 90 specimens were em-ployed randomly. The enamel surfaces were coated with an acid-resistant nail varnish, leaving a window (4 mm× 4 mm) positionedin the incisal third of the teeth. To form artificial WSLs, specimenswere immersed into demineralization solution (pH 4.8; 50 mMCH3COOH, 5 mM NaN3, 1.5 mM CaCl2, 0.9 mM KH2PO4, 0.1 ppmNaF) at 37.5°C. Every day, the pH level was checked and calibratedwith acetic acid if necessary. At the end of 15 days, a random samplewas selected, and the nail varnish was removed. The white opaquelesion was detected by visual inspection.

2. Application of Resin Infiltrant Treatment

In this study, the resin infiltrant treatment was applied to 45 teethof the artificially demineralized group and 45 teeth of the non-demineralized group. The specimens underwent resin infiltrationfollowing the guidelines provided by the manufacturer. Briefly, theenamel surface was treated with 15% hydrochloric acid gel (Icon-Etch, DMG, Hamburg, Germany) for 2 min, rinsed with water andair-dried for 30 s. The specimen was then desiccated using 99%ethanol (Icon-Dry, DMG, Hamburg, Germany) for 30 s followed bydrying with air. The resin infiltrant (Icon-Infiltrant, DMG, Ham-burg, Germany) was performed for 3 min, and light-cured for 40s (Woodpecker, Type B, Curing Light, China). The resin infiltrantwas re-applied for 1 min and light-cured for 40 s. Lastly, polish-ing discs (Sof-Lex, 3M ESPE, USA) were used to resin-infiltratedspecimens while being continuously cooled with water.
Thermocycles were submitted to the specimens (5000 times,5°C-55°C) (SD Mechatronik Thermocycler THE-1100, Germany)prior to bonding procedures.

Figure 1. Experimental flow diagram

3. Etching Procedures and Composite Application

3.1. Etching procedures

The sound/demineralized and resin infiltrant application/no resininfiltrant treatment groups were randomly divided into three sub-groups.
The etching groups are as follows:

• a. Hydrofluoric Acid (HFA)• b. Phosphoric Acid (PA)• c. Laser (L)

a. Hydrofluoric Acid Etching Group

Ultradent Porcelain Etch gel (Ultradent Products, Inc., South Jordan,UT, USA) containing 9% hydrofluoric acid (HF) was applied for 60s, rinsed with water and dried by air syringe.

b. Phosphoric Acid Etching Group

Ultra-Etch (Ultradent Products, Inc., South Jordan, UT, USA) con-taining 35% phosphoric acid was used for 30 s. The enamel surfacesrinsed with water, and slightly air-dried.

c. Laser Etching Group

An Er,Cr:YSGG laser (Waterlase MD, Biolase Technology Inc., SanClemente, CA, USA) were treat the surfaces functioning at a wave-length of 2780 nm with a pulse of 140 µs. A sapphire tip was usedas recommended by the manufacturer for etching MC6 (600 µm indiameter and 6 mm in length). A power setting of 2 W (80% air and60% water) at 20 Hz was used, and enamel surfaces were subject tothe laser for 10 s in a sweeping motion with 80J/cm2 energy density,achieving an approximately 3 mm × 3 mm laser-etched enamelsurface area.
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Table 1. Materials used in the study
Material Company Batch Number Composition

Phosphoric
Acid Ultra-Etch UltradentProducts, Inc., (South Jordan, UT, USA) BDZPW 35% phosphoric acid
Hydrofluoric
Acid

PorcelainEtch UltradentProducts, Inc., (South Jordan, UT, USA) 1-800-552-5512 9% hydrofluoric acid

Adhesive
System

AdperTM SingleBond 2(pH= 4.3) 3M ESPE (St. Paul, MN, USA) N811881
BisGMA, GDMA, UDMA, HEMA,nanofillers, water, ethanol, methacrylatefunctional copolymer of polyacrylicand polyitaconic acids

Resin
Infiltrant ICON DMG(Hamburg, Germany) 758432

ICON Etch:15% hydrochloric acid, pyrogenic silicic acid,surface active substanceICON-Dry:99% ethanolICON-Infiltrant:TEGDMA based resinmatrix, initiators
Composite
Resin Filtek Z250 3M ESPE(St. Paul, MN, USA) N729198

Organic Matrix Composition:Bis-GMA, Bis-EMA, UDMA, TEGDMAInorganic Filler Particles:60.0% (by volume) Zirconia andSilica particles (0.01-3.5 µm)

3.2. Application of composite resins and the thermal cycle

Immediately after the etching of each specimen, the Adper SingleBond 2 (3M ESPE, St. Paul, Minn., USA) etch & rinse adhesivesystem was applied according to the manufacturer’s instructions.A microhybrid composite, (Filtek Z250,3M ESPE, St. Paul, Minn.,USA) was placed to the enamel surface using a transparent plastichollow cylinder (diameter:2 mm, length:2 mm) and light-cured for20 s (Woodpecker, Type B, Curing Light, China).
After removal of the plastic molds, each sample group was keptin distilled water at room temperature for 24 h. Then, all sampleswere aged at 50°C and 550°C in a thermal cycling device (immersiontime = 25 seconds, transfer time = 10 seconds) for 5000 cycles.

4. Shear bond strength test

The shear bond strength (SBS) was tested using the universal testmachine (Lloyd Lrx ,Lloyd Instruments, USA). A shear force sub-jected to the adhesive interface (crosshead speed:1 mm/min. Afterapplying the shear force, the load at fracture was recorded, andsubsequently calculated in Megapascals (MPa).

5. Failure mode analysis

Failure types of the fractured specimens were determined witha stereomicroscope (Leica MZ 21, Leica Microsystems, Germany)under x20 magnification. Failure mode was considered as cohesivefailure if at least part of either the enamel or composite, as adhesivefailure if at the interface, and as mixed failure if it occurred both atthe interface and composite.

6. Statistical analysis

The data were statistically evaluated by three-way ANOVA. Bonfer-roni test was used for multiple comparisons at the 5% significancelevel. Analysis of the data was performed using the IBM StatisticalPackage for the Social Sciences (SPSS 22 Software for Windows).

Figure 2. Failure Mode Analysis.

Results

The SBS of sound and demineralized enamel groups and the resultsof bilateral comparisons with the Bonferroni test are listed in Table2 and Table 3 . Figure 2 presents the corresponding failure modesobserved during the analysis.
In the comparisons of the three etching methods in the resin-infiltrated sound enamel groups, the following statistically signif-icant differences were found (p<0.05): group 2 [resin-infiltratedsound enamel & etched with phosphoric acid (S+I+PA)]> group3 [resin-infiltrated sound enamel & etched with laser (S+I+L)]>group 1 [resin-infiltrated sound enamel & etched with hydrofluoricacid (S+I+HFA)]. In the comparisons of the three etching methodson non-resin-infiltrated sound enamel groups, no statistically sig-nificant difference was found between group 4 (S+NI+HFA) andgroup 6 (S+NI+L) (p>0.05). The phosphoric acid etched, no resin-infiltrated sound enamel group 5 (S+NI+PA) showed statisticallyhigher SBS than groups 4 and 6 (p<0.05).
The comparisons of the three etching methods on resin-infiltrated demineralized enamel groups results revealed no statisti-cally significant difference between group 7 [resin-infiltrated dem-ineralized enamel & etched with hydrofluoric acid (D+I+HFA)] and
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Table 2. Mean values, standard deviations and p values of the tested groups
SOUND

ENAMEL
DEMINERALIZED

ENAMEL
SBS and Standard
Deviation (MPa)

SBS and Standard
Deviation (MPa) p

ResinInfiltrant
HFA 10.73a ± 3.73 19.11d ± 6.57 <0.001PA 2922b ± 5.39 30.07e ± 7.12 0.685L 22.60c ± 7.53 23.24d ± 8.44 0.765
p <0.001 <0.001NoResinInfiltrant

HFA 5.08f ± 2.03 13.93hi ± 4.88 <0.001PA 35.58g ±7.61 19.91jk ± 5.08 <0.001L 7.43f ±1.65 18.59hj ± 4.35 <0.001
p <0.001 0.013

Table 3. Mean, standard deviations and p-values of the groups tested
SOUND DEMINERALIZED

SBS and Standard Deviation (MPa) SBS and Standard Deviation (MPa)

HFA
Resin Infiltrant 10.73 ± 3.73 19.11 ± 6.57No Infiltrant 5.08 ± 2.03 13,93 ± 4.88

p 0.008 0.015

PA
Resin Infiltrant 29.22 ± 5.39 30.07 ± 7.12No Infiltrant 35.58 ± 7.61 19.91 ± 5.08

p 0.003 <0.001

L
Resin Infiltrant 22.60 ± 7.53 23.24 ± 8.44No Infiltrant 7.43 ± 1.65 18.59 ± 4.35

P <0.001 0.028

group 9 [resin-infiltrated demineralized enamel & etched with laser(D+I+L)] (p>0.05). However, group 8 [resin-infiltrated demineral-ized enamel & etched with phosphoric acid (D+I+PA)] showed sta-tistically higher SBS than group 7 (D+I+HFA) and group 9 (D+I+L)(p<0.05). In the comparisons of the three etching methods on non-resin-infiltrated demineralized enamel groups, no statistically sig-nificant difference was found between group 12 (D+NI+L) and group10 (D+NI+HFA) (p>0.05). Also, there was no statistically signifi-cant difference between group 12 (D+NI+L) and group 11 (D+NI+PA)(p>0.05). However, group 11 (D+NI+PA) showed higher SBS thangroup 10 (D+NI+HFA) (p<0.05). In the comparisons of differentresin-infiltrated enamel samples (demineralized/sound) with thesame etching method, the results showed that the SBS of group1 (S+I+HFA) was significantly lower than group 7 (D+I+HFA) (p<0.05). However, there was no statistically significant differencebetween group 2 (S+I+PA) and group 8 (D+I+PA). Also, no statisti-cally significant difference was noted between group 3 (S+I+L) andgroup 9 (D+I+L) (p>0.05).

In the comparisons of different no resin-infiltrated enamel sam-ples (demineralized/sound) with the same etching method, the re-sults showed that the SBS of group 4 (S+NI+HFA) was significantlylower than group 10 (D+NI+HFA) (p <0.05). Group 5 (S+NI+PA)showed statistically higher SBS than group 11 (D+NI+PA) (p<0.05).Group 12 (D+NI+L) showed statistically higher SBS than group 6(S+NI+L) (p<0.05). In the comparisons of resin infiltrant applica-tion (resin infiltrated/not resin infiltrated) on sound enamel sam-ples with the same etching method, the results showed that theSBS of group 1 (S+I+HFA) was significantly higher than group 4(S+NI+HFA) (p <0.05). The SBS of group 5 (S+NI+PA) was higherthan group 2 (S+I+PA) (p<0.05). Group 3 (S+I+L) showed higherSBS than group 6 (S+NI+L) (p <0.05). In the comparisons of resininfiltrant application (resin infiltrated/not resin infiltrated) on dem-ineralized enamel samples with the same etching method, the re-sults showed that the SBS of group 7 (D+I+HFA) was statisticallyhigher than group 10 (D+NI+HFA) (p <0.05). Group 8 (D+I+PA)showed higher SBS than group 11 (D+NI+PA) (p <0.05). Group 9(D+I+L) showed higher SBS than group 12 (D+NI+L) (p <0.05).

Discussion

In this in-vitro study, the effect of three different etching meth-ods on the SBS of composite resin to resin-infiltrated sound anddemineralized enamel was evaluated. The results showed that theapplication of resin infiltrant on demineralized enamel improvedthe bond strength in all etching methods. However, resin infil-tration application on sound enamel impaired the bond strengthwhen a phosphoric acid etching technique was used. Regardlessof the application of resin infiltrant, phosphoric acid etching inboth sound and demineralized enamel revealed the highest bondstrength compared with hydrofluoric acid etching and laser etchinggroups. Thus, the null hypothesis was partly rejected.Placement of the composite material on the resin-infiltratedenamel surface might be considered similar to the composite-composite repair procedure. However, the resin infiltrant is dif-ferent in terms mainly consisting of low-viscosity TEGDMA andno filler particle. Resin infiltrant forms a larger oxygen inhibitionlayer 18,19. The oxygen inhibition layer at the appropriate thicknesswill increase the resin-to-resin bond 20,21. In this study, however,surfaces were polished to simulate clinical application after resininfiltration, and samples were aged in a thermal cycling device.Thus, it is conceivable that the large oxygen inhibition layer ofresin infiltrant may not affect the results of this research.In this study, three different etching methods were evaluated.In the literature, phosphoric acid, hydrofluoric acid and Er,Cr:YSGGlasers have been tested in various composite-composite repairstudies. In this study, three etching methods, 9% HF, 35% PAand Er,Cr:YSGG laser, were applied to different enamel samples(sound/demineralized and resin infiltrated/not resin infiltrated)and the effect on the SBS was evaluated. The results showedthat among the resin-infiltrated sound and demineralized enamelgroups, the phosphoric acid etched group revealed higher SBS com-pared with the HF and L groups. There are conflicting results in theliterature about the success of phosphoric acid in composite resinrepair 13,22–24. In a study by Lucena-Martín et al., Various com-binations of phosphoric acid, air abrasion, hydrofluoric acid andacetone were applied to the surfaces of two microhybrid composites.The study findings indicated that using phosphoric acid for surfacetreatment led to the lowest SBS 13. On the other hand, in a recentsystematic review conducted by Furtado and colleagues, it was con-
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cluded that, strategies aimed at enhancing the bond strength toaged composites may prioritize the utilization of air abrasion or dia-mond burs, in combination with surface etching using phosphoricacid followed by the application of an adhesive system 24.Mirzaei et al. conducted a comparison study, evaluating the im-pact of bur treatment and different powers of Er,Cr:YSGG laser treat-ment on composite resin surfaces through scanning electron micro-scope (SEM) evaluation 25. The group pretreated by bur exhibiteda noticeable smear layer, while surfaces pretreated by Er,Cr:YSGGlaser displayed irregular and microporous features without a smearlayer. The surface prepared by an output power of 4 W, 5 W and 6 Wshowed more irregularity than that prepared with an output powerof 1 W, 2 W and 3 W. In another study of composite surface treatmentwith an Er,Cr:YSGG laser, laser treatment with an output power of 2W showed similar effects as conventional acid treatment 26. In thisstudy, the same laser device and the same etching parameters asthat reported by Alagl et al. were used 27. Alagl et al. showed thatthe phosphoric acid etching group yielded higher bond strengththan the laser etching group 27. Their result was consistent with ourstudy. Among the resin-infiltrated sound enamel groups, the phos-phoric acid etching subgroups revealed superior results comparedwith the laser and hydrofluoric acid etching groups.Gupta et al. tested different etching methods on water-agednanofilled composite resin (Filtek Z350) 12. The repair procedurewas completed with the same composite after a total etch adhesiveapplication. Their results showed that the highest bond strengthwas obtained in the 10% hydrofluoric acid group, while the 37%phosphoric acid group showed the lowest bond strength. On theother hand, the results of our study agree with the study of Ah-madizenouz et al. Their findings showed the superiority of 35%phosphoric acid over Er:YAG laser or 10% hydrofluoric acid in therepair of thermocycled composite resins 28.The relatively hypermineralized surface zone of WSLs hampersthe diffusion of remineralization agents and resin bonding agentsthrough the lesion body. Therefore, removal of the hypermineral-ized surface by acid etching is recommended 29. In the literature,various etching methods have been studied prior to resin infiltra-tion of WSLs 30,31. Meyer-Lueckel et al. evaluated the effect of 37%phosphoric acid and 5% and 15% hydrochloric acid (30-120 s) on re-moving the hypermineralized surface layer of WSLs 32. The resultsof their study demonstrated that 90-120 s application of 15% hy-drochloric acid revealed significantly higher effectiveness than 30-120 s application of 37% phosphoric acid. Askar et al. claimed thatafter etching 5 s with 37% PA, the resin infiltrant revealed 75-88%penetration into the artificially demineralized bovine enamel 33.However, the authors explained that their findings might be re-lated to the notion that artificially demineralized bovine teeth havea thinner surface layer than natural WSLs of human enamel. Inthis study, chemical demineralization with acidic buffer solutionwas used to create WSLs, and this is a frequently used method forresin-infiltration treatment studies to form standard demineral-ized WSLs 9,34.Veli et al. evaluated the effect of CPP-ACP, fluoride varnish, mi-croabrasion and resin infiltration treatments of artificial WSLs onthe SBS of composite resin 10. Their results showed that the resin-infiltrated WSL group revealed similar bond strength values witha control group of sound enamel and higher SBS compared withother treatments and the untreated control group. In another studyby Attin et al., the sound bovine enamel group showed the high-est bond strength followed by the resin-infiltrated demineralizedenamel group 35. In our study, the phosphoric acid group results arein accordance with the results of Veli et al. and Attin et al. 10,35. Ourresults showed that PA etched sound enamel revealed significantlyhigher bond strength than the PA etched demineralized enamelgroup. Resin infiltration treatment of demineralized enamel be-fore PA etching increased the bond strength compared with theno resin infiltrant (NI) demineralized enamel group. On the otherhand, among the no resin infiltrant groups, the HF or L etched dem-

ineralized groups revealed higher bond strength than the soundenamel groups. These results can be explained by the assumptionthat laser and hydrofluoric acid etching are not sufficiently effectiveon sound enamel but might partially remove the hypermineralizedsuperficial layer of WSLs and allow for adhesive penetrations. Inprevious studies on laser etching of WSLs, it was found that laseretching before fluoride application increased the fluoride uptakeof demineralized enamel 36,37. As far as the authors are aware, noprior study in the literature has explored the impact of laser etchingor hydrofluoric acid etching prior to adhesive application on WSLs.
Wiegand et al. demonstrated that resin infiltration treatment onsound enamel prior to adhesive application did not result in signifi-cant differences but increased the bond strength of demineralizedenamel 9. In a study by Jia et al., sound and artificially deminer-alized bovine enamel groups were divided into 7 subgroups andtreated with resin infiltrant, three different commercial adhesivesor a combination of resin infiltrant and the adhesives 8. After sub-jecting the nanohybrid composite to thermocycling, the SBS wasassessed. The study revealed that the SBS of the resin infiltrantdid not show significant differences compared to etch&rinse ad-hesives on both sound and demineralized surfaces. Furthermore,cohesive failures were more commonly observed on demineralizedsurfaces, similar to the outcomes of our study. According to Sideri-dou et al., TEGDMA shows the highest water absorption followedby Bis-GMA and Urethan dimethacrylate (UDMA) 38. ICON is com-posed mainly of TEGDMA 7. Resin-infiltrated lesions might revealheterogeneity in terms of oxygen inhibition and polymerizationshrinkage 6. Therefore, bond strength might decrease with resininfiltrant aging.

Conclusion

Considering the limitations of this in vitro study, the following con-clusions may be inferred: -Phosphoric acid, which is conventionallyused in enamel etching procedures, showed superior results in bothsound and demineralized enamel regardless of resin infiltrationtreatment. However, in some groups, the difference was not statis-tically significant. -Regardless of the etching method used, resininfiltrant application in demineralized enamel increased the bondstrength of composite resin.
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