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ABSTRACT
Objectives: The aim of this in vitro study was to evaluate the micro shear bond strength of 

different adhesive system strategies to sound,   artificially caries affected and remineralized dentin 
substrates.

Materials and Methods: Sixty bovine permanent incisors were used. The labial enamel was 
removed and a flat dentin surface was obtained. The dentin specimens were divided into three 
main groups (sound as a control, artificial caries affected and remineralized dentin groups). Four 
adhesive systems were applied over the different dentin substrates according to the directions of 
the manufacturers; (Futurabond M+, Single bond universal (universal adhesives used in self-etch 
mode, Futurabond DC (Dual- curing self etch bond with nanofillers and Solobond M (Etch and rinse 
adhesive). After preparation of the 240 micro tubules of resin composite (Filtek TM Z350XT (Flow 
able restorative), micro shear bond strength test was performed. The results were tabulated and 
statistically analyzed. Failure mode was detected for all the fractured dentin specimens   using the 
stereomicroscope. ESEM evaluation was done for resin dentin interfaces for all types of adhesives.

Results:  There was a statistically significant effect of dentin substrate, while the adhesive 
system type was not. One way ANOVA followed by Tukey HSD post hoc test showed that, the 
remineralized dentin recorded the highest micro shear bond strength value with Single Bond 
Universal followed by Futurabond M+.  The artificial caries affected dentin showed the highest 
micro shear bond strength value with Solobond M followed by Futurabond DC, which also recorded 
the lowest micro shear bond strength result with remineralized dentin.

Conclusions: 1- Performance of the tested adhesives strategies was shown to be dentin-
dependant.2- Dentin pretreatment with CPP-ACPF containing paste affects positively the micro-
shear bond strength of Single bond universal and Futurabond M+ universal adhesives when used 
in self-etch mode.3-The specific chemical formula of the tested resin adhesives might coordinate 
with the demineralized dentin.

Key Words: Artificial caries affected dentin- Remineralized dentin- Universal adhesive-micro 
shear bond strength.
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INTRODUCTION 

Dental caries is still the most common problem 
in the dental clinic, affecting both enamel and 
dentin.  Nowadays, application of the conservative 
concept during removal of the only diseased tissue 
should be done with great attention. Carious dentin 
is composed of two distinguished layers, as reported 
in Fusayama,s research, infected outer layer and 
affected inner layer. Infected dentin should be 
completely removed as it is loaded with bacteria, 
highly demineralized and cannot be remineralized 
due to presence of irreversible denatured collagen 
fibers with absence of cross linking agents. On the 
other hand, affected dentin should be preserved as it 
is partially demineralized and the normal, bacterial-
free, collagen fibers can be remineralized. (1-5)  

As dentinal caries is a dynamic cycle of 
demineralization and remineralization, its mineral 
content, water and organic components are affected  
rendering the caries affected dentin (CAD) with 
different morphological, chemical and physical 
properties. Decrease in magnesium (Mg) content 
which is an indicator for the loss of peritubular 
dentin matrix, followed by calcium (Ca) and 
phosphorus (P) were remarkable in dentin caries. In 
addition, reducible cross-links of the collagen (but 
this can be reversible) and increase of water content 
that reaches to 14-53% were noticed. Despite 
water is increased, the dentin permeability of CAD 
decreased due to precipitation of mineral crystals 
in the lumen of dentinal tubules (whitlokite; large 
rhombohedral crystals of Mg) which is less soluble 
than hydroxyapatite (HA). (1,4,6) 

Bonding to CAD through formation of strong 
and durable hybrid layer is considered a clinical 
challenge. As the smear layer of CAD is thicker and 
enriched with organic content compared with those 
formed in sound dentin tissue (3, 7), the created hybrid 
layer is thicker because CAD is more liable to acid 
etching due to its partially demineralized condition  
leading to deeper demineralizing zone. (1, 5, 8-10)   

The varieties and continuous advances   in resin 
adhesive systems that differently deal with CAD may 
affect the clinical performance, the bond strength 
of the overlaying bonded restorations and their 
durability.  The contemporary resin adhesives can 
be categorized to etch and rinse (three- step and two-
step systems) and self-etch systems (SEA) (two step 
and one-step systems). When using etch and rinse 
systems on CAD, the demineralizing   intertubular 
dentin would enhance the effect of acid-etching step 
resulting in increased depth of demineralization. 
Such greater depths may not be fully infiltrated by 
the resin monomers. These unprotected collagen 
fibrils are prone to accelerated degradation by 
the action of matrix metalloproteinases (MMPs) 
affecting the bond strength outcome and durability 
of the bonded restorations. (5)    

In the early 1990s, the concept of self-etch 
primer was evolved. It depends on the homogenous 
infiltration from the smear layer to the underlying 
affected tissue. Poor infiltration of thick smear layer 
of CAD resulted in non homogenous hybridization, 
and large amount of disorganized collagen smear 
layer could remain even when strong acid was used, 
because the acid can only solubilize the mineral 
content of the smear layer. This collagenous smear 
layer is impermeable impairing the homogenous 
infiltration of SEA   that could affect the final bond 
strength of the restorations. (2, 3)  Nanoadhesives are 
considered one of the revolutions of nanodentistry.  
They are solutions with non agglomerated 
nanoparticles thus producing high dentin and 
enamel bond strengths, increase shelf life, durable 
marginal seal, high stress absorption and fluoride 
release. (Futura bond DC, Voco, Germany) is an 
example and claimed to be the eighth generation. (11)

The latest new family of resin adhesives are 
called (Multimode) (Multipurpose) or (Universal). 
They can be applied either with etch and rinse 
(Two step) or self-etch technique (One or Two step) 
with a simple procedure and one bottle formula. 
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Also, these multi-mode approaches enable the 
clinicians to use the adhesive with the mode of 
(Selective enamel etching) that combines the 
benefits of etch and  rinse approach on enamel and 
self-etch approach on dentin tissue with additional 
chemical interaction with the HA remained in those 
substrates. The universal adhesives are considered 
to be highly complicated cocktails of many 
elements that were used in previous generations of 
adhesives. (12, 13) There is a shortage of knowledge 
in the literature about the performance of this new 
class of adhesives. (14) 

One study reported that, the protocol used with 
universal adhesives did not affect the micro-tensile 
bond strength (15), while another one revealed that 
the application of multimode adhesives in self-
etch approach resulted in lower micro tensile 
bond strength when compared to etch and rinse  
approach. (13) Using the one step SEA for bonding in 
etch and rinse mode deprives the benefit of chemical 
bonding with HA, replacing the etching and 
infiltration by diffusion of incomplete infiltration 
of resin monomers within a thick demineralized 
collagen  matrix that had deprived HA. (12)

According to adhesion-decalcification concept,   
the use of strong acids led to decalcification 
and dissolution of HA crystals that prevent the 
functional resin monomers to chemically interact 
with HA specially for the universal adhesives 
that contain 10-MDP which bonds chemically to  
HA. (12, 15) Also, the application of phosphoric acid 
prior to SEA was coupled with significant decrease in 
the bond strength to dentin.(16)  In previous literature, 
active application of SEA improved the bonding 
efficacy to dentin.(17,18)  After mixing and dilution 
of the resin monomers to produce dentin adhesives, 
controversial data was still present regarding the 
bonding efficiency. Although HEMA (as a mono-
functional resin monomer co-solvent) is used to 
improve wetting and prevent phase separation 
by homogenizing hydrophobic and hydrophilic 

monomers, HEMA may interfere the chemical 
reaction of MDP with HA. This may suggest that, 
the bonding efficiency and long term stability of the 
universal adhesives are not as immune as claimed 
by the manufacturer. (12, 19, 20)

The mechanical properties of CAD are inferior 
compared with those of sound dentin following 
demineralization and enzymatic degradation. 
However, the remineralization of dentin is 
more complex and less effective process due to 
absence of seeds of mineral crystals and is still a  
challenge. (21, 22) Repair of demineralized collagen 
fibrils by mineral implementation within the 
gaps between the collagen fibrils was tried by the 
application of topical remineralizing agents such 
as casein phosphopeptide-amorphous calcium 
phosphate fluoride (CPP-ACPF) known as MI paste 
plusTM(16,23-26)

CPP-ACPF is a remineralizing agent derived 
from the milk and can promote high degree of 
remineralization in enamel as well as dentin 
compared to fluoride gel or fluoride tooth paste. (27) It 
has a great potential to modulate bioavailability of Ca 
and P levels by stabilization of ionic super saturation 
of Ca and P to enhance the remineralization process 
and can bind to positively and negatively charged 
ions. (28) ACP is the controller of the precipitation 
of CPP. Each molecule of CPP can bind up to 
25 Ca ions, 15 P ions and five F ions. (28, 29) The 
effective period of application of CPP-ACPF for 
one week was reported. (30, 31)  Prof. Eric Reynolds 
of the University of Melbourne developed the CPP-
ACP technology. It had been launched in sugarless 
chewing gum and candy, recently, a sugar-free, 
water-based cream/paste. Combined CPP-ACP with 
F improved the remineralizing efficacy. (28, 29) 

In the literature, the effect of remineralizing 
efficiency of CPP-ACPF is still not clear as it 
revealed no significant effect on the bond strength to 
normal and CAD. (32) While another study reported a 
high significant effect for normal dentin than CAD 
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and the remineralized dentin. (33) On the other hand, 
MI paste treated dentin samples had statistically 
higher bond strength than non-treated one. (34) 

Although it was reported that, the immediate 
resin-dentin bond strength of adhesive systems is 
not affected by the method of caries induction, the 
lack of standardization of natural caries lesions led 
to technical difficulties for bonding assessment. 
Thus, artificial in-vitro caries induction models 
have been introduced under standardized conditions 
such as chemical methods ; PH- cycling model that 
creates superficial dentin demineralization, resulting 
in a substrate with similar hardness when compared 
to the naturally CAD and creates a standardized 
substrate permitting fair comparisons among 
different  resin adhesives and techniques. (35, 36)

The adhesive potential strength of resin 
composite to CAD can be assessed by using of 
micro-method where small areas with limited sizes 
can be measured. (10, 37) Immediate 24- hour bond 
strength was preferable as the specimens of low 
values can be used as indicators and announcers for 
the predictable failures, because of stresses at the 
bonded interfaces high lighting for the accelerated 
hydrolysis and enzymatic degradation. (5)

The controversy in researches regarding the 
great difference in bond strength to dentin may be 
due to lack of detailed knowledge about the nature 
of dentin, age of tooth, type of adhesive used, the 
manner of application and the test method. In the 
present literature paying attention to the interaction 
of the universal adhesives to different dentin 
substrates has not been extensively investigated. So, 
deeper knowledge in this subject could be helpful for 
creating clinically long lasting bonded restorations. 
Thus, the objective of this study was to test the 
hypotheses; (1): All dentin substrates (sound, caries 
affected, remineralized) bond equally to different 
adhesive strategies. (2): There is no difference 
between total etch, dual cure self-etch and universal 
adhesives in self etch mode in bonding efficacy to 
these respective dentin substrates.

MATERIALS AND METHODS

Teeth selection and specimen preparation:

A total of sixty freshly extracted permanent 
bovine sound incisors were selected. The roots 
of the teeth were removed at the cervical lines 
in addition to the incisal one thirds using water-
cooled disc mounted in a high speed hand piece 
(DEMCO, USA). The pulp was extirpated and 
the pulp chambers were irrigated with saline. The 
labial enamel was removed to obtain a labial flat 
dentin surface with an area of 10 mm2. The teeth 
had been stored at 40 C in thymol solution until 
used for no longer more than one month. (38) . To 
produce a standardized smear layer, the flattened 
labial dentin surfaces were polished with #600-grit 
silicon carbide abrasive paper under running water 
for 60 seconds.

Grouping of the specimens:

The specimens were divided into three main 
groups (20 each):

Group (1): Sound dentin (SD): is considered the 
control group and stored in periodically renewed 
deionized water.

Group (2): Dentin specimens had artificially 
induced caries (CAD) by PH cycling method.

Group (3): Dentin specimens treated with MI 
paste plus after the demineralization (RCAD).

Each group was further subdivided into four 
smaller groups (five each) according to the type of 
adhesive system used into:

Subgroup (a): Dentin specimens were bonded 
with Futurabond M+ (FM+)   (universal adhesive 
used in self-etch mode).

Subgroup (b): Dentin specimens were bonded 
with Single bond universal (SBU) (universal 
adhesive used in self-etch mode).

Subgroup (c): Dentin specimens were bonded 
with Futurabond DC (FDC)   (Dual- curing self etch 
bond with nanofillers).
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Subgroup (d): Dentin specimens were bonded 
with Solobond M (SM) (Etch and rinse adhesive).  

All materials used in this study, their active 
ingredients, batch number, manufacturer and 
application mode are listed in table (1)

TABLE (1) The materials, active ingredients, batch number, manufacturer and application mode:

Material Active ingredients Batch no Manufacturer Application mode
GC MI 
paste Plus 
(Remineralizing 
agent)

Casein phosphopeptides 
(CPP) and Amorphous 
calcium phosphate (ACP) 
i.e. Recaldent TM.
Sodium fluoride (0.2%, 
900ppm)

150306V GC 
corporation 
Japan

1-Apply the paste for 5 minutes, left undisturbed.
2- Rinse with deionized water until the paste was 
completely removed.

Futurabond 
M+(universal 
adhesive)

BIS-GMA*, Acidic 
monomer (10-MDP) 
*, UDMA*, HEMA*, 
Ethanol, catalyst, 
BHT*,Pyrogenic silicic 
acid.

1522066 VOCO
Cuxhaven,
Germany

1-Apply the adhesive evenly and rub it for 20 
seconds with a disposable applicator.
2-Gently dry off the adhesive for 5 seconds with 
oil-free air to remove the solvent.
3-Light cure for 10 seconds with LED curing unit. 

Single Bond 
Universal 
(single dose 
universal 
adhesive)

10-MDP dimethacrylate 
resins, HEMA, 
Vitrebond Copolymer, 
Silane,Ethanol,  Water, 
Filler, Photoinitiator, 
pH=2.7

598528 3MESPE
USA

1- Apply the adhesive evenly and rub it for 20 
seconds with a disposable applicator.
2- Gently dry off the adhesive for 5 seconds with 
oil-free air to remove the solvent until it no longer 
moves.
3- Light cure for 10 seconds with LED curing unit

Futurabond DC 
(Single dose) 
dual curing self-
etch bond with 
nanofillers

Liquid 1: Acidic 
adhesive monomer. BIS-
GMA.2-hydroxyethyle 
methacrylate.
Liqiud 2: Ethanol, 
initiator. Nanofillers.
pH=2

1548356 VOCO
Cuxhaven,
Germany

1-Inject liquid 1 in liquid 2 in 1:1 ratio and stir 
well to create a homogenous mixture.
2- Apply the adhesive evenly and rub it for 20 
seconds with a disposable applicator.
3- Gently dry off the adhesive for 5 seconds with 
oil-free air.
4-Light cure for 10 seconds with LED curing unit.

Solobond M 
(etch and rinse 
adhesive)

BIS-GMA, HEMA, BHT, 
Acetone, Organic acids.

1508459 VOCO
Cuxhaven,
Germany

1- Etch the dentin surface for 15 seconds.
2- Rinsing for 20 seconds.
3- Gentle dry the surface to obtain a moist one.
4- Apply the adhesive; allow it undisturbed to 
react for 30 seconds.
5- Disperse it with a faint air jet.
6- Light cure for 20 seconds with LED curing unit.

Alpha-Etch 37% phosphoric acid 
gel, water, thickener, 
surfactant, colorant

T228GE Dental 
Technologies, 
USA

Filtek TM 
Z350XT( Flow 
able restorative)
Shade A3

Silica (20nm), Zirconia 
(4-11nm), BIS-GMA, 
UDMA, BIS-EMA*, 
TEDEMA*

662643 3MESPE
St. Paul, MN
USA

*BIS-GMA: Bisphenol A Diglycidyl Ether Dimethacrylate   *10-MDP: 10-Methacryloyloxydecyl Dihydrogen Phosphate
*UDMA: Urethane Dimethacrylate		           *HEMA: 2-Hydroxyethyle Methacrylate
*BHT: Butylated Hydroxytoluene		              *BIS-EMA: Bisphenol-A-Polyethylene Glycol Diether Dimethacrylate 
*TEDEMA: Tri-ethylene Glycol Dimethacrylate 
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Artificial caries affected dentin production by 
PH-cycling method:

The cervical parts of  40 specimens were sealed 
with self cured epoxy resin (Acrostone, cold cure, 
Egypt) and coated with two layers of acid-resistant 
varnish (Colorama, Maybelline, Color show, France) 
leaving only the labial dentin surface exposed.

The specimens were totally immersed 
individually in 10mm of demineralizing solution 
which was freshly prepared, for eight hours and 
followed by immersion in the same volume of 
freshly prepared remineralizing solution for the 
remaining 16 hours. The immersion procedures of 
demineralization and remineralization were carried 
out for 14 days at room temperature without agitation. 
The immersing solutions were renewed at each 
cycle. These solutions were prepared in Analytical 
chemistry Department, Faculty of Science, Ain-
Shams University. The chemical composition of 
the demineralizing and remineralizing solutions is 
presented in table (2). (35, 39)

TABLE (2): The chemical composition and pH of the 
demineralizing and remineralizing solutions:

Demineralizing solution Remineralizing solution

2.2mM CaCl2, 2.2mM 

NaH2Po4, 50mMAcetic 

acid.

Adjusted pH of 4.8

1.5mMCaCl2, 

0.9mMNaH2Po4, 

0.15mMKcl.

Adjusted pH of 7.0

After 14 days, the specimens were carefully 
rinsed with deionized water to remove all remnants 
of the immersing solutions and stored in fresh 
deionized water.

Remineralization of artificial caries affected den-
tin specimens:

A total of 20 specimens from the specimens 
with artificial caries affected dentin were randomly 
selected for remineralization with MI paste plus 
(GC, Japan) with vanilla flavor. Single application 

of approximately 0.5mm layer of the paste was 
spread over the exposed CAD surface using a clean 
gloved finger for each specimen and left for five 
minutes undisturbed. (32)

Then, the remineralizing agent was rinsed with 
deionized water until all remnants were removed 
and re-stored in daily renewed deionized water. This 
procedure was repeated once daily for seven days.

The bonding procedures:

A total of 48 specimens representing the groups 
of SD, CAD and RCAD (16 each) were reassigned 
to four groups (four each) according to the adhesive 
system used as mentioned before. All adhesives 
were strictly applied matching the directions of 
their manufacturer as described in table (1). All 
specimens were embedded individually in acrylic 
resin blocks to receive the bonding procedures.

Preparation of micro shear resin composite  
cylinders: 

A total of 240 transparent polyvinyl micro 
tubules with inner diameter of (1mm) and height 
of (1mm) were adjusted over the cured adhesives 
by LED curing unit (Eli par™ S10 LED Curing 
Light (1200 mw/cm² intensity) (3M ESPE, USA). 
Light intensity was measured periodically using 
radiometer (Demetron 100, Kerr, Midelton, USA) at 
the beginning of each group. Each dentin specimen 
received five micro tubules over the area of 10mm².  
Each micro tubule was filled with a flow able 
nanohybrid resin composite material and light cured 
for 20 seconds.

Micro shear bond strength (µSBS) testing: 

After 24 hours storage in deionized water, the 
microtubules were sectioned to expose the composite 
micro-cylinders using sharp scalpel blade number 
11. Excess adhesive around each micro-cylinder 
was scrapped out using the same surgical blade to 
limit the bonding surface area. The micro-cylinders 
were examined by a magnifying lens for any defects 
at the interface.
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Each specimen with the bonded composite 
micro-cylinders was secured with tightening screws 
to the lower fixed compartment of Universal testing 
machine (Model LRX-plus; Lloyd Instruments 
Ltd., Fareham, UK) with a load cell of 5 N. A loop 
prepared from an orthodontic wire (0.014mm in 
diameter) was wrapped around the bonded micro 
cylinder assembly as close as possible to the base of 
the micro cylinder and aligned with the loading axis 
of the upper movable compartment of the testing 
machine.

A shearing load with tensile mode of force was 
applied via the testing machine at a crosshead speed 
of 0.5 mm/min. The relatively slow crosshead speed 
was selected in order to produce a shearing force that 
resulted in debonding of the micro-cylinder along 
the substrate/adhesive interface. The load required 
to debonding was recorded in Newton and the data 
were recorded using computer software (Nexygen-
MT Lloyd Instruments Ltd., Fareham, UK).

Micro-Shear bond strength (µSBS) calculation

The load at failure was divided by bonding area 
to express the bond strength in MPa:

                           τ = P/ πr2 

Where; τ =bond strength (in MPa)

             P =load at failure (in N)

             π =3.14

             r = radius of micro-cylinder (in mm) 

The results were collected, tabulated and 
statistically analyzed.

Statistical analysis:

Two- way ANOVA analysis of variance and 
Tukey HSD post hoc test were used at a significant 
level of 5%. The data was expressed in (MPa) and 
the Statistical analysis was carried using SPSS 
program (21 1st editions, IBM Corporation, New 
York, USA).

Stereomicroscopic analyses of failure modes of 
micro shear bond strength testing: 

The failure modes were evaluated for each 
specimen under the stereomicroscope (at 20X 
(OLYMPUS C-W95, SZ-PT OLYMPUS-JAPAN) 
and categorized as cohesive failure which occurred 
entirely within the dentin substrate or the resin 
composite material. Mixed failure occurred at 
dentin/resin interface including cohesive failure 
of one of the substrates. Adhesive failure occurred 
at dentin/resin interface. The failure modes were 
counted and tabulated for each group. 

Environmental Scanning Electron Microscopic 
(ESEM) Analysis:

A total of 12 remaining dentin specimens 
representing the groups of SD, CAD and 
RCAD (four specimens each) were prepared for 
evaluation of ESEM investigation. The specimens 
were removed from the deionized water, gently 
dried with oil-free compressed air, and the four 
resin adhesives were applied according to the 
manufacturer directions as mentioned  in table(1). A 
layer of 2mm thickness of hybrid, visible light cure 
resin composite material (Prime-Dent, USA) was 
smeared over the entire dentin surface by a double 
ended plastic instrument and overlapped light cured 
by LED curing unit for 20 seconds. Multiple cuts 
were performed for each specimen in a labio-palatal 
direction to obtain four slabs with a thickness of 
2mm composed of hybridized dentin with overlying 
resin composite material. Each four slabs formed 
a group represented the type of dentin and the 
different adhesive systems used. Each dentin slab 
was investigated under ESEM (SEM Model Quanta 
250 FEG (Field Emission Gun) attached with EDX 
Unit (Energy Dispersive X-ray Analyses) with 
accelerating voltage 30 KV,  magnification14x up to 
1000000 and resolution for Gun.1n) FEI company, 
Netherlands) to evaluate the resin-dentin interfaces 
of all groups.  
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RESULTS

A) Micro shear bond strength results:

The shear bond strength data (MPa) for each 
dentin substrate and adhesive type are presented in 
Table (3). Both dentin treatments (demineralization 
and remineralization) significantly improved the 
shear bond strength of all adhesives compared to 
sound dentin (control), while the type of adhesive 
did not affect the shear bond strength.

One way ANOVA followed by Tukey HSD post 
hoc test showed that remineralized dentin recorded 
significantly higher micro shear bond strength with 
both universal adhesives (Single bond universal and 
Futurabond M+) used in the study (18.137 ±4.543 
and16.760 ±4.275MPa respectively) compared to 
sound dentin but did not differ significantly with de-
mineralized dentin, also demineralized dentin and 
sound dentin did not differ significantly. 

Demineralized dentin recorded significantly 
higher micro shear bond strength with Futurabond 
DC (16.967±3.556MPa) compared to sound and 
remineralized dentin which did not differ signifi-
cantly from each other. While, Solobond M with 
demineralized dentin recorded significantly higher 
shear bond strength (17.097 ±2.162MPa) compared 
to sound and remineralized dentin which differed 
significantly from each other.

Regarding the effect of adhesive, One way ANO-
VA followed by Tukey HSD post hoc test showed 
that, single bond universal produced significantly 
higher micro shear bond strength to remineralized 
dentin (18.137 ±4.543MPa) compared to other ad-
hesives, however, there was no significant differ-
ences in shear bond strength to sound (control) or 
demineralized dentin between all adhesives. 

TABLE (3): Micro shear bond strength (MPa) 
means and standard deviations for all 
experimental groups (*):

Control  
(S D.)

CAD R CAD

Futurabond 
M+

11.028 ± 
2.681Aa

13.451 ± 
4.343Aab

16.760 ± 
4.275ACb

Futurabond 
DC

11.711 ± 
3.659Aa

16.967 ± 
3.556Ab

10.648 ± 
3.887Ba

Single bond 
Universal

10.559 ± 
3.594Aa

14.287 ± 
3.335Aab

18.137± 
4.543Cb

Solobond M
11.226 ± 
2.014Aa

17.097 ± 
2.162Ab

13.902 ± 
2.349ABc

(*) Different superscript capital letters indicate differences 
between columns. Different superscript lower case letters 
indicate statistically significant differences between rows 
(p <0.05)

Two-way ANOVA Table (4) revealed that, the 
type of dentin substrate has a significant effect on 
the micro shear bond strength, while the adhesive 
material has no significant effect on the micro shear 
bond strength values. The interactions between the 
two independent variables (dentin substrate and 
adhesives) had a significant effect on the micro 
shear bond strength. 

TABLE (4): Two-way Analysis of Variance for 
the Effect of Type of Dentin Substrate, 
Adhesive Materials, and Their Interaction 
on the Shear Bond Strength.

Source SS df MS F Sig
Dentin Substrate 526.704 2 263.352 21.887 0.0001
Adhesive 
Materials

30.031 3 10.010 0.832 0.479

Dentin Substrate 
* Adhesive 
Materials

498.605 6 83.101 6.906 0.0001

Error 1588.272 132 12.032
Total 30124.765 144

df: degrees of freedom, MS: mean square, Sig: significance 
(probability level), SS: sum of squares. 
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B) Stereomicoscopic analysis of failure modes:

TABLE (5): Counting of the failure modes of 
different dentin substrates:

Dentin groups Adhesive Failure Mixed Failure

SD (F DC) 12 8

 SD (SBU) 13 7

SD (FM+) 13 7

SD (SM) 16 4

CAD (FDC) 13 7

CAD (SBU) 15 5

CAD (F M+) 12 8

CAD (SM) 14 6

RCAD (FDC) 11 9

RCAD (SBU) 17 3

RCAD (FM+) 16 4

RCAD (SM) 13 7

C) Micro-morphological results of the resin-den-
tin interface with ESEM:

Group 1 :( SD) 

Dentinal tubules showed regular, variable 
outlines with numerous lateral branching. The 
peritubular dentin cuff seemed more or less 
circular in shape. The intertubular dentine appeared 
normal. Some resin tags impregnations were also 
obvious and the hybrid layer appeared uniform and 
continuous. Fig.4.

Group (2): (CAD)

In artificial caries affected dentine group, the 
dentinal tubules orifices showed irregular outlines 
with apparent widening of dentinal tubules to the 
extent of being connected to some of the neighboring 
lateral branches. Obvious disappearance of some 
areas of peritubular dentine cuff could be seen 
which resulted in appearance of some of the resin 
tags lengths. The resin tags impregnations were 
numerous below the hybrid layer which seemed 
thicker. The intertubular dentine showed apparent 
decrease in thickness than control .Fig.5

Fig. (1): Stereomicroscopic image representing adhesive failure 
at resin tooth interface

Fig. (2): Stereomicroscopic image representing Mixed failure 
(adhesive and cohesive failure in resin composite)

Fig. (3): Stereomicroscopic image representing mixed failure 
(adhesive and cohesive failure in dentin)
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Figure (4): ESEM photomicrograph (x2500) of sound dentin (SD) hybridized with: (A): FDC (B): FM + which note:  some resin 
tags (stars), lateral branches (white arrow), (C): SBU, (D): SM.

Group 3: (R CAD)

ESEM of RCAD FDC presented a continuous, 
uniform thick hybrid layer .Partial restoration of 
dentinal tubules outline and very few resin tags 
with partial occlusion of few dentinal tubules was 
observed. While RCAD FM and RCAD SBU 

showed many resin tags impregnations penetrating 

into the dentinal tubules. Partial restoration of 

some tubular outlines was also observed. Apparent 

decrease in the diameter of dentinal tubules and 

partial occlusion of some tubules was also noticed. 

Few resin tags were also present in RCAD SM.Fig.6
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Figure (6): ESEM photomicrograph (x2500) of remineralized caries affected dentin RCAD hybridized with  (A) FDC showing few 
resin tags (white arrow)  (B) FM+ partial occlusion of tubules(star) (C) SBU numerous  resin tags (D) SM showing some 
resin tags (white arrows).

Fig. (5): ESEM photomicrograph (x2500) of caries affected dentin CAD hybridized with  (A): FDC  (B): FM +  (C): SBU (D): SM 
showing widening of dentinal tubules (A):(star), numerous resin tags (white arrows)
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DISCUSSION

Demineralization and remineralization cycles 
are dominant during the development of caries pro-
cess (4). Remineralization of CAD by remineralizing 
agents as MI paste plus provided more net miner-
als and could assist in conserving the tooth structure 
and better dentin thickness.(31) The improvement of 
dental adhesives to simplify the steps of application 
with maintaining of high bond quality is continuous. 
Regardless of the number of steps required, homog-
enous and complete infiltration of the hydrophilic 
monomer within the porous dentin substrate to form 
a hybridized resin dentin layer was reported to be an 
important common feature in effective resin-dentin 
interface bonding. (40)  

Resin adhesive systems and procedures have 
undergone revolutionary changes in the last decade. 
The target of the advance is to enhance the durability 
of the bond between tooth structure and the bonded 
restorations. A transitional layer that facilitates 
efficient bonding via a complex interaction of 
tissue-adhesive interface is still remaining one of 
the critical challenges for research. Measurement 
of how strong this bonding interface is the main 
objective of bond strength test. (11) In this study, 
bovine teeth were used as they were easier to be 
collected and to control the age, sclerosis and the 
amount of substrate removal. pH cycling method 
was to be close simulating the natural caries process 
with the limitations of not being replicated as in-
vivo condition and the complicated dynamic process 
in the oral cavity (31, 36)

The results of this in-vitro study showed a 
significant effect of dentin type which was consistent 
with the studies (33, 36, 39, 41) and insignificant influence 
of adhesive system types which was also in 
agreement with Yoshiyama et al, 2002 (41) , while 
their interaction was significant as shown in table 
(4). According to the obtained results, the first 
hypothesis was rejected and the second one was 
accepted.

Regarding the dentin type, RCAD showed 
the highest significant micro shear bond strength 
values for the adhesives Single bond universal and 
Futurabond M+ (18.137 ±4.543 MPa and16.760 
±4.275 MPa respectively) as shown in table (3) 
compared to the non treated dentin specimens SD 
without significant difference between the two 
adhesives. The key reason for their performance 
is the chemical compositions of those adhesives 
as their pH are nearly around 2 and both contain 
10-MDP. The mild pH might cause a superficial 
demineralization of the RCAD kept the residual 
HA still attached to the collagen with a sufficient 
amount. 10-MDP is responsible for the chemical 
interaction with HA crystals forming a stable nano 
layer that could form a phase strengthened the 
resin dentin interface. Increasing the minerals by 
more gained calcium bioavailability for chemical 
binding due to the remineralization influence led 
to the increase in bond strength values. Active 
application of the two adhesives also might enhance 
the impregnation of the resin monomers into 
RCAD. Besides the synergistic effect of mechanical 
interlocking as despite the importance of the 
chemical interaction with the tooth minerals, the 
micro-mechanical interlocking is still also a crucial 
factor in determining the strength of immediate 
bonding. (14, 17, 18, 34) 10-MDP as an acidic monomer 
might increase the micromechanical roughening 
of the dentin surface and hybridization during 
the polymerization of the adhesive increasing the 
immediate bond strength. (42) 

According to adhesion-decalcification concept, 
the bond stability depends on the formation of stable 
calcium salts upon interaction with HA crystals. 
10-MDP was reported to form the most stable 
calcium salts among the functional monomers. 
Superficial dentin demineralization means limited 
decalcification which in turn did not result in 
complete dissolution of HA crystals but kept them 
in place which led to more stable calcium salts and 
in turn increased the bond efficacy. (43, 44)  On the 
other hand, this result was in disagreement with 
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Kamozaki et al, 2015(32) who concluded that, the 
bond strength of softened dentin was not influenced 
by the application of any CPP-ACP based paste 
types, while another one revealed increase in 
bond strength after remineralization of softened 
dentin although this increase was not statistically 
significant. (33) 

In previous investigations where CPP-ACP was 
applied for 60 minutes per day and the treatment was 
repeated for seven days, the results reported higher 
bond strength values compared to the non treated 
group. (33, 45) Another study applied CPP-ACP for 
three minutes once immediately after finishing of 
the cavity preparation and also showed increase 
in bond strength. (34)  The improved micro shear 
bond strength was confirmed by the high frequency 
of adhesive failure and low frequency of mixed 
failure as declared in table (5). ESEM showed that 
the dentin pre-treatment with MI paste plus did not 
adversely influence the resin dentin interface as 
shown in figure (6) which represented a continuous, 
uniform and thick hybrid layer. Many resin tags 
impregnation penetrating into the dentinal tubules 
and restoration of some tubular outlines. 

For Solobond M adhesive, after preliminary 
etching with phosphoric acid on the remineralized 
CAD, it might remove the smear layer and the 
precipitation of Ca and P minerals gained from 
the remineralization effect led to a residue layer, 
which was not perfectly dissolute and removed 
by the action of phosphoric acid and acted as a 
barrier interfering the proper impregnation of the 
adhesive into the superficial dentin but this resin 
permeation was better than in the control specimens 
of SD.  On the contrary, it showed significantly 
lower micro shear bond strength than that of CAD, 
as the phosphoric acid could remove and dissolute 
the intratubular precipitated crystals, resulted in 
better permeation of the adhesive monomer. These 
findings come in accordance with the study which 
reported that, exposure to phosphoric acid led to 
dissolution of intratubular dentin thus increasing the 
tubular diameter and decreasing the intertubuluar 

dentin area. (24) Thereby, contribution of a resin-
dentin bonding efficiency occurred. This was 
consistent with the studies which reported very 
high bond strength obtained from etching of CAD 
with phosphoric acid if the moist bonding technique 
was used. (33, 37, 46, 47)  This was confirmed by ESEM 
micrographs which showed similar results to 
RCAD SBU & RCAD FM+ groups but with fewer 
resin impregnations as shown in fig.6. The possible 
explanation of the decreased  micro shear bond 
strength value of Solobond M to SD is the presence 
of high percentage of acetone (near to 70%) in its 
composition, this may not allow to increase the 
monomer concentration to provide formation of 
uniform resin film on the etched dentin surface. (48) 

However, pretreatment of CAD with CPP-ACPF 
adversely influenced the micro shear bond strength 
value of Futurabond DC (10.648±3.887 MPa) 
which is non significant compared to SD group 
(11.711 ±3.659 MPa) and statistically significant 
with the CAD group which showed high micro 
shear bond strength (16.967±3.556 MPa). This may 
be attributed to the nature of CAD which is full of 
porosity and the active application of the adhesive 
enhanced its infiltration created a gradient flexible 
intermediate hybridization zone due to presence 
of nanofillers whereby the stresses at the interface 
induced by polymerization shrinkage transmitted 
and attenuated. (48)  Also, Futurabond DC contains 
remarkable amounts of highly functional nano 
sized cross linking agents which attributed to the 
high bond strength to dentin as claimed by the 
manufacturer and the silica filler particles have the 
merits of being dual cured. (11)  

The remarkable significant decrease in micro 
shear bond strength after treatment of RCAD group 
with CPP-ACPF based paste as shown in table (3) 
could de due to the deposition of minerals which 
might occlude the dentinal tubules completely as a 
result of remineralization effect. Thus interfering 
the homogenous resin penetration specially when 
its (pH =2) and termed as mild adhesive that hardly 
dissolute the minerals superficially. Moreover, 
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the presence of nano fillers in the adhesive might 
deprive the resin monomer from well penetration 
as it increased the viscosity even with active 
application. These fillers might be accumulated 
in a way that the outcome was a stiff, not flexible 
transitional zone of very superficial attachment 
partially compromised by the discontinuities led 
to uneven stress distribution and decreased micro-
shear bond strength. These findings were confirmed 
by ESEM results which showed partial occlusion 
of some dentinal tubules which caused apparent 
narrowing of tubular diameter and led to impaired 
resin permeation inside them.

Regarding the demineralized CAD groups, it 
was obviously noticed that all the tested adhesives 
with the different strategies recorded increased 
micro shear bond strengths, which was significant 
for Solobond M and Futurabond DC (17.097±2.162 

MPa and 16.967±3.556 MPa) and was non 
significant for Single bond universal and Futurabond 
M+ (14.287±3.335 MPa and 13.451 ±4.343 MPa) 
respectively as shown in table (3) compared to SD. 
This was in disagreement with different studies 
that recorded higher bond strength for SD than  
CAD. (10, 35, 36, 41)

Confirming the statistical results, ESEM results 
comparing CAD to SD groups,   the dentinal tubules 
which were regular with normal peritubular and 
intertubular architecture Fig.(4), showed widening 
of dentinal tubular outlines to the extent of being 
connected to some of the neighboring lateral 
branches. Obvious disappearance of some areas 
of peritubular dentine cuff could be seen with 
appearance of resin tags lengths. The resin tags 
impregnations were numerous below the hybrid 
layer which seemed thicker. The intertubular dentine 
showed apparent decrease in thickness than control 
Fig. (5).

Based on Hoy,s solubility parameter and  its 
relationship to the interaction between dentin 
adhesives , demineralized dentin  and the outcome 
bond strength,  that have been recently investigated 
in published articles, some reports revealed 

the several effects of solvent on demineralized 
dentin as a net result of difference in solubility 
parameters between the solvent and the substrate. 
In case of demineralized dentin, permeation of a 
hydrophilic monomer into the swollen collagen 
matrix can lead to an effective hybrid transitional 
layer by encapsulation and entanglement of primer 
polymer chains after polymerization within the 
collagen scaffold. The solvent can replace water 
in intrafibrillar spaces and thus lead to significant 
increase in bond strength to demineralized dentin. If 
complete demineralization of dentin occurs, water is 
still remain in the intrafibrillar spaces in wet bonding 
and acts as a water-bridge hydration network and 
kept in bound state through hydrogen bonds. This 
indicates that, the displacement of water in the 
intrafibrillar spaces restricts the penetration of the 
resin monomer to some extent. This variable could 
be of a great value to understand the permeation 
of the adhesive into the collagen network. Besides 
other additives such as functional monomers, 
activators, inhibitors, the amount of monomers, 
diluents, filler loading and shrinkage and stiffness 
of these filled adhesives which significantly impact 
the bond strength among several manufacturers’ 
technology which is not fully described in the final 
formulation and still a secret. (11, 40) 

Analysis of the results revealed that, the micro-
shear bond strength was affected in a positive way 
by dentin pretreatment with MI paste plus, which 
may improve the durability of the overlying bonded 
restorations as well as decrease the possibility 
to secondary caries in account of increased 
remineralization. This finding might be of a great 
relevance, although further in-vitro and in-vivo 
studies should be performed to prove this finding.

So, within the limitations of this study, it can be 
concluded:

1-	 Performance of the tested adhesives strategies 
was shown to be dentin-dependant.

2-	 Dentin pretreatment with CPP-ACPF contain-
ing paste affects positively the micro shear 
bond strength of Single bond universal and  
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Futurabond M+ universal adhesives when used 
in self-etch mode.

3-	 The specific chemical formula of the tested ad-
hesives might coordinate with the demineral-
ized dentin. 
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