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ABSTRACT 

The study Modifies an adhesive system with hydroxyapatite nanoparticles as load, characterizes it and evaluates the 
effectiveness of its bond to dental structure. The middle thirds of healthy premolar tooth crowns were obtained, and 
each crown was sectioned vertically, resulting in two sections. The sections were divided into ten groups (n = 15), in 
which resin composite restorations were simulated: (G1E and G1D) conventional adhesive system (SAC); (G2E and 
G2D) SAC modified with HAP; (G3E and G3D) Primer modified with HAP; (G4E and G4D) monocomponent adhe-
sive system; (G5E and G5D) self-etching adhesive system. The specimens were submitted to the microshear test and 
characterization technique. There was statistically significant difference (Kruskal-Wallis) between the groups (p < 0.01). 
G3 presented the highest bond strength to enamel (64.40 MPa, ±7.36) and dentin (39.59 MPa, ±21.46). The majority of 
specimens were found adhesive fractures. Bond strength to enamel and dentin of the primer modified with HAP of SAC 
showed higher values. 
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1. Introduction 

In Dentistry, one desires a true chemical and microme-
chanical bond of the restorative material to the tooth 
structure, even under adverse conditions of humidity and 
thermal variations in the oral cavity [1]. The develop-
ment of dental adhesive agents has produced a range of 
composites classified according to the type of tissue con-
ditioning, and the number of steps for their application 
[2-4] with direct influence on the bond strength to the 
dental structure [5]. 

The bond to dentin is more complex than that to ena- 
mel, due to its heterogeneous nature, with a larger orga- 
nic content and water [6]. Dentin is a tissue that requires 
a wet bonding technique, since it is formed of hydric com- 
ponents with distinct and variable morphology. This cha- 

racteristic demands adhesive systems with increasingly 
hydrophilic formulations, in an attempt to improve the me- 
chanical retention of composites to dentin. There are still 
few reports on the mechanical performance of amphiphi- 
lic adhesive systems which, in addition to a mechanical 
bond, may promote a strong and lasting chemical bond to 
dentin [7]. 

After light activation, the approximation of monomers 
to establish cross links causes a significant reduction in 
the volume of the polymer composite. The high coeffi-
cient of linear thermal expansion generates polymeriza-
tion shrinkage which creased internal stresses and causes 
rupture at the bond interface. This is one of the main 
causes of gap formation at the tooth-resin interface [5-8]. 
The type of failure that may occur between the hybrid 
layer and the tooth structure causes considerable clinical 
consequences, such as bacterial invasion, recurrent caries *Corresponding author. 
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development, dentinal sensitivity and pulp irritation 
[9,10].  

Over the last few decades, the search for a polymer 
material with a capacity to bond to dental structures has 
become one of the main study projects [11]. Various load 
particles have been added to dental adhesives to streng- 
then the link of bond strength to the dental structure, di-
minishing polymerization shrinking and increasing the 
modulus of elasticity of the adhesive layer [12]. Recently, 
load nanoparticles [13-16], especially nanoparticles of 
ceramic materials [15,16], have been used in the formu-
lation of composites, with the purpose of improving phy- 
sical and mechanical properties.  

Of the many synthetic materials studied as substrate- 
support for the development of new materials, hydrox- 
yapatite [Ca10(PO4)6(OH)2] has been widely used and 
considered one of the most biocompatible ceramics, due 
to the similarity to the mineral constituents of human 
bones and teeth [17]. Hydroxyapatite nanoparticles have 
been used to increase the mechanical properties of resin 
composites, observing the bioactivity and bond of these 
composites to the dental structure [18]. In reports in the 
literature [19] the incorporation of hydroxyapatite in po- 
lymer adhesives has also significantly improved the de-
gree of monomer conversion and polymerization rate. 
Thus, hydroxyapatite nanoparticles may be a promising 
option of material for the preparation of new dental ad-
hesives with superior properties.  

The aim of this study was to modify a polymer dental 
adhesive system with hydroxyapatite nanoparticles as 
load, characterize it by means of light microscopy, scan-
ning electron microscopy, Energy dispersive X-ray spec-
troscopy, X-ray diffraction and Fourier Transformed in-
frared spectroscopy technique (ATR-FTIR) and evaluate 
the effectiveness of its bond to dental structure. 

2. Experimental Procedure 

The study was submitted to the Research Ethics Com-
mittee of the Federal University of Vales do Jequitin-
honha e Mucuri, under protocol No.186/10. 

2.1. Preparation of Experimental Units 

The sample size calculation was made from a pilot study, 
considering the degree of confidence of the sample of 
95% and statistical power of 95% desired and estimated. 
The tolerable error of sampling was 4% [20], stipulating 
a sample size of fifteen. 

Sixty-six human pre-molar teeth, whole and recently 
extracted due to orthodontic indication in subjects under 
the age of 21 years were selected, well cleaned and auto-
clave sterilized (Cristófoli Vitale, Cristófoli, Brazil) at 
120˚C, working pressure of 1 kgf/cm2, for 20 min [21]. 
Each of the teeth was section in its horizontal direction, 

using a diamond disc in a metallographic cutter (ELSAW, 
Elquip, Brazil), thus obtaining the middle third of the 
tooth crown. Two sections for test were obtained by sec- 
tioning each part of the tooth crown in its vertical direc- 
tion (Figure 1(a)). The sections were embedded in a 
chlorinated polyvinyl chloride tube (CPVC), (AMANCO, 
Brazil) 2 cm in diameter and 1.5 cm high, and filled with 
polyester resin. In half of the embedded sections, enamel 
surfaces were exposed (Figure 1(b)) and in the other half, 
dentin surfaces (Figure 1(c)). Initially, the exposed sur-
faces were polished with 400 grain abrasive paper in a 
polishing machine and metallographic grinder (PLF-DV, 
Fortel, Brazil) with constant cooling. After this, 600 
grain abrasive paper was used to simulate the smear- 
layer. The test specimens (tsps) were washed and stored 
in distilled water at a temperature of 37˚C ± 1˚C in an 
oven (Fanem, Brazil), and were then randomly distrib- 
uted into ten groups (n = 15), according to Table 1. 

With the exception of Groups G5E and G5D, enamel 
 
 (a)

(b)

(c)

(d) 

(e) 

 

Figure 1. Tooth sections (a) embedded in CPVC, showing 
exposure of enamel (b) and dentin (c) surfaces, with sim- 
ulation of resin composite restoration, device used for fix- 
ating the tooth-polyester resin sets to the universal test ma- 
chine for the microtensile test, with orthodontic wire tied to 
the device and the load cell at the upper extremity of the 
machine (d) to involve the area closest to the interface of the 
restoration and dental structure during the test (e). 
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Table 1. Identification of the study groups and materials used, with their respective commercial brands, manufacturers and 
organic and inorganic constitution. 

EXPERIMENTAL GROUPS (n = 15): 

 G1E* 
G1D** 

G2E 
G2D 

G3E 
G3D 

G4E 
G4D 

G5E 
G5D 

Acid etching 37% Phosphoric acid (3M ESPE) - 

AdperTM 
Scotchbond 
Multi-uso 

(3M ESPE) 
Conventional 
1-Hydrophilic 

Monomer 
2-Hydrophobic 

Monomer 

AdperTM 
Scotchbond  
Multi-uso 

(3M ESPE) 
Conventional 
1-Hydrophilic  

Monomer 
2-Hydrophobic 

Monomer + HAP 

AdperTM 
Scotchbond  
Multi-uso 

(3M ESPE) 
Conventional 
1-Hydrophilic  

Monomer + HAP 
2-Hydrophobic 

Monomer 

AdperTM 
Single Bond 2 

(3M ESPE) 
Monocomponent 

1-Hydrophilic Monomer +  
Hydrophobic Monomer 

GO! Single Dose  
(SDI) 

Self-etching 
1-Acid + Hydrophilic 

Monomer + Hydrophobic 
Monomer 

Adhesive 
System Organic Matrix 

1-HEMA,  
polyalkenoic acid 
Alcohol and water

2-Bis-GMA, 
HEMA, 

Camphorquinone 
 

Inorganic Load 
- 

Organic Matrix 
1-HEMA,  

polyalkenoic acid 
Alcohol and water 

2-Bis-GMA,  
HEMA, 

Camphorquinone 
 

Inorganic Load 
HAP Nanoparticles

10% (volume) 

Organic Matrix 
1-HEMA,  

polyalkenoic acid 
Alcohol and water 

2-Bis-GMA,  
HEMA, 

Camphorquinone 
 

Inorganic Load 
HAP Nanoparticles

10% (volume) 

Organic Matrix 
Bis-GMA, HEMA,  

dimethacrylate, polyacrylic and 
poly itaconic acids 
Alcohol and water 

 
 

Inorganic Load 
Silicon 10% (volume) 

Organic Matrix 
Does not have HEMA 

Fluoride 
 
 
 
 

Inorganic Load 
(not found) 

Microhybrid Filtek Z350 (3M ESPE) 
Resin  

Composite Organic Matrix: Bis-GMA, UDMA, Bis-EMA, TEGDMA, PEGDMA 
Inorganic Load: Zirconium, Silica - 63.3% (volume) 

*E-Enamel; **D-Dentin. 

 
and dentin surface etching of the other groups was per-
formed with 37% phosphoric acid for 30 and 15 s, re-
spectively, and was followed by washing for the same 
length of time. 

The surfaces of G1E and G1D were dried with absor-
bent paper. A thin coat of hydrophilic monomer (Table 1) 
was applied with a microbrush (Vigodent, Brazil), re-
strictedly on the etched surfaces, which were softly dried 
for 5 s to allow complete solvent evaporation. Two con-
secutive coats of hydrophobic monomer (Table 1) were 
applied with a microbrush, without excess, and submitted 
to a light jet of air to favor flow over the dental structure. 
The hydrophobic monomer was light activated for 10 s. 
After this a metal matrix (1 mm in diameter and 2 mm 
deep) was placed over the enamel and dentin surfaces of 
the tsps, in which restorations were simulated (Figures 
1(b) and (c)) with nanoparticulate resin composite 
FILTEK Z350 (3M Espe, Brazil) (Table 1) and light 
activated for 40 s. 

The nanoparticles were obtained by means of hydro- 
xyapatite synthesis by the wet process based on the pre-
cipitation route, with calcium hydroxide and orthophos-
phoric acid as precursors, with a molar Ca/P ratio fixed at 
1.67 [22]. The HAP nanoparticles were weighed on an 
analytical scale (Al 204, Mettler Toledo, Brazil) and 

mixed with the hydrophobic and hydrophilic monomers 
at a concentration of 0.10 g/ml, using a magnetic agitator 
(ARE, Velp Scientifica, Brazil), at a speed of 360 rpm 
for 30 s. 

In Groups G2E and G2D and in G3E and G3D the 
same procedures were performed as for the previously 
mentioned groups, however, using the hydrophobic and 
hydrophilic monomers, modified with HAP, respectively. 

In G4E and G4D two consecutive coats of monocom- 
ponent adhesive system (Table 1) were applied with a 
microbrush on the etched enamel and dentin surfaces. 
The adhesive system was gently dried for 5 s and light 
activated for 10 s.  

On the etched surfaces of G5E and G5D the excess 
water was removed with absorbent paper. One coat of 
self-etching adhesive system (Table 1) was applied with 
a microbrush, restrictedly on the surfaces, actively for 20 
s. After this, the adhesive was dried with a jet of air at 
high pressure for 5 s, for complete solvent evaporation. 
The adhesive was light activated for 10 s. 

Nanoparticulate composite resin Z350 was used to 
perform the restorations in all the other groups, in the 
same way as performed in G1E and G1D. The materials 
were used strictly in accordance with all the respective 
manufacturers’ instructions. The materials were light 
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activated using a light emitting diode appliance (LED) 
Optilight LD Max (Gnatus, Brazil) at the interval of 800 
mW/cm², monitored by a radiometer. 

The tsps were stored in distilled water at 37˚C (±1˚C) 
for 14 days. 

2.2. Bond Strength Test 

After drying at ambient temperature for 12 h, the tsps 
were submitted to the microshear bond strength test in a 
Universal test machine EZ Test (Shimadzu, Japan) with a 
load cell of 200 Kgf at a speed of 0.5 mm/min to measure 
the bond strength of the materials. For this test, a circular 
metal device was used to hold the specimen and fixate 
the set. An orthodontic wire 2 mm thick was tied to a 
fixed base on the load cell placed at the top part of the 
test machine (Figure 1(d)), involving the area closest to 
the base of the restoration (Figure 1(e)), which was sub-
jected to traction until rupture. The bond strength was 
calculated automatically by the software program (Tra-
pezium, version 1.1.5, Shimadzu, Japan) of the equip-
ment, which is generally measured with the apparent 
failure load divided by the surface area. The results ob-
tained were transformed into MPa. 

2.3. Fracture Pattern Analysis 

After analysis of the fracture areas of all the tsps, by 
means of light microscopy (LM) under a stereomicro- 
scope (Stemi 2000C, Carl Zeiss, Canada), at 15X magni- 
fication, the type of failure that occurred at the tooth/ 
adhesive system/restoration interface was classified ac- 
cording to Fowler [23], with modifications: 1 - adhesive, 
fracture of the adhesive system, hydrophobic monomer 
present in the restorative resin composite or in the tooth 
structure or in both; 2 - cohesive in resin, fracture in the 
restorative resin composite, resin present on both sides of 
the test specimen; 3 - cohesive on dental structure, frac- 
ture in enamel or dentin, dental tissue present on one of 
the two remaining sides of the test specimen; 4 - mixed, 
presence of two or more types of fractures described 
above. 

2.4. Characterization of Materials 

2.4.1. Scanning Electron Microscopy and X-Ray  
Dispersive Energy Spectroscopy 

The fracture interfaces representative of each group were 
sputter-coated with goldpalladium, and analyzed by 
scanning electron microscopy (SEM), in equipment CS- 
3500 (Shimadzu, Japan). Qualitative element analysis of 
the tsps was performed by energy dispersive X-Ray spec- 
troscopy (EDX), in a spectrophotometer CS3200 (Oxford, 
England). 

2.4.2. X-Ray Diffraction 
The composites developed were submitted to X-ray dif-

fraction (DRX) in a diffractometer RXD6000 (Shimadzu, 
Japan), with monochromatic KαCu radiation (1.5406 A˚) 
and operational tube with a voltage of 40 kV and current 
of 30 mA. 

2.4.3. Fourier Transform Infrared Spectroscopy 
The samples of the composites developed were analyzed 
by means of Fourier Transform Infrared Spectroscopy 
(FTIR), by the attenuated total reflectance technique 
(ATR), (Nicolet 6700, Thermo Electron, USA). Spectra 
were obtained with 32 scans in the interval between 675 
and 4000 cm−1, with a resolution of 4 cm−1 and units of 
absorbance (abs). 

2.5. Statistical Analysis 

After performing the normality test (Shapiro-Wilk), a 
non parametric statistical test (Kruskal-Wallis) was ap-
plied to verify differences between the groups, And after 
this, the Mann-Whitney test to verify the intragroup dif-
ferences, using the software program Statistical Package 
for Social Sciences (SPSS for Windows, version 17.0, 
SPSS Inc., USA).  

To evaluate the type of failure that occurred between 
the different groups, descriptive data analysis was ap-
plied, represented by means of graphs. 

3. Results 

The statistical results showed that there was significant 
difference between the groups (p < 0.05), as regards bond 
strength after mechanical testing in enamel and dentin 
(Table 2). 

After microanalysis under stereomicroscope, adhesive 
fractures were observed in the majority of the specimens 
on both tooth surfaces. A larger number of cohesive 
 
Table 2. Values of bond strength to enamel and dentin, in 
the groups of materials studied, and respective statistical 
analyses. 

Group 
n = 15 

Bond Strength (MPa): 
(SD) *p < 0.001 

**Mann-Whitney 

G1E 

G2E 

G3E 

G4E 

G5E 

50.51 (8.04) 

60.69 (15.29) 

64.40 (7.36) 

63.28 (20.29) 

7.57 (3.32) 

A 

AB 

B 

BC 

D 

G1D 

G2D 

G3D 

G4D 

G5D 

23.89 (16.44) 

32.99 (16.06) 

39.59 (21.46) 

13.27 (11.30) 

6.60 (2.77) 

AC 

AB 

B 

CD 

D 

*Kruskal-Wallis. **Equal letters indicate there is no statistically significant 
difference between the groups. 
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fractures in enamel were observed in the groups with the 
adhesive systems modified with HAP (G2E and G3E). In 
the monocomponent adhesive system (G4E), in addition 
to the presence of cohesive fractures in enamel, mixed 
fractures were also observed. Cohesive fractures in the 
dentinal structure were observed only in Group G3D 
(Figure 2). 

The SEM micrographs of samples representative of the 
specimens analyzed by LM showed a thin layer of adhe-
sive on the enamel (Figure 3(a)) and dentin surfaces 
(Figure 3(b)) in the majority of fracture areas of the 
dental remainders, suggesting the adhesive type of frac-
ture. Spectra of EDS of these surfaces in enamel (Figure 
3(a)) and dentin surfaces (Figure 3(b)) showed high 
peaks of Calcium (Ca) and Phosphorous (P) correspond-
ing to the dental structure, and peaks of low intensity of 
Silicon (Si) corresponding to the inorganic load of the 
monocomponent adhesive system. Cohesive fractures in 
enamel (Figure 3(c)), dentin (Figure 3(d)), restorative 
resin (Figure 3(e)) and mixed fractures (Figure 3(f)) 
were also observed at the interfaces. The spectra of EDS 
of cohesive fractures in enamel (Figure 3(c)), and in 
dentin (Figure 3(d)) presented peaks of high intensity of 
Ca and P, while the spectra of EDS of cohesive fracture 
in the restorative resin (Figure 3(e)) showed peaks of 
high intensity of Si and Zirconia (Zr) and low intensity of 
Ca. Mixed fracture in enamel (Figure 3(f)) presented 
spectra with peaks of Ca, P, Zr and Si. Peaks of Gold and 
Palladium from the sputter-coating of the materials could 
also be visualized; however, they were not identified in 
the spectra. 

The crystallography of the HAP nanoparticles was 
analyzed by the spectra generated by DRX. The informa-
tion obtained was compared with standardized records 

from the database of the International Center for Diffrac-
tion (JCPDS—International Centre for Diffraction Data, 
USA) for the calcium phosphate materials, and it was 
possible to identify the material as being hydroxyapatite. 
In the qualitative DRX analysis of the HAP nanoparticles, 
a high degree of crystallinity was observed. In the dif-
fractograms in Figure 4(a), the peaks of higher intensity 
of the Ca10(PO4)6(OH)2 phase, characteristic of HAP may 
be visualized, and the presence of a large quantity of 
amorphous phase on the adhesive of the conventional 
adhesive system (G1) and in the adhesive with the addi-
tion of HAP (G2). In the diffractograms in Figure 4(b) 
HAP is shown with the presence of crystalline peaks, 
hydrophobic monomer of the conventional adhesive sys-
tem with characteristics of amorphous material (G1) and 
the hydrophilic monomer modified with HAP (G2) with 
an amorphous phase and peaks characteristic of HAP. A 
small displacement of HAP peaks (a) may be observed in 
the diffractograms of Group G3 (Figure 4(b)). 

In the FTIR spectra (Figure 5) it was observed that the 
absorption bands with reference to the 3

4PO  ions of 
HAP appeared in the spectra in the vibrational mode of 
stretching (ѵ3) and were evident at 1088, 1039 and 1032 
cm−1; the band with reference to  was shown at 
864 cm−1. The presence of a narrow band at 3594 cm−1 
was observed in the region corresponding to the vibra- 
tions of stretching of structural OH-ions. The FTIR spec- 
tra of the hydrophobic monomer of Group G1 presented 
absorption bands with reference to Bis-GMA at 1250, 
1297, 1442, 1507, 1635, 1721 and 2962 cm−1 and HEMA 
at 1639 cm−1 corresponding to the methacrylate group 
(C=C), 1721 cm−1 to C=O and 1182 cm−1 to C-O. The 
spectra of the hydrophobic monomer modified with HAP 
(G2) showed absorption bands similar to those of 

2
3CO

 

 

Figure 2. Graphic representation of the number of fractures (%) of the specimens in the Enamel (E) and Dentin (D) groups, 
after microanalysis by LM. 
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 (a) 

(f)(e) 

(d)(c) 

(b)

 

Figure 3. SEM Micrographs and respective EDX spectra of samples representative of the experimental groups, showing ad-
hesive fracture areas in enamel: G2 (a) and in dentin: G3 (b); cohesive fracture areas in enamel: G2 (c) and in dentin: G3 (b); 
cohesive fracture areas in resin: G1 (e); and mixed fracture: G4 (f). 
 
the adhesive in G1, with little intensity of absorption of 
the phosphate bands of HAP. The hydrophilic monomers 
of G1, which contain HEMA, presented the same bands 
as previously described. In G3, the hydrophilic monomer 
modified with HAP showed evident bands of HAP, free 
OH groups at 3243 cm−1 and wide absorption bands from 
3374 cm−1 corresponding to the OH groups of HAP and 
HEMA. 

4. Discussion 

Premolar teeth extracted from individuals under the age 
of 21 years were used with the purpose of avoiding the 
interference of variables in the bond strength values. 
Physiological alterations resulting from aging of the den-
tinal tissue increase the degree of dentin mineralization, 
increasing its thickness and reducing its permeability 
[24]. 

The insertion of inorganic particles promoted im-
provements in the mechanical properties of the polymers, 

considering that the composites modified with HAP 
nanoparticles (G2 and G3) presented the highest bond 
strength values in comparison with the precursor material 
G1, to both dental surfaces. As the volumetric fraction of 
the inorganic matrix increases, the link of bond force is 
strengthened, because the diminishment of the organic 
portion minimize the polymerization shrinkage and in-
creases the modulus of elasticity of the adhesive layer 
[11,25]. 

The lower bond strength values found in G2E and 
G2D in comparison with G3E and G3D, respectively, 
may be associated with the low conversion of monomers 
during the light activation process; that is to say, it is 
determined by the percentage of double carbon bonds 
(C=O) which were broken and transformed into simple 
bonds [26]. The result of this process is directly con-
nected to the behavior of adhesive bonds to dental sub-
strate [26]. The incorporation of HAP nanoparticles into 
the hydrophobic monomer may have made the interac-  

Open Access                                                                                           MSCE 
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Figure 4. Diffractograms with peaks of greater intensity of HAP, of the hydrophobic monomer of the conventional adhesive 
system (G1) and of the hydrophobic monomer modified with HAP nanoparticles (G2) (a); diffractograms with peaks of 
greater intensity of HAP, of the hydrophilic monomer of the conventional adhesive system (G1) and of the hydrophilic 
monomer modified with HAP nanoparticles (G3) (b), showing peaks characteristic of HAP (a). 

 

 (a) 

(d)

(c)

(b) 

 

Figure 5. Functional Groups of HEMA and Bis-GMA molecules and of the phosphate group of HAP (a); FTIR spectra with 
the absorption bands in the infrared with reference to the chemical bonds of the functional groups of the composition of HAP, 
of the hydrophobic monomer of the conventional adhesive (G1), of the hydrophobic monomer modified with HAP nanoparti-
cles (G2), of the hydrophilic monomer of the conventional adhesive system (G1) and of the hydrophilic monomer modified 
with HAP nanoparticles (G3) (b); FTIR spectra with the absorption bands in the infrared with references to the chemical 
bonds of the functional groups of the composition of HAP, of the hydrophobic monomer of the adhesive (G1) and of the hy-
drophobic monomer of the adhesive modified with HAP nanoparticles (G2) (c); FTIR spectra with absorption bands in the 
infrared with reference to chemical bonds of the functional groups of the composition of HAP, of the hydrophilic monomer of 
he adhesive (G1) and of the hydrophilic monomer of the adhesive modified with HAP nanoparticles (G3) (d). t     
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tion of these particles difficult by means of dipole-dipole 
type bonds to the dental structure, and also enabled a 
greater formation of HAP agglomerates. These, in turn, 
may have altered the rate of refraction of the wave bands 
of the light activator appliances to the adjacent layers, 
altering the degree of polymerization and diminishing the 
formation of cross links of these polymer systems, gen-
erating polymers with a larger quantity of free monomers, 
and being more susceptible to degradation. Other sig-
nificant factors were the possibility of agglomerates of 
HAP nanoparticles having obliterated the enamel prisms 
and dentinal tubules, difficulty of flowing of the adhesive 
modified with HAP, and the reduction in the formation 
of resin tags, responsible for mechanical retention. 

The hydrophilic monomer may have acted as a lining 
of the inorganic load, enabling an improvement in the 
bond at the HAP nanoparticle interface with the resin 
matrix of the hydrophobic monomer [27]. The sealing of 
the HAP surface increases its dispersion and minimizes 
the formation of inorganic aggregates [27], also making 
it possible for greater cohesion of these particles with the 
dental structure to occur. 

The lowest bond strength value was found in G4D in 
comparison with G1D, G2D and G3D, while G4E pre-
sented the second highest bond strength value. One of the 
explanations for this occurrence is the greater complexity 
of the adhesive bond to dentin [28]. Another probable 
explanation is related to demineralized dentin drying. 
The collapse of collagen fibrils and establishment of hy-
drogen bridges between them may occur, contracting and 
tensing the collagen network, and leading to the loss of 
the tridimensional spatial configuration. Thus, thus the 
permeability of this network is diminished, which hin-
ders the infiltration of the adhesive monomers, leading to 
the formation of a thinner hybrid layer with deficient 
sealing of the dentinal tubules [29,30].  

The monomer/solvent combination in adhesive sys-
tems with their application performed in a larger number 
of steps must be capable of breaking the interpeptide 
hydrogen bridges, and thus re-expand the dentin matrix, 
re-creating the interfibrillar spaces of the collapsed col-
lagen network to allow infiltration of the hydrophobic 
monomer [29,30]. 

The bond strength, measured by means of the mi-
croshear test, varied with the treatment of the exposed 
tooth surface. Inferior behavior was observed for Groups 
G5E and G5D, in which the self-etching adhesive system 
was used, and which removes a micrometric layer of 
dental surface [31-33]. Greater unobstruction of enamel 
and dentinal tubule prisms was verified with the phos-
phoric acid etching process, [34] as was used in the other 
experimental groups, allowing better flow of the hydro-
phobic monomer, with more voluminous and deeper tag 
formation [32-34]. 

Analysis of the fracture surfaces of the tsps by LM 
identified a larger number of adhesive failures, which 
may be justified by the better stress distribution at the 
bond interface of small specimens demanded in the mi-
croshear test [34]. In Groups G2E, G3E and G4E a larger 
number of cohesive fractures in the dental structure were 
observed. This is justified by the higher bond strength 
values in the mentioned groups, with emphasis on G2E 
and G3E, in which the HAP nanoparticles may have in-
teracted with the hydroxyapatite of enamel tissue, streng- 
thening the bond even further. 

In Groups G3E and G4E there were a significant num- 
ber of specimens whose bond strength value was higher 
than the rupture strength of the orthodontic wire used in 
the microshear test, preventing their fracture. This may 
be associated with the presence of HAP nanoparticles in 
G3E and silicon in G4E, promoting greater bond strength.  

The capacity of HAP nanoparticles to bond to the den-
tinal structure is potentiated when mixed with the hydro- 
philic monomer, and this may justify the occurrence of 
cohesive fractures in dentin in Group G3D. The relation- 
ship between carbonate and apatite is of great importance, 
since carbonate increases the chemical reactivity of apa- 
tite, particularly by the increase in the product of solubil- 
ity and dissolution rate [35]. 

The clinical consequences of failures that may occur at 
the tooth/adhesive system interface depend on where 
they occur at the bond interface. Only if the failure oc-
curs between the base of the hybrid layer and the subja-
cent dentin can it enable the demineralization of the 
sealed dentin, leading to bacterial invasion, dentinal sen-
sitivity and pulp irritation [10]. 

The microshear test was used in this study in accor-
dance with the specifications of the ISO 527-1 and 527-2 
standards for determining the properties of materials [36] 
Imperfections or defects at the bond interfaces, such as 
air bubbles, water or solvent may allow the development 
of local stresses during the bond strength test in larger 
areas. The gaps formed may propagate rapidly and cause 
failures. In smaller areas, there are fewer imperfections, 
bearing higher pressures before fracturing [37]. The 
speed of 0.5 mm per minute used in the test was also an 
important factor for a uniform distribution of the force. 
The ISO standard recommends a speed of at least 0.45 
mm/min to a maximum of 1.05 mm/min [38]. 

The bonds between dentin and resin are friable, and 
tend to fail when subjected to various types of stresses, 
such as those that typically occur in the mouth. It is 
common for standard deviations of 30% to 40% to occur 
around the mean values, as mentioned in TC106 ISO (TR 
11405) for the measurement of bond strength to the den-
tal substrate [38].  

Element analysis by EDX of the adhesive fracture ar-
eas on the dental remainder identified not only the Si in 
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the organic matrix of the hydrophobic monomer, but also 
Ca and P, probably from the tooth structure located be-
low this thin layer. A large quantity of Ca and P was ob-
served at the interface of fractures of the cohesive type in 
dental structure, chemical elements of dental tissue, in 
addition to peaks of Si, characteristic remnants of the or- 
ganic matrix of the hydrophobic monomers used. In the 
cohesive fractures in resin, in addition to Ca and P, peaks 
of Zr and Si - components of the restorative resin com-
posite were found. Mixed fractures are well characterized 
by the presence of spectra with peaks of Ca and P and of 
Zr and Si, characteristic elements of the hydrophobic 
monomer and restorative resin composite. In the cohe-
sive fracture areas in enamel and dentin of Group G3, we 
observed spectra with higher peaks of Ca and P coming 
from the dental structure and HAP nanoparticles incor-
porated into the hydrophilic monomer of the adhesive 
system. 

Qualitative analysis by X-ray diffraction is a powerful 
method of chemical analysis, considering the entire crys-
talline structure has a diffraction pattern and that the 
same substance always presents the same model [39]. 
Thus, in the analysis of the diffractograms of the studied 
materials, it was observed that HAP presented standard-
ized peaks, in agreement with reports in the literature 
[20,40,41]. The presence of a large quantity of amor-
phous phase in the hydrophobic monomer of Group G1 is 
owing to the presence of HEMA and Bis-GMA as con-
stituents of its organic matrix. The presence of a large 
halo of the amorphous phase in the diffractograms, 
probably supplied the standard peaks in the DRX of HAP, 
which was added to the material as inorganic load in the 
proportion of only 10% of its total load. This small quan-
tity of HAP was already sufficient to increase the viscos-
ity of the hydrophobic monomer even further, which 
contains Bis-GMA, a component considered viscous due 
to the intermolecular union of hydrogen, by the presence 
of two methacrylate groups in its molecule, as well as 
aromatic rings and hydroxyl groups [8]. The formation of 
agglomerates of HAP nanoparticles in the hydrophobic 
monomer diminished its flowability and penetration into 
the etched enamel and dentin surfaces, and consequently, 
made it difficult for them to bond. 

The hydrophilic monomer in Group G1 had only 
HEMA in its composition. This less viscous monomer 
with the characteristic of hydrophilicity is considered a 
wetting agent which, associated with polyalkenoic acid 
and also to alcohol and water as solvent, facilitates the 
penetration of the adhesive into the dental structure [8]. 
These agents would probably allow the dispersion of the 
HAP nanoparticles, which made it possible to visualize 
the HAP peaks of low intensity in the diffractograms of 
G3. No formation of a new phase detectable by the char-
acterization method used was observed. In the diffracto-

grams of the hydrophobic and hydrophilic monomers 
modified with HAP there were absorption bands charac-
teristic of HAP; a contribution of the HAP nanoparticles 
to thickening the absorption band of these modified com- 
posites was also observed, allowing one to suppose the 
occurrence of strong interatomic bonds of the functional 
and specific groups present in the constitution of materi-
als [39].  

The molecular structure of HAP and the composites 
developed presented vibrational excitations resulting 
from the strong interatomic bonds (covalent bonds) of 
the specific functional groups present in the materials. 
The graphs resulting from the energy absorbed by the 
sample, by reason of the wave number in which this en-
ergy was absorbed are represented by the FTIR spectrum 
[42]. The profile of the FTIR spectrum of HAP showed 
agreement with the spectra found in the literature 
[20,40,41]. In this FTIR spectrum of hydrophobic mo- 
nomers modified with HAP (G2) no evident modifica-
tions were observed from the inclusion of HAP as its 
inorganic constituent, showing it to have the same char-
acteristics as the bands presented by the presence of 
Bis-GMA [41] in the hydrophobic monomer. To the con-
trary, the hydrophilic monomer modified with HAP (G3) 
presented absorption bands of HEMA [44] end more 
intense absorption bands at 830 cm−1, 1044 cm−1 and 
1090 cm−1 belonging to the phosphate groups of HAP. 
This fact added to the presence of bands that identify free 
OH groups, probably contributed to the higher bond 
strength of this composite to both enamel and dentin. 

The conventional adhesive system without load is a 
low cost material, available on the dental market, which 
modified with HAP nanoparticles processed with acces-
sible reagents and by simple techniques, made it possible 
for a true bond to the dentin substrate to occur. This stu- 
dy enables a review of scientific knowledge and develop- 
ment of polymer composites with more effective bonds 
to enamel, and particularly to dentin. In addition, it inci- 
tes new methodologies to be performed to confirm or re- 
fute the results found. 

5. Conclusions 

Considering the experimental conditions of this study it 
could be concluded that: 
- the addition of HAP nanoparticles to the hydrophilic 

monomer of a conventional adhesive system incre- 
ased the bond strength to enamel and dentin; 

- the bond strength to the dental structure, of a HAP- 
modified hydrophobic monomer of the conventional 
adhesive system presented limited improvement; 

- the bond strength to the dental structure, of the hy-
drophilic monomer with HAP, of the conventional 
adhesive system was shown to be higher than that of 
the monocomponent and self-etching adhesive sys-

Open Access                                                                                           MSCE 



V. C. DUMONT  ET  AL. 22 

tems; 
- the majority of the fractures that occurred at the adhe-

sive system/dental structure interfaces of the compos-
ites were of the adhesive type, and the groups with 
the presence of HAP in their constitution presented a 
higher percentage of cohesive fractures in enamel; 

- the composites developed were shown to be stable, 
with the presence of crystallographic and amorphous 
phases, in addition to a similar morphology and 
chemical structure to those of their precursor materi-
als. 
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