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INTRODUCTION 

The increase in patient’s awareness about dental 
esthetics has made the direct resin composite 
restorative material the material of choice in dealing 

with cavitated lesions in both anterior and posterior 

regions. Consequently, adhesive technology has 

evolved rapidly, aiming to attain and maintain a 

durable adhesive joint to the hard tooth substrate. 
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ABSTRACT

This study was conducted to study the impact of fortifying a universal dentin bonding agent 
(Single Bond Universal Adhesive, SB) with silver and hydroxyapatite nanoparticles on its degree 
of conversion using Fourier transform infrared spectrometer, flexural strength and microshear bond 
strength (µ-SBS) durability to human dentin. SB was modified either via the addition of silver 
nanoparticles at mass fractions of 0.1wt% and 0.5 wt%  or hydroxyapatite nanoparticles at 0.5wt% 
and 1wt% respectively. Half of the specimens constructed for flexural strength in each group were 
examined either after 24 h or after thermocycling. For µ-SBS evaluation, superficial dentin surfaces 
of 100 sound human molars were exposed. SB and the modified adhesives were applied to the den-
tin surfaces. Prior to light curing, cylinders were cut from Tygon tubes and mounted on each treated 
surface. Nanofilled resin composite was packed into the cylinder lumen and light-cured. Half of 
the specimens were examined after 24 h, and the other half  after thermocycling. It was found that, 
fortifying SB with low concentration silver (0.1 wt%)  and hydroxyapatite (0.5 wt%) nanoparticles 
did not alter its degree of conversion and enhanced its flexural strength after 24 h,  but it negated its 
bonding performance and durability.

Clinical Relevance: Fortifying a universal dentin bonding agent with low concentration Ag and 
Hap nanoparticles negates its bonding performance.

KEYWORDS: Universal dentin bonding agent, Silver nanoparticles, Hydroxyapatite nanopar-
ticles, Degree of conversion, Flexural strength, Microshear bond strength. 
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The consensus is that this goal of bonding to 
enamel is achievable using etch and rinse adhesive  
systems [1]. Unfortunately, this goal is only partially 
achieved in regard to bonding to dentin using 
either etch and rinse or self-etch adhesive systems. 
Although attaining satisfactory initial bond strength 
to dentin is now considered an achievable goal, 
maintaining this adhesive joint is still a major 
concern [2-4]. The quality of the hybrid layer formed 
at the resin-dentin interface dictates the longevity 
of the adhesive joint. It is expected that the rate 
of degradation is expedited by several factors, 
including the amount of resin-spared collagen fibrils 
existing in the hybrid layer, the activation of dentin 
collagenolytic enzymes, matrix metalloproteinases 
(MMPs) and cysteine cathepsins, the degree of 
hydrophilicity and the mechanical properties of 
the adhesive resin [5,6]. The degradation of the 
bond with age is manifested clinically by caries 
recurrence, which is the major cause of restoration  
replacement [7,8]. 

Vast efforts have been made to enhance the 
durability of the resin-dentin bond and improve 
the longevity of resin-based restorations. Among 
these strategies is the improvement of the physical 
and mechanical properties of the adhesive material 
by fortifying the adhesive with nanoparticles. 
Nanotechnology and nanoscience have paved the 
way by processing an ample variety of nanofillers 
that pose additional biological advantages, as 
a potential antimicrobial and remineralizing  
activities [9,10]. 

Silver and hydroxyapatite nanoparticles have 
gained great attention due to their remarkable 
biocompatible and antimicrobial properties in 
addition to their remineralizing capabilities[9-13]. 
Despite the appealing advantage of adding 
nanoparticles of biological merit to the adhesive 
resin, this procedure must be performed with 
extreme caution, as the addition of inappropriate 
concentrations of the nanofillers to an adhesive 

resin could alter the wetting of the resin to the 
dentine substrate and the degree of conversion of 
the adhesive resin, which in turn will be reflected 
in the mechanical properties of the adhesive and 
the bonding performance to the underlying dentin 
substrate [14]. 

In reviewing the literature, many studies have 
examined the impact of nano-particulate adhesive 
reinforcement on experimental unfilled adhesives 
or commercial etch and rinse adhesives [14-18]. 
Furthermore, the impact of the incorporation of 
silver or hydroxyapatite nanoparticles into dentin 
adhesives on the dentin bond durability was not 
addressed in the literature, although it is considered 
the main target of nano-particulate reinforcement 
and almost all studies were concerned with the initial 
bond strength. Thus, this study aimed to determine 
the impact of adding silver and hydroxyapatite 
nanoparticles to a universal dentin bonding agent 
used in the self-etch mode on the mechanical 
properties and the durability of the dentin bond of 
the tested adhesive. The hypotheses tested were as 
follows: first, reinforcing the examined adhesive 
with silver and hydroxyapatite nanoparticles will not 
affect their degree of conversion, flexural strength 
and initial microshear bond strength to dentin; and 
second, fortifying the examined adhesive with silver 
and hydroxyapatite nanoparticles will not affect the 
flexural strength and bond durability to dentin with 
aging. 

MATERIALS AND METHODS

Adhesive preparation

One commercial universal dentin bonding agent, 
Single Bond Universal adhesive, SB, (3M ESPE, St. 
Paul, MN, USA, lot#471008) which is composed 
of: 10 MDP Phosphate Monomer, Dimethacrylate 
resins, HEMA, Vitrebond™ Copolymer, filler, 
ethanol, water, initiators and silane was used as the 
parent adhesive in this study.
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The silver and nano-hydroxyapatite nanoparticles 
were purchased from the Nano-Tech Company, 
Egypt, 6th of October City, Egypt.

The silver nano-particles were synthesized via a 
chemical reduction reaction between silver nitrate 
(AgNO3) and ethanolic solution of polyvinyl 
pyrrolidone (PVP) in distilled water. The resultant 
nanoparticles had a spherical shape with size ranging 
from 4-10 nm. The silver nanoparticles were mixed 
with the tested adhesive, SB, at two different mass 
fractions of 0.1, and 0.5 wt%, respectively. 

The hydroxyapatite nanoparticles were 
synthesized using a simple hydrothermal procedure. 
The prepared hydroxyapatite nanoparticles had 
a rod-like shape and size ranged between 20-
100 nm in length and 10-20 nm in diameter. The 
hydroxyapatite nanoparticles were mixed with the 
tested adhesive SB at two different mass fractions 
of 0.5 and 1 wt%, respectively. 

The modified adhesive solutions (with either 
the silver or hydroxyapatite nano-particles) were 
homogenized using a sonicator (SH80-2L, MTI 
Corporation, USA) for 20 min.

Characterization of the modified adhesives was 
performed using Transmission Electron Microscopy 
(TEM) (JEOL JEM-2100, Japan), operating at an 
accelerating voltage of 200 kV equipped with Gatan 
digital camera (Erlangshen ES500, Abingdon, 
UK). In TEM, the whole area of observation was 
illuminated using an electron source of adequate 
intensity. A drop from the modified adhesive was 
deposited on an amorphous carbon coated-copper 
grid and then the particle sizes, shape measurements 
were determined.

An Environmental Scanning Electron 
Microscope (ESEM) (FEI, Inspect S5o, Hillsboro, 
USA) with an Energy Dispersive Analytical X-Ray 
(EDAX) was used for elemental composition 
analysis and to map the distribution of nanoparticles 
in the modified resin adhesives. A drop from the 

modified adhesive solution was deposited on an 
amorphous carbon-coated copper grid, light cured 
for 20 seconds and then examined by EDAX.

For the nano-hydroxyapatite-modified 
adhesives, the stoichiometry of the hydroxyapatite 
particles was measured using EDAX. The intensity 
of the of the calcium peak at 3.69 and 4.01 kev in 
the EDAX spectrum was divided by the intensity of 
the phosphorus peak at 2.01 kev to determine the 
ca/ph ratio.

Degree of conversion

The degree of conversion (DC%) of the 
examined and modified adhesives was measured 
using a Fourier transform infrared spectrometer 
(FTIR) equipped with an attenuated total reflectance 
(ATR) accessory (FT/IR 6100, Jasco, Japan). A 
constant volume of the adhesive resin (5 µL) was 
placed on the horizontal face of the ATR cell. The 
solvent evaporation process was performed using 
a low-pressure air stream applied gently for 10 s. 
A preliminary reading for the uncured material 
was recorded under the following conditions: 
400–4000 cm−1 frequency range, and FTIR spectra 
were recorded with 64 scans/s at 4 cm−1 resolution. 
Additional FTIR spectra were obtained immediately 
after light curing. Light curing was performed for 
10 s, according to the manufacturer’s instructions, 
using an LED light with 1000 mW/cm2 intensity and 
an effective wavelength of 420 ~ 480 nm (PenCure 
™, J. Morita MFG Corp). The DC was calculated 
using a baseline technique based on band ratios of 
1638 cm−1 (aliphatic carbon-to-carbon double bond) 
and 1608 cm−1 (aromatic component group) as an 
internal standard between the polymerized and 
unpolymerized samples. Six specimens were used 
for each material (n=6).

One-way analysis of variance (ANOVA) was 
used to analyze the impact of adhesive modification 
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on the degree of conversion. Tukey’s post hoc test 
was used for pair-wise comparison between the 
groups when the ANOVA test was significant. The 
level of significance was set at p≤0.05. Data were 
processed by the SPSS (version 16.0) software 
package (SPSS Inc., Chicago IL, USA).

Flexural strength

Specially customized molds were fabricated 
for specimen preparation for flexural strength 
assessment. The molds were constructed according 
to ISO 4049 specifications, except for the dimensions 
(12 mm in length, 2 mm in width and 2 mm in height). 
The dental adhesives were placed into the mold, 
which was positioned on top of an acetate strip. The 
top and bottom surfaces of the specimens were then 
light-polymerized with two irradiations of 20 s on 
each side. After polymerization, the specimens were 
removed from the mold. Half of the specimens in 
each group were stored in distilled water at 37˚C 
for 24 h while the other half was subjected to 
thermocycling (n=10). The thermocycling regimen 
which was carried out between two water baths 
maintained at 55±1 and 5±1˚C, respectively, with a 
dwelling time of 20 s and a transfer time of 10 s [21]. 
In accordance with ISO TS 11405, thermocycling 
was performed for 500 cycles [22]. 

A three-point bending test was performed using 
the universal testing machine (Lloyd Instruments 
Ltd., Fareham, UK) at a cross-head speed of 0.5 
mm/min. The flexural strength (FS) in MPa was 
calculated according to the equation:

FS= 3FL / (2BH2)

where F is the maximum load in Newtons, L is 
the distance in millimeters between the supports, B 
is the width in millimeters of the specimen measured 
immediately prior to testing, and H is the thickness 
in millimeters [14,15]. 

One-way analysis of variance was used to test 
the effect of adhesive system modifications on the 
FS after 24 h and after thermocycling. Tukey’s post 

hoc test was used for pair-wise comparison between 
the groups when the ANOVA test was set significant. 
Comparison of the 24 h and thermocycled groups 
was performed using independent Student’s t test. 
The level of significance was set at p≤0.05. Data 
were processed by the SPSS (version 16.0) software 
package (SPSS Inc., Chicago IL, USA).

Microshear bond strength (u-SBS):

One hundred sound human molars were used 
for u-SBS testing. The molars were stored in 
physiologic saline at 4°C and used within two 
weeks after extraction [23]. The molars were 
embedded vertically in an autopolymerized acrylic 
resin (Acrostone Dental Factor, England) inside 
plastic tubes, so that the occlusal surface faced 
upward to the level of the cervical line. Superficial 
flat dentin surfaces were obtained by wet grinding 
the occlusal surfaces of the specimens on a grinding 
machine (EmmeviSpA- BadiaPolesine, Italy) with 
continuous water irrigation. Then, the dentin surface 
was polished with 600-grit SiC paper to create a 
standard smear [24]. The molars were assigned into 
five groups according to the type of adhesive system 
employed:

Group I: Single bond universal adhesive (SB)

Group II (Ag1): Single bond universal adhesive 
reinforced with 0.1 wt % silver 
nanoparticles was applied.

Group III (Ag2): Single bond universal adhesive 
reinforced with 0.5 wt % nano-silver 
particles was applied.

Group IV (Hap1): Single bond universal adhesive 
reinforced with 0.5 wt % nano-
hydroxyapatite particles was applied.

Group V (Hap2): Single bond universal 
adhesive reinforced with 1 wt % nano-
hydroxyapatite particles was applied.

For each specimen, two consecutive coats of the 
adhesive were applied to the dentin surface for 15 
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seconds with gentle agitation using a fully saturated 
brush applicator. The adhesive was gently air 
thinned for five seconds to evaporate the solvents. 
Cylinders were cut from Tygon® tubing (R-3603, 
Norton Performance Plastic Co., Cleveland, USA) 
with an internal diameter of 0.8 mm and a height 
of 0.5 mm. Four cylinders were mounted on the 
dentin surface to restrict the bonding area. The 
adhesive coat was then light cured for 10 seconds 
according to manufacturer’s instructions using 
an LED light with 1000 mW/cm2 intensity and an 
effective wavelength of 420 ~ 480 nm (PenCure ™, 
J. Morita MFG Corp). Nanofilled resin composite, 
Filtek Z350 XT, 3M ESPE; shade A3, was packed 
into the cylinder lumen and a plastic matrix strip 
was placed over the resin composite and gently 
pressed flat and light-cured for 20 s. Using a blade, 
the Tygon tubes were removed after 1 h of storage at 
room temperature. This resulted in small cylinders 
of resin, approximately 0.8 mm in diameter and 0.5 
mm in height, bonded to the surface. In each group, 
half of the specimens were stored in distilled water 
for 24h prior to µ-SBS testing, while the other half 
was exposed to thermocycling. The thermocycling 
regimen was similar to the regimen used in flexure 
testing. 

µ-SBS testing was measured using a universal 
testing machine (Lloyd Instruments Ltd., Fareham 
UK). A wire of 0.2-mm diameter was looped around 
the resin composite cylinder, making contact 
through half its circumference, and was gently held 
flush against the resin-dentin interface. The resin-
dentin interface, the wire loop and the center of 
the load-cell were aligned as straight as possible 
to ensure the correct application of the shear 
force. Shear force was applied to each specimen 
at a crosshead speed of 0.5 mm/min until failure 
occurred. The four measured bond strength values 
obtained from each specimen were averaged to 
obtain one reading from each specimen (n = 10). 
One-way analysis of variance was used to test the 
effect of adhesive system on the µ-SBS after 24 h 

and after thermocycling. Tukey’s post hoc test was 
used for pair-wise comparison between the groups 
when the ANOVA test was significant. Comparison 
between both the 24 h and thermocycled groups 
was performed using independent Student’s t test. 
The level of significance was set at p≤0.05. Data 
were processed by the SPSS (version 16.0) software 
package (SPSS Inc., Chicago IL, USA).

After measuring the bond strength, each 
specimen was examined visually using a binocular 
stereomicroscope (Nilson SMZ-10-Japan) at × 25 
magnification to determine its mode of fracture. 
Failure modes were classified as either adhesive, 
in which the fracture site was located between 
the adhesive and the dentin, or mixed, in which 
the fracture site included both adhesive failure at 
the interface and cohesive failure within the resin 
composite. The percentage of the failure modes was 
calculated. 

RESULTS

The TEM photomicrographs revealed the 
existence of spherical silver and rod shape 
hydroxyapatite nanoparticles in the modified 
adhesives. Representative TEM photomicrographs 
of modified adhesives containing 0.1% silver 
nanoparticles and .5% hydroxyapatite nanoparticles 
are presented in Figs 1.a and 2.a, respectively, with 
their elemental analysis using the EDAX (1.b, 2.b). 
According to Fig 2.b, the Ca/P ratio of the HAp 
nanoparticles was determined as a measure of their 
stoichiometry. The intensity of the calcium peaks 
at 3.69 and 4.01 keV in the EDXA spectrum (Fig. 
2.b) was divided by the intensity of the phosphorus 
peak at 2.01 keV. A Ca/P ratio of 1.63 was obtained 
for synthesized nanoparticles, which is close to the 
theoretical stoichiometric value of HAp (1.667).

The means ± SD of the degree of conversion of 
all tested groups are presented in Table 1. ANOVA 
test revealed that there was statistically significant 
difference between the tested groups at p<0.0001 
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and F=12.27. Detailed comparison between 
the groups using Tukey’s post hoc test revealed 
that there was no significant difference between 
the control, 0.1% silver nanoparticle modified 
adhesive, and 0.5% hydroxyapatite nanoparticle 
modified adhesive. Meanwhile, 0.5% silver and 1% 
hydroxyapatite nanoparticle modified adhesives 
showed a significantly lower degree of conversion.

The means ± SD of the flexure strength values 
in Mpa of all tested groups are presented in Table 
2. ANOVA test revealed that there was statistically 
significant difference between the tested groups at 
p<0.0001 and F= 62.6 after 24 hours and at p<0.0001 
and F= 40.23 after thermocycling. Detailed 
comparison between the groups using Tukey’s 
post hoc test revealed that 0.1% silver nanoparticle 
modified adhesive and 0.5% hydroxyapatite 
nanoparticle modified adhesive showed the highest 
flexure strength after 24 h of storage. However, 
increasing the load of the nanoparticle incorporation 
to 0.5% for silver and 1% for the hydroxyapatite was 
associated with a significant reduction in the flexure 
strength values. Thermocycling was associated 
with a significant reduction in the flexure strength 
values of all tested groups; however, the control 
group showed the highest values compared with the 
modified adhesives.

The means ± SD of the µ-SBS of all tested groups 
are presented in Table 3, and the modes of failure 

are presented in Table 4. ANOVA test revealed 
that there was statistically significant difference 
between the tested groups at p<0.0001 and F= 
28.18after 24 hours and at p<0.0001 and F= 91.25 
after thermocycling. Detailed comparison between 
the groups using Tukey’s post hoc test revealed 
that reinforcing the examined adhesive with silver 
or hydroxyapatite nanoparticles diminished its 
µ-SBS values to dentin significantly either after 24 
h or thermocycling. In addition, thermocycling was 
associated with a significant reduction in the µ-SBS 
values to dentin in all tested groups, and this was 
associated with an increase in the percentage of 
adhesive failure in the tested groups. 

TABLE (1) Degree of conversion of all tested groups 

Groups Degree of conversion

Control 34.08±8.54a

Ag1 31.53±6.03a

Ag2 19.6±5.69b

HAP1 32.6±5.04a

HAP2 15.55±2.89b

P value 0.0001<

Different superscript letters indicate significant 
differences between the tested groups at p ≤0.05.

Fig (1) TEM photomicrograph showing the adhesive modified by the addition of 0.1 wt% Ag nanoparticles (1.a), EDAX analysis 
is presented in 1.b.
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TABLE (2) Flexural strength in Mpa of all tested 

groups

Groups After 24 h After ther-
mocycling

P Value

Control 23.28±4.64b 17.56±4.31a *0.0105

Ag1 37.14±4.03a 18.27±2.71a ***0.0001<

Ag2 15.2±4.1c 10.35±2.07b **0.0037

Hap1 32.18±4.96a 9.76±1.29bc ***0.0001<

Hap2 13.4±2.5c 6.5±1.05c ***0.0001<

P value 0.0001< 0.0001<

Comparison between the different groups within the same 

column was performed using one-way ANOVA followed 

by Tukey’s post hoc test. Different superscript letters 

indicate significant differences between the tested groups 

within the same column at p ≤0.05. Comparison between 

the two columns was performed using independent 

Student’s t test.

TABLE (3) Mean±SD of the µ-SBS in Mpa of all 
tested groups.

Groups  µ-SBS in Mpa
after 24 h

 µ-SBS in Mpa
thermocycling

P Value

Control 28.34±1.7a 25.37±1.38a ***0.0005

Ag1 22.22±4.15b 55b.15.49± ***0.0001<

Ag2 14.59±1.65d 11.79±1.42c ***0.0007

HAP1 19.25±4.58bc 13.41±1.155bc **0.001

HAP2 16.9±2.5cd 13.44±3.26bc *0.0162

P value 0.0001< 0.0001<

Comparison between the different groups within the same 
column was performed using one-way ANOVA followed 
by Tukey’s post hoc test. Different superscript letters 
indicate significant differences between the tested groups 
within the same column at p ≤0.05. Comparison between 
the two columns was performed using independent 

Student’s t test.

Fig (2) TEM photomicrograph showing the adhesive modified by the addition of 0.5 wt% Hap nanoparticles (2.a), EDAX analysis 
is presented in 2.b.

TABLE (4) Modes of failure of all tested groups 

Groups
After 24 h After thermocycling

Adhesive Mixed Adhesive Mixed

Control 50% 50% 70% 30%

Ag1 75% 25% 85% 15%

Ag2 90% 10% 95% 5%

HAP1 70% 30% 90% 10%

HAP2 92.5% 7.5% 100% 0%
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DISCUSSION

The results of the present study revealed that 
reinforcing the examined universal dentin adhesive 
with silver and that hydroxyapatite nanoparticles 
affected their degree of conversion, flexural strength 
and initial microshear bond strength to dentin; thus, 
the first null hypothesis was rejected. This was 
extended to reject the second null hypothesis, as 
reinforcing the examined universal dentin adhesive 
with silver and hydroxyapatite nanoparticles did not 
enhance the flexural strength or the bond durability.

In the present study, assessing the degree of 
conversion (DC) was carried out using Fourier 
transform infrared spectroscopy (FTIR). The DC of 
adhesive resin is one of the determining factors for a 
durable dentin bonding. A suboptimal DC might be 
responsible for the reduced interfacial strength and 
inherent interface instability [25]. 

Among several methods to determine DC of 
dental composites, Fourier transform infrared 
spectroscopy (FTIR) has been widely used as a 
reliable method due to the availability of equipment 
and numerous sampling techniques. This method 
detects the (C=C) stretching vibrations, centered at 
approximately 1638 cm−1, directly before and after 
curing the materials[26]. 

Flexural strength is a meaningful mechanical 
property for brittle materials, although the results 
cannot be extrapolated to the clinical behavior 
without considering some aspects, such as the flaw 
distribution and structural reliability of the material. 
Nonetheless, the in vitro three-point bending flexural 
test is recommended by the ISO 4049 specification 
for polymer-based materials and is widely used for 
comparative purposes [27]. 

The microshear bond test has now been accepted 
as a reliable and facile method of measuring the 
bond strength of dental adhesives to the tooth 
structure. The method was introduced to overcome 
the drawbacks of the macroshear test, including the 

mixed loading mode, inhomogeneous distribution of 
stress in the area over which the load is applied, and 
the occurrence of failure in the dentinal substrate at 
much lower stresses than the substrate strength [15]. 

Modifying the tested adhesive with 0.1 wt% 
silver nanoparticles and .5 wt% hydroxyapatite 
nanoparticles did not alter the degree of conversion 
and improved the flexure strength. Because they 
were presented in low concentrations, they did not 
alter the degree of conversion, and their existence 
increased the debonding energy in different ways. 
In a favorable scenario, flaws responsible for 
failure may originate in the adhesive resin, with the 
crack propagating therein. Consequently, particles 
provide obstacles at the crack front, consuming 
energy during crack extension [28]. In a low-stiffness 
Bis-GMA/TEGDMA-based polymer, the higher 
modulus of a particle has the potential to attract 
an offset traveling crack, causing a temporary 
reduction in the energy release rate due to changes 
in crack trajectory [6]. 

However, increasing the filler load to 0.5% 
silver nanoparticles and 1 wt% hydroxyapatite 
nanoparticles negated the degree of conversion 
and the flexure strength measured after 24 h of 
storage. In photocuring systems, the curing process 
depends on the irradiation energy received by the 
photoinitiator system and its further decomposition 
to active species. The penetration of the light beam 
in filled systems is determined by the transparency 
of the matrix resin and fillers towards the irradiation 
wavelength and the difference between the 
refractive indices of the matrix and the filler. Silver 
and hydroxyapatite are opaque against visible light, 
and when added to the adhesives, they adversely 
affect the curing reaction with different physical and 
chemical patterns [15]. The light may have reflected 
and scattered, photons may have been absorbed 
from the curing lamp, and a chemical reaction may 
have occurred between the silver nanoparticles and 
the photoinitiator  and between the hydroxyapatite 
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nanoparticles and the 10 MDP functional monomer 
present in the examined adhesive, which might 
be associated with an increase in the adhesive  
viscosity [29]. Because the free-radical polymerization 
process is a diffusion-controlled reaction, following 
irradiation, the mobility of propagating free radicals 
located at functional monomer groups within the 
polymerizing matrix is decreased due to a rapid 
increase in viscosity. This leads to a decreased 
polymerization rate of methacrylate double 
bonds and discontinues before conversion is fully 
completed due to vitrification of the co-matrix [30]. In 
another theory, the addition of nanoparticles might 
restrict the mobility of the monomer chain, leading 
to a decrease in the monomer and radical mobility, 
resulting in lower conversion [26]. 

The significant reduction in the degree of 
conversion was associated with a significant 
reduction in the flexural strength values in the 
24-h groups. The decrease in the flexural strength 
is attributed to the reduction of the cure depth 
of the matrix upon increasing nanoparticulate 
reinforcement. Moreover, the agglomeration of 
silver nanoparticles and Hap nanorods at higher  
filler loadings could aggravate the matter and give 
rise to the local defects that reduce the flexural 
strength. Similar findings were addressed by 
several authors who suggested that nano-particulate 
reinforcement is concentration-dependent using 
either silver nanoparticles or hydroxyapatite 
nanoparticles [15,18,31]. 

Although at low concentrations, the Ag and 
HAP nanoparticles did not alter the degree of 
conversion and enhanced the flexural strength at 24 
h of storage, they negated the µ-SBS to the dentin 
substrate. As the used adhesive is considered a mild 
filled self-etch adhesive, the pH = 2.7 (according to 
the manufacturer) and contains 10 MDP functional 
monomer. It exhibits two bonding mechanisms to 
the dentin substrate: micromechanical and chemical 
via the bonding efficacy of the functional monomer 
10-MDP through its phosphate groups to Hap. 

The incorporation of silver and hydroxyapatite 
nanoparticles might have negated the µ-SBS in 
several ways. The incorporation of fillers in the filled 
adhesive might have diminished its wetting ability 
when applied to the dentin substrate. Because the 
pH of the adhesive used is 2.7, its actual depth of 
interaction at the dentin falls within few hundreds 
of nanometers, which is sometimes referred to 
as a ‘nano-interaction’ [2]. This nano-interaction 
phenomenon will not allow for the incorporation 
of the nanoparticles within the hybrid layer. On the 
contrary, they may become agglomerated at the top 
of hybrid layer, acting as stress raisers and stress 
concentration areas [15]. 

For nanohydroxyapatite particles, an additional 
different theory could be anticipated. It might have 
diminished its micromechanical and chemical 
bonding efficacy to the dentin substrate, as a 
reaction might have occurred between the acidic 
functional monomer 10 MDP with the added Hap 
nanoparticles. The neutralization reaction might 
have increased the adhesive pH value due to the 
buffering effect induced by Hap, diminishing its 
ultra-mild etching capacity and minimizing its 
micromechanical interlocking to the dentin substrate 
[25,32].  Furthermore, the reaction between the 10 
MDP monomer with added Hap nanoparticles might 
have decreased the relative concentration of the 
functional monomers available for the subsequent 
interaction with the dentin substrate. 

The results of the present study opposed those of 
Zhang et al., Melo et al., and Cheng et al., who found 
that the incorporation of the silver nanoparticles at .1 
wt% concentration did not compromise the bonding 
to dentin [16,17,33]. This contrast could be due to the 
difference in the chemical formulation between 
the examined adhesives, as in the aforementioned 
studies, they used an unfilled etch and rinse adhesive 
system.

The results were also contrary to those of Leitune 
et al., and Sadat-Shojai et al., who found that the 
incorporation of the hydroxyapatite nanoparticles 
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at 2 and 0.2 wt% concentrations, respectively, 
increased the microshear bond strength to dentin 
[14-15]. However, in the previous studies, the 
hydroxyapatite nanoparticles were incorporated 
into an experimental unfilled etch and rinse adhesive 
system.

In the present study, thermocycling induced a 
detrimental effect on the mechanical properties of 
the tested adhesives and masked the effect of low 
concentrations of nanoparticulate reinforcement 
on the flexural strength. When the polymer is 
immersed in a solvent, water enters the polymer 
network through the inter-molecular spaces to form 
secondary bonds with the polymer chain and reduces 
the inter-chain interaction. As a consequence, the 
polymer plasticization will decrease the flexural 
modulus [34]. This procedure was aggravated in the 
nanoparticle-modified adhesive, as the nanofillers in 
the present study were incorporated into the adhesive 
without any surface pretreatment or silanization; 
thus, weak adhesion between the nanoparticles and 
matrix might have led to an easy plucking-out of 
filler particles in the wet environment [35]. Although 
this action might have biological merit, it allows 
additional vacancies, which promoted a solvent 
effect, maximizing the plasticizing and hydrolytic 
effect of water, which was reflected in a significant 
reduction in the flexural strength values. This effect 
was maximized in the groups containing high filler 
concentration, Ag2 and Hap2, as the lower degree 
of conversion in the aforementioned groups was 
further associated with the elution of unreacted 
monomers. 

Thermocycling was also associated with a 
significant reduction in µ-SBS as the hydrolytic 
degradation of the modified adhesives further 
negated the quality at the resin-dentin interface. 
Although the control group had the highest degree 
of bond stability, it still supported the evidence that 
even with 10-MDP, which is currently considered 
to form the most stable chemical bond with 

hydroxyapatite, the bond strengths do decrease 
upon aging [36]. 

CONCLUSION

Under the parameters of the current study, 
it can be concluded that fortifying SB with low 
concentrations of Ag and Hap nanoparticles did not 
alter its degree of conversion; moreover, it enhanced 
the flexural strength evaluated after 24 h. However, 
it negated the bonding performance of the SB bond. 
Furthermore, this modification negates the flexural 
strength and bond durability.
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