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ABSTRACT

Aim: To evaluate the effect of addition of Hydroxyl-Apatite nanoparticles to a commercial 
universal adhesive on sheer-bond-strength to dentin using two application modes, immediately and 
after thermocycling. 

Methods: A-commercial UA was used for bonding composite-resin to dentin and considered 
as control. 10% of HAp were prepared and added to the commercial UA and considered as 
experimental. 88-freshly extracted sound human premolar teeth were sectioned to expose mid-
coronal-dentin. Samples were y divided into: control and experimental group. Each group was 
further divided based on the application protocol. Half of the samples were stored in distilled water 
for 24h at 37°C for immediate SBS testing whereas the other half was subjected to thermocycling 
for 20,000 cycles. SBS was measured one-day post polymerization and after thermocycling using 
universal testing machine. SBS values and failure modes were recorded and statistically analyzed. 

Results: the experimental group presented significantly lower resin-dentin SBS than the control 
group. Thermocycling significantly lowered SBS values for both groups. When using SE mode, 
the experimental group reported lower resin-dentin SBS than the control group before and after 
thermocyclying. When using ER mode before thermocycling, no significant difference was found 
between the two groups, while after thermocycling, the experimental group reported significantly 
higher resin-dentin SBS than the control group. For both adhesive groups, mixed failure dominated 
with ER mode while adhesive failure dominated with SE mode. 

Conclusions: Addition of HA may provide resistance to degradation and offer a potential to 
improve resin-dentin bond stability against thermal changes when ER protocol is applied.
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INTRODUCTION 

Universal adhesives (UA) are gaining wide 
acceptability among dentists due to their versatility 
of application and their capability to bond effectively 
to different substates including enamel, dentin, 
direct and indirect restorations.1 

UAs constitute one type of all-in-one adhesive 
with both, hydrophilic and hydrophobic components 
in the same bottle. UAs contain monomer blends 
of mild to moderate acidity (phosphate, carboxylic 
etc.) in reduced concentrations compared with 
their precursors,2 conventional dimethacrylate 
cross-linkers, non-acidic emulsifying monomers, 
catalysts for light- or dual-curing and solvents 
to enhance monomer spreading and substrate 
infiltration capacity. Currently, monomers with mild 
acidity and water-insoluble salt formation capacity 
with dentin, such as 10-methacryloyloxydecyl 
dihydrogen phosphate (10-MDP), have been 
considered as the most reliable treatment for dentin 
and thus, it comprises the main monomer used in 
UAs.3 According to the manufacturers, UAs can be 
applied either by etch-and-rinse (ER) or the self-
etch (SE) mode.4 

Based on previous studies, when UAs were 
bonded to enamel using the SE mode, lower bond 
strength values were obtained than when using the 
ER mode. As a result, selective enamel etching has 
been suggested. The literature, on the other hand, 
is vague when it comes to dentin bonding. Even 
though sufficient resin-dentin bond strength can be 
achieved, lessened bonding efficiency arises with 
time and the stability of dentin-adhesive interface 
generated by these new multimode adhesive 
systems continue to be questionable. The in vitro 
evidence suggests that the application of UAs using 
some alternative techniques or additional strategies 
may be beneficial for improving their bonding 
performance to dentin.7 

There are several attempts to replace water from 
resin-sparse regions of the hybrid layer with apatite 

crystallites that are sufficiently small to occupy 
the extra- and intrafibrillar compartments of the 
collagen matrix allowing biomineralization of the 
resin-dentin bond.8 These attempts were adopted 
by the concept of biomimetic mineralization that 
utilizes nano-technological principles to mimic 
natural biomineralization.9,10

Among the attempts to improve mechanical 
properties of dental adhesives and increase their 
bond strength to tooth tissues is the addition of 
bioactive hydroxyapatite (HA) nano-fillers. HA 
is a non-toxic biocompatible agent that has shown 
chemical stability in the physiological environment 
with specific biological actions. Its bioactivity and 
remineralization capability have enabled its use as 
filler in adhesives to enhance material properties.11 

Initial studies on the incorporation of HA micro-
fillers in adhesives presented improved bond strength 
and reduced degradation of the hybrid layer due 
to hydrophilic absorption property and enzymatic 
action.12 Leitune and coauthors reported that 
inclusion of nano-HA particles in the experimental 
adhesive improved its bond strength to dentin.13 
Moreover, it has been suggested that the use of 
nano-HA particles improves the surface area for 
adhesion and strengthens the mechanical properties 
of adhesive.14 Hoshika and co-workers speculated 
that incorporating HAp into dental adhesives may 
allow the formation of crystals below the hybrid 
layer, which could help create a stronger anchor.15 

Lezaja et al suggested that HAP nano-fillers may 
improve bond strength of total-etch adhesives 
without an adverse effect on adhesive dispersion on 
dentin and its ability to infiltrate dentinal tubules.16 

Until current date, there are limited reports 
available on the interaction of HA nanoparticles 
in universal adhesives. Moreover, no golden 
protocol for achieving stable and optimal adhesion 
of universal adhesive systems to dentin.7 This 
in vitro study aimed to evaluate the effect of 
addition of Hydroxyl-Apatite nanoparticles (HAp) 
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to a commercial universal adhesive using two 
application modes, on SBS to dentin immediately 
and after thermocycling.

The null hypothesis was that there would be no 
difference in dentin-resin SBS between UA with 
and without the addition of HAp nanoparticles as 
well as between groups bonded with TE and SE 
application modes. 

MATERIALS AND METHODS

This experimental in vitro study was conducted 
using 88 - freshly extracted sound caries-free human 
premolar teeth collected from orthodontic specialty 
clinic at Beirut Arab University (BAU) after the 
approval of the ethical committee of BAU. Teeth 
were disinfected and examined for any defects using 
magnifying loop (Eyemag pro F 4x/450 Carl ziess 
meditec AG, German), ultra-sonically cleaned and 
stored in 0.04 % thymol at 4 °C until use. Materials 
used in the study are listed in table (1): 

Preparation of the experimental adhesive

The experimental adhesive was prepared by 
adding 10 % HAp (diameter under 20 nm) to 
a commercial universal adhesive (Single bond 
universal, 3MESPE, Seefeld, Germany) as per 

Hoshika et al.15 The HA particle size was under 20 
nm to facilitate impregnation into the nanospaces 
within the hybrid zone.  Three mL of UA was 
weighed on an analytical balance (Citizen® Digital 
Electronic Precision) accurately to 0.1 mg in test 
tubes wrapped in tin foil to prevent light exposure. 
Based on the adhesive weight mass, the mass of 
HAp powder was calculated. Then the calculated 
amount of HAp powder was added to the adhesive. 
The mixture was manually shook for 5 min and used 
immediately after preparation.16 

Sample preparation and bonding

Each tooth was embedded in acrylic resin to 
the enamel–cementum junction and sectioned 
perpendicular to the long axis to remove coronal 
enamel in order to facilitate locating the coronal 
dentin. Then the buccal enamel was removed to 
expose the mid-buccal dentin using a precision 
saw (IsoMet® 4000 Linear Buehler®, USA). The 
exposed buccal dentin was sandblasted with 600-
grit silicone paper (Buehler, Lake Bluff, IL, USA) 
under water irrigation to form a standard thickness 
of smear layer, then rinsed with distilled water for 
10 seconds to remove the debris.

Samples were then allocated to 8 groups of 11 
teeth per group. ER protocol was employed for 

TABLE (1) Material description and manufacturer

Material Manufacturer Composition

Single Bond 
Universal

3M ESPE, Seefeld,
Germany

10-MDP phosphate monomer, BisGMA (15–25 wt%), HEMA (15–25 wt%),
DMDMA (5–15 wt%), ethanol (10–15 wt%), water (10–15 wt%), silica filler (5–15 
wt%), 2-propenoic acid (1–10 wt%), 2-methyl-, reaction products with 1,10-decanediol 
and phosphorous oxide (P2O5) (1–10 wt%), copolymer of acrylic itaconic acid (1–5 
wt%), camphorquinone (<2 wt%), silane, EDMAB (2 wt%), toluene (<0.02 wt%)

Filtek™ 
Z350 XT

(3M ESPE,
St.Paul, Minessota, 
USA)

Bis-GMA, UDMA,TEGDMA and BisEMA, Combination of aggregated zirconia/silica 
cluster with primary particle size (5-20 nm), and non-agglomerated silica filler (20 
nm).78.5 Wt%

HAp (made in china) calcium phosphate (Hydroxyapatite; bone meal, nano-hydroxyapatite; HAP; CAS 
number: (1306-06-5)
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half of the experimental and the control adhesive 
groups while SE protocol was employed the other 
half. For ER protocol, dentin was etched by 37% 
phosphoric acid (N-Etch®, Ivoclar vivadent) for 15 
seconds, washed with water-air jet and blot dried. 
The adhesive was applied in two layers using a 
microbrush, rubbed for 20 seconds and air blown for 
5 seconds.  For SE protocol, dentin was blot dried 
and the adhesive was applied in two layers, rubbed 
in for 20 seconds and air-blown for 5 seconds. For 
all groups, the adhesive was cured for 20 seconds 
using a LED light-curing unit.

A commercial nanohybrid composite (Filtek 
Z350 XT, 3M ESPE,St. Paul, MN, USA) was 
built-up in 1 mm increments over the polymerized 
adhesive using a customized split-mould with an 
internal diameter of 3 mm and height of 3 mm (ISO/
TS 11405:2003), and light cured for 40 sec. 

Storage

Half the samples of each group were stored in 
distilled water for 24 h at 37 0 C for immediate testing 
whereas the other half was subjected to thermo-
cycling for 20,000 cycles (cyclic immersion for 30 
sec. at 5.5 8C/55 8C each, 7 sec. dwelling time). 
Based on the previous research every 5000 cycles 
correspond to six months of in vivo functioning.17 

Shear Bond Strength Testing:

SBS was measured one-day post-polymerization 
using a universal testing machine (Instron Universal 
Testing Machine, England) with a knife-edge 
shearing blade at a crosshead speed of 1 mm/min 
until fracture. A custom-made tooth holder made 
for tooth fixation. The shearing blade was pointed 
to the composite build-up parallel to the bonded 
surface and 1 mm away from the composite–dentin 
interface. Maximum force at fracture in Newton (N) 
was recorded. SBS [MPa] to dentin was calculated 
dividing the maximum force at fracture [N] with the 
bonded surface area [mm2].

Failure Mode Evaluation

After failure, dentin surfaces were assessed 
to determine the type of failure under a light 
microscope at x40 magnification. Failure modes 
were categorized into adhesive, cohesive and mixed 
types. 

Statistical Analysis

The means and standard deviations of SBS were 
analyzed using ANOVA. When there is a significant 
difference between two groups t- test was used. 
Statistical analysis was performed with SPSS 
(statistical package for the social sciences) v.25 
(IBM, New York, NY). Statistical significance level 
was established at p < 0.05. 

RESULTS

Resin-dentin SBS Results

The study compared the resin-dentin SBS be-
tween the two adhesive groups, experimental and 
control adhesive, each categorized according to the 
etching mode (ER & SE) and thermocycling. 

Regardless of the etching mode and thermo-
cycling, SBS of experimental adhesive group was 
significantly lower than the control adhesive group 
(20.1±4.5 and 23.5 ± 4.3 respectively, p < 0.05). 

Based on the etching mode, SBS of SE- ex-
perimental adhesive group- was significantly lower 
than the SE-control adhesive group (p<0.05) both, 
before and after thermocycling. SBS of ER- experi-
mental adhesive group- was significantly lower than 
the ER-control adhesive group (p < 0.05) before 
thermocycling (26.1±1.34 MPa, 28.43±2.68 MPa 
respectively), whereas ER-experimental adhesive 
group had significantly higher mean SBS value than 
the ER-control adhesive group after thermocycling 
(23.05±1.14 MPa, 21.61±1.42 MPa respectively) as 
presented in table 2 & figure 1.
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As to the overall effect, SE application mode 
significantly reduced SBS as compared to ER 
application mode (19.1±4.2, 24.5±3.3 respectively, 
p< 0.05). Additionally, both adhesives showed 
negative influence of thermocycling on SBS 
(19.3±3.1, 24.3±4.7, p < 0.05). 

Failure mode Results

For both adhesive groups before and after 
thermocycling, adhesive failure was predominated 
when SE-was employed. While mixed failure was 
predominated when ER mode was employed.  Table 
3, figure  reveals details of the failure mode.

TABLE (2) The mean, standard deviation (SD) values and results of independent samples t-test for the effect 
of adding HAp to UA on SBS based on etching mode and thermocycling

Etching 
Mode

Thermocycling
HAp adhesive treated group Without HAp adhesive treated group

P-value
Mean SD Mean SD

Self-Etch
Before 17.17 1.48 25.43 1.62 0.000*

After 15.13 1.11 18.48 1.94 0.000*

Total Etch
Before 26.1 1.34 28.43 2.68 0.024*

After 23.05 1.14 21.61 1.42 0.022*

Fig. (1) Bar chart representing comparison between groups as mean values of SBS of independent samples based on etching mode 
and thermocycling

TABLE (3) Failure mode analysis

Type of failure Adhesive (n=11) Adhesive Cohesive Mixed 

Before thermocycling
SE

HA-Group  (11) 100 0 0
CA-Group (8) 72.73 0 (3) 27.27

ER
HA- Group 0 0 (11) 100
CA- Group 0 0 (11) 100 

After thermocycling
SE

HA- Group (11) 100 0 0
CA- Group (11) 100 0 0

ER
HA- Group (1) 9.09 0  (10) 90.91
CA- Group 0 0 (11) 100
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After thermocycling, two representative SEM 
images of the experimental adhesive were captured. 
With SE mode, HA agglomerates were observed in 
the adhesive layer.  No hybrid layer detected (figure 
2). With ER mode,  HA agglomerates demonstrated 
clustering above hybrid layer (figure 3).

DISCUSSION

Despite the numerous studies that have shown 
the bonding effectiveness of the newest class of 
bonding agents “the universal adhesives”, there 
are still some unresolved problems regarding the 
durability of the resin-dentin interface.7 Moreover, 
there is limited information as to whether the 
different etching modes achieve equivalent bonding 
performance to dentin when it is subjected to 
aging. 18 In order to achieve resin-dentin interface 
that is less susceptible to degradation, studies have 
proposed incorporation of nanofillers to reduce 
hydrophilicity, minimize enzymatic collagen 
degradation, and lower stress contraction relatively 
due to a decrease in a polymeric matrix.19 It was 
speculated that incorporation of HA nano particles in 
resin adhesives can interact within the hybrid layer,  
occupy the extra and intrafibrillar compartments 
of the collagen matrix, replace water with apatite 
crystallites and form an organic bond that contribute 
positively to its bond strength to tooth.20 

A commercial universal adhesive (Single Bond 
Universal) was selected for this as a control adhesive. 
Previous studies reported more stable dentin-
resin interface under different moisture situations 
when compared to other universal adhesives and 
accredited their results to its unique chemistry.21,22 
The same commercial adhesive was modified by 
preparing and adding 10 wt.% HA nanospheres, 
less than 20 nm in diameter and considered as 
experimental adhesive.  This percentage was used 
based on the confirmation of a previous research 
that 10% HA produced fast growth of large crystal 
when compared to 5% HA.15 The HA particle size 
was under 20 nm to facilitate impregnation into the 
nanospaces within the hybrid zone.  

The results of our study revealed that SBS of 
the experimental group was inferior as compared 
to the control group.  One possible explanation 
could be related to the increased viscosity of the 
experimental adhesive which may compromise 
the wetting of dentin and adversely affect shear 

Fig. (2) SEM image at 3500 x of experimental adhesive in 
SE mode demonstrating presence of HA particles 
agglomerate in the adhesive resin. No hybrid layer was 
observed. 

Fig. (3) SEM image at 3500 x, of experimental adhesive in ER 
mode demonstrating clustering of HA agglomerates 
above hybrid layer. Hybrid layer with resin tags is 
observed.
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bond strength.18 Adding 10 % HAp may occupy 
the water-filled spaces in the demineralized den-
tin, and may interfere with resin infiltration. It’s 
worth mentioning that the adhesive used contain  
10-MDP monomer (Single-Bond Universal).  
10-MDP monomer from SBU was previously shown 
to interact chemically with partially demineralized 
HA in dentin and reported to strengthen the mech-
anism of bonding.16 It has not been investigated if 
10-MDP monomer would potentially interact with 
HAp fillers in the adhesive and if this interaction 
would disperse the adhesive on dentin or buffer the 
acidity of the adhesive.25 All these postulations may 
contribute to the inferior SBS of the experimental 
adhesive. Although some studies suggested that ad-
dition of fillers into adhesive systems wouldn’t affect 
the bond strength, 25 more recent studies reported in-
creased bond strength when HA fillers were added to 
the adhesives.11 They accredited their results to the 
methodology they used to prepare HA containing ad-
hesives. In fact, they silanized the commercial HAp   
using 5% silane to improve adhesion to the resin ma-
trix and used 5wt % HA. In our study, we added 10 
wt % non silanized HA as the commercial adhesive 
used already contain silane. We anticipated that add-
ing silane would hinder the reactivity of HA. 

Regardless of the adhesive type or thermocycling, 
employing ER mode showed superior SBS results 
as compared to SE mode. Using universal adhesives 
in SE mode limit the demineralization of dentin 
to leave some minerals for chemical bonding.34 
However, the hydrophilic nature of dentin as well 
as the hydrophilicity of the adhesive may lead to 
increase the water content in the adhesive layer which 
might impair polymerization and decrease bond 
strength to dentin.27 On the other hand,  ER mode, 
remove smear layer, demineralize few microns of  
dentin layer and allow for resin impregnation and 
form micromechanical interlocking. SBS values 
of RE adhesives were found to be greater than SE 
adhesives by many researchers.28 Some studies 
that used phosphoric acid etching prior to one-
step self-etch adhesive and showed increased in 

SBS.29 On contrast, other studies, stated that the 
SBS showed no significant effect to dentin after 
using phosphoric acid etch prior to one-step self-
etch adhesive. 30 It seems that the controversy in the 
literature is related to the difference the composition 
between the adhesives tested. A recent literature 
review suggested that  better bond stability with SE 
adhesives would be obtained when the application 
procedures are modified.7 

When SE mode was employed, there was a 
significant decrease in SBS of the experimental 
adhesive as compared to the control adhesive before 
and after thermocycling. This could be related to 
the interaction of HAp with the acidic monomers,  
buffering their acidity, leaving dentin with minimal 
demineralization and thus, no space for the resin to 
penetrate and hybridize within dentin. Although, 
chemical bonding with dentin hydroxyapatite is 
anticipated yet, this bond was not strong enough 
to resist shear forces as the micromechanical bond 
that is created by ER protocol.  The phosphoric acid 
strong acidity, on the other hand, would allow for 
adequate dentin demineralization and, as a result, 
deep hybridization of the resin into dentin. The 
resin’s failure to impregnate to the maximum extent 
of the hybrid layer, which challenges hydrolytic 
degradation, is one potential drawback.

Although the degradation mechanism is not well 
known, increased enzymatic activity, elution and 
plasticization of monomers by water are some of the 
contributing factors.42 Addition of HA may provide 
resistance to degradation as they interact with water, 
form apatite crystals  and enhance the remineraliza-
tion process. The minerals in the experimental adhe-
sive may act as a constant site for backup minerals 
that induce continuous remineralization for a period 
of time.32 This may explain why the experimental 
adhesive’s SBS was significantly higher than the 
control adhesive when the ER mode was used af-
ter thermocycling. As a result, the current findings 
indicate that adding HAp to the adhesive may im-
prove resin bond strength to dentin when ER mode 
is employed.
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Thermocycling significantly decreased SBS 
of both adhesive groups. These results are in line 
with many previous investigations that verified the 
deleterious effect of thermal changes on the integrity 
of resin-adhesive interface.4,33 

A plausible finding in this study is that HA-
containing adhesive resin demonstrated more 
resistance to degradation than the control. This 
was noticed when comparing the mean values of 
SBS before and after thermocycling of each group. 
After thermocycling, the drop of SBS values of 
HA-containing adhesive resin was significantly 
low compared to the control. The precise structure 
of the HA nanoparticles may alter the mechanical 
properties through interaction with the dense 
collagen network. This complex interaction is 
supported by the hydrogen bonding between –
COOH, –OH, and –NH2 of the collagen network 
with the –OH group of the hydroxyapatite particles, 
triggering re-mineralization at the interface of 
adhesive dentin.34 Additionally, HA particles may 
act as centres for chemical interaction with acidic 
monomers such as 10-MDP. 

It’s worth pointing out that the average dentin 
macro-shear bond strength values for the two 
adhesives used were in the range of 13.8–32.8 MPa 
which correspond well with the average macro-
shear bond strength values for majority of adhesives 
which were in the range of 10–20 MPa as provided 
from a literature review and meta-analysis by De 
Munck et al.35 

The adhesive layer is the weakest area of the 
interface between the tooth and restoration, which 
causes a greater stress concentration by load.36 In 
this study, the failure mode was either adhesive or 
mixed failure. The type of failure was not affected 
by the presence of HAP particles but was dependent 
on the etching mode and thermocycling i.e. samples 
with ER protocol showed higher SBS and tended 
to have more ‘mixed’ failures i.e. combination of 

adhesive and cohesive failure. While samples with 
SE protocol showed lower SBS and tended to 
have more ‘ adhesive failures”. Additionally, after 
thermocycling, 100% of the samples showed an 
adhesive failure. These findings were in agreement 
with several studies.16,37,38 

Since there was a significant difference in SBS 
between the experimental and control groups, the 
null hypothesis was rejected except for the ER 
protocol before thermocycling, the null hypothesis 
was accepted. 

One of the limitations of this study is that there 
was little knowledge in the literature at the time of 
this investigation about the optimum level of HAp 
to be incorporated in adhesives. In future studies, 
the HAp concentration chosen for this analysis 
may be reduced in order to decrease the viscosity 
of the adhesive. Additionally, to strengthen HA 
binding to the resin matrix, silanization of the HA 
fillers could be suggested. Future researches shall 
consider adding HA fillers to the adhesive systems 
and investigate their effect on durability of the 
bonded interface.

CONCLUSIONS

Within the limitations of this study:

1. HAp modified UA showed inferior resin-dentin 
SBS compared to the control adhesive.

2. Resin-dentin SBS was affected by the 
application protocol and thermocyling rather 
than the presence or absence of HAp.

3. ER protocol presented superior resin-dentin 
SBS results compared to SE protocol.

4. HA-modified universal adhesives may offer  
resistance to degradation. 

5. There is a potential in HAp modified adhesive 
to improve resin-dentin bond stability against 
thermal changes when ER protocol is applied.
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