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Purpose: To evaluate the effect of a self-etching primer on the long-term bond strength stability between a leucite-based 
glass-ceramic and resin cement, compared to the conventional treatment involving hydrofluoric acid (HF) etching followed 
by silane application.

Materials and Methods: Blocks of a leucite-based glass-ceramic (IPS Empress CAD) were cut into plates and embedded in 
acrylic resin. Half of the specimens were treated with 5% HF for 60 s and silane application, and the other half was treated 
with a self-etching primer (Monobond Etch and Prime, MEP). Resin cement cylinders (n = 24) were built onto their surfaces, 
and the specimens of each group were divided into three subgroups according to the microshear bond strength (μSBS) test-
ing time: baseline, after 10,000 thermocycles, or after 10,000 thermocycles followed by 180 days of immersion in water. 
Statistical analysis was performed with two-way analysis of variance and Tukey’s tests. Complementary failure mode, con-
tact angle, and scanning electron microscopy analyses were carried out.

Results: MEP groups showed higher bond strength results than HF. HF-treated specimens exhibited a decrease in bond 
strength after thermocycling and water storage, while MEP-treated specimens maintained similar bond strength values 
across all aging conditions. Only cohesive failures within the ceramic were observed at baseline. After aging, most HF speci-
mens exhibited adhesive failures. HF etching created more irregularities with apparent deeper defects on the ceramic sur-
face compared to MEP. HF etching produced a lower contact angle between the ceramic surface and the water drop com-
pared to the self-etching primer.

Conclusion: Applying the self-etching primer resulted in higher bond strength stability between leucite-based glass-ceramic 
and resin cement compared to conventional treatment.
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Glass ceramics represent a class of restorative materials 
that combine translucency and flexural strength, which 

makes them suitable for a wide range of restorative applica-

tions.3 Among these materials, leucite-based glass-ceramic 
stands out for its high esthetic appearance and has been rec-
ommended for single-unit anterior and posterior full or partial 
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coverage crowns.17 Thus, clinical studies have reported sur-
vival rates of 91% over 5 years11 for anterior and 97% over 7 
years15 for posterior restorations.

Adhesive cementation of ceramic restorations is essential 
to ensure mechanical strength and stress distribution through-
out the restoration and dental substrate.6,28 Hence, the gold 
standard for preparing glass-ceramic surfaces involves etching 
with hydrofluoric acid (HF) according to the manufacturer’s 
recommendations, followed by the application of a silane cou-
pling agent.25 In this procedure, HF creates surface irregulari-
ties for micromechanical bonding with resin cements.24,30 
while the high glass content allows for the chemical coupling 
of silane–OH groups to the silica on the ceramic surface.4 How-
ever, the toxicity of hydrofluoric acid poses potential hazard-
ous effects for clinicians, including skin or nail burns and eye 
injuries.22

Aiming to optimize clinical procedures and avoid the use of 
HF, a self-etching primer was introduced in 2015 (ie, Mono-
bond Etch and Prime (MEP), Ivoclar Vivadent) and has gained 
popularity over the years.33 The application of this product in-
volves rubbing it onto the ceramic surface to remove contami-
nants. The product then remains on the surface, allowing the 
ammonium polyfluoride in its composition to react with the 
ceramic surface and produce a rough etching pattern. Finally, 
the product is washed off, initiating the reaction between the 
silane and the ceramic surface, which results in a thin silane 
layer.33 There is substantial literature on the effects of self-etch-
ing primers on the adhesion between glass-ceramics and resin 
cements.1,5,9,16,20,29,32 Nevertheless, most studies have fo-
cused on lithium disilicate ceramics, with limited research ex-
ploring how MEP affects the adhesive behavior of leucite-based 
glass-ceramics.9,20,21,29,32 Among the few aforementioned 
studies, common aging protocols include 10,000 cycles of ther-
mocycling or water storage, with variations in the test setups.

Given the lack of information regarding leucite-based glass-
ceramics and the variations in the available literature, there is a 
need for studies to confirm or contrast existing results. Addition-
ally, since resin-based materials undergo hydrolytic degrada-
tion due to water sorption,12 prolonged aging should be con-

sidered. Therefore, this study aimed to evaluate the effect of a 
self-etching primer on the bond strength stability between a 
leucite-based glass-ceramic and a resin cement, compared to 
the conventional treatment of hydrofluoric acid etching fol-
lowed by silane application. The tested hypothesis was that 
both treatments would produce similar bond strength stability.

MATERIALS AND METHODS

Study Design
This in vitro study evaluated two factors: surface treatment 
(self-etching primer or HF etching followed by silane) and ag-
ing (baseline, 10,000 thermocycles, or 10,000 thermocycles 
followed by 120-day water storage). The primary response var-
iable was microshear bond strength (μSBS). The materials 
used in this research are described in Table 1.

Specimens Preparation
Blocks of a leucite-based glass-ceramic (IPS Empress CAD, Ivo-
clar Vivadent, Schaan, Liechtenstein) were cut into plates us-
ing a diamond saw under water cooling in a cutting machine 
(IsoMet 1000, Buehler, Lake Bluff, USA). The ceramic plates 
were leveled with #400 grit silicon carbide paper, and one sur-
face was polished using a #600 and #1200 grit sequence (Nor-
ton Abrasives, Worcester, MA). These procedures were carried 
out under water cooling in a polishing machine (EcoMet/Au-
toMet 250, Buehler, Lake Bluff, USA). The specimens were man-
ually held on the polishing machine (200 rpm) using light pres-
sure for 2 min per grit of carbide paper. The carbide papers 
were changed every four specimens. The specimens with final 
dimensions of 12 mm × 10 mm × 2 mm were embedded in a 
chemically activated acrylic resin (JET, Dental Articles Classic, 
Curitiba, Brazil). To accomplish this, the polished ceramic sur-
faces were placed down on double-sided sticky tape (Adere, 
Sumaré, Brazil). Then, 2 cm-high polyvinyl chloride (PVC) cyl-
inders were placed over the tape to encircle each ceramic 
plate, and the PVC cylinders were filled with acrylic resin. The 
tape was removed after curing, and the exposed ceramic sur-

Table 1 Materials used in this study

Material Commercial brand Composition*

Leucite-based  
glass-ceramic

IPS Empress CAD 
(Ivoclar)

SiO2 (60–65 w%), Al2O3 (16–20 w%), K2O (10–14 w%), Na2O (3.5–6.5 w%), other oxides 
(0.5–7.0 w%), and pigments (0.2-1.0 w%)

Hydrofluoric acid Condac Porcelana 
(FGM)

5% hydrofluoric acid

Ceramic primer Monobond N Alcohol solution of silane methacrylate, phosphoric acid methacrylate and sulphide 
methacrylate.

Self-etching primer Monobond etch & 
prime

Water, alcohol, ammonium-polyfluoride, phosphoric acid methacrylate, silane methacrylate, 
dipodal silane, colouring agent.

*Manufacturer’s information
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faces were polished for 5 min with #1200 grit carbide paper to 
ensure complete removal of any sticky tape residue. The spec-
imens were cleaned with ethanol (Ciclo Farma, Serrana, Brazil) 
in a 5-min ultrasonic bath and randomly divided into six 
groups, as illustrated in Figure 1. Each group included four ce-
ramic plates, which later received six resin cement cylinders, 
totaling 24 specimen units per group.

The specimens from the HF groups had the ceramic sur-
faces with 5% hydrofluoric acid for 60 s (Condac porcelana 5%, 
FGM Dental Group, Joinville, Brazil). After rinsing off the HF 
with running water for 60 s, the specimens were ultrasonically 
cleaned in distilled water for 5 min. Following air-drying, a si-
lane layer (Monobond N silane, Ivoclar Vivadent; Schaan, 
Liechtenstein) was actively applied to the ceramic surfaces 
with a microbrush (FGM Dental Group, Joinville, Brazil) for 10 s 
and left to dry for 60 s. The MEP groups had the self-etching 
primer rubbed onto the ceramic surfaces with a microbrush for 
20 s. After 40 s, the product was rinsed off with running water, 
and the specimens were subjected to a 5-min ultrasonic bath 
in distilled water. Cutting, polishing, and surface treatment 
steps were performed by two previously trained operators.

The resin cement cylinders were built on the treated ce-
ramic surfaces by placing six silicone tubes (internal diam-
eter = 1.75 mm, height = 2 mm) on each specimen. The silicone 
tubes were fixed with sticky wax (Asfer, São Caetano do Sul, 
Brazil) and filled with the luting agent (Multilink N, Ivoclar 
Vivadent; Schaan, Liechtenstein) using endo auto-mixing tips. 
Excess resin cement was removed with microbrushes, and each 
silicone cylinder was photopolymerized for 40 s with a light-cur-
ing unit (Valo, Ultradent; South Jordan, USA). One previously 
trained operator carried out the bonding procedures to avoid 
bias. A sample size of 20 was estimated considering a minimum 
detectable difference in means of 3.4 MPa, an expected stand-

However, considering the possibility of pre-test failures, 24 
resin cement cylinders (n = 24) were prepared for each group.

After the bonding procedures, all specimens were im-
mersed in distilled water at 37°C (Fanem, Orion Estufa de cul-
tura 502, São Paulo, Brazil) for 24 h. The silicone tubes were 
then carefully cut with razor blades and removed along with 
the wax, leaving only the cylinders made of resin cement. The 
baseline groups were immediately subjected to the μSBS tests. 
The TC groups were subjected to thermocycling for 10,000 cy-
cles in a thermocycling machine (Biopdi, termocycle, São 

Paulo, Brazil). A two-water bath was set at 5 (± 1)ºC and 55 (± 1)
ºC with a dwell time of 30 s. The TC+120 groups underwent the 
same thermocycling protocol and were then stored in distilled 
water at 37°C for 120 days prior to the μSBS tests.

Microshear Bond Strength Tests
The microshear bond strength tests were performed in a uni-
versal testing machine (DL-1000, EMIC, São José dos Pinhais, 
Brazil) using a load cell of 50 KgF. An orthodontic wire 
(Ø = 0.2 mm) was attached to the load cell and placed at the 
cylinder/ceramic interface. The shear load was applied per-
pendicular to the interface at a crosshead speed of 0.5 mm/
min until failure. Bond strength values were calculated using 
the equation R = F/ A, where R is the bond strength (MPa), F is 
the load to failure (N), and A is the interface area (mm2). The 
circular interface area was calculated using the equation 

2

cylinder (0.88 mm).

Failure Mode Analysis
The tested ceramic surfaces were examined under a stereomi-
croscope (Stereo Discovery V20, Zeiss, Göttingen, Germany) to 
determine the failure modes as follows: adhesive – when the 
failure occurred at the interface between the ceramic and resin 
cement; predominantly adhesive – when more than 50% of the 

IPS Empress CAD

Self-etching primer
(MEP)

Hydrofluoric acid +
silane (HF)

Baseline Baseline10,000 cycles 10,000 cycles10,000 cycles
+ 120 days

10,000 cycles
+ 120 days

Fig 1 Study design (n = 24).

Table 2 Means and standard deviations (in MPa) of microshear bond strength obtained from each experimental group

Surface treatment Baseline 10 k 10 k + 120 days

HF 15.75 (4.61)Ab 14.23 (4.33)ABb 11.54 (1.58)Bb*

MEP 18.63 (4.21)Aa 17.37 (3.77)Aa 18.39 (4.47)Aa*

Different uppercase letters within a row indicate statistical differences among aging conditions for each adhesion protocol. Different lowercase letters within a column indicate statistical differ-
ences between the adhesion protocols at each aging condition (Two-way ANOVA, Tukey’s test, P < 0.05).
HF: 5% hydrofluoric acid etching followed by silane application. MEP: self-etching primer.
*n = 23 due to pre-test failures
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failure area occurred at the interface between the ceramic and 
resin cement; cohesive within the resin cement – when more 
than 50% of the failure area occurred within the resin cement; 
or cohesive within the ceramic – when more than 50% of the 
failure area occurred within the ceramic material. Representa-
tive specimens of each observed failure mode were analyzed 
using a scanning electron microscope (JSM-6610LV, Jeol, Tokyo, 
Japan) at 15 kV and a magnification of 30×.

Topographic Analysis
Ceramic plates (n = 1) were prepared as previously described 
and subjected to each surface treatment (HF or MEP). The 
specimens were ultrasonically cleaned with ethanol, air-dried, 
and gold-sputtered. Their surfaces were qualitatively exam-
ined using a scanning electron microscope (SEM), and images 
were taken at 15 kV and magnifications of 500× and 3,000×.

Contact Angle Analysis
Ceramic specimens (n = 2) from each surface treatment (HF or 
MEP) were analyzed with a goniometer (Attension, Biolin Sci-
entific, Stockholm, Sweden) to observe the formed contact 
angle. The sessile drop technique was performed at room tem-
perature (25°C), in which a 2 μl drop of distilled water was per-
pendicularly dropped at the center of the ceramic surface us-
ing a syringe. The contact angle between the water drop and 
the ceramic surface was measured three times after 5 s. The 
experiment was performed three times. Images were taken 
with a camera connected to the goniometer.

Statistical Analysis
The statistical analysis was performed using the SigmaPlot 12.0 
software program (Systat Software, San Jose, USA). The normal-
ity and homoscedasticity of the microshear bond strength data 

500 μm 500 μm 500 μm

a b c

Fig 2 Representative images (30×) of the observed failure modes: (a) adhesive, (b) predominantly adhesive, and (c) cohesive within the ceramic. Blue 
arrows in (a) indicate the slightly marked area where the resin cement cylinder detached. The yellow arrow in (b) highlights the resin cement remnant 
from the detached cylinder. The pink arrow in (c) points to the cohesive ceramic fracture that occurred during testing.

30

25

20
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10

5

0
MEP MEP MEPHF HF HF

Baseline 10 k 10 k + 120 days

Cohesive within the ceramic Predominantly adhesive Adhesive

Fig 3 Failure mode distribution among the 
experimental groups. The most frequent type 
was cohesive at the ceramic surface, which 
tended to decrease after aging, especially in 
the groups with lower bond strength results.
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were verified using the Shapiro–Wilk and Levene’s tests, re-
spectively. Afterwards, a two-way analysis of variance (ANOVA) 
was carried out, considering the surface treatment and aging 
factors. Multiple comparisons were performed using Tukey’s 
test. The significance level was set at 5%.

RESULTS

Microshear Bond Strength Analysis
Table 2 presents the microshear bond strength results ob-
tained from each experimental group. Both surface treatment 
and aging factors significantly affected the results (P <0.001 
and P = 0.029, respectively), as did the interaction between 
these factors (P = 0.033). The self-etching primer led to higher 
bond strength results than hydrofluoric acid followed by silane 
application under all tested conditions. In addition, HF-treated 
specimens exhibited a decrease in bond strength after ther-
mocycling and water storage compared to the baseline tests. 
In contrast, specimens treated with the self-etching primer 
maintained similar bond strength values across all aging con-

ditions. One specimen from HF group subjected to thermocy-
cling and water storage did not endure aging and was con-
sidered a pre-test failure.

Failure Mode Analysis
One pre-test failure was observed in both the HF and MEP groups 
after thermocycling and water storage. Figure 2 illustrates the 
failure modes observed on the ceramic surfaces in SEM images. 
The failure mode distribution among the experimental groups is 
depicted in Figure 3. Both groups exhibited 100% cohesive fail-
ures within the ceramic at baseline. Following thermocycling 
and thermocycling plus water storage, MEP-treated specimens 
showed 100% and 88% cohesive failures, respectively. After ag-
ing, most HF specimens exhibited adhesive failure modes.

Topographic Analysis
Figure 4 displays the SEM images, which evidences that HF 
etching created more irregularities with apparent deeper de-
fects on the ceramic surface compared to MEP. Wider and shal-
lower grooves are observed on the surfaces treated with the 
self-etching primer.

a

c

b

d

5 μm

5 μm

5 μm

5 μm

Fig 4 SEM images of leucite-based glass-ceramic after 5% hydrofluoric acid etching (a, b) and after the self-etching primer application (c, d).  
The images were taken at 500× (a, c) and 3,000× (b, d). More irregularities are observed on the HF-etched surface.
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Contact Angle Analysis
Figure 5 describes the images and mean values acquired from 
the contact angle analysis. Qualitative analysis demonstrated 
that the HF etching produced a lower contact angle between 
the ceramic surface and the water drop compared to the 
self-etching primer.

DISCUSSION

The self-etching primer application led to higher microshear 
bond strength values compared to hydrofluoric acid etching 
followed by silane application under all tested conditions. Ad-
ditionally, MEP maintained bond strength stability after aging, 
whereas the conventional treatment showed a significant de-
crease after thermocycling and water storage. Therefore, the 
tested study hypothesis was rejected.

Our SEM images revealed a more irregular surface pattern 
when the ceramic was treated with hydrofluoric acid (Fig 4). 
The greater irregularities on glass-ceramic surfaces caused by 
HF compared to MEP have been demonstrated in several stud-
ies.7,9,27,32 In addition, the greater surface defects caused by HF 
acid etching led to a lower contact angle than MEP, as evi-
denced in Figure 5. A lower contact angle is usually associated 
with higher bond strength.26 However, the shallower defects 
created by MEP on the leucite-based glass-ceramic surface 
may have facilitated the luting agent penetration into the irreg-
ularities. In contrast, despite the lower contact angle, the 
deeper defects caused by HF may not have been completely 
filled, leaving gaps that acted as stress concentrators and made 
debonding easier to propagate. In addition, these defects may 
have promoted water sorption, leading to bond strength insta-
bility in HF-etched specimens. The easier filling of shallower 
defects caused by MEP has been illustrated in a previous study 
using a vitreous ceramic with a similar composition to the one 
used in this study (ie, feldspathic ceramic).7 The authors re-
ported cross-section images that revealed interface defects, 
especially when using HF. Thus, the surface defect pattern 
caused by MEP on the tested glass-ceramic seems to play a cru-

cial role in proper filling by the resin cement, resulting in high 
bond strength both initially and after long-term aging.

Besides the role of surface defects on the bond strength re-
sults, bond degradation over time remains a concern with si-
lane-based coupling agents, as these molecules are highly un-
stable and have an inherent tendency to hydrolyze in water.8,19 
Previous studies have reported lower bond strength between 
glass-ceramics and resin cements after aging, attributed to in-
terface degradation.13,20,29 The failure mode analysis demon-
strated an increase in adhesive failures in HF-etched speci-
mens after undergoing the tested aging conditions, which may 
be associated with degradation of the resin cement/glass-ce-
ramic interface in water. The occurrence of more adhesive fail-
ures after aging and the observation of more cohesive failures 
in groups with higher bond strength have been described in 
previous studies with similar designs to ours.13,26

Several articles report better bonding behavior of HF and 
silane compared to MEP. However, one should note that the 
majority of these studies focused on lithia-based glass-ceram-
ics.2,10,18 When analyzing the published results on feldspathic 
or leucite-based ceramics, several studies reported that the 
self-etching primer produces similar or superior bonding be-
havior.5,20,21 Feldspathic and leucite-based ceramics have less 
crystalline content (~32–35 vol%3) than lithia-based glass-ce-
ramics (up to 80 vol%34). It has been reported that the tested 
self-etching primer creates different irregularity patterns de-
pending on the ceramic microstructure.9,20 This was evidenced 
in profilometer and SEM images of a previous study,9 where 
ceramics with more glass content showed a more irregular sur-
face than those with more crystalline content (ie, lithium disil-
icate) when etched with MEP. The different defect patterns, 
combined with other bonding factors such as resin cement, 
likely explain why the self-etching primer may be more effec-
tive in some ceramics than in others. Our study used 5% hydro-
fluoric acid, which is the concentration recommended by the 
tested dental ceramic manufacturer. Previous research has re-
ported that different acid concentrations can produce different 
defect patterns.31 However, a systematic review demonstrated 
that using acid concentrations either below or above 5% does 

a b

Fig 5 Images and contact angle mean and standard deviation values obtained from the leucite-based glass-ceramic treated with 5% HF for 60 s 
(a) and with the self-etching primer (b). Lower contact angle was produced after HF etching.
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not impact the bond strength of leucite-based glass-ceramics, 
provided that the 60-s etching time is maintained.25 Hence, the 
results of this study would not be different if our control group 
had used a higher-concentration hydrofluoric acid.

Regarding leucite-based glass-ceramics, one study per-
formed 10,000 thermocycles on all specimens and revealed 
similar shear bond strength (SBS) in groups treated with HF or 
MEP.32 Similarly, two studies that compared SBS21 or mi-
cro-tensile bond strength (μTBS)20 produced by MEP and HF 
did not report statistical differences either at baseline or after 
1-year water storage. In contrast, one study in which all speci-
mens underwent 5,000 thermocycles and performed SBS,9 
and another study in which μTBS29 was performed initially and 
after 6 months of water storage, observed inferior results with 
MEP compared to HF. The aforementioned studies employed a 
variety of methodologies, resin cement compositions, and 
commercial brands, with tested sample sizes ranging from 10 
to 15, which might explain the different findings. In our study, 
the μSBS test was chosen due to its lower probability of intro-
ducing defects,14 given that it is a micro test, and its easier 
preparation compared to μTBS, which may induce stresses 
during cutting. Furthermore, we tested 24 interfaces per group 
to ensure an adequate sample size and low standard devia-
tion. Even though previous literature does not show superior 
bond strength between leucite-based glass-ceramics and resin 
cements when MEP is applied, some authors have observed 
stable values after different aging protocols,21,29 which is con-
sistent with our findings.

Our findings indicate that the self-etching primer can be 
used as an alternative to the conventional treatment of leu-
cite-based glass-ceramics, optimizing clinical steps and pro-
viding better stability of the adhesive interface. Nevertheless, 
one may point out that our specimens were highly polished 
previously to the surface treatments, which differs from clin-
ical conditions where the cementation surface is rough due to 
the computer-aided design/computer-aided manufacturing 
(CAD/CAM) milling process. Previous research has reported 
that rough surfaces, including those produced by milling, lead 
to higher bond strength than polished surfaces.23 Conse-
quently, the lack of a more realistic surface is a limitation of 
this study, and future research should include in-lab surface 
simulations to confirm whether differences between HF and 
MEP persist. Currently, using the self-etching primer is more 
expensive than using hydrofluoric acid followed by silane. 
However, if future studies corroborate our findings, adopting 
this approach might be beneficial for reducing clinical time 
and improving the longevity of restorations.

CONCLUSION

Applying the self-etching primer resulted in higher bond 
strength between leucite-based glass-ceramic and resin cement 
compared to hydrofluoric acid etching followed by silane appli-
cation, both before and after aging. Additionally, a decrease in 
bond strength was observed in the HF group after thermocy-
cling and water storage. In contrast, the specimens treated with 
MEP remained stable under all tested aging conditions.

Clinical Relevance
The self-etching primer enhances the long-term bond strength 
stability between leucite-based glass-ceramic and resin ce-
ment, offering a more reliable adhesive interface than HF etch-
ing. This finding suggests a clinically relevant approach to im-
prove the performance of this glass-ceramic.
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