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Objective. Evaluate the effect of different ceramic primers and post-silanization protocols on

physicochemical and morphological characteristics of a lithium disilicate glass ceramic.

Methods. Lithium disilicate ceramic (IPS e-max CAD) plaques (6 × 10 × 2 mm) were divided

into  3 groups according to the ceramic primer used: (1) Silane (RelyX Ceramic Primer-RL); (2)

Silane + MDP (Clearfil Ceramic Primer Plus-CP); (3) Self-etching ceramic primer (Monobond

Etch and Prime-MB). Specimens from each group were distributed into 5 sub-groups accord-

ing  to post-silanization protocols: (a) Treated as recommended by the manufacturer (MR), (b)

MR  + Additional drying with air at room temperature for 30 s (RTA), (c) MR + additional drying

with hot air for 30 s (HT), (d) MR + Surface rinsing with water at room temperature for 10 s

and  drying with air at room temperature for 30 s (WT), and (e) Specimens were not silanized

(NS). Surface free energy (SFE) was determined using static contact angles measurements

with water and diiodomethane. SFE data were submitted to Friedman followed by Wilcoxon

post-hoc test (  ̨ = 0.05). Morphology was analyzed using scanning electron microscopy. Ele-

mental composition and chemical interactions were determined with X-ray photoelectron

spectroscopy analysis.

Results. RL presented the highest SFE (62.4 mN/m) followed by CP (59.7 mN/m). Post-

silanization protocols resulted in similar SFE, but WT and HT induced the highest water

contact angles when using CP and RL. CP modified ceramics’ surface morphology compared

to  the etched and RL treated groups. The presence of water was identified on CP treated

specimen. All analyzed primers formed siloxane bonds with ceramic surface.
Significance. Ceramic primers resulted in different surface free energy and morphology, but

ident
siloxane bonds were 
with  RL and CP primers. M
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1.  Introduction

A wide range of ceramics with different compositions and pro-
cessing techniques are now available for indirect restorations
[1,2]. Different classification systems have been proposed. For
example, dental ceramics can be classified according to the
glass content on its chemical composition as polycrystalline or
glass ceramics [3]. Lithium disilicate glass ceramics are mainly
composed of a silica rich phase reinforced with crystals and
have been widely used due to optimal mechanical properties
and aesthetics [2,4]. Moreover, they can be adhesively luted
to the tooth structure. A strong and long-lasting bond with
resin cement depends on the performance of a proper ceramic
surface treatment [2,3,5]. Two main approaches have been
recommended to prepare the ceramic restoration: microme-
chanical retention and chemical bond [3]. Hydrofluoric acid
changes surface topography as it selectively attacks the glassy
phase increasing surface energy and creating microporosi-
ties which facilitate micromechanical interlocking of the resin
cement [2,3]. On the other hand, silane coupling agents act as
mediators and promote chemical bonding of the resin cement
with the ceramic surface [1].

Silanes consist on organic compounds that essentially con-
tain one or more  silicon atoms [6]. The most common type
used in dentistry is γ-methacryloxypropyltrimethoxysilane
(MPTS). It is a bifunctional molecule with one organofunc-
tional group containing methyl methacrylate that copolymer-
ize with resin cements and hydrolysable alcoxy groups that
reacts with Si−OH on the ceramic surface [1,7]. The alcoxy
groups must first be activated via hydrolysis (SiOR→SiOH)
in order to be suitable to chemically react with ceramic
material [8,9]. The silanol group suffers a condensation
reaction with hydroxyls present on the ceramic, releasing
water as a byproduct [10]. MPTS also reacts within to form
siloxane bonds by horizontal condensation, resulting in a
cross-linking tridimensional layer [11]. The formation of this
branched hydrophobic layer increases hydrolytic stability
and makes the ceramic surface more  prone to bond resin
materials [5,12].

The structure of the silane layer is influenced by a number
of factors such as composition of the silane solution and post-
silanization protocols [13]. These protocols should remove
water, solvents and contaminants in order to increase the
accessible sites on ceramic surface to bond to MPTS molecules
and enhance the condensation reactions within the silane
compounds [8]. The efficiency of different protocols might vary
according to each silane composition [14]. Manufacturers usu-
ally recommend the application of a mild oil-free air, but it
seems that is not enough to effectively remove solvents [13,15].
The usage of heat treatment has been the main alternative
treatment previously evaluated, but the effectiveness of this
protocol is not yet a consensus [13,16–18].

In general, the composition of conventional silanes con-
sists on MPTS molecules, acetic acid, ethanol and water.
They are available in one bottle, which is presented in a pre-
hydrolyzed solution or in a two-bottle system that should

be mixed before use [10]. However, in order to obtain uni-
versal and simplified silane primers, new formulations are
emerging. Multi-purpose ceramic/metal primers containing
 ( 2 0 1 9 ) 1073–1081

MPTS with 10-methacryloyloxydecyl dihydrogen phosphate
(10-MDP) have been recently released [19–21]. The incorpora-
tion of the 10-MDP in these primers is justified by the reduced
ability of silanes to form chemical bonds to zirconia and metal
reason why phosphate monomers are employed along, as they
have been reported to bond successfully to such substrates
[22]. Therefore, they could be used with both glass ceram-
ics and zirconia. However, some studies have demonstrated
that the association of 10-MDP with silane in a single bot-
tle resulted on deactivation of the silanol component present
on MPTS molecules and consequently reducing its bonding
potential [20,21]. Moreover, the effect of these primers on
glass-ceramics’ properties have not been clarified yet.

A new self-etching ceramic primer was also introduced
claiming to etch and silanize in one step [23]. According to the
manufacturer, it is composed of tetrabutylammonium dihy-
drogen fluoride that produces a less aggressive etching pattern
compared to HF and along with a silane system based on
trimethoxypropyl methacrylate they both form a strong bond
with the ceramic surface [23,24]. The effectiveness of this
product on ceramic-resin cement bonding is still contradictory
[24–28] and detailed characterizations are scarce. Besides the
inherent advantage as a simplified treatment, some aspects
regarding its effect on ceramic surface and its capability to
form durable siloxane bonds, require more  investigations.

Thus, the aim of the present study was to evaluate
the effect of different ceramic primers and post-silanization
protocols on surface energy and morphology of a lithium dis-
ilicate glass ceramic and on the chemical composition and
interaction of the silane layer formed on ceramics’ surface.
The null hypotheses tested in this study are that: (1) there are
no significant differences on surface free energy of ceramics
treated with different ceramic primers and post-silanization
protocols; (2) there are no significant differences on sur-
face morphology of ceramics treated with different ceramic
primers and post-silanization protocols; (3) the resultant com-
position and chemical interaction of the silane layer is not
different among ceramic primers and post-silanization proto-
cols.

2.  Materials  and  methods

2.1.  Surface  free  energy  (SFE)  and  contact  angle
measurements

Ceramic plaques (6 × 10 × 2 mm)  were cut from pre-sintered
lithium disilicate CAD/CAM blocks (IPS e-max CAD, Ivoclar
Vivadent, Schaan, Liechtenstein) using a diamond disk
mounted in a precision cutting machine (Isomet 1000, Buehler,
Lake Bluff, IL) under water irrigation. The plaques were fired
according to the manufacturer’s recommendations and pol-
ished under irrigation with 600-grit silicone-carbide abrasive
papers (Norton AS, São Paulo, SP, Brazil) in automatic polisher
(APL4, Arotec, Cotia, SP, Brazil) to standardize all surfaces. The
specimens were ultrasonically cleaned in distilled water for

5 min.

Specimens were divided into 3 groups according to the
ceramic primer used: (1) Silane - Rely X Ceramic Primer -
RL (3M ESPE, St. Paul, MN, USA); (2) Silane + MDP  - Clearfil

https://doi.org/10.1016/j.dental.2019.05.003
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Table 1 – List of all materials used and their composition.

Material Manufacturer Lot. Composition Manufacturer’s
recommendation

Lithium disilicate
reinforced
glass ceramic

IPS emax CAD (Ivoclar
Vivadent – Schaan,
Lichtenstein)

V13056 SiO2 (57–80%wt), Li2O (11–19%wt),
K2O (0–13%wt), P2O5

(0–11%wt), ZrO2 (0–8%wt), ZnO
(0–8%wt), Al2O3 (0–5%wt)
MgO (0–5%wt), colouring oxides
(0–8%wt)

Hydrofluoric
Acid

Condac Porcelana 5% (FGM
– Joinville, Brazil)

080217 Hydrofluoric acid 5%, water,
thickener, surfactant, colorant

Silane RelyX Ceramic Primer (3M
ESPE – St. Paul, USA)

N662908 Ethyl alcohol (70–80%wt), water
(20–30%wt), methacryloxypropy-
ltrimethoxysilane
(<2%wt)

Apply  on the ceramic surface
and gently blow oil free air (the
drying time was standardized
as 5 s in the present study).

Single-
component
primer

Clearfil Ceramic Primer Plus
(Kuraray Noritake Dental
Inc – Okayama, Japan)

8W0029 Ethanol (>80%),
3-trimethoxysilylpropyl
methacrylate (<5%),
10-Methacryloyloxydecyl
dihydrogen phosphate

Apply  on the ceramic surface
and blow mild oil-free air (the
drying time was standardized
as 5 s in the present study).

Self-etching
ceramic primer

Monobond Etch and Prime
(Ivoclar Vivadent – Schaan,
Liechtenstein)

V09353 Butanol, tetrabutylammonium
dihydrogen trifluoride,
methacrylated phosphoric acid
este
silan
etha

Actively apply on the ceramic
surface for 20 s, allow to react
for 40 s, wash it with water and
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eramic Primer Plus - CP (Kuraray Noritake Dental Inc, Sakazu,
urashiki, Okayama, Japan); (3) Self-etching ceramic primer

 Monobond Etch and Prime - MB  (Ivoclar Vivadent, Schaan,
iechtenstein). Materials composition and manufacturer’s rec-
mmendation are described on Table 1.

The polished surface of the specimens from groups 1
nd 2 were etched with 5% hydrofluoric acid (Condac Porce-
ana, FGM, Joinville, SC, Brazil) for 20 s. Afterwards, they were
insed with compressed air/water spray for 60 s, ultrasonically
leaned in distilled water for 5 min  and dried for 60 s.

Specimens from each group were then distributed into 5
ub-groups according to additional protocols after ceramic
rimer application (n = 10): (a) Only treated as recommended
y manufacturer (no additional step: positive control group -
R), (b) MR  + additional drying with air at room temperature

or 30 s (RTA), (c) MR  + additional drying with hot air for 30 s
HT) applied with a hairdryer (TAIFF, 1300 W)  at 85 ◦C and a
tandard distance of 10 cm,  (d) MR  + surface rinsing with water
t room temperature for 10 s and drying with air at room tem-
erature for 30 s (WT), and (e) Specimens were not silanized
t all (negative control group-NS). Experimental groups are
escribed on Table 2.

Surface free energy (SFE) was calculated based on the con-
act angle formed on the treated ceramic surface by two liquids
water and diiodomethane) having different surface tension. A

 �l drop of the liquid was calibrated with the aid of a syringe
nd placed on the ceramic surface. After 5 s, the static con-
act angle formed between liquid and substrate was measured
sing a goniometer coupled to a software (Digidrop Contact
ngle Meter; GBX, Bourg de Peage, France). Two measurements

n different regions of each surface were performed and an

verage per specimen was obtained. Surface free energy was
alculated using the harmonic average formula (Eqs. (1 and
)) [29,30]. Contact angle values and the known information
r, bis(triethoxysilyl)ethane,
e methacrylate, colourant,
nol, water

dry with a water- oil- free air
for 10 s.

related to the liquids [31] were replaced into the formulas to
isolate the dispersive and polar components of the solid. The
sum of these components represent the SFE (�TOT) of the solid
(Eq. (3)).

(1 + cos�) �L1TOT = 4�SD �L1D

�SD + �L1D
+ 4�SP�L1P

�SP + �L1P
(1)

(1 + cos�) �L2TOT = 4�SD �L2D

�SD + �L2D
+ 4�SP�L2P

�SP + �L2P
(2)

SFE = �STOT = �SD + �SP (3)

Where: cos� = cosine of the liquid contact angle: (L1)
diiodomethane and (L2) water. �LTOT is the surface tension of
the liquid. �LD and �LP are the known dispersive and polar
components of the liquid, respectively. �SD and �SP are the
components of the solid.

SFE data were not normally distributed. Non-parametric
statistical analysis was performed (Minitab v17.2.1, Minitab
Inc.; State College, PA, USA) using Friedman test followed
by Wilcoxon post-hoc test. The level of significance was
set at  ̨ = 0.05. The contact angle values formed on the
treated ceramic surface with water were also statistically ana-
lyzed. To fulfill parametric analysis requirements, data were
transformed using the Box-Cox procedure through the esti-

mation of the optimum � value (0.390121). Normality and
homoscedasticity were checked out using Anderson-Darling
and Barlett tests. Then data were analyzed using two-way
ANOVA followed by Tukey post-hoc test (  ̨ = 0.05).

https://doi.org/10.1016/j.dental.2019.05.003
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Table 2 – Experimental groups.

Primer Silanization protocol

1) RL – Silane (RelyX
Ceramic Primer)

a)  MR – manufacturer’s recommendation
b) RTA – MR + additional drying with air at room temperature for 30 s
c) HT – MR + additional drying with hot air for 30 s
d) WT – MR + surface rinsing with water at room temperature for 10 s and drying with air at room temperature for 30 s
e) NS – not silanized

2) CP – Silane + MDP
(Clearfil Ceramic
Primer)

a) MR – manufacturer’s recommendation
b) RTA – MR + additional drying with air at room temperature for 30 s
c) HT – MR + additional drying with hot air for 30 s
d) WT – MR + surface rinsing with water at room temperature for 10 s and drying with air at room temperature for 30 s
e) NS – not silanized

3) MB – Self-etching
ceramic primer
(Monobond Etch and

a) MR – manufacturer’s recommendation
b) RTA – MR + additional drying with air at room temperature for 30 s
c) HT – MR + additional drying with hot air for 30 s

om temperature for 10 s and drying with air at room temperature for 30 s

Table 3 – Surface Free Energy (γt in mN/m)  median for all
experimental groups.

RL CP MB

NS 65.2 (65.0–65.4) 65.4 (64.8–65.5) 53.7 (51.4–55.0) 62.2 A
MR 63.0 (61.8–63.7) 59.0 (56.9–60.3) 48.3 (50.5–45.3) 59.0 B
RTA 62.3 (59.4–63.2) 56.8 (55.7–58.1) 48.3 (49.5–45.8) 56.8 C
HT 61.8 (60.7–62.3) 58.7 (57.2–60.2) 47.6 (46.8–50.1) 58.7 BC
WT 61.7 (60.9–62.8) 60.8 (60.2–62.2) 47.0 (45.2–49.4) 60.8 BC

62.4 a 59.7 b 48.3 c

Individual factors (ceramic primer, silanization protocols) resulted
on statistically significant differences. General medians from each
level are displayed bellow the names (for ceramic primers) and on
the right side of the rows (for silanization protocols). Minimum and
maximum values are displayed in parenthesis. Different letters rep-
resent statistical differences (capital in column, lower case in row).
(Wilcoxon p < 0.05).
Protocol abbreviations: NS — Not silanized; MR — Treated as recom-
mended by manufacturer; RTA — MR + additional drying with air at
room temperature for 30 s; HT — MR + additional drying with hot
air for 30 s; WT — MR + additional surface rising with water for 10 s
Prime) d) WT – MR + surface rinsing with water at ro
e) NS – not silanized

2.2.  Surface  morphology

Lithium disilicate ceramic plaques (6 × 10 × 2 mm)  were
obtained as described previously and treated with the dif-
ferent ceramic primers and post-silanization protocols. The
specimens were mounted on aluminum stubs, sputter coated
with gold-palladium alloy (SCD 050; Balzers, Schaan, Liecht-
enstein) and analyzed under a scanning electron microscope
(SEM) (JSM 5600 LV; JEOL, Tokyo, Japan) operating at 15 kV. Sur-
face morphology of the specimens was evaluated at 5000×
magnification.

2.3.  X-ray  photoelectron  spectroscopy  (XPS)  analysis

XPS analysis was used to verify elemental composition of the
silane layer and chemical bonds formed with the ceramic sur-
face. The analysis was carried out on the Thermo K-Alpha
XPS (Thermo Scientific, Inc) with a monochromatic source Al
K�, 1486 eV. The energy interval used was from 0 to 1300 eV. A
pass energy of 200 eV was used to the survey scans (long scan)
and to the high resolution scans (short scan) a pass energy
of 50 eV was selected. The resolutions were 1 eV for long scan
and 0.01 eV for short scan. The different post-silanization pro-
tocols were evaluated on ceramic surfaces treated with RL
only. Groups treated with CP and MB  were only analyzed when
employing MR  post-silanization treatment. Analysis were per-
formed in two different points per sample for all groups and
data were processed using the Thermo ScientificTM Avantage
Software (Massachusetts, USA).

3.  Results

3.1.  Surface  free  energy  and  contact  angle
measurements

Friedman test revealed that the factors “ceramic primer”
and “post-silanization protocol” were statistically significant

(p < 0.001) for SFE data analysis. All medians and group com-
parisons are listed on Table 3. Specimens treated with RL
presented the highest surface free energy among the analyzed
ceramic primers, followed by CP groups. Regarding silaniza-
and drying with air at room temperature for 30 s.

tion protocols, not silanized specimes (NS) showed the highest
SFE values. MR resulted in the highest SFE among the groups
that received silane application but was not different from HT
and WT. RTA presented the lowest SFE but was not different
from HT and WT.

Contact angles formed between water and the treated
ceramic surfaces are illustrated on Fig. 1. Normality
(Anderson-Darling, p = 0.220) and homoscedasticity (Bartlett,
p = 0.124) were proved. ANOVA revealed that the interaction
between the factors “ceramic primer” and “post-silanization
protocol” was statistically significant (p < 0.0001). NS groups
presented lower contact angles compared to silanized sur-
faces. Ceramic surfaces treated with MB formed higher
contact angles compared to CP and RL. The protocols HT
and WT  increased contact angles on specimens treated
with RL and CP. Manufacturer’s recommendation (MR)
resulted in lower contact angles for RL and was not

different from not silanized specimens. Different silaniza-
tion protocols presented similar contact angles within MB
groups.

https://doi.org/10.1016/j.dental.2019.05.003
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Fig. 1 – Contact angle measurements with water (◦) from all
experimental groups. Different letters represent statistical
differences (Tukey p < 0.05).
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Table 4 – Elemental composition and atomic
concentration (%) obtained from XPS analysis of the
treated ceramic surface.

Si 2p O 1s C 1s P 2p F 1s

RL – NS 24.13 51.04 24.83 – –
RL – MR 19.35 40.41 40.24 – –
RL – RTA 16.76 38.72 44.52 – –
RL – HT 16.46 36.73 46.81 – –
RL – WT 23.66 48.94 23.66 – –

The only exception was found on groups treated with CP which
showed an additional peak at 533.3 eV.

F
m
2

.2.  Surface  morphology

EM images of the surface morphology produced by the dif-
erent treatments are showed on Fig. 2. The non-treated (only
olished) ceramic presented a homogenous and regular sur-
ace without pores and defects, but some grooves produced
y the silicon-carbide abrasive paper are also evident. HF
romoted the formation of an irregular surface with homo-
eneous distributions of microporosites and exposition of the
longated crystals. MB  applied on polished surface produced

 less pronounced etching pattern compared to HF with slight
lteration of the ceramic surface. No difference on surface
orphology was noticed after RL application on the previ-

usly etched ceramic. Conversely, CP application seems to
ave formed a layer and reduced the microporosites produced
y HF during the previous step.
ig. 2 – Representative SEM images from the surface morphology
agnification: (a) polished with #600 grit silicon-carbide abrasiv

0 s (HF); (c) PL + MB;  (d) HF + RL; (e) HF + CP.
CP 9.01 25.17 64.73 1.08 –
MB 8.99 22.75 63.42 0.97 3.87

3.3.  X-ray  photoelectron  spectroscopy  (XPS)  analysis

The chemical elements and atomic concentrations present
on the treated ceramic surfaces were obtained through XPS
survey spectra (Table 4). Si 2p was present in all groups,
but in higher concentrations on the ceramic treated with RL
compared to CP and MB. P 2p was identified on CP and MB
groups and F 1s was present on specimens treated with MB. C
1s concentration increased after ceramic primers application
compared to the not silanized specimen, except for the group
RL-WT.

Fig. 3 shows the representative Si 2p high resolution spec-
tra. The control group (not silanized) presented a single
spectrum with a peak close to 103.0 eV. RL ceramic primer
applied with the different silanization protocols exhibited
similar spectra with peaks close to 102.5 and 103.2 eV, except
for RL-MR which showed a single spectrum similar to NS.
Spectra from groups CP and MB  when treated following man-
ufacturer’s recommendations, presented peaks ranged from
102.2 to 103.7 eV. O 1s high resolution spectra are exhibited on
Fig. 4. All analyzed groups presented a single spectrum, similar
to that represented by RL-RTA, with a peak at 532.35 ± 0.2 eV.
 produced by the different treatments at 5000×
e paper (PL); (b) conditioned with hydrofluoric acid 5% for

https://doi.org/10.1016/j.dental.2019.05.003
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Fig. 3 – High-resolution XPS Si 2p spectra from treated ceramic surfaces (A) not silanized (NS); (B) RL applied following RTA
protocol (manufacturer’s recommendation + additional drying with air at room temperature for 30 s) (RL-RTA); (C) CP applied
following manufacturer’s recommendation (CL-MR); (D) MB  applied following manufacturer’s recommendation (MB-MR).

Fig. 4 – High-resolution XPS O1s spectra from treated ceramic surfaces (A) RL applied following RTA protocol (manufacturer’s
recommendation + additional drying with air at room temperature for 30 s) (RL-RTA); (B) CP applied following manufacturer’s

recommendation (CP-MR).

4.  Discussion

This in vitro study evaluated the effect of ceramic primers
(with different composition) and post-silanization protocols
on surface characteristics of a lithium disilicate glass ceramic.
Our results demonstrated that the primers and application
methods significantly influenced surface free energy val-
ues, reason why the first null hypothesis must be rejected.
Although silanization protocols did not result in alterations
on surface morphology, the ceramic primers modified surface

morphology and thus the second hypothesis must be rejected.
Finally, the third hypothesis must also be rejected as the ana-
lyzed factors induced different chemical compositions and
interactions with the ceramic surface.

Adhesive bonding is influenced by the surface energy of
the substrate and the wettability of the adhesive [7]. At the
surface, the energy is higher because the outmost atoms
are not equally attracted in all directions [7]. A high sur-
face energy is desired as it favors the spreading of the silane
primer, adhesive system or resin cement across the ceramic
surface [32]. A higher wettability of a liquid maximizes its
contact capability and attractive forces towards the substrate,

which is an important requirement for a strong adhesion. Sur-
face energy depends on the roughness, chemical composition
and hydrophilicity/hydrophobicity of the substrate [1,33] and

https://doi.org/10.1016/j.dental.2019.05.003
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s easily determined via contact angles measurements and
athematical formulas [32].
Ceramic surface energy is increased after performing

ydrofluoric acid etching due to the removal of the low energy
ontaminants while increasing materials surface roughness
34–36]. In the present study, silanization of previously etched
eramic (RL and CP), reduced the materials’ surface energy
Table 3). When etched, ceramic surface is activated increas-
ng the density of hydroxyl groups [9] and surface energy. This
igh energy on the solid tends to form bonds with other atoms
hat are close to the surface, to achieve the lowest energy state
37]. After silane application, the energy balance is modified
ecause MPTS molecules will bond to Si−OH on the surface
educing back the ceramic surface energy.

MB groups presented the lowest surface free energy regard-
ess of the silanization protocol. This primer also produced a
ess pronounced etching pattern compared to that induced
y the hydrofluoric acid (RL and CP) (Fig. 2). Low surface
oughness produced by MB  might have decreased ceram-
cs’ wettability, as reported previously [24]. Moreover, surface
nergy is also related to the chemical composition of the sub-
trate. Fluoride was identified on MB treated specimens even
fter the washing protocol recommended by the manufacturer
24,25]. The presence of fluoride seems to have some poten-
ial to reduce the wettability of the substrate [38], which may
xplain the decreased on SFE of MB  treated groups compared
o its control (NS). This lower surface free energy might also be
n indicative that silane molecules remains effectively bonded
o the available hydroxyls on ceramic surface.

Both CP and RL groups were etched with hydrofluoric acid
rior to the application of the primers, but CP groups pre-
ented lower surface free energy compared to RL. In addition,
he application of CP produced an alteration on ceramics’
urface morphology which was not noticed on the group
reated with RL (Fig. 2). It seems that a layer was formed when
pplying CP within the microporosites previously produced by
he hydrofluoric acid were reduced. MDP  molecules might be
lling these surface irregularities while covering some pen-
ent methacrylate groups of the MPTS molecule which may

nterfere in the proper bonding of the silane layer with the
esin cement. This reduction on surface roughness might
ave helped decreasing the surface free energy on CP treated
roups.

Hydrophobicity/hydrophilicity of the silanized ceramic is
ther important factor that influences the wettability of
he resin cement and is an indicator of the efficacy of the
ilane solution [12]. Glass ceramic surfaces present intrinsic
ydrophilic characteristics due to the presence of hydroxyl
roups [39] which may induce high wettability of the silane
olution. MPTS reacts with hydroxyl groups on silica-rich
eramic surface and with other silanol oligomers forming a
ranched hydrophobic layer [1]. The formation of this cross-

inked structure increases hydrolytic stability of this layer and
nhances the penetration of the hydrophobic luting cement
nto the microporosities of the previously etched ceramic sur-
ace, facilitating mechanical interlocking [12,25]. The quality

f this layer is not only influenced by the characteristics or
omposition of the primer, it is also influenced by the method
f application [13]. A proper post-silanization protocol might
ssure the removal of solvents and contaminants in order to
 0 1 9 ) 1073–1081 1079

increase cross-linking within the silane layer and increase the
amount of available reaction sites on the ceramic surface.

Our results demonstrated that in general the different post-
silanization protocols produced similar SFE. However, for RL
and CP primers the application of a hot stream air (HT) and
washing the silanized surface with water at room temper-
ature (WT) resulted in a more  hydrophobic layer increasing
water contact angles (Fig. 1). This is an indicative that the
hydrophilic portion (Si−OH) of MPTS molecules successfully
formed Si–O–Si bonds with the lithium disilicate surface and
within itself [33], turning ceramics’ hydrophilic surface into
a more  hydrophobic substrate [12]. Otherwise, MR  protocol
used on RL resulted in lower contact angles similar to not
silanized specimens, indicating a limited formation of chemi-
cal bonds between the substrate and the silane molecules [33].
This probably occurred due to higher water content as sol-
vent on RL solutions, requiring then longer drying times to
be removed, compared to the ethanol present on CP which
may be easily volatilized. In the case of MB, no statistical dif-
ferences were found among the different protocols applied.
The manufacturer recommends that when applied, the prod-
uct must be left in contact with the ceramic surface to let it
react and then it must be washed with water [23]. This step
is required to remove the acid etchant and reaction byprod-
ucts leaving only a thin layer of silane that is chemically bond
with ceramic surface. It seems that the water washing step
is being effective in removing residuals and so, an additional
treatment might not be necessary.

Survey spectra of XPS analysis revealed the presence of F
1s on MB  treated specimen (Table 4). This is in accordance
with previous studies that identified fluoride even after the
ceramic surface has been washed [25,40]. F could be present
as part of silica-fluoride salts, probably formed after the reac-
tion of MB with the glassy phase or trapped within the silane
layer [25]. Our results demonstrated that F 1s presented a com-
ponent peak close to 686.4 ± 0.1 eV that can be attributed to
fluoro(diethoxy)phosphine [41]. It seems that fluorine remain
trapped and bonded within the silane layer and as a result,
there is an increase in hydrophobicity and hydrolytic sta-
bility of the ceramic-resin cement interface, which might
explain the positive performance of MB  on the current
study [42,43]. However, the significance of this residue is still
not clear.

In the high resolution Si 2p XPS spectra (Fig. 3), the bind-
ing energy is sensitive to the number of O atoms bonded to
Si, allowing the differentiation between Si belonging to the
SiO2 substrate and Si from the silane bonded to the silica sur-
face [44–46]. The Si(-O)3 component peak corresponds to the
silane molecule bonded to the silica surface and is observed at
102.1 ± 0.2 eV. Moreover, Si in the SiO2 substrate has a Si(-O)4
binding energy around 103.0 ± 0.2 eV [44]. All silanized groups,
except RL-MR, presented spectra with both component peaks
Si(-O)3 and Si(-O)4, indicating the presence of siloxane bonds
between silane and ceramic surface. RL-MR presented a single
spectrum, similar to the group NS, correspondent to Si(-O)4.
This finding agrees with the previously mentioned results

regarding water contact angles for RL-MR which described a
highly hydrophilic surface, probably due to a limited forma-
tion of chemical bonds between MPTS and the ceramic surface
and a deficient elimination of residuals within the silane layer.

https://doi.org/10.1016/j.dental.2019.05.003
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The component peak at an energy binding close to 532.0 eV
on O1s high resolution spectra (Fig. 4), corresponds to the O
signal from the Si–O–Si silica substrate and appeared in all
analyzed groups [44]. On the CP treated ceramic, an additional
component peak at 533.0 eV was identified and is attributed
to physisorbed water on the substrate surface [44]. This water
detected within the silane layer formed by CP might be a con-
sequence of the presence of MDP  inside this primer, as it could
hinder the elimination of solvents and reaction byproducts
such as water [47].

The association of different factors might influence the
formation of a good quality silane layer and consequently the
wettability of the resin cement when attempting to achieve
a strong and long-lasting bonding with the ceramic material.
Our findings suggest that all analyzed primers could form
siloxane bonds with lithium disilicate ceramic surface. How-
ever, the use of additional protocols as HT and WT  seems to be
necessary when RL and CP primers are used. As a limitation
of this in vitro study, it can be pointed, that no mechanical
tests were performed and thus, further researches might
confirm the extent of these findings on mechanical long-term
evaluations.

5.  Conclusions

Within the limitations of this in vitro study, the following con-
clusions must be drawn:

1 The application of silane alone (RL) did not modify ceramic
surface morphology and resulted in the highest surface free
energy, with an indicative of a hydrophilic surface;

2 Self-etching ceramic primer (MB) presented the lowest sur-
face free energy and produced a highly hydrophobic silane
layer;

3 Water rising (WT) and heat treatment (HT) protocols are
recommended when using silane (RL) and silane + MDP (CP)
primers;

4 Chemical bonds (Si–O) between silane molecules and the
ceramic surface were identified for all tested primers.
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