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23 April 2019 Methods. The products tested were Calibra Silane Coupling Agent/CS, G-Multi Primer/GM,
Accepted 3 May 2019 Kerr Silane Primer/KS, Monobond Plus/MB and Scotchbond Universal Adhesive/SB. The

silane status was studied by *C nuclear magnetic resonance spectroscopy (}*C-NMR). The
roughness parameters of polished (group A) and HF acid-etched (group B) lithium disilicate

Keywords: glass-ceramic surfaces were measured by optical profilometry (n =5/group). The interaction
Silane reactivity of the products with group A and B ceramic surfaces was examined by attenuated total
NMR reflection Fourier transform infrared spectroscopy (ATR-FTIR). The shear strength (SBS) of a
IR flowable composite bonded to the ceramic surfaces (groups A, B) was assessed before (NS)
Ceramic roughness and after silane treatment (n =20/group, product).

Resin bonding Results. The NMR analysis showed the presence of silanol monomers only in CS.
Glass ceramic Methoxylated-siloxane adducts were found in GM, silanol-siloxane adducts in MB, SB, and

siloxane polymers in KS. Acid-etching greatly increased Sa, Sz, Sdr, Sc and Sv parameters
(p<0.001) and ATR-FTIR analysis demonstrated evidence of bonding with the substrate in
CS. Weibull analysis of SBS revealed the following rankings in characteristic life (p <0.05):
CS>SB,KS,MB>GM>NS (group A) and CS>GM >SB,KS,MB,NS (group B). The most reliable
treatment in both groups was CS. For the same silane treatment, the SBS of group B were
significantly higher from group A. Failures were mainly of adhesive type, except of several
partial resin cohesive failures found in group B.
Significance. The chemical bonding capacity of the silanes was highest in products with
silanol monomers. Acid-etching increased bond strength to a level that neutralized the
silane contribution in products with silanol-siloxane adducts and siloxane polymers, pro-
viding thus bond strength values similar to silane-free treatments.
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1. Introduction

Bonding of etchable glass-ceramics to tooth structure is
highly important for the proper functional performance and
longevity of the restoration-tooth complex, as it increases the
ceramic strength [1,2] and seals the critical material-tissue
interface [3].

Hydrofluoric (HF) acid-etching combined with silane
primer treatments has been documented as the standard-
ized protocol for bonding these restorations employing resin
composite luting agents [4]. Although there are variations
in the proposed HF acid concentrations, etching times and
silane types [2,5], this procedure strengthens the interface
by two synergistic bonding mechanisms: first, micromechan-
ical retention, by infiltration of resin tags into the ceramic
porosities created by the selective acid dissolution of the amor-
phous silica glass phase, and second, chemical adhesion, by
condensation of the silanol groups of activated silane with
the hydroxylated silica groups of the acid-etched ceramics,
which is further stabilized via silanol intermolecular conden-
sation [4]. Typically, HF concentrations of 5-10 wt% have been
used in combination with dilute (2-5 wt%) alcoholic solutions
of y-methacryloxypropyl trimethoxysilane (MPTMS), either
as a two-bottle system for hydrolytic activation prior to
application or as a single-bottle prehydrolyzed form, ready
for use.

During the last years, a variety of silane primers have
been marketed composed of single-bottle silane mixtures
with conventional or adhesive dental monomers and silane-
containing universal dental adhesive formulations, despite
the known instability of silanes in the presence of —OH con-
taining compounds, polar groups and water [6,7]. Currently
thereis growing evidence that silanols are polymerized in such
primers and adhesives [8-14].

The dual bonding mechanism of resin composites to acid-
etched and silane primed glass-ceramic surfaces, has raised
questions on the extent of the contribution of each individ-
ual treatment to the overall interfacial strength. Only in a few
number of studies this issue has been addressed, but with con-
tradictory findings; in two studies the status of the surface
(polished or HF acid-etched) has been shown to have a negli-
gible effect, considering the silane as the determinant factor
[15,16], whereas in two other studies the opposite has been
documented [17,18].

Currently, new silane containing primers and adhesives
have been introduced with complex chemistry. The aim of
the study was to assess the status of silane in water-free
universal primers and a water-containing universal adhesive,
to evaluate the reactivity of these products with polished
and HF acid-etched glass-ceramic surfaces and to assess the
bond strength of a resin composite to these surfaces, as
mediated by the silane containing products. The hypotheses
tested were: a) all the products contain active silanol groups,
b) all the products have similar reactivity to polished and
HF acid-etched surfaces, and c) the universal primers and
adhesive provide higher strength than a conventional pre-
hydrolyzed silane under both ceramic surface conditioning
modes.

2. Materials and methods

The products used in the study are listed in Table 1. The
silane status in the product vials was investigated by 3C
nuclear magnetic resonance spectroscopy (*C-NMR), the
roughness of the glass-ceramic specimens and their reactiv-
ity with the silanes were assessed by optical profilometry and
micro-attenuated Fourier transform infrared spectroscopy
(ATR-FTIR) respectively, whereas the bond strength of a resin
composite to these surfaces as mediated by the silanes was
evaluated under shear loading in a universal testing machine.

2.1. Silane status

Aliquots (0.5mL) of each silane product were dried under
nitrogen gas and the residue was dissolved in 0.45 mL deuter-
ated dimethyl sulfoxide (DMSO-dg). Samples of reference
compounds (0.05 mL of non-hydrolyzed MPTMS, Evonik Indus-
tries, Darmstadt, Germany and 22mg of 10-MDP, Ivoclar
Vivadent) were dissolved as above. 3C-NMR spectra of
freshly prepared samples were acquired on a Bruker Avance
DRX 500MHz spectrometer (Bruker Biospin, Rheinstetten,
Germany) equipped with a broad band probe and Topspin 1.3
software (Bruker Biospin). The spectral acquisition parame-
ters were: number of scans=6000, scan width =250 ppm, 90°
pulse=12 ps, T=298°K. The signal of the solvent (DMSO-dg) at
39.5 ppm was used for scale calibration. The a-CH, peak to the
originally methoxylated Siatom of MPTMS [—CH;-Si- (OCHj3)s]
was used to evaluate the hydrolysis status of the silane in the
products tested. This peak demonstrates the greatest width of
peak splitting in comparison with the other CH; peaks of the
oxypropyl chain and has been proposed as the most appro-
priate for monitoring the silane hydrolysis process of MPTMS
within the range of 7-11ppm [19]. The experiment was repli-
cated in triplicate.

2.2. Ceramic roughness

Cylindrical ceramic specimens (radius-r=2.5mm, height-
h=10mm) were fabricated and embedded in epoxy resin
leaving the top cyclical surface free. All specimens were
polished with SiC papers (320-2500 grit-size) in a grinding-
polishing machine (Dap-V, Struers, Ballerup, Denmark) under
water coolant and ultrasonicated for 5min in distilled water.
Two specimen groups (A, B) were prepared (n=>5/group). In
group A the polished specimen surfaces were left intact,
whereas in group B, the surfaces were acid-etched with the
HF-acid gel, left to react for 20 s, rinsed with water for 30s and
dried with oil-free dry air for 10s. The surfaces were exam-
ined by an optical profiler (Wyko NT1100, Veeco, Tuscon, AZ,
USA) under vertical scanning imaging mode, 2mm scanning
length, 40x magnification, 113.3 x 148.5um? analysis area,
2% modulation and tilt correction with 0.1nm (z-axis) and
0.2 pm (x-, y-axis) resolution. The surface roughness parame-
ters measured were the Sa, Sz (amplitude), Sdr (hybrid) and
Sc, Sv (functional). On each specimen three measurements
were performed and averaged, yielding the representative
value.
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Table 1 - The materials used in the study.

Product Code  Composition® Manufacturer

Glass-ceramic

IPS e.max Press - SiOy, Li 0, K70, P,0s, ZrO,, ZnO, Al,03, MgO, La;03 Ivoclar Vivadent, Schaan, Liechtenstein
and pigments

Ceramic etchant

IPS ceramic etching gel - 5% HF acid, colorants Ivoclar Vivadent, Schaan, Liechtenstein

Silane agents

Calibra Silane Coupling Agent CS MPTMS, Ethanol, Acetone Dentsply Caulk Milford, DE, USA

G Multi Primer GM MPTMS, 10-MDP, MDTP, BisGMA, TEGDMA, Ethanol GC Corp., Tokyo, Japan

Kerr Silane Primer KS MPTMS, BisEMA, TEGDMA, Ethanol Kerr Italia, Scafatti, Italy

Monobond Plus MB MPTMS, 10-MDP, Disulfide dimethacrylate, Ethanol Ivoclar Vivadent, Schaan, Liechtenstein

Scotchbond Universal Adhesive SB

MPTMS, 10-MDP, 2-HEMA, BisGMA, DCDMA,

3M ESPE, Neuss, Germany

VP-copolymer, SiO,, Ethanol, Water, Initiators

Resin composite
G-aenial Flo Universal -
Si0, (69 W%, 50 V%)

UEDMA, TEGDMA, BisEMA, 200 nm Sr-glass, 16 nm

GC Corp, Tokyo, Japan

2 According to the manufacturers’ information. MPTMS: y-methacryloxypropyl trimethoxysilane, 10-MDP:10-methacryloyloxydecyl dihy-
drogenphosphate, MDTP: methacryloyloxydecyl dihydrogen thiophosphate, BisGMA: bisphenol-A glycidyl dimethacrylate, TEGDMA:
triethyleneglycol dimethacrylate, BisEMA: ethoxylated bisphenol-A dimethacrylate, 2-HEMA: 2-hydroxyethyl methacrylate, DCDMA:
decamethylene dimethacrylate, VP-copolymer: methacrylate-modified polyalkenoic acid copolymer, UEDMA: urethane dimethacrylate.

2.3. Ceramic reactivity with silanes

Ceramic specimens (r=2.5mm, h=2mm) were prepared and
polished as before. The specimens were carefully demolded
and classified in two groups; in group A the specimens
received no further treatment, while in group B they were
acid-etched as previously described. On three specimens of
each group the silane primers (CS,GM,KS,MB) and the adhesive
(SB without irradiation) were applied as instructed, whereas
three specimens with no silane treatment (NS) served as con-
trols per group. All the specimens were stored under dark
conditions (1h/37°C/70% RH). Then the treated surfaces were
air-dried for 2min to remove the loosely bound monomer
fractions and analyzed by ATR-FTIR spectroscopy. A single
reflection ATR accessory (Golden Gate, Specac, Orpington,
UK) with type III diamond crystal and a p-oriented ZnSe
grit polarizer was attached to a spectrometer (Spectrum GX,
Perkin-Elmer, Buckinghamshire, UK), specimen surfaces were
pressed against the crystal by a sapphire anvil and spectra
were recorded as follows: 4000-650 cm~! wavenumber range,
4cm~! resolution, 30scans co-addition. Since the spectra of
ceramic surfaces demonstrated peaks at the 1250-650 cm™?
band range, subtraction techniques were employed. Trans-
mission spectra of primers and adhesive films applied on Ge
windows prepared and stored as above, were used as ref-
erence. The presence of silanols (Si—OH, 904cm™!) in the
films applied (groups A, B and reference) was further inves-
tigated by curve-fitting the second derivative peaks at the
1850-850 cm ™! region, employing Pearsons VII algorithm at
standard width/variable shape mode and 2% zero baseline.
Peak fitting analysis was performed by PeakFit v4.12 software
(Seasolve, Framingham, MA, USA).

2.4.  Bond strength

Two groups of the glass-ceramic specimens (A: polished, B:
HF acid-etched, n=20/group) were prepared as previously

described for each silane containing material and the non-
silane treated control. At the central part of each specimen
a masking tape was placed, leaving a free circular area
(r=1.5mm) for bonding. The designated surfaces of both
groups were treated with the silane primers or the adhesive
(thin film application with a microfiber brush, 60s reaction
period, 10s air-drying). The specimens with the adhesive (SB)
were irradiated for 10s with a light-emitting diode curing
unit (Radii Plus, SDI, Bainswater, Victoria, Australia) operated
in standard mode (1500 mW/cm? light intensity). Cylindrical
ring-shaped polyacetal molds (internal r=1.5mm, external
r=2mm, h=2mm) were placed over the treated surfaces,
filled with a single layer of the light-cured flowable compos-
ite (A2 shade) and irradiated for 30s with the light curing
unit. All molded specimens were stored in distilled water (7
days/37 °C) and then debonded under shear loading, applied at
the ceramic-composite interface with the notched-edge blade
method. A universal testing machine (Tensometer 10, Mon-
santo, Swindon, UK) was employed, operated at 1.0 mm/min
crosshead speed. Fracture loads were divided by the nominal
bonding surface area of the glass-ceramic specimens (rnr?) and
the results of the shear bond strength (SBS) were expressed in
MPa (N/mm?). The debonded ceramic surfaces were subjected
to failure mode analysis under a stereomicroscope (M80, Leica
Microsystems, Wetlzar, Germany) at 10x magnification and a
light microscope (DM 4000B, Leica Microsystems) operated in
reflection at 50x magnification. Failure mode was classified as
Type I (adhesive at the ceramic-composite interface), Type II
(cohesive within the composite) Type III (mixed of type I and
IT) and type IV (cohesive within the ceramic).

2.5.  Statistical analysis

Since the roughness data failed to pass normality or equal
variance tests, a Mann-Whitney test was used to assess the
statistically significant differences in roughness parameters
between the two groups (polished vs acid-etched). For the


https://doi.org/10.1016/j.dental.2019.05.002

DENTAL MATERIALS 35 (2019) 1082-1094

1085

KS
MPTMS CS8 10-MDP
,‘
S S S w}'\ N Aoyl ““«W \J‘*‘v‘ A4 w“'v"w- '«r’ W b, —~———r
" 10 o 8 7 6 5 4 1 10 9 8 7 6 5 a4 " 10 9 8 71 & .
(ppm) (ppm) (ppm)
I W T
|
GM MB SB
A ‘
Y B A |
" 10 9 8 7 6 5 4 1 1 9 8 7 6 5 4 1 10 9 8 7 6 5 4
(ppm) (ppm) (ppm)

Fig. 1-

13C-NMR spectra of the silane containing materials and the controls (MPTMS, 10-MDP) at the 4-11 ppm region,

associated with the MPTMS hydrolysis products. Peak annotations are listed in the text.

results of the SBS study, a Weibull analysis was performed.
The shape or modulus parameter-g (defines the variability of
the results, by expressing the size distribution of the flaws),
the scale (o) or B63.2 parameter, (defines the characteristic
life, by indicating the strength value for which the 63.2% of
the sample size were debonded) and the strength at 5% failure
probability (oo.05) of the Weibull distributions were calculated.
A Chi-square test was used to analyze the failure mode for
each group and a two-way ANOVA (parametric general lin-
ear model) to evaluate the differences in percentages of type
I (adhesive) failure modes per material and group. Finally, a
Spearman test was executed to assess the correlation between
the o9, 0005 and the percentages in the type I failure modes.
The statistical analyses for roughness, and failure mode were
performed by SigmaStat software (SigmaPlot v.12.5, Systat
Software Inc, San Jose, CA, USA). For the Weibull analysis
the OriginLab software (v9.1 SRO, Northampton, MA, USA)
was used. For all cases, a 95% confidence level was selected
(¢=0.05).

3. Results

3.1. Silane status

Fig. 1 demonstrates representative *C-NMR spectra of the
silane containing products and controls at the «-CH, region

(4-11ppm). No peaks appeared in the spectrum of 10-MDP,
since the first peak (methacrylate CHs group) was located at
18.4ppm. The reference, non-hydrolyzed MPTMS, showed a
very strong peak at 4.7 with very small peaks at 4.2, 5.1ppm
assigned to the methoxy groups [-Si-(OCHj3)] and a small peak
at 6.2ppm, attributed to a minor hydrolyzed fraction. The
prehydrolyzed CS demonstrated a peak at 4.7 ppm of non-
hydrolyzed methoxy groups and an array of peaks which cor-
respond to partially hydrolyzed and condensed species of the
chemical structure —CH,—Si~(OCHj3)3.n(OH)n1(0O-Si—CHy-)n2.
Based on the annotation proposed in a previous study [19], the
peakat 6.9 ppm may correspond to mono-silanols (n=2,n1=1,
n2=0), the peak at 7.2 to di-methoxy, siloxane dimers (n=2,
nl=0, n2=1), the peak at 8.0-8.3ppm to di-silanols (n=1,
nl=2, n2=0), the peak at 8.5 ppm to mono-methoxy, mono-
silanol siloxane dimers (n=1, n1=1, n2=1) and the peak at
9.7 ppm to di-silanol siloxane dimers (n=3,n1=2,n2=1). The
peaks at 5.1 and 5.5ppm were not identified. However, as
they resonate at lower fields, they could be assigned to silanol
hydrolysis intermediates. No fully hydrolyzed methoxy groups
were detected (tri-silanols), which are probed at 9.5ppm.
The spectrum of GM showed broad and small peaks at the
7-8ppm region, indicating the presence of methoxylated
dimers (7.4 ppm). No peaks were traced in the KS spectrum at
the 4-11 ppm region. In MB spectrum, small and broad peaks
were identified at the 9-10 ppm region, confirming the pres-
ence of residual silanol activity in the condensates formed
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148.5 um

148.5 um

Fig. 2 - 3D-profilometric images of polished (a; 331 to
—384nm scale range) and acid-etched surfaces (b; 1.60 to
—3.65 pm scale range). Note that the scale range in b is
approximately eight times greater than in a (40x
magnification).

(dimers, etc.). In SB spectrum, the 8.5 ppm peak complies with
the formation of incompletely hydrolyzed mono-silanol silox-
ane dimers, with residual silanol activity.

3.2. Ceramic roughness

3D-profilometric images of the polished and acid-etched sur-
faces are illustrated in Fig. 2. The results of the roughness
parameter measurements are presented in Table 2. The acid-
etched specimens demonstrated a statistically very significant
increase in all the roughness parameters tested (p<0.001).
The most affected parameter was the Sdr (~55x increase),
whereas the increase in the values of the other parameters
tested ranged between 3-6x.

3.3. Ceramic reactivity with silanes

ATR-FTIR spectra of the non-silanated control surfaces are
illustrated in Fig. 3. Acid-etching reduced the peaks at 1237,
1111, 990cm~! (Si-O-Si asym), 958 (Si~O-Si of SiO4 tetrahe-
dra) and 785, 756 cm~! (Si-O-Si sym) [20] of polished surfaces.
Moreover, the strong and broad Si-O-Si peaks of the polished
specimens at 991 and 910cm~! became sharper and shifted
+20cm~?! towards higher wavenumbers, possibly indicating
increased crystallinity of the acid-etched structure [21]. The
peak at 844cm~! was not traced in acid-etched specimens.

Subtraction ATR-FTIR (D: primed minus the corresponding
polished or acid-etched surfaces) and reference transmission
FTIR spectra for each silane agent are depicted in Figs. 4-8.
For CS, the subtraction spectra on both substrates were sim-
ilar to the reference at the 1800-1150cm™! region (Fig. 4),
except the increased intensity of the peak at 1699cm~! (H-
bonded resonance stabilized carbonyl groups) in the polished
sample and the peaks at 1253 cm™! in the polished and acid-
etched samples, which probably are the longitudinal phonon
peaks (LO) of silane Si-O- groups bonded to the glass-ceramic
substrate [22]. At the 1150-900 cm~? region the polished spec-
imen demonstrated a broad peak at 1078 cm~?! (Si-O-C) with
high and low band shoulders at 1120 and 1015 cm~? (Si-O-Si).
The peak at 1120cm~! appeared also in acid-etched speci-
mens with an additional one at 1095 cm~!, the latter possibly
attributed to chemisorbed silane [23]. The spectra of GM and
MB (Fig. 5 and 6) demonstrated Si-O-Si peaks in polished
and acid-etched specimens (1125, 1097 and 1016cm™1). In
reference and polished GM specimens and in reference and
acid-etched MB specimens, additional peaks were identified at
1247 (P=0) and 1038 cm~! (P—O—C) assigned to the phosphate
monomers. For KS with aliphatic (C=C str, 1638 cm™?), aro-
matic (C. - -C str, 1605 cm~!) and urethane (N—H str, 1540 cm~1)
resin monomers (Fig. 7), no substantial peak differences were
found in treated surfaces, except a small increase of the peak
intensity at 1125cm™! (Si-O-Si) on polished and acid-etched
specimens. The spectra of SB showed similar peaks associated
with the 10-MDP, silane and possibly colloidal silica particles
(Fig. 8). The 1040-1012 cm~? band (Si—O—Si plus P—O—C vibra-
tions) manifested the highest absorbance on polished and the
lowest on acid-etched specimens. A reduction in the peak
intensity ratio (R) of the aliphatic C=C (1638 cm~1) to the aro-
matic C.--C (1605 cm™!) bonds was registered on acid-etched
(R=1.1) vs polished and reference specimens (R=1.7-1.8).
The reference SB spectrum demonstrated peaks at 1744 cm™?!
(—COOH), which were traced only in the acid-etched specimen,
whereas peaks of carboxylate salts (—COOM, 1540 cm™~!) were
probed on the acid-etched specimens. Curve-fitting revealed
Si—OH peaks only in CS and MB reference films (Fig. 9).

3.4. Bond strength

The results of the Weibull analysis (8, oo, 95% C.I. for oq, 00.05
and 95% C.I for o 05) are listed in Table 3. For group A spec-
imens, the ranking of reliability (8), from highest to lowest,
was CS,KS,SB,MB,GM,NS (p >0.05), whereas the ranking of sta-
tistically significant differences in characteristic life (oo) was
CS>SB,KS,MB>GM>NS (p<0.05). For group B specimens the
corresponding rankings were CS,SB,NS >KS>MB,GM in g and
CS>GM>SB,KS,MB,NS in og (p<0.05). The og 05 relative to og
ranged between 50-67% in group A and 40-60% in group B. In
both groups, CS showed the highest 0 o5 within a statistically
homogeneous ranking (p>0.05) with KS, SB (group A) and SB
(group B).

Since the roughness measurements showed a high
increase (~55x) in percentage surface area after acid-etching,
the o and o¢ 5 group ratios (B/A ratios) were calculated to jus-
tify the role of acid-etching. For the NS control, HF acid-etching
increased the o values by a factor of 10.5 in comparison with
the polished control. For the silane treatments GM demon-
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Table 2 - Results of the roughness parameters tested (median values and 25%-75% percentiles in parentheses). Same

superscripts show median values with no statistically significant difference per parameter (p >0.05).

Group Sa (nm) Sz (um) Sdr (%) Sc (nm3/mm?) Sv (nm3/mm?)
A (polished) 85.52 (7.7-9.5) 0.72 (0.7- 0.8) 1.22 (1.2-1.7) 117.82 (109.1-131.6) 13.12 (11.8-13.9)
B (acid-etched) 310P (275.1-380.6) 3.9 (3.6-4.3) 66.5° (51.1-100.3) 385.3P (329.7-483.9) 64.3% (61.7-73.1)

Sa: The arithmetic average of the absolute values of the surface height deviations measured from the best fitting plane.

Sz: The 10 point height over the surface, representing the average difference between the 5 highest peaks and 5 lowest valleys.
Sdr: The developed area due to the surface texture versus an ideal plane area ratio.

Sc (core void volume): The volume supported by the surface from 10% to 80% of the bearing ratio.

Sv (surface void volume): The volume the surface would support from 80% to 100% of the bearing ratio.

| Polished

Si-0-Si (as) Si-0-Si (s)

rrrrrrrrrrrrrrrrrrrrrrrrrrrr [

| Etched

Wavenumbers (cm-1)

Fig. 3 - ATR-FTIR spectra of the polished and acid-etched glass-ceramic surfaces (2000-650 cm~! range).

Table 3 - Results of the shear bond strength test and percentage of adhesive failures.”

Treatment Weibull g-parameter Weibull o (95% C.1.) MPa Weibull r? oy Weibull aq 05 (95% C.1.) MPa Adhesive failures (%)

Group A: polished

cs 7.12 (5-9.9) 6.4% (6-6.8) 0.98 4.2% (3.1-5) 100
GM 4.52¢ (3.1-6.2) 3.2 (2.9-3.6) 0.96 1.7° (1.3-2) 100
KS 7.0 (4.7-8.8) 4.7° (4.3-5) 0.96 3.12¢ (2.3-3.7) 100
MB 4.328hi (27-51) 4.2¢ (3.8-4.7) 0.93 2.1b¢ (1.3-2.8) 100
SB 5.52%] (3.7-7.3) 4.8° (4.4-5.2) 0.94 2.82¢ (1.9-3.5) 100
NS 4,92mn0 (3 95 5) 2.39 (2.1-2.5) 0.88 1.2° (0.8-1.6) 100
Group B: acid-etched

cs 6% (4.3-8.5) 48.4° (44.2-52.7) 0.96 28.9¢ (21.1-36.1) 40
GM 3.498im (2.1-4.2) 36.8f (31.8-42.4) 0.85 14.8%¢ (8.1-21.7) 55
KS 3.306hkn (2 4 4 9) 25.7 £ (21.9-29.7) 0.95 10.4 © (5.6-15.2) 65
MB 3.3deblo (224 3) 24.98 (21.3-28.4) 0.91 10.3¢ (5.5-14.9) 55
SB 5.520 (4-7.9) 28.58 (25.9-31.5) 0.96 16.5¢ (11.5-20.6) 70
NS 4422 (2.7-5.2) 24.18 (21.7-27.5) 0.88 12.5¢ (7.7-12.6) 90

* Same superscripts show mean values with no statistically significant differences (p>0.05).

strated the highest ratio (11.5), followed by CS (7.6) and the
group of KS,MB,SB (5.5-5.9). Regarding the o o5 value ratios, NS
demonstrated the highest ratio (10.4), followed by the silane
treated groups GM (8.7), CS (6.9), SB (5.9), MB (4.9), and KS (3.4).

In two treatments (NS, SB) the ¢ o5 value ratios were similar
to op.

Representative images of the debonded ceramic surfaces
are presented in Fig. 10. The results of the failure mode
analysis are summarized in Table 3. For group A specimens,
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Fig. 4 - Transmission spectra of reference CS film (RE) and difference ATR-FTIR spectra of the film formed on polished (DP)
and acid-etched (DE) glass-ceramic surfaces. Arrows show the LO peaks (2000-650 cm~?! range).
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Fig. 5 - Transmission spectra of reference GM film (RE) and difference ATR-FTIR spectra of the film formed on polished (DP)
and acid-etched (DE) glass-ceramic surfaces (2000-650 cm~! range).

typical adhesive failures (type I) were observed (Fig. 10a),
with sporadic cases of minimal adhesive film remnants, as
in SB (Fig. 10b). For group B specimens, the failure modes
were of type I and III. Type III failures, included thin resid-
ual films covering the debonded ceramic surface area up to
25% (Fig. 10c-e) and two cases of cohesive composite failures
with fracture striations located opposite to the loaded part
(Fig. 10f). There were no statistical significant failure mode

difference in group A (all type I) and B (type I and III, Chi-
square=9.52, p=0.09). The analysis of the percentage type I
failures per silane and surface conditioning treatment showed
that a significant effect was exerted only by the surface con-
ditioning treatment (polished vs acid-etched, p=0.007) and
not by the silane type, including the NS group (p=0.33). The
Spearman’s correlation coefficient showed a non-significant
correlation between o9, 09 05 and type I failure mode in group B
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0
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Fig. 6 — Transmission spectra of reference KS film (RE) and difference ATR-FTIR spectra of the film formed on polished (DP)
and acid-etched (DE) glass-ceramic surfaces (2000-650 cm~? range).
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0
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Fig. 7 — Transmission spectra of reference MB film (RE) and difference ATR-FTIR spectra of the film formed on polished (DP)
and acid-etched (DE) glass-ceramic surfaces (2000-650 cm~?! range).

(r=-0.67,p=0.14 and r = —0.23, p =0.66 respectively). However,
when the data of groups A and B were merged, a very signifi-

cant correlation was found (r=—0.90 and r= —0.84 respectively h ! ¢ th h N _—
with p<0.0001). The results of the present study showed that silano

monomers were mainly detected in the prehydrolyzed primer.
Some residual silanol activity was identified in a universal

4, Discussion
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Fig. 8 - Transmission spectra of reference SB film (RE) and difference ATR-FTIR spectra of the film formed on polished (DP)
and acid-etched (DE) glass-ceramic surfaces (2000-650 cm~! range).
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Fig. 9 — Curve fitting of the transmission spectra of
reference CS and MB films. Arrows show the peak of
silanols (1250-850 cm~?! range).

silane primer and the adhesive. Therefore, the first hypothe-
sis should be partially rejected. The second hypothesis should
be also rejected, since there were differences in the reactivity
of the silanes with polished and acid-etched ceramic sur-
faces, with the exception of KS. Finally, the third hypothesis
should be also rejected since none of the primers or the adhe-
sive tested resulted in higher strength than the conventional
prehydrolyzed silane primer, under the surface conditioning
modes evaluated.

The results of the present study are in agreement with pre-
vious studies on the status of the MPTMS silane contained
in water-free primers [12,14] and water containing adhesives
[10,13,14]. In most materials condensates were found, with
reduced activity, as documented by the chemical shifts and
the low, broad peak intensities in the 3C-NMR spectra. The
only primer containing clearly resolved silanol monomers was
CS. The detection of residual methoxy groups in the pre-
hydrolyzed primer, due to incomplete hydrolysis, supports
previous findings [14,24].

Silane interactions with —OH and polar-group containing
monomers have longbeen considered as the reason for silanol
deactivation [6,7]. The extent of this reaction was mostly
pronounced in KS, where no silane peaks were identified at
the 4-11ppm region, possibly due to formation of silyl-ether
monomer derivatives with BisGMA [14] and silsesquinoxanes
with polar TEGDMA and BisEMA monomers, possessing 13C
shifts 11 ppm. The water-free silane primers, GM and MB,
showed no evidence of methoxy groups (4.7 ppm), as the
silane in these products may react with adhesive and con-
ventional monomers, reaching an equilibrium of hydrolyzed
and condensed phases. The shifting of the MB broad peaks at
higher fields than GM implies the presence of more condensed
species in the former. The silane in SB appeared almost in a
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single phase, partially condensed. It seems that the acidic pH
of the adhesive (pH 2.7) in the presence of water, pronounced
the condensation of the hydrolysates to a certain extend.

The significant increase in all roughness parameters after
acid-etching has been clearly documented in the present
study. The very high increase in the surface area (Sdr) and
the volume retention capacity per area unit (Sc, Sv) indicate
that the acid-etched surfaces are highly retentive, provided
that the adherent resin composite has a proper balance of vis-
cosity and surface tension for adequate ceramic infiltration.
The greater Sv value ratio of acid-etched vs polished speci-
mens (4.9) in comparison with the corresponding Sc ratio (3.3),
implies that Sv is more pronounced after acid-etching.

For the study of the silane chemical reactivity, an environ-
mental surface sensitive method was chosen (ATR-FTIR), since
the rapid removal of the volatile reaction products (methanol
in MPTMS) by high vacuum techniques, could shift the reac-
tion equilibrium towards siloxane formation. In addition, flat
surfaces instead of powders were used to better simulate the
clinical analogue, since powders with a very high surface area
enhance any chemical reaction. By using a diamond ATR ele-
ment and a p-polarizer, a higher effective path-length was
established for the IR beam component parallel to the plane of
incidence, which results in enhanced absorbance of vibrations
within this plane rather than the perpendicular one [25].

Acid-etching increased the crystallization of the glass-
ceramic structure, apparently by dissolving part of the weaker
amorphous silica phase. In the subtraction spectra of all pol-
ished glass-ceramic surfaces, except KS, the Si-O-Si peaks
were stronger in comparison with the acid-etched surfaces,
suggesting a more pronounced siloxane network formation.
The CS film on polished surfaces demonstrated a strong peak
assigned to H-bonded resonance stabilized carbonyl groups
(1699 cm~1) relative to the non H-bonded (1720 cm™?), indicat-
ing increased molecular orientation and surface adsorption
[26,27]. Nevertheless, the complex Si-O- absorption patterns
at the 1260-1000cm~! region make very difficult the identi-
fication of Si-O bonds at the silane/glass-ceramic interface
from the silane Si-O-Si intermolecular bonds and the Si-O
bonds of the ceramic. For this reason spectra subtraction
techniques were employed, which have long been introduced
for studying interaction of silanes with silica surfaces, since
they demonstrate increased sensitivity for surface chemical
treatments when the concentration of the functional groups
involved is low [28]. It has been postulated that the peak at
1253 cm~? of the subtracted ATR spectra, assigned to the lon-
gitudinal oriented phonon mode of Si-O-, is affected only
by direct bonding of silane molecules with silica and not by
silane polycondensation [22]. Therefore, it can be used to probe
the silane-substrate interactions. For CS this peak, absent
from the reference spectrum, was more prominent on the
polished substrate. The increased reactivity of the polished
substrate should be attributed to the increased glass content.
No such peaks were identified in the subtraction spectra of
the other silanes, since the peaks found at 1247-1243cm?
in the GM, MB, SB spectra, existed in the corresponding ref-
erence spectra as well, and were mainly due to the P=0
vibrations of the phosphate monomers. The reduced amount
of silanols available for bonding, because of silane interac-
tions with other polar molecules as documented by the 13C

NMR analysis, corroborates the ATR findings. For KS, a neg-
ligible change in the Si-O-Si peak intensity was found on
polished and acid-etched specimens relative to the reference,
which confirms the minimal silanol activity in this primer. For
SB, with more reactive silanols than KS, siloxane and P—O—C
peaks were better resolved on polished surfaces. Also, on pol-
ished surfaces the original —-COOH peak was diminished and
—COOM peaks appeared, as a result of a secondary reaction
of the methacrylate-modified polyalkenoic acid copolymer
with basic oxides of the glass-ceramic surface. An interesting
finding for the SB film formed on acid-etched surfaces, was
that the region analyzed was deficient in aliphatic monomers
by ~40% in comparison with polished surfaces and the ref-
erence. Apparently the high molecular weight hydrophobic
aromatic monomer BisGMA failed to efficiently infiltrate the
complex porous structure of the acid-etched glass ceramic,
creating a surface zone rich in BisGMA, which was probed
by the ATR analysis. Such phase separation phenomena have
been already documented in single-bottle adhesives applied
on phosphoric acid-etched dentin [29].

The main prerequisite for glass-ceramic silanization is
to enhance the chemical bonding capacity of resin com-
posites. Comparison of the silane bond strength values to
polished substrates before and after acid-etching could pro-
vide a means of estimating the contribution of chemical
bonding, when non-silanized treatments (NS) are used as con-
trols. Nevertheless, such comparisons are difficult to interpret
since the chemistry of a protonated and hydroxylated acid-
etched glass-ceramic surface is different from a polished one,
while concurrently, the bonding area is highly increased.

In the present study, a high-strength ultrafine particle-
filled flowable light-cured resin composite has been used as
the adherent material. This material demonstrates flexural
strength and fracture toughness at the range of conventional
paste composites [30], but at a flowable consistency. Since
the strength of the adherent material is implicated in shear
loading, as bending moments cannot be avoided [31], a strong
restorative material was preferred rather than a weaker luting
agent. Furthermore, the flowable consistency of the restora-
tive, matching that of most resin composite luting agents,
is equally important for a porous-free adaptation and proper
infiltration of the complex acid-etched glass-ceramic surface
morphology.

The SBS values to silanized polished surfaces may be con-
sidered as an indication of the chemical bonding achieved,
because micromechanical retention was minimal due to the
small roughness values. Despite the low values of group A,
all silane treatments tested were stronger and more reliable
than the NS control, supporting thus a means of chemical
bonding. From the products tested in group A, CS was the
strongest and most reliable, because of the availability of reac-
tive mono- and di-silanol monomers for bonding with the
substrate and bond stabilization via intermolecular crosslink-
ing, as evidenced from the NMR and ATR studies. KS, MB and
SB, were ranked next to CS in g and op. Although these three
products contain different states of MPTMS, according to the
13C-NMR analysis, they also demonstrate different film prop-
erties (SB was separately polymerized, KS and MB were used
as uncured primers) and different composition (KS: conven-
tional monomers, MB: adhesive monomers, SB: conventional
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Fig. 10 - Representative reflected-light microscopic images of debonded ceramic surfaces from groups A (polished) and B
(polished and HF acid-etched), with various types of failure modes (50x, bar=200 pm).

a) Group A, typical adhesive composite failure; b) Group A, mainly adhesive composite failure with limited ceramic surface
coverage by a residual film; c) Group B, typical adhesive composite failure; d, e) Group B, adhesive composite failure with
more extended coverage by residual films; f) Group B, complex failure pattern including cohesive composite failure and

partial ceramic surface coverage by resinous films.

and adhesive monomers plus filler thickeners). Therefore, it
is not possible to exclusively assign their bonding capacity
to the different silane states. Such comparisons, yet, can be
made between MB and GM. Both these universal primers con-
tain phosphate and sulfur functionalized monomers, which
are not considered as efficient as silanes for bonding to
glass-ceramics [18]. Consequently, the status of MPTMS could
explain the statistically different strength between the two
materials. The higher strength of MB could be explained by
the residual silanol activity, contrary to the methoxylated
dimers found in GM, which require further activation, not
inducible by the polished glass-ceramic surfaces. This activity
was documented, as well, by the curve-fitting analysis of the
reference IR spectra and by the increased peak intensity at the
1040-1020 cm ™! region of ATR spectra vs the corresponding
reference.

After HF acid-etching, the glass-ceramic surfaces were pro-
tonated and hydroxylated, conditions that enhance the in situ
hydrolysis of MPTMS [32,33] and very rough, for increased
micromechanical retention. The prehydrolyzed primer CS,
again manifested the highest strength and reliability. An addi-
tional in situ hydrolysis of the unreacted methoxy groups of
CS and subsequent chemisorption/intermolecular crosslink-
ing of the produced silanols on the substrate may explain
this performance, since micromechanical retention was com-
mon in all silane treated specimens and the control. For CS,
the ATR analysis documented the presence of LO peaks on
polished and acid-etched surfaces. It should be mentioned,
though, that the surface area of the acid-etched specimens
in contact with the flat ATR diamond crystal was strongly
reduced due to the rough ceramic structure left after HF-

etching, which exceeds the mean sampling depth of the ATR
method (1-2 um). Consequently, the information obtained cor-
responded to the fraction of the silanized ceramic surface
protrusions in contact with the diamond crystal. GM, with
residual methoxy groups as well, was ranked second to CS
for the same reason, but with a fair reliability (8), possibly
associated with the presence of siloxane derivatives in the
vial. An interesting finding was the statistically insignificant
differences in o between SB,KS,MB and the NS control. Appar-
ently the variations in MPTMS phases, product composition
and film properties, as previously discussed, had a negligi-
ble effect on the acid-etched substrate. It is also interesting
that the reliability of NS was ranked third after CS and SB. It
seems that, the viscosity and surface tension of the flowable
composite used, created a micro-mechanical retention pat-
tern capable of neutralizing the chemical contribution of the
different silane phases to the bond strength. The remarkable
reliability of SB (3rd in group A and 2nd in group B) should
be related to the presence of a separately light-cured inter-
facial layer, with conventional and adhesive resin monomers
plus the vinyl-copolymer. In contrast, KS, only with conven-
tional monomers but no separate light-curing capacity, was
the least reliable in group B, although ranked first in group A.
This discrepancy may be ascribed to an inadequate polymer-
ization of the KS fraction infiltrated into the complex porous
ceramic structure, by either free radical or condensation
reactions.

The o0¢05 values, considered as more clinically relevant
than o [34], showed higher reliability (B-parameter) in
group A, which may be explained by the 100% type I fail-
ures (adhesive type) observed, without implications of the
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ceramic and composite cohesive strengths with the interfa-
cial strength. Nevertheless, the strength values in group B
were much higher with cohesive failures of the resin compos-
ite, which highlights the clinical relevance of acid-etching in
the 0905 as well.

The B/A group o ratios were used as an indication of
the strength enhancement induced by acid etching, For GM
and the NS control, which demonstrated the lowest g values
in group A, the ratios registered were the highest, imply-
ing the determinant role of acid-etching. The ratios were
lowest in KS, MB, SB, where the o values in group A were
ranked as intermediate, indicating that these silane primers
were more effective as chemical coupling agents than GM.
Finally, CS with the highest value in both groups exhibited
an intermediate ratio, which supports an optimum combina-
tion of silane bonding and micromechanical retention. The
ranking of the corresponding o5 ratios was similar to the
oo ratios and in two treatments (NS and SB) the og s value
ratios were similar to og. The latter suggests that the 5%
failure probability ratios may express the characteristic life
ratios.

The results of failure mode analysis showed a complex
type III pattern in many group B specimens. Some partial
composite cohesive failures were observed at opposite direc-
tions to the loading sites. The characteristic fracture striations
were mostly oriented vertically to the loading direction, as a
result of the tensile stress vectors of the bending moments
developed at the region [31]. The statistically insignificant dif-
ferences in the failure modes within groups A and B imply that
the type of the silane agent was not a significant factor. This
was also confirmed by the 2-way ANOVA analysis of the type
I failures in both groups, which revealed that the determinant
factor was the type of the substrate.

The results of the present study showed that a prehy-
drolyzed MPTMS primer was more effective than MPTMS
primers containing conventional or adhesive monomers and
an MPTMS containing adhesive for resin bonding to a glass-
ceramic.

This suggests that pure silane treatment should be advised
as the silane coupling agent of choice for glass-ceramics.
However, the clinical relevance of these results should be
carefully interpreted, considering several limitations. The 3C-
NMR analysis performed provided information for the MPTMS
status in freshly delivered product vials, without any storage-
related aging effects. In the present study’>C-NMR has been
selected, since it has been considered as more appropriate for
studying the initial states of the silane hyrolysis than 2°Si-
NMR, which is best for identification of the species formed
at the end of the condensation reaction [19]. The profilo-
metric method used probed the superficial ~5pm zone of
the porous acid-etched specimens (maximum peak to val-
ley range), with open orifices accessible to white-light fringe
pattern. Apparently more complex topographies (i.e. subsur-
face pore extension, lateral pore interconnection, etc.) were
not encountered in the measurements, although they may
contribute to micromechanical retention. The ATR-FTIR study
probed the entire surface in contact with the diamond crys-
tal of polished specimens but only the superficial fraction of
the acid-etched surfaces; hence, the findings may not repre-
sent the interaction pattern at regions distal to the depth of

the evanescent wave formed. In addition it was not feasible
to probe Si—O—Li bonds with the substrate as documented in
a recent study [35] A macro-shear test was preferred, instead
of the more popular micro-shear, since low strength values
were expected in the groups without acid-etching. For such
cases micro-shear tests are not indicated [36]. Moreover, spec-
imens were not demolded to avoid premature failures from
the associated stresses. The isothermal water storage at 37°C
for a week is a mild method of testing interfacial hydrolytic
stability. Although frequently used in bond strength experi-
ments, it may only provide the baseline for any aging condition
(thermal- or load-cycling, etc.). Finally, an inherent limita-
tion of the otherwise easy to perform SBS test, is the uneven
interfacial stress distribution. However, the introduction of
the notched-edge design has improved the stress distribution,
providing hence a more standardized testing method [37].

5. Conclusion

Based on the results of the present study, the silane primers
and adhesive tested contain various forms of MPTMS, includ-
ing partially hydrolyzed silanol monomers, methoxy- and
methoxysilanol-functionalized siloxane dimers and siloxane
polymers. The primer with the silanol monomers demon-
strated chemical bonding via the Si—O- groups with the
substrate, whereas carboxylate salts were formed between the
adhesive and the substrate. These reactions were more pro-
nounced on polished surfaces. The primer with the silanol
monomers showed the highest bond strength to polished and
to acid-etched glass ceramic surfaces, with the highest reli-
ability. The number of products with statistically significant
differences in the characteristic life on polished surfaces was
reduced after acid-etching, because of the contribution of
the micromechanical retention. This reinforcement was quite
strong to balance the reduced chemical bonding capacity of
several products with reduced or minimal silanol activity.
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