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Abstract:

Debonding at the crown-cement-abutment interface remains a major clinical complication in implant-supported lithium disilicate
restorations, affecting the long-term success of prosthetic treatment. Therefore, it is of interest to evaluate the effect of different silane
application protocols on the tensile bond strength of 96 implant abutment-crown assemblies allocated to four groups: control,
ceramic-side silane, abutment-side silane after tribochemical silica coating and combined ceramic- plus abutment-side silane. The
combined silane group demonstrated the highest tensile bond strength (34.8 + 4.9 MPa) and the lowest reduction in bond strength,
significantly outperforming the other groups (p<0.001), while also exhibiting a greater proportion of mixed failures. Data show that
simultaneous silanization of etched lithium disilicate and a tribochemically silica-coated titanium abutment creates a stronger and
more durable adhesive interface. Thus, combined silane treatment may effectively reduce the risk of debonding and improve the
longevity of implant-supported ceramic restorations.

Keywords: Silane coupling agent, ceramic crown, implant abutment, resin cement, bond strength, titanium abutment, lithium
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Background:
The use of implant-supported single crowns has become a
reliable treatment option for partial edentulism because of their
high survival rates, favourable patient acceptance and
preservation of adjacent tooth structure, although technical
complications may still necessitate long-term clinical
maintenance [1]. Loss of retention, cement failure, crown
loosening and veneering fracture are among the important
prosthetic complications of cement-retained and hybrid implant
restorations and may adversely affect function, occlusal stability,
peri-implant tissue health and patient confidence [2]. Ceramic
materials are widely used for implant-supported crowns because
of their favourable optical properties, colour stability, wear
resistance and biocompatibility, with lithium disilicate being
preferred for esthetic single-unit restorations and zirconia
commonly selected for high-load regions and hybrid abutment
crowns because of its greater fracture toughness [3]. Bonding
strategies differ considerably between these materials because
silica-based ceramics respond predictably to hydrofluoric acid
etching and silanization, whereas zirconia generally requires
airborne-particle abrasion and phosphate-containing functional
monomers to achieve durable resin adhesion [4]. Silane coupling
agents enhance adhesion to silica-containing ceramics through
their bifunctional ability to form siloxane bonds with
hydroxylated ceramic surfaces and copolymerize with

. S
methacrylate-based resin cements, thereby improving surface
wetting, surface energy and chemical bonding [5]. Implant-
supported hybrid restorations nevertheless represent complex
multi-substrate adhesive systems because the ceramic intaglio
surface is bonded to a titanium abutment or titanium base,
allowing failure to occur at the ceramic-cement interface,
cement-abutment interface or within the resin cement itself [6].
Titanium remains widely used for implant abutments because of
its strength, fatigue resistance and biocompatibility, while its
stable oxide layer can chemically interact with acidic functional
monomers such as 10-methacryloyloxydecyl dihydrogen
phosphate; however, untreated titanium is not silica-rich and
tribochemical silica coating followed by silanization may
therefore improve resin-titanium adhesion by creating an
intermediate silica-containing surface [7]. With the increasing
use of hybrid abutment crowns, interest has focused on the
durability of the ceramic-titanium bond because failure may
cause crown debonding, screw-access problems, micro-gap
formation and repeated recementation, while surface pre-
treatment, primer chemistry, resin cement composition and
hydrothermal aging remain important determinants of long-
term bond strength [8]. Therefore, it is of interest to assess the
bond strength of lithium disilicate ceramic crowns to titanium
implant abutments following silane treatment.
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Materials and Methods:

Study design:

This was an in vitro experimental study that compared tensile
bond strength of cemented ceramic crown-implant abutment
assemblies following various silane application techniques. The
study was performed in a dental materials laboratory with
standardized abutments, ceramic crowns, resin cementation
procedures and aging conditions. The pull-off tensile bond
strength (MPa) was used as the primary outcome variable.
Secondary outcomes were failure mode and distribution of
cement remnants.

Sample size and grouping:

A pilot test of eight specimens revealed a mean difference of
about 5 MPa between the silanized and non-silanized assemblies
and a pooled standard deviation of 4 MPa. Twenty-four
specimens were used in each group with an alpha level of 0.05, a
power of 80% and assuming for technical reasons that
thermocycling or testing would fail 20% of the time. A total of 96
implant crown-abutment assemblies were prepared and
randomly divided into four groups (n=24) as follows: Group C
(no silane); Group CS (ceramic-side silane only); Group AS
(abutment-side silane after tribochemical silica coating); and
Group CAS (combined ceramic-side plus abutment-side silane).

Specimen preparation:

Ninety-six internal-connection implant analogs were vertically
embedded in autopolymerizing acrylic resin blocks with the
help of a surveyor to achieve parallelism. Prefabricated straight
Grade V titanium abutments with identical height, taper and
axial wall geometry were inserted into the analogs with a
calibrated torque wrench at the manufacturer's recommended
torque. Standardized mandibular premolar crowns were
designed using computer-aided design software and the cement
space was set to be 60 micrometres, beginning 1 mm above the
finish line. The blocks of lithium disilicate ceramic were milled,
crystallized and glazed following the manufacturer's
instructions. A small occlusal loop was added to the design to
allow for axial pull-off testing without lateral leverage.

Surface conditioning:

All the ceramic surfaces of the crowns were ultrasonically
cleaned for 5 minutes in distilled water and then air dried. In
groups CS and CAS, the ceramic intaglio surfaces were etched
for 20 seconds in 5% hydrofluoric acid, rinsed for 60 seconds, air
dried and treated with a silane coupling agent for 60 seconds
prior to gentle air thinning. For groups C and AS, the ceramic
surfaces were etched in a similar manner, but without the
application of silane, so that the specific effect of silane could be
evaluated following similar  micromechanical ceramic
conditioning. Airborne-abraded groups AS and CAS were
abraded for 10 seconds at 2.5 bar pressure from a distance of 10
mm with 30 micrometre silica-coated alumina particles, cleaned
with oil-free air, ultrasonically cleaned in ethanol for 3 minutes,
dried and treated with the same silane agent for 60 seconds.
Groups C and CS were cleaned, but not silica coated or silanized.

©Biomedical Informatics (2026)

Cementation protocol:

Each crown was intaglio coated with dual-cure resin cement,
which was mixed using an automix tip. A 10-minute static load
of 50 N was applied to each crown under the same conditions,
using a custom loading device, along the long axis. The excess
cement was removed after gel phase with microbrushes and
scalers. To reduce the oxygen-inhibited layer, the margins were
coated with glycerin gel and light cured from four sides for 20
seconds per side with an LED curing unit with verified output
intensity of more than 1000 mW/cm?2. Allocation of specimens
was done after 24 hours of storage in distilled water at 37°C.

Aging and testing:

12 specimens from each group were then aged for 24 hours in
water and 12 specimens from each group were aged for 10,000
thermocycles between 5°C and 55°C with a dwell time of 30
seconds and a transfer time of 10 seconds. A universal testing
machine was used for tensile pull-off testing. All specimens were
mounted parallel to the loading axis and pulled apart at a
crosshead velocity of 1 mm/min until they debonded. The
maximum load at failure was measured in newtons and then
converted to bond strength in MPa by dividing the load by the
measured bonding surface area of the abutment-crown interface.

Failure mode analysis:

The debonded crown and abutment surfaces were analyzed
using a stereomicroscope at 20x magnification. The failure
modes were categorized as adhesive failure at the ceramic-
cement interface, adhesive failure at the abutment-cement
interface, mixed failure at both interfaces and cohesive failure of
the resin cement. Cement remnant distribution was scored by
two calibrated examiners who were blinded to group allocation.
Any disagreements were resolved by consensus.

Data analysis:

Data were entered into spreadsheet software and analysed using
statistical software. The Shapiro-Wilk test was used to assess
normality and the Levene's test was used to assess homogeneity
of variance. Tensile bond strength was measured and the mean
and standard deviation were calculated. The four surface
treatment groups were compared by one-way analysis of
variance (ANOVA) and Tukey post-hoc testing. The effects of
surface treatment, thermocycling and the interaction between
the two were evaluated using two-way analysis of variance. Chi-
square test was used to compare failure mode distribution. A p-
value of < 0.05 was considered statistically significant.

Results:

Cementation and testing was completed on all 96 specimens. No
specimen was broken during thermocycling or handling. All
groups had a normal distribution of tensile bond strength
values. The bond strength of the overall mean was significantly
different between the four surface treatment protocols (p<0.001).
The highest mean bond strength (34.8 + 4.9 MPa) was obtained
for the combined ceramic-side and abutment-side silane group,
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followed by the abutment-side silane after silica coating group
(AS: 30.7 + 4.5 MPa), the ceramic-side silane only group (CS: 26.9
+ 4.2 MPa) and the control/no silane group (C: 21.4 + 3.8 MPa).
All groups were found to be significantly different from each
other except for CS and AS, which were not significantly
different from each other, but were close to the difference seen
between CS and CAS. Thermocycling had a significant effect
(p<0.001). The bond strength was decreased in all groups after
thermocycling compared to 24-hour water storage. But the
percentage decrease varied between groups. The reduction in
the control group was the highest (24.7%) after aging while the
lowest reduction was seen in the CAS group (11.8%). The effect
of the surface treatment on the thermocycling was statistically
significant (p=0.018), suggesting that the resistance to

©Biomedical Informatics (2026)

mode in the control group was adhesive failure between the
ceramic and the cement, with 58.3% of failures occurring in this
mode. The mixed failures in the CS group rose to 37.5%,
indicating enhanced ceramic-side adhesion. In AS and CAS
groups, failures were more balanced with mixed failures being
the most common. The overall incidence of cohesive cement
failure was low, with the highest incidence being in CAS (16.7%).
The chi-square test showed that there was a significant
association between the surface treatment and distribution of
failure mode (p=0.004). One-way ANOVA: F=42.6, p<0.001.
Tukey post hoc test showed significantly higher bond strength in
all silane-treated groups compared with control; CAS was
significantly higher than all other groups. Two-way ANOVA
showed significant effects of surface treatment (p<0.001),

hydrothermal degradation was enhanced by the surface thermocycling (p<0.001) and treatment-aging interaction
treatment, especially combined treatment, containing silane. The  (p=0.018) (Table 1-3).
failure mode analysis revealed that the most common failure
Table 1: Comparison of overall tensile bond strength among surface treatment groups
Group  Surface treatment protocol n  Mean bond strength (MPa) SD  95% CI
C No silane/control 24 214 3.8  19.8-23.0
(&) Ceramic-side silane only 24 269 42  251-287
AS Abutment-side silane after silica coating 24  30.7 45 28.8-32.6
CAS Ceramic-side + abutment-side silane 24 348 49  32.7-36.9
Table 2: Effect of thermocycling on tensile bond strength in each group
Group  24-hour water storage (MPa)  After thermocycling (MPa) Mean reduction (MPa)  Reduction (%) p-value
C 244 +£3.6 18.4+£29 6.0 24.7 <0.001
CS 29.1+3.8 24.7 £3.6 4.4 15.1 0.002
AS 332+41 28.2+£3.7 5.0 15.0 0.001
CAS 37.1+44 32.7+4.2 4.4 11.8 0.006

Table 3: Distribution of failure modes after tensile pull-off testing

Group  Adhesive ceramic-cement, n (%) Adhesive abutment-cement, n (%)  Mixed failure, n (%) Cohesive cement, n (%)
C 14 (58.3) 6 (25.0) 4 (16.7) 0(0.0)

CS 8(33.3) 5 (20.8) 9 (37.5) 2 (8.3)

AS 5 (20.8) 7 (29.2) 10 (41.7) 2(8.3)

CAS  3(125) 4(16.7) 13 (54.2) 4(16.7)

Chi-square test: y?=23.4, p=0.004, indicating a significant association between surface treatment and failure mode distribution.

Discussion:

The present in vitro study showed that tensile bond strength
between the lithium disilicate ceramic crowns and the titanium
implant abutments was significantly enhanced by silane
application, especially when silane was applied to both the
tribochemically silica-coated surface of the abutment and the
etched surface of the ceramic. So, the null hypothesis was
rejected. The best results of the combined treatment protocol
could be due to simultaneous optimization of both adhesive
interfaces: chemical coupling at the etched silica-rich ceramic
surface and silane-mediated bonding to the silica-coated
titanium surface. The bond strength of the control group was the
lowest after ceramic etching and resin cementation. This
discovery suggests that the mechanical retention alone may not
be enough to ensure the best resistance to axial dislodgement in
implant crown assemblies. The literature on resin-ceramic
bonding has consistently stated that the durable bonding to
silica-based ceramics requires surface roughening, increased
surface energy and chemical coupling via silane [2]. The HF
etching process produces microroughness and exposes a reactive

glassy phase and the silane enhances resin wetting and provides
a chemical link between the ceramic and methacrylate resin
cement. This mechanism is consistent with the enhanced
performance of the CS group in the present study. The bond
strength of the AS group was greater than that of the control
group and numerically greater than the ceramic side silane
group. This is clinically relevant as the retention of the implant
crown is not solely dependent on the ceramic intaglio surface.
The titanium bonding base or titanium abutment also plays a
significant role in the strength of the cemented unit.
Tribochemical silica coating deposits silica modified particles on
the surface of the titanium oxide, which does not provide a silica
rich substrate for conventional silane bonding. The siliconization
of this silica-coated layer may enhance the resin bond to
titanium, as demonstrated in previous studies that assessed the
bond of luting cement to silica-coated titanium [3, 4]. Matinlinna
et al. found that commercial dental silanes enhanced bonding of
resin cements to silica coated titanium and that the efficacy of
silane systems was dependent on chemistry and aging
conditions [4]. Their results agree with the present protocol in
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which the surface of the abutment was not only silanized but
first coated with silica. This is significant because it is unlikely
that the same chemical effect will be obtained if the silane is
applied directly to untreated titanium. The present study
confirms that the use of silane is a coupling agent for silica
containing surfaces and not a universal primer for all prosthetic
substrates. The mean bond strength of the combined treatment
group was the highest and the least reduction was observed
after thermocycling. Thermocycling tests the adhesive interface
by subjecting it to water sorption, thermal expansion and
contraction and hydrolytic degradation of the siloxane bond or
resin matrix. The aging loss is reduced in CAS, which indicates
that reinforcing both sides of the cement layer can help to
distribute stresses more evenly and prevent water from
penetrating the interface. Long-term studies of zirconia and
related ceramic bonding have showed that durable bonding is
highly sensitive to the pre-treatment of the substrate and the
type of resin used [5]. The principle of the present study is
applicable to all implant crown-abutment assemblies, even if the
crowns are of lithium disilicate, the principle is the same: an
implant crown-abutment assembly is a multi-interface bonded
system. In recent years, the study of zirconia and titanium alloy
bonding has focused on the use of universal primers, functional
monomers and mechanical surface treatment [6]. MDP
containing cements and primers can react with metal oxides and
oxide ceramics, while silane works best on silica based
substrates. Thus, the most appropriate protocol for a particular
implant restoration should be determined by the type of ceramic,
material of the abutment and the available surface treatment.
The present results indicate that etched ceramic plus silane is a
minimum protocol and silica-coated abutment plus silane is an
additional protocol when equipment and workflow allow for
lithium disilicate crowns on titanium abutments. The bond
strength results were further supported by the failure mode
distribution. The control group had the majority of failures at the
ceramic-cement interface, suggesting poor chemical bonding at
the ceramic surface. Mixed and cohesive failures, on the other
hand, increased following the combined application of silane,
indicating that the interface became stronger and that failure did
not occur at a single weak interface but through multiple
regions. In ceramic bonding research, a transition from adhesive
to mixed or cohesive failure is typically associated with better
interfacial quality [7, 8]. The present results are also in line with
the studies which assessed hybrid abutment crowns attached to
titanium bases. Bagegni et al. showed that the selection of luting
agent had a significant influence on the pull-off strength
between zirconium dioxide crowns and titanium bonding bases
after long-term artificial chewing [9]. Their study found that the
major failure mode was adhesive failure and stated that the use
of reliable bonding protocols is still crucial for the superstructure
of hybrid implants. The present study investigated the use of
silane with lithium disilicate crowns, but both studies showed
that debonding of the implant-supported ceramic restorations is
a material-interface problem and not just a problem of selecting
the right cement [10]. The clinical implication is that the use of
silane is not recommended when bonding silica-based ceramic
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crowns to resin cemented implant abutments. Furthermore, if
the bonding interface between the abutment and the tooth is
important, the use of tribochemical silica coating and silane
application can improve retention. This can be particularly
applicable in short abutments, short axial wall, unfavourable
taper, insufficient interocclusal space, or restorations with high
lateral load [11-15]. The protocol needs to be balanced against
the risk of excessive surface roughening, contamination and
operator variability, however. Care must be taken with airborne
abrasion parameters and if used clinically, intraoral airborne
abrasion should be conducted with proper isolation and particle
management. One advantage of this study was the use of
anatomically shaped crown-abutment assemblies, instead of flat
discs or cylinders. This design more closely replicated cement
thickness, seating load, axial draw and internal crown geometry.
Thermocycling was also used to simulate aging and failure
mode assessment was performed. However, there are some
restrictions to be recognized. First, this study was in vitro and
oral conditions like salivary contamination, functional fatigue;
pH changes, biofilm accumulation and occlusal parafunction
were not completely simulated. Second, only one ceramic, one
abutment design, one resin cement and one silane agent were
tested. Third, thermocycling alone does not fully represent long-
term clinical aging and should be combined with mechanical
cyclic loading in future studies. Future research should be
conducted to compare the different ceramics such as lithium
disilicate, resin-matrix ceramics and translucent zirconia, as each
material reacts differently with the silane, MDP and airborne
abrasion. The effect of saliva contamination and
decontamination procedures should also be assessed as implant
prostheses are often tested intraorally prior to final cementation
[16-18]. Long-term cyclic fatigue testing with chewing
simulation would be useful to elucidate whether the enhanced
bond strength achieved for CAS results in improved durability
under functional loading. Finally, clinical trials are needed to
evaluate if combined silane protocols can decrease the incidence
of crown debonding in implant supported ceramic restorations.
The results of the present study showed that, within the
limitations of the present study, the tensile bond strength of the
ceramic crowns cemented to implant abutments was
significantly increased and clinically meaningful when the silane
was used. Silanizing both the etched ceramic surface and the
silica-coated titanium abutment surface prior to resin
cementation resulted in the highest bond strength and most
favourable aging behaviour. The results of this study indicate
that the use of substrate-specific adhesive protocols is more
beneficial than simplified cementation in implant-supported
ceramic crown rehabilitation.

Conclusion:

We show that silane application with resin cement significantly
improved the bond strength between lithium disilicate crowns
and titanium implant abutments. Combined silanization of
etched ceramic and silica-coated titanium produced the highest
bond strength with better resistance to thermocycling. Thus,
substrate-specific bonding protocol may therefore enhance the
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retention and interfacial stability of implant-supported ceramic
crowns.
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