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Abstract: Background: Repair bonding to lithium disilicate ceramic (LDS) remains an issue. This
study examined whether the adaptation of a resin composite to LDS can be improved by a silane
pretreatment and warm air-drying. Methods: LDS blocks (IPS e.max CAD) with prefabricated
tapered cavities were bonded using a silane-containing universal adhesive (Clearfil Universal Bond
Quick ER; UBQ) or the bonding agent of a two-step self-etch adhesive (Clearfil SE Bond 2), with and
without a silane pretreatment (Clearfil Ceramic Primer; CP). CP and the adhesives were air-dried
with normal air (23 ± 1 ◦C) or warm air (60 ± 5 ◦C), light-cured, and the cavities were filled with a
flowable composite. Interfacial gap formation was evaluated using swept-source optical coherence
tomography immediately after filling, after 24 h, 5000 and 10,000 thermal cycles, and an additional 1
year of water storage. Results: Without the silane pretreatment, all specimens soon detached from
the cavities. Warm air-drying significantly decreased gap formation compared to normal air-dried
groups (p < 0.001) and improved long-term stability (p < 0.001). The lowest gap formation was
observed with UBQ when the silane pretreatment was combined with warm air-drying. Conclusions:
Composite adaptation to LDS was insufficient without silanization, but it was stable in the long term
if the silane pretreatment and warm air-drying were combined.

Keywords: ceramic; repair; durability; silane; optical coherence tomography; gap formation

1. Introduction

Dental ceramics have been praised for their excellent aesthetic properties, and their
manufacturing has recently been simplified by novel technologies such as computer-
assisted design and computer-assisted manufacturing (CAD-CAM) [1]. On the other hand,
one of the principal disadvantages of ceramics is that they are susceptible to brittle fracture,
clinically resulting in partial or complete restoration failure. The replacement of the whole
restoration is expensive and time-consuming, so a repair is preferable as it is less invasive
and costs less [2]. However, hydrofluoric acid (HF) etching, which is used to increase the
surface roughness of glass-ceramic restorations prior to cementation [3,4], should not be
used for intraoral procedures because of the toxicity of HF. Therefore, achieving stable
adhesion remains a persistent issue in the repair of glass-ceramic restorations.

Silanes have been used to promote adhesion to silica-based materials, including
glass ceramics. Firstly, their application reduces surface tension and facilitates the wet-
ting of the substrate [1]. Secondly, dental silanes are bifunctional molecules with alkoxy
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groups and methacrylate groups that can form covalent bonds with the ceramic sur-
face and resins, respectively [4–6]. The mechanism involves the hydrolysis of alkoxy
groups in acidic pH followed by their condensation into siloxanes, while the methacry-
late groups polymerize with resin monomers. Most silane coupling agents consist of
γ-methacryloxypropyltrimethoxysilane (γ-MPTS), ethanol, water, and an organic acid
or an acidic monomer to adjust the pH and activate the silane. In one-bottle silane cou-
pling agents, long-term storage led to an excessive pre-hydrolysis of γ-MPTS and its
self-condensation into inactive siloxane oligomers [6]. Therefore, some contemporary
one-bottle silane coupling agents are water-free to prevent the premature hydrolysis of the
silane. It is thought that they utilize the ambient humidity of air and/or the substrate to
activate the silane after application [6].

Recently, the push for the simplification of bonding procedures led to the introduction
of 10-MDP-based universal adhesives which can bond to various substrates. In order to
promote their adhesion to silica-based materials, some universal adhesives also contain
γ-MPTS. However, several studies reported that their bond strengths to glass ceramics
were low [7–12], resulting from the premature hydrolysis of γ-MPTS and the formation
of oligomers due to the presence of water and their pH of ~1.5–3 [13]. This mechanism
was proved using various methods, including Fourier transform infrared spectroscopy
(FTIR), Raman spectroscopy, nuclear magnetic resonance (NMR), and X-ray photoelectric
spectroscopy (XPS) [8–11]. Numerous studies reported that the bond strength of universal
adhesives to glass ceramics improved significantly after a pretreatment with a silane cou-
pling agent [8–12,14,15]. Nevertheless, the bond strength decreased after thermal cycling
or water storage [9–12,15], possibly due to residual solvents in the adhesive layers. We
therefore hypothesize that warm air-drying could enhance the durability by facilitating
solvent evaporation [16,17]. In addition, the hydrolysis of silanes is dependent on tempera-
ture [6], so warm air could also contribute to the activation of the silane and thus improve
the bonding performance [18–21].

The purpose of this study was to investigate the effects of a silane pretreatment and
warm air-drying on the adaptation of a silane-containing universal adhesive to lithium
disilicate ceramics (LDS) using swept-source optical coherence tomography (SS-OCT).
SS-OCT is a non-destructive imaging method that has been used in dental research to
assess gap formation at adhesive interfaces under clinically representative conditions and
to detect defects in restorations and hard dental tissues [22,23]. In this study, it was used
to analyze the development of gap formation at the ceramic–composite interface shortly
after polymerization, thermal cycling, and an additional 1 year of water storage. The
performance of the universal adhesive was compared with a solvent-free bonding agent
of a two-step self-etch adhesive system. The null hypotheses were that there would be
no significant difference in gap formation between (1) groups with or without a silane
pretreatment, and (2) groups dried with normal or warm air.

2. Materials and Methods

Forty tapered cavities (2mm bottom diameter, 4mm upper diameter, 3mm depth)
prefabricated in LDS blocks (IPS e.max CAD; Ivoclar Vivadent, Schaan, Liechtenstein) were
used in this study. The cavity design was selected instead of flat surfaces to increase the
ratio of bonded to unbonded surfaces, also known as the configuration factor (C-factor),
and thus increase the stress to the interface induced by composite shrinkage and thermal
cycling. The materials included a silane-containing universal adhesive (Clearfil Universal
Bond Quick ER; UBQ; Kuraray Noritake Dental, Tokyo, Japan), a bonding agent of a two-
step self-etch adhesive system (Clearfil SE Bond 2; SE2; Kuraray Noritake Dental), a silane
coupling agent (Clearfil Ceramic Primer; CP; Kuraray Noritake Dental), and a flowable
resin composite (Estelite Flow Quick; EFQ; Tokuyama Dental, Tokyo, Japan). An overview
of their composition is presented in Table 1.
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Table 1. An overview of materials used in this study.

Material (Batch Number) Manufacturer Composition

IPS e.max CAD Ivoclar Vivadent,
Schaan, Liechtenstein SiO2, Li2O, K2O, P2O5, ZrO2, ZnO, other oxides, pigments

Clearfil Ceramic Primer
(A50030)

Kuraray Noritake
Dental, Tokyo, Japan Ethanol, γ-MPTS, 10-MDP

Clearfil Universal Bond
Quick ER (4C0008)

Kuraray Noritake
Dental, Tokyo, Japan

10-MDP, Bis-GMA, HEMA, hydrophilic aliphatic dimethacrylate,
colloidal silica, silane coupling agent, sodium fluoride, CQ,

ethanol, water

Clearfil SE Bond 2 (1K0127) Kuraray Noritake
Dental, Tokyo, Japan

Bond: 10-MDP, Bis-GMA, HEMA, hydrophobic aliphatic
dimethacrylate, silanated colloidal silica, CQ, initiators, accelerators

Estelite Flow Quick (040026) Tokuyama Dental,
Tokyo, Japan

Bis-MPEPP, TEGDMA, UDMA, silica-zirconia filler (53 vol. %, 0.4 µm
and 0.07 µm), CQ

Abbreviations: γ-MPTS: γ-methacryloxypropyltrimethoxysilane; 10-MDP: 10-methacryloyloxydecyl dihydrogen phosphate; HEMA:
2-hydroxyethyl methacrylate; Bis-GMA: bisphenol A glycidyl methacrylate; CQ: camphorquinone; Bis-MPEPP: bisphenol A polyethoxy
dimethacrylate; TEGDMA: triethylene glycol dimethacrylate; UDMA: urethane dimethacrylate.

All 40 cavities were cleaned with ethanol, ultrasonically cleaned for 10 min in distilled
water, and air-dried. Then, the cavities were randomly assigned to 8 experimental groups
(n = 5) according to the adhesive (UBQ or SE2), the application of CP, and the air-drying
procedure which was performed either using normal air (23 ± 1 ◦C; N) or warm air
(60 ± 5 ◦C; W). The experimental groups were as follows: (1) UBQ(N)—normal air-dried
UBQ without CP; (2) UBQ(W)—warm air-dried UBQ without CP; (3) CP(N)UBQ(N)—
normal air-dried UBQ pretreated with normal air-dried CP; (4) CP(N)UBQ(W)—warm air-
dried UBQ pretreated with normal air-dried CP; (5) CP(W)UBQ(N)—normal air-dried UBQ
pretreated with warm air-dried CP; (6) CP(W)UBQ(W)—warm air-dried UBQ pretreated
with warm air-dried CP; (7) CP(N)SE2(N)—normal air-dried SE2 pretreated with normal
air-dried CP; and (8) CP(W)SE2(N)—normal air-dried SE2 pretreated with warm air-dried
CP. The overview of experimental groups is presented in Figure 1. SE2 was only used with
the CP pretreatment, because it does not contain any silane, and it was air-blown using
only normal air, because it does not contain solvents.

CP was applied with a microbrush and agitated for 20 s prior to air-drying. The
adhesives were applied with a disposable microbrush without agitation and air-dried as
well. Air-drying was performed for 20 s either with normal air using a dental air syringe
from a distance of 1 cm, or warm air using a heat blower (Dyson Supersonic Dryer, Dyson,
Malmesbury, UK) from a distance of 5 cm. The distance between specimens and the
heat blower was increased to obtain a similar air-pressure in both air-drying approaches
and because the temperature near the heat blower’s orifice was almost 100 ◦C. During
air-drying, the air temperature near the surface of the LDS blocks was checked using a
thermocouple. After the adhesives were air-dried, they were light-cured for 10 s using a
LED light-curing unit (Elipar DeepCure-L; 1470 mW/cm2; 3M, St. Paul, MN, USA), and
cavities were filled with EFQ in three 1mm increments, each light-cured for 20 s. Then,
specimens were incubated in distilled water for 24 h at 37 ◦C and subsequently subjected to
10,000 thermal cycles (TC) between 5 ◦C and 55 ◦C (dwell time 30 s, transfer time 2 s). An
additional 1 year of water storage at 37 ◦C followed for specimens that did not detach from
cavities during thermocycling. Specimens that detached from cavities were not submitted
to further aging procedures, and they were assigned 100% gap formation.

Gap formation was observed using an SS-OCT device (IVS-2000; Santec, Tokyo, Japan)
immediately after filling, after 24 h of water storage, 5000 TC, 10,000 TC, and the additional
1 year of water storage. The device was equipped with a laser light source (bandwidth
110 nm, center wavelength 1330 nm, sweep rate 30 kHz) that scanned the area of interest
(5 × 5 mm2) in X and Z dimensions. Scans were performed in 6 planes by rotating the
laser beam 0◦, 30◦, 60◦, 90◦, 120◦, and 150◦. Light backscattered from specimens was
collected by the system, digitized in time scale, and analyzed in a Fourier domain to create
depth-resolved reflectivity profiles (A-scans) at each point. Raw data files (B-scans) were
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obtained by combining the A-scans from each plane, and they were also converted to
2-dimensional cross-sectional gray-scale images of 2000 × 1000 px resolution [22,23]. As
a result of differences in refractive indices, gaps significantly increase the signal intensity
and appear as bright spots in the images.

Figure 1. Overview of experimental groups and aging procedures. Abbreviations: CP: Clearfil Ceramic Primer, UBQ:
Clearfil Universal Bond Quick ER, SE2: Clearfil SE Bond 2, N: normal air-drying, W: warm air-drying.

The ImageJ software (version 1.48 v, National Institutes of Health, Bethesda, Maryland,
USA) was used to measure the gap length. B-scans were imported to the software, a size
scale was set, and a median filter was applied to reduce the noise. The area of the interface
was then selected and binarized using an auto-threshold function of the software to detect
pixels with significantly higher brightness compared to the background. The total length of
bright clusters was automatically calculated using an ImageJ plugin, divided by the length
of the interface, and multiplied by 100 to obtain relative gap length in percentages [22,23].
The analyses were performed separately for the cavity bottom and lateral walls.

The Shapiro–Wilk test indicated that the distribution of gap length data was not
normal. Therefore, a non-parametric Kruskal–Wallis test was used to analyze the effect of
bonding procedures and aging conditions, followed by multiple comparisons using the
Steel–Dwass method. All analyses were performed at α = 0.05 (JMP 13.2.1 for Windows,
SAS Institute, Cary, NC, USA). In some groups, all specimens detached from cavities,
resulting in 100% gap formation and no standard deviation. These groups had to be
eliminated from the analyses and were considered significantly different from another
group if the upper confidence bound of the other group did not reach 100%.

3. Results

The rates of interfacial gap formation at the cavity bottom and lateral walls are
presented in Tables 2 and 3. Representative SS-OCT images are shown in Figure 2.
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Table 2. Gap formation at the cavity bottom in percentages (mean ± SD).

Group Immediate 24 h 5000 TC 10,000 TC 1 Year

UBQ(N) 84.0 ± 4.2 Aa 100.0 ± 0.0 Ba 100.0 ± 0.0 Ba 100.0 ± 0.0 Ba 100.0 ± 0.0 Ba

UBQ(W) 79.2 ± 3.3 Ab 82.8 ± 3.1 Bb 100.0 ± 0.0 Ca 100.0 ± 0.0 Ca 100.0 ± 0.0 Ca

CP(N)UBQ(N) 11.7 ± 2.2 Ac 14.6 ± 1.8 Bc 80.8 ± 3.0 Cb 82.6 ± 4.1 Cb 100.0 ± 0.0 Da

CP(N)UBQ(W) 5.0 ± 0.8 Ad 5.1 ± 0.8 Ad 9.3 ± 2.5 Be 10.6 ± 3.8 Be 25.3 ± 1.5 Cc

CP(W)UBQ(N) 5.2 ± 1.0 Ad 5.6 ± 0.9 Ad 8.8 ± 2.6 Be 10.0 ± 1.3 Be 16.6 ± 1.3 Cd

CP(W)UBQ(W) 4.8 ± 0.6 Ad 4.9 ± 0.5 Ad 8.4 ± 1.3 Be 10.0 ± 1.8 Ce 18.3 ± 1.8 Dd

CP(N)SE2(N) 4.4 ± 1.9 Ade 4.5 ± 1.0 Ae 42.8 ± 3.7 Bc 52.0 ± 4.6 BCc 96.6 ± 6.9 Dab

CP(W)SE2(N) 3.7 ± 1.3 Ae 4.8 ± 2.6 Ade 19.7 ± 3.8 Bd 32.8 ± 3.5 Cd 90.0 ± 8.5 Db

Different superscript letters indicate significant differences (p < 0.05) between groups: uppercase letters in rows, lowercase letters in
columns. Please refer to Materials and Methods (second paragraph) for the description of bonding procedures in each group.

Table 3. Gap formation at the cavity lateral walls in percentages (mean ± SD).

Group Immediate 24 h 5000 TC 10,000 TC 1 year

UBQ(N) 24.8 ± 2.6 Aa 100.0 ± 0.0 Ba 100.0 + 0.0 Ba 100.0 ± 0.0 Ba 100.0 ± 0.0 Ba

UBQ(W) 27.4 ± 4.7 Aa 28.8 ± 4.1 Ab 100.0 + 0.0 Ba 100.0 ± 0.0 Ba 100.0 ± 0.0 Ba

CP(N)UBQ(N) 15.9 ± 1.3 Ab 14.9 ± 1.7 Ad 17.6 + 1.5 Bb 19.2 ± 1.0 Cc 100.0 ± 0.0 Da

CP(N)UBQ(W) 14.2 ± 1.2 Ac 18.2 ± 0.8 Bc 18.3 + 1.1 Bbc 19.2 ± 1.4 Cc 21.4 ± 1.0 Dc

CP(W)UBQ(N) 11.8 ± 1.2 Ad 12.7 ± 1.0 Be 14.3 + 1.9 Cd 16.1 ± 1.5 CDd 18.3 ± 1.0 Ed

CP(W)UBQ(W) 12.7 ± 0.8 Ad 12.9 ± 1.2 Ae 14.2 + 1.8 Bd 15.6 ± 1.8 Cd 18.1 ± 0.8 Dd

CP(N)SE2(N) 15.6 ± 1.0 Abc 17.3 ± 0.8 Bc 19.0 + 1.2 Cc 19.9 ± 1.2 Cbc 86.5 ± 27.5 Da

CP(W)SE2(N) 16.3 ± 1.1 Ab 18.0 ± 1.3 Bc 18.6 + 2.4 Bbc 20.6 ± 1.7 Cb 56.3 ± 36.3 Db

Different superscript letters indicate significant differences (p < 0.05) between groups: uppercase letters in rows, lowercase letters in
columns. Please refer to Materials and Methods (second paragraph) for the description of bonding procedures in each group.

Groups bonded with UBQ without CP pretreatment exhibited the highest gap for-
mation. Moreover, all specimens of UBQ(N) detached from the cavities within 24 h, and
specimens of UBQ(W) detached during thermocycling. The application of CP prior to UBQ
improved the adaptation significantly (p < 0.001). However, in the case of CP(N)UBQ(N),
gap formation at the cavity bottom increased substantially after 5000 TC (p < 0.001), and
all five specimens dislocated from the cavities during the additional 1 year of water stor-
age. The groups where CP and/or UBQ were dried with warm air exhibited significantly
lower gap formation than CP(N)UBQ(N) (p < 0.001). The adaptation was also more stable:
all specimens withstood thermocycling and the additional 1 year of water storage. The
adaptation of CP(W)UBQ(W) and CP(W)UBQ(N) was similar to that of CP(N)UBQ(W)
at the cavity bottom (p > 0.5) except for the 1 year of water storage, which resulted in a
significantly higher gap formation in the CP(N)UBQ(W) group (p < 0.001). At the lateral
walls, CP(W)UBQ(W) and CP(W)UBQ(N) exhibited significantly lower gap formation than
CP(N)UBQ(W) in all assessments (p < 0.001).

CP(N)SE2(N) exhibited a significantly lower gap formation than CP(N)UBQ(N) at
the cavity bottom (p < 0.001) except for the 1 year of water storage which resulted in the
dislocation of four specimens and thus similar gap formation in these groups (p = 0.178).
At the lateral walls, the gap formation of CP(N)SE2(N) was significantly higher than that
of CP(N)UBQ(N) after 24 h and 5000 TC (p < 0.05), but there was no significant difference
between them in the rest of the observations (p > 0.05). Warm air-drying did not have a
significant effect on the immediate and 24-h gap formation (p > 0.05), but CP(W)SE2(N)
exhibited significantly lower gap formation than CP(N)SE2(N) after thermocycling at the
cavity bottom (p < 0.001). The additional 1 year of water storage led to the detachment of
four CP(N)SE2(N) specimens and two CP(W)SE2(N) specimens, resulting in a significant
increase in gap formation compared to values after thermocycling (p < 0.001). The 1-year
gap formation of CP(W)SE2(N) was significantly lower than that of CP(N)SE2(N) at the
lateral walls (p = 0.0025) but not at the cavity bottom (p = 0.07). Compared to the warm
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air-dried groups of UBQ with CP pretreatment, the 1-year gap formation of CP(W)SE2(N)
was significantly higher (p < 0.001).

Figure 2. Representative swept-source optical coherence tomography (SS-OCT) images with a varying degrees of interfacial
gap formation. Gap formation appears as bright spots and is highlighted by the white arrows. (A) Almost no gap formation,
typical for immediate and 24-h observations of groups with CP pretreatment. (B) Minor gap formation at the cavity bottom,
characteristic for warm air-dried groups of CP + UBQ after the 1 year of water storage. (C) Extensive gap formation at the
cavity bottom, representative of UBQ groups without CP and thermocycled specimens of CP(N)UBQ(N). (D) Extensive gap
formation at the cavity bottom and lateral walls, observed in specimens shortly before detachment from cavities.

4. Discussion

The repair of fractured glass-ceramic restorations is preferable to their complete
replacement, but it is difficult to achieve a stable bond between the ceramic and resin
composite, because HF etching should not be used intraorally. Therefore, the application
of silane coupling agents has been recommended to promote chemical adhesion to glass
ceramics. To simplify the bonding procedure, silanes have been incorporated in some recent
universal adhesives, but it was revealed that their bonding to glass ceramics was low [7–12].
This study examined whether the application of a silane coupling agent (CP) and warm
air-drying could improve composite adaptation to LDS blocks. The results showed that
interfacial gap formation decreased significantly when CP was applied prior to UBQ, so
the first null hypothesis was rejected. It was also revealed that warm air-drying resulted in
a significantly better composite adaptation to LDS compared to normal air-drying, so the
second hypothesis was rejected as well.

With normal air-drying, UBQ exhibited a high rate of gap formation and the specimens
dislocated from cavities within 24 h, indicating an insufficient adhesion to the LDS blocks.
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This can be attributed to the absence of HF etching, resulting in the lack of micromechanical
bonding, and the premature hydrolysis of the incorporated silane, leading to its self-
condensation into inactive oligomers [8–11] and thus poor chemical bonding. Previous
studies reported low bond strengths of silane-containing universal adhesives to glass
ceramics [7–12], but debonding was not commonly observed. Compared to bond strength
testing where flat surfaces are used, the C-factor of the cavities in this study was higher
which could increase the shrinkage stress of the flowable composite and contribute to the
detachment of specimens with a weak bond.

This result confirmed that a silane pretreatment is necessary to improve the adhesion
of universal adhesives to glass ceramics. Previous studies revealed a significant increase
in bond strength if a silane coupling agent was used prior to the application of universal
adhesives [8–12,14,15]. In this study, gap formation decreased significantly when CP was
applied before UBQ and even lower gap formation was observed with SE2. The difference
between normal air-dried groups of UBQ and SE2 with CP pretreatment was presumably
caused by the presence of water and volatile solvents in UBQ. Their evaporation was
shown to be incomplete even when air-drying was extended to 20 s [16,17], and the
residual solvent may impair the polymerization of adhesives [24,25], thus increasing the
interfacial gap formation.

Additionally, the application of CP improved the sealing stability. Although gap
formation at the cavity bottom increased significantly compared to 24-h values with both
UBQ and SE2, all CP-pretreated specimens endured thermocycling. We suppose that
this was mainly due to the mechanical stress induced by different thermal expansion
coefficients of LDS and the resin composite. With the intention to enlarge the stress,
tapered cavities were used in this study instead of flat surfaces, because they have a
higher C-factor. The stability of the bond was further challenged by the subsequent 1 year
of water storage, which resulted in the detachment of all five specimens in the case of
normal air-dried UBQ pretreated with normal air-dried CP and four specimens if SE2
was used. The presence of hydrophilic monomers—2-hydroxyethyl methacrylate in both
adhesives [26] and a methacrylamide monomer in UBQ [27]—and remnants of solvents
in UBQ probably facilitated water sorption into the adhesive layers [24], which led to the
hydrolytic degradation of the chemical bond with LDS.

Silane coupling agents are activated by hydrolysis in acidic conditions and the appli-
cation of heat can increase the hydrolysis reaction rate [6]. Therefore, the effect of warm
air-drying was examined, because it could promote chemical bonding to glass ceramics. A
previous study reported that drying of γ-MPTS with hot air (100 ◦C) for 1 min significantly
increased the micro-tensile bond strength of resin composite to leucite reinforced glass
ceramics [18]. Another study examined the effect of heat treatment of CP in an oven
(100 ◦C) for 2 min or using warm air (50 ◦C) for 1 min and revealed that both methods
were effective in increasing the bond strength of a resin cement to glass ceramics [20]. The
former study showed that the heat treatment even outperformed HF etching combined
with normal air-dried silane [18], while the latter showed no significant difference between
them [20]. A significant improvement in bond strength was also reported after warm
air-treatment (45 ± 5 ◦C) of a silane coupling agent for 2 min, but the bond strength was
still significantly lower compared to that of HF etching [19].

In this study, a heat blower was used to produce warm air. Near its orifice, the air-
temperature was almost 100 ◦C and the airstream was strong, so the distance between
specimens and the heat blower was set to 5 cm to obtain a temperature of 60 ± 5 ◦C and
air-pressure comparable to normal air-drying using the dental syringe. Warm air-drying
did not strongly affect the immediate gap formation of UBQ, presumably because only a
few unhydrolyzed silane molecules were remaining. However, as opposed to UBQ dried
with normal air, the warm air-dried specimens withstood the 24-h water storage. This
could be due to an increase in the kinetic energy of molecules after heat treatment, which
would facilitate water and solvent evaporation and positively affect polymerization [16,17].
Consequently, the adhesive layer would be less prone to water sorption and hydrolytic
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degradation of the bond. Nevertheless, all five specimens of warm air-dried UBQ detached
from cavities during thermocycling, probably due to the fact that the incorporated silane
was pre-hydrolyzed.

In groups where CP was applied prior to UBQ, warm air-drying significantly de-
creased gap formation compared to UBQ pretreated with normal air-dried CP. This could
be due to improved silane activation and/or the positive effect of heat treatment on UBQ.
There was no significant difference between groups with warm air-dried CP irrespective
of air temperature used to air-dry UBQ, but warm air-dried UBQ pretreated with normal
air-dried CP exhibited a slightly higher gap formation at the lateral walls under all storage
conditions and at the cavity bottom after 1 year of water storage. These results indicated
that direct warm air-treatment of CP was important for the stability of the chemical bond
between UBQ and LDS. It was surprising that the performance of normal air-dried UBQ
pretreated warm air-dried CP was not affected by remnants of solvents in UBQ, but the
ceramic surface remained warm after the warm air-treatment of CP, so we speculate that
this contributed to solvent evaporation from UBQ even when normal air-drying was used.
All specimens pretreated with CP and bonded with UBQ that received warm air-drying
withstood thermocycling and the additional 1 year of water storage.

Warm air-drying of CP significantly improved the adaptation of SE2 as well. Com-
pared to the SE2 group pretreated with normal air-dried CP, warm air-drying of CP resulted
in a significantly lower gap formation at the cavity bottom after thermocycling. The addi-
tional 1 year of water storage increased the gap formation even in the warm air-dried SE2
group and two specimens detached from the cavities, but the adaptation at the lateral walls
was still significantly better than if CP had received normal air-drying. However, it is note-
worthy that after thermocycling and the 1 year of water storage, the gap formation of SE2
pretreated with warm air-dried CP was significantly higher than that of the CP-pretreated
groups bonded with UBQ, in which either CP or UBQ received warm air-drying. We
speculate that this could be related to the presence of water in UBQ and its higher acidity
(pH = 2.3) compared to the bonding agent of SE2. As CP is a water-free silane coupling
agent, water from UBQ and its acidic pH could contribute to the hydrolysis of CP [6] even
after it was activated with warm air and thus improve the chemical bond with LDS.

The results revealed that the activation of CP by warm air-drying is very effective,
especially when combined with the universal adhesive UBQ. Therefore, this procedure
could be useful in the repair of ceramic restorations. However, heat blowers cannot be
used clinically, because their nozzle is very wide, and the high air temperature might burn
the soft tissues. For clinical usage, it would be necessary to use a warm air-drying device
that could be connected to the dental syringe, in order to ensure a controlled application of
the heat, as proposed by Yonekura et al. [17].
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