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Abstract: Thin, non-retentive, monolithic restorations fabricated from novel translucent zirconia
ceramics are widely used in contemporary dentistry. Because of the chemical inertness of zirconia,
debonding of such restorations remains the main clinical complication. Limited evidence on the
bonding performance of novel translucent zirconia exists; therefore, the present study aimed to eval-
uate, in vitro, the shear-bond strength (SBS) of translucent zirconia modified with a nanostructured
alumina coating (NAC). The SBS of resin cement to translucent zirconia, materials containing 3, 4 or
5 mol.% of yttria modified with NAC, was measured and related to airborne-particle abraded (APA)
zirconia surfaces. Half of each of the specimen groups (1 = 20) were subjected to 37,500 thermocycles
in water. In addition, to evaluate the effect of NAC on thin translucent zirconia discs (1 = 10), the
translucency parameter (TP) was measured and compared with APA. The results were statistically
analyzed using a t-test and one-way ANOVA. NAC provided higher resin-zirconia SBS compared to
APA, not affecting the zirconia optical properties. APA, on the other hand, lowered TP for all types of
zirconia. NAC did not impair the mechanical or optical properties of translucent zirconia materials
and should be regarded as a zirconia pretreatment alternative to APA.

Keywords: translucent zirconia; nanostructured alumina coating; airborne-particle abrasion; shear-
bond strength; translucency parameter

1. Introduction

Zirconia ceramic materials are increasingly used in contemporary dentistry given
its biocompatibility, exceptional mechanical properties, and pleasing esthetics [1]. How-
ever, because of its inferior optical properties and opaque appearance, the indications of
conventional 3 mol.% yttria-stabilized (3Y-TZP) zirconia are limited mainly to framework
materials for crowns, fixed partial dentures, and implant abutments [2—4]. Recently, novel
translucent zirconia generations with increased yttria molar concentration of 4% or 5% were
introduced. These increased yttria concentrations promoted the formation of a cubic crystal
lattice that reduced light scattering and enhanced the translucency of the material [5]. This,
more esthetic, zirconia can now be successfully employed for the fabrication of thin mono-
lithic restorations widely used in minimally invasive dentistry. This rehabilitation presents
a well-established treatment modality in contemporary prosthodontics, since only minimal
tooth preparation is required [6]. While these restorations offer only a limited bonding
surface, a strong and durable resin-bond to the zirconia bonding surface is of utmost im-
portance to achieve long-term success [6]. However, due to the increased chemical stability
of zirconia ceramics, debonding remains the main clinical complication, especially in cases
of completely non-retentive restorations [7,8]. Various zirconia pretreatment methods have,
therefore, been proposed [9-16].
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To improve micromechanical interlocking and increase zirconia bonding surface area,
airborne-particle abrasion (APA) combined with primer, or cement, containing phosphate
adhesive monomer—which promotes chemical bonds to oxide-ceramics—has commonly
been advocated [6,17,18]. However, it has been shown that APA can lead to zirconia
strength degradation and premature failures, as it introduces surface cracks and plastic
deformations [19-23]. In addition, microstructural modifications of translucent zirconia,
such as increased yttria content and decreased alumina content, may negatively impact
the mechanical properties of this material [24]. It has been shown that zirconia with an
increased yttria content of 5 mol.% is more susceptible to APA’s damaging effect due to its
absence of a tetragonal-to-monoclinic toughening mechanism [25]. Furthermore, zirconia
surface changes resulting from APA may lead to lowered translucency, thus impairing the
optical properties of thin zirconia restorations.

Non-invasive pretreatment with a nanostructured alumina coating (NAC) to enhance
the resin-zirconia bond has recently been proposed. NAC produces a several hundred
nm thin alumina layer of lamellar-like topography that provides a higher resin bond
to conventional 3Y-TZP zirconia ceramics than APA [26-28]. Furthermore, the coating
application provides added nano-roughening of the ceramic surface, thus not promoting
any surface flaws or stresses that could impair the strength of the ceramic. NAC’s clinical
efficiency and compliance with routine dental procedures has also been confirmed [29,30].
However, neither the influence of NAC on the resin bond strength to novel zirconia
generations, or NAC’s effect on material translucency, has been evaluated as of yet.

In order to advocate NAC as a promising, nondamaging, alternative for pretreating
thin translucent zirconia restorations in a manner that does not interfere with the material’s
mechanical and optical properties, further studies are needed. Therefore, the present study
aimed to evaluate the effect of NAC on resin bond strength to novel translucent zirconia and
assess the influence of NAC on zirconia translucency. The null hypotheses were as follows:
(1) different types of zirconia ceramics and pretreatment methods have no influence on the
resin-zirconia bond; (2) APA and NAC have no influence on the translucency of different
types of zirconia ceramics.

2. Materials and Methods
2.1. Specimen Preparation

Three different zirconia ceramic substrates were fabricated from three, commercially
available, ready-to-press, and biomedical-grade granulated zirconia powders containing
3 mol.% (TZ-PX-242A, Tosoh, Tokyo, Japan), 4 mol.% (Zpex4, Tosoh, Tokyo, Japan), and
5 mol.% (ZpexSmile, Tosoh, Tokyo, Japan) of yttria in solid solutions. The TZ-PX-242A,
Zpex4, and ZpexSmile powders contained 0.05 wt.% of added alumina and about 3 wt.%
of inorganic binder. The resulting ceramic powders are referred to as 3Y, 4Y, and 5Y
throughout the text, respectively. Uniaxial dry pressing, in a floating die, at 147 MPa with a
dwell time of 30 s (PW 10, P/O/Weber, Remshalden, Germany) was used to shape disc
pellets that were 20 mm in diameter and 4 mm thick for the shear bond strength testing, and
1.3 mm thick for the translucency measurements. They were then pressure-less sintered
at 1450 °C for 2 h, in accordance with the powder supplier’s recommendations. Relative
density was measured according to Archimedes’ method using deionized water as the
immersion liquid. All materials reached approximate levels of theoretical density.

According to the experimental protocol (Figure 1), disc-shaped specimens for each of
the three types of zirconia (3Y, 4Y, 5Y) were produced and randomly divided into 3 groups
of 20; for the shear bond strength testing, and 10 for translucency measurements. The
groups were subjected to the following pretreatment conditions:
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Figure 1. The flowchart of the experimental protocol for the (A) shear bond strength test and (B) translucency measurements.

Group 1: left as-sintered to serve as a control (AS).

Group 2: low-pressure abraded with 50-micron-sized aluminum oxide (Al,O3) parti-
cles at a pressure of 0.1 MPa for 15 s (APA-50). During the air-abrasion procedure, discs
were mounted in a custom-made APA device at a distance of 10 mm from the tip of the
air-abrasion unit, equipped with a nozzle 0.8 mm in diameter. All the specimens were
ultrasonically cleaned in acetone, ethanol, and deionized water for 3 min in each solvent.

Group 3: coated with NAC. Ten specimens were inserted into a glass beaker containing
100 mL clear, aluminate-based, precursor solution (VALLBOND, Vall-cer d.o.o., Ljubljana,
Slovenia). The solution was brought to boiling in approximately 5 min using a magnetic
laboratory agitator with a hot plate. The solution was boiled for 10 min until it became
turbid, indicating the complete synthesis of the nanostructured boehmite coating on the
specimen’s surface. The coated specimens were rinsed with deionized water and oven-
dried for 2 h at 110 °C (Programat X1, Ivoclar, Schaan, Lichtenstein). The calcination firing
was performed in an electric resistance furnace in atmospheric air at 900 °C and a holding
time of 30 min, where the heating rate was set at 40 °C/min (Programat X1, Ivoclar, Schaan,
Lichtenstein) [31].

2.2. Shear Bond Strength Testing
2.2.1. Quantitative Assessment

Composite resin cylinders were fabricated by filling a printed acrylic mold with an
inner diameter of 4 mm and height of 3 mm with a composite resin (TetricCeram, Ivoclar,
Schaan, Liechtenstein) in two increments. Each increment was light polymerized for 20 s
with a light source (Elipar II, 3M ESPE, St. Paul, MN, USA) positioned above the specimen.
The composite cylinder was then removed from an acrylic mold and additionally light-
cured for 20 s. Composite cylinders were bonded to Groups 1-3 using a dual-curing resin
cement (Panavia V5, Kuraray, Tokyo, Japan). Before the bonding procedure, each surface
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was prepared with a phosphate adhesive monomer containing primer (Ceramic Primer,
Kuraray, Tokyo, Japan). A custom-made alignment apparatus was used to position the
specimens to standardize the bonding procedure and ensure that the cylinder axis was
perpendicular to the specimen surface. During bonding, a weight of 750 g was added to
the alignment apparatus [32]. Disposable microbrushes were used to remove the excess
cement, and the resin cement was polymerized for 40 s radially along the ceramic-composite
cylinder interface. Glycerin gel (Oxyguard, Kuraray, Tokyo, Japan) was applied to the
margins to block the oxygen inhibition layer. This is a superficial layer of resin cement
exposed to oxygen, which reacts with free radicals to form unreactive peroxy radicals and
inhibit polymerization [33]. Final resin cement polymerization induced by light-curing
(Elipar II, 3M ESPE, St. Paul, MN, USA) was performed for 20 s.

Each surface-treated zirconia group was divided into two subgroups of ten each. The
first group was stored in distilled water at 37 °C for 24 h. For investigating the durability
of the resin-zirconia bond, the second group was thermally cycled (TC). TC of 37,500 cycles
between 5 and 55 °C with a dwell time of 15 s (Thermocycler THE 1100, SD Mechatronik
GmbH, Feldkirchen-Westerham, Germany) was utilized. Shear bond strength (SBS) was
tested with a universal testing machine (Quasar 2.5, Galdabini S.P.A., Cardano Al Campo,
Italy). Before testing, each specimen was mounted into a 3D printed acrylic cylinder to
facilitated positioning of the specimen in the universal testing machine. A shear load was
applied at the base of the specimen at a 1 mm/min crosshead speed until failure. The SBS
values were expressed in MPa (N/m?).

2.2.2. Qualitative Assessment

Debonded zirconia surfaces for each specimen were examined using a light micro-
scope (SteREO Discovery.V8, Carl Zeiss AG, Oberkochen, Germany) at 3.5x magnification.
Failure modes were classified into adhesive failure at zirconia surface and cohesive failure
in the resin cement or composite resin. The area percentage for each failure mode was cal-
culated for all the groups in a software package (ZEN Digital Imaging for Light Microscopy,
Zeiss, Oberkochen, Germany). Scanning electron microscopy (SEM; JSM-7600F, Jeol Ltd.,
Tokyo, Japan) at an accelerating voltage of 5 kV was used to examine debonded zirconia
surfaces of the representative thermocycled specimens for each surface pretreatment. The
representative specimen for each experimental group was determined as the specimen
exhibiting an SBS value closest to the mean SBS value in the experimental group.

2.3. Translucency Measurement

For the translucency measurements, the top surfaces of the specimens were polished
with silicon carbide abrasive papers (500-grit) under running water, and the thickness was
verified with a digital caliper (Digimatic caliper, Mitutoyo, Kanagawa, Japan). Accepted
thickness values of disc specimen were 1 £ 0.01 mm.

A dental spectrophotometer (SpectroShade™ MICRO, MHT Optic Research AG,
Niederhasli, Switzerland) with a calibration plate was used to record the CIELAB coor-
dinates (L*, a* and b*) of the zirconia discs. The CIELAB coordinates correspond to the
CIE color space defining the color data in terms of L*, a* and b*; where L* refers to the
lightness coordinate and its value ranges from 0, for perfect black, to 100, for perfect white.
The values of a* and b* are the coordinates in the red-green axis and the yellow-blue axis,
respectively [34]. A layer of vaseline was put in-between the specimen and the background
for better optical contact. Translucency was evaluated using the translucency parameter
(TP) derived by calculating the color difference between reflectance spectra against a black
and white background. It was reported that TP corresponds directly to the human visual
perception of translucency so long as the material thickness is equal. TP was calculated
according to the following equation [35]:

TP = \/(Ly — Liy) + (af — aty) + (b5 — )2 1)
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where the subscripts B and W refer to the color coordinates over black and white back-
grounds, respectively, and where L*, a*, and b* refer coordinates in the CIE color space.
A higher TP value indicates a higher translucency. Ten specimens were used for each
condition.

Grain Size Estimation

Examinations of the specimen’s microstructures were performed using scanning
electron microscopy (SEM) of the discs’ surfaces after polishing and thermal etching (SEM;
Carl Zeiss AG, Oberkochen, Germany). The grain size distributions were measured on
SEM micrographs according to the linear intercept method without applying any correction
factor.

2.4. Statistical Analysis

The statistical analysis was performed using statistical software (IBM SPSS Statistics,
v20.0; IBM Corp., New York, NY, USA). Shapiro-Wilk and Levene’s tests were performed
to assess the assumptions of normality of the data and homogeneity of variances. For each
surface pretreatment condition, independent samples t-tests were performed to assess the
SBS differences between the respective non-cycled and cycled subgroups. The P-values
were adjusted using the Bonferroni correction method for multiple comparisons. The SBS
data were then split according to the type of zirconia and storage conditions, and a one-way
ANOVA and Tukey HSD post hoc test were performed to assess the SBS differences for
each storage condition separately. To assess the differences in the translucency between the
pretreatments for each of the three types of zirconia, a one-way ANOVA with a Tukey post
hoc test was performed. P values below 0.05 were considered statistically significant.

3. Results
3.1. Shear Bond Strength

The alumina coating was present on the representative specimen for each type of
zirconia, where NAC covered the entire as-sintered zirconia surface. In addition, 2D
lamellar-like coatings” morphology was confirmed with NAC nanosheets interconnected
throughout the entire zirconia surface area (Figure 2). No differences in NAC morphology
were observed between the three types of zirconia.

i " r-.‘
(b)

Figure 2. SEM micrograph showing a zirconia bonding surface that was followed by pretreatment: (a) APA resulting

in surface flaws and sharp cuts (at magnification x2500); (b) NAC application on the as-sintered zirconia surface (at

magnification x10,000); (c) NAC’s lamellar-like nanostructured topography (at magnification x40,000).

Means, standard deviations, and statistical differences between the SBS values of
all the tested groups are shown in Table 1. Zirconia surface pretreatment and storage
had a significant effect on SBS (P < 0.05), whereas the type of zirconia ceramics did not
significantly influence the SBS (P > 0.05). In non-cycled groups, APA provided significantly
higher SBS than AS, except for 3Y zirconia, where no differences between the groups were
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present. NAC provided significantly higher SBS than APA, except for 3Y zirconia, where
no differences between the groups were present.

Table 1. Shear bond strength (SBS) means and standard deviations (SD) in MPa of resin cement to the three types of zirconia

ceramics after different surface pretreatment methods. Same upper-case letters denote no statistical differences in SBS
values among the groups (P < 0.05).

No Thermocycling 37,500 Thermocycles
Type of ZrO, Treatment
Mean SD P <0.05 Mean SD P <0.05

AS 11.88 2.44 A 0.00 ds A

3Y APA 18.16 224 C, D E 14.25 4.00 B
NAC 22.19 5.82 EF 21.52 2.63 C

AS 14.00 3.11 A, B, C 0.00 ds A

4Y APA 17.30 2.59 B,C,D 15.27 4.05 B
NAC 23.43 1.52 F 20.10 4.63 C

AS 12.93 2.72 A, B 0.00 ds A

5Y APA 15.81 4.16 A,B,C 12.17 2.21 B
NAC 21.57 2.46 D,E F 23.06 3.74 C

ds—debonded spontaneously, no statistical test was performed.

After TC, AS groups exhibited spontaneous debonding in a complete adhesive failure.

Although lowered SBS weas observed, TC did not significantly affect NAC and APA groups.
NAC provided significantly higher SBS than APA for all three types of zirconia.

The area percentages of cohesive and adhesive failure mode after SBS testing are
presented in Figure 3. For the AS groups, mixed failure modes with a high percentage of

adhesive failure were observed. In contrast, mixed failure mode with a high percentage of
cohesive failure was observed in APA and NAC groups. In addition, complete cohesive

failure mode, although in a smaller portion, was also observed in the APA and NAC groups.
After TC, the percentage of adhesive failure area slightly lowered in all the groups.

NC

e

NC

TC

NC

TC

Failure modes

-100 NC TC NC TC NC TC NC TC NC TC NC TC

Q =
= b Q = 1
v 80 < g 3 & 9 3
s 23
S 60 |
o o | i g
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o 40 ~ o 2B & = )
5 2 i B i
E 20 &

o

el I~
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AS APA  NAC AS APA  NAC AS APA  NAC
3y 4y 5Y

Cohesive failure

Adhesive failure

Figure 3. Mean percentages of assigned failure modes after shear bond testing of non-cycled (NC) and cycled (TC) groups.

Light microscopy micrographs and SEM micrographs of representative specimens for
AS, APA, and NAC groups after SBS testing are presented in Figure 4a—c. In the representa-
tive AS specimen, complete adhesive failure was observed (Figure 4a), while mixed failure
mode with a high percentage of cohesive failure was observed in the representative APA
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specimen (Figure 4b). In the representative NAC specimen, mainly cohesive failure mode
was observed, with the composite resin or resin cement fracture (Figure 4c). NAC residues
were partially covered with cement remnants and remained firmly bonded to the substrate
after the fracture (Figure 4c).

(b) (©)

Figure 4. Light microscopy micrographs (insets) and SEM micrographs of different failure modes of representative
specimens: (a) adhesive failure mode of AS specimen—at magnification x3.5 complete adhesive failure is evident and
at magnification x10,000 exposed zirconia grains (white arrow) and residing cement fillers (black arrow) are observed;
(b) mixed failure mode of APA specimen - at magnification x3.5 a low percentage of adhesive failure is evident and, at
magnification x1000, cement remnants (black arrow), surface flaws, and sharp indentations (white arrows) caused by
APA are observed; (c) mixed failure mode with a predominantly cohesive fracture of an NAC specimen, at magnification
x 3.5 thick cement residue (white arrow), is observed with a small adhesive failure and, at magnification x 10,000, exposed

zirconia grains covered with NAC residue (white arrows) are observed.

3.2. Translucency

SEM micrographs of polished and thermally etched 3Y, 4Y, and 5Y zirconia are shown
in Figure 5a—f. The microstructure of the zirconia ceramics revealed polycrystalline and
dense structures with only occasionally very few pores. The three zirconia ceramics differed
in microstructure for grain size. The size of the zirconia grains increased with the amount
of yttria; the largest grains were observed in the 5Y group. The d50 diameters of 3Y, 4Y,
and 5Y were 0.28, 0.32, and 0.53 um, respectively.

The translucency parameter (TP) significantly differed between different types of zir-
conia ceramics (ANOVA, Tukey P < 0.05); the lowest TP was observed in the 3Y-APA group
(21.4) and the highest in the 5Y-AS group (31.9) (see Table 2 and Figure 6). From Figure 6,
the difference in translucency can be qualitatively observed by the level of sharpness seen
in the thick black line onto which the specimens were placed. APA significantly decreased
the TP of all three types of zirconia ceramics. In contrast, nanostructured alumina coating
did not interfere with TP changes (Table 2). The observed mean differences of TP are
presented in Table 3.
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Figure 5. SEM micrographs of as-sintered zirconia surface at magnification x25,000 (left) and magnification x 60,000 (right):

3Y specimen (a,b), 4Y specimen (c,d), and 5Y specimen (e,f).

Table 2. Translucency parameter means (Mean TP) and standard deviations (SD) of different types

of zirconia ceramics treated with APA and NAC. The same upper-case letters denote no statistical

differences in TP values among the groups (P < 0.05).

Type of ZrO, Treatment Mean TP SD P <0.05

AS 23.4 0.64 A

3Y NAC 23.6 0.21 A

APA 214 0.13 B

AS 25.7 0.39 C

4Y NAC 25.6 0.56 C

APA 244 0.18 D

AS 31.9 1.05 E

5Y NAC 31.8 0.54 E

APA 29.9 0.76 F
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3Y 4Y 5Y

Figure 6. The translucency of zirconia ceramics (3Y, 4Y, 5Y) in 1 mm thickness.

Table 3. ATP,,—observed mean differences of TP between different types of surface treatment. Letter P denotes the level of

significance (P-value).

Y 5Y
ATP,,
NAC P APA P NAC P APA P NAC P APA P
AS —026 055 192 <0001  0.07 0.96 124 0001  0.19 0.93 205  0.005
NAC - - 218  <0.001 - - 116  0.002 - - 186  0.009

4. Discussion

This study has shown that NAC provided higher resin-zirconia bond strengths com-
pared to APA, not affecting the zirconia optical properties. APA, on the other hand, lowered
the translucency of all types of zirconia. Therefore, the null hypotheses were rejected.

The 3Y zirconia studied, also known as high-translucent 3Y-TZP, contains less alumina
in the matrix than conventional 3Y-TZP, thus hindering the formation of isolated, light
obstructing alumina grains at the grain boundaries [36,37]. In the 4Y and 5Y zirconia, yttria
content is increased to 4 and 5 mol.%, respectively, leading to a higher amount of larger,
and less birefringent, cubic grains; lowering incident light scattering [37]. The measured
differences in grain sizes for three types of zirconia and calculated TPs corroborate these
findings (Table 2). TP increased with the grain size of 3Y to 5Y zirconia, consistent with
correlations reported in previous studies [38]. Furthermore, the optical properties of 5Y
zirconia are comparable to other translucent non-oxide dental ceramics while maintaining
superior mechanical properties [39]. Therefore, its application can be extended to the
fabrication of thin esthetic monolithic zirconia restorations.

Debonding of such non-retentive zirconia restorations remains the main clinical com-
plication [7]. Among the few studies that evaluated the bond strength to newer translucent
zirconia [39—42], some have reported lower bond strength than conventional 3Y-TZP [40].
In the present study, APA; a surface damaging pretreatment method, introduced surface,
and subsurface, cracks into the material. By contrast, NAC; a nondamaging pretreat-
ment method, only additively modified the surface by increasing the surface’s roughness,
whereas the AS group served as a control. TC of 37,500 cycles were utilized for the purpose
of investigating the durability of resin-zirconia bonds generating mechanical fatigue at the
bonding interface [41,42].

Despite lower SBS values after 24 h of water storage in the AS groups, there were no
statistically significant differences detected between the AS and APA groups, except with
respect to the 3Y material (Table 1). The relatively high initial bond strength was proba-
bly provided by the chemical bonding provided by 10-methacryloyloxydecyl dihydrogen
phosphate (MDP) adhesive monomer containing primer, which was previously reported as
highly efficient [18,43,44]. After TC, the AS specimens debonded spontaneously (Table 1),
confirming the inability of phosphate adhesive monomer to create hydrolytically stable
chemical bonds to zirconia without any mechanical interlocking [6,18]. Therefore, mi-
cromechanical roughening with APA in combination with adhesive monomer remains the
proposed pretreatment for the translucent zirconia [43,45,46]. APA, under low air-abrasion
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pressure of 0.1 MPa, was employed in the present study since it provides a stable resin
bond to conventional zirconia while reducing the damaging surface effects [18].

The SBS values in APA groups for all three types of zirconia were not affected by
TC (Table 1). These findings confirm that the increased surface roughness and wettability
provided by APA present a prerequisite for hydrolysis-resistant chemical bonding to zirco-
nia [18,44]. However, these results are not completely in line with previous studies [18,44]
where, even after TC, a resin-zirconia bond above 20 MPa was achieved, demonstrating a
clinically acceptable, and durable, bond to enamel [47,48]. While increasing air-abrasion
pressure to 0.2 MPa provides an optimal bonding surface topography for a durable bond to
translucent zirconia [45,46], these more aggressive APA conditions are reported to decrease
the flexural strength of translucent zirconia [49]. The differences in SBS values between
different types of zirconia pretreated with APA were undetected. Although the surface
roughness of 5Y zirconia after APA had previously been shown to be slightly higher [45],
no impact on the bond strength was detected, confirming the results of our study. Since,
during TC, the specimens were exposed to moist conditions only for a short time period, no
low thermal degradation (LTD) of zirconia, which could lead to the material microstructure
changes, could be expected [50]. Moreover, 4Y and 5Y zirconia materials were shown to
be resistant towards LTD [51]. In light of this evidence, no other influence of TC on the
zirconia microstructure and resin-zirconia interface aside from the mechanical fatigue at
the bonding interface, could be expected. Therefore, the influence of a zirconia chemi-
cal composition might not have been assessed using the aging protocol. A previously
measured, 500-700 nm, layer of NAC [26], with its lamellar-like topography, provides
an increase of the actual surface area up to 500%—-600% [52]. This has also been shown
using transmission electron microscopy (TEM) where the resin cement successfully pene-
trates into the nano-dimensional inter-lamellar spaces, forming an intermediate structure
designated as the hybrid layer [31]. No voids or signs of delamination were observed
in the SEM micrographs (Figure 2), indicating the coating being coherently adhered on
the zirconia surface, which is in line with the previous TEM analyses [26,31]. Therefore,
the NAC-modified surface significantly enhanced resin-zirconia SBS values for all three
types of zirconia (Table 1 and Figure 3). These findings are in line with NAC’s superior
in vitro performance on bonding to conventional zirconia [26,27]. In addition, only in NAC
groups did SBS values reach a clinically adequate SBS value of 20 MPa [47,48] even after
TC, which did not affect the bond durability. SBS values for different pretreatment methods
corroborated well with the evaluated failure modes (Figures 3 and 4). An adhesive type
was observed for the AS groups, whereas the predominantly mixed type was observed for
APA and NAC groups with a lower percentage of adhesive fracture slightly increasing after
TC, was observed. These observations indicate stable bonds to zirconia provided by both
pretreatments. Furthermore, SEM analysis of a representative NAC specimen revealed only
small areas of exposed zirconia grains. In contrast, large areas of exposed NAC residues, or
NAC covered with resin cement, were observed, indicating that NAC did not delaminate
from the zirconia surface. As shown previously, this may suggest the formation of strong
bonds between NAC and zirconia [26,27,31].

The irregularities at the zirconia surface introduced by APA increases the diffuse
reflectance of the incident light, which affects zirconia’s optical properties. The present
results are in line with these findings since APA significantly decreased TP regardless of
the type of zirconia (Table 2). The surface roughness provided by APA increases diffuse
reflectance and affects the specular reflectance, thereby contributing to the lower levels of
translucency [53]. Furthermore, compared to the micro-irregularities produced by APA,
NAC exhibits nano-particles in the size of a few nm (Figure 2b), which is considerably
smaller than the incident wavelength of visible light (400-700 nm) and, therefore, could
minimize diffuse reflectance [54,55]. Unchanged TP in the NAC groups (Table 2) suggest
that NAC reduced diffuse reflectance while not affecting the zirconia optical properties.
Furthermore, the obtained mean APA-NAC differences in TP for the 3Y and 5Y zirconia
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(Table 3) are clinically relevant since the translucency perceptibility threshold (1.33) [56]
was exceeded.

While NAC facilitates adhesive dentistry, frequently without the need for tooth prepa-
ration, a high risk of saliva, blood, and aerosol contamination during drilling procedures
can be avoided [57,58]. In addition, minor preparations needed for non-retentive zirconia
restorations treated with NAC might contribute to treating patients with specific disorders,
such as saliva deficiency and reduced enamel quality, where reduction of dental tissues for
retentive reasons may be detrimental to the long-term rehabilitation success [59]. Moreover,
it has been shown that NAC’s nano-morphology induces osteoblast differentiation while
concurrently inhibiting bacterial adhesion [60]. These phenomena may be implemented in
zirconia implant surface modifications or other bone regenerative procedures [61-63].

Limitations of the present study include a simplified experimental model not involving
natural teeth and the use of a high-stress concentrating SBS test. This study investigated the
resin-zirconia bond since NAC affects only the resin-zirconia interface. Moreover, failure of
this interface is a frequent complication of non-retentive zirconia restorations, thus, our
experimental model did not include natural teeth, excluding the unproblematic enamel-
resin interface [30,64]. The SBS test used here is widely used to evaluate bond strength
because of its simplicity. However, this test develops high-stress concentrations in the
adhesive interface. Therefore, a bond strength test inducing more stable crack propagation
may be beneficial to further explore the NAC’s bonding capacity [65,66].

5. Conclusions
Based on the findings of this in vitro study, the following conclusions were drawn:

1. NAC provided significantly higher SBS of resin cement to all types of translucent
zirconia than APA.

2. NAC did not affect the optical properties, while APA significantly lowered the translu-
cency of translucent zirconia.

3. NAC, not impairing mechanical nor optical properties of translucent zirconia, should
be regarded as a zirconia pretreatment alternative to APA.
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