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KEYWORDS Abstract Background/purpose: A major cause of long-term failure in zirconia-based restora-
Zirconia nanopowder; tions is the degradation at the adhesive interface, often accelerated by hydrolytic and me-
Dental adhesive; chanical stress. This study investigated the effect of incorporating zirconia nanoparticles
Bond durability; into a light-curable adhesive system to enhance interfacial durability and bonding perfor-
Wear resistance; mance to zirconia.

Shear bond strength Materials and methods: Forty zirconia discs were treated with adhesive formulations contain-

ing zirconia nanoparticles at different weight ratios (0:10, 2:8, 5:5 and 8:2, labeled Pure, 2Z8A,
5Z5A and 8Z2A respectively). Following photopolymerization, solubility tests in deionized wa-
ter and wear resistance assessments under cyclic abrasion were conducted up to 24 weeks and
48,000 cycles respectively. Shear bond strength (SBS) was also tested using 20 sintered zirconia
specimens. Surface morphology, roughness and elemental composition were characterized via
optical microscope, surface profilometry, scanning electron microscope.

Results: Immersion testing revealed that the weight loss of the Pure group slightly increased,
whereas the 2Z8A group exhibited the least weight loss and superior stability during the long-
term period after four weeks while further exhibiting minimal thickness change after the
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abrasion test. In SBS testing, although the 2Z8A group exhibited the highest mean bond
strength, the difference was not statistically significant compared with that of the Pure group
(P > 0.05). 2Z8A exhibited stable performance in abrasion, solubility, and bond strength, sug-
gesting potential for oral applications in the future.

Conclusion: The enhanced performance of the zirconia nanopowder-containing adhesive,
especially 2Z8A, demonstrated improved hydrolytic and mechanical stability at the zirconia
crown—abutment interface, addressing a key challenge in long-term clinical success.

© 2026 Association for Dental Sciences of the Republic of China. Publishing services by Digital
Commons. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

A primary cause of the long-term failure of dental resto-
rations, especially zirconia-based prostheses, is the degra-
dation at the adhesive interface, and this is usually in the
form of microleakage.”? This could be explained by a
number of mechanisms: (1) poor bonding with interfacial
gaps for bacterial and salivary penetration leading to sec-
ondary caries, marginal dissolution and hydrolytic degra-
dation; (2) fatigue failure at the adhesive interface possibly
leading to marginal debonding or chipping; (3) in-
compatibility between adhesive and zirconia materials’
coefficients of thermal expansion with cyclic masticatory
loading, leading to microcrack formation and consequent
leakage; and (4) flawed adhesive procedures such as inad-
equate cleaning, drying or primer application, compro-
mising interfacial integrity.>* A marginal gap (as shown in
Fig. 1) of approximately 50~120 um is generally consid-
ered clinically acceptable for dental crowns, although even
minimal discrepancies have been associated with increased
plaque accumulation, microleakage and a higher risk of
secondary caries, underscoring the importance of mini-
mizing the marginal gap wherever possible.’

Zirconia
crown

Adhesive
N\

_—
Luting cement
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Figure 1 The schematic diagram of marginal discrepancy in
dental restorations.
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With the widespread use of digital workflows in
dentistry, zirconia has emerged as a material of choice for
fixed dental prostheses owing to its mechanical properties
and esthetic potential; nevertheless, achieving a durable
and hermetic seal at the zirconia—adhesive interface re-
mains a significant clinical challenge. To improve mechan-
ical and chemical bonds, various surface treatments have
been employed in dental clinics or laboratories, such as
airborne-particle abrasion (APA), tribochemical silica
coating, low-fusion porcelain application, hot chemical
etching, selective infiltration etching, laser irradiation,
plasma spraying and glass ceramic spray deposition.®
Among these strategies, a combination of APA followed by
10-methacryloyloxydecyl dihydrogen phosphate (10-MDP) is
widely regarded as the gold standard for zirconia bonding®’
as this approach leverages the dual benefits of micro-
mechanical retention from APA and chemical bonding via
functional monomers. 10-MDP, a phosphate ester monomer,
has emerged as the most effective coupling agent for
bonding to yttria-stabilized tetragonal zirconia polycrystal
ceramics®? as its molecular structure enables the forma-
tion of strong chemical bonds with zirconium oxide sur-
faces, facilitating durable adhesion between the zirconia
substrate and resin-based materials.

This robust bond is essential for the adhesive’s efficacy
in maintaining restorations and preventing microleakage,
so is expected to enhance the longevity and reliability of
dental restorations; however, Takano et al.'® showed that
micro-shear bond strength (uSBS) was significantly lowered
after 10,000 thermocycles, particularly in the zirconia
substrate with Scotchbond universal adhesive/RelyX uni-
versal dual-polymerizing resin cements. In that study, the
uSBS decreased from 15.0 MPa to 3.0 MPa with only 35% of
specimens surviving, demonstrating the need for continued
research to improve the mechanical and chemical stability
of zirconia primers and adhesive systems under long-term
clinical conditions.

Solubility, abrasion and shear tests play an instrumental
role in discerning materials and techniques that exhibit
heightened resistance to failure, promoting the sustained
functionality and longevity of dental restorations in clinical
practice. Besides MDP, eighth-generation universal adhe-
sives typically comprise various essential components, each
contributing to their adhesive efficacy and resistance to
external forces. Dimethacrylate resins'' are one such
example, providing mechanical strength and viscosity to
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the adhesive layer while striking a harmonious balance
between flexibility and rigidity, allowing the adhesive to
accommodate dynamic oral forces in preserving structural
integrity adeptly. These universal adhesives provide resis-
tance to moisture and oral fluids thereby maintaining ad-
hesive bond stability within a wet oral environment,'?"® as
in the case of the hydrophilic monomer hydroxyethyl
methacrylate (HEMA), which plays a crucial role in
improving the adhesive’s wettability, enabling it to spread
evenly across the tooth surface and penetrate moist regions
with its hydrophilic properties allowing the adhesive to
adapt to the oral environment.' While HEMA contributes
positively to initial wetting and resin infiltration into moist
dentin, it does not enhance and may even compromise the
long-term hydrolytic stability of the adhesive interface."
The Vitrebond™ Copolymer is another adhesive that sub-
stantially contributes to the overall durability of the ad-
hesive bond, ensuring its ability to withstand the
mechanical stresses and dynamic forces inherent in the oral
environment'*'® while fillers can modify the adhesive’s
physical properties like viscosity and handling characteris-
tics thereby contributing to its mechanical properties.

In addition to the aforementioned chemical compo-
nents, fillers are incorporated to improve the mechanical
properties of adhesive systems and address the loss of bond
strength caused by recurrent caries over time.'’ Fillers can
modify rheological and other properties such as reducing
cost, enhancing strength, increasing viscosity, improving
thermal and electrical conductivity, and enhancing heat
and solvent resistance.'® They can also prevent excessive
penetration into the matrix and reduce shrinkage during
hardening. Traditionally, amorphous glass has been used as
a filler, but in recent years, there has been a shift toward
the use of various inorganic fillers.'® Of particular interest
is the incorporation of functional fillers such as silica, hy-
droxyapatite nanorods, and TiO, and ZrO, nanoparticles
into adhesive systems.'””'"23 Compared with other func-
tional fillers such as silica or hydroxyapatite nanorods,
zirconia nanoparticles have attracted increasing attention
in dentistry owing to their excellent mechanical properties,
biocompatibility and multifunctionality.’” Recently, their
incorporation as fillers into dental adhesives has been
proposed to enhance the mechanical performance of the
resin matrix, reduce water sorption and solubility, and
improve the bonding strength and long-term durability at
the dentin—adhesive interface.”'%?2 Due to their high
hardness and toughness, ZrO, nanoparticles can activate
toughening mechanisms such as crack deflection and
localized plastic deformation, thereby increasing both
fracture and wear resistance. Additional benefits include
their intrinsic radiopacity and potential antimicrobial ef-
fects when combined with other nanoparticles, which
further add clinical value."”"?%?4 Nevertheless, the particle
size (typically 20—50 nm) might hinder infiltration into the
collagen fibril network; high filler concentrations can lead
to increased film thickness, phase separation, and reduced
polymerization degree, while some studies report de-
creases in flexural or shear bond strength after aging or
thermocycling." Overall, ZrO, nanoparticles demonstrate
considerable promise as functional fillers in dental adhe-
sives, but their optimal concentration, dispersion and sur-
face treatment must be carefully controlled to ensure long-
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term stability and reliable clinical performance.'”'%-%2

Lohbauer et al.’® showed that when nano-ZrO, was added
to the composite system, it could improve the tensile
strength, fracture toughness and resistance to hydrolytic
degradation, while other studies have also reported that
the addition of ZrO, could improve the shear bond
strength. 7202223 Although such effects of incorporating
nanoparticles into adhesives on preventing microleakage
have been rarely reported, extensive research is certainly
warranted regarding the percentage of nanoparticles added
to adhesive systems and their effects on anti-abrasion and
anti-solubility.

This study aimed to explore innovative strategies for
enhancing the wear-resistance and solubility stability of
prosthetic margins, thereby reducing the risk of micro-
leakage during long-term clinical use. To achieve this,
dental adhesives incorporating various proportions of zir-
conia (ZrO,) nanoparticles were formulated and evaluated
through a series of mechanical and chemical tests,
including abrasion resistance, solubility and shear bond
strength assessments. It was hypothesized that the incor-
poration of zirconia nanoparticles would improve the me-
chanical properties and chemical stability of the adhesive
layer, and that an optimal proportion of zirconia would
yield the most balanced enhancement among these
properties.

Materials and methods

Sample preparation

Commercial zirconia nanopowders (40 nm, TZ-3Y-E, Tosoh
Corp, Tokyo, Japan) and a photo-polymerization adhesive
bonding agent (Single Bond Universal Adhesive, 91125C, 3M
ESPE, St. Paul, MN, USA) were precisely weighed, and a
small amount of alcohol was added to the glass vial for
premixing. The prepared mixture volume was standardized
so that each batch was sufficient for fabricating ten spec-
imens. The suspension was then sonicated in an ultrasonic
cleaner (D9NL-801S, LEO Ultrasonic Co., New Taipei city,
Taiwan) under 80 Watt and 4 kHz for 30 min. This process
ensured thorough dispersion to create solutions for the four
main test groups with ZrO, nanoparticles incorporated at
different weight ratios to the adhesive: 0:10 (Pure), 2:8
(2Z8A), 5:5 (5Z5A), and 8:2 (8Z2A).

Round sintered zirconia disks (¢12mm x 4 mm in height)
sourced from Vita (VITA Zahnfabrik, Sackingen, Germany)
were meticulously polished stepwise by automatic polishing
equipment (PM-200SA, Plusover, Kaohsiung, Taiwan) with
water cooling at 180 rpm, using up to 600-grit SiC abrasive
paper. Before applying the as-prepared solution to the
specimen, an electronic balance was used to precisely
measure the amount of solution absorbed by the brush.
After applying the solution to the specimen, the same
electronic balance was then used to measure the amount of
solution remaining on the brush, thereby determining the
exact amount of solution applied to the disc. Then, the
500 mg as-prepared solution was uniformly applied onto the
disks with a micro brush, following a clockwise pattern;
subsequently, it underwent light-curing (Elipar™ DeepCure-
L, 3M ESPE, Seefeld, Germany) for 40 s at a distance of
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1 cm, under a measured light intensity of approximately
1470 mW/cm? (430—480 nm), ensuring consistent poly-
merization conditions across all specimens. The curing light
intensity (=1470 mW/cm?) was confirmed according to the
manufacturer’s technical specifications (3M Technical
Product Profile, 2020), ensuring standardized polymeriza-
tion energy delivery and reproducibility among all test
groups.

Abrasion test

Three comparative ratio solutions as previously mentioned
were meticulously applied to 40 zirconia specimens
(N = 10); subsequently, initial surface roughness was
measured using a surface roughness measurement machine
(SJ-310, Mitutoyo Corp., Kanagawa, Japan) to establish the
baseline with the specimens being submerged in 50 mL of
de-ionized water within a petri dish for the abrasion test.
To emulate the effects of three years of brushing,” an
abrasion test was conducted utilizing an abrasion tester
(PAT-2012, PROES Co., Taichung, Taiwan) programmed for
48,000 cycles at a rate of 60 cycles per minute with a
loading of 2 N. Following this rigorous testing regimen, the
specimens were air-dried for 24 h at room temperature,
and their post-test roughness measurement was meticu-
lously reevaluated.

Solubility test

Each test group, consisting of 36 zirconia specimens
alongside their respective ratio solutions, was subdivided
into five submersion periods: 1, 2, 4, 12 and 24 weeks.
Following the meticulous pre-pilot standardization pro-
cedure, the solution was meticulously applied to the zir-
conia disk and subjected to a light-curing process. Initial
assessments encompassed precise measurements of each
specimen’s weight and comprehensive microscopic image
evaluations; then, the specimens were placed within a
petri dish containing deionized water, corresponding to the
specified submersion duration. Upon completion of the
required submersion time, the specimens were carefully
removed and the 24-h air-drying procedure was conducted
under a controlled laboratory atmosphere maintained at
23 + 2 °C and 50 + 5% relative humidity, then the speci-
mens were reweighed to assess changes in mass with
microscopic images being once again captured to facilitate
a microscopic-level comparison of alterations induced by
the applied solution.

Shear bond test

Twenty sintered square zirconia disks (VITA Zahnfabrik),
each measuring 10 x 10 x 4 mm?>, were prepared and un-
derwent a systematic polishing process that utilized 600-
grit SiC paper. For the subsequent procedure, a uniform
layer of the solutions was applied to one side of each zir-
conia disk using a micro brush; subsequently, two zirconia
disks were carefully aligned, with the bonding agent sand-
wiched. A specialized mold was designed and customized to
securely hold the zirconia specimens during the shear bond
test with the crosshead speed set to align with the
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vertically centered specimen and positioned as close as
possible to the bonding interface. Three groups of speci-
mens were prepared for comparison: an initial group (as-
received), one subjected-to-abrasion testing, and one
immersed in deionized water for four weeks. These were
then subjected to the test using a universal testing machine
(LR30KPlus, Lloyd Instruments Ltd., West Sussex, UK) at
room temperature by operating with com-pressive loading
at a crosshead speed of 1.0 mm/min. The force was applied
to the bonding interface until it fractured, and the failure
load was measured in Newtons that were then divided by
the surface area (mm?) to calculate the shear bond strength
in MPa.

Sample characterization

At every juncture in the experimental procedure, a digital
optical microscope (OM, BX51, Olympus Corp., Tokyo,
Japan) inspected the specimens’ surface morphology and
thickness of coating layers to assess the disparities between
the pre-test and post-test conditions. By carefully moni-
toring the weight of the applied solution, the adhesive layer
thickness of all specimens was maintained constantly while
being measured on all four sides of each specimen, with
five evenly distributed measurement points per side, and
the mean value was calculated to obtain a representative
average thickness. Furthermore, to delve deeper into the
intricate nuances of the bonding structure within the so-
lution, the morphology and the chemical compositions of
the samples were examined by a scanning electron micro-
scope (FE-SEM, JSM-7001F, JEOL Ltd., Tokyo, Japan) and an
attached energy dispersive spectroscope (EDS).

Statistical analysis

The results between groups were statistically analyzed via
one-way analysis of variance (ANOVA) with a significance
level of P < 0.05, followed by post hoc comparisons using
the Tukey test. Paired t-test was used to analyze the sur-
face roughness and thickness before and after the abrasion
test. These analyses were performed using IBM SPSS Sta-
tistics for Windows, Version 20 (IBM Corp., Armonk, NY,
USA) and the required sample size was calculated using
G*Power 3.1.9.7 with an assumed effect size of 0.5, alpha
of 0.1 and power of 0.8, indicating that N = 10 per group
was required.

Results

Table 1 lists the surface roughness (Ra) and thickness of
pre- and post-abrasion testing, and in the case of the Pure
ratio test group, the pre-test Ra registered at
0.40 + 0.20 um, a figure that escalated to 0.45 + 0.22 um
post-test. The thickness of the Pure group decreased from
19.46 + 5.85 um before testing to 14.40 + 4.52 um after
abrasion. For the sample 2Z8A, the surface roughness was
recorded at 0.99 + 0.35 pm prior to abrasion testing and
slightly escalated to 0.82 + 0.30 um afterward, resulting in
a 10.51 % decrease. Sample 2Z8A exhibited a decrease in
thickness from 21.26 + 6.13 pum prior to testing to
19.53 £+ 5.79 um after abrasion. The sample 5Z5A exhibited
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Table 1  The surface roughness (Ra) and thickness before and after abrasion test.

Group Roughness (um) Thickness (um) Strokes
Before After Before After

Pure (N = 10) 0.40 + 0.20%® 0.45 + 0.22F2 19.46 + 5.857¢ 14.40 + 4.52%¢ 48,000

27Z8A (N = 10) 0.99 + 0.35%° 0.82 + 0.30°¢ 21.26 + 6.13 19.53 + 5.79¢f 48,000

5Z5A (N = 10) 1.02 + 0.574B¢ 1.11 + 0.70 18.62 + 4.927 14.98 + 4.97°¢ 48,000

8Z2A (N = 10) 1.53 + 0.68" - 17.36 + 6.43F - <100

*One-way ANOVA and paied t-test (before/after); Different uppercase letters in the same column and lowercase letters in the same row
indicate statistical significance between groups (P < 0.05; post hoc Tukey test). No statistical comparisons were made between cells in

different rows and columns.

a pre-test surface roughness measurement of
1.02 + 0.57 um, which subsequently rose to 1.11 4+ 0.70 pm
post-test, signifying an 11.75% increment. After abrasion,
the thickness of sample 5Z5A was reduced from its initial
value of 18.62 & 4.92 um to 14.98 4 4.97 um. The surface
roughness and thickness of sample 8Z2A pre-test was
1.53 + 0.68 um, 17.36 + 6.43 um; however, after less than
100 abrasions, the coatings on all the specimens had peeled
off, revealing that this ratio could not achieve the desired
anti-abrasion effect.

Fig. 2 shows the cross-sectional view of the thickness of
four different ratio samples observed under an optical mi-
croscope with the thickness of all samples being approxi-
mately 20 um. The 2Z8A group thickness was slightly higher
than that of the pure group; however, as the amount of

21.03pm
22.19 uym
23.07 pm

22.26 um

50.000 ym

16.74 ym

14.05 pm

20.24 ym

16.67 pm

14.29 ym
50.000 ym

zirconia nanopowder increased, the thickness tended to
decrease. Further microscopic examination as shown in
Fig. 3 revealed noteworthy alterations in the before-and-
after images of all test groups following the abrasion test.
OM images indicated that all test groups exhibited
discernible scratch marks following the rigorous abrasion
test, collectively contributing to an overall increase in
surface roughness values. Specifically, the post-test
microscopic image of the pure solution revealed an
increased presence of exposed bonding agent particles,
resulting in a discernibly uneven or bumpy surface texture
compared to its pre-test counterpart. In the initial micro-
scopic analysis of the 2Z8A solution, small ZrO, particles
were discernible; however, a marked increase in the
abundance of ZrO, particles became evident in the

23.70 ym

24.06 um

23.42 ym

23.55 ym

23.33 UM 50,000 ym

12.02 pm

14.64 ym

14.29 pm

12.90 pm

13.10 ym

Figure 2 Observation of coating layer thickness with different proportions of zirconia nanoparticles using an optical microscope.
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Sample

Before

After

Figure 3

microscopic images subsequent to the abrasion test. When
examining the 5Z5A solution under a microscope, a signifi-
cant observation came to light: there was a conspicuous
increase in the size and visibility of ZrO, particles.

This occurrence could be traced back to the relatively
higher concentration of zirconia powders compared to the
bonding agents within the ratio. Furthermore, the micro-
scopic examination revealed the presence of distinctly
crazed lines; intricate patterns known to be associated with
dry cracking and serving as indicators of possible structural
vulnerabilities within the material where such irregularities
are often attributed to an imbalance in the powder-to-
liquid ratio, a condition that can arise as a consequence of
the light-curing phase.

Fig. 4 depicts the average weight loss for each group
concerning the duration of submersion. The Pure test group
in the first week demonstrated the least weight loss, but

Pure 2Z8A 5Z5A

—_
=]

o
o

<
e

o

Weight loss (mg)
N

o
N

8
Duration (week)

20 24

0.0 . L
0 12 16

Figure 4 Correspondent weight loss of pure, 2Z8A and 5Z5A
specimens after being soaked for different durations.
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2Z8A

Comparison of zirconia specimens with bonding agent solution before and after abrasion test.

over time, it displayed a subtly increasing trend, while in
contrast, the 2Z8A group exhibited an initial mass change
that was slightly higher than that of the Pure group. During
the two-week submersion period, the 2Z8A group exhibited
a gradual increase in weight loss, although after the fourth
week, the weight loss decreased, and with prolonged im-
mersion, it showed a slight upward trend again. During the
initial immersion period, all groups exhibited weight loss,
primarily attributable to the leaching of unpolymerized
monomers, fillers, and other extractable constituents from
the adhesive matrix. The 5Z5A group presented a markedly
greater early weight loss, which is likely associated with its
high zirconia nanoparticle content. Such elevated filler
loading may have induced microstructural irregu-
larities—including crazing or microcracks—during the light-
curing process, thereby facilitating increased water ingress
and accelerated leaching. This mechanism could explain
the substantial weight reduction observed up to the 4-week
time point. After four weeks, both Pure and 2Z8A groups
showed a more gradual and stable weight loss trend; how-
ever, the 5Z5A group remained unstable, which might be
due to the excessive content of nanoparticles, affecting the
dynamic equilibrium of sorption and solubility behavior.
Notably, the 2Z8A group consistently showed the lowest
average weight loss at 24 weeks, which could be attributed
to its proper zirconia concentration, resulting in rein-
forcement of the polymer matrix and enhanced hydrolytic
resistance. Conversely, the 5Z5A group exhibited a more
dramatic pattern, with an initial slight decrease in weight
mass up until the four-week mark, at which point the
weight loss escalated substantially; then, the trend stabi-
lized and eventually exhibited a decline in weight loss after
the 12-week mark. In summary, these observations under-
score the distinctive patterns of mass change exhibited by
each test group during the course of the submersion test,
shedding light on their respective responses to prolonged
exposure to water.

The SEM images (Fig. 5) captured at various time in-
tervals reveal a fascinating narrative of the evolving



Lan et al.: Effect of zirconia nanopowders as functional fillers in dental ad
Journal of Dental Sciences 21 (2026) 807—817

Sample

2 Weeks

12 Weeks

278A

Figure 5

Scanning electron microscope (SEM) images of specimens with zirconia nanoparticles to bonding agent solution after

the solubility test for 2 weeks and 12 weeks at 500x magnification.

interactions among the solution’s components in the pres-
ence of water over different durations. In the case of the
Pure bonding agent, the visual record documents a rela-
tively minimal degree of change consistent with the
anticipated gradual bonding dissolution that unfolds over
time; conversely, the 2Z8A solution exhibited a gradual and
discernible progression in the dissolution process with this
evolution being marked by the increasing prominence and
visibility of zirconia particles as time elapsed. Remarkably,
the 5Z5A solution presented the most pronounced trans-
formation where the zirconia particles exhibited a pro-
pensity to aggregate, forming distinct clusters within their
surrounding particles. This striking alteration in particle
distribution underscored the dynamic nature of the in-
teractions occurring within this solution.

The SBS of the three groups is listed in Table 2; the 2Z8A
test group yielded a markedly higher shear bond strength of
5.49 MPa. This outcome decisively illustrates that this
particular solution formulation resulted in a substantially

Table 2

Group Shear bond
strength* (MPa)

Shear bond strength values of three groups.

Shear bond Shear bond
strength* (MPa) strength* (MPa)

Initial After abrasion After immerse 4
test weeks
Pure 4.89 +0.76“® 3.83 +0.96 “®® 3.19 +0.95 ®°
278A 5.49 +1.64"° 5.82+0.76"  6.58 + 0.93 42
5Z5A 2.38 + 0.64“° 2.53 £ 0.56 A°  2.99 + 0.42 “®

*One-way ANOVA (three independent groups); Different lower-
case letters in the same column and uppercase letters in the
same row indicate statistical significance between groups
(P < 0.05; post hoc Tukey test). No statistical comparisons were
made between cells in different rows and columns.
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more robust bond compared to using the Pure bonding
agent alone. The elevated SBS stands as tangible evidence
of an advanced level of adhesion between the zirconia
specimens, indicative of heightened bonding efficacy.
Finally, a distinct trend emerged within the 5Z5A test
group, where equal distribution of zirconia nanopowders
and bonding agent (5:5) comprised the adhesive solution.
The SBS, in this case, exhibited a noteworthy reduction,
measuring at 2.38 MPa in stark contrast to the other two
groups. ANOVA revealed a statistically significant factor
influencing fracture load (P < 0.05), and upon closer ex-
amination, when comparing the Pure group to 2Z8A, the
difference did not reach statistical significance, while in
contrast, the comparison between 5Z5A and the other two
test groups yielded statistically significant disparities.
Additionally, two groups of specimens were tested in the
SBS test: one group was subjected to an abrasion test, and
the other group was subjected to a four-week immersion
test. These SBS results also showed that the 2Z8A group had
the highest value, while further revealing that the SBS of
the Pure group weakened over time in the presence of
water, with statistical significance (P < 0.05). The 2Z8A
group maintained its superiority over the other groups in
both the abrasion test and after four-week immersion, but
the results were not statistically different from the initial
data (P > 0.05).

Fig. 6 shows the EDS line scan analysis results of sample
278A at different locations. It can be seen from the
composition analysis of the bonding agent in the figure on
the left that there is not much difference in the distribution
of elements such as carbon, oxygen, silicon, phosphorus
and zirconium; however, in the figure on the right, phos-
phorus and zirconium are significantly increased in the
central range of ZrO, nanoparticles. It can be speculated
that the 10-MDP in the bonding agent does indeed bond
phosphorus and zirconium together, ensuring material ho-
mogeneity, which is crucial for quality control in dental
prosthetic repair applications.
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Energy dispersive spectroscope (EDS) analysis of specimens with zirconia nanoparticles to bonding agent solution. (Left:

solution matrix; Right: zirconia nanoparticles mixed with bonding agent).

Discussion

In essence, the abrasion test evaluated the ability of the
dental materials to withstand the regular wear-and-tear
encountered in the oral cavity while ensuring their longevity,
with the shear bond test measuring the force required to
break the bond between the dental restoration material and
the tooth structure. Among the four samples, 2Z8A exhibited
the minimal changes in surface roughness and thickness
before and after the abrasion test. Moreover, an increase in
the proportion of ZrO, nanopowder was associated with a
decline in wear resistance. Compared to the other groups,
278A also showed the most stable trend in weight loss from
week 4 to week 24, indicating its potential for long-term use,
and although the initial 2Z8A group exhibited the numeri-
cally highest mean bond strength, it was not statistically
significant compared with the Pure group (P > 0.05) but still
maintained its advantage and outperformed the other
groups after abrasion and immersion tests. Taken together,
these findings suggest that incorporating 20 wt.% zirconia
nanopowder into the adhesive is an appropriate and effec-
tive ratio in a series of laboratory tests.

Scotchbond Universal adhesive comprises various
essential components, each playing a pivotal role in its
adhesive prowess. With proper ratio mixture, new products
(2Z8A) can modify the adhesive’s physical properties like
viscosity and handling characteristics while also contrib-
uting to its mechanical properties. Notably, Nagaoka
et al.?® conducted a study where the incorporation of pure
zirconia nanoparticles into commercially available products
already fortified with a substantial amount of silica fillers
showed promise. The foundation of this research hinged on
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the potential establishment of a direct bond between zir-
conia and phosphoric or carboxylic adhesive monomers,
where the lack of zirconia nanoparticles made it dissolve
easily in solubility tests and caused it to lose wear resis-
tance and load-carrying capacity normally provided by this
nanopowder in wear tests.

Although some reports indicate that non-MDP-containing
self-adhesive resin cement showed increased bonding
strength when used with MDP-containing primer on zirconia
ceramics,?’ it is widely believed that the addition of 10-
MDP enhances bond strength with zirconia. To date, the
detailed composition of Scotchbond Universal Adhesive
provided by the manufacturer remains unclear owing to
undisclosed Intellectual Property Rights; still, it is known
that the phosphate group of 10-MDP can bond with zirconia.
In contrast, the double carbon bond at the other end mainly
participates in copolymerization with the resin matrix in
dental restorative materials. As shown in Fig. 7, in the Pure
group, 10-MDP molecules could form bonds with the un-
derlying zirconia substrate. When an appropriate propor-
tion of zirconia particles is mixed with the primer solution,
although a few bonds with the underlying zirconia substrate
may be sacrificed, lateral capture of the zirconia particles
forms a more stable scaffold, which could result from the
phosphate groups in 10-MDP forming ionic bonds with zir-
conia in addition to hydrogen bonding interactions between
the P=0 of the 10-MDP monomers and zirconia, further
contributing to improved hydrolysis and abrasion resistance
as suggested by prior reports,?® although in the 5Z5A group,
the excessive amount of zirconia particles occupying the
binding sites for the phosphate group and the zirconia base
tends to reduce the coating layer’s stability.
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Figure 7 Schematic illustrating the interactions after abra-

sion of coating layers with different proportions on a zirconia
substrate.

A similar reinforcing effect was observed in previous
research by Lohbauer et al., who found that incorporating
20 wt.% zirconia nanoparticles as nanofillers was more
effective in enhancing bond strength when mixed into the
primer solution.' During the polymerization of dental
resin-based materials, molecular density increases as
polymer chains form, ultimately resulting in a reduction in
material volume. The internal stresses and even micro-
cracks that develop during this shrinkage impact bond
strength and durability,?® but incorporating a small amount
of zirconia nanoparticles dispersed with the adhesive could
not only enhance the surface energy of the adhesive layer
but act as a barrier to microcrack propagation as the
microcracks extend as well, explaining why 20 wt.% (2Z8A)
showed the least weight loss and achieved higher bond
strength after four weeks of immersion. When the zirconia
content exceeded 20% however, it disrupted the delicate
balance of properties within the mixture, leading to mul-
tiple adverse effects.

The incorporation of zirconia nanopowders in the 2Z8A
solution fortified its resistance to abrasion and load with
the particles acting as a protective shield, mitigating the
impact of abrasive forces during the abrasion test. In
contrast, both the Pure bonding agent and the 5Z5A solu-
tion lacked this protective effect, with the latter facing
possible issues due to oversaturation, while the 2Z8A
mixture attained a superior equilibrium between the
bonding agent’s properties and zirconia nanopowder,
ensuring a more uniform and consistent balanced perfor-
mance during the tests. In contrast, the Pure bonding agent
lacked the reinforcing attributes of zirconia nanoparticles,
while the 5Z5A solution could exhibit non-uniform consis-
tency due to excessive nanopowder content. Moreover, the
2Z8A ratio optimized the bonding properties between the
bonding agent and the dental surface, yielding a stronger
and more resilient bond; conversely, both the Pure bonding
agent, devoid of zirconia nanoparticles as well as the 5Z5A
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solution that was oversaturated with them produced less
effective bonds.

Clinically, marginal gaps between 50 and 120 um are
generally accepted, but smaller discrepancies are desirable
to prevent cement dissolution and bacterial penetration.
The adhesive layer containing zirconia nanoparticles
(=20 pm) is therefore unlikely to increase marginal
elevation or interfere with restoration seating. In partic-
ular, the 2Z8A formulation exhibited superior mechanical
stability and hydrolytic resistance, demonstrating minimal
surface roughness change and thickness loss after long-
term abrasion and immersion. The homogeneous dispersion
of zirconia nanoparticles acted as nano-reinforcing fillers,
enhancing load distribution and micro-crack deflection
within the polymer matrix. Simultaneously, the chemical
interactions formed a denser, less permeable interface that
limited water uptake and leaching of unreacted monomers.
These combined effects are expected to facilitate better
marginal adaptation and long-term adhesion by maintaining
structural integrity, minimizing microleakage, and reducing
plague accumulation at the tooth—prosthesis interface.
The minimal reduction in thickness also indicated sufficient
wear resistance, further contributing to the prevention of
decay. If a layer of 2Z8A were applied between the pros-
thesis and the abutment tooth and maintained through
daily tooth brushing, it could potentially reduce the risk of
microleakage during long-term use, although further in vivo
studies are necessary to confirm this effect.

Although the SBS of 5Z5A did not change significantly
between initial and post-test values, its strength remained
consistently and markedly lower than those of Pure and
278A. This is presumably because the excessive nano-
particles prevent the adhesive from distributing uniformly,
thereby compromising its ability to establish strong bonding
with the substrate surface. Beketova et al.”’ also showed
that excessive particle content could block light penetra-
tion and affect the degree of polymerization. In aqueous
environments, crack propagation may be forced to bypass
the particle clusters, inadvertently generating additional
cracks (as shown in Fig. 3). This not only reduces shear bond
strength but also causes water entrapment within the
cracks, making complete evaporation difficult thereby
resulting in increased weight after immersion. Ultimately,
these effects lead to greater weight loss, reduced shear
bond strength, and increased surface roughness. Especially
during the solubility test, the non-linear (“zig-zag”) pattern
observed, especially in the 5Z5A group, likely resulted from
the interplay between two concurrent processes: (1) water
sorption and swelling of the adhesive matrix, which
temporarily increases mass, and (2) leaching of unreacted
monomers and hydrolytic degradation products, which re-
duces specimen weight. The balance between these
opposing mechanisms could create apparent fluctuations
rather than a smooth degradation curve. Additionally, the
drying procedure (24 h at room temperature) might have
contributed to variability, as incomplete evaporation of
absorbed water in highly porous specimens could tran-
siently mask true weight loss. The test group 5Z5A, char-
acterized by an oversaturation of zirconia nanoparticles,
displayed higher initial roughness than groups Pure and
278A, serving as a vital foundation for our analysis, and
further supported by the insights presented in Lee et al.’s



Journal of Dental Sciences, Vol. 21 [2026], Iss. 2, Art. 16
T.-H. Lan, C.-Y. Pan, Y.-F. Chen et al.

study*® which emphasized the pivotal role of zirconia sur-
face roughness; the surface texture significantly augments
the contact area with moisture, although an excessive
amount of zirconia nanoparticles could engender height-
ened interactions between these particles, manifesting as
abrasive effects when the particles rub against each other
or the dental surface during the abrasion test, further
contributing to the increase in surface roughness.

At the 8:2 ratio (8Z2A), the excessive zirconia nano-
particle content appears to have produced several detri-
mental effects on the adhesive system. Firstly, the high
filler loading likely promoted poor dispersion and agglom-
eration during mixing and light curing thereby creating
microvoids and localized stress concentrations that
compromised coating integrity and accelerated delamina-
tion under abrasive conditions. Secondly, the dispropor-
tionate filler content reduced the continuity of the resin
matrix, and with insufficient adhesive resin to encapsulate
and stabilize the nanoparticles, the polymer network
became discontinuous, thereby weakening its mechanical
properties and diminishing its resistance to hydrolytic
degradation. Thirdly, an overload of zirconia nanoparticles
could have physically occupied or shielded critical surface
sites, impeding effective 10-MDP bonding with the zirconia
substrate and thus reducing the chemical anchorage
essential for long-term adhesion; these results are consis-
tent with the findings of Sangh et al.'® Collectively, these
factors explain the inferior performance of the 8Z2A group
compared with both Pure and lower-filler groups, under-
scoring the presence of an improper filler concentration.
Moderate incorporation (2Z8A) enhanced abrasion resis-
tance and hydrolytic stability, whereas excessive particle
loading (5Z5A even 8Z2A) disrupted the balance of the
system, leading ultimately to compromised mechanical
performance. As a consequence, the results of this study
only partially support the initial hypothesis that incorpo-
rating zirconia fillers would enhance overall adhesive per-
formance, and while the addition of zirconia nanoparticles
did not consistently improve all mechanical and chemical
properties, an optimal formulation (2Z8A) was identified,
demonstrating a balanced enhancement in both mechanical
reinforcement and chemical stability. These findings reveal
the benefits of nanoparticle incorporation depend strongly
on precise compositional control to achieve synergistic ef-
fects without compromising other critical adhesive
characteristics.

The limitation of this study was the simulation of the
oral environment to control the mixture of each specimen,
so future work should establish a control group consisting of
composite resin and various bonding agent brands for
comparison as well as different surface treatments of zir-
conia. Furthermore, thermal cycling is a critical aging fac-
tor in the clinical setting, and its absence might have
limited extrapolation of the findings to real-world applica-
tions. Future studies should therefore incorporate thermal
cycling protocols—ideally in combination with long-term
water storage and pH cycling—to better simulate the
intraoral environment and validate the durability of the
278A formulation under simulated clinical aging conditions.
This innovative mixing method demonstrates potential for
use not only in prosthetic restorations but for future
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applications as a coating on the inner layer of zirconia
crowns to enhance retention as well.

Adding an appropriate proportion of ZrO, nanoparticles
to the adhesive has a positive effect. The 2Z8A solution test
group, with its superior reinforcement, enhanced cohesion,
improved abrasion resistance, uniformity and optimized
bonding properties while outperforming the other groups in
both solubility and abrasion tests. These collective advan-
tages account for their more favorable results over both
pure bonding agent and 5Z5A solution test groups.
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