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Abstract: This study analyzed the dentin shear bond strength (SBS) of an etch-and-rinse (ER) or
a self-etch (SE) adhesive incorporated with multifunctional polyhedral oligomeric silsesquioxanes
(MA-POSS-8). An ER adhesive (Solobond Plus, VOCO GmbH, Cuxhaven, Germany) and a universal
adhesive applied in SE mode (Scotchbond Universal, 3M, St. Paul, MN, USA) were infiltrated with
MA-POSS-8 (Hybrid Plastics Inc., Hattiesburg, MS, USA) at 5 wt.% or 10 wt.%. Pure adhesives
served as controls. Bovine dentin specimens were conditioned with one of the adhesives prior to
the application of a nano-hybrid composite (Venus Diamond A3, Kulzer, Hanau, Germany). SBS
and failure modes were determined after water storage for 24 h, 6 months, 12 months, or 24 months
(each subgroup n = 20). Statistical analysis was performed using ANOVAs, Weibull statistics, and
χ2 tests (p < 0.05). SBSs for the control groups after 24 h were 17.4 ± 4.9 MPa for the ER adhesive
and 19.1 ± 5.2 MPa for the universal adhesive. After 24 months, the SBS of the ER adhesive was
significantly higher for 5 wt.% MA-POSS-8 (17.9 ± 5.1 MPa) than for the control group (14.6 ± 3.6 MPa)
and 10 wt.% MA-POSS-8 (12.8 ± 4.1 MPa), and more cohesive failures were observed. The SBS of
the universal adhesive increased during aging, irrespective of the MA-POSS-8 concentration. 5 wt.%
MA-POSS-8 improves the SBS of the ER adhesive and does not impair the SBS of the SE adhesive.

Keywords: bond strength; dental adhesive; polyhedral oligomeric silsesquioxanes; POSS; SBS;
water storage

1. Introduction

The bond strength of dental adhesives on dentin substantively depends on the stability
of the hybrid layer between both materials [1]. The hybrid layer constitutes a compound
between the collagen fibers of the dentin and the monomers of the applied dental ad-
hesive, thus enabling a bond between a hydrophilic and a hydrophobic substance [2].
Unfortunately, the hydrolytic and enzymatic degradation of exposed collagen fibrils and
hydrophilic resin components over time leads to a disintegration of the hybrid layer, re-
sulting in a less stable bond between dentin and dental adhesive and consequently the
adhesive restoration [1]. Therefore, combating the degradation of the hybrid layer has
become of major interest. One concept is to enhance the adhesive with functionalized
nanoparticles that ameliorate its mechanical and biological properties [3–5]. The incorpo-
ration of polyhedral oligomeric silsesquioxanes (POSSs) into dental adhesives seems to
be a promising approach towards that direction, as they evolve bioactive potential by the
stimulation of mineral precipitation on the surface to support the stability of the hybrid
layer [6].

POSSs are nanostructured organic–inorganic hybrid molecules. Their inorganic core
consists of silicon and oxygen and is surrounded by organic groups. In multifunctional
POSSs, several of these organic groups are reactive and thus allow polymerization [7]. The
hybrid character of POSSs leads to good dispersion and particle mobility when incorporated
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into organic substances [8] and their multifunctionality results in a high cross-linking
density [9]. The experimental incorporation of POSSs into composites improved their
physical properties such as hardness and flexural strength and decreased the volumetric
shrinkage [10]. POSS-containing materials indicated mineralizing capacity by promoting
the formation of hydroxyapatite crystals on their surfaces in vitro [11,12].

A previous study asserted that dental adhesives modified with multifunctional POSSs
present bioactive potential by inducing the formation of calcium phosphate precipitates
without crucially compromised material properties [6]. However, the principal task of an
adhesive system is to enable efficient and long-term bonding to the tooth structure. Thus,
analyzing the bond strength of adhesive systems incorporated with MA-POSS-8 is a crucial
step towards their clinical applicability. The immediate bond strength of experimental
adhesives seemed to improve through the incorporation of POSSs [4,13], but the effects of
POSSs on the bond strength of commercially available dental adhesives, especially after
aging, are yet unknown.

Therefore, the aim of the present study was to analyze the dentin bond strength of two
different dental adhesives (an etch-and-rinse adhesive and a universal adhesive in self-etch
mode) that were incorporated with multifunctional POSSs. The null hypothesis was that
the dentin shear bond strength of the functionalized adhesives does not differ significantly
from the dentin bond strength of the neat adhesives.

2. Materials and Methods
2.1. Adhesive Modification

An etch-and-rinse (ER) adhesive (Solobond Plus, VOCO GmbH, Cuxhaven, Germany)
and a universal adhesive in self-etch (SE) mode (Scotchbond Universal, 3M, St. Paul, MN,
USA) were incorporated with multifunctional POSSs (Hybrid Plastics Inc., Hattiesburg,
MS, USA). For the modification of both adhesive systems, a methacryl-functionalized POSS
bearing eight reactive groups per particle (MA-POSS-8, Figure 1) was used. MA-POSS-8
was added in two different concentrations (5 wt.% and 10 wt.%) to each adhesive. For the
ER adhesive, MA-POSS-8 was incorporated into the adhesive, while the primer was not
modified. As the universal adhesive was a single-bottle adhesive, the entire adhesive system
was infiltrated with MA-POSS-8. The detailed compositions of both adhesive systems are
listed in Table 1. After MA-POSS-8 was added, the mixtures were magnetically stirred in
the dark for 5 min, following a previously applied protocol verifying a good dispersion
of MA-POSS-8 particles in acetone- and ethanol-based adhesives [6,14]. The modified
adhesives were kept in a lightproof container and were further processed immediately after
preparation. For the control groups, both adhesives were left unchanged.
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Table 1. LOT, manufacturer, and composition of the adhesive systems of Scotchbond Universal
(universal adhesive applied in SE mode) and Solobond Plus (ER adhesive) as provided by the
manufacturers.

Adhesive LOT Manufacturer Components

Scotchbond
Universal

902198
905248

3M,
St. Paul, MN, USA

15–25 wt.% 2-hydroxyethyl methacrylate;
15–25 wt.% bisphenol A diglycidyl ether dimethacrylate

10–20 wt.% 2-propenoic acid, 2-methyl-, reaction products with
1,10-decanediol and phosphorus oxide

10–15 wt.% ethanol
10–15 wt.% water

7–13 wt.% 2-propenoic acid, 2-methyl-,3-
(trimethoxysilyl)propyl ester, reaction products with vitreous silica

1–5 wt.% copolymer of acrylic and itaconic acid
<2 wt.% camphorquinone

<2 wt.% dimethylaminobenzoat(-4)
<1 wt.% (dimethylamino)ethyl methacrylate

Solobond Plus

Primer:
1913352
2117451
Bonding:
1915318
2122279

VOCO GmbH,
Cuxhaven, Germany

Primer:
10–25 wt.% 2-hyydroxyethyl methacrylate

10–25 wt.% acetone
10–25 wt.% hydroxypropylmethacrylate

≤2.5 wt.% catalyst
Bonding:

10–25 wt.% bisphenol A-glycidyl methacrylate
10–25 wt.% triethylene glycol dimethacrylate

5–10 wt.% 2-hydroxyethyl methacrylate
≤2.5 wt.% catalyst

2.2. Specimen Preparation

Dentin specimens (n = 480) were obtained from bovine permanent teeth that were
taken from slaughterhouses as waste products in the slaughter process. The crowns were
embedded in resin and ground under water cooling (silicon carbide paper P500, Her-
mes Schleifmittel GmbH, Hamburg, Germany; cutting wheel Roto-Pol34, Struers GmbH,
Willich, Germany) until a flat dentin surface emerged. Half of the specimens were then
treated with the ER adhesive, and the other half with the universal adhesive, following the
manufacturers’ instructions as follows:

For the ER adhesive, the dentin surface was etched for 15 s (Ultra-Etch, Ultradent Prod-
ucts Inc., South Jordan, UT, USA) and thoroughly rinsed with water for 20 s. The surplus
water was removed but the surface was not completely dried. The primer was distributed
for 30 s and airdried. The adhesive was applied for 15 s, gently dispersed with air, and
light-cured (BA Optima 10, B.A. international, Northampton, UK, output > 800 mW/cm2)
for 20 s.

The universal adhesive was applied in SE mode. It was distributed for 20 s on the
dentin surface and gently airdried for 5 s. The adhesive was light-cured (BA Optima 10,
B.A. international, UK, output > 800 mW/cm2) for 10 s.

Following the application of each adhesive, a transparent acrylic cylinder (inner diam-
eter: 3 mm; height: 4 mm) was fixed vertically on the flat dentin surface with a customized
holding device. A nano-hybrid composite (Venus Diamond A3, Kulzer, Germany) was
applied into the cylinder with a 2 mm increment and light-cured (BA Optima 10, B.A. inter-
national, UK, output > 800 mW/cm2) for 20 s at a 2 mm distance. For further processing,
the acrylic cylinder was not removed.

All specimens were stored in demineralized water at room temperature for 24 h,
6 months, 12 months, or 24 months, respectively, before they were submitted to shear bond
strength (SBS) testing. For each subgroup, n = 20 specimens were obtained.
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2.3. Shear Bond Strength and Failure Mode Analysis

SBS was tested with a universal testing machine (Materialprüfmaschine 1446, Zwick
GmbH & Co. KG, Ulm, Germany). Shear force was applied vertically to the bonding
surface with a chisel-shaped loading device moving at a speed of 1 mm/min. Maximum
load at debonding (F) was recorded and SBS was determined as F/A (A = bonding area of
7.07 mm2) (Software: testXpert V12.1, Zwick GmbH & Co. KG, Ulm, Germany).

Failure mode analysis was performed using a stereomicroscope (Stemi SV 11, Zeiss,
Jena, Germany) at 16× magnification (Figure 2). Failures were classified as adhesive
when the failure occurred at the interface between the dentin base and the nano-hybrid
composite. Failures that occurred solely within dentin or within the nano-hybrid composite
were considered cohesive. Failure mode was classified as mixed when both adhesive and
cohesive failure occurred in one specimen.
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Figure 2. Exemplary microscopic images depicting the different failure modes: (a) adhesive failure
directly at the interface between dentin and composite resin; (b) cohesive failure with at least 50% of
the fracture surface within the dentin; (c) mixed failure.

2.4. Statistical Analysis

Statistical analyses were performed with the software SPSS Statistics for Macintosh
(version 29.0.0.0, IBM, Armonk, NY, USA) and R (r-project version 4.3.1).

SBS data were tested for normal distribution using the Shapiro–Wilk test. As the
majority of groups were distributed normally, parametric tests were applied. Separately,
for the ER and SE adhesives, two-way analyses of variance (ANOVAs) were performed.
Subsequently, one-way ANOVAs followed by Tukey post hoc tests (homogeneous vari-
ances) were performed to compare different groups at the same time point of aging or one
group at different time points of aging.

Additionally, Weibull distribution parameters (Weibull modulus m, characteristic
strength σ0) were calculated using the maximum likelihood estimation method at a 95%
confidence level in MATLAB (version R2021a, 9.10.0.2015706, The Mathworks, Natick,
MA, USA).

Separately, for the ER and SE adhesives, the effects of aging and MA-POSS-8 concen-
tration on failure modes were assessed by χ2 tests. The overall level of significance was set
at α = 0.05. p-values were adjusted for multiple testing according to Bonferroni–Holm.

3. Results
3.1. Shear Bond Strength

For the ER adhesive, both aging (p = 0.015) and MA-POSS-8 concentration (p < 0.001)
had a significant effect on shear bond strength, while the interaction was not significant
(p = 0.058). SBS did not change significantly over time in any group. However, after
12 months, SBS was significantly higher in the control group than for 10 wt.% MA-POSS-8
(padj. = 0.006). After 24 months, 5 wt.% MA-POSS-8 led to significantly higher SBS than the
control group (padj. = 0.042) and 10 wt.% MA-POSS-8 (padj. < 0.001) (Table 2).
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Table 2. SBS (shear bond strength, mean ± standard derivation [SD]), Weibull parameters (character-
istic strength σ0, Weibull modulus m with 95% confidence intervals [CIs]), and failure modes of the
ER adhesive Solobond Plus depending on the MA-POSS-8 concentration and storage period. Signifi-
cant differences within one column are shown by different lowercase superscript letters; different
uppercase superscript letters indicate significant differences within one row.

Parameter POSS
(wt.%) 24 h Aging 6 Months Aging 12 Months Aging 24 Months Aging

SBS
MPa (mean ± SD)

0 17.4 ± 4.9 aA 18.2 ± 4.1 aA 18.7 ± 5.2 bA 14.6 ± 3.6 aA

5 14.3 ± 4.3 aA 18.3 ± 4.8 aA 17.3 ± 4.9 abA 17.9 ± 5.1 bA

10 13.7 ± 4.4 aA 15.1 ± 4.9 aA 14.3 ± 3.0 aA 12.8 ± 4.1 aA

σ0
MPa [95% CI]

0 19.2 [17.2–21.5] 19.8 [18.2–21.6] 20.7 [18.5–23.1] 15.9 [14.4–17.6]
5 15.9 [14.1–17.9] 20.2 [18.0–22.6] 19.2 [16.9–21.8] 19.8 [17.5–22.4]
10 15.3 [13.3–17.5] 16.8 [14.6–19.2] 15.5 [14.1–16.9] 14.2 [12.5–16.1]

m
[95% CI]

0 4.1 [2.9–5.9] 5.4 [3.8–7.6] 4.1 [2.9–5.8] 4.6 [3.3–6.4]
5 3.8 [2.7–5.4] 4.0 [2.9–5.5] 3.7 [2.7–5.0] 3.8 [2.7–5.2]
10 3.4 [2.5–4.7] 3.4 [2.4–4.7] 5.1 [3.7–7.0] 3.7 [2.6–5.2]

Failure mode
% (adhesive;

cohesive; mixed)

0 25; 35; 40 20; 30; 50 15; 45; 40 65; 10; 25
5 15; 10; 75 20; 20; 60 15; 30; 55 25; 50; 25
10 10; 15; 75 25; 25; 50 10; 5; 85 70; 5; 25

The Weibull modulus ranged from 3.4 to 5.4 for all groups. The highest values
were obtained within the control group and the lowest values with 10 wt.% MA-POSS-8.
Characteristic strength decreased from 12 to 24 months for the control group but increased
over time compared to 24 h for 5 wt.% MA-POSS-8. The 10 wt.% MA-POSS-8 reached the
lowest values at all time points (Table 2).

For the universal adhesive applied in SE mode, both aging (p < 0.001) and MA-POSS-8
concentration (p = 0.039) had a significant effect on SBS; the interaction was not significant
(p = 0.742). SBS in the control group and 5 wt.% MA-POSS-8 increased during aging
compared to 24 h storage (padj. ≤ 0.040). The universal adhesive modified with 10 wt.%
MA-POSS 8 showed significantly higher bond strength after 12 months than after 24 h
(padj. = 0.003). At the different time points of aging, no significant differences between the
groups were detected (Table 3).

Table 3. SBS (shear bond strength, mean ± standard derivation [SD]), Weibull parameters (charac-
teristic strength σ0, Weibull modulus m with 95% confidence intervals [CIs]), and failure modes of
the universal adhesive Scotchbond Universal applied in SE mode depending on the MA-POSS-8
concentration and storage period. Significant differences within one column are shown by different
lowercase superscript letters; different uppercase superscript letters indicate significant differences
within one row.

Parameter POSS
(wt.%) 24 h Aging 6 Months Aging 12 Months Aging 24 Months Aging

SBS
MPa (mean ± SD)

0 19.1 ± 5.2 aA 25.8 ± 4.4 aB 25.1 ± 3.0 aB 23.6 ± 4.6 aB

5 20.0 ± 4.6 aA 24.2 ± 5.4 aB 24.8 ± 4.4 aB 23.9 ± 3.8 aB

10 18.6 ± 4.1 aA 22.2 ± 4.8 aAB 24.2 ± 4.1 aB 21.8 ± 6.3 aAB

σ0
MPa [95% CI]

0 21.0 [18.8–23.3] 27.7 [25.8–29.7] 26.4 [25.2–27.6] 25.5 [23.7–27.4]
5 21.7 [20.0–23.5] 26.2 [24.1–28.6] 26.7 [24.8–28.7] 25.4 [23.9–27.0]
10 20.2 [18.5–22.0] 24.0 [22.0–26.1] 25.9 [24.3–27.7] 23.8 [21.6–26.3]

m
[95% CI]

0 4.3 [3.1–6.1] 6.6 [4.7–9.2] 10.2 [7.2–14.6] 6.2 [4.4–8.9]
5 5.8 [3.9–8.4] 5.4 [3.8–7.7] 6.3 [4.6–8.8] 7.6 [5.4–10.5]
10 5.3 [3.8–7.4] 5.5 [3.9–7.6] 7.0 [4.9–9.8] 4.6 [3.1–6.8]

Failure mode
% (adhesive;

cohesive; mixed)

0 5; 75; 20 0; 70; 30 0; 75; 25 0; 70; 30
5 0; 85; 15 0; 80; 20 0; 55; 45 0; 85; 15
10 0; 90; 10 0; 80; 20 0; 90; 10 0; 70; 30
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The Weibull modulus varied from 4.6 to 7.6 for the MA-POSS-8 groups and from 4.3
to 10.2 for the control group. For all groups, the characteristic strength was lowest after
24 h of water storage and comparatively similar over all other storage periods (Table 3).

3.2. Failure Mode Analysis

For the ER adhesive, failure modes significantly varied by aging (padj. < 0.001) and
MA-POSS-8 concentration (padj. = 0.016, Table 2). After 24 months, the control group and
10 wt.% MA-POSS-8 showed predominantly adhesive failures, whereas 5 wt.% MA-POSS-8
displayed considerably fewer adhesive and more cohesive failures.

For the universal adhesive applied in SE mode, neither aging nor MA-POSS-8 con-
centration impacted failure mode distribution significantly (Table 3). Overall, almost no
adhesive but mostly cohesive failures were observed.

4. Discussion

Our null hypothesis that the dentin bond strength of the functionalized adhesives
does not differ significantly from the dentin bond strength of the neat adhesives has to be
partly rejected.

For the ER adhesive, the functionalization with 5 wt.% MA-POSS-8 led to a higher SBS
after 24 months of water storage, while the incorporation with 10 wt.% MA-POSS-8 showed
significantly lower bond strength values after 12 months, each compared to the control
group. Nevertheless, the addition of either MA-POSS-8 concentration to the universal
adhesive applied in SE mode obtained similar SBS values to the neat adhesive. Previous
studies concerning the incorporation of POSS particles into dental adhesives indicated
a good dispersion and interaction between both materials [4,6]. It was found that while
multifunctional MA-POSS concentrations that exceeded 10 wt.% led to a deterioration of
mechanical properties, lower concentrations either did not adversely affect mechanical
qualities or were even able to enhance them [6,10,15,16].

Having these findings in mind, two different MA-POSS-8 concentrations were selected
for our study. Our results indicate that whilst 5 wt.% MA-POSS-8 may improve the
ER adhesive’s functionality over time, a concentration of 10 wt.% MA-POSS-8 might be
overabundant as it decreased SBS compared to 5 wt.% MA-POSS-8 and the control group.
For the SE adhesive, the MA-POSS-8 concentration showed no effect on SBS. For lower-
concentrated MA-POSS-8, the fortified cross-linked structure of the incorporated adhesive
leads to enhanced bonding. However, when applied in higher proportions, these effects
seem to diminish. The reason may be the increased viscosity that results from higher
MA-POSS-8 concentrations [6]. Higher viscosity leads to reduced wettability and thus less
infiltrated dentin tubules, resulting in an inferior and less stable hybrid layer. For adequate
bonding, ER adhesives rely on diffusion-based infiltration of the acid-etched exposed
collagen fibril scaffold. SE adhesives are less dependent on diffusion processes because
demineralization and penetration of the tooth surface proceed simultaneously [17]. This
may be the reason why a potential increase in the viscosity through a higher MA-POSS-8
content showed no influence on the SBS of the SE adhesive while it decreased the SBS of
the ER adhesive.

Many dental adhesives tend to obtain a relatively high immediate and short-term
bond strength, while the clinical results are not always equally favorable. In vitro set-ups
should therefore consider the long-term durability of the bonding, meaning an inclusion
of aging procedures in the testing protocol [18]. Water storage is a frequently applied
method to simulate aging processes in dental material testing [19,20]. A minimum storage
period of 3 months is recommended to assess the possible water-induced degradation of
the adhesive interface [21]. Hydrolysis leads to morphological changes in the collagen
structures in dentin, and it alters macro- and microscopic composite structures and thus
may decrease bond strength [19]. For the ER adhesive, all groups performed equally well
at the first measurement after 24 h, whereas after the extended storage period of 24 months,
the adhesive with 5 wt.% MA-POSS-8 presented significantly higher SBS than 10 wt.% MA-
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POSS-8 and the control group. Former investigations suggested MA-POSS-8 to increase the
bond strength of dental adhesives by reason of its improved cross-link density, inducing a
reduction in mesh size and interconnectivity of network pores, resulting in reduced water
sorption [6]. Thus, the incorporation of POSS particles improves the hydrophilic stability of
adhesives, leading to a higher aging resistance [4]. Furthermore, MA-POSS-8 is supposed
to prevent bond strength degradation over time due to its mineralizing capacity [6,22].
Nonetheless, there are only a few studies that investigated the influence of aging on POSS
particles [4,23]. As far as we know, at the present time, our investigation is the only one
with extensively aged specimens.

Interestingly, the SBS of the universal adhesive applied in SE mode was lowest at
the initial assessment after 24 h and significantly increased only afterwards, irrespective
of the MA-POSS-8 concentration. An improvement in the initial bond strength after
aging for Scotchbond Universal in SE mode was also observed in previous studies [24–26].
This phenomenon might be explained by post-cure polymerization that increases cross-
linking density and thus strengthens the polymeric network [27]. Functional monomers
incorporated into universal adhesives were found to decrease the adhesives’ degree of
conversion, which was compensated by their concurrent ability to interact with the hydroxy-
apatite [28] but may lead to a higher rate of post-cure polymerization. Furthermore, the
universal adhesive contains 10-MDP, which creates a chemical bond with the calcium ions
of dentin and thus provides a more stable bonding [29], maybe relativizing the impact of
MA-POSS-8 on bonding performance.

When incorporated into different universal adhesives applied in SE mode, MA-POSS-8
did not show a significant influence on SBS [14], supporting the assumption that chemical
bonding to the tooth structure overlies the beneficial effects of MA-POSS-8. Furthermore,
the SE adhesives functionalized with MA-POSS-8 displayed only a slight increase in
calcium phosphate precipitation compared to the respective neat adhesives [14]. Through
its chemical bonding to calcium ions, 10-MDP possibly rivals the forming of calcium
phosphate precipitates induced by MA-POSS-8.

The mineralizing capacity of MA-POSS-8 particles seems to rely on the hydrolysis
of their Si-O bonds into Si-OH bonds that may then serve as starting points for mineral
precipitation [11]. Exposed through an ER routine, dentinal collagen is highly vulnerable to
hydrolytic degeneration due to possible nanoleakage from imperfect infiltration through the
adhesive [17]. In a SE approach, the demineralization and infiltration of the tooth surface
proceed simultaneously, enhancing the penetration of the adhesive and maintaining a
hybrid layer less prone to hydrolysis [17]. The more stable hybrid layer of SE adhesives
might lead to less available Si-OH bonds to induce mineral precipitation and may be an
additional cause for the lack of influence of MA-POSS-8 on the SE adhesives’ bond strength.

Recently, the hybrid layer of an ER adhesive and a universal adhesive applied in SE
mode doped with 10 wt.% MA-POSS-8 was analyzed after at least 13 weeks of storage in
artificial saliva [30]. The presence of MA-POSS-8 in both adhesives leads to a predominant
formation of amorphous calcium phosphate prenucleation clusters that are suggested to
develop into hydroxyapatite during the crystallization process [31]. Electron microscopy
images from the same investigation also showed that the storage duration significantly
affected the MA-POSS-8 particles’ behavior, irrespective of the adhesive system: the spec-
imens that were not stored in artificial saliva but immediately analyzed presented an
MA-POSS-8 particle network that expanded across the entire adhesive layer as far as to
the direct dentin–adhesive interface. After aging, the particle network seemed to dissolve
beginning at the dentin–adhesive contact zone. The author assumed that the dendritic
MA-POSS-8 network disintegrates from water fluctuation at the dentin–adhesive inter-
face. Thus, particles are released that partly diffuse into the dentin’s collagen matrix to
provide new ion agglomeration zones [30]. These findings support the assumption that
MA-POSS-8 particles depend on hydrolytic processes to evolve their bioactive potential
and consequently provide additional mechanical stabilization of the hybrid layer. Our
results reflect that theory: MA-POSS-8 significantly improved the SBS of the adhesive only
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after 24 months of storage had elapsed. However, the investigation employed 10 wt.%
MA-POSS-8, which in our study was not able to enhance bond strength for either adhesive.
The increased mineralizing capacity of the higher MA-POSS-8 content might explain why
mineral prenucleation clusters were observed equally for the ER and SE adhesives.

Despite the limitations of an in vitro experimental setup, there appears to be a cor-
relation between bond strength results in vitro with bonding performance in vivo [21,32].
Bovine teeth show similar bonding behavior to human teeth irrespective of whether an ER
or SE approach is selected [33,34]. Shear bond strength testing is one of the most commonly
applied in vitro methods for bond strength analysis of dental materials [21,35]. However,
its value is seen as ambiguous, since it tends to result in predominantly tensile stresses
rather than shear stresses, non-uniform stress distribution, and stress concentration at the
substrate area, reducing the validity of obtained results [36]. The advantage of SBS testing
lies in its convenience as it is a relatively easy and efficient procedure [36]. Given that the
priority of our investigation was to initially analyze the bond strength of adhesive systems
incorporating MA-POSS-8 compared to the bonding performance of the neat adhesives,
we determined SBS testing to be sufficient for our purposes. To gain a more detailed un-
derstanding of our bond strength data, Weibull statistics were applied. Since polymerized
adhesives as well as resin composites and dentin are brittle materials, they hold a variability
in strength-controlling flaws related to the specimen size [37]. Weibull statistics consider
these consequences and thus enable conclusions on the reliability of bond strength data [37].
Low Weibull moduli reflect a poor reliability of the characteristic bond strength. Therefore,
materials with higher Weibull moduli should be favored over those with lower values [37].
In addition to SBS data, we analyzed the failure mode distribution of our specimens. Once
the SBS of the adhesive exceeds the stress limits of either dentin or composite resin, cohesive
failures occur, which obviously only partly reflect interfacial stresses but nonetheless may
be assumed to have stronger bonding, as the adhesive interface remains intact [37].

5. Conclusions

Keeping the limitations of an in vitro experiment in mind, we conclude that 5 wt.%
MA-POSS-8 does not impair the bond strength of dental adhesives but might even be able
to improve the long-term durability of adhesive systems. Under clinical conditions, the
incorporation of MA-POSS-8 into adhesive systems might avail a prolonged longevity and
aging resistance of adhesive restorations. Therefore, we encourage future studies on the
clinical applicability of dental adhesives functionalized with MA-POSS-8.

Author Contributions: Conceptualization, A.W.; methodology, J.B. and A.W.; formal analysis, C.L.
and P.K.; investigation, J.B. and C.E.B.; writing—original draft preparation, J.B.; writing—review and
editing, C.E.B., C.L., P.K. and A.W. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was funded by the Open Access Publication Funds of Göttingen University.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Tjäderhane, L.; Nascimento, F.D.; Breschi, L.; Mazzoni, A.; Tersariol, I.L.S.; Geraldeli, S.; Tezvergil-Mutluay, A.; Carrilho, M.;

Carvalho, R.M.; Tay, F.R.; et al. Strategies to Prevent Hydrolytic Degradation of the Hybrid Layer-A Review. Dent. Mater. 2013, 29,
999–1011. [CrossRef]

2. Tjäderhane, L. Dentin Bonding: Can We Make It Last? Oper. Dent. 2015, 40, 4–18. [CrossRef]
3. Kharouf, N.; Eid, A.; Hardan, L.; Bourgi, R.; Arntz, Y.; Jmal, H.; Foschi, F.; Sauro, S.; Ball, V.; Haikel, Y.; et al. Antibacterial and

Bonding Properties of Universal Adhesive Dental Polymers Doped with Pyrogallol. Polymers 2021, 13, 1538. [CrossRef]

https://doi.org/10.1016/j.dental.2013.07.016
https://doi.org/10.2341/14-095-BL
https://doi.org/10.3390/polym13101538


Materials 2024, 17, 1321 9 of 10

4. Fadaie, P.; Atai, M.; Imani, M.; Karkhaneh, A.; Ghasaban, S. Cyanoacrylate-POSS Nanocomposites: Novel Adhesives with
Improved Properties for Dental Applications. Dent. Mater. 2013, 29, e61–e69. [CrossRef]

5. Tauböck, T.T.; Zehnder, M.; Schweizer, T.; Stark, W.J.; Attin, T.; Mohn, D. Functionalizing a Dentin Bonding Resin to Become
Bioactive. Dent. Mater. 2014, 30, 868–875. [CrossRef]

6. Rizk, M.; Hohlfeld, L.; Thanh, L.T.; Biehl, R.; Lühmann, N.; Mohn, D.; Wiegand, A. Bioactivity and Properties of a Dental
Adhesive Functionalized with Polyhedral Oligomeric Silsesquioxanes (POSS) and Bioactive Glass. Dent. Mater. 2017, 33,
1056–1065. [CrossRef]

7. Ghanbari, H.; Cousins, B.G.; Seifalian, A.M. A Nanocage for Nanomedicine: Polyhedral Oligomeric Silsesquioxane (POSS).
Macromol. Rapid Commun. 2011, 32, 1032–1046. [CrossRef]

8. Lungova, M.; Krutyeva, M.; Pyckhout-Hintzen, W.; Wischnewski, A.; Monkenbusch, M.; Allgaier, J.; Ohl, M.; Sharp, M.; Richter,
D. Nanoscale Motion of Soft Nanoparticles in Unentangled and Entangled Polymer Matrices. Phys. Rev. Lett. 2016, 117, 147803.
[CrossRef] [PubMed]

9. Hybrid Plastics Inc. POSS®User’s Guide Version 2.06. Available online: https://www.hybridplastics.com/wp-content/uploads/
2015/04/user-v2.06.pdf (accessed on 20 February 2024).

10. Wu, X.; Sun, Y.; Xie, W.; Liu, Y.; Song, X. Development of Novel Dental Nanocomposites Reinforced with Polyhedral Oligomeric
Silsesquioxane (POSS). Dent. Mater. 2010, 26, 456–462. [CrossRef] [PubMed]

11. Engstrand, J.; López, A.; Engqvist, H.; Persson, C. Polyhedral Oligomeric Silsesquioxane (POSS)-Poly(Ethylene Glycol) (PEG)
Hybrids as Injectable Biomaterials. Biomed. Mater. 2012, 7, 035013. [CrossRef] [PubMed]

12. Chew, S.L.; Wang, K.; Chai, S.P.; Goh, K.L. Elasticity, Thermal Stability and Bioactivity of Polyhedral Oligomeric Silsesquioxanes
Reinforced Chitosan-Based Microfibres. J. Mater. Sci. Mater. Med. 2011, 22, 1365–1374. [CrossRef]

13. Mousavinasab, S.M.; Atai, M.; Barekatain, M.; Fattahi, P.; Fattahi, A.; Rakhshan, V. Effects of Ethanol Concentrations of Acrylate-
Based Dental Adhesives on Microtensile Composite-Dentin Bond Strength and Hybrid Layer Structure of a 10 Wt% Polyhedral
Oligomeric Silsesquioxane (POSS)-Incorporated Bonding Agent. Dent. Res. J. 2018, 15, 25–32. [CrossRef]

14. Rizk, M.; Pohle, A.; Dieckmann, P.; Tauböck, T.T.; Biehl, R.; Wiegand, A. Mineral Precipitation, Polymerization Properties and
Bonding Performance of Universal Dental Adhesives Doped with Polyhedral Oligomeric Silsesquioxanes. Int. J. Adhes. Adhes.
2020, 100, 102573. [CrossRef]

15. Kreutz, M.; Wiegand, A.; Stawarczyk, B.; Lümkemann, N.; Rizk, M. Characterization of Methacrylate-based Resins Containing
Methacryl-polyhedral Oligomeric Silsesquioxanes (Ma-poss-8). Materials 2021, 14, 1680. [CrossRef]

16. Ozimek, J.; Łukaszewska, I.; Pielichowski, K. POSS and SSQ Materials in Dental Applications: Recent Advances and Future
Outlooks. Int. J. Mol. Sci. 2023, 24, 4493. [CrossRef] [PubMed]

17. Van Meerbeek, B.; Yoshihara, K.; Yoshida, Y.; Mine, A.; De Munck, J.; Van Landuyt, K.L. State of the Art of Self-Etch Adhesives.
Dent. Mater. 2011, 27, 17–28. [CrossRef] [PubMed]

18. Van Meerbeek, B.; Peumans, M.; Poitevin, A.; Mine, A.; Van Ende, A.; Neves, A.; De Munck, J. Relationship between Bond-Strength
Tests and Clinical Outcomes. Dent. Mater. 2010, 26, e100–e121. [CrossRef]

19. Hashimoto, M.; Ohno, H.; Sano, H.; Kaga, M.; Oguchi, H. In Vitro Degradation of Resin-Dentin Bonds Analyzed by Microtensile
Bond Test, Scanning and Transmission Electron Microscopy. Biomaterials 2003, 24, 3795–3803. [CrossRef]

20. Carrilho, M.R.O.; Carvalho, R.M.; Tay, F.R.; Pashley, D.H. Effects of Storage Media on Mechanical Properties of Adhesive Systems.
Am. J. Dent. 2004, 17, 104–108.

21. Heintze, S.D. Clinical Relevance of Tests on Bond Strength, Microleakage and Marginal Adaptation. Dent. Mater. 2013, 29, 59–84.
[CrossRef]

22. Kreutz, M.; Kreutz, C.; Kanzow, P.; Tauböck, T.T.; Burrer, P.; Noll, C.; Bader, O.; Rohland, B.; Wiegand, A.; Rizk, M. Effect of
Bioactive and Antimicrobial Nanoparticles on Properties and Applicability of Dental Adhesives. Nanomaterials 2022, 12, 3862.
[CrossRef]

23. Feng, D.; Dong, S.; Shi, Z.; Cui, Z.; Zhu, S. Investigation of Aging Resistance for Dental Resin Composites with and without Glass
Flakes. Clin. Oral Investig. 2023, 27, 6903–6914. [CrossRef] [PubMed]

24. Guan, R.; Takagaki, T.; Matsui, N.; Sato, T.; Burrow, M.F.; Palamara, J.; Nikaido, T.; Tagami, J. Dentin Bonding Performance Using
Weibull Statistics and Evaluation of Acid-Base Resistant Zone Formation of Recently Introduced Adhesives. Dent. Mater. J. 2016,
35, 684–693. [CrossRef] [PubMed]

25. Manfroi, F.B.; Marcondes, M.L.; Somacal, D.C.; Borges, G.A.; Júnior, L.H.B.; Spohr, A.M. Bond Strength of a Novel One Bottle
Multi-Mode Adhesive to Human Dentin After Six Months of Storage. Open Dent. J. 2016, 10, 268–277. [CrossRef] [PubMed]

26. Moritake, N.; Takamizawa, T.; Ishii, R.; Tsujimoto, A.; Barkmeier, W.W.; Latta, M.A.; Miyazaki, M. Effect of Active Application on
Bond Durability of Universal Adhesives. Oper. Dent. 2019, 44, 188–199. [CrossRef] [PubMed]

27. Lovell, L.G.; Berchtold, K.A.; Elliott, J.E.; Lu, H.; Bowman, C.N. Understanding the Kinetics and Network Formation of
Dimethacrylate Dental Resins. Polym. Adv. Technol. 2001, 12, 335–345. [CrossRef]

28. Carrilho, E.; Cardoso, M.; Marques Ferreira, M.; Marto, C.M.; Paula, A.; Coelho, A.S. 10-MDP Based Dental Adhesives: Adhesive
Interface Characterization and Adhesive Stability-A Systematic Review. Materials 2019, 12, 790. [CrossRef]

29. Perdigão, J.; Araujo, E.; Ramos, R.Q.; Gomes, G.; Pizzolotto, L. Adhesive Dentistry: Current Concepts and Clinical Considerations.
J. Esthet. Restor. Dent. 2021, 33, 51–68. [CrossRef]

https://doi.org/10.1016/j.dental.2013.03.003
https://doi.org/10.1016/j.dental.2014.05.029
https://doi.org/10.1016/j.dental.2017.06.012
https://doi.org/10.1002/marc.201100126
https://doi.org/10.1103/PhysRevLett.117.147803
https://www.ncbi.nlm.nih.gov/pubmed/27740797
https://www.hybridplastics.com/wp-content/uploads/2015/04/user-v2.06.pdf
https://www.hybridplastics.com/wp-content/uploads/2015/04/user-v2.06.pdf
https://doi.org/10.1016/j.dental.2009.11.161
https://www.ncbi.nlm.nih.gov/pubmed/20171728
https://doi.org/10.1088/1748-6041/7/3/035013
https://www.ncbi.nlm.nih.gov/pubmed/22493166
https://doi.org/10.1007/s10856-011-4318-3
https://doi.org/10.4103/1735-3327.223615
https://doi.org/10.1016/j.ijadhadh.2020.102573
https://doi.org/10.3390/ma14071680
https://doi.org/10.3390/ijms24054493
https://www.ncbi.nlm.nih.gov/pubmed/36901923
https://doi.org/10.1016/j.dental.2010.10.023
https://www.ncbi.nlm.nih.gov/pubmed/21109301
https://doi.org/10.1016/j.dental.2009.11.148
https://doi.org/10.1016/S0142-9612(03)00262-X
https://doi.org/10.1016/j.dental.2012.07.158
https://doi.org/10.3390/nano12213862
https://doi.org/10.1007/s00784-023-05307-5
https://www.ncbi.nlm.nih.gov/pubmed/37831194
https://doi.org/10.4012/dmj.2016-059
https://www.ncbi.nlm.nih.gov/pubmed/27335136
https://doi.org/10.2174/1874210601610010268
https://www.ncbi.nlm.nih.gov/pubmed/27347230
https://doi.org/10.2341/17-384-L
https://www.ncbi.nlm.nih.gov/pubmed/30106329
https://doi.org/10.1002/pat.115
https://doi.org/10.3390/ma12050790
https://doi.org/10.1111/jerd.12692


Materials 2024, 17, 1321 10 of 10

30. Sarner, S. Elektronenoptische Charakterisierung der Hydroxylapatit-Führenden Hybridschicht Im Zahn-Füllungs-Verbund; Georg-August-
Universität Göttingen: Göttingen, Germany, 2020.

31. Mazze, R. Growth of Hydroxyapatite Crystals from Solutions with PH Controlled by Novel Vapor Diffusion Techniques. Effects
of Temperature and of the Acidic Phosphoprotein Osteopontin on Crystals Growth. Period. Mineral. 2009, 78, 19–43. [CrossRef]

32. De Munck, J.; Van Landuyt, K.; Peumans, M.; Poitevin, A.; Lambrechts, P.; Braem, M.; Van Meerbeek, B. A Critical Review of the
Durability of Adhesion to Tooth Tissue: Methods and Results. J. Dent. Res. 2005, 84, 118–132. [CrossRef]

33. Soares, F.Z.M.; Follak, A.; da Rosa, L.S.; Montagner, A.F.; Lenzi, T.L.; Rocha, R.O. Bovine Tooth Is a Substitute for Human Tooth on
Bond Strength Studies: A Systematic Review and Meta-Analysis of in Vitro Studies. Dent. Mater. 2016, 32, 1385–1393. [CrossRef]
[PubMed]

34. Muench, A.; da Silva, E.M.; Ballester, R.Y. Influence of Different Dentinal Substrates on the Tensile Bond Strength of Three
Adhesive Systems. J. Adhes. Dent. 2000, 2, 209–212. [PubMed]

35. Braga, R.R.; Meira, J.B.C.; Boaro, L.C.C.; Xavier, T.A. Adhesion to Tooth Structure: A Critical Review of “Macro” Test Methods.
Dent. Mater. 2010, 26, e38–e49. [CrossRef]

36. El Mourad, A.M. Assessment of Bonding Effectiveness of Adhesive Materials to Tooth Structure Using Bond Strength Test
Methods: A Review of Literature. Open Dent. J. 2018, 12, 664–678. [CrossRef]

37. Scherrer, S.S.; Cesar, P.F.; Swain, M.V. Direct Comparison of the Bond Strength Results of the Different Test Methods: A Critical
Literature Review. Dent. Mater. 2010, 26, e78–e93. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.2451/2009PM0002
https://doi.org/10.1177/154405910508400204
https://doi.org/10.1016/j.dental.2016.09.019
https://www.ncbi.nlm.nih.gov/pubmed/27692438
https://www.ncbi.nlm.nih.gov/pubmed/11317394
https://doi.org/10.1016/j.dental.2009.11.150
https://doi.org/10.2174/1745017901814010664
https://doi.org/10.1016/j.dental.2009.12.002

	Introduction 
	Materials and Methods 
	Adhesive Modification 
	Specimen Preparation 
	Shear Bond Strength and Failure Mode Analysis 
	Statistical Analysis 

	Results 
	Shear Bond Strength 
	Failure Mode Analysis 

	Discussion 
	Conclusions 
	References

