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Abstract
Objectives The aim of this study was to evaluate the influence of nanostructured zirconium dioxide incorporation in an exper-
imental adhesive resin.
Methods ZrO2 particles were characterized by X-ray diffraction (XRD), micro-Raman spectroscopy and Brunauer–Emmett–
Teller (B.E.T). Experimental adhesive resins were formulated with 0, 0.5, 1, 4.8, and 9.1% ZrO2 in weight. The adhesives were
evaluated based on degree of conversion (DC), radiopacity, softening in solvent and microtensile bond strength (μTBS) 24 h and
after 1 year of aging.Mineral deposition at the hybrid layer was assessedwithmicro-Raman spectroscopy at the baseline and after
14 days.
Results XRD showed monoclinic and tetragonal phases of ZrO2.particles. B.E.T data revealed a surface area of 37.41 m2/g, and
typical chemical groups were shown on the Raman spectra. The addition of ZrO2 did not influence the radiopacity. The addition
of 4.8% and 9.1 wt.% ZrO2 showed higher initial hardness with increased softening in solvent (P < 0.05) and promoted mineral
deposition at the dentin interface. DC was significantly increased in the group with 1% ZrO2 (P < 0.05). The μTBS test showed
difference on the group with 9.1 wt.% of ZrO2, with a significant reduction after aging.
Conclusion The incorporation of ZrO2 promotedmineral deposition on the adhesive interface and the addition of 1 wt.% caused a
significant increase on the DC without compromising the other physicochemical characteristics, which may prove promising for
the development of new dental adhesive systems.
Clinical relevance The mineral deposition on the hybrid layer can result in a longer stability of the adhesive, thus delaying the
hydrolytic degradation.
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Introduction

In the last decade, the role of the adhesive system components
in the adhesion process has been extensively studied [1–3]. A
stable bonding of dental adhesives to tooth substrates relies on
the mechanical and chemical features of the polymeric material

[4]. However, some concerns regarding the hybrid layer degra-
dation over time, nanoleakage and longevity of materials in the
oral environment remain issues to dentin adhesion [5–9]. The
development of polymeric materials with better clinical behav-
ior has been the subject of research and of great interest in the
scientific community and dental materials industry [10–13].

Several studies have incorporated fillers, such as hydroxy-
apatite [14], niobium pentoxide [4], tantalum oxide [15], and
titanium dioxide [16] into the organic matrix of adhesive resins
and improved mechanical properties have been observed. The
addition of inorganic particles in adhesive resins aims to de-
crease the degradation over time [17, 18] and, as a consequence,
to reduce the composite structural defects that could lead to
failures. The incorporation of fillers in adhesives can also lead
to a hybrid layer with greater stability, thus contributing to the
longevity of the restorative treatment [19].
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Zirconia (ZrO2) is a metallic oxide that is widely used in the
biomedical field, especially in dentistry and other areas such
as orthopedics: in fact, it is often utilized in hip prosthesis,
because of its high compressive strength and biocompatibility
[20, 21]. Among the oxides used in dentistry, zirconia presents
the highest values of mechanical proprieties ever reported for
any dental ceramic, bringing to this material considerable in-
terest in dental field [22]. Zirconia is commonly stabilized in
its tetragonal phase and applied as the main constituent of
ceramic dental crowns, allowing the realization of posterior
fixed partial dentures and the substantial reduction in the com-
ponent’s core thickness [20, 22]. The zirconia possesses a
color similar to tooth with a high strength that is highly re-
quired in prosthetic dentistry [20, 23].

In the chemical industry, zirconia’s monoclinic crystalline
phase is widely used as a photocatalytic material [24, 25]. It
has also shown to possess bioactive properties in both its
monoclinic and tetragonal phases [21, 26]. In addition, parti-
cles of ZrO2 were incorporated into composites that are cur-
rently marketed for dental restorative procedures, with the aim
of improving its mechanical properties and reducing polymer-
ization shrinkage [27]. Zirconia has also been incorporated as
reinforcement for the repair strength of polymethyl methacry-
late denture bases [28]. The increase in the volume ratio of the
fillers incorporated into the matrix can add to the mechanical
proprieties [29].

Some authors also suggest that the addition of zirconia
nanoparticles seems to be a good method for producing radi-
opaque adhesives with increased microhardness [30]. The re-
duction of the particle size to nanoscale increases the surface
area, leading to a higher reactiveness [31]. As a result, chem-
ical and biological activity can be enhanced [32]. However, to
the best of our knowledge, there are no reports on the influ-
ence of zirconia nanoparticles in regard to the properties that
are tested on this study on an adhesive resin. Therefore, the
aim of this study was to develop an adhesive resin with the
incorporation of zirconium dioxide in different concentra-
tions, and evaluate the properties of the obtained composite.

Materials and methods

The experimental adhesives resins were formulated by mixing
50 wt.% bisphenol A glycerolate dimethacrylate (BisGMA),
25 wt.% triethylene glycol dimethacrylate (TEGDMA), and
25 wt.% 2-hydroxyethyl methacrylate (HEMA). As the
photoinitiator system, camphoroquinone (CQ), ethyl 4-
dimethylaminobenzoate (EDAB), and diphenyliodonium
hexafluorphospate (DPIHFP) at 1 mol% each were added to
all groups. Also, butylated hydroxytoluene (BHT) was added
at 0.01 wt.%. All of these materials were purchased byAldrich
Chemical Co. (St Louis, MO, USA). ZrO2 was incorporated
into the adhesive resin at concentrations of 0.5, 1, 4.8, and

9.1%, in weight. The control group was formulated without
ZrO2 incorporation. Zirconium dioxide was provided by
Evonik (Essen, North Rhine-Westphalia, Germany). The
ZrO2 that was utilized in this study had no previous treatment.

The adhesive resin mixture was hand-mixed for 5 min,
sonicated for 180 s and hand-mixed again for 5 min. To per-
form monomer photo-activation, a light-emitting diode unit
(Radii Cal, SDI Ltd., Bayswater, Victoria, Australia) was
used. An irradiation value of 1200 mW/cm2 was confirmed
with a digital power meter (Ophir Optronics, North Andover,
MA, USA).

Characterization of ZrO2

X-ray diffraction

To identify the crystalline phases in the powder, a diffractom-
eter (Philips X’Pert MPD Model) was used. The device oper-
ated at an acceleration voltage of 40 kV and an electrical
current of 40 mA, using CuKα radiation. The scanning rate
was 0.05°/min, and the time-step was 1 s.

Micro-Raman spectroscopy

The chemical groups of ZrO2 compounds were identified by
micro-Raman spectroscopy (SENTERRA model, Bruker
Optics, Ettlingen, Germany). A laser with a 785-nm wave-
length was used, with 100 mW of intensity, for 5 s and 2 co-
additions. The range of analysis was 400–1200 cm−1.

Surface area

The specific surface area of the ZrO2 powder was determined
through the Brunauer–Emmett–Teller (B.E.T) method, using
a Quantachrome (NOVA1000 Autosorb Automated Gas
Sorption System, Boynton Beach, FL, USA).

Degree of conversion

The degree of conversion (DC) for each of the experimental
adhesive resins was evaluated using Fourier transform infra-
red (FTIR) spectroscopywith an infrared spectrometer (Vertex
70 model, Bruker Optics, Ettlingen, Baden-Württemberg,
Germany) equipped with an attenuated total reflectance
(ATR) device, and a horizontal diamond crystal with a mirror
angle of 45°. Three samples (n = 3) of 3 μL were directly
dispensed on to the diamond crystal and the measurement
was performed before and immediately after the polymeriza-
tion (light-activation for 20 s) [33]. The percentage of
unreacted double carbon bonds (%C=C) was determined by
the ratio of the absorbance intensity between aliphatic double
carbon bonds, considering its stretching vibration (peak
height) at 1635 cm−1, and using the symmetric ring stretching
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at 1610 cm−1 from the polymerized and unpolymerized sam-
ples as an internal standard [3]. The DC was determined by
subtracting the %C=C from 100%, as is described elsewhere
[33].

Radiopacity

The radiopacity evaluation of each experimental adhesive
was performed according to the International Organization
of Standardization (ISO) 4049:2009 standards. Five sam-
ples (n = 5) of 10 mm (± 0.1 mm) in diameter and 1.0 mm
(± 0.01 mm) in thickness were produced per group. The
radiographic images were obtained using an X-ray source
(Spectro 70X, Dabi Atlante, Ribeirão Preto, SP, Brazil) and
a digital system with phosphorous plates (VistaScan; Durr
Dental GmbH & Co. KG, Biet igheim-Bissingen,
Alemanha) operating at 70 kVand 8 mA. Each X-ray image
was taken with a focus-film distance of 400 mm and an
exposure time of 0.4 s. A specimen from each group was
placed on each plate for a total of five samples per plate. An
aluminum step-wedge was exposed simultaneously with the
specimens in all images. The thickness of the aluminum
scale ranged from 0.5 to 5.0 mm in 0.5 mm increments.
The images were saved in TIFF format and assessed using
ImageJ (National Institutes of Health, Bethesda, Maryland,
USA), by calculating the density of pixels in grayscale, ap-
plying the aluminum step-wedge for comparison.

Softening in solvent

To determine the softening in solvent, the specimens that
were produced for radiopacity evaluation were used. Five
specimens for each experimental adhesive (n = 5) were em-
bedded in chemically activated acrylic resin and polished in
a polisher machine (Model 3v, Arotec, Cotia, SP, Brazil),
which used silicon carbide sandpaper with grain 600, 1200,
and 2000 under constant irrigation. The specimens were
submitted to a microhardness test, in which three indenta-
tions (15 g for 10 s), spaced 100 μm apart from each other
were made on the surface of each specimen and assessed
using an automatic microhardness tester (HMV-2
Shimadzu, Tokyo, Japan).

The initial Knoop hardness (KHN1) was registered as the
arithmetic average of five measurements. Once the KHN1

results for each group were obtained, the specimens were
immersed in absolute ethanol for a period of 4 h at 37 °C.
After this period, the test was repeated in each specimen,
and the post-conditioning hardness value was measured
(KHN2). The softening in solvent value was obtained by
calculating the percentage difference between KHN1 and
KHN2.

Microtensile bond strength test

One hundred and twenty bovine lower incisors were stored
in distilled water at 4 °C for no more than 3 months. The
teeth had the buccal enamel removed to expose the superfi-
cial dentin. A smear layer was produced by grinding the flat
surface with a 600-grit silicon carbide (SiC) disc under con-
stant irrigation. Prepared teeth were divided into five groups
(n = 24). The exposed dentin were etched with 37% phos-
phoric acid for 15 s and rinsed off with distilled water for
30 s. A commercial primer (Primer, Scotchbond Multi-use,
3 M ESPE, St Paul, MN, USA) was applied for 20 s, and the
solvent was evaporated with air spray for 5 s. Immediately
after, adhesives were applied according to the experimental
groups and photocured for 20 s using a LED curing light
(Radii Cal, SDI, Australia). Two increments of composite
resin (Z350, 3M ESPE, St Paul, MN, USA) were placed on
the cured adhesive to cover the dentin surface completely.
Both increments were photocured for 40 s each. The sam-
ples were stored in distilled water at 37 °C for 24 h, and
sectioned into sticks of 0.5 mm2 of cross-sectional area.
Twelve teeth were tested at 24 h, and the other 12 teeth
sticks were stored in distilled water at 4 °C for 1 year before
testing. The sticks were fixed with a cyanoacrylate adhesive
in a metallic device to be submitted to the microtensile bond
strength test at a universal testing machine (EMIC DL-
2000, Sao Jose dos Pinhais, PR, Brazil) with a crosshead
speed of 1 mm/min. The values of bond strength were cal-
culated in MPa and the tooth was considered to be the sam-
ple unit.

Interface characterization by micro-Raman

The interface between adhesive and underlying dentin was
analyzed by micro-Raman vibrational microscopy. The pa-
rameters were asserted to a 100 mW diode laser with a
785 nm wavelength and a spectral resolution of ~ 3.5 cm−1

at a Raman microscope (SENTERRA, Bruker Optics,
Ettlingen, Germany). Sticks produced for microtensile evalu-
ation were used. Dimensional mapping was performed over a
100-μm line across the adhesive–dentin interface at 1-μm
intervals using a XYZ stage. Post-processing was performed
in Opus 6.5 software (Buker Optics) and consisted of analysis
with modeling, which distinguished spectral components of
the adhesive and dentin. One correspondent peak of each sub-
stance was used for integration: phosphate at 960 cm−1 [34],
methacrylate at 1610 cm−1 [3], and zirconia at 476 cm−1 [35].

Mineral deposition

Restorations were made on bovine dentin as already described
for microtensile bond strength, and interfaces were subse-
quently produced by sectioning perpendicular to dentin-
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adhesive interface, with a diamond disc at high speed under
constant irrigation. The mineral deposition was analyzed by
micro-Raman spectroscopy (SENTERRA Raman
Microscope, Bruker Optics, Ettlingen, Germany), using the
same parameters described above. Two-dimensional map-
pings were performed by group, over a 50 × 20-μm
predetermined area, at 1-μm intervals. The analysis was per-
formed 24 h after photocuring, and then, immersed in 20 mL
of simulated body fluid (SBF) [36], and re-evaluated on the
same area of the sample after 14 days of immersion. The
previously known phosphate peak (960 cm−1) [34] was used
for integration and evaluation of mineral deposition at the
interface area.

Statistical analysis

The normality of the data was evaluated using the Shapiro-
Wilk test. Statistical analysis was performed using one-way
ANOVA (ZrO2 concentration) for radiopacity, softening in
solvent and DC. For the analysis of softening in solvent, a
paired Student’s t test (KHN1 and KHN2) was used. The data
from μTBS were analyzed through two-way ANOVA (ZrO2

concentration and time). Tukey’s post hoc test was used for
multiple comparisons in all obtained data. All tests were per-
formed at a 0.05 level of significance.

Results

The X-ray diffraction spectrum of the analyzed sample is
shown in Fig. 1. It was possible to identify two polymorphic
phases of ZrO2. The combined JCPDS pattern of baddeleyite
or primitive monoclinic ZrO2 (24–1165) and the ICSD pattern
of tetragonal ZrO2 (068781) match with the observed XRD
peaks. The specific value of the ZrO2 surface particles shown
by B.E.T. is 37.41 m2/g. The Raman spectra are presented in
Fig. 2, revealing the typical chemical groups of ZrO2 com-
pounds, with the appearance of the 476 cm−1 peak [35].

The DC values are presented in Table 1. All groups showed
DC higher than 70% and ranged from 71.7 (± 0.3) in the
control group to 76.7 (± 0.3) at 1% ZrO2 incorporation.
Only the group with addition of 1% ZrO2 significantly in-
creased DC compared to the control group (P < 0.05).

The values for Knoop hardness before and after immersion
in the solvent and the degradation percentages are shown in
Table 1. The group with 4.8% ZrO2 presented higher initial
mean values of Knoop hardness (KHN1) than the control
group (P < 0.05). After immersion in solvent, all groups pre-
sented reduction in hardness values (KHN2). The percentage
of hardness reduction was higher as an increased the concen-
tration of ZrO2 was incorporated; however, the groups with
addition of 0.5 and 1% ZrO2 experienced no difference com-
pared to the control group (P < 0.05).

The radiopacity values of the dental adhesive resins are
presented in Fig. 3. There was no difference between groups
with ZrO2 incorporation and the control group (P < 0.05).

The mean and standard deviation values of microtensile
bond strength (μTBS) after 24 h and 1 year of aging are shown
in Table 2. There was no statistical difference between groups
in 24 h or in 1 year, except for the 9.1% concentration that
presented a significant reduction in μTBS after 1 year aging.
In 24 h test, the values ranged from 45.23 to 55.81 MPa. After
1 year the values ranged from 30.92 to 52.94 MPa.

A representative image from the interface characterization
by micro-Raman spectroscopy is shown in Fig. 4a. The col-
ored scale located on the right represents the amount, through
the assessed area, of the elements that are the corresponding
peaks used for integration. It was possible to observe the pres-
ence of adhesive across the hybrid layer and the penetration of
nanostructured zirconia at almost the same extension of dentin
demineralization. On Fig. 4b, the Raman spectra, for phos-
phate (960 cm−1) and methacrylate (1610 cm−1) peaks are
represented for the principal components (D) dentin, (A) ad-
hesive, (HL), hybrid layer, and (R) composite resin.
Representative images of interfaces evaluated by micro-
Raman spectroscopy for mineral deposition at the baseline
(24 h) and 14 days after immersion in SBF are shown in
Fig. 4c. After 14 days, the groups with the 4.8 and 9.1%
addition of ZrO2 promoted mineral deposition compared to
the control group.

Discussion

In this study, adhesive resins were formulated with the incor-
poration of zirconia nanofillers. The addition of 1 wt.% ZrO2

resulted in a significant increase in the DC without
compromising the other physicochemical characteristics.
The DC of the experimental adhesive resins presented values
higher than 70% for all groups. The particles of the oxide
presented two crystalline phases (monoclinic and tetragonal),
a favorable superficial area, which allows for great reactivity
and a penetration into the hybrid layer. Moreover, the addition
of 4.8 and 9.1% of ZrO2 promotedmineral deposition over the
dentin-adhesive interface. These characteristics indicate that
zirconium dioxide may be a promising filler in dental resin
adhesives.

A dental adhesive should ideally present enough
radiopacity to allow discrimination between dental tissues
and the composite material, thus enabling the differential di-
agnosis of secondary caries [15, 37, 38]. This characteristic is
mainly related to the atomic number (Z) andmaterial thickness
[39]. Although zirconium (Z = 40) presents considerable
radiopacity when composing dental ceramic systems, the min-
imum application thickness of 2 mm is always required for
enough radiopacity [20], which is not possible for the thinner
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thickness of the adhesive resin layer. Current commercial
composites containing ZrO2 are shown to be sufficiently radi-
opaque and present up to 80 wt.% of the filler content [40],
which is a higher amount than those used in this study.
However, the amount of filler to be incorporated in adhesives
is limited considering that low viscosity is required. ISO 4049
recommends that the minimum value for radiopacity should
be 1 mmAl and even though the addition of ZrO2was unable
to increase the radiopacity of experimental adhesive resins, the
values obtained in this study are comparable with most adhe-
sives currently available on the market [15]. Regarding this,
there is the possibility of associating to the experimental

adhesives another material with higher radiopacity [41] while
conserving the advantageous characteristics of zirconia at
lower concentrations.

The DC is shown as the percentage of consumption of
aliphatic bonds during the polymerization and is not only as-
sociated with increased mechanical properties, but also with
the polymer stability [19, 42]. A low DC values can lead to a
more soluble polymer, consequently enhancing its degrada-
tion since it contains a higher amount of unreacted monomers
in the polymeric matrix [19, 33]. Using the same methods of
measurement and the conventional irradiation conditions of
this study, a DC between 55 and 75% is acceptable for

Fig. 1 XRD pattern of the zirconium dioxide powder

Fig. 2 Micro-Raman spectrum of the zirconium dioxide powder
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adhesive resins [43], and all groups showed DC higher than
55%. The increase of monomer conversion may be related to
changes in the kinetics ruled by the increase in filler concen-
tration, as they promote the homogenization of the spatially
sites for monomer reaction [44].

Zirconia already demonstrated photocatalytic activity in
previous studies [24, 25], with great light absorption band
close to those irradiated by LED [25]. The ZrO2 particles,
whose refractive index can be as high as 2.1–2.3 [45, 46],
could adversely affect the DC due to its optical scattering
properties responsible for opacity. However, it was observed
that the addition of zirconia showed no difference from control
the group, except in the group with 1% ZrO2, which signifi-
cantly increased the DC (P < 0.05). The increase in DC could
be related to the small size of the particles, with diameters
below one-tenth of the wavelength of visible light (400–
800 nm) and typically <25 nm, which can avoid Rayleigh
scattering, grant better particle reactiveness and allow

incorporation into a transparent polymer matrix [46].
Nevertheless, groups with higher incorporation of ZrO2 (4.8
and 9.1%) resulted in a significant increase in the opacity of
the polymer, which may explain the lower DC values in these
groups.

When exposed to a solvent, the filled adhesive resins be-
havior can be correlated with its stability in the oral environ-
ment [2, 19], and its ability to withstand hydrolytic degrada-
tion [1]. Degradation occurs due to the solvent’s penetration
and its diffusion into the composite structure, leading to an
elution of its components [19]. Polymers with higher amounts
of cross-linking are less prone to degradation considering the
limited solvent diffusion [19]. Also, it is important to mention
that the ZrO2 particles were not silanized in this study because
the silane could not bond with the filler (zirconia), as there is
no chemical interaction between these two materials. When
the silane is not bonded with the inorganic filler and/or to the
organic matrix, the hydrolytic stability is compromised, lead-
ing to bond degradation over time in the oral environment

Fig. 3 Mean and standard
deviation values for radiopacity of
adhesive resin. Equal capital
letters indicate no statistical
difference (p < 0.05)

Table 1 Mean and standard deviation values of degree of conversion
(DC), hardness of the adhesive before (KHN1) and after immersion in
solvent (KHN2), and the variation of hardness values (Δ%)

Groups (%) DC KHN1 KHN2 Δ%

0 71.7(0.3)B 21.4 (1.0)BCa 16.8 (2.0)b − 21.3 (7.0)A

0.5 74.0(0.4)AB 21.4 (1.8)BCa 17.6 (1.3)b − 17.1 (9.1)A

1 76.7(0.3)A 20.6 (2.7)Ca 13.8 (3.6)b − 33.2 (13.3)AB

4.8 73.0(3.1)AB 26.2 (2.0)Aa 15.4 (1.4)b − 40.7 (8.1)B

9.1 72.0(1.1)B 24.6 (1.5)ABa 13.1 (1.9)b − 46.3 (10.1)B

Different capital letters indicate statistically significant difference in the
same column (P < 0.05)

Different small letters indicate statistically significant difference in the
line (P < 0.05)

Table 2 Mean and standard deviation values of the μTBS test in 24 h
and after 1 year of water aging

Groups (%) μTBS 24 h μTBS 1 year

0 55.81 (21.41)Aa 41.72 (12.96)Aa

0.5 52.23 (18.00)Aa 52.94 (24.23)Aa

1 55.57 (18.73)Aa 45.80 (9.21)Aa

4.8 45.23 (17.97)Aa 42.04 (11.35)Aa

9.1 52.25 (9.42)Aa 30.92 (13.29)Ab

Different capital letters indicate statistically significant difference in the
same column (P < 0.05)

Different small letters indicate statistically significant difference in the
line (P < 0.05)
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[47]. The immersion of the specimens in the SBF medium
leads to an adsorption of OH− ions and formation of hydroxide
bonds with zirconia, which assist in the subsequent formation
of the HAp phase through deposition by Ca2 + ions [21].
Therefore, the silanization of the particles could negatively
affect the ion release, due to the hydrophobic silane coating
on the particles, thus retarding the access of water to the par-
ticles and slowing their dissolution [48]. In our study, the
results of the 4.8% ZrO2 group presented higher initial mean
values of Knoop hardness than the control group (P < 0.05),
and after immersion in the solvent, all groups presented reduc-
tion in hardness values. With the polymeric network degrada-
tion, the filler particles may leach from the material [49],
therefore, the use of biocompatible fillers, such as zirconium
dioxide [20, 21], could prevent cytotoxicity effects.

Another study which incorporated zirconia in a commercial
adhesive only observed the enhancement in Knoop hardness
in groups with at least 24.8% of filler incorporation [30]. The
increase of particle content suggests that the surrounding ma-
trix complies less, and it could explain why the increase on
microhardness cannot always be detected in small concentra-
tions [50]. In the group with 9.1% ZrO2, even with the highest
amount of incorporation, the increase in hardness was proba-
bly not significant because the filler was not distributed in an
homogenic arrangement of particles in the matrix. During the
Knoop hardness test, the zirconium oxide particles are pressed
into the softer polymeric matrix, alternately than being

plastically deformed under the tested load; due to this, they
may not display their true intrinsic microhardness [50].

In the present study, Raman spectra showed the presence
of adhesives across the hybrid layer. It was also possible to
observe the penetration of nanostructured zirconia at almost
the same extension of dentin demineralization, allowing its
interaction with dentin tissue. The addition of the filler to
the hybrid layer could improve its mechanical properties
and enhance its stability, and once zirconia is known to be
bioactive when assuming a tetragonal and/or monoclinic
structure [21], this could improve the bond strength dura-
bility by forming Zr-OH groups when in contact with the
tubular fluid. These groups could promote effective apatite
nucleation and its precipitation onto the interface [51]. The
verification of the bioactivity of an artificial material can be
made by examining the formation of apatite on its surface in
simulated body fluid [36].

Raman spectrum indicated the mineral deposition over the
hybrid layer, as the phosphate peak (960 cm−1) appeared on
the spectra, thus indicating a mineral precipitation over the
analyzed area [52, 53]. The Raman spectroscopy technique
is considered a powerful method to analyze the resin–dentin
interface and the mineral content distribution by some authors,
as it shows the chemical changes along the analyzed area [54,
55]. The interface evaluation for mineral deposition showed
higher results for the groups with a greater amount of ZrO2.
All specimens presented an increase in mineral content over

Fig. 4 Experimental Adhesive resin with the addition of (1) 0%ZrO2, (2)
0.5% ZrO2, (3) 1% ZrO2, (4) 4.8% ZrO2, and (5) 9.1% ZrO2. a Dentin-
adhesive interfaces characterization and representative color scale (right
located), in which, composite resin (R), dentin (D) and the hybrid layer
(HL) are represented inside images. The adhesive without ZrO2 was
integrated by methacrylate peak (1610 cm−1) at (1) line and, for (2), (3),

(4), and (5) lines; interface was integrated by zirconia peak (476 cm−1)
above and phosphate peak (960 cm−1) below. b Raman spectra, for phos-
phate (960 cm−1) and methacrylate (1610 cm−1) peaks, of principal com-
ponents (D) dentin, (A) adhesive, (HL) hybrid layer, and (R) composite
resin. cMicro-Ramanmap of the phosphate peak (961 cm−1) intensities at
the dentin bonded interface at baseline and after 14 days immersed in SBF
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time. The remineralization process is achieved through the
mineral deposition over the remnant seed crystallites at the
basal part of the collagen matrix, which can act as centers
for heterogeneous nucleation [56, 57]. The deposition of min-
eral via ion-by-ion release (epitaxial growth) is regarded as a
top–down approach according to the classical crystallization
theory [57]. The mineral deposition showed by the 4.8 wt.%
group was also confirmed by an increasing in Knoop hard-
ness, as the ongoing restoration of mechanical properties is
directly related to the precipitation of minerals [58].

The bond strength was immediately evaluated by the
microtensile test and after aging in distilled water for 1 year.
A difference was found after aging for 9.1% incorporation,
which significantly reduced the μTBS, even with the presence
of zirconia in the hybrid layer and the promotion of mineral
deposition for this group. The overall degradation could not be
prevented, but it must be considered that specimens were
stored in distilled water, which could have increased the par-
ticles’ susceptibility to aging and damaged the uniform min-
eral deposition on the dentin-adhesive interface. To overcome
this issue, a resin matrix with the addition of phosphonated
monomers that chemically interact with ZrO2 groups could be
formulated in future studies [59].

Zirconia nanoparticles were incorporated at different con-
centrations in a commercial adhesive by one study; however,
there was a significant increase in the immediate bond strength
to dentin, with no difference between the concentrations [26].
In contrast to this study, the particles used were stabilized by
yttria (Y2O3), and it may have reduced the martensitic trans-
formation (t→m) presented by zirconia particles [22, 60–62].
The martensitic transformation leads to an alteration of its
phase integrity and increases its susceptibility to aging [28,
63]. This transformation could have influenced the bond
strength in this study as it reduces the resistance of ZrO2 to
crack propagation. Regarding the results discussed, zirconium
dioxide may be an alternative filler for polymer-based bioma-
terials at lower concentrations.

Conclusion

In the present study, adhesive resins with ZrO2 incorporation
were formulated. The incorporation of 1 wt.% ZrO2 signifi-
cantly increased the DC, promoted the ability to infiltrate
through the hybrid layer, and it could be a promising filler
for adhesive development.
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