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A B S T R A C T

This study evaluated the MMP inhibition of the zinc oxide and copper nanoparticles (ZnO/CuNp), and the effects
of their addition into adhesives on antimicrobial activity (AMA), ultimate tensile strength (UTS), in vitro degree
of conversion (in vitro-DC), as well as, resin–dentin bond strength (μTBS), nanoleakage (NL) and in situ-DC on
caries-affected dentin. Anti-MMP activity was evaluated for several MMPs. ZnO/CuNp (0% [control]; 5/0.1 and
5/0.2 wt%) were added into Prime&Bond Active (PBA) and Ambar Universal (AMB). The AMA was evaluated
against Streptococcus mutans. UTS were tested after 24 h and 28d. After induced caries, adhesives and composite
were applied to flat dentin surfaces, and specimens were sectioned to obtain resin–dentin sticks. μTBS, NL, in
vitro-DC and in situ-DC were evaluated after 24 h. ANOVA and Tukey's test were applied (α=0.05). ZnO/CuNp
demonstrated anti-MMP activity (p < 0.05). The addition of ZnO/CuNp increased AMA and UTS (AMB;
p < 0.05). UTS for PBA, in vitro-DC, in situ-DC and μTBS for both adhesives were maintained with ZnO/CuNp
(p > 0.05). However, lower NL was observed for ZnO/CuNp groups (p < 0.05). The addition of ZnO/CuNp in
adhesives may be an alternative to provide antimicrobial, anti-MMP activities and improves the integrity of the
hybrid layer on caries-affected dentin.

1. Introduction

Dental caries is one of the most common chronic oral diseases
throughout the world with immense social-economic impact. It is
characterized by acid demineralization and degeneration of organic
matrix on the tooth surface that can result in the cavities formation
(Selwitz et al., 2007). Currently, partial caries removal appears as the
best minimally invasive strategy for cavitated carious lesions, in order
to conserve tooth structure and avoid the risk of injury to the pulp (FDI,
2017). For that, only the superficial opaque zone of caries-infected
dentin is removed, and a deeper and partially demineralized zone of
caries-affected dentin, that is remineralizable and not yet colonized by

bacteria, is preserved (de Almeida Neves et al., 2011; Wambier et al.,
2007).

Caries-affected dentin has a low mineral content, an altered cross-
striated pattern of organic matrix of the collagen fibrils and non-col-
lagenous proteins, and an increased porosity (Tjäderhane et al., 2015),
resulting in increased dentin humidity and significantly reduced dentin
mechanical properties (Tjäderhane, 2019). Thus, hybrid layers created
in caries-affected dentin exhibit lower bond strength and durability
than sound dentin regardless of the adhesive system used (Isolan et al.,
2018). Besides this, bonding to caries-affected dentin degraded much
faster than those created in sound dentin (Hebling et al., 2005). This
occur because higher rate of different enzymes expression and/or
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activation in this caries-affected dentin when compared with sound
dentin (Toledano et al., 2010), in response to the intermittent pH
fluctuations produced during caries progression, that permit enzymatic
activation and promoting collagen degradation (Chaussain-Miller et al.,
2006). Thus, adhesive restorations on caries-affected dentin is chal-
lenging for clinicians, and what is worse, to date relatively limited in-
formation exists about the bonding process to this clinically relevant
substrate (Marangos et al., 2009).

On the other hand, the exposition of lactic acid produced by S.
mutans during the occurrence of primary or secondary caries, reduces
mechanical properties and fracture resistance of dentin at lower mas-
tication forces (Orrego et al., 2017). This is why the development of
materials with antibacterial and enzymatic inhibitors properties be-
comes so important, in order to increase the durability of the adhesive/
dentin interface, without compromising the mechanical properties of
the adhesive (Cocco et al., 2015).

In this sense, metallic nanoparticles have been highlighted among
the most promising agents with antibacterial properties, exhibiting
biocidal activities at low concentrations (Palza, 2015). Copper nano-
particles (CuNp) have been shown to be effective against gram-positive
and gram-negative bacteria (Schrand et al., 2010). In addition to im-
portant antimicrobial activity, copper is cheap, so the synthesis of
copper nanoparticles has a better cost-benefit ratio. Also, CuNp seems
to be a potent inhibitor of dentin MMP-2 (metalloprotease-2), and to
stimulate the secretion of tissue inhibitors of MMPs, causing a lower
degradation pattern in the resin/dentin interface (de Souza et al.,
2000). Otherwise, zinc oxide nanoparticles (ZnONp) can promote
subtle conformational changes in collagenase cleavage sites of collagen
molecules that protects collagen from MMPs’ activity (Osorio et al.,
2011).

Recent studies showed that the addition of CuNp in concentrations
up to 0.1 wt% in an adhesive system provides antimicrobial properties
and preserves the bonding to dentin after 1- and 2-year of water sto-
rage, without reducing the mechanical properties of the adhesive for-
mulations (Gutierrez et al., 2017a, 2017b). On the other hand, a recent
study showed that the addition of ZnONp in concentration of 5 wt%
into a dental adhesive increases its antimicrobial properties without
affecting their bond strength (Saffarpour et al., 2016). Likewise, the
incorporation of ZnONp in concentration of 1 wt% in an adhesive
system preserves the bonding to dentin after 6-months, without redu-
cing the mechanical properties of the adhesive (Barcellos et al., 2016).
Moreover, formulations also resulted in the formation of apatite crys-
tallites on the collagen fibrils, favoring dentin mineralization, reducing
MMP-mediated collagen degradation (Toledano et al., 2012), may in-
hibit dentin demineralization (Takatsuka et al., 2005), and may pro-
mote enamel remineralization (Lynch et al., 2011). However, to extent
of our knowledge, the effect of combination of zinc oxide and copper
nanoparticles (ZnO/CuNp) incorporated in the same dental adhesive
has never been evaluated, as well as, the properly concentration of each
one. This is important, because any change in the well-balanced che-
mical composition of the universal adhesive systems could imply pos-
sible mechanical and physico-chemical failures, as well as biological
hazards.

Therefore, considering the importance of studying the bonding
procedures to caries-affected dentin, in order to find alternative ap-
proaches in the context of decreasing/retarding hybrid layer degrada-
tion, this in vitro study was designed to investigate the MMP inhibition
of the ZnO/CuNp, and the effects of their addition in different con-
centrations into two commercial universal adhesive systems on the
antimicrobial activity, ultimate tensile strength, in vitro degree of con-
version, as well as, microtensile bond strength, nanoleakage, micro-
leakage evaluation by confocal laser scanning microscopy and in situ
degree of conversion in the resin-caries-affected dentin interface.

2. Materials and methods

2.1. Anti-MMP activity

In this study were used ZnONp and CuNp (SkySpring
Nanomaterials, Inc., Houston, TX, USA; www.ssnano.com). The prop-
erties of ZnONp and CuNp are shown in Table 1. MMP activity assays
were conducted using recombinant MMP-2, MMP-8 and MMP-9 with
MMP fluorometric assay kits (SensoLyte assay kits; AnaSpec, Fremont,
CA, USA) following manufacturer's recommendations. The ZnO/CuNp
at concentrations of 5% zinc and 0.1% copper (5/0.1) and 5% zinc and
0.2% copper (5/0.2), and active MMPs (pre-incubated with 10mM of
amino-phenyl mercuric acetate (APMA)) were mixed with 5-FAM/
QXLTM 520 fluorescence resonance energy transfer (FRET) peptide
substrate in assay buffer using 96 well plates. For the intact FRET
peptide, the fluorescence of 5-FAM was quenched by QXL 520. Upon
cleavage into 2 separate fragments by MMPs, the fluorescence of 5-FAM
was recovered and monitored at excitation/emission wavelengths
(490/520 nm, respectively). After 1 h of incubation, the fluorescence
signal was read by a micro-plate reader (Synergy HT; Bio-Tek Instru-
ment Inc., Winooski, VT, USA) (Hashimoto et al., 2015) an expressed as
relative fluorescent units (RFU). Diluted active MMPs were used as
positive controls; 25 μM Ilomastat was used as inhibitor control, and
test compound controls with no MMP were added to assess their auto-
immunofluorescence. Six samples of each group were conducted for
each MMP assay.

2.2. Formulation of the experimental adhesives

It was formulated experimental adhesives using two universal ad-
hesive systems: Prime&Bond Active (Dentsply-Sirona, Konstanz, Baden-
Württemberg, Germany) and Ambar Universal (FGM Prod. Odont. Ltda,
Joinville, SC, Brazil). Six experimental adhesives systems were for-
mulated according to the addition of different concentrations of ZnO
and CuNp for each commercial universal adhesive (wt%): 0% (control,
commercial material); 5/0.1% and 5/0.2%. The incorporation to the
adhesive solution was done in a dark room with a motorized stirrer
(Gutierrez et al., 2017b).

2.3. In vitro antimicrobial activity

Pure culture was obtained by culturing Streptococcus mutans (S.
mutans) ATCC 25175 in brain heart infusion broth (BHI, Difco
Laboratories, Detroit, MI, USA) for 72 h at 37 °C (Gutierrez et al.,
2017b). Then, 100 μL of the bacterial suspension was swabbed onto BHI
to create the lawn (Gregson et al., 2012; Huang et al., 2012). Disk
diffusion method was used to measure S. mutans sensitivity to the ad-
hesive groups (described in the last paragraph). Filter paper discs of

Table 1
Zinc oxide and Copper Nanoparticles Specifications.

Type of particles/batch number/
manufacturer

Specifications

Zinc oxide nanoparticles (ZnO)8410DL
Skyspring Nanomaterials, Inca

Purity: 99.8% trace metals basis
Appearance: White-yellow
nanopowder
Average Particle Size: 10–30 nm
Specific Surface Area: 30–50m2/g

Copper nanoparticles (Cu)
0820XH
Skyspring Nanomaterials, Inca

Purity: 99.9% trace metals basis
Appearance: Black nanopowder
Average Particle Size: 40–60 nm
Specific Surface Area: ~12m2/g
Morphology: spherical
Bulk density: 0.19 g/cm3

True density: 8.9 g/cm3

a www.ssnano.com.
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6mm diameter were prepared from Whatman filter paper No. 1 (Sig-
ma–Aldrich, Munich, Germany), placed in a Petri dish and sterilized in
a hot air oven at 160 °C for 2 h. Thereafter, discs were impregnated
according to the following: 1) with 20 μL of each of the experimental
adhesive, evaporating the solvent and placed immediately over the
plates, without polymerization; and 2) with 20 μL of each of the ex-
perimental adhesive, evaporating the solvent and light-cured for 20 s
with a LED light source at 1000mW/cm2 (VALO, Ultradent Products,
South Jordan, UT, USA), and placed immediately over the plates. The
plates were incubated in an anaerobic jar (5% CO2) for 48 h at 37 °C.
The inhibition zones (mm) were measured with a digital caliper to the
nearest 0.1mm (Absolute Digimatic, Mitutoyo, Tokyo, Japan). Three
samples of each adhesive groups were tested.

2.4. Ultimate tensile strength

A metallic matrix with an hourglass shape (10mm long, 2mm wide,
1mm deep and a cross-sectional middle area of approximately
1.5 mm2) was employed for the construction of the specimens. After
isolating the metallic matrix with a very thin layer of petroleum jelly,
we dispensed the adhesive until completely fill the mold. All visible air
bubbles trapped in the adhesive specimens were carefully removed with
a brush (Cavibrush, FGM Prod. Odont. Ltda, Joinville, SC, Brazil). An
air stream was applied for solvent evaporation for 40 s at a distance of
10 cm.

Under a plastic matrix strip, the adhesive specimens were light-
cured for 40 s with a LED light source at 1000mW/cm2 (VALO,
Ultradent Products, South Jordan, UT, USA), in close contact with each
hourglass-like specimen. After polymerization, the specimens were re-
moved from the mold, and polished with 600-grit SiC paper in order to
remove the adhesive excesses and the oxygen-inhibition layer.

We tested half of the sample 24 h after preparation and the other
half 28 days after water storage at 37 °C. The cross-sectional area of
each stick was measured with the digital caliper to the nearest 0.01mm
and recorded for subsequent calculation of the ultimate tensile strength
values (Absolute Digimatic, Mitutoyo, Tokyo, Japan). It was attached
each specimen to a modified device with cyanoacrylate resin (IC-Gel,
bSi Inc., Atascadero, CA, USA) and subjected it to a tensile force at
0.5 mm/min. Five specimens were tested per group.

2.5. In vitro degree of conversion

One drop (10 μL) of the adhesive solution was individually placed
between acetate strips to achieve a thin adhesive film of approximately
8mm in diameter. Before covering the drops of adhesive with the upper
acetate strip, they were gently air-dried with a dry stream (10 s at a
distance of 10 cm) to allow solvent evaporation. After covering the
drops of adhesive with the upper acetate strip, each specimen was
photo-activated for 10 s at 1000mW/cm2 (VALO, Ultradent Products,
South Jordan, UT, USA) and carefully removed from the acetate strip
with a narrow surgical knife and stored for 24 h in a dark, dry en-
vironment until analysis.

A Fourier Transformed Infrared (FTIR; IRPrestige-21, Shimadzu,
Tokyo, Japan) spectrum of the polymerized specimens and un-
polymerized material was recorded. The spectrum was obtained with
32 scans at 1 cm−1 resolution by a transmission method. The percen-
tage of unreacted carbon–carbon double bonds (%C]C) was de-
termined from the ratio of absorbance intensities of aliphatic C]C
(peak height at 1639 cm−1) against an internal standard before and
after specimen polymerization. The aromatic carbon–carbon bond
(peak height at 1609 cm−1) absorbance was used as an internal stan-
dard. The degree of conversion was determined by subtracting the
%C]C from 100%. Three specimens were tested for each group.

2.6. Teeth preparation and bonding procedures

Eighty-four caries-free extracted human third molars, collected from
patients with age ranging from 18 to 35 years old were used. The teeth
were collected after the patient's informed consent. The University
Ethics Committee approved this study under protocol number
2.399.496. Teeth were disinfected in 0.5% chloramine, stored in dis-
tilled water and used within 3 months after extraction. A flat dentin
surface was exposed on each tooth after wet grinding the occlusal en-
amel with 180-grit SiC paper.

2.6.1. Microbiological caries induction
The external surface of each specimen was covered with one layer of

epoxy resin (Araldite, Brascola Ltda, São Bernardo do Campo, Brazil)
and one layer of nail varnish (Colorama Maybelline Ltda, São Paulo,
Brazil) with the exception of the occlusal surface. The teeth were
sterilized in steam autoclave (Phoenix Ind. Brasileira, Araraquara, SP,
Brazil) for 15min at 121 °C (Carvalho et al., 2009), and each tooth was
individually immersed in an 8mL falcon tube containing an artificial
caries solution. The solution contained 9.25 g of brain heart infusion
culture supplemented with 1.25 g of yeast extract, 5.0 g of sucrose, in
250mL of distilled water and 100 μL of primary culture of S. mutans
(ATCC 25175), with the pH around 4.0. The specimens were incubated
in an anaerobic jar (5% CO2) at 37 °C. At every 48 h, the specimens
were transferred to another 8mL falcon tube containing a new artificial
caries solution. After 14 days, all the specimens were again sterilized as
aforementioned and washed in deionized water (Marquezan et al.,
2009).

2.6.2. Bonding procedures
Before the bonding procedures, the surrounding enamel of all teeth

was grinding with a diamond bur nº 4137 (KG Sorensen, Barueri, São
Paulo, Brazil), until the dentin surface was exposed. Then, the occlusal
dentin surfaces were further polished with 600-grit silicon-carbide
paper for 30 s to standardize the smear layer and simulated caries-af-
fected dentin.

The adhesives were applied at etch-and rinse (ER) or self-etch (SE)
mode, as per manufacturer’ instructions (Table 2) (n=7 in ER mode
and n=7 in SE mode, per group). In ER mode, the dentin surface was
acid etched with 37% phosphoric acid for 15 s (Condac, FGM Prod.
Odont. Ltda, Joinville, SC, Brazil), water rinsed for 15 s and dried with
absorbent paper keeping the dentin surface slightly wet. After the
bonding procedures, resin composite restorations (Opallis, FGM Prod.
Odont. Ltda, Joinville, SC, Brazil) were buildup on the bonded surfaces
in 3 increments of 1.0mm thick each and each one was individually
light activated for 40 s (VALO, Ultradent Products, South Jordan, UT,
USA). A single operator carried out all bonding procedures in an en-
vironment with controlled temperature and humidity. Five teeth were
used for each experimental group.

After storage of the bonded teeth in distilled water at 37 °C for 24 h,
24 teeth were longitudinally sectioned in “x” direction across the
bonded interface with a diamond saw in a cutting machine (IsoMet
1000; Buehler, Lake Bluff, USA), under water cooling at 300 rpm to
obtain resin-dentin slices with a thickness of approximately 1.2mm2 for
nanoleakage and in situ degree of conversion test. On the other hand, 60
teeth were longitudinally sectioned in both ‘‘x’’ and ‘‘y’’ directions
across the bonded interface to obtain resin-dentin sticks with a cross-
sectional area of approximately 0.8 mm2. The number of premature
failures (PF) per tooth during specimen preparation was recorded. The
cross-sectional area of each stick was measured with the digital caliper
to the nearest 0.01mm and recorded for subsequent calculation of the
microtensile bond strength values (Absolute Digimatic, Mitutoyo,
Tokyo, Japan).
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2.7. Microtensile bond strength testing

Each stick was attached to a modified device for microtensile bond
strength test with cyanoacrylate resin (IC-Gel, bSi Inc., Atascadero, CA,
USA) and subjected to a tensile force in a universal testing machine
(Kratos, São Paulo, SP, Brazil) at 0.5mm/min. The failure mode was
evaluated under an optical microscope (SZH-131, Olympus; Tokyo,
Japan) at 40x and classified as cohesive in dentin (failure exclusive
within cohesive dentin – CD); cohesive in resin (failure exclusive within
cohesive resin – CR); adhesive (failure at resin/dentin interface – A), or
mixed (failure at resin/dentin interface that included cohesive failure of
the neighboring substrates, M). The number of premature failures (PF)
was recorded and it was not included in the average mean bond
strength.

2.8. Nanoleakage evaluation

Before performing the nanoleakage test a pilot test was conducted to
evaluate if the presence of zinc and copper in the adhesive could impair
the visualization of silver nitrate uptake. For this purpose, we per-
formed scanning electron microscopy images of resin-dentin interfaces
of all groups without immersion in silver nitrate. Even in adhesive in-
terfaces with the highest zinc (5%) or copper (0.2%) concentration,
ZnONp and CuNp were not observed using the same parameters de-
scribed above. And thus, the results of nanoleakage test reflect the
amount of silver uptake into unpolymerized areas and/or nanospaces
not infiltrated by the resin adhesive but not the presence of zinc or
copper in the hybrid layer.

After this preliminary test, all resin-dentin slices selected for this
test were coated with two layers of nail varnish applied up to within
1mm of the bonded interfaces. The resin-dentin slices were immersed
in 50 wt% ammoniacal silver nitrate solution in total darkness for 24 h,
rinsed thoroughly in distilled water, and immersed in photo developing
solution for 8 h under a fluorescent light to reduce silver ions into
metallic silver grains within voids along the bonded interface.

Specimens were mounted on aluminium stubs, polished with 1000-,
1500-, 2000- and 2500-grit SiC paper and 1 and 0.25 μm diamond paste
(Buehler Ltd., Lake Bluff, IL, USA). Then, they were ultrasonically
cleaned, air dried and gold sputter coated (MED 010, Balzers Union,
Balzers, Liechtenstein). The interfaces were observed in a scanning
electron microscope in the backscattered mode at 12 kV (VEGA 3
TESCAN, Shimadzu, Tokyo, Japan).

In a way to standardize image acquisition, five pictures were taken
of each specimen. The first picture was taken in the center of the resin-
dentin slice. The other four pictures were taken 0.3 and 0.6 mm to the
left and right of the first one. The resin-dentin slices were evaluated and
a total of two teeth were used for each experimental condition, a total
of 10 images were evaluated per group. A technician who was blinded
to the experimental conditions under evaluation took them all. The
relative percentage of nanoleakage within the adhesive and hybrid
layer areas was measured in all pictures using the public domain Image
J software, a Java-based image processing software package developed
at the National Institutes of Health (NIH) (Schneider et al., 2012).

2.9. In situ degree of conversion within adhesive/hybrid layers

All resin-dentin slices selected for this test were wet polished using
1500; 2000; 2500 and 4000-grit SiC paper for 30 s each. The specimens
were ultrasonically cleaned for 10min and positioned into micro-
Raman equipment. The DC measurements were performed in a micro-
Raman spectrometer (Bruker Optik GmbH, Ettlingen, Baden-
Württemberg, Germany). The micro-Raman spectrometer was first ca-
librated for zero and then for coefficient values using a silicon spe-
cimen. Specimens were analyzed using the following micro-Raman
parameters: 20-mW Neon laser with 532-nm wavelength, spectral re-
solution ≈1 cm−1, accumulation time of 30 s with 6 co-additions, and

magnification of 100x (Olympus UK, London, UK) to beam diameter of
≈1 μm (Hass et al., 2012, 2013; Perdigão et al., 2014). The spectra
were taken at the resin-dentin interface, in the middle of the hybrid
layer within the intertubular dentin, at five different sites for each
specimen selected at line-scan mode and the values averaged for sta-
tistical purposes. Spectra of uncured adhesives were taken as reference.
Post-processing of spectra was performed using the dedicated Opus
Spectroscopy Software version 6.5 (Bruker Optik GmbH, Ettlingen,
Baden-Württemberg, Germany).

The ratio of the double-bond content of monomer to polymer in the
adhesive was calculated according to the following formula: DC (%) =
(1 – Rcured/Runcured) x 100, where R is the ratio of aliphatic and aro-
matic peak areas at 1639 cm−1 and 1609 cm−1 in cured and uncured
adhesives.

2.10. Identification of copper within adhesive itself by EDX

Three adhesive discs of each group were produced as described for
the microbiological test. After preparation, specimens were stored in a
dark vial for 24 h and vertically sectioned in the middle with a diamond
saw in a cutting machine (IsoMet 1000; Buehler, Lake Bluff, USA),
under water cooling (at 300 rpm). Then, 4 areas of this cross-sectional
interface were observed by field emission scanning electron microscope
(FE-SEM) (MIRA 3 TESCAN, Shimadzu, Tokyo, Japan) coupled with an
energy-dispersive X-ray spectrometer (EDX) in order to evaluate the
uniform dispersion of ZnO/CuNp within the adhesive matrix (Gutierrez
et al., 2017a).

2.11. Statistical analysis

The data were first analyzed using the Kolmogorov-Smirnov test to
assess whether the data followed a normal distribution, as well as
Barlett's test for equality of variances to determine if the assumption of
equal variances was valid. After confirming the normality of the data
distribution and the equality of the variances, data for MMP activity
(RFU) and in vitro degree of conversion (%) of each adhesive were
subjected to a one-way ANOVA. Data for microbiological test (mm),
ultimate tensile strength (UTS), μTBS (MPa), nanoleakage (%) and in
situ degree of conversion (%) of each adhesive were subjected to two-
way ANOVA. Tukey's post hoc test was used for pair-wise comparisons
(α=0.05) using the Statistica for Windows software (StatSoft, Tulsa,
OK, USA).

3. Results

3.1. Anti-MMP activity

MMP-2 activity levels were significantly lower for 5/0.1 and 5/0.2
groups when compared with positive controls, showing inhibitory ac-
tivity (p < 0.01). No significant differences among 5/0.1 and 5/0.2
groups and inhibitor control were detected (p > 0.05) (Fig. 1).

MMP-8 activity levels for the 5/0.2 group were significantly lower
when compared with positive controls, showing inhibitory activity
(p < 0.01). The 5/0.1 group did not show significant inhibitory ac-
tivity (p > 0.05). Similarly, no significant differences among 5/0.1 and
5/0.2 groups and inhibitor control were detected (p > 0.05) (Fig. 1).

Finally, MMP-9 activity levels were significantly lower for 5/0.1 and
5/0.2 groups when compared with positive controls, showing inhibitory
activity (p < 0.01). The 5/0.1 group showed significantly higher ac-
tivity levels when compared with the inhibitor control and 5/0.2 groups
(p < 0.05) (Fig. 1).

3.2. Antimicrobial activity

The results of antimicrobial activity against S. mutans for the dif-
ferent concentrations of ZnO/CuNp, incorporated in universal
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adhesives systems, are shown in Table 3. When the both adhesives were
non-polymerized, all ZnO/Cu-containing solutions showed significantly
higher antibacterial properties against S. mutans significantly higher
than controls (p < 0.01). On the other hand, when the both adhesives
were polymerized, only the 5/0.2 groups showed significantly higher
antibacterial properties against S. mutans significantly higher than re-
spective controls (p < 0.05).

3.3. Ultimate tensile strength

When the ZnO/CuNp were incorporated into the Prime&Bond
Active adhesive, no significant differences among ZnO/CuNp groups
and control were observed, after 24 h or after 28-days (Table 4;
p > 0.05). A significant decrease in the ultimate tensile strength after
28-days of water storage was observed in all groups (Table 4;

p < 0.001).
For Ambar Universal adhesive, groups with ZnO/CuNp showed

higher ultimate tensile strength values than control, after 24 h and 28-
days (Table 4; p < 0.001) and no significant differences in the ultimate
tensile strength after 28-days of water storage was observed in all
groups (Table 4; p > 0.05).

3.4. In vitro degree of conversion

For in vitro degree of conversion, no significant differences among
groups were detected when the ZnO/CuNp were incorporated into the
Prime&Bond Active (Table 4; p=0.20) and Ambar Universal adhesives
(Table 4; p=0.84).

Fig. 1. Assay results for matrix metalloprotease (MMP)–2, MMP-8 and MMP-9 inhibition by zinc oxide and copper nanoparticles (ZnO/CuNp). Diluted active MMP as
positive controls (C+), 25 μM Ilomastat as inhibitor control (C-). *P < 0.05; **P < 0.01.

Table 3
Means and standard deviations of bacterial inhibition halo sizes (mm) against S. mutans, obtained in each experimental condition a.

ZnO/Cu concentration (%) Prime&Bond Active Ambar Universal

Non-polymerized Polymerized Non-polymerized Polymerized

0 (control) 9.2 ± 0.9 b 6.7 ± 0.5 c 8.1 ± 0.3 B 5.7 ± 0.4 C
5/0.1 12.9 ± 0.6 a 7.9 ± 0.7 b,c 11.1 ± 1.2 A 6.7 ± 0.8 B,C
5/0.2 13.0 ± 1.0 a 8.8 ± 0.9 b 12.0 ± 1.0 A 7.6 ± 0.6 B

a Comparisons are valid only for each adhesive. Means identified with the same capital, lowercase or uppercase letters are statistically similar. (Tukey's test,
p≥ 0.05).

Table 4
Means and standard deviations of the 24 h and 28-days ultimate tensile strength (UTS, MPa) and degree of conversion (DC, %) obtained in each experimental
condition a.

ZnO/Cu concentration (%) Prime&Bond Active Ambar Universal

24 h UTS 28-days UTS in vitro DC 24 h UTS 28-days UTS in vitro DC

0 (control) 5.97 ± 0.32 A 3.35 ± 0.34 B 52.33 ± 1.04 a 17.20 ± 1.67 A 17.00 ± 1.54 A 67.69 ± 3.70 a

5/0.1 5.77 ± 0.79 A 3.57 ± 0.40 B 54.59 ± 1.50 a 23.85 ± 1.01 B 22.94 ± 1.76 B 68.86 ± 2.09 a

5/0.2 6.97 ± 1.38 A 3.60 ± 0.66 B 55.17 ± 2.44 a 24.00 ± 0.94 B 23.85 ± 1.68 B 68.58 ± 0.92 a

aComparisons are valid only within adhesive and test. Means identified with the same capital or lowercase letter, subscript or not subscripted letters are statistically
similar. (Tukey's test, p≥ 0.05).
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3.5. Microtensile bond strength testing

For Prime&Bond Active, no significant differences were observed in
the microtensile bond strength among all groups, in both adhesive
strategies (Table 5; p > 0.05). For Ambar Universal, no significant
differences were observed in the microtensile bond strength among all
groups, when ZnO/CuNp were added (Table 5; p > 0.05). A significant
difference between adhesive strategies was observed only in control
group (Table 5; p < 0.05).

3.6. Nanoleakage evaluation of resin-dentin interfaces

For Prime&Bond Active and Ambar Universal, it was observed that
the addition of ZnO/CuNp showed lower nanoleakage values than
control, in both adhesive strategies (Table 6 and Fig. 2; p < 0.05). A
significant difference between adhesive strategies was observed for
Ambar Universal only in control group (Table 6 and Fig. 2; p < 0.001).

3.7. In situ degree of conversion within adhesive/hybrid layers

For Prime&Bond Active and Ambar Universal, no significant dif-
ferences were observed for in situ degree of conversion among all
groups, in either of the adhesive strategies (Table 7; p > 0.05). No
differences were showed between adhesive strategies in all groups, in
both adhesive system (Table 7; p > 0.05).

3.8. Identification of zinc oxide and copper within adhesive itself by EDX

Representative EDX spectrum of the adhesive specimens with 5/
0.1 wt% ZnO/CuNp (Fig. 3) shows the presence of zinc oxide and
copper in the surface and underneath the adhesive. The same pattern
was observed for all ZnO/CuNp-containing universal adhesives (data
not shown).

4. Discussion

The idea behind the incorporation of ZnONp and CuNp into ad-
hesive formulations was to add antimicrobial properties. Several studies
have shown the antimicrobial properties of ZnONp (Hernandez-Sierra
et al., 2008) and CuNp (Amiri et al., 2017) when evaluated alone, or
when dental adhesives were doped with ZnONp (Saffarpour et al.,

2016) or CuNp (Gutierrez et al., 2017a, 2017b), but there is not much
evidence about the antimicrobial effects of combination of both nano-
particles. A recent study showed antibacterial effects of the combina-
tion of zinc and copper nanoparticles in aqueous solution against Sta-
phylococcus aureus (Wang et al., 2016), however to extent of our
knowledge, this is the first study that observe an antibacterial effect
when both nanoparticles were added together in a dental adhesive.

In the current study it was observed that, when the adhesives were
non-polymerized, all ZnO/Cu-containing solutions showed antibacterial
properties against S. mutans significantly higher than control. On the
other side, only 5/0.2 ZnO/CuNp groups showed antibacterial proper-
ties significantly higher than respective control when the adhesives
were polymerized.

The higher antibacterial properties against S. mutans of 5/0.2
groups than respective control can be explained because ZnONp and,
particularly in this case, CuNp have an antibacterial activity that is size-
and concentration-dependent (Azam et al., 2012; Padmavathy and
Vijayaraghavan, 2008; Pandiyarajan et al., 2013). As it was increasing
the concentration of CuNp twice, it may be that copper metal ions can
diffuse, and eventually, entrain zinc oxide metal ions, despite the thin
layer of adhesive present in the filter disc.

Several mechanisms have been proposed by which the ZnONp and
CuNp could exert their antimicrobial effect (Dizaj et al., 2014; Palza,
2015; Sabella et al., 2014). A more recent theory is called “Trojan horse
effect”, where due to endocytosis processes, the acidic lysosomal en-
vironment (pH 5.5) is capable of promoting catalyzed radical formation
and nanoparticles degradation/corrosion, which converts core metals
to ions and therefore toxic substances (Sabella et al., 2014). Never-
theless, the possible synergistic antibacterial mechanisms of the mul-
ticomponent metal ions-containing require further investigations. It
worth to mention that, although the antibacterial properties of both
adhesives in the 5/0.2 ZnO/CuNp groups, it was showed in a previously
study that, in this concentration the adhesive was not highly cytotoxic
(Gutierrez et al., 2019).

Recent studies have shown that the incorporation of ZnONp (Garcia
et al., 2016) and CuNp (Gutierrez et al., 2017b) into dental adhesives
not influence negatively the ultimate tensile strength. In the current
study, agreeing with these results, when the ZnO/CuNp were in-
corporated into the Prime&Bond Active adhesive, we can observe that
no significant differences among ZnO/CuNp groups and control were
observed, after 24 h and after 28-days. However, a significant decrease
in UTS values after 28-days of water storage was observed in all groups.
This could be explained by the presence of dipentaerythritol penta ac-
rylate monophosphate (PENTA), a very hydrophilic resin monomer
which contribute to a higher water sorption (Gutierrez et al., 2019),
what could counteract the catalytic effect of copper, explaining why the
addition of ZnO/CuNp does not improve the UTS values after 24 h and
after 28d. In addition to that, the addition of 5/0.1 and 5/0.2 ZnO/
CuNp increased the solubility of the Prime&Bond Active adhesive
(Gutierrez et al., 2019) by the presence of isopropanol, a highly water-
soluble solvent (NCBI, 2018 in the adhesive composition (Dentsply
Sirona, 2017), what along with the greatest water sorption makes the
material more prone to early degradation and affecting negatively the
resistance UTS values after 28d in all groups. On the other hand, when
the ZnO/CuNp were incorporated into the Ambar Universal adhesive,

Table 5
Means and standard deviations of microtensile bond strength (MPa) obtained in each experimental conditiona.

ZnO/Cu concentration (%) Prime&Bond Active Ambar Universal

Etch-and-rinse Self-etch Etch-and-rinse Self-etch

0 (control) 27.7 ± 5.9 A 30.6 ± 3.4 A 30.3 ± 2.54 a 18.9 ± 6.3 b
5/0.1 28.3 ± 5.3 A 29.0 ± 6.4 A 30.1 ± 5.45 a 24.4 ± 3.4 a,b
5/0.2 27.2 ± 5.0 A 30.7 ± 4.3 A 33.6 ± 5.52 a 24.9 ± 2.8 a,b

a Comparisons are valid only within adhesive. Means identified with the same capital or lowercase letter are statistically similar. (Tukey's test, p≥ 0.05).

Table 6
Means and standard deviations of nanoleakage (%) obtained in each experi-
mental conditiona.

ZnO/Cu
concentration
(%)

Prime&Bond Active Ambar Universal

Etch-and-rinse Self-etch Etch-and-rinse Self-etch

0 (control) 13.1 ± 2.7 A 14.0 ± 2.7 A 13.2 ± 4.1 a 7.2 ± 2.7 b
5/0.1 8.1 ± 1.6 B 8.5 ± 1.4 B 4.0 ± 1.3 b,c 3.2 ± 1.1 c
5/0.2 7.3 ± 1.8 B 7.3 ± 1.6 B 3.4 ± 1.3 c 3.0 ± 0.6 c

a Comparisons are valid only within adhesive. Means identified with the
same capital or lowercase letter are statistically similar. (Tukey's test,
p≥ 0.05).
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groups with ZnO/CuNp showed higher ultimate tensile strength values
than control, after 24 h and 28-days. This could be explained for the
catalytic effect of copper, that form a tough and low stress homo-
geneous glassy crosslinked network in the adhesive (Song et al., 2016).

On the other hand, several studies have demonstrated the MMP
inhibitory properties of zinc (Osorio et al., 2011) and copper (Jun et al.,
2018), but no study had previously demonstrated the MMP inhibitory
potential of the combination of both ions. In the current study it was
demonstrated that the combination of ZnONp and CuNp inhibits MMP-
2, MMP-8 and MMP-9, proteolytically active during the carious process
(Mazzoni et al., 2015), what would help maintain the stability of the
interface to caries-affected dentin interface over time. In this sense, for
both universal adhesive systems, all ZnO/CuNp groups showed similar
values of resin-caries-affected dentin bond strength than control, which

Fig. 2. Representative back-scattering SEM images of the resin–caries-affected dentin interfaces according to the different experimental conditions. In the ZnO/CuNp-
containing adhesive groups (C–F for Prime&Bond Active and I-L for Ambar Universal) we can see lower silver nitrate deposition than the control groups (A-B for
Prime&Bond Active and G-H for Ambar Universal) (white stains indicated by white pointer). (Co= composite; HL=hybrid layer and De= dentin).

Table 7
Means and standard deviations of the in situ degree of conversion within ad-
hesive/hybrid layer (%) obtained in each experimental conditiona.

ZnO/Cu
concentration
(%)

Prime&Bond Active Ambar Universal

Etch-and-rinse Self-etch Etch-and-rinse Self-etch

0 (control) 54.5 ± 2.9 A 53.4 ± 3.8 A 63.4 ± 1.3 a 62.4 ± 2.2 a
5/0.1 55.0 ± 0.8 A 55.5 ± 1.8 A 65.9 ± 2.7 a 63.6 ± 3.6 a
5/0.2 54.5 ± 2.6 A 55.4 ± 7.2 A 65.2 ± 4.5 a 65.3 ± 2.1 a

a Comparisons are valid only within adhesive. Means identified with the
same capital or lowercase letter are statistically similar. (Tukey's test,
p≥ 0.05).

Fig. 3. EDX spectrum of the body of a representative adhesive specimen with 5/0.1 wt% ZnO/CuNp. EDX spectra from different selected area of the adhesive body
outlined by a magenta rectangle in. The figure table summarizes the elemental composition of the sample area outlined.
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agrees with a recent systematic review and meta-analysis, which
mentions that the use of MMP inhibitors did not affect the immediate
bond strength, while it influenced the aged bond strength. Therefore,
studies that evaluate resin-caries-affected dentin bond strength over
time are necessary. When all adhesives were used in etch-and-rinse
application mode, values between 27.2 and 33.6MPa were observed
(27.2–27.7 for PBA and 30.1–33.6 for AMB), whereas when they were
used in self-etch application mode, values between 18.9 and 30.7MPa
(29.0–30.7 for PBA and 18.9–24.9 for AMB) were observed. These re-
sults are consistent with previous studies realized on caries-affected
dentin, when the adhesives were used in the etch-and-rinse or self-etch
strategy (Isolan et al., 2018).

More interesting were the nanoleakage and microleakage results.
These tests reveal the location of defects at the resin-dentin interface
that may serve as pathways for degradation of resin-dentin bonds over
time. Silver nitrate ions used to trace nanoleakage or fluorescein so-
dium salt used for microleakage, occupy spaces around unprotected
collagen fibrils, where resin failed to infiltrate or where residual water/
solvent were not displaced by the adhesive resin. In the current study it
was observed that for both adhesives, independently of the application
mode, there was a significant decrease in nanoleakage. This could be
explained because copper can increase the strength of the collagen
network, one of the components of the hybrid layer, because the col-
lagen cross-linking enzyme, lysyl oxidase (LOX), is copper dependent
(Marelli et al., 2015; Rucker et al., 1998) and thus copper has an in-
direct effect as a cross-linking agent. Other study showed that, the in-
corporation of ZnO has resulted in the formation of apatite crystallites
on the collagen fibrils, favoring dentin mineralization (Toledano et al.,
2013) and improved the cross-linking effect. This cross-linker action of
both nanoparticles may increase the resistance of collagen, leaving it
less susceptible to the effects of proteolytic enzymes, indirectly de-
creasing the immediate nanoleakage, as well as previously showed by
adhesive-containing CuNp (Gutierrez et al., 2017a, 2017b) and ZnO
alone (Toledano et al., 2017).

Because the characteristics of caries-affected dentin, like altered
cross-striated pattern of organic matrix of the collagen fibrils and non-
collagenous proteins, and an increased porosity (Tjäderhane et al.,
2015), resulting in increased dentin humidity and significantly reduced
dentin mechanical properties (Ito et al., 2005; Tjäderhane, 2019), in
addition to the characteristics of universal adhesives, which are ulti-
mately simplified adhesives that act as permeable membranes to
dentinal moisture, adhesive restorations on caries-affected dentin is
challenging for clinicians, what makes essential and vitally important
the development of materials with antibacterial, enzymatic inhibitors
and cross-linker properties, in order to increase the durability of the
adhesive/caries-affected dentin interface, without compromising the
mechanical properties of the adhesive (Cocco et al., 2015).

Recent studies have shown that the incorporation of ZnONp (Garcia
et al., 2016) or CuNp (Gutierrez et al., 2017a, 2017b) into dental ad-
hesives not influence negatively the mechanical properties of the ad-
hesive itself, as well as, observed in the ultimate tensile strength results
of the present study. However, a significant decrease in mechanical
properties values after 28-days of water storage was observed in all
groups for Prime&Bond Active adhesive. It can be explained by the
presence of dipentaerythritol penta acrylate monophosphate (PENTA),
a highly hydrophilic resin monomer which contribute to a higher water
sorption (Gutierrez et al., 2019), making the material more prone to
early degradation and affecting negatively the resistance ultimate ten-
sile strength values. On the other hand, when the ZnO/CuNp were in-
corporated into the Ambar Universal adhesive, groups with ZnO/CuNp
showed higher ultimate tensile strength values than control, after 24 h
and 28-days. This could be explained for the catalytic effect of copper,
that form a tough and low stress homogeneous glassy crosslinked net-
work in the adhesive (Song et al., 2016). In addition, for both adhesive
systems, the incorporation of ZnO/CuNp not negatively influenced the
in vitro and in situ degree of conversion. The similar degree of

conversion of the experimental groups compared to control is probably
due to the fact that ZnONp and CuNp shown to have a good compat-
ibility with chemicals when added to methacrylate polymer and ad-
hesives systems.

As limitations of this study, we can mention that, although the re-
sults of the present study showed significant increases in antimicrobial
activity against S. mutans, it is not clear whether this difference is
clinically relevant. In addition, the results of the current study do not
demonstrate a broad-spectrum antibacterial effect, just as we cannot
mention these results as a definitive solution to the process that causes
secondary caries. Moreover, the limitations of caries microbiological
induction models in their desire to simulate caries-affected dentin that
we observe clinically are well known. However, we believe that the
addition of antimicrobial properties to adhesive systems could be an
alternative to avoid the appearance of secondary caries, understanding
that it is a complex and multifactorial process, being an important step
in the search for solutions to the process mentioned above. In this
context, new studies that improve the previously existing models of
artificial caries induction, as well as long term studies in order to cor-
roborate the antibacterial and anti-MMP properties, verifying the clin-
ical relevance of these results.

Thus, the present study was capable to demonstrate that the addi-
tion of zinc oxide and copper nanoparticles to two universal adhesive
systems could provide them antimicrobial activity against S. mutans and
anti-MMP properties, without negative influence on the mechanical
properties, improving the quality of resin/caries-affected dentin inter-
face.

5. Conclusions

The addition of zinc oxide and copper nanoparticles in concentra-
tions up to 5/0.2 wt% in two universal adhesive systems is a feasible
approach and may be an alternative to adhesive interfaces with anti-
microbial activity against S. mutans and improves the integrity of the
hybrid layer on caries-affected dentin.
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