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A B S T R A C T

Objectives: To evaluate the effect of addition of zinc oxide and copper nanoparticles (ZnO/CuNp) into universal
adhesives, on antimicrobial activity (AMA), cytotoxicity (CTX), water sorption (WS) and solubility (SO), mi-
crohardness (MH) and in vitro degree of conversion (DC), as well as resin-dentin microtensile bond strength
(μTBS), nanoleakage (NL) and in situ DC.
Methods: ZnO/CuNp (0% [control]; 5/0.1 and 5/0.2 wt%) were added in Prime&Bond Active (PBA) and Ambar
Universal (AMB). The AMA was evaluated against Streptococcus mutans. For CTX, Saos-2 cell-line was used. For
WS and SO, specimens were tested for 28d. For MH, specimens were tested after 24 h and 28d and for in vitro DC,
specimens were evaluated after 24 h. After, the adhesives were applied to flat dentine surfaces, composite resin
build-ups, specimens were sectioned to obtain resin–dentine sticks. It was evaluated in μTBS, NL and in situ DC
after 24 h of water storage. ANOVA and Tukey’s test were applied (α= 0.05).
Results: The addition of 5/0.2 ZnO/CuNp increase AMA and WS, but decrease the SO when compared to control
(p < 0.05). The CTX and μTBS were maintaining with adhesive-containing ZnO/CuNp (p > 0.05). MH, in vitro
DC and in situ DC was significant increase (AMB) or maintaining (PBA) with ZnO/CuNp addition. However,
significantly lower NL was observed for ZnO/CuNp groups (p < 0.05).
Conclusions: The addition of ZnO/CuNp in the tested concentrations in universal adhesive systems may be an
alternative to provide antimicrobial activity and improves the integrity of the hybrid layer, without jeopardizing
biological, adhesives and mechanical properties.
Significance: This is the first study that demonstrates that the addition of zinc oxide and copper nanoparticles in
concentrations up to 5/0.2 wt% in two universal adhesive systems is a feasible approach and may be an alter-
native to adhesive interfaces with antimicrobial properties and less defects in the resin-dentin interface.

1. Introduction

Composite resins are increasingly gaining more space in restorative
dentistry, offering such advantages as aesthetics and less invasive pre-
paration techniques [1,2]. However, the lack of durable dental

adhesives and secondary caries are considered one of the main pro-
blems with contemporary adhesive restorations, negatively affecting
their clinical success [2,3]. On the other hand, removal of composite
resins leads to loss sound tooth structure, increasing cavity volume and
needing a more complex restoration [4]. Thus, this reduced longevity
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and replacement of these restorations for more complex ones results in
millions of dollars spent annually on dental care [5,6].

Thus, the adhesive/dentin interface can be considered the weak link
in the composite restoration [3]. Two factors related to adhesive/dentin
interface degradation are highlighted: the hydrolytic degradation over
time of the polymer present in the hybrid or adhesive layers, and a
poorly infiltrated hybrid layer with unprotect collagen fibers, that could
be hydrolyzed by host-derived matrix metalloproteinase (MMPs) and
cysteine cathepsines (CTs) [7,8]. These enzymes are activated by pH
changes relevant to acid etching process and/or by an acidic pH
brought about by lactate release from cariogenic bacteria, indicating
the role of bacterial acids in the process [9,10]. This is why the de-
velopment of materials with antibacterial and MMPs/CTs inhibitors
properties becomes so important, in order to increase the durability of
the adhesive/dentin interface, without compromising the mechanical
properties of the adhesive formation [11,12].

In recent years, metallic nanoparticles have been highlighted among
the most promising agents with antibacterial properties, which exhibit
biocidal activities at exceptionally low concentrations [13]. In this
sense, copper nanoparticles (CuNp) have been shown to be effective
against gram-positive and gram-negative bacteria [14]. In addition to
important 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 MMPs. Several studies showed that copper
has the ability to inhibit the dentin MMP-2, and to stimulate the se-
cretion of tissue inhibitors of MMPs (TIMPs), causing lower degradation
pattern in the resin/dentine interface [15,16]. Otherwise, zinc oxide
nanoparticles (ZnONp) can promote subtle conformational in col-
lagenase cleavage sites in collagen molecules that protects collagen
from MMP’s activity [17].

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 storage,
without reducing the mechanical properties of the adhesive formula-
tions [18,19]. Likewise, the incorporation of ZnONp in an adhesive
system preserves the bonding to dentin after 6-month, without reducing
the mechanical properties of the adhesive [20]. Moreover, formulations
also resulted in the formation of apatite crystallites on the collagen fi-
brils, favoring dentin mineralization, reducing MMPs-mediated col-
lagen degradation [17,21], may inhibit dentin demineralization [22],
and may promote enamel remineralization [23].

Nevertheless, the effect of combining of ZnONp and CuNp in the
same adhesive system has not been studied, as well as, the properly
concentration of each one. This is necessary, because any change in the
well-balanced chemical composition of adhesive systems could imply
possible mechanical and physico-chemical failures and biological ha-
zards [20].

Therefore, we designed this in vitro study to investigate the effect of
adding different concentrations of zinc oxide and copper nanoparticles
(ZnO/CuNp) into two commercial universal adhesive systems on the
antimicrobial activity, cytotoxicity, water sorption and solubility, mi-
crohardness, in vitro degree of conversion, as well as immediate resin-
dentine microtensile bond strength, nanoleakage and in situ degree of
conversion.

2. Materials and methods

2.1. Characterization of zinc oxide and copper nanoparticles

The ZnONp and CuNp (SkySpring Nanomaterials, Inc., Houston, TX,
USA; www.ssnano.com) were characterized by field emission scanning
electron microscope (FE-SEM), atomic force microscopy (AFM), and
energy dispersive X-ray (EDX) analysis. The ZnONp and CuNp nano-
particles properties are shown in Table 1.

2.2. Formulation of the experimental adhesives

We formulated experimental adhesives using two universal adhesive
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/
CuNp for each commercial universal adhesive (wt%): 0% (control,
commercial material); 5% zinc and 0.1% copper (5/0.1); 5% zinc and
0.2% copper (5/0.2). These concentrations were used based on previous
literature [18–21] and results from a pilot study (not showed data). The
incorporation to the adhesive solution was done in a dark room with a
motorized stirrer [19].

2.3. Antimicrobial activity

Pure culture was obtained by culturing Streptococcus mutans (S.
mutans) ATCC 25175 in brain heart infusion (BHI) broth (Difco
Laboratories, Detroit, MI, USA) for 72 h at 37 °C [19]. Then, 100 μL of
the bacterial suspension was swabbed onto BHI agar plates (Difco La-
boratories, Detroit, MI, USA) to create the lawn [24]. Disk diffusion
method was used to measure S. mutans sensitivity to the adhesive
groups (described above) and to an aqueous solution of nanoparticles in
the same concentrations described for the experimental adhesives (0%
[control, distilled water]; 5/0.1 and 5/0.2). Filter paper discs of 5mm
diameter were prepared from Whatman filter paper No. 1, 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 aqueous solution and placed immediately over the plates
and; 2) with 20 μL of each of the experimental 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 and aqueous solution were
tested.

2.4. In vitro cytotoxicity

2.4.1. Cell culture
Osteoblast-like cell line Saos-2 (ATCC® HTB-85™) was used for de-

termination of cytotoxicity of adhesive groups and only nanoparticles in
an aqueous solution such described for antimicrobial activity test. Saos-
2 cells were cultured in Dulbecco's Modified Eagle's Medium (DMEM;
Thermo Fisher Scientific, Dreieich, Germany) supplemented with 10%

Table 1
Zinc oxide and Copper Nanoparticles Specifications.

Type of particles/batch number/
manufacturer

Specifications

Zinc oxide nanoparticles (ZnO) 8410DL
Skyspring Nanomaterials, Inc*

Purity: 99.8% trace metals basis
Appearance: White-yellow
nanopowder
APS: 10-30 nm
SSA: 30-50 m2/g

Copper nanoparticles (Cu) 0820XH
Skyspring Nanomaterials, Inc*

Purity: 99.9% trace metals basis
Appearance: Black nanopowder
APS: 40-60 nm
SSA: ∼12 m2/g
Morphology: spherical
Bulk density: 0.19 g/cm3

True density: 8.9 g/cm3

APS, Average Particle Size; SSA: Specific Surface Area.
(*) www.ssnano.com.
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Fetal Bovine Serum (FBS; BI Biological Industries) and 1% penicillin-
streptomycin solution (Thermo Fisher Scientific), in a humidified at-
mosphere containing 5% CO2 and 95% air at 37 °C [25]. Medium was
changed every 2–3 days. After reaching confluence the cells were wa-
shed with Dulbecco's phosphate buffered saline (PBS; Thermo Fisher
Scientific) and detached with trypsin-EDTA 0.05% for 5min (Thermo
Fisher Scientific). A cell fraction was stained with a trypan blue solution
(Sigma–Aldrich, Munich, Germany) and counted in a hemocytometer,
for then plating the desired cell number.

2.4.2. Cell stimulation
All stimulation experiments were performed in 96-well plates in

triplicate. All experiments were repeated for at least three times. In
brief, we seeded 10,000 cells per well, that render a 70% confluence
24 h after seeding. Cells were incubated with three different dilutions
(1, 0.1, and 0.01 v/v%) of adhesive groups and aqueous solutions in
100 μl cell culture medium for 24 h at 37 °C [25]. Incubation with plain
culture medium was used as 100% viability control, while 20% me-
thanol was used as an apoptosis control.

2.4.3. Assessment of cytotoxicity using MTT assay
Cell cytotoxicity was determined using the Vybrant® MTT Cell

Proliferation Assay Kit (Thermo Fisher Scientific). After stimulation for
24 h, the medium was removed and replaced with 100 μL of fresh cul-
ture medium. Ten μL of 12mM MTT stock solution (prepared according
to manufacturer´s instructions) were added to each well, and incubate
at 37 °C for 2 h. After that, 100 μL of SDS-HCl solution (prepared ac-
cording to manufacturer´s instructions) were added to each well and
thoroughly mixed by pipetting. The microplate was incubated at 37 °C
for 4 h, followed by the measurement of absorbance at 490 nm with a
670 nm-correction wavelength in a microplate reader. Cell viability was
calculated and normalized to control experiments (=100%).

2.5. Water sorption and solubility

The ISO specification 4049 helped determine water sorption and
solubility [26], except for specimens’ dimensions. After isolating a
metallic matrix (5.8mm diameter, 1.0mm thick) 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
disc-like specimen. After polymerization, the specimens were removed
from the mold and polished with 600-grit SiC paper in order to remove
the adhesive excesses and the oxygen-inhibition layer. Five adhesive
discs of each group were made.

Immediately after polymerization, we placed the specimens in de-
siccators, transferred them to a pre-conditioning oven at 37 °C, and left
them undisturbed for 5 days. After that, we weighed them at 24 h in-
tervals until the daily variation of mass dropped below 0.2mg (m1). A
digital caliper measured specimens’ thickness and diameter (Absolute
Digimatic, Mitutoyo) for calculation of the volume (V) of each specimen
in mm3. Ten specimens were produced for each group.

We then placed each specimen in a sealed Eppendorf containing
10mL of distilled water (pH 7.2) at 37 °C. After fixed time intervals of 1
to 8 h, and 1 to 7, 14, and 28 days of storage, we removed the
Eppendorfs from the oven and left them at room temperature for
30min. The specimens were washed in running water, gently wiped
with a soft absorbent paper and weighed in an analytical balance (m2).
After that, they were returned to the vials with 10mL of fresh water.
After the 28-day storage time, desiccators containing fresh silica gel in
an oven dried the specimens at 37 °C, where they remained undisturbed

for 5 days or until the daily weighing variations dropped below 0.2mg.
At this moment, the specimens were weighted again in an analytical
balance (m3). The initial mass determined after the first desiccation
process (m1) was used to calculate the change in mass after each fixed
time interval, during the 28 days of storage in water. Changes in mass
were plotted against the storage time in order to obtain the kinetics of
water absorption during the entire period of water storage.

Water sorption and solubility over the 28 days of water storage were
calculated using the following formula: Water sorption = (m2 − m3)/V
and Solubility = (m1 − m3)/V.

2.6. Knoop microhardness

Five adhesive discs of each group were produced as described for
water sorption and solubility test. After preparation, specimens were
stored in a dark vial for 24 h and 28 days before microhardness mea-
surement. Specimens were then taken to an HMV-2 microhardness
tester (Shimadzu; Tokyo, Japan) equipped with a Knoop indenter. Five
measurements were performed of each specimen with a load of 10 g for
15 s. The first measurement was performed in the center of the adhesive
disc. The other four measurements were performed 100 μm and 200 μm
to the left and right of the first one. Values obtained for the same
specimen were averaged for statistical purposes.

2.7. In vitro degree of conversion

Ten new adhesive discs of each group were produced as described
water sorption and solubility test. Specimens were stored in a wet en-
vironment for 24 h at 37 °C prior to performing the DC readings. The DC
measurements were performed in a micro-Raman spectrometer (Bruker
Optik GmbH, Ettlingen, Baden-Württemberg, Germany).

The micro-Raman spectrometer was first calibrated for zero and
then for coefficient values using a silicon specimen. Specimens were
analyzed using the following micro-Raman parameters: 20-mW Neon
laser with 532-nm wavelength, spatial resolution of ≈ 3 μm, spectral
resolution ≈ 5 cm−1, accumulation time of 20 s with 6 co-additions,
and magnification of 20x (Olympus UK, London, UK) to beam diameter
of ≈ 1 μm [47,48]. The spectra were taken at three different sites for
each specimen and the values averaged for statistical 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.

2.8. Teeth preparation and bonding procedures

Sixty caries-free extracted human third molars, collected from pa-
tients with age ranging from 18 to 35 years old were used. The teeth
were collected after the patient’s informed consent. The Ethics
Committee approved this study under protocol number 2.399.496.
Teeth were disinfected in 0.5% chloramine, stored in distilled water
and used within 3 months after extraction. A flat dentin surface was
exposed on each tooth after wet grinding the occlusal and surrounding
enamel with 180-grit SiC paper. The enamel-free, exposed dentin sur-
faces were further polished with 600-grit silicon-carbide paper for 60 s
to standardize the smear layer.

The adhesives were applied at etch-and-rinse (ER) or self-etch (SE)
mode, as per manufacturer’ instructions (Table 2). In ER mode, the
dentine 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
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wet. After the bonding procedures, resin composite blocks (Opallis,
FGM Prod. Odont. Ltda, Joinville, SC, Brazil) were buildup on the
bonded surfaces in 3 increments of 1.0 mm thick each and each one was
individually light activated for 40 s. A single operator carried out all
bonding procedures in an environment 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,
they were longitudinally sectioned in both “x’’ and “y’’ directions 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-dentine 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). The resin-dentin
sticks from each tooth were then divided as follow:

- Two sticks were used for nanoleakage evaluation.
- Two sticks were used to measure the immediate in situ degree of
conversion.

- The remaining sticks were submitted to microtensile bond strength
test.

2.9. 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.

2.10. 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
performed scanning electron microscopy (SEM) images of resin-dentin
interfaces of all groups without immersion in silver nitrate. Even in
adhesive interfaces with the highest zinc (5%) or copper (0.2%) con-
centration, ZnONp and CuNp were not observed using the same para-
meters described above. And thus, the results of nanoleakage test reflect
the amount of silver uptake into unpolymerized areas and/or nanos-
paces 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 sticks selected for this
test were coated with two layers of nail varnish applied up to within
1mm of the bonded interfaces. The resin-dentin sticks were immersed
in 50wt% 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

Table 2
Universal adhesive system (batch number), composition (*) and application mode.

Universal adhesive system (batch
number) and pH

Composition (*) Etch-and-rinse mode Self-etch mode

Prime&Bond Active
(PBA - Dentsply-Sirona,
Konstanz, Baden-
Württemberg, Germany)
(1703000452)
pH=∼2,5

Phosphoric acid modified acrylate resin,
multifunctional acrylate, bifunctional
acrylate, acidic acrylate, isopropanol, water,
initiator, Stabilizer (10-MDP and PENTA)

1. Apply phosphoric acid for 15 s. 1. Apply adhesive to completely wet the
surfaces to be treated. If necessary rewet
applicator tip. Avoid pooling of the
adhesive.

2. Remove gel with vigorous water spray and
rinse conditioned areas thoroughly for 15 s.

2. Keep the adhesive slightly agitated for
20 seconds.

3. Remove rinsing water completely by
blowing gently with an air syringe or blot dry.
Do not desiccate dentin.

3. Disperse adhesive and remove solvent
with clean, dry air from an air-water
syringe. Treat every surface with a moderate
air flow for at least 5 seconds until a glossy
and uniform layer results.

4. Apply adhesive to completely wet the
surfaces to be treated. If necessary rewet
applicator tip. Avoid pooling of the adhesive.

4. Light cure for 10 s at 1200mW/cm2

5. Keep the adhesive slightly agitated for
20 seconds.
6. Disperse adhesive and remove solvent with
clean, dry air from an air-water syringe. Treat
every surface with a moderate air flow for at
least 5 seconds until a glossy and uniform layer
results.
7. Light cure for 10 s at 1200mW/cm2

Ambar Universal
(AMU - FGM Prod.
Odontológicos, Joinville,
Santa Catarina, Brazil)
(310516)
pH=2,6 - 3,0

10-MDP, methacrylic monomers,
photoinitiators, coinitiators, stabilizers, silica
nanoparticles and ethanol

1. Apply phosphoric acid for 15 s. 1. Apply a first layer vigorously rubbing the
adhesive with the micro applicator for 10 s.

2. Wash the surface with plenty of water and
dry the cavity so that the dentin does not get
dehydrated, but without the accumulation of
water on the surface.

2. Next, apply a second layer of adhesive for
10 s, spreading the product.

3. Apply a first layer vigorously rubbing the
adhesive with the micro applicator for 10 s.

3. Evaporate excess solvent by thoroughly
air-drying with an air syringe for 10 s

4. Next, apply a second layer of adhesive for
10 s, spreading the product.

4. Light cure for 10 s at 1200mW/cm2

5. Evaporate excess solvent by thoroughly air-
drying with an air syringe for 10 s
6. Light cure for 10 s at 1200mW/cm2

(*) 10-MDP=methacryloyloxydecyl dihydrogen phosphate; PENTA=dipentaerythritol penta acrylate monophosphate.
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metallic silver grains within voids along the bonded interface.
Specimens were mounted on aluminum 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 15 kV (VEGA 3
TESCAN, Shimadzu, Tokyo, Japan).

In a way to standardize image acquisition, three pictures were taken
of each specimen. The first picture was taken in the center of the resin-
dentin stick. The other two pictures were taken 0.3mm to the left and
right of the first one. As two resin-dentin sticks per tooth were eval-
uated and a total of five teeth were used for each experimental condi-
tion, a total of 30 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) [27].

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

All resin-dentin sticks 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, spatial re-
solution of ≈ 3 μm, spectral resolution ≈ 5 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. The spectra were taken at
the resin-dentin interface, in the middle of the hybrid layer within the
intertubular dentin, at three different sites for each specimen and the
values averaged for statistical 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 cal-
culated according to the formula described earlier in the materials and
methods section in the item in vitro degree of conversion.

2.12. 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 the micro-
biological test (mm), cytotoxicity, water sorption and solubility, in vitro
degree of conversion (%) were subjected to a one-way ANOVA. Data for
microhardness (KNH) was subjected to a two-way ANOVA. The μTBS
(MPa), nanoleakage (%) and in situ degree of conversion (%) data of
each adhesive were subjected to one-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. Characterization of zinc oxide and copper nanoparticles

The FE-SEM and AFM (Fig. 1) confirm that the zinc oxide and
copper particles have a nanometer size. As demonstrated in the EDX
spectrum of a representative specimen (Fig. 2), the samples have a high

percentage of zinc (a) and copper (b) atoms, without contamination
with other elements.

3.2. Antimicrobial activity

The results of antimicrobial activity against S. mutans of the dif-
ferent concentrations of ZnO/CuNp, incorporated in distilled water and
in universal adhesives systems, are shown in Table 3. For aqueous so-
lution, all ZnO/Cu-containing solutions showed antibacterial properties
against S. mutans significantly higher than control (p= 0.001). For
both universal adhesives, only 5/0.2 groups showed antibacterial
properties against S. mutans significantly higher than respective control
(p < 0.05).

3.3. In vitro cytotoxicity

When the ZnO/CuNp were diluted in distilled water, only the 5/0.2
group showed a high cytotoxicity when compared to the control (dis-
tilled water) in the three dilutions (Fig. 3A; 1 (p < 0.01), 0.1
(p < 0.05), and 0.01 v/v% (p < 0.05) respectively). No differences
were observed between dilutions (Fig. 3A; p > 0.05). When compared
with the viability control (culture medium), no differences were ob-
served in all groups (Fig. 3A; p > 0.05)

When the ZnO/CuNp were incorporated into the Prime&Bond
Active adhesive, significantly higher cytotoxicity was observed between
5/0.1 and 5/0.2 group when compared to the control (commercial
material) only at the dilution of 0.01 v/v% (Fig. 3B; p < 0.001). Di-
lutions 0.1 and 1 v/v% showed more cytotoxicity when compared to
0.01 v/v% dilution, in all adhesive groups (Fig. 3B; p < 0.001). When
compared with the viability control (culture medium), dilutions 0.1 and
1 v/v% showed more cytotoxicity in all adhesive groups (Fig. 3B;
p < 0.05)

When the ZnO/CuNp were incorporated into the Ambar Universal
adhesive, none differences in cytotoxicity were observed between the
ZnO/CuNp concentrations and the control (commercial material) and
any of the tested dilutions (Fig. 3C; p > 0.05). Dilutions 1 and 0.1 v/v
% showed more cytotoxicity when compared to 0.01 v/v% dilution, in
all adhesive groups (Fig. 3C; p < 0.001). When compared with the
viability control (culture medium), dilutions 1 and 0.1 v/v% showed
more cytotoxicity in all adhesive groups (Fig. 3C; p < 0.01).

3.4. Water sorption and solubility

When the ZnO/CuNp were incorporated into the Prime&Bond
Active adhesive, for the 28-day cumulative water sorption, significant
higher water sorption was detected in 5/0.1 and 5/0.2 group when
compared to control (Table 4; p=0.001). For solubility, only the 5/0.2
group showed significantly higher solubility than control (Table 4;
p < 0.05).

When the ZnO/CuNp were incorporated into the Ambar Universal
adhesive, only the 5/0.2 group showed significantly higher 28-day
cumulative water sorption than control (Table 4; p < 0.01). All ZnO/
CuNp-containing Ambar Universal adhesives showed significantly
lower solubility than control (Table 4; p= 0.001).

3.5. Knoop microhardness

When the ZnO/CuNp were incorporated into the Prime&Bond
Active adhesive, no significant differences among different groups were
detected (Table 5; p= 0.63). When the ZnO/CuNp were incorporated
into the Ambar Universal adhesive, groups with ZnO/CuNp showed
higher Knoop microhardness values than control, after 24 h and 28-
days (Table 5; p < 0.01).
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3.6. In vitro degree of conversion

For in vitro degree of conversion, no significant differences among
different groups were detected when the ZnO/CuNp were incorporated
into the Prime&Bond Active adhesive (Table 5; p=0.76). When the
ZnO/CuNp were incorporated into the Ambar Universal adhesive, a
significant higher in vitro degree of conversion values were observed
when compared to control (Table 5; p < 0.001).

3.7. Microtensile bond strength testing

For both Prime&Bond Active and Ambar Universal adhesive, no
significant differences were observed in the microtensile bond strength
among all groups, in both adhesive strategies (Fig. 4A and B;
p > 0.05). The addition of different ZnO/CuNp concentrations did not
influence the microtensile bond strength.

3.8. Nanoleakage evaluation

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 (Fig. 4C and D; p < 0.001). No
difference between application mode was observed in all groups
(Fig. 4C and D; p > 0.05) (Fig. 5).

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

For in situ degree of conversion, no significant differences among
different groups and application mode were detected in Prime&Bond
Active (Fig. 4E; p=0.92). No differences were showed between ad-
hesive strategies.

For Ambar Universal adhesive, two-way ANOVA showed that ad-
hesive formulations with ZnO/CuNp showed higher degree of conver-
sion values than control in etch-and-rinse (5/0.1 and 5/0.2 groups) and

Fig. 1. Field emission scanning electron microscopy (FE-SEM) (A and C) and atomic force microscopy (AFM) (B and D) of the zinc oxide and copper nanoparticles,
demonstrating its nanometer size.
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self-etch (5/0.2 group) strategies (Fig. 4F; p < 0.05). No differences
were showed between adhesive strategies (Fig. 4F; p > 0.05).

4. Discussion

The present study was capable to demonstrate that the combination
of ZnONp and CuNp present antimicrobial properties against S. mutans.
Several studies have shown the antimicrobial properties of ZnONp [28]

and CuNp [29] as single entities against S. mutans, but there is not much
evidence on whether the combination improve the effect.

In the present study, for aqueous solution, all ZnO/CuNp combi-
nations (5/0.1 and 5/0.2) showed antibacterial properties against S.
mutans significantly higher than control, as well as, previously showed
to other bacteria [30]. These results suggest that combined metal ions-
containing aqueous solutions could have synergistic antibacterial ef-
fects. However, the underlying synergistic antibacterial mechanisms of

Fig. 2. EDX spectrum (a and c) from selected area of the zinc oxide and copper nanoparticles powder sample outlined by a magenta rectangle in (b) and (d). The
figure table summarizes the elemental composition of the sample area outlined.

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

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

0 (control) 5.73 ± 0.02 A 6.81 ± 0.54 A 5.71 ± 0.42 a
5 / 0.1 15.77 ± 0.33 B 7.79 ± 0.50 A,B 6.54 ± 0.43 a,b
5 / 0.2 17.34 ± 1.19 B 8.64 ± 0.65 B 7.38 ± 0.61 b

(*) Comparisons are valid only within column. Means identified with the same capital, lowercase or uppercase letters are statistically similar. (Tukey´s test,
p≥ 0.05).
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the multicomponent metal ions-containing require further investiga-
tions.

On the other hand, there are studies that have shown antimicrobial
activity against S. mutans of dental adhesives incorporating ZnONp [31]
and CuNp [18,19]. However, the antimicrobial capacity of ZnO/CuNp
combination incorporated in the same dental adhesive has never been
evaluated. In the current study, 5/0.2 ZnO/CuNp groups showed anti-
bacterial properties against S. mutans significantly higher than re-
spective control, despite being applied on filter paper discs with a
thickness of 180 μm, where once polymerized, it could compromise the
diffusion capacity of metal ions in that concentration. We believe that
this result could reflects faithfully what happens in the clinical practice,
simulating the thickness of the adhesive system when applying the
adhesive on the dentin surface.

Several mechanisms have been proposed by which the ZnONp and
CuNp could exert their antimicrobial effect [13,32,33]. A more recent
theory is called “Trojan horse effect”, where the acidic lysosomal en-
vironment (pH 5.5) is capable of promoting nanoparticles degradation/
corrosion, which converts core metals to ions and therefore toxic sub-
stances. Also, effect of ZnONp and CuNp do not always depend on the
bacteria internalizing the nanoparticles; these nanoparticles can locally
change microenvironments near the bacteria and produce reactive
oxygen species (ROS) or increase the nanoparticles solubility, which
can induce malfunction of other organelles, interactions with –SH
groups of key microbial enzymes, leading to denaturation of the bac-
terial proteins and DNA damage, altering DNA replication of the mi-
croorganisms [32,34,35].

In this study, viability of osteoblast-like cell line Saos-2 was tested.
Several studies have shown the potential cytotoxicity of ZnONp [36,37]
and CuNp [38,39], but little attention has been given to the effects of
co-exposure, where nanoparticles of each material may also influence
the processes or toxicity caused by the ions released by the other. In this
sense, a recent study showed that accumulation of large numbers of
ZnONp in human hepatoma cell line HepG2 [40] alters cellular

membranes and the cytotoxicity of CuNp is increased. This could ex-
plain why group 5/0.2 presented high cytotoxicity when compared to
the control (distilled water) in all dilutions.

In the case of adhesive solutions, the viability test is very important
because it has been reported that uncured biologically active in-
gredients of adhesive systems may diffuse across the subjacent dentinal
tubules and reach the pulpal tissue, and may modify pulp cell meta-
bolism when the materials are used in deep cavities in spite of a dentin
barrier [41,42]. For Prime&Bond Active and Ambar Universal adhesive,
all groups showed significantly differences when compared with the
viability control (culture medium) in the 1 and 0.1 v/v% dilutions. This
can be explained since dental adhesives are highly cytotoxic, due to the
monomers in their composition. Several studies have shown the cyto-
toxic potential of several monomers [25,43]. For instance, Prime&Bond
Active and Ambar Universal adhesive contain 10-MDP, which has been
shown exerts effects comparable to those of TEGDMA with respect to
cytotoxicity, odontoblastic differentiation and inflammatory response
in human dental pulp cells [44].

However, some differences were also observed between adhesive
systems tested. For Prime&Bond Active, no significant differences were
observed in all groups in 0.01 v/v% dilution, when compared with the
viability control. However, according to ISO 10993-5 standardization,
which mentions that if the viability is reduced to less than 70%, ma-
terial presents cytotoxic potential [45], 5/0.2 group showed cytotoxi-
city (58% of cell viability). Moreover, 5/0.1 and 5/0.2 groups showed
higher cytotoxicity when compared with control (commercial mate-
rial). These results could be explained in terms of solubility of Prime&
Bond Active, because the addition of 5/0.1 and 5/0.2 ZnO/CuNp in-
creased the solubility of the adhesive, and therefore, zinc oxide and
copper ions could diffuse and exert their combined cytotoxic effect.
This increase in solubility can be explained by the presence of iso-
propanol, a highly water-soluble solvent in the adhesive composition
[46]. However, Prime&Bond Active also showed increasing of the water
sorption with the addition of ZnO/CuNp, because there probably is not

Fig. 3. Cytotoxicity of aqueous solution (A), Prime&Bond Active (B) and Ambar Universal (C) containing zinc oxide and copper nanoparticles in Saos-2 cells. Cells
were incubated with three different dilutions (0.01, 0.1, and 1 v/v%) of aqueous solutions and adhesive groups in cell culture medium. Comparisons are valid only
within solution/adhesive. Mean ± SEM were calculated. Means identified with the same letter are statistically similar. (Tukey´s test, p≥ 0.05). Means identified
with equals sign (=) are statistically similar with viability control (100%). (Dunn´s test, p≥ 0.05).

Table 4
Means and standard deviations of the water sorption (μg/mm3) and solubility (μg/mm3) after 28-day water storage obtained in each experimental condition (*).

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

Water sorption Solubility Water sorption Solubility

0 (control) 260.52 ± 16.09 A 92.82 ± 7.75 a 110.75 ± 9.93 A 140.19 ± 12.96 a
5 / 0.1 323.72 ± 43.30 B 99.05 ± 6.44 a,b 118.19 ± 8.76 A,B 71.12 ± 8.34 b
5 / 0.2 374.77 ± 22.66 C 107.01 ± 11.66 b 125.68 ± 8.68 B 73.27 ± 6.11 b

(*) Comparisons are valid only within column. 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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a good chemical mixture between the nanoparticles and the adhesive
components, increasing the water sorption and, consequently, the elu-
tion of some inadequately polymerized monomers and other resin
components together with nanoparticles.

On the other hand, for Ambar Universal no significantly differences
were observed in all groups in 0.01 v/v% dilution, and no differences in
cytotoxicity were observed between the ZnO/CuNp concentrations and
the control (commercial material), probably because the low water
sorption and solubility that groups 5/0.1 and 5/0.2 presented with
respect to the control, which means that the nanoparticles are not re-
leased so quickly, not producing a cytotoxic effect.

Several studies have shown that microhardness is increased when
zinc or copper particles are incorporated in adhesive systems [18,47]
because there could be a positive correlation between the volume
fraction of filler and the microhardness of resin-based materials, since
filler particles are harder than the organic phase of the material. In the
case of Prime&Bond Active, the higher water sorption in 5/0.1 and 5/
0.2 groups could be negatively influencing the effect of the ZnO/CuNp

like filler particles on the microhardness, explaining the similar mi-
crohardness values between the ZnO/CuNp groups and the control. On
the other hand, in Ambar Universal, ZnO/CuNp addition only slightly
increase in the water sorption, which would allow the nanoparticles to
increase the microhardness due to their effect as a filler. The same effect
could occur for the degree of conversion, where the slight water sorp-
tion of 5/0.1 and 5/0.2 groups in Ambar Universal do not counteract
the catalytic effect of copper, which may improve degrees of poly-
merization and dark reaction [48], increasing the in vitro and in situ
degree of conversion in both adhesive strategies.

For both universal adhesive systems, all ZnO/CuNp groups showed
similar values of resin-dentin bond strength, and a significantly de-
creased of the nanoleakage values for both adhesive strategies. Several
hypotheses may help to understand nanoleakage results. Copper can
increase the strength of the collagen network, one of the components of
the hybrid layer, because the collagen cross-linking enzyme, lysyl oxi-
dase (LOX), is copper dependent [49] and thus copper has an indirect
effect as a cross-linking agent. Other study showed that, the

Table 5
Means and standard deviations of the 24 h and 28-days Knoop microhardness (KHN) and degree of conversion (DC, %) obtained in each experimental condition (*).

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

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

0 (control) 12.09 ± 0.22 A 14.49 ± 1.38 A 69.61 ± 0.37 a 8.02 ± 0.14 A 10.73 ± 0.60 a 92.06 ± 0.59 a

5 / 0.1 12.33 ± 0.25 A 14.45 ± 1.07 A 71.28 ± 5.22 a 13.24 ± 0.83 B 17.86 ± 0.77 b 95.74 ± 0.51 b

5 / 0.2 12.76 ± 1.31 A 14.15 ± 0.36 A 71.48 ± 2.49 a 16.71 ± 1.36 C 21.54 ± 0.54 c 95.82 ± 0.35 b

(*) Comparisons are valid only within adhesive and test. Means identified with the same capital or lowercase letter, subscript or not subscripted letters are statis-
tically similar. (Tukey´s test, p ≥ 0.05).

Fig. 4. Microtensile bond strength (A and B), nanoleakage (C and D) and in situ degree of conversion (E and F) of experimental adhesives containing zinc oxide and
copper nanoparticles. Comparisons are valid only within test and adhesive. Mean ± SD were calculated. Means identified with the same letter are statistically
similar. (Tukey´s test, p≥ 0.05).
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incorporation of ZnO has resulted in the formation of apatite crystallites
on the collagen fibrils, favoring dentin mineralization [21] and im-
proved the cross-linking effect. This cross-linker action of both nano-
particles alone may increase the resistance of collagen, leaving it less
susceptible to the effects of proteolytic enzymes such as MMPs and CTs,
indirectly decreasing the immediate nanoleakage, as well as previously
showed by adhesive-containing CuNp [18,19] and Zn alone [50].
However, further studies are still required to evaluate the effect of
ZnONp and CuNp on these enzymes, and to its effect as a cross-linking
agent. In addition, studies are still required to evaluate their effects on
host-derived proteases and to evaluate whether or not ZnO/CuNp-
containing adhesive interfaces are less prone to degradation under oral
conditions and in more challenging conditions such in a cariogenic
environment.

5. Conclusion

The present study was capable to demonstrate that the addition of
zinc oxide and copper nanoparticles to universal adhesive systems in
concentrations up to 5/0.2 wt% is a feasible approach to provide them
with antimicrobial properties, as well as to improve and stabilize the
resin-dentin interface, with no significantly biological hazards. The zinc
oxide and copper nanoparticles addition have an influence on the me-
chanical properties dependent on the adhesive system, so a good
knowledge of the composition of the adhesive is necessary, to produce a
universal adhesive system incorporating these nanoparticles for com-
mercial use.
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