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f University of Chile, Physiology Laboratory, Institute for Research in Dental Sciences, Faculty of Dentistry, Av. Olivos 943, Santiago, Zip code 8380544, Chile   

A R T I C L E  I N F O   

Keywords: 
Universal adhesive system 
Copper 
Nanoparticles 
Microtensile bond strength 
Nanoleakage 
In situ 

A B S T R A C T   

Purpose: To evaluate how incorporating copper nanoparticles (CuNp) into a universal adhesive affects the 
antimicrobial activity (AMA), bond strength (μTBS), nanoleakage (NL), elastic modulus (EM) and nanohardness 
(NH) of resin–dentin interfaces, at 24 h (24 h) and after in situ cariogenic challenge (CC). 
Methods: CuNp (0% [control] and 0.1 wt%) was added to an adhesive. After enamel removal, the adhesives were 
applied to dentine surfaces. Each restored tooth was sectioned longitudinally to obtain two hemi-teeth; one of 
them was evaluated after 24 h, and the other was included in one of the intra-oral palatal devices placed in the 
mouths of 10 volunteers for 14 days in CC. After that, each hemi-tooth was removed, and any oral biofilm that 
formed was collected. The AMA was evaluated against Streptococcus mutans. For the 24 h and CC groups, each 
hemi-tooth was sectioned in the “x” direction to obtain one slice for each EM/NH evaluation. The remains of each 
hemi-tooth were sectioned in the “x” and “y" directions to obtain resin-dentin beams for μTBS and NL evaluation 
(24 h and CC). ANOVA and Tukey’s test were applied (α = 0.05). 
Results: The presence of CuNp significantly improved AMA as well as all of the evaluated properties (24 h; p <
0.05). Although the adhesive properties (μTBS/NL) for all groups decreased after CC (p < 0.05), the adhesive 
containing CuNp showed higher μTBS and lower NL as compared to the copper-free adhesive (p < 0.05). The 
incorporation of CuNp maintained NH/EM values after CC (p < 0.05). 
Conclusions: Adding 0.1% CuNp to an adhesive may provide antimicrobial activity and increase its bonding and 
mechanical properties, even under a cariogenic challenge. 
Significance: This is the first in situ study proving that incorporating CuNp into an adhesive is an achievable 
alternative to provide antimicrobial properties and improve the integrity of the hybrid layer under in situ 
cariogenic challenge.   

1. Introduction 

Resin composite is the most popular material for direct restorations 
(Demarco et al., 2012). However, despite the technological advances in 

resin composite properties, restorations performed with this material 
have a high annual failure rate of up to 5% (Demarco et al., 2017), with 
secondary caries being one of the main reasons for failure 
(Ástvaldsdóttir et al., 2015). This directly affects the daily routine of 
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dentists worldwide because replacing restorations in adult patients is a 
very frequent procedure (Schwendicke et al., 2020). 

Secondary caries is a multifactorial process involving the patient’s 
caries risk, gap at the resin–dentin interface, residual cariogenic bacteria 
in cavity preparations and increased levels of cariogenic biofilm and its 
esterases at margin restorations (Spencer et al., 2019). In addition, an 
increased proliferation of cariogenic bacteria on the surface of a resin 
composite restoration, such as of Streptococcus mutans (S. mutans), in-
creases the risk of the adhesive interface degrading, due to the hydro-
lysis of the resin and biodegradation by enzymatic activity (Kreth et al., 
2020), especially for esterases produced by S. mutans, which can 
degrade composite ester-linkages (Kusuma Yulianto et al., 2019). 

S. mutans is an important etiological agent of dental caries with 
important cariogenic potential related to extracellular polymers of 
glucan being synthesized from sucrose, the permanent colonization of 
hard dental tissues, and its ability to proliferate under environmental 
stress conditions, especially low pH (Lemos et al., 2019). In addition, S. 
mutans significantly increases polysaccharide production when exposed 
to sucrose, promoting bacterial adhesion, and forming a mature biofilm 
(Diaz-Garrido et al., 2016), which produced biodegradation by-products 
in the resin–dentin interface (Betancourt et al., 2019), and thereby 
promotes bacterial growth (Sadeghinejad et al., 2017). 

In this context, adding antibacterial agents to an adhesive system 
may be a key driver that reduces secondary caries and improves the 
longevity of dental restorations (Chen et al., 2018). Copper is a 
well-known biocide and is effective against both gram-positive and 
gram-negative bacteria when in the form of copper nanoparticles 
(CuNp) (Ingle et al., 2014). Consequently, in vitro studies have shown 
that adding CuNp to adhesive systems could furnish their antimicrobial 
properties, without reducing the adhesives’ mechanical properties and, 
also preserve the dentin bonding after 2-year storage (Gutierrez et al., 
2017a, 2017b). 

However, this effect has only been evaluated in vitro, the findings 
have limitations in their clinical relevance, mainly when caries pro-
cesses are involved. An in vitro model cannot replicate biofilm formation 
and may create a more aggressive environment for carious lesion for-
mation than what occurs in the oral cavity. In contrast, in situ studies 
present a better approximation of phenomena that can occur in the oral 
cavity, due to the exposure to real conditions, while controlling for other 
variables (Ferracane, 2017). 

Therefore, the aim of the study was to investigate the effect of 
incorporating copper nanoparticles into a universal adhesive system on 
the antimicrobial activity and adhesive (microtensile bond strength and 
nanoleakage) and mechanical (elastic modulus and nanohardness) 
properties of the resin–dentin interfaces, after an in situ cariogenic 
challenge. The null hypothesis was that no significant difference would 
be observed in the antimicrobial activity, or the adhesive or mechanical 
properties on the resin–dentin interfaces after applying a universal ad-
hesive system containing copper nanoparticles, as compared with a 
copper-free universal adhesive, after an in situ cariogenic challenge. 

2. Material and methods 

2.1. Experimental design 

This in situ, split-mouth study was designed so that a plaque-like 
biofilm would accumulate on the restorations in a highly cariogenic 
challenge promoted by sucrose exposure. This protocol was performed 
for 14 days (Hass et al., 2016). 

2.2. Formulation of the experimental adhesives 

Two experimental adhesives were formulated using the universal 
adhesive system Ambar Universal (FGM Prod. Odont. Ltda, Joinville, SC, 
Brazil) and after adding different concentrations of CuNp (99.9% pure, 
SkySpring, Nanomaterials, Inc., Houston, TX, USA; http://www.ssnano. 

com) (wt%): 0% (control [CT], commercial material) and 0.1% copper 
[0.1 Cu] (Fig. 1. A), according to previous literature (Gutierrez et al., 
2017a, 2017b). The CuNp was incorporated into the 0.1 Cu adhesive 
solution in a dark room and then mechanically mixed with a motorized 
stirrer. This final solution was analyzed by field emission scanning mi-
croscope (FE-SEM) with energy dispersive X-ray spectroscopy (EDX) 
before use, in order to observe the dispersion of the CuNp into the 
universal adhesive. 

2.3. Tooth preparation 

Forty extracted caries-free human third molars, collected from pa-
tients aged 18–30 years old, were used in this in situ study after the 
approval of the Institutional Ethics Committee from the State University 
of Ponta Grossa, PR, Brazil (protocol 2.946.715). The teeth were dis-
infected 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 of the occlusal enamel using 180-grit silicon-carbide 
paper and wet grinding of the surrounding enamel with a no. 4137 
diamond bur (KG Sorensen, Barueri, Sao Paulo, Brazil) (Fig. 1. B). The 
enamel-free exposed dentin surfaces were polished further with 600-grit 
silicon-carbide paper for 60 s to standardize the smear layer. 

The teeth were randomly distributed (using software available at 
http://www.sealedenvelope.com) among four groups according to the 
combination of the following main factors: (1) CuNp presence: (control or 
0.1 Cu group) and (2) adhesive strategy: (etch-and-rinse [ER] or self-etch 
[SE]) (Fig. 1. C). Ten teeth were used for each experimental group. 

2.4. Bonding procedures 

The adhesives (with and without CuNp) were applied in ER or SE 
mode, according to the manufacturer’s instructions (Table 1). 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 air–dried, while keeping the dentin surface slightly wet 
(Fig. 1. D). 

Resin composite restorations (Opallis, FGM Prod. Odont. Ltda, 
Joinville, SC, Brazil) were built up on the bonded surfaces in three in-
crements of 1.0 mm thick each, and each was individually light activated 
for 20 s at 1000 mW/cm2 (VALO, Ultradent Products, South Jordan, UT, 
USA) (Fig. 1. E). A single operator carried out all of the bonding pro-
cedures in an environment with controlled temperature and humidity. 

The bonded teeth were stored in distilled water at 37 ◦C for 24 h, and 
longitudinally sectioned in the center of the restoration, across the 
bonded interface with a diamond saw (15 HC-4in, Buehler Ltd., Lake 
Bluff, IL, USA) in a cutting machine (IsoMet 1000; Buehler, Lake Bluff, 
IL, USA), under water cooling at 300 rpm to obtain two resin–dentin 
hemi-tooth. Each resin–dentin hemi-tooth of each experimental group 
was randomly assigned (using software available at http://www. 
sealedenvelope.com) to be tested after 24 h of storage in distilled 
water (24 h), or after 14 days of in situ cariogenic challenge (CC) in a 
palatal appliance (Fig. 1. F), resulting in 10 hemi-teeth per group. 

2.5. Participant recruitment 

Ten healthy adult volunteers, aged between 18 and 30 years old, 
were recruited according to the following inclusion criteria: good gen-
eral health, normal salivary flow, no antibiotics use in the 2 months 
before the experiment, no prosthesis or orthodontic appliance use and 
willing to collaborate with the study. 

2.6. Palatal device preparation 

Impressions were taken using alginate (Cavex Colorchange, Cavex, 
Haarlem, The Netherlands) to obtain casts for constructing the acrylic 
intraoral palatal appliances. Custom made acrylic resin palatal devices 
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were made for each volunteer, with four sites (5 × 5 × 3 mm), one site 
for each experimental group (Fig. 1. G), with one dental block randomly 
positioned exposing the resin/dentin interface. After that, the resin-
–dentin hemi-tooth was fixed with wax. To allow plaque accumulation 
and to protect it from mechanical disturbance, a plastic mesh was fixed 
to the acrylic resin, leaving a 1-mm space from the surface of the 

specimen (Hass et al., 2016) (Fig. 1. H). 

2.7. Intraoral phase 

During a 1-week lead-in period, and throughout the entire experi-
mental phase, the volunteers brushed their teeth with a non-fluoride 

Fig. 1. Scheme of the study’s methodology. A, Formulation of the experimental adhesives. B, Teeth preparation, exposing enamel-free dentin surfaces. C, Teeth 
randomly distributed into four experimental groups, according to the copper concentration and adhesive strategy. D, Bonding procedure according to Table 1, in the 
adhesive strategies: etch-and rinse (ER) and self-etch (SE). E, Restoration of the teeth with resin composite. F, Restored tooth sectioned into two resin-dentin hemi- 
tooth, and distributed into two evaluation groups: 24 hours (24 h) and Cariogenic challenge (CC). G, Palatal device with four sites, one for each experimental group. 
H, Hemi-tooth fixed with wax and covered with a plastic mesh. I, Sucrose dripped upon each hemi-tooth for 14 days of cariogenic challenge. J, Hemi-tooth with 
biofilm, removed from the palatal device. K, Hemi-tooth with saline solution in a Petri dish to remove non-adhered bacteria. L, Hemi-tooth with saline solution in a 
test tube and shaked on a vortex for 1 min to remove adhered bacteria. M, Hemi-tooth removed from the test tube, getting a pure solution. N, Serial dilutions in 0.9% 
NaCl solution. O, S. mutans seeded on mitis salivarius agar plate with bacitracin. P, S. mutans growth into an anaerobic jar for 48 h and 37 ◦C, for the microbiological 
analysis. Q, Hemi-teeth of both evaluation groups sectioning in a cutting machine. R, Resin-dentin slice specimen obtained for elastic modulus (EM) and nano-
hardness (NH) tests. S, Resin-dentin beam-like specimens obtained for nanoleakage evaluation (NL). T, Resin-dentin beam-like specimens obtained for microtensile 
bond strength test (μTBS). 
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silica-based dentifrice formulation (Tigor Baby, Condor, São Bento do 
Sul, SC, Brazil). In order to provide a cariogenic challenge, the volun-
teers were instructed to remove the device and to drip 20% sucrose 
solution (Fleming, Ponta Grossa, PR, Brazil) onto each resin–dentin 
block four times a day (at 8:00, 11:00, 15:30 and 19:00) and re-insert the 
device into their mouth 5 min later, for 14 days (Hass et al., 2016) 
(Fig. 1. I). All of the volunteers consumed fluoridated water (0.6–0.8 
mg/F/l) and were instructed to wear the intraoral devices the whole 
time, aside from removing them only to perform oral hygiene and during 
meals. Volunteers were asked to brush the devices extra-orally and to 
carefully avoid disturbing the biofilm covering mesh over the resin-
–dentin blocks. The volunteers’ diets were not restricted. 

2.8. Microbiological analysis 

On day 15, the volunteers stopped wearing the intraoral device, and 
the resin–dentin hemi-teeth with formed biofilm were removed (Fig. 1. 
J). Each resin–dentin hemi-tooth was placed in a Petri dish containing 
saline solution and was stirred manually for 1 min to remove the non- 
adhered bacteria (Fig. 1. K). Afterward, each resin–dentin hemi-tooth 
was transferred to a test tube containing 3 ml of saline solution and 
shaken in a vortex mixer for 1 min to remove the adhered bacteria 
(Fig. 1. L). The resin–dentin hemi-teeth were removed from the tube to 
obtain a pure suspension (Fig. 1. M). This suspension was serially diluted 
(to 1, 0.1 and 0.01 v/v%) in 0.9% NaCl solution (Fig. 1. N). In order to 
assess the microorganisms’ viability, samples were plated in triplicate 

on mitis salivarius agar (Sigma–Aldrich, Munich, Germany) plus 0.2 units 
of bacitracin ml− 1 to determine S. mutans growth (Fig. 1. O). The plates 
were kept in an anaerobic jar for 48 h at 37 ◦C (Fig. 1. P). Representative 
colonies with typical morphology of S. mutans were counted using a 
colony counter and then expressed in colony-forming units (CFU) mg− 1. 

2.9. Specimens preparation 

After this point, specimen to be tested after 24 h of storage in distilled 
water, or after 14 days of in situ cariogenic challenge were prepared in a 
similar manner. Each resin–dentin hemi-tooth from the 24 h and CC 
groups (Fig. 1. Q), was sectioned longitudinally in the “x” direction, 
across the bonded interface, with a diamond saw in a cutting machine 
(IsoMet 1000; Buehler, Lake Bluff, IL, USA), under water-cooling at 300 
rpm to obtain one slice with a thickness of approximately 1.2 mm2 for 
elastic modulus and nanohardness tests (Fig. 1. R). 

The rest of each resin–dentin hemi-tooth was sectioned in both the 
“x” and “y” axes across the bonded interface with a diamond saw, in a 
cutting machine (Isomet 1000, Buehler Ltd., Lake Bluff, Illinois, USA), 
under water cooling at 300 rpm to obtain beam-like resin–dentin spec-
imens with a cross-sectional area of approximately 0.8 mm2. The cross- 
sectional area of each beam was measured with a digital caliper (Ab-
solute Digimatic, Mitutoyo, Tokyo, Japan) and recorded for subsequent 
calculation of the microtensile bond strength (μTBS) values at 24 h and 
CC. The number of premature failures (PF) per tooth during specimen 
preparation was recorded. The resin–dentin beam-like specimens from 
each of the 10 resin–dentin hemi-teeth per experimental group were 
then divided as follows:  

− Two beams were used to evaluate nanoleakage (Fig. 1. S).  
− The remaining beams were submitted to microtensile bond strength 

testing (Fig. 1. T). 

2.10. Microtensile bond strength testing 

Each resin–dentin beam-like specimen was attached to a device to 
test its microtensile bond strength with cyanoacrylate resin (IC-Gel, bSi 
Inc., Atascadero, CA, USA) and was subjected to a tensile force in a 
universal testing machine (Kratos, São Paulo, SP, Brazil) at 0.5 mm/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 the resin/dentin interface that 
included cohesive failure of the neighboring substrates – M). The 
number of premature failures (PF) was recorded, and these observations 
were not included in the average mean bond strength. 

2.11. Nanoleakage evaluation 

Two resin–dentin beam-like specimens from each resin–dentin hemi- 
tooth in each experimental group were coated with two layers of nail 
varnish applied up to 1 mm of the bonded interfaces, immersed in 50 wt 
% ammoniacal silver nitrate solution in total darkness for 24 h, rinsed 
thoroughly in distilled water, and immersed in photo developing solu-
tion for 8 h under a fluorescent light to reduce the silver ions into 
metallic silver grains within voids along the bonded interface. Speci-
mens were mounted on aluminum stubs and then polished with 1000-, 
1500-, 2000-, 2500-, and 4000- grit SiC paper and 1 and 0.25 μm dia-
mond paste (Buehler Ltd., Lake Bluff, IL, USA). Afterward, they were 
cleaned ultrasonically, air dried, dehydrated with colloidal silica for 24 
h, and gold sputter coated (MED 010, Balzers Union, Balzers, 
Liechtenstein). The interfaces were observed in a scanning electron 
microscope in backscattered mode at 12 kV (VEGA 3 TESCAN, Shi-
madzu, Tokyo, Japan). 

Three pictures were taken of each specimen: the first picture was 

Table 1 
Universal adhesive system (batch number), composition (*) and application 
mode.  

Universal 
adhesive system 
(batch number) 
and pH 

Composition (*) Etch-and-rinse 
mode 

Self-etch mode 

Ambar 
Universal 
(FGM Prod. 
Odontológicos, 
Joinville, Santa 
Catarina, 
Brazil) 
(310516) pH 
= 2.6–3.0 

UDMA, HEMA, 10- 
MDP, methacrylate 
hydrophilic 
monomers, 
methacrylate acid 
monomers, ethanol, 
ultrapure water, 
silanized silicon 
dioxide, 
camphorquinone, 
ethyl 4-dimethyla-
mino-benzoate, 
surfactant, sodium 
fluoride.  

1 Apply 
phosphoric acid 
for 15 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.  

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

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

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

6 Light cure for 
10 s at 1200 
mW/cm2  

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

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

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

4 Light cure for 
10 s at 1200 
mW/cm2 

(*) UDMA = urethane dimethacrylate; HEMA = 2-hydroxyethyl methacrylate; 
10-MDP = methacryloyloxydecyl dihydrogen phosphate. 
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taken in the center of the resin–dentin beam-like specimen, and the 
other two pictures were taken 0.3 mm to the left and right of the first 
one. Because two resin–dentin beam-like specimens per hemi-tooth 
were evaluated and 10 hemi-tooth were used for each experimental 
condition, 60 total images were evaluated per group. A technician who 
was blinded to the experimental conditions under evaluation took all of 
the pictures. The relative percentages of nanoleakage within the adhe-
sive and hybrid layer areas were measured in all pictures using the 
public domain Image J software, a Java-based image processing soft-
ware package developed at the National Institutes of Health (NIH). 
Before performing the nanoleakage test, a pilot test was conducted to 
evaluate if the presence of copper in the adhesive could impair the 
visualization of silver nitrate uptake. For this purpose, scanning electron 
microscopy (SEM) images of each group’s resin–dentin interfaces were 
taken without immersion in silver nitrate. Copper nanoparticles were 
not observed when using the same parameters described above. Thus, 
the results of the nanoleakage tests reflect the amount of silver uptake 
into unpolymerized areas and/or nanospaces not infiltrated by the resin 
adhesive and not the presence of copper in the hybrid layer (data not 
shown). 

2.12. Elastic modulus and nanohardness within the hybrid and adhesive 
layers 

One resin–dentin slice from each experimental group was used to 
evaluate the elastic modulus and nanohardness. The selected slices were 
wet-polished using 1500 to 4000-grit SiC papers for 30 s each and 
cleaned in an ultrasonic water bath for 5 min. The specimens were 
attached to a metal stub and placed in a nano-indenter device (UNAT 
nano-indenter, Asmec, Dresden, Germany) with a triangular pyramidal 
diamond Berkovich indenter (20-nm radius). The dried specimens were 
transferred to the indenter by means of the computer-controlled X–Y 
table. The distance between the microscope and the indenter was cali-
brated before testing to ensure precise transfer of the pre-programmed 
positions to the indenter. 

Before the hybrid layer (HL) and the adhesive layer (AL) were 
measured, a grid of 12 total indentations was created (six in the “x” axis 
and two in the “y” axis), programmed for each region with a remote 
video control connected to the light microscope attached to the nano- 
indenter device. The distance between each indentation was main-
tained by adjusting the distance range by 100 μm (±10 μm) per range on 
the “x” axis. In addition, a load of 500 nN and a function time of 10 s 
were used starting from the AL and moving down toward the HL. The 
interval of each indentation was twice the size of the indentation in each 
region to obtain precise measurements and avoid corruption of the 
abutment. The elastic modulus and nanohardness values of each area 
were calculated in GPa and computed following the method of Oliver 
and Pharr (2011). 

2.13. Statistical analysis 

Kolmogorov-Smirnov test was used to assess whether the data from 
each test followed a normal distribution, and Barlett’s test for equality of 
variances was used to determine if the assumption of equal variances 
was valid. After confirming normal distribution of the data and equality 
of variances, the data for microbiological analysis (UFC) were subjected 
to a two-way ANOVA (CuNp presence vs. adhesive strategy). Data for 
μTBS (MPa), nanoleakage (%), elastic modulus (GPA) and nanohardness 
(GPa) were subjected to three-way ANOVA (CuNp presence vs. adhesive 
strategy vs. cariogenic challenge). Tukey’s post hoc test was used for 
pair-wise comparisons (α = 0.05). 

3. Results 

3.1. Formulation of the experimental adhesives 

The EDX image and spectra from different selected area of the ad-
hesive layer with 0.1 wt% CuNp, are shown in Fig. 2, outlined by a 
magenta rectangle, demonstrating a uniform distribution of the 
nanoparticles. 

3.2. Microbiological analysis 

The cross-product interaction (CuNp presence vs. adhesive strategy), 
as well as the main factor of adhesive strategy, were not statistically 
significant (Table 2; p > 0.47). Adding CuNp in both strategies showed 
significantly higher antibacterial properties against S. mutans when 
compared to the control group (Table 2; p = 0.00001). 

3.3. Microtensile bond strength 

The cross-product interaction (CuNp presence vs. adhesive strategy 
vs. cariogenic challenge), as well as the double cross-product interaction 
(CuNp presence vs. adhesive strategy and adhesive strategy vs. cario-
genic challenge) were not statistically significant (Table 2; p > 0.34). 
However, the double cross-product interaction (CuNp presence vs. 
cariogenic challenge) was statistically significant (Table 2; p = 0.001). 
Adding CuN into the formulation of the universal adhesive system 
significantly improved the bond strength values for both strategies after 
24 h and cariogenic challenge, even though all of the experimental 
groups had significantly decreased bond strength values after cariogenic 
challenge (Table 2; p = 0.001). The adhesive failure mode was recorded 
for all of the tested specimens (data not shown). 

3.4. Nanoleakage 

Neither the cross-product interaction (CuNp presence vs. adhesive 
strategy vs. cariogenic challenge) not the double cross-product interac-
tion (CuNp presence vs. adhesive strategy and adhesive strategy vs. 
cariogenic challenge) were statistically significant (Table 3; p > 0.21). 
However, the double cross-product interaction (CuNp presence vs. 
cariogenic challenge) was statistically significant (Table 3; p = 0.0001). 
Adding CuNp to the universal adhesive significantly decreased the 
amount of nanoleakage for both adhesive strategies. Despite a signifi-
cant increase in silver nitrate uptake after 14 days of cariogenic chal-
lenge, the groups with CuNp still showed lower amounts of silver nitrate 
uptake when compared to the control group. The unique exception was 
when CuNp was applied in the self-etch strategy, which showed no 
significant increase of nanoleakage values after 14 days of cariogenic 
challenge, when compared to the 24 h group (Table 3 and Fig. 3). 

3.5. Elastic modulus and nanohardness 

The cross-product interaction (CuNp presence vs. adhesive strategy 
vs. cariogenic challenge) was statistically significant for the elastic 
modulus and nanohardness of the hybrid layer (Table 4; p = 0.0001) and 
adhesive layer (Table 5; p = 0.001). Adding CuNp to the formulation of 
the universal adhesive system significantly improved the mechanical 
properties after 24 h, as compared to the control groups (Tables 4 and 5; 
p < 0.001). Regarding the cariogenic challenge, the mechanical prop-
erties of the hybrid and adhesive layers were not affected when the 
adhesive containing CuNp was evaluated. On the other hand, the me-
chanical property’ values decreased significantly in the control groups 
after cariogenic challenge (Tables 4 and 5; p < 0.001). Regarding ad-
hesive strategy, higher elastic modulus and nanohardness values usually 
were observed for the self-etch than for the etch-and-rinse strategy 
(Tables 4 and 5; p < 0.001). 
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4. Discussion 

In this in situ study, incorporating 0.1% CuNp into the formulation of 
a universal adhesive system showed significant antimicrobial activity 
against S. mutans, regardless of the adhesive strategy use. This is the first 
in situ study to show antimicrobial activity of an adhesive containing 
CuNp, as confirmed by previous studies that evaluated the antimicrobial 
properties in vitro of CuNp added to an adhesive system (Gutierrez et al., 
2017a, 2017b). One limitation of in vitro studies is that they use a single 
bacteria strain for testing. In contrast, the in situ design of the present 
study was used to test the copper’s antimicrobial activity against various 
genotypes of S. mutans known to be present in dental biofilm, that could 
vary in their virulence (Arthur et al., 2007). One advantage was that the 
resin restorations were submitted to many challenging oral conditions. 

The mechanism of CuNp’s antibacterial effect is still unclear, but it 
may be due to interactions with sulfhydryl groups leading to protein 
denaturation (Yoon et al., 2007) and involves bacterial cell wall adhe-
sion, triggered by electrostatic interactions. Inside the cells, the disso-
ciation of Cu could induce the generation of reactive oxygen species that 
come into contact with cellular membranes, rupturing membranes and 
disrupting the cells’ internal content (Sánchez-López et al., 2020). 
Another advantage of CuNp is their stable chemical and physical prop-
erties as they undergo oxidation and form Cu oxide nanoparticles, 
mixing easily with polymers. In addition, polymers act as stabilizers, 
reducing copper’s tendency to agglomerate by overcoming van der 
Waals forces and the high surface area of CuNp (Usman et al., 2013), 
resulting in a uniform distribution in the adhesive solution, as was 
observed in the present study’s FE-SEM and EDX images (Fig. 2). This 
uniform distribution is also enhanced by nanoparticle sizes being 
smaller supported by the low pH of the universal adhesive (2.6–3) 
(Table 1), since a lower-pH solution contributes to obtaining smaller 
nanoparticles; in contrast, a higher pH (above 5) produces copper hy-
droxide without nanoparticle formation (Din and Rehan, 2017). In this 

Fig. 2. EDX image and spectra from different selected area of the adhesive layer with 0.1 wt% CuNp, outlined by a magenta rectangle, demonstrating a uniform 
distribution of the copper nanoparticles. The figure table summarizes the elemental composition of the sample area outlined. 

Table 2 
Means and standard deviations of colony-forming unit (CFU/mL) against 
S. mutans and microtensile bond strength (μTBS, MPa) obtained in each exper-
imental condition (*).  

Copper 
concentration 
(%) 

Antimicrobial 
activity (CFU/mL) 

μTBS (MPa) 

24 h Cariogenic 
challenge 

Etch- 
and- 
rinse 

Self- 
etch 

Etch- 
and- 
rinse 

Self- 
etch 

Etch- 
and- 
rinse 

Self- 
etch 

0 (control) 82.33 
± 28.31 
b 

69.67 
± 26.70 
b 

39.5 
± 5.9 
C 

31.8 
± 3.6 
D 

22.8 
± 4.0 
F 

22.08 
± 3.2 F 

0.1 17.25 
± 7.89 
a 

21.25 
± 4.86 
a 

56.9 
± 5.0 
A 

47.2 
± 5.4 
B 

28.7 
± 3.5 
DE 

28.3 ±
3.1 E 

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

Table 3 
Means and standard deviations of nanoleakage (%) obtained in each group by 
the different experimental condition (*).  

Copper concentration 
(%) 

Nanoleakage (%) 

24 h Cariogenic challenge 

Etch-and- 
rinse 

Self-etch Etch-and- 
rinse 

Self-etch 

0 (control) 7.9 ± 2.8 B 9.0 ± 2.3 
B 

22.4 ± 3.9 C 20.6 ± 2.5 
C 

0.1 3.9 ± 1.6 A 4.0 ± 0.9 
A 

11.7 ± 5.0 B 7.4 ± 3.7 
AB 

(*) Means identified with the same capital letter are statistically similar (Tukey’s 
test, p ≥ 0.05). 
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case, in an adhesive solution of about pH 2.6–3, CuNp does not show 
performance differences when compared to adhesive solutions with 
slightly higher pH, such as a two-step etch-and-rinse adhesive (Gutierrez 
et al., 2017a, 2017b). 

The rationale for adding CuNp in adhesive systems was to provide 
antimicrobial properties (Ingle et al., 2014), not only in the 24 h eval-
uation but also for longer periods (Gutierrez et al., 2017a), without the 
risk of increased cytotoxicity, since adding CuNp at 0.1% does not have a 
harmful effect against osteoblast-like cells as compared to a commercial 
adhesive, probably due to the slow release of nanoparticles (Gutierrez 
et al., 2019a). 

The present study showed that the adding CuNp to the adhesive 
increased the resin–dentin bond strength and reduced the nanoleakage 
in the adhesive interface after 24 h, regardless of the adhesive strategy 

used, when compared with the CuNp-free adhesive. Similarly, the elastic 
modulus and nanohardness of the hybrid and adhesive layers increased 
significantly when adding CuNp to the adhesive. 

This could be partially explained by the copper indirectly acting as a 
cross-linking agent, as previously speculated, since the lysyl oxidase, a 
collagen crosslinking enzyme, depends on copper (Rucker et al., 1998). 
However, to the authors’ knowledge, this is the first study to show an 
increase in the hybrid layer’s elastic modulus, confirming the ability of 
CuNp to strengthen the collagen network in the hybrid layer and, 
consequently, to increase the hybrid layer’s nanohardness and the res-
in–dentin bond strength itself, as compared to a CuNp-free adhesive. 
Given that the nanoleakage results provide a good spatial resolution of 
the submicron defects in resin infiltration, one may speculate that the 
void spaces inside the hybrid layer decrease due to the collagen 

Fig. 3. Representative back-scattering SEM images of the resin–dentine interfaces bonded with the ER or SE adhesive strategy in the immediate time (24 h) [A, B, E 
and F) or after the cariogenic challenge (C, D, G and H) according to the experimental conditions of copper concentration (control and 0.1%). Few areas of NL were 
observed within HL for the copper-containing group (white pointer in E to H) compare to the copper-free adhesive (white pointer in A to D), in both adhesive 
strategies. A significant increase in the NL was observed in the CC group, however lower amount of silver nitrate uptake was observed for the copper-containing 
group (G and H) compared to control group (C and D) (Co = composite; HL = hybrid layer and De = dentin). 

Table 4 
Means and standard deviations of elastic modulus and nanohardness (GPa) of hybrid layer obtained in each experimental condition (*).  

Copper concentration (%) Elastic modulus Nanohardness 

24 h Cariogenic challenge 24 h Cariogenic challenge 

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

0 (control) 7.8 ± 1.7 c 9.6 ± 1.2 b 4.7 ± 0.5 d 6.1 ± 1.1 c 0.24 ± 0.3 C 0.45 ± 0.4 B 0.13 ± 0.1 D 0.35 ± 0.4 B,C 
0.1 11.5 ± 1.1 a,b 13.8 ± 1.6 a 10.8 ± 2.2 b 11.9 ± 1.8 a 0.53 ± 0.5 B 0.80 ± 0.6 A 0.44 ± 0.5 B 0.65 ± 0.6 A,B 

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

Table 5 
Means and standard deviations of elastic modulus and nanohardness (GPa) of adhesive layer obtained in each experimental condition (*).  

Copper concentration (%) Elastic modulus Nanohardness 

24 h Cariogenic challenge 24 h Cariogenic challenge 

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

0 (control) 3.4 ± 0.3 c 4.7 ± 0.6 b 2.6 ± 0.4 d 4.2 ± 0.5 b 0.17 ± 0.4 C 0.23 ± 0.2 C 0.10 ± 0.2 D 0.15 ± 0.9 C,D 
0.1 4.2 ± 0.5 b 6.7 ± 1.2 a 3.7 ± 0.6 b 4.9 ± 0.4 a 0.38 ± 0.5 A,B 0.45 ± 0.4 A 0.28 ± 0.3 B,C 0.39 ± 0.3 A 

(*) Comparisons are valid only within test. Means identified with the same lowercase or capital letter are statistically similar (Tukey’s test, p ≥ 0.05). 
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cross-linking effect of CuNp, thus decreasing silver nitrate uptake, as the 
SEM images reflected (Fig. 3), which showed lower amounts of silver 
nitrate deposits within the hybrid layer for the copper-containing ad-
hesives than for the copper-free adhesive, both at the 24 h and after the 
cariogenic challenge. 

On the other hand, adding CuNp also improved the adhesive layer’s 
elastic modulus and nanohardness, mainly because the filler particles 
reinforced the organic matrix (Giannini et al., 2012). Several studies 
have shown incorporating CuNp into adhesive systems enhances the 
mechanical properties (Gutierrez et al., 2017a, 2017b) and also helps to 
increase the resin–dentin bond strength, as compared to a CuNp-free 
adhesive. 

However, the adhesive interfaces of CuNp-containing and CuNp-free 
adhesives suffered some degrees of degradation after the in situ cario-
genic challenge, mainly in terms of resin–dentin bond strength and 
nanoleakage values. This demonstrates that the in situ model conducted 
over a short-time period but under a cariogenic challenge, may be a 
useful method for aging adhesive restorations, with the advantage of 
resembling most of the challenging conditions when restorations are 
submitted to an oral environment (Mutluay et al., 2013). 

The dentin–adhesive interface is likely to present voids that may be 
more affected by the oral environment and add to the adhesive system’s 
inner permeability, the hybrid layer’s durability may be challenged by 
mechanical, thermal, and chemical factors, such as bacterial products 
(Montagner et al., 2016). More exactly, when adhesive interface is 
submitted to a biofilm continually exposed to sucrose, it enhances the 
cariogenicity and virulent traits of S. mutans biofilm, promoting bacte-
rial adhesion, mature biofilm formation, and extracellular poly-
saccharide synthesis (Diaz-Garrido et al., 2016). In addition, S. mutans 
has esterase activities at levels that degrade polymeric materials 
(Nedeljkovic et al., 2017), which suggests that oral bacteria could 
compromise the adhesive interface, thus contributing to the progression 
of secondary caries in this interface. Thus, the bonded interface’s 
durability decreases due to the dentin and adjacent hybrid layer 
degrading, most notably by the acid production of biofilm causing 
mineral loss. Adhesive bonds to dentin may degrade in vivo due to hy-
drolytic processes that attack the collagen matrix (Tjäderhane et al., 
2013), via plasticization of the polymer (Spencer et al., 2010) or due to 
the acid production of biofilm (Sakaguchi, 2005). 

However, it is worth mentioning that even after cariogenic chal-
lenge, the adhesive properties of the CuNp-containing adhesives were 
superior to those of the CuNp-free adhesive. The mechanical properties 
did not suffer any degree of degradation when a CuNp-containing ad-
hesive was evaluated. Thus, the null hypothesis was rejected since the 
CuNp-containing universal adhesive system resulted in significant in-
creases of the antimicrobial activity and mechanical properties of the 
resin–dentin interfaces after being submitted to a cariogenic challenge, 
as compared to using a CuNp-free adhesive. 

These results can be explained by copper’s ability to form tough, 
glassy, low-stress homogeneous crosslinked networks and to enhance 
collagen crosslinking, which increase the strength of the collagen 
network (Song et al., 2016) and adhesive layer. Consequently, this 
substrate becomes less susceptible to the effects of proteolytic enzymes 
such as metalloproteinases (MMPs) and cysteine-cathepsins (CTs), 
causing a lower degradation pattern in the resin–dentin interface. In 
fact, copper can inhibit the activity of MMPs effectively (Jun et al., 2018; 
Gutierrez et al., 2019b), which are activated by cariogenic bacteria and 
an acidic environment (Chaussain-Miller et al., 2006). Thus, a 
CuNp-containing adhesive system may be able to maintain these me-
chanical properties even after cariogenic challenges. 

Regarding the adhesive strategy, the nanoleakage values did not 
increase significantly when the CuNp-containing universal adhesive 
system was used in the self-etch mode and submitted to in situ cario-
genic challenge. This finding could be the result of partially deminer-
alized dentin, with collagen remains surrounded and protected by 
hydroxyapatite (HAp), producing a HAp-rich hybrid layer after resin 

infiltration, as compared to the etch-and-rinse strategy (Marchesi et al., 
2014). Because calcium remains is available to react with the functional 
molecule of universal adhesive system, such as 10-MDP, stable 
self-assembled MDP-Ca salts are produced in the form of nanolayering, 
resulting in chemical and micromechanical adhesion to dentin (Van 
Meerbeek et al., 2020). 

On the other hand, when the etch-and-rinse strategy is applied, the 
prior use of phosphoric acid removes the mineral phase of dentin, thus 
modifying its hardness (Van Meerbeek et al., 1993). In addition, 
incomplete resin infiltration of the deeply demineralized collagen 
network after phosphoric-acid etching (Torii et al., 2002), can result in 
low-quality hybridization (Hanabusa et al., 2012), affecting the me-
chanical stability of the resin–dentin interface. 

5. Conclusion 

The present in situ study demonstrated that adding copper nano-
particles to a universal adhesive system at a 0.1% concentration is an 
achievable way to provide adhesive interfaces with antimicrobial ac-
tivity and to increase its bonding to and the mechanical properties of the 
resin–dentin interface, even under a cariogenic challenge, mainly when 
applied in the self-etch mode. 
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