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Abstract
Background. The incorporation of an antibacterial agent into an adhesive could improve its clinical per-
formance. Some nanoparticles (NPs), including copper nanoparticles (Cu NPs), display an  antibacterial 
effect. Therefore, Cu NPs could act as a nanofiller when added to an adhesive.

Objectives. The aim of this study was to evaluate the antibacterial activity, cytotoxicity and shear bond 
strength (SBS) of an experimental dental adhesive with Cu NPs. 

Material and methods. Different concentrations (0.0050  wt%, 0.0075  wt% and 0.0100  wt%) 
of Cu NPs were added to the adhesive. The distribution of Cu NPs in the polymer matrix was observed based 
on transmission electron microscope (TEM) images. The antimicrobial activity of the adhesive + Cu NPs 
was evaluated with the agar disk diffusion test against Staphylococcus aureus (S. aureus), Escherichia coli 
(E. coli) and Streptococcus mutans (S. mutans). The cytotoxicity assay was performed by means of the MTT 
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) method with human pulp cells (HPC). 
Additionally, the SBS tests were carried out (n = 31) and the modes of fracture were registered. The ves-
tibular and lingual surfaces of each tooth were randomly assigned to the study groups (group I – control 
adhesive; group II – adhesive + 0.0100 wt% Cu NPs). The samples were statistically analyzed (p ≤ 0.05).

Results. The adhesive + 0.0100 wt% Cu NPs showed inhibition zones against the strains under study that 
were similar to, or slightly smaller than, the halos produced by chlorhexidine (CHX) and specific drugs for 
each strain (30 μg of cefotaxime against S. mutans and S. aureus, and 1.25/3.75 μg of sulfamethoxazole/
trimethoprim against E. coli). The control adhesive was moderately cytotoxic (relative cell viability 
of 36.7 ±0.8%), being more cytotoxic than Cu NPs themselves (58.3 ±0.1%). A significantly higher SBS 
was obtained for the adhesive + 0.0100  wt% Cu  NPs (6.038 ±2.95  MPa) than for the control group 
(3.278 ±1.75 MPa). The modes of fracture in group I were almost equally distributed between adhesive 
and cohesive failures whereas in group II, the failure was mainly cohesive. 
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Conclusions. The results of this study suggest that incorporating Cu NPs into an adhesive improves its SBS and provides it with antibacterial properties, without in-
creasing its inherent cytotoxicity – 2 desirable characteristics for the dental adhesives of composites.
Key words: copper, nanoparticles, mechanical stress, antibacterial agents, dental bonding
Słowa kluczowe: miedź, nanocząsteczki, naprężenie mechaniczne, czynniki antybakteryjne, wiązanie dentystyczne

of metal NPs, such as Au,10 Ag,11 Zn,12 and Cu.13 However, 
Cu costs significantly less than Ag or Au, making it at
tractive from an economic standpoint.14 The antibacterial 
mechanisms of Cu NPs have been explained through the 
production of hydroxyl and super oxides via Fenton reac
tions, and through binding the disulfide groups of respi
ratory enzymes in the cellular membrane, leading to the 
formation of a complex with Cu NPs; both mechanisms 
result in the disruption of the cell cycle.15

The antibacterial properties of  Cu  NPs have been 
studied previously.13,14 One study indicated the poten
tial use of  Cu  NPs in the field of  dental biomaterials; 
Cu  NPs were prepared with a  simple chemical method, 
and their antibacterial activity was tested against Staphy-
lococcus aureus (S. aureus), Escherichia coli (E. coli) and 
Streptococcus mutans (S. mutans).16 Additionally, it has 
been reported that using NPs as nanofillers could con
tribute to higher modulus of  elasticity and shear bond 
strength (SBS) values for dental adhesives.17

The aim of the present study was to investigate the anti
bacterial activity, cytotoxicity and SBS of a novel dental 
adhesive enriched with Cu NPs as nanofillers.

Material and methods
The type of adhesive system used for the experiments 

was a twostep, singlecomponent, etchandrinse, light
cure dental adhesive (Adper™ Single Bond Plus Adhe
sive; 3M ESPE, St. Paul, USA). This adhesive is hydro
philic, and its solvent contains ethyl alcohol (25–35%) and 
water (<5%). As mentioned above, Cu NPs were synthe
sized. A solution consisting of deionized water and cupric 
sulfate pentahydrate (CuSO4  · 5H2O) at a  concentration 
of 1 × 10−2 M was prepared, and the pH of the solution was 
adjusted with sodium hydroxide (NaOH). Later, the metal 
salt solution was bubbled with nitrogen (N2) for 30 min. 
Sodium borohydride (NaBH4) was added at a  stoichio
metric concentration as a reducing agent. After that, the 
preparation was stirred for 120 min to finish the reaction. 
Subsequently, the precipitate was washed 3  times with 
distilled water and filtered. Then, the product was washed 
with acetone to displace water and isopropyl alcohol was 
added to avoid oxidation.16 The Cu NPs (average particle 
size = 3.97 nm; range: 2–10 nm) were suspended in the 
same dilutant for all the experiments described below. For 
the experimental group, the Cu  NPs were added to the 
dental adhesive and mixed using a vortex agitator in order 
to completely and uniformly distribute them.

Introduction 
Considerable scientific advances have been made in 

the field of adhesive materials used in restorative esthetic 
dentistry; however, further improvements, e.g., regard
ing antibacterial properties, are needed to prevent the 
undesirable formation of  secondary caries lesions. As it 
is wellknown, esthetic dentistry is the current tendency. 
Patients demand longlasting and invisible restorations. It 
has been reported that more than a half of the performed 
dental restorations are replacements for restorations that 
failed prematurely.1 A fracture in the restoration or den
tal structures and secon dary caries are the main reasons 
for the failure of  dental restorations.2 Secondary car
ies is a frequent concern for dentists in clinical practice, 
because caries leads to the shortening of the service life 
of dental restorations, and ultimately results in the need 
to replace restorative materials.3

Ideally, the bond formed at the adhesive–dentin inter
face should prevent the penetration of noxious substan
ces, such as bacteria, extracellular products or oral fluids.4 
Thus, there is a need to add an antibacterial agent to den
tal composites for this purpose. Chlorhexidine (CHX) 
has been studied in this regard. Studies on composites 
with increasing concentrations of CHX dissolved in resin 
blends have shown a slight adverse effect on the degree 
of conversion and a 27–48% decrease in the Emodulus 
(i.e., a lower polymer stiffness) as compared to controls.5 
In addition, the incorporation of 1% CHX resulted in a re
duction in tensile and compressive strengths.6 The reason 
for this finding may be the disruption of  the monomer 
curing process or interference in binding the filler and 
matrix phases by the incorporated agent.7

The application of nanotechnology in the field of den
tal biomaterials is a  great step toward the production 
of materials with better biological properties. It has been 
demonstrated that some nanoparticles (NPs) possess 
an  antibacterial effect.8 In brief, the main variables that 
are involved in antibacterial activity are the particle size, 
nanostructure shape, dosage, and chemical composition. 
With regard to the impact of the size on antibacterial ac
tivity, NPs must be small enough to penetrate cell mem
branes and affect intracellular homeostasis. Besides, the 
interaction between NPs and bacteria depends on the sur
face area exposed (small particles with a  larger available 
interaction surface area exert a greater bactericidal effect 
than largesized particles).9 More specifically, the antibac
terial mechanism depends on the chemical composition 
of  NPs. Particular attention has been paid to the study 
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Distribution of nanoparticles  
in the adhesive 

The ultrastructure and qualitative analyses were carried 
out using the transmission electron microscope (TEM) 
JEM2100 (JEOL Ltd., Tokyo, Japan). Micrographs were 
created to observe the distribution and size of the Cu NPs 
dispersed in the polymerized adhesive.

Antibacterial test 

Antibacterial activity was determined using the agar disk 
diffusion method, following the recommendations of the 
National Committee for Clinical Laboratory Standards.18 
Copper nanoparticles were added to the dental adhesive 
at 3  different concentrations: 0.0050  wt%; 0.0075  wt%; 
and 0.0100  wt%. The turbidity of  the culture was ad
justed with sterile saline to achieve a value equivalent to  
a  0.5  McFarland standard. Mueller–Hinton agar plates 
were prepared and inoculated with 200 μL of suspension 
containing the standardized quantity of  bacteria. Each 
disk was prepared with 20  μL of  CHX or the adhesive 
with 3 different concentrations of Cu NPs. The disks were 
firmly placed one by one on the inoculated agar plates.

The antibacterial test was done against 3 strains: S. aureus; 
E. coli; and S. mutans. The antibacterial activity of the ad
hesive was determined using 2  groups for each strain: 
a nonpolymerized adhesive; and an adhesive polymerized 
for 20 s with a lightemitting diode (LED) (Ortholux® XT; 
3M Unitek Corp., Monrovia, USA). Two positive controls 
were used: 0.2% CHX and specific drugs for each strain 
(30 μg of cefotaxime against S. mutans and S. aureus, and 
1.25/3.75  μg of  sulfamethoxazole/trimethoprim against 
E. coli). The control adhesive without Cu NPs was tested 
against the same bacteria under study.

Inhibition zones were measured on a  standardized 
photograph using a millimeter scale for calibration. The 
measurements were taken using the ImageJ 1.47e soft
ware (National Institutes of Health, USA) and the average 
result was rounded to the nearest millimeter. Each experi
ment was done in triplicate.

Cytotoxicity assay 

The protocol for this study was approved by the Bio
ethics Committee at the National School of Higher 
Studies León Unit, National Autonomous University 
of  Mexico in Mexico City, Mexico, with the assigned 
number CE_16/004_SN. A 21yearold patient, who had 
previously given informed consent, donated the tissues 
obtained from a  third molar surgery. Human pulp cells 
(HPC) were isolated from the pulp tissue of  the teeth. 
The cultures were used for the subsequent assays accord
ing to the methodology previously reported for our re
search group.19 The tests were performed using approx. 
2  ×  105  cells/mL per well. The adhesives contained 

Cu NPs at the same concentrations as those used in the 
antibacterial tests described above. Serial dilutions were 
made. The test was performed with indirect contact 
and cell viability was determined by means of  the MTT  
(3(4,5dimethylthiazol2yl)2,5diphenyltetrazolium 
bromide) method. Cytotoxicity was rated according to 
ISO standard 109935. Reproducible data was obtained in 
triplicate in 3 independent trials.

Shear bond strength 

Thirtyone freshly extracted and healthy human third 
molars (without caries and restorationfree) were cleaned 
with a rotary brush and stored in a 0.2% solution of thy
mol at 4°C until further use. Each molar was carefully 
placed into an acrylic mold until the vestibular and lin
gual surfaces were parallel to the mold base, which is the 
appropriate position for performing the SBS test. The 
enamel of the vestibular and lingual surfaces was cut with 
a carbide disk under irrigation. Then, the surfaces were 
pumiced with a fluoridefree paste and rubber prophylac
tic cups, washed with water, and then airdried. The sur
faces of the teeth were randomly assigned to the control 
and experimental groups. Thus, it was possible to make 
a paired comparison between the groups. In both groups, 
the dentin was conditioned with phosphoric acid at a con
centration of 37%, rinsed with water for 30  s and dried 
with contaminantfree air. In group  I (control group), 
a thin coat of the dental adhesive was applied. In group II 
(experimental group), the adhesive with 0.0100  wt% 
of Cu NPs was used to test SBS, as it was the experimen
tal adhesive which showed the strongest antibacterial ef
fect out of  all the concentrations of  the Cu  NPs tested. 
Preformed resin blocks 5 mm × 5 mm × 1 mm (Filtek® 
Z250 XT, 3M ESPE), lightcured using Ortholux XT for 
20  s, were placed on the vestibular and lingual surfaces 
of  each tooth. The samples were incubated in distilled 
water at 37°C for 24  h. For the test, a  universal testing 
machine (Autograph AGS  X; Shimadzu Corp., Tokyo, 
Japan) with a crosshead speed of 0.5 mm/min was used. 
An occlusogingival load was applied to the resin blocks 
using a chiseledge plunger, producing a shear load at the 
resin–tooth interface; the maximum load was recorded in 
megapascals (MPa).

Failure modes 

To perform the qualitative analysis of  the type 
of  debonding between the adhesive and the dentin, the 
failure modes were classified as adhesive, cohesive, or 
mixed. For each sample, the failure modes were recorded 
according to the following criteria:
– adhesive failure occurs when the fracture mainly ap

pears at the tooth–composite interface, i.e., the dentin 
surface remains exposed in over 75% of  the bonded 
area;
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Antibacterial test 

Figure 2 and Table 1 show the observed antibacterial ef
fects. The experimental adhesive containing 0.0100 wt% 
of  Cu  NPs demonstrated the highest antibacterial ac
tivity and the obtained results are comparable with the 
antibacterial effect of  CHX. The adhesives containing 
0.0075 wt% and 0.0050 wt% of Cu NPs showed slight in
hibition zones.

Cytotoxicity assay 

Figure 3 and Table 2 show the results of the cytotoxicity 
assay. This test indicated that the adhesive is more cyto toxic 
than Cu  NPs themselves. The control adhesive (without 
Cu NPs) is moderately cytotoxic, according to ISO standard 
109935. There were no significant differences between the 
cell viability of the adhesives with Cu NPs as compared to 
the adhesive without Cu NPs. This indicates that Cu NPs 
do not increase the inherent cytotoxicity of  the adhesive.  

– cohesive failure occurs when the fracture mainly 
appears within the composite, i.e., when over 75% 
of the bonded area exhibits the fractured composite;

– mixed failure occurs when 25–75% of  the bonded 
area shows both adhesive and cohesive failure.20 
In addition, the fracture surfaces were examined. 

The micrographs of different zones on the sample sur
face were obtained using the scanning electron micro
scope (SEM) JSM6510LV (JEOL Ltd.) at 20 keV. Mag
nification varied between ×100 and ×200.

Statistical analysis 

The data is expressed as mean (M) ± standard 
deviation (SD). The Shapiro–Wilk test (for the nor
mality of  data) was performed for the outcomes to 
determine the subsequent test (parametric or non
parametric). For the antibacterial and cytotoxicity re
sults, multiple comparisons were performed with the 
Mann–Whitney U tests. For SBS, Student’s t test was 
used to determine the difference of  means. For the 
mode of failure, the χ2 test was applied. The IBM SPSS 
Statistics for Windows software, v. 22.0 (IBM Corp., 
Armonk, USA) was used for the statistical analysis. 
Differences were statistically significant at p ≤ 0.05.

Results

Distribution of nanoparticles  
in the adhesive 

Figure  1 shows the distribution of  Cu  NPs in the 
adhesive. The shape of Cu NPs was almost spherical, 
allowing for a  greater surfaceareatovolume ratio, 
which makes NPs more reactive, and consequently, 
their antibacterial effect is exhibited.16,21 Adding the 
polymer does not cause any changes in size or mor
phology. The distribution of  Cu  NPs in the adhesive 
was homogeneous and showed no agglomeration.

Fig. 1. Distribution of copper nanoparticles (Cu NPs) in the adhesive

Representative images at 2 magnifications – scale bar: 20 nm (A); and scale 
bar: 50 nm (B).

Fig. 2. Results of the antibacterial test using the agar disk diffusion method

A, C and E – agar plates showing disks with the non-polymerized adhesive; 
B, D and F – agar plates showing disks with the polymerized adhesive;  
1 – 0.2% CHX; 2 – adhesive + 0.0050 wt% Cu NPs; 3 – adhesive + 
0.0075 wt% Cu NPs; 4 – adhesive + 0.0100 wt% Cu NPs; 5 – specific drugs 
for each strain; CHX – chlorhexidine; Cu NPs – copper nanoparticles.
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Statistically significant differences (p ≤ 0.05) were observed 
between Cu NPs and the control adhesive as well as the ad
hesive enriched with Cu NPs at different concentrations.

Shear bond strength 

Table 3 shows the SBS values and descriptive statistics. 
The mean SBS of group II was significantly higher than 
that of group I (6.038 ±2.95 MPa and 3.278 ±1.75 MPa, 
respectively; p = 0.0001). Thus, the Cu NPs incorporated 
into the adhesive significantly increased its SBS.

Failure modes 

Table  4 shows the values which indicate the amount 
of the adhesive remaining after the SBS test. In this study, 
there was a  significant difference in the debonding pat
tern between the groups. The modes of  fracture were 
classified as adhesive, cohesive and mixed failure (Fig. 4). 

Table 2. Results of the cytotoxicity assay (cell viability [%]) for the adhesives enriched with copper nanoparticles (Cu NPs) using the MTT method

Serial dilutions [%] Adh + 0.0 wt% Cu NPs Adh + 0.0050 wt% Cu NPs Adh + 0.0075 wt% Cu NPs Adh + 0.0100 wt% Cu NPs Cu NPs

0 (control) 100.0 ±4.9Aa 100.0 ±0.3Aa 100.0 ±1.8Aa 100.0 ±0.3Aa 100.0 ±0.1Aa

0.78125 86.2 ±3.2Ab 87.2 ±1.3Ab 77.0 ±2.7Bb 70.6 ±1.0Cb 99.7 ±0.3Da

1.5625 59.5 ±4.0Ac 47.9 ±5.1Bc 47.8 ±4.6Bc 43.3 ±1.9Bc 100.7 ±0.1Ca

3.125 38.6 ±6.6Ad 35.2 ±2.0Ac 33.4 ±0.8Ad 36.8 ±2.0Ad 96.7 ±0.1Bb

6.25 34.6 ±1.5Ae 37.0 ±1.0Ac 34.3 ±0.6Ad 37.7 ±1.1Ad 83.5 ±0.2Bc

12.5 35.1 ±1.6Ae 39.8 ±2.2Ad 34.6 ±0.6Ad 41.2 ±3.6Ad 82.5 ±0.2Bd

25 36.5 ±4.0Ae 39.4 ±1.0Ad 38.5 ±2.4Ad 37.1 ±1.5Ad 63.5 ±0.1Be

50 36.7 ±0.8Ae 39.8 ±0.6Bd 37.3 ±0.1Ad 41.0 ±1.5Bd 58.3 ±0.1Cf

Data presented as mean (M) ± standard deviation (SD). 
Cytotoxicity was rated according to ISO standard 10993-5 as:  non-cytotoxic;  slightly cytotoxic;  moderately cytotoxic; and  severely cytotoxic. The 
same letters show that there are no statistically significant differences. Upper-case letters indicate differences within a group (wt% Cu NPs) in the same 
dilution, while lower-case letters denote differences between the dilutions (Mann–Whitney U test; p ≤ 0.05).

Table 3. Comparison of the shear bond strength (SBS) of the adhesive 
between the control (I) and experimental (II) groups

Group n SBS  
[MPa]

Maximum  
[MPa]

Minimum  
[MPa] p-value

Group I 31 3.278 ±1.75 20.47300 3.89819
0.0001

Group II 31 6.038 ±2.95 40.59340 6.78409

Data presented as mean (M) ± standard deviation (SD). 
df (degrees of freedom) = 30; Student’s t test.

Table 1. Inhibition zones produced by different concentrations of the copper nanoparticles (Cu NPs) added to the adhesive and by the controls

Adhesive

Inhibition zones [mm]

non-polymerized polymerized non-polymerized polymerized non-polymerized polymerized

S. aureus* E. coli** S. mutans*

Adh + 0.0 wt% Cu NPs 0 ±0Aa 0 ±0Aa 0 ±0Aa 0 ±0Aa 0 ±0Aa 0 ±0Aa

Adh + 0.0050 wt% Cu NPs 0 ±0Aa 12 ±1.0Bb 11 ±1.5Bb 9 ±1.9Bb 10 ±1.1Bb 10 ±1.4Bb

Adh + 0.0075 wt% Cu NPs 10 ±1.5Ba 12 ±1.8Ba 13 ±1.1Ba 14 ±2.0Ba 12 ±1.4Ba 13 ±1.6Ba

Adh + 0.0100 wt% Cu NPs 24 ±1.7Ca 21 ±1.9Cb 24 ±1.3Ca 20 ±0.9Cb 27 ±1.4Ca 25 ±1.5Ca

CHX (0.2%) 24 ±1.5Ca 24 ±1.2Ca 25 ±0.9Ca 24 ±0.5Da 24 ±0.3Da 24 ±1.6Ca

Specific drug 27 ±1.9Ca 25 ±1.9Ca 27 ±1.4Ca 28 ±1.7Ea 29 ±1.8Ca 27 ±1.4Ca

Data presented as mean (M) ± standard deviation (SD).
Adh – adhesive; S. aureus – Staphylococcus aureus; E. coli – Escherichia coli; S. mutans – Streptococcus mutans; * specific drug –cefotaxime (30 μg); ** specific 
drugs – sulfamethoxazole/trimethoprim (1.25/3.75 μg). The same letters show that there are no statistically significant differences. Upper-case letters indicate 
differences between different concentrations of Cu NPs, while lower-case letters denote differences between the strains (Mann–Whitney U test; p ≤ 0.05).

Fig. 3. Relative cell viability results of the cytotoxicity assay
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The modes of  fracture in group I were almost equal
ly distributed between adhesive and cohesive failures 
whereas in group II, the failure was mainly cohesive 
(p ≤ 0.0001).

Discussion
In the present study, the experimental adhesive en

riched with Cu  NPs exhibited an  antibacterial effect 
against the Grampositive and Gramnegative strains un
der study. The antibacterial activity of NPs is related to 
their concentration, size, shape, and surface chemistry as 
well as environmental factors. Not only it is wellknown 
that the antibacterial activity of NPs is dosedependent, as 
a larger concentration of NPs releases more ions, but their 
maximum efficacy also depends on the other factors. It 
has been suggested that the ability of  NPs to bind with 
bacteria is determined by their surface size as well as their 
potential to infiltrate the bacterial wall, causing irrevers
ible cell damage.14 Smaller NPs possess a  larger surface 
area, making it possible to interact more effectively with 
bacteria and resulting in more pronounced bactericidal 
activity. Similarly, it has been confirmed, experimentally, 
that a lower particle size results in a stronger antimicro bial 
effect.22 Such data points to the importance of  control
ling the size of NPs during synthesis for their successful 
use.23,24 Furthermore, the shape of NPs can help to interact 
with the bacterial wall, triggering direct contact injury.25 
Also, NPs induce oxidative stress to prokaryotic cell walls 
by producing reactive oxygen species.15 However, further 
studies are required in order to determine all the mecha
nisms involved in the bactericidal effect of NPs. Even with 
an adhesive with antibacterial activity, a proper adhesion 
of the composite is necessary for extending the life of the 
restoration, preventing microfiltration, and therefore pre
venting the formation of secondary caries in a long term.

The dentin is a  tissue that contains water and com
monly has a film of odontoblast tubular fluid on the cut 
surface. In contrast, the resin composite is a hydrophobic 
material, and therefore is relatively incompatible with the 
dentin.26 The dentin surfaces are connected to the pulp 
through dentinal tubules. One of the concerns about the 
use of  NPs is their potential toxicity. Nevertheless, the 
dental adhesive penetrates only a few micrometers (about 
10 μm) into the dentin, which could prevent damage to 
the pulp tissue.27 Since NPs are embedded in the adhesive, 
they are probably unable to migrate into the pulp tissue. 
In fact, it would be advisable to use the same precautions 
to protect the pulp when it is in close proximity to any 
direct restoration. The cytotoxicity results showed that 
the control adhesive was moderately cytotoxic (relative 
cell viability: 36.7 ±0.8%); the adhesive with 0.100  wt% 
of Cu NPs was also moderately cytotoxic, but cell viability 
was higher (41.0 ±1.5%), showing a significant difference 
between these adhesives (p ≤ 0.05). In the future, the toxic 
effect in an animal model could be tested to determine the 
fate of NPs and corroborate our assumption.

The studied adhesive has the following chemical com
position: bisphenol Aglycidyl methacrylate (BisGMA); 
2hydroxyethyl methacrylate (HEMA); dimethacry
lates; polyalkenoic acid; copolymer; initiator; 34% water; 

Fig. 4. Representative failure modes from scanning electron microscope 
(SEM) images

A – adhesive; B – cohesive; C – mixed.

Table 4. Frequency and distribution of the adhesive failure for the control 
adhesive and for the adhesive enriched with copper nanoparticles (Cu NPs)

Type of adhesive 
failure* Control adhesive Adhesive with Cu NPs

Adhesive failure 11 3

Cohesive failure 12 19

Mixed failure 8 9

Total n 31 31

* χ2 = 27.66; df = 4 (χ2 test; p ≤ 0.0001).
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and ethanol. The vehicle used for Cu NPs was isopropanol. 
Thus, the chosen adhesive system contained HEMA – for 
its hydrophilicity – and ethanol, which exhibits an affi nity 
for isopropanol. When the dentin is attacked by phos
phoric acid, it reacts with the inorganic part of the dentin 
tissue. The type  1 collagen fibers, which mainly consti
tute the organic portion of the dentin, become exposed. 
By  placing the adhesive in the tooth cavity, the HEMA 
molecules in the adhesive interact with glycine amino 
acid sites, forming an  electrostatictype hydrogen bond 
between the oxygen of the carboxyl group of glycine and 
the hydrogen of the hydroxyl group of HEMA.28 Nanopar
ticles, due to their total charge, are very unlikely to affect 
the binding sites for hydrogen bonds.

On the other hand, if the polymerization shrinkage is 
reduced, there is a greater possibility of forming hydrogen 
bonds between the collagen fibers and the adhesive. Such 
shrinkage is due to the arrangement of  polymer chains 
and the evaporation of the solvent during polymerization. 
The remaining space could be occupied by fillers such as 
NPs, thus preventing the shrinkage of the polymeric ad
hesive. This effect is reflected in the increased resistance 
to debonding.29 However, further studies should be per
formed in order to confirm the role of Cu NPs in the po
lymerization process of this adhesive.

In a previous study on an orthodontic adhesive, it was 
observed that varying the weight percentage of nanofill
ers in the adhesive favorably influenced the debonding 
characteristics. When the amount of nanofillers exceeds 
a  certain weight fraction of  the adhesive, the strength 
of  the polymer is reduced.30 Also, it has been reported 
that the addition of NPs improves the coefficient of ther
mal expansion of the polymer, making it more dimension
ally stable.31 In the present study, SBS increased notice
ably with the addition of 0.0100 wt% of Cu NPs into the 
experimental adhesive as compared to the controls.

The main mechanism for the adhesion of the resin com
posites is the micromechanical retention. Some authors 
have claimed that the interactions between the adhesive 
and the dentin molecules play an  important role in ad
hesion,23,24 but the chemical bond between the hydroxyl 
or carboxyl groups of the monomer and the hydroxyapa
tite hydroxyl groups are electrostatic interactions, at best, 
such as van der Waals forces or hydrogen bonds.32

According to the failure modes, the amount of the ad
hesive remaining in the dentin was higher in the experi
mental group than in the control group, indicating that 
adhesion between the dentin and the adhesive increased 
with the addition of Cu NPs. It is important to note that 
a SBS value cannot be considered a material property.33 
Therefore, the absolute test values cannot be compared 
with the data gathered in other studies. Only relative study 
outcomes, in the sense of “one is better than the other”, are 
a valid basis for further interpretation of the results.34

Finally, obtaining the desired properties of  nanocom
posites requires the homogeneous dispersion of the filler 

within the polymer matrix. The propensity of NPs to form 
agglomerates can seriously impact their properties; it de
pends on the synthesis method and the stability of  the 
particles. In this work, the TEM images show an adequate 
dispersion of Cu NPs within the adhesive. However, fur
ther studies are needed to determine the toxicity in vivo 
of these NPs in dental restorative applications.

Conclusions
The results of  this study suggest that incorporating 

Cu NPs into an adhesive improves its SBS and provides it 
with an antibacterial effect, without increasing its inher
ent cytotoxicity – 2 desirable characteristics for the dental 
adhesives of composites.
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