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Objective: This study aimed to evaluate the addition of copper nanoparticles (CuNp) on the clinical performance
of a universal adhesive system used as etch-and-rinse (ER) and self-etch (SE).

Methods: 216 restorations were randomly placed in 36 subjects according to the following groups: ERcu = etch-
and-rinse with 0.1% CuNp; ERct = etch-and-rinse without CuNp; SEcu = self-etch with 0.1% CuNp; SEct = self-
etch without CuNp. Resin composite was placed incrementally and light-cured. The restorations were evaluated
at baseline and 6, 12 and 18 months using the FDI and USPHS criteria. Statistical analyses were performed using
appropriate tests (a = 0.05).

Results: The addition of CuNp did not increase the clinical performance (FDI / USPHS) of the universal adhesive
tested after 18-month when applied in the ER mode (p > 0.05). The addition of CuNp in SE restorations in-
creased the retention rate significantly and decreased the marginal discrepancies after 18 months (p < 0.05).
Conclusion: The clinical performance of universal adhesive was significantly increased when applied in the SE
mode with the addition of copper nanoparticles.

Clinical relevance: This is the first study that demonstrates a slight improvement in the clinical performance of
universal adhesive systems in non-carious cervical lesions when added CuNp in lower concentration.

1. Introduction the perimeter of the resin-composite restorations [3,5]. The production

of acids [6] and esterases [7] may also accelerate the degradation of the

Resin composites are the most-used dental restorative material, re-
presenting 65% of the restorations currently used in the United States
[1,2]. However, concerns about their limited in vivo durability exist
because the replacement of failed restorations accounts for nearly 70%
of all restorative dentistry [3]. Secondary caries is responsible for 60%
of all replacement restorations in typical dental practices [4].

The high accumulation of dental biofilm around resin-dentin in-
terfaces likely causes the resin-based restorations to degrade faster. This
degradation is mainly attributed to an association between the resin-
dentin interface’s failure and increased levels of cariogenic bacteria at

resin-dentin interface, an essential factor in the premature failure of
moderate-to-large composite restorations [3,8]. Recent evidence also
indicates that matrix metalloproteinases (MMPs) are involved in dent-
inal caries progression due to their crucial role in dentin collagen
breakdown, during caries lesions [9,10].

There are continuous efforts to improve the antimicrobial and anti-
MMP properties of adhesive systems in these contexts [11,12]. Many
studies focused on preserving the adhesive interfaces via antimicrobial
and anti-MMP agents incorporated into the adhesive protocols or sys-
tems to solve problems, such as secondary caries [11-17].
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Fig. 1. Participant flow diagram in the different phases of the study design. Abbreviations: Np — number of participants; Nr — number of restorations.

A simple and effective alternative is to add metal nanoparticles,
such as copper nanoparticles (CuNp) [13,18] as they are effective
against gram-negative and gram-positive bacteria [19]. Also, it seems to
be a potent inhibitor of MMPs [20,21]. Although CuNp’s antibacterial
effects are not fully understood, several mechanisms have been pro-
posed [13,18]. A more recent theory is called “Trojan horse effect.” In
this theory, the acidic lysosomal environment (pH 5.5) can promote
nanoparticles’ degradation and corrosion, which converts core metals
to ions and toxic substances. Inside the mitochondria, a high volume of
reactive oxygen is released, causing malfunction of other organelles
[22].

Besides, copper is cheap, and, because it oxidizes to form copper
oxide nanoparticles, it easily blends with polymers or macromolecules
because of its relatively stable chemical and physical properties
[14,20,21]. Recent studies show that adding CuNp in concentrations up
to 0.1 wt% in an adhesive system provided antimicrobial properties
without reducing the mechanical and optical properties of the adhesive
formulations [16,17]. Both studies also show that adding copper na-
noparticles in concentrations up to 1% may be an alternative to pre-
serving the bond to dentin after two years of water storage [16,17]. To
the authors’ knowledge, however, no clinical study has evaluated the
clinical performance of a CuNp-containing universal adhesive system.

Therefore, this double-blind, randomized controlled trial aims to
evaluate the influence of incorporating CuNp in a concentration of
0.1 wt% on the clinical performance of a universal adhesive system. The
adhesive system is applied in etch-and-rinse and self-etch modes and is
used underneath resin composite restorations in non-carious cervical
lesions (NCCLs) for 18 months. Two evaluation criteria were used: the
World Dental Federation (FDI) and the US Public Health Service
(USPHS) criteria. The null hypothesis was that bonding to NCCLs using
CuNp-containing universal adhesives, applied in both etch-and-rinse
and self-etch modes, generate similar clinical performances over 18
months when compared with a CuNp-free universal adhesive.

2. Materials and methods
2.1. Ethics approval and protocol registration

The local Ethics Committee on Involving Human Subjects reviewed
and approved the protocol and consent form for this study (protocol
19670/95). Written informed consent was obtained from all partici-
pants before starting the treatment. The experimental design followed
the Consolidated Standards of Reporting Trials (CONSORT) statements
[23].

This study was a randomized, double-blind controlled trial, regis-
tered in the Brazilian Registry of Clinical Trials (REBEC) by the number
RBR-65zy7 x. The study was carried out in the local university from
October 2016 to March 2017. The participants were informed about the
nature and the objectives of the study, but they were not aware of what
tooth received the specific treatments under evaluation.

2.2. Participant recruitment

Subjects were recruited while seeking treatment in the local uni-
versity’s dental clinics. No advertisement was made for participant re-
cruitment. Subjects were recruited in the order they reported for the
screening session, thus forming a convenient sample.

2.3. Sample size

The primary outcome of this study was the retention rate. The
sample size calculation was made using an online software that is
available at http://www.sealedenvelope.com, based on the retention
rate of universal adhesive that was reported to be 94% at 18-month
follow-up [24]. A minimal sample size of 50 restorations was required
to detect a difference of 20% among the tested groups, with an a of
0.05, and a power of 80%.
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2.4. Eligibility criteria

A total of 50 participants were examined by two pre-calibrated
dentists to ensure the subjects met the inclusion and exclusion criteria.
Following these examinations, 14 subjects were excluded, and 36 were
recruited after accepting the terms of the research (Fig. 1). The eva-
luations were performed using a mouth mirror, an explorer, and a
periodontal probe.

Participants had to be in good general health, be older than 18
years, have an acceptable level of oral hygiene according to the
Simplified Oral Hygiene Index [25], and present at least 20 teeth under
occlusion. They had to have at least four NCCLs in four different teeth
that needed restoration. These lesions had to be non-carious, non-re-
tentive, and deeper than 1 mm and they had to involve both the enamel
and dentin of vital teeth without mobility. The cavosurface margin
could not involve more than 50% of the enamel [26].

All subjects were given oral hygiene instructions before performing
the operative treatment. Subjects with inferior oral hygiene, severe or
chronic periodontitis, heavy bruxism habits or use of orthodontic de-
vices were excluded from the study.

2.5. Randomization sequence generation and allocation concealment

The randomization process was performed (using software available
at http://www.sealedenvelope.com) by a staff member not involved in
the research protocol. The allocated group’s details were recorded on
cards in sequentially numbered, opaque and sealed envelopes. These
were prepared by a staff member not involved in any of the clinical trial
phases. The allocation assignments were revealed by opening the en-
velope immediately before the restorative procedure to guarantee the
concealment of the random sequence and prevent selection bias. The
participants and the examiners were blinded to the group assignments.

2.6. Baseline characteristics of the selected teeth

The same two trained and calibrated dentists involved in the se-
lection of participants carried out the restorative procedures. The fea-
tures of the NCCLs were evaluated before the placement of the re-
storations. The degree of dentin sclerosis was evaluated according to an
earlier scoring system [27] modified by Swift et al. [28] (Table 1), and
the lesion dimensions in mm (height, width, and depth) and the geo-
metry of the lesion (evaluated by photograph profile and labeled
at < 45°, 45°-90°, 90°-135°, > 135°) were recorded [29]. Other fea-
tures, such as the presence of attrition facets [30], were also observed
and recorded. Pre-operative sensitivity was evaluated prior to ex-
amination (spontaneous), by applying air stream for 10 s from a dental
syringe placed 2 cm from the tooth surface (air dry), and with an ex-
plorer (touch).

For the calibration procedure step, the study director placed one
restoration of each group in order to identify all steps involved in the
protocol. Then, two operators placed another four restorations of each
group under the supervision of the study director in a clinical setting.
Any discrepancies of the restorative protocol were identified and dis-
cussed with the operator before starting the study. At this point, the
operators were considered calibrated to perform the restorative
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procedures. The calibrated operators restored all teeth under the su-
pervision of the study director.

2.7. Interventions: restorative procedure

A detailed protocol standardized the interventions, briefly sum-
marized following. A preliminary dental prophylaxis of the tooth sur-
face was performed with pumice and water in a rubber cup to remove
the salivary pellicle and any remaining dental plaque, followed by
rinsing and drying. The proper shade of the resin composite was de-
termined using a shade guide. Local anesthesia was applied with a 3%
mepivacaine solution (Mepisv, Nova DFL, Rio de Janeiro, RJ, Brazil),
and all restorations were placed under rubber dam isolation. Following
the guidelines of the American Dental Association (ADA) [31] the op-
erators did not prepare any additional retention or bevel.

The Ambar Universal (batch# 200716; FGM Prod. Odont.Ltda,
Joinville, SC, Brazil) were used to restored all NCCLs according to the
following groups: 1) ERcu = Etch-and-rinse with the universal adhesive
containing copper nanoparticles; 2) ERct = Etch-and-rinse with the
universal adhesive without copper nanoparticles (commercial ad-
hesive); 3) SEcu = Self-etch with the universal adhesive containing
copper nanoparticles; 4) SEct = Self-etch with the universal adhesive
without copper nanoparticles (commercial adhesive). For the groups
without copper (ERct and SEct) the adhesive system Ambar Universal
was used without none modification (as available commercially). For
the groups containing copper nanoparticles (ERcu and SEcu), the ad-
hesive system Ambar Universal suffer the addition of copper nano-
particles (99.9% pure, SkySpring Nanomaterials, Inc., Houston, TX,
USA; www.ssnano.com) in a concentration of 0.1 wt%, as described in
previous studies [16,17].

All adhesive system bottles for all experimental groups were pre-
coded by a staff member not involved in the research protocol to pro-
vide blinding of the study team as well as the patient. The adhesive was
applied on the entire dentin surface in all groups for approximately 20 s
(two separate coats of 10s each), according to the manufacturer’s re-
commendations, followed by gentle air for 10 s and finally light-curing
for 20 s at 1200 mW/cm? (Radii Cal, SDI, Victoria, Australia). For etch-
and-rinse groups, a 37% phosphoric acid was applied for 15 s in enamel
and dentin (Condac, FGM Prod. Odont. Ltda, Joinville, SC, Brazil) and
after rinsing, the dentin was kept moisture before adhesive application.

The operators restored the cervical tooth anatomy by applying three
increments of a resin composite (Opallis, FGM Prod. Odont.Ltda,
Joinville, SC, Brazil). Each increment was light cured for 10s at
1200 mW/cm? (Radii Cal, SDI, Victoria, Australia). The restorations
were finished immediately with fine diamond burs (#3195F and
#3195FF, KG Sorensen, Barueri, SP, Brazil) and polishing with flexible
disks (Soflex, 3 M ESPE, St. Paul, MN, USA).

2.8. Clinical evaluation

Two blinded, experienced and calibrated dentists (who specialized
in esthetic dentistry with more than 15 years of clinical practice),
performed the clinical evaluation. Patients were also blinded to group
assignment. An inter-examiner and inter-examiner agreement of at least
85% was necessary before beginning the evaluation [32].

Table 1
Dentin sclerosis scale*.
Category Criteria
1 No sclerosis present; dentin is light yellowish, with little discoloration; dentin is opaque, with little transparency
2 More sclerosis than category 1 but less than halfway between categories 1 and 4
3 Less sclerosis than in category 4 but more than halfway between categories 1 and 4
4 Significant sclerosis present; dentin is dark yellow or even discolored (brownish); glassy appearance, with significant translucency or transparency evident

* Heymann and Bayne [27], modified by Swift et al [28].
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Table 3

Modified United States Public Health Service (USPHS) criteria according to Dalton Bittencourt et al. [35] and Perdigao et al. [36].

Recurrence of caries

Postoperative sensitivity

Marginal adaption

Fracture

Retention

Marginal Staining

None evidence of caries

No postoperative sensitivity directly after the

Restoration is continuous with existing

anatomic form.

None

Retained

No discoloration along the margin

Alfa

contiguous with the margin

restorative process and during the study period

Detectable V-shaped defect in enamel only.
Catches explorer going both ways.

Small chip, but clinically

Partially
acceptable

retained

Deep staining cannot be polished away —Missing

Slight and superficial staining

Bravo

(removable, usually localized)

Evidence of presence of caries

Sensitivity present at any time during the study

period

Detectable V-shaped defect to dentin-enamel

junction.

Failure due to bulk
restorative fracture

Charlie

Journal of Dentistry 90 (2019) 103219

All parameters during evaluation were recorded using a standar-
dized paper case report form. The evaluation paper had to be sent after
each observation to the research staff, so that evaluators were blinded
to group assignment during follow-up recalls. Two criteria were used
for evaluation of the restorations: the FDI [33,34] and USPHS criteria
(adapted by Bittencourt et al. and Perdigao et al.) [35,36] immediately
after restorative procedure (baseline), and after 6, 12 and 18-month of
clinical service.

For either of the two criteria, only the clinically relevant measures
of the performance of the adhesives were evaluated (Tables 2 and 3).
The primary outcome was retention/fracture, but the following sec-
ondary outcomes were also evaluated: marginal staining, marginal
adaptation, post-operative sensitivity, and recurrence of caries. The
post-operative sensitivity was performed one week after the restorative
procedure, by applying an air stream from a dental syringe for 10s at
2 cm from the tooth surface.

These variables were ranked according to the criteria in the fol-
lowing scores: (1) FDI criteria (clinically very good [VG]; clinically
good [GO]; clinically sufficient/satisfactory [SS]; clinically un-
satisfactory [UN] and clinically poor [PO]) and (2) USPHS criteria
(Alfa = excellent, Bravo = acceptable and Charlie = bad). Both ex-
aminers evaluated all the restorations once and independently. In case
of disagreements during the evaluations, a consensus had to be reached
before the participant was dismissed. The restoration retention rates
were calculated according to the ADA guidelines [31]. Cumulative
failure percentage = [(PF + NF)/(PF + RR)] x 100, where PF is the
number of previous failures before the current recall, NF is the number
of new failures during the current recall, and RR is the number of
currently recalled restorations.

2.9. Statistical analysis

The statistician was blinded to the study group types, and the
analysis followed the intention-to-treat protocol, according to
CONSORT’s suggestion [23]. Descriptive statistics were used to describe
the distributions of the evaluated criteria. A statistical analysis was
performed for each item (the retention/fracture, marginal staining,
marginal adaptation, postoperative sensitivity, and recurrence of
caries), and for each overall parameter (FDI and USPHS). The differ-
ences between the four groups’ ratings after 6, 12, and 18 months were
tested by Friedman’s repeated measures analysis of variance rank
(o = 0.05). For the primary outcome retention, we also calculated the
risk ratio and the relative risk of all approaches relative to the most
traditional approach (ERct). The 95% confidence interval was also re-
ported. Cohen’s kappa statistics were used to test the inter-examiner
agreement. In all statistical tests, we preset the significance level at 5%
(Statistica for Windows 7.0, StatSoft Inc., Tulsa, OK, USA).

3. Results

The restorative procedures were implemented as planned, and no
modification was performed. Fourteen out of 50 subjects were not en-
rolled in the study because they did not fulfill the inclusion criteria
(Fig. 1). Thus, 36 subjects with a mean age of 49 + 9 and a range from
20 to 60 (17 women, 47%) were selected. All baseline details relative to
the research subjects and characteristics of the restored lesions are
displayed in Table 4. Two hundred and sixteen restorations were
placed, 111 in the maxillary arch and 105 in the mandibular arch.
Approximately 65% of the restorations were placed in premolars. All
restorations received the score of clinically very good (FDI) and Alfa
(USPHS) at baseline, for all primary and secondary outcomes. All re-
search subjects were evaluated at the baseline and after 6, 12, and 18
months. One patient was not possible to evaluate, due to wearing an
orthodontic appliance at the 18-month evaluation time.

The overall Cohen’s kappa statistics showed excellent agreement
between the examiners in the 6-month (0.94), 12-month (0.92), and 18-
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Table 4
Characteristics of the research subjects and the non-carious cervical lesions
(NCCLs) per group.

Characteristic Number of lesions

ERcu ERct SEcu SEct

Shape (degree of angle)

<45 0 0 0 0
45-90 21 22 14 16
90-135 12 15 12 15

> 135 21 17 28 23

Cervico incisal height (mm)

<15 13 16 7 7
1.5-2.5 23 17 25 21
2.5-4.0 15 19 19 21

> 4.0 3 2 3 5

Score on dentin sclerosis scale

1 4 4 2 4
2 26 23 27 20
3 18 20 24 26
4 6 7 1 4

Presence of antagonist

Yes 50 51 47 50
No 4 3 7 4
Attrition facet

Yes 10 12 10 9
No 44 42 44 45

Pre-operative sensitivity (spontaneous)
Yes 17 18 20 20
No 37 36 34 34

Pre-operative sensitivity (air dry)
Yes 20 28 26 26
No 34 26 28 28

Pre-operative sensitivity (touch)
Yes 18 19 20 20
No 36 35 34 34

Tooth distribution

Incisor 7 5 7 5

Canine 7 5 5 6
Posterior

Premolar 34 38 35 35

Molar 6 6 7 8

Arc distribution
Maxillary 28 29 26 28
Mandibular 26 25 28 26

month (0.92) follow-ups. None of the patients reported postoperative
sensitivity, and we did not detect caries at any of the follow-up periods.

3.1. Retention/fracture

No restoration was lost at the 6-month recall. Four restorations were
lost at 12 months (1 for ERcu, 1 for ERct, and 2 for SEct) (Table 5).
According to FDI and USPHS criteria, the 12-month retention rates
(95% CI) were 98% (90-100%) for ERcu; 98% (90-100%) for ERct;
100% for SEcu; and 96% (87-99%) for SEct (Table 5). Fourteen re-
storations were lost at 18 months (2 for ERcu, 2 for ERct, 3 for SEcu, and
7 for SEct). According to FDI and USPHS criteria, the 18-month reten-
tion rates (95% confidence interval) were 96% (87-100%) for ERcu;
96% (87-100%) for ERct; 94% (85-98%) for SEcu; and 87% (75-93%)
for SEct (Table 5). The lost restorations at 12 months (n = 4), and 18
months (n = 10) were counted in the evaluation of the other para-
meters. Three restorations were fractured at 18 months (1 for SEcu
clinically sufficient/satisfactory and 2 for SEct clinically unsatisfactory).

No significant difference was found when different groups were
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compared after the 6 and 12-month recalls for both criteria (Tables 5
and 6). However, according to the FDI criteria, a significantly higher
retention rate was found at the 18-month recall in the SEcu, ERct, and
ERcu groups when compared with the SEct group (p < 0.05).

3.2. Marginal staining

For the FDI criteria, two restorations at 6 months (one for SEcu and
one for SEct), nine restorations at 12 months (one for ERct, five for
SEcu, and three for SEct), and ten restorations at 18 months (one for
ERcu, two for ERct, four for SEcu, and three for SEct) were considered to
have minor discrepancies (clinically good and satisfactory) but no sta-
tistical difference was found (p > 0.05) (Table 5). When the USPHS
criteria were used, only two restorations at 12 months were scored as
Bravo for marginal staining (2 for SEcu) (p > 0.05). After 18 months,
three restorations were scored as Bravo for marginal staining (3 for
SEcu) (p > 0.05) (Table 6), with no significant difference between any
pair of groups in each time comparison (p > 0.05).

3.3. Marginal adaptation

According to the FDI criteria, 24 restorations at 6 months (four for
ERcu, three for ERct, 8 for SEcu, and 9 for SEct), 42 restorations at 12
months (six for ERcu, three for ERct, 16 for SEcu, and 17 for SEct) and
39 restorations at 18 months (six for ERcu, four for ERct, 11 for SEcu,
and 18 for SEct) were considered to have minor discrepancies regarding
marginal adaptation (clinically good and satisfactory). According to the
FDI criteria, significantly lower marginal adaptation was found at the
12- and 18-month recalls in the SEcu and SEct groups, when compared
with the ERct and ERcu groups (p < 0.05). Also, after 18-month re-
calls, there is a significantly lower marginal adaptation in the SEct when
compared to SEcu (p < 0.05). Despite the high number of the re-
storations with marginal discrepancy in the FDI criteria, none of them
were considered to have clinically relevant discrepancies (clinically
unsatisfactory) in the marginal adaptation even after 6, 12, and 18
months (Table 5).

When USPHS criteria was used one restoration at 6 months (one for
SEct), three restorations at 12 months (one for SEcu and 2 for SEct), and
seven restorations at 18 months (one for ERcu, one for ERct, two for
SEcu, and three for SEct) were scored as Bravo for marginal adaptation
compared to the baseline (p > 0.05). No significant difference was
detected between any pair of groups at the 6-, 12-, and 18-month recalls
(p > 0.05) (Table 6).

3.4. Postoperative sensitivity

None of the restorations showed postoperative sensitivity im-
mediately after the restorative procedures, according to the FDI and
USPHS criteria. None of the restorations showed postoperative sensi-
tivity at any recall time for either the FDI or USPHS criteria.

3.5. Recurrence of caries

No restoration showed recurrence of caries at any recall time using
the FDI and the USPHS criteria.

3.6. General overview

When the FDI criteria for “acceptable” vs. “not acceptable” re-
storations were applied, only 14 restoration were ranked as “not ac-
ceptable” after 18 months (two for ERcu, two for ERct, three for SEcu
and seven for SEct), the majority where from the SEct group.

4. Discussion

This study was the first to evaluate the clinical performance of a
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Table 5
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Number of Evaluated Restorations for Each Experimental Group Classified According to the World Dental Federation (FDI) Criteria [33,34].

FDI Criteria ) Baseline 6 months

12 months 18 months

ERcu ERct  SEcu SEct ERcu

ERct

SEcu SEct ERcu ERct  SEcu SEct  ERcu ERct  SEcu SEct

VG 54 54 54
GO - - - - - -

ss - - - - - -

UN - - - - - -

PO - - - - - -

VG
GO - - - - - -
ss - - - - - -
UN - - - - - -
PO - - - - - -
VG
GO - - - - 4 3
ss - - - - - -
UN - - - - - -
PO - - - - - -
VG
GO - - - - - -
ss - - - - - -
UN - - - - - -
PO - - - - - -
VG
GO - - - - - -
ss - - - - - -
UN - - - - - -
PO - - - - - -

Marginal staining

Retention and Fractures

Marginal adaptation

Postoperative (hyper-) sensitivity

Recurrence of caries

53 46

ERcu, etch-and-rinse, copper-containing adhesive; ERct, etch-and-rinse, commercial adhesive; SEcu, self-etch, copper-containing adhesive; SEct, self-etch, commercial

adhesive.

* VG for clinically very good; GO for clinically good; SS for clinically sufficient/satisfactory; UN for clinically unsatisfactory; and PO for clinically poor.

Table 6
Number of evaluated restorations for each experimental group according to the modified United States Public Health Service (USPHS) criteria [35,36].
USPHS Criteria ™) Baseline 6 months 12 months 18 months
ERcu ERct SEcu SEct ERcu ERct SEcu SEct ERcu ERct SEcu SEct ERcu ERct SEcu SEct

Marginal staining Alfa 54 54 54 54 54 54 54 54 53 53 52 52 51 51 47 46
Bravo - - - - - - - - - - 2 - - - 3 -
Charlie - - - - - - - - - - - - - - - -

Retention Alfa 54 54 54 54 54 54 54 54 53 53 54 52 51 51 50 46
Bravo - - - - - - - - - - - - - - -
Charlie - - - - - - - - 1 - 2 2 2 3 7

Fractures Alfa 54 54 54 54 54 54 54 54 53 53 54 52 51 51 49 44
Bravo - - - - - - - - - - - - - - 1 -
Charlie - - - - - - - - - - - - - - - 2

Marginal adaptation Alfa 54 54 54 54 54 54 54 53 53 53 53 50 50 50 48 43
Bravo - - - - - - - 1 - - 1 2 1 1 2 3
Charlie - - - - - - - - - - - - - - - -

Postoperative sensitivity Alfa 54 54 54 54 54 54 54 54 53 53 54 52 51 51 50 46
Bravo - - - - - - - - - - - - - - - -
Charlie - - - - - - - - - - - - - - - -

Recurrence of caries Alfa 54 54 54 54 54 54 54 54 53 53 54 52 51 51 50 46
Bravo - - - - - - - - - - - - - - - -
Charlie - - - - - - - - - - - - - - - -

ERcu, etch-and-rinse, copper-containing adhesive; ERct, etch-and-rinse, commercial adhesive; SEcu, self-etch, copper-containing adhesive; SEct, self-etch, commercial

adhesive.

CuNp-containing universal adhesive system applied in the etch-and-
rinse and self-etch modes of NCCL restorations. In the current study,
adding copper nanoparticles in the self-etch mode significantly im-
proved the retention rate compared to the self-etch control group,
which leads to the partial rejection of the null hypothesis. However, the
same effect was not observed in the etch-and-rinse strategies, whether
CuNp was added or not.

The universal adhesives provide dentists with a choice of adhesion
strategy (etch-and-rinse or self-etch) according to the dentist’s pre-
ference [37,38]. Although no official definition exists for a universal
adhesive, the literature describes it as a single-bottle adhesive that

performs equally well with any adhesion strategy and bonds adequately
to the tooth structure and various direct and indirect restorative ma-
terials [39,40]. Universal adhesives are similar to the simple one-step
self-etch adhesives, but they contain specific functional monomers to
better bond with the dental hard substrates. The best-known of these
monomers is 10-methacryloyloxydecyl dihydrogen phosphate (MDP).
Several studies showed that MDP ionic bonds to dentin, forming stable
calcium salts on hydroxyapatite (nanolayer). MDP also promotes a
more effective and stable bond in water than other functional mono-
mers do [41-43].

Several concerns exist regarding the bond with dentin when
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simplified self-etch adhesives containing MDP are applied. Some studies
showed a scarce nanolayer formation when several MDP-containing
adhesives were applied to dentin in the self-etch mode [44,45], at-
tributed to the presence of other hydrophilic monomers or photo-
initiators, which may inhibit and or compete with the MDP and de-
crease the nanolayer formation. Other studies indicate that the
nanolayer formation is directly proportional to the MDP concentration
[44,45]. Unfortunately, the exact concentrations of MDP added to the
universal adhesives available on the market are unknown. All these
factors could impair the bonding interaction with dentin when the
Ambar Universal adhesive was applied in the self-etch mode. However,
adding CuNp to the Ambar Universal adhesives when applied as a self-
etch increased their clinical performance.

The faster degradation of the adhesive interfaces may be associated
with higher accumulation of esterases from cariogenic bacteria and
saliva [3,5,7,46,47]. These factors, along with an MMP activity, con-
tribute to an increase in caries formation, caries progression, and pre-
mature restoration failure [9,10,48]. The MMPs present in dentin are
produced by odontoblasts [49] during secretion of dentin matrix and
are suggested to be involved in dentin formation. After mineralization
of the collagen matrix, the inactive proforms of MMPs remain trapped
within the calcified matrix [50], where they can be re-exposed and
potentially activated by the acidic environment created by bacterial
acids during the dentin caries process.

MMP-8 and MMP-9 are the most abundant salivary MMPs and
predominate in dentin caries lesions [51], especially in the outer caries
compared with the inner caries (caries-affected) layer [52]. Although
no clinically visible secondary caries could be observed in these con-
texts, there was a subclinical degradation of the adhesive interfaces.
The collagenolytic and gelatinolytic activity may explain this phe-
nomenon on the partially demineralized dentin after application of self-
etch adhesives. By activating the MMPs [53,54] and the cysteine-ca-
thepsins (CTs) [55,56], a self-degradation of the partially infiltrated
collagen fibrils [57] occurs with reduction of bond strength values over
time [58].

In this sense, copper can inhibit the MMPs [20,21] and, on the other
hand, act as a collagen cross-linker [55,56] that may make the substrate
less susceptible to the effects of proteolytic enzymes, such as MMPs and
CTs [55,56]. Adding copper nanoparticles in the universal adhesive
may significantly reduce the activity of the dentin MMPs because of
copper’s inhibitory potential (mainly on the MMP's subtypes -2 and -9)
[59,60]. This strengthens the idea that including CuNp in the protocol
adhesive may be an interesting alternative in reducing enzymatic ac-
tivity.

The copper addition can also increase the strength of the collagen
network, one component of the hybrid layer, because the collagen
cross-linking enzyme, lysyl oxidase (LOX), is copper-dependent
[55,56]. Thus, copper indirectly acts effect as a cross-linking agent.
Both effects (anti-enzymatic and cross-linking) help prevent the de-
gradation of the collagen fibrils, which can improve the immediate and
long-term results of dentin bonding [16,17]. Notably, adding CuNp
increases the bonding layer’s immediate and long-term mechanical
properties [16], making it less susceptible to solubility after water
storage [17]. These processes may all act together for a slight im-
provement in the retention rate of the self-etch copper-containing
group.

Unfortunately, the same phenomenon was not observed for the etch-
and-rinse strategy. Several recently published clinical studies evalu-
ating the application of the other MMP inhibitors and cross-linking
agents during the protocol application of etch-and-rinse adhesives did
not show improvement of the clinical performance [61-64]. It is un-
clear to the present study’s authors why there was no improvement.
Future long-term clinical studies need to be done to evaluate the clinical
performance of MMP inhibitors and cross-linking agents applied to the
etch-and-rinse adhesives.

Regarding marginal defects in general, there was a significant
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difference in the adhesive technique between the etch-and-rinse and
self-etch groups at the 18-month recall, which agrees with a previous
study [65-67]. This has already been reported in the literature. A re-
duction of the enamel bonding’s effectiveness was observed when
universal adhesives were applied to the enamel as self-etch adhesives
[37,68,69]. The increased surface area on intact and ground enamel
after applying the self-etch adhesives is lower than that with the
phosphoric acid etching [70]. Consequently, the in vitro performance of
the simplified self-etch adhesives (as universal adhesives applied in the
self-etch mode) could be significantly improved with preliminary
phosphoric acid etching [71,72] in the clinical studies [73].

Despite the high number of restorations with a marginal dis-
crepancy in the FDI criteria, none of them had clinically relevant dis-
crepancies (clinically unsatisfactory) in the marginal adaptation, even
after 6, 12 and 18 months.

Some of the present study’s limitations need to be described. The
main idea for adding CuNp into dental adhesive systems was to provide
more extended periods of antimicrobial and anti-MMP properties
[15-17,20,21]. Cu has already been shown as still present in the ad-
hesive interface formed by Cu-containing adhesives, even after two
years of in vitro water storage, with a high enough concentration to
produce antimicrobial and anti-MMP effects [16,17]. However, as none
secondary caries were observed, the antimicrobial effect of Cu can not
be observed. Future long-term follow-ups need to be done to prove this
hypothesis.

An important issue to mention when metallic nanoparticles are in-
corporated into adhesive systems is the cytotoxicity of these nano-
particles. Several studies have shown the potential cytotoxicity of CuNp
[18,74], but little attention has been given to the effects of these na-
noparticles incorporated in the polymer matrix of the adhesive systems.
Based on that, viability tests for adhesive solutions are important in
these cases. Uncured components of adhesive systems may diffuse
across the subjacent dentinal tubules and in deep cavities, reach the
pulp chamber, and modify pulp cell metabolism [75,76].

In a recent viability study [77], zinc oxide and copper nanoparticles
were added in 0 wt% (control), 0.1 wt%, and 0.2 wt% concentrations in
the same adhesive used in this study. The authors [77] showed higher
cytotoxicity of adhesives, irrespectively of the presence of the metallic
nanoparticles. This means that the adhesive solution itself is cytotoxic,
and this cytotoxicity was not worsened with copper addition. Mono-
mers, like 10-MDP monomer, presented in Ambar Universal, is as cy-
totoxic as other diluent monomers such as TEGDMA, inducing odon-
toblastic differentiation and inflammatory response in human dental
pulp cells [78].

Releasing copper in vitro may differ from a complex cavity’s release
of copper as non-carious cervical lesions, thus preventing us from ex-
trapolating the present data into a clinical scenario, but this slow re-
lease over time may supplement the antimicrobial and anti-MMP ac-
tivity of the adhesive apart from maintaining the expected sealing and
retention. However, this hypothesis was only partially observed in the
present study through a slight improvement potentially related to
adding the Cu nanoparticle when universal adhesive was applied in the
self-etch mode. Thus, future long-term clinical studies are needed to
evaluate the antimicrobial and anti-MMP potential of incorporating
CuNp into the universal adhesive systems.

5. Conclusion

The present study demonstrated that adding copper nanoparticles to
a universal adhesive system in a concentration of 0.1 wt% is a feasible
approach to maintain or even improve the clinical performance of
cervical restorations. However, only a slight improvement was poten-
tially related to adding Cu nanoparticles, mainly when the universal
adhesive was applied in the self-etch application mode.
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