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Abstract: Streptococcus mutans (S. mutans) is a group of viridans mostly located in oral flora among the
wide and biodiverse biofilm. It plays a significant role not only in caries formation but also triggering
intracerebral haemorrhage. The durable and stable bond interface, besides bacteria elimination,
is one of the crucial factors influencing the resin composite restoration performance. This study
aimed to evaluate universal adhesives (UAs) with regard to in vitro bond strength to dentin, and
the inhibition of the S. mutans growth and compare them with UAs modified with antimicrobial
agents through a systematic review and meta-analysis. Two reviewers performed a literature search
up to April 2021 in 5 electronic databases: PubMed MedLine, Scielo, ISI Web of Science, Scopus,
and EMBASE. Only in vitro studies reporting the effect of modifying UAs with antimicrobial agents
on the bond strength to dentin and/or on the inhibition of the S. mutans were included. Analyses
were carried out using Review Manager Software version 5.3.5 (The Nordic Cochrane Centre, The
Cochrane Collaboration, Copenhagen, Denmark). The methodological quality of each in vitro study
was evaluated following the parameters of a previous systematic review. A total of 1716 potentially
relevant publications were recognized. After reviewing the title and abstract, 16 studies remained
in the systematic review. From these, a total of 3 studies were included in the meta-analysis. Since
data from the studies included in the antimicrobial outcome included zero values, they could not be
meta-analysed. Including 0 values in the analysis will lead to several biases in the analysis, so these
data were discarded. The antibacterial effect against S. mutans of UAs modified with antimicrobial
agents was higher than the non-modified adhesive systems. Within the limitations of the present
study, the bond strength of UAs to dentin could be improved by using antimicrobial agents. The UAs
modified with antibacterial agents showed a decrease in the viability of S. mutans biofilm, among the
adhesives tested. However, there are not enough valid data on antibacterial properties of modified
UAs; therefore, more well-designed research on these materials is needed.
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1. Introduction

The clinical success relies on the resistant and durable composite-tooth interface.
Dental bonding adhesives (DBAs) create a hybrid layer which fulfils the occurrence of the
micromechanical retention of the restoration [1,2]. Residues of bacterial origins left on the
cavity surface may damage the adhesive interface. It is important to consider that during
carious removal and just before bonding procedures, bacteria can remain within the dentin
substrate, smear layer, in dentinal tubules, and at the dentin–enamel junction [3,4]. Hence,
it is of critical importance to apply adhesives possessing good antibacterial properties on
the cavity surface. Inconsistent findings are present in literature discussing the antibacterial
activity of DBAs [5–8]. Few adhesives exhibit antibacterial properties [6,9]. The application
of adhesive systems with no antimicrobial agents can negatively affect clinical outcomes [1].
Various factors affect the antibacterial activity of DBAs, mainly acidity and composition [6].
Adhesion promoting, acidic monomers—containing acrylic, carboxylic, or phosphoric
portions in the molecules—are additional factors found to impact the antibacterial activity
of the adhesive systems or primers [10].

Nowadays, the latest versions of the so-called universal adhesives (UAs) might be
a potential new trend for dentists as they can offer a simplified version of the classical
concept of adhesive technology in terms of lessening technique sensitivity and reduced
clinical application time [11,12]. This type of adhesives presented various applicability
options and it can be used following either a self-etch, or an etch-and-rinse, or a selective
etch-enamel mode; therefore, it is also named as multi-mode adhesives [13]. Clinically,
however, information regarding their bond performance to dentin is scarce [14]. When
dentin bond is concerned, the bonding efficiency of UAs is still debatable; hence, the
stability and durability of the dentin–adhesive interface is restricted [15]. Unfortunately,
UAs are not able to fully prevent the occurrence of micro-gaps at the adhesive interface [16].
Furthermore, they are also associated with the increased nanoleakage resulting from a
mixture of hydrophobic and hydrophilic species in a single bottle DBA [17,18].

The shrinkage of adhesive and resin composite accompanying the polymerization
process leads to the formation of microcracks between dentin and adhesive, weakening the
bond between them [19,20]. This opens the pathway for the cariogenic bacteria present in
saliva such as S. mutans. Consequently, microorganisms are able to adhere to the dentinal
surface and to reproduce in these microcracks, producing an acidic media which can be
mainly responsible for recurrent caries formation, and hypersensitivity [21,22].

It is well known the fact that S. mutans is one of the most abundant bacteria found in
the oral cavity [23]. This bacterium is responsible for the formation of dental caries and
many systemic diseases including intracerebral haemorrhage [24]. In the oral flora, biofilm
is formed due to interactions of high complexity between microorganisms, sugar-rich diet,
and the host, producing acids that demineralize the dental substrate [25]. Biofilms are
defined as microbial communities that are immersed in a three-dimensional extracellular
matrix (EM) that are capable of attaching to surfaces. S. mutans is still considered the main
producer of EM in dental biofilms [26]. It is a highly acidogenic and aciduric microorganism
that encodes glucosyltransferases (Gtfs), which leads to the production of extracellular
polysaccharides in the presence of sucrose. Extracellular polysaccharides are the primary
constituent of the EM and have the ability to provide a framework which supports the
biofilm development while encouraging microbial adhesion to surfaces [27].

The introduction of antibacterial agents into dental adhesive may solve the prob-
lem of cariogenic bacterial growth in adhesive layer [28,29]. Therefore, the incorporation
of the antibacterial quaternary ammonium methacrylate MDPB (12 methacryloyloxydo-
decylpyridinium bromide) [30], nisin peptide [31], dimethylaminododecyl methacrylate
(DMADDM) [32], glutaraldehyde [33], chlorhexidine [34], and silver nanoparticles in dental
adhesives [35] might provide a novel perspective on this recurring clinical challenge [36].

These compounds seem to be successful in improving the properties of DBAs by
enhancing their long-term performance and protecting the tooth–adhesive interface from
microleakage [37]. Due to the limited number of UAs with antibacterial properties on the
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market, there is a need to investigate compounds that could potentially be added into this
novel dental adhesive [38].

A lot of effort had been devoted to assessing the antibacterial activity of UAs. However,
there are insufficient numbers of articles on UAs modified with anti-bacterial agents [16,36].
Interestingly, there have been numerous new molecules and methods introduced by sev-
eral authors in an attempt to attain stable and optimal adhesion of UA agents to dentin
substrate [28–36,39,40]. Nevertheless, the complex analysis of modified UAs is missing,
which could indicate a gold standard for adhesion to dental substrate.

Therefore, the aim of this systematic review and meta-analysis was to evaluate univer-
sal adhesives with regard to in vitro bond strength to dentin, and the inhibition of the S.
mutans growth, and compare them with universal adhesives modified with antimicrobial
agents. The null hypothesis of the study was that both bond strength and bacteria inhibition
of these adhesives were comparable.

2. Materials and Methods

This systematic review and the meta-analysis were executed in accordance with the
PRISMA 2020 guidelines [41]. The following PICOS framework was used: population,
human dentin; intervention, application of universal adhesives modified by antimicrobial
agents; control, application of universal adhesives according to the instructions of the
manufacturer; outcomes, growth of S. mutans and bond strength; and study design, in vitro
studies. The research question was: “Does the modification of universal adhesive systems
by antimicrobial agents inhibit the growth of Streptococcus mutans, and improve the bond
strength to dentin?”

2.1. Literature Search

The literature search was independently performed by two reviewers (C.E.C.-S. and
R.B.) up to 18 April 2021.The following five electronic databases were screened: PubMed
MedLine, Scielo, ISI Web of Science, Scopus, and EMBASE, to identify articles that could
be included. The search strategy and keywords used in PubMed are listed in Table 1. The
full search strategy for Scielo, ISI Web of Science, Scopus, and EMBASE databases was
presented as Supplementary Material (Tables S1–S4). Respectively, the reviewers also hand-
searched the reference lists of included manuscripts for identification of supplementary
papers. Following the initial screening, all articles were imported into Mendeley Desktop
1.17.11 software (Glyph & Cog, LLC, London, UK) to remove duplicates.

Table 1. Search strategy used in PubMed.

Search Strategy

# 1

Microbial viability OR Antibacterial OR Antimicrobial OR peptide antibacterial OR
Antibacterial activity OR Anti-Infective Agents OR Anti Infective Agents OR
Antiinfective Agents OR Microbicides OR Antimicrobial Agents OR Anti-Microbial
Agents OR Anti Microbial Agents OR anti-Bacterial Agents OR Anti Bacterial Agents OR
Antibacterial Agents OR Biofilm OR Bacterial

# 2
Universal adhesives OR Universal adhesive OR Universal simplified adhesive systems
OR Universal Dental Adhesives OR Multipurpose adhesives OR multi-purpose adhesives
OR multimode adhesives OR multi-mode adhesives OR universal bonding agent

# 3 # 1 and # 2

2.2. Study Selection

Two independent reviewers (L.H. and R.B.) evaluated the titles and abstracts of all the
manuscripts. Studies for full-text review were selected according to the eligibility criteria:
(1) in vitro studies reporting the effect of modifying UAs with antimicrobial agents on
the bond strength to dentin, and/or on the inhibition of the S. mutans; (2) assessing the
bond strength of UAs to dentin substrate with a resin-based material as an antagonist;
(3) including a control group in which UAs systems were used following the instructions
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of manufacturers; (4) including mean and standard deviation data in MPa on micro-shear,
shear, micro-tensile, and tensile bond tests; (5) evaluating the bacterial activity of S. mutans;
(6) publishing in the English language. Papers that involved substrates further than those
established in the inclusion criteria were not considered for this review. Clinical trials,
case series, case reports, pilot studies, and reviews were also excluded. Full copies of all
of the potentially pertinent manuscripts were analysed. Those that seemed to meet the
inclusion criteria or had insufficient data in the title and abstract to make a clear decision
were designated for full evaluation. The full-text papers were assessed in duplicate by
two independent investigators. Any disagreement or variations in view concerning the
eligibility of the included manuscripts was resolved and decided through consensus and
discussion by a third reviewer (C.E.C.-S.). Only studies that fulfilled all of the eligibility
criteria listed were included for review.

2.3. Data Extraction

Data of interest from the manuscripts involved were tabulated using a standardized
form in the Microsoft Office Excel 2019 spreadsheets (Microsoft Corporation, Redmond,
WA, USA). These data contained demographic data (year of publication), universal adhe-
sive, antimicrobial agents, outcomes, and main results. If any information was partially
missing, the corresponding authors of the involved papers were contacted twice via e-mail
to retrieve the missing data. If authors did not answer within 3 weeks after the first com-
munication, the missing information was not included. For the articles that displayed the
information in graph formatting and for which the original data could not be retrieved
from the investigators, mean and standard deviation were obtained by calculation using
WebPlotDigitizer 4.0 software (Austin, TX, USA).

2.4. Quality Assessment

The methodological quality of each involved in vitro study was evaluated by two
reviewers (R.B. and L.H.), agreeing to the parameters of the previous systematic review [39].
The risk of bias in each article was assessed regarding the description of the subsequent
parameters: specimen randomization; single-operator protocol implementation; blinding of
the testing machine operator; the inclusion of a control group; standardization of the sample
preparation; failure mode evaluation; use of all the materials following the instructions of
the manufacturers; and description of the sample size calculation. If the parameter tested
was described by the author, the paper received a “YES” for that particular parameter. On
the other hand, when information was missed, the specific parameter received a “NO.”
Risk of bias was evaluated and classified by the sum of the “YES” answers received: 1 to 3
designated a high bias, 4 to 6 medium, and 7 to 8 implied a low risk of bias.

2.5. Statistical Analysis

Meta-analyses were performed using a software program (Review Manager v5.4.1;
The Cochrane Collaboration, Copenhagen, Denmark). The analyses were performed using
the random-effects model, and pooled effect estimates were obtained by comparing the stan-
dardized mean difference between bond strength values of unmodified universal adhesives
versus the antibacterial containing universal adhesive. In studies where several experimen-
tal groups were compared with the same control group, data from the experimental groups
(mean, standard deviation, and sample size) were combined [42]. A p-value < 0.05 was
considered statistically significant. Statistical heterogeneity of the treatment effect among
studies was assessed using the Cochran Q test and the inconsistency I2 test.

3. Results

A total of 1716 publications were identified from all databases. A flowchart that
outlines the study selection process agreeing to the PRISMA Statement is displayed
in Figure 1. The literature review retrieved 1609 publications for the initial exami-
nation after the duplicates were removed. Next, 1593 studies were excluded after
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reviewing the titles and abstracts, leaving a total of 16 studies [33,37,43–56] to be ex-
amined by full-text reading. Of these, 13 studies were not included in the qualitative
analysis [33,37,43,44,46–49,51,52,54–56], totalizing 3 articles [45,50,53]; the reasons for
exclusion are mentioned in the supplementary material (Table S5).
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Figure 1. Prisma flow diagram of the study.

The characteristics of the manuscripts included in this systematic review are sum-
marized in Table 2. Several antimicrobial agents including fluorinated graphene, eugenyl
methacrylate (EgMA), 0.2% chlorhexidine, benzalkonium chloride (BAC) were used as
bonding modifiers, while tt-farnesol, ozone, 2% chlorhexidine, resveratrol/ethanol solution,
6% sodium hypochlorite (NaOCl), 0.01% urushiol, epigallocatechin-3-gallate (EGCG), and
the mixture dimethyl sulfoxide (DMSO) with epigallocatechin-3-gallate (EGCG) were used
as dentin pre-treatments.
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Table 2. Demographic and study design data of the included studies.

Study Antimicrobial Agents Universal Adhesive
System Outcomes Main Results

Maryoosh 2020 2% fluorinated graphene

Prime & Bond Universal
adhesive (Dentsply, Tusla
dental specialties, USA)

All-Bond Universal
adhesive (Bisco Inc., USA)

DC (FTIR)
ADT

A significantly greater
antibacterial activity was
obtained with adhesives

containing 2% fluorinated
graphene nanoparticles

than other groups
(p < 0.01).

Maryoosh 2020 2% fluorinated graphene
nanoparticles

Prime & Bond Universal
adhesive (Dentsply, Tusla
dental specialties, USA)

All-Bond Universal
adhesive (Bisco Inc., USA)

Dentin SBS

A higher shear bond
strength was observed

with adhesives containing
2% FGN in comparison to

study groups (p < 0.01)
after 24 h.

Almaroof 2017 Eugenyl methacrylate
(EgMA)

Clearfil Universal Bond
(Kuraray, Tokyo, Japan)

DC (FTIR)
Glass transition

temperature
Water sorption and

solubility
Surface free energy

Dentin push-out bond
strength

SEM
CLSM
ADT

The total push-out bond
strengths of the

EgMA-containing
adhesives were not

significantly different
from those of the controls

(p > 0.05). The
modification of the

self-etch adhesive system
enhanced the bond

strength in the middle
region of the roots canal.
The sizes of the bacterial

inhibition zones produced
by uncured EgMA

modified adhesives were
significantly greater

(p < 0.05) than those of the
controls.

Bosso André 2017 0.2% chlorhexidine
di(acetate)

Peak Universal Bond
(Ultradent Products Inc.,
South Jordan, UT, USA)

ADT
Inhibition of biofilm

formation
Interface of adhesion

Peak Universal Bond
when light cured

produced an inhibition
halo on S. mutans.

del Rio 2020 tt-farnesol
Adper Scotchbond

Universal (3M ESPE, St.
Paul, MN, United States)

CFU
Biofilm DW

Production EIP
pH analysis

DC
Dentin µTBS

SEM
CLSM

The 3.80% (v/v)
tt-farnesol-modified

adhesive exhibited the
lowest CFU count and

lowest production of EIP
at day 5.

Bond strengths decreased
with the incorporation of
the antibacterial agent into

the adhesive system
regardless of the
concentration of

tt-farnesol.

Boutsiouki 2019

0.2% chlorhexidine
diacetate

2% chlorhexidine
digluconate

Peak Universal Bond
(Ultradent Products Inc.,
South Jordan, UT, USA)

Biological loading in
caries model

Enamel margins
Dentine margins

SEM marginal analysis

2% chlorhexidine as
dentin pre-treatment, or

0.2% chlorhexidine added
in adhesives did not

provide any antibacterial
effect regarding secondary

caries in dentin.

Brambilla 2017 Chlorhexidine diacetate
(CDA)

Peak Universal Bond
(Ultradent Products Inc.,
South Jordan, UT, USA)

Tetrazolium salt assay
(MTT)
CLSM
SEM

MTT assay showed that
CDA addition decreased,

increased or did not
change S. mutans biofilm
formation. Lowest biofilm

formation was obtained
with Peak Universal Bond
(with and without CDA).
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Table 2. Cont.

Study Antimicrobial Agents Universal Adhesive
System Outcomes Main Results

Cangul 2020 Ozone
Peak Universal Bond

(Ultradent Products Inc.,
South Jordan, UT, USA)

Dentin SBS

The application of ozone
could be a suitable

alternative method to
eliminate oral cariogenic

bacteria.

Bosso André 2015 0.2% chlorhexidine
di(acetate)

Peak Universal Bond
(Ultradent Products Inc.,
South Jordan, UT, USA)

Dentin µTBS
DCM
DFU

Storage time had no effect
on the BS for most of the

adhesives. The time
required to kill bacteria
depended on the type of
adhesive and never was

less than 10 min.

Peng 2020 Resveratrol/ethanol
solution

Scotchbond Universal
Adhesive (3 M ESPE, St.

Paul, MN, USA)

Dentin µTBS
FESEM

fractographic analysis
Interfacial nanoleakage

Surface contact angle test
In situ zymography
Bacterial culture and
biofilm preparation
Live/dead bacterial

staining
MTT assay

FESEM examination of
biofilm

Cytotoxicity evaluation by
cell counting Kit-8 (CCK8)

assay

The 10 mg/mL
resveratrol/ethanol
pretreatment group

presented significantly
higher (p < 0.05) µTBS and
showed better inhibitory

effect of S. mutans activity
with acceptable

cytotoxicity.

Cha 2016

2% chlorhexidine
6% sodium hypochlorite

(NaOCl)
0.01% urushiol

Scotchbond Universal
Adhesive (3 M ESPE, St.

Paul, MN, USA)

CFU
Dentin SBS

FE-SEM

All disinfectants tested
had strong antibacterial

capacity and may better be
rinsed away.

Comba 2019 Benzalkonium chloride
(BAC)

All-Bond Universal (Bisco
Inc.)

Gelatin zymography
in situ zymography

Dentin µTBS

BAC-containing adhesives
reduce endogenous

enzymatic activity both
immediately and over
time, and decrease the

bond strength.

Barros Silva 2021 Epigallocatechin3gallate
(EGCG)

Universal Single-Bond
commercial adhesive (3M
ESPE, St. Paul, MN, USA)

CFU
Water sorption

Solubility

0.5% EGCG was capable
of inhibiting biofilm

formation; however, it
caused significant

alteration of the solubility
and sorption of the

adhesive.

Atalayin 2018

35% Phosphoric acid
(Ultra-Etch, Ultradent
Products Inc., South

Jordan, UT, USA)
37% Phosphoric acid with

BAC
(Etch-37, Bisco Inc.,

Schaumburg, IL, USA)
0.2% chlorhexidine

diacetate

Peak Universal Bond
(Ultradent Products Inc.,
South Jordan, UT, USA)

ADT

Benzalkonium chloride
added into etchant, and

chlorhexidine added into
adhesive, did not provide

additional antibacterial
activity against S. mutans.
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Table 2. Cont.

Study Antimicrobial Agents Universal Adhesive
System Outcomes Main Results

Zhang 2020

Dimethyl sulfoxide
(DMSO) wet-bonding

Epigallocatechin-3-gallate
(EGCG)

Single-bond Universal (3
M ESPE, St. Paul, MN,

USA)

Dentin µTBS
Fracture pattern analysis
Interfacial nanoleakage

evaluation
In situ zymography of the

hybrid layer
Contact angle
measurement

Antibacterial activity:
Live/dead staining of

biofilms
FESEM observation

MTT assay

The synergistic action of
DMSO wet-bonding and

EGCG can effectively
improve dentin–adhesive

interface stability. This
strategy provides

clinicians with promising
benefits to achieve

desirable dentin bonding
performance and to

prevent secondary caries,
thereby extending the
longevity of adhesive

restorations.

Kim 2017

2% Chlorhexidine
digluconate
6% NaOCl
Urushiol

Scotchbond Universal
Adhesive (3M-ESPE, St.

Paul, MN, USA)

Tooth cavity
model

Dentin µTBS

The number of S. mutans
was significantly reduced
in the cavities treated with

CHX, NaOCl, and
urushiol compared with

the control group (p <
0.05). However, there was
a significant bond strength

reduction in the NaOCl
group, which showed
statistical difference

compared to the other
groups (p < 0.05).

DC: Degree of conversion; ADT: Agar-diffusion test; FE-SEM: Field emission scanning electron microscopic; SEM: Scanning electron
microscopy; µTBS: micro-Tensile Bond Strength; µSBS: micro-Shear Bond Strength; CFU: Colony-forming units, DW: dry weight; EIP:
extracellular insoluble polysaccharides; CLSM: Confocal laser scanning microscopy CLSM; DCM: direct contact method.

Since data from the studies included in the antimicrobial outcome included zero
values, they could not be meta-analysed. Including 0 values into the analysis will lead to
several biases in the analysis, so these data were discarded.

The meta-analysis suggested that the bond strength of the UAs modified with
antibacterial materials (Table 3) was statistically significantly higher when compared
with the unmodified UAs (p = 0.04). However, a high heterogeneity was observed
(I2 = 92%) (Figure 2).

Table 3. Chemical composition of universal adhesives included in the systematic review.

Material and Manufacturer Composition * pH *

Prime & Bond Universal adhesive (Dentsply, Tusla dental
specialties, USA)

Bisacrylamide 1, 10-MDP, bisacrylamide 2, DMABN,
PENTA, propan-2-ol, water. 2.5

Clearfil Universal Bond (Kuraray, Tokyo, Japan)

Bis-GMA, HEMA, ethanol, 10-MDP, hydrophilic
aliphatic dimethacrylate, colloidal silica,

dl-camphorquinone, silane coupling agent, accelerators,
initiators, water.

2.3

All-Bond Universal adhesive (Bisco Inc, Schaumburg, IL,
USA) Bis-GMA, ethanol, 10-MDP, HEMA. 3.2

Peak Universal Bond (Ultradent Products Inc., South Jordan,
UT, USA)

Methacrylic acid, ethyl alcohol, HEMA, chlorhexidine
di(acetate) 1.2

Scotchbond Universal Adhesive (3 M ESPE, St. Paul, MN,
USA)

Dimethacrylate resins, HEMA, Vitrebond™ Copolymer,
Filler, Ethanol, Water, Initiators 2.7

Bis-GMA: Bisphenol A diglycidylmethacrylate; 10-MDP: 10-methacryloxydecyl dihydrogen phosphate; PENTA: dipentaerythritol pentacry-
late phosphate; HEMA: 2-Hydroxyethyl methacrylate; DMABN; 4-(dimethylamino)benzonitrile. * According to manufacturers’ Material
Safety Data Sheet.
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Considering the parameters of methodological quality assessment, most of the pa-
pers included were scored with medium risk of bias (Table 4). However, several stud-
ies analysed failed to report the sample size calculation, single operator, and operator
blinded parameters.

Table 4. Qualitative synthesis (risk of bias assessment).

Study Specimen Ran-
domization

Single
Operator

Operator
Blinded

Control
Group

Standardized
Specimens

Failure
Mode

Manufacturer’s
Instructions

Sample Size
Calculation

Risk of
Bias

Maryoosh NO NO NO YES YES NO YES NO High
Maryoosh YES NO NO YES YES NO YES NO Medium
Almaroof YES NO NO YES YES YES YES NO Medium

Bosso André
2017 YES NO NO YES YES NO YES NO Medium

del Rio NO NO NO YES YES YES YES NO Medium
Boutsiouki YES NO NO YES YES NO YES NO Medium
Brambilla YES YES YES YES YES NO YES NO Medium

Cangul YES NO NO YES YES NO YES NO Medium
Bosso André

2015 YES NO YES YES YES YES YES NO Medium

Peng YES NO NO YES YES YES YES NO Medium
Cha YES NO NO YES YES NO YES NO Medium

Comba YES NO NO YES YES YES YES NO Medium
Barros Silva YES NO NO YES YES NO YES NO Medium

Atalayin YES YES NO YES YES NO YES NO Medium
Zhang YES NO NO YES YES YES YES NO Medium
Kim YES NO NO YES YES NO YES NO Medium

4. Discussion

This systematic review and meta-analysis were conducted to evaluate UAs with re-
gards to in vitro bond strength to dentin, and the inhibition of the S. mutans growth in
comparison to UAs modified with antimicrobial agents. The hypothesis that the incorpo-
ration of antibacterial components into UAs will not enhance the antibacterial activity of
the materials could not be tested. This could be explained by the fact that all the studies
included in this systematic review produced a clear inhibition zone against S. mutans. How-
ever, the bond strength to dentin was improved when the antimicrobial agents were used.
Considering what was stated, the null hypothesis proposed in this study was rejected.

The longevity of a restoration can be predicted, to some extent, by its ability to adhere
to dental structures, which, in turn, can be measured by bond strength testing [57]. The
existing evidence shows that clinical performance can be predicted by appropriate types of
laboratory study results. The correlation between laboratory bond strength and clinical
retention rates, especially for class V restorations, may be clearly indicated [58]. Hence,
bond strength can be assessed in vitro, and it can be measured statically using a macro- or
micro-test set-up, basically depending upon the size of the bond area, including macro-
and micro-shear bond strength test, macro- or micro-tensile bond strength test, push-out,
and pull-out bond strength tests [57].

The improvement in dentin bond strength related to the addition of antibacterial
agents (p = 0.04) was found. A promising trend in improvement of DBA was the intro-
duction of antibacterial agents aiming at the prevention of secondary caries. MDPB is a
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monomer composed of a quaternary ammonium monomer (cationic agent) that exhibits
biocidal activity by reacting with the negatively charged cytoplasmic membrane of bacteria
irreversibly, damaging them [59]. The monomer copolymerizes with other resin monomers
in the polymer matrix, preventing it from leaching out and thus ensuring long-lasting
antibacterial action [60]. The active ingredient of MDPB is not actually released, but acts as
a contact inhibitor against the bacterium that is in direct contact with the restoration.

The antibacterial activity could be linked to the acidity of the functional monomer
10-MDP or to the elution of particular unpolymerized constituents existent in the adhesive
system, which is usually toxic to the bacterial colony [61]. Furthermore, agents with anti-
biofilm properties served as an excellent inhibitor of cariogenic virulence, suppressed the
growth of S. mutans, and compromise the acidogenicity [62].

The incorporation of antibacterial agents into UAs would allow for the control of
bacterial contamination such as S. mutans [28,29]. Correspondingly, these adhesives might
counteract the bacterial colonization in gaps produced by interface degradation and
resin shrinkage, preventing secondary caries even in the case of adhesives with optimal
dentin bond [63].

Another antibacterial agent used in DBAs is chlorhexidine. Chlorhexidine (CHX) is
used as salts (diacetate and digluconate). It has been widely used in oral hygiene products
and in preventive dentistry due to its antiseptic action with a broad spectrum including S.
mutans [64]. Chlorhexidine di(acetate)-containing DBA (Peak Universal Bond) did not show
antibacterial action against E. faecalis, L. casei, and S. mutans [33]. This can be due to the fact
that chlorhexidine is being trapped in the polymer chain of DBA and cannot be effectively
released into the surrounding environment. Moreover, chlorhexidine di(acetate)-containing
DBA (Peak Universal Bond) did not have any effect against secondary caries in dentin.
However, another study showed antibacterial properties of CHX [54].

Additionally, CHX, as MMP-2, -8 and 9 inhibitor, is able to preserve resin–dentin
bonding by eliminating or delaying the collagen fibril degradation within the hybrid
layer [33,52]. There is a wide dispute on the influence of CHX on the bond strength to
dentin. Some studies are reporting that CHX does not affect the shear bond strength to
dentin, while others claim the opposite [44,65–69].

Several antimicrobial agents including fluorinated graphene, eugenyl methacrylate
(EgMA), 0.2% chlorhexidine, and benzalkonium chloride (BAC) were used as bonding
modifiers in this study. These agents are claimed to disinfect the cavity and inactivate resid-
ual microorganisms in the dentin surface below the adhesive interface [70,71]. Furthermore,
the antibacterial effect of bonding systems inhibits biofilm development at the marginal
area of the adhesive interface and on all the tissues surrounding the restoration [72].

Thus, the need of materials with antibacterial activity is essential [73]. First, the better
understanding of the substrate composition that will receive the bonding agents must
be adopted. Second, the different chemical composition, the type, and the quality of the
functional monomer inside the UA may influence the bonding performance [2].

One should bear in mind that S. mutans is one of the fundamental pathogens present
in the oral cavity surface [74]. This Gram-positive bacterium plays a crucial role in the
development of caries and is observed in almost all carious lesions. It can adhere to hard
dental substrates with a strong potential for the accumulation of biofilm due to its high
surface energy [75].

Bacterial microleakage has been claimed to be the main cause of pulpal inflammation,
necrosis, and the eventual need for endodontic therapy after placement of restoration,
and the biological sealing of the prepared dentin is now considered critical for successful
restoration [5]. In clinical practice, restorative materials are applied to dentin, which is a
biological composite of apatite in a collagen matrix with a fluid-filled tubular structure
connecting to the pulp [76]. The etching process removes the smear layer and opens
dentinal tubules to facilitate the infiltration of monomers, thus irritating the dentin–pulp
complex [77]. Furthermore, the flow of dentinal fluid after the adhesive application
suggests that the polymerized adhesive could not completely seal the dentin layer close to
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the pulp in vital teeth [78]. Unpolymerized monomers may be released out of the polymer
matrix and diffuse through the tubules into the pulp, causing damage to pulpal tissues.
Therefore, with the release of unpolymerized monomer, the irritation to pulp could persist
and cause chronic inflammatory response [79].

To emphasize the results obtained by this study, the observed antibacterial activity of
UAs against S. mutans might be related to the components that are initially incorporated or
modified inside adhesive systems, and by the acidic nature of adhesives. Generally, the
low pH exhibited by bonding agents is not appropriate to ensure a reliable bactericidal
activity since the acidity of these adhesives can be neutralised by the buffering action
of the medium [51]. In the present study, non-modified adhesives showed no inhibition
against S. mutans in comparison to modified UAs. This can be explained by the fact that
the non-modified adhesives possess an antibacterial effect themselves due to their low pH.
This action is restricted to 24–48 h, and their acidity is neutralized by their contact with the
tooth structure [80].

In addition, it is worth mentioning that the surface roughness of dental materials is
an important factor that impacts on the bacterial adhesion and proliferation [81]. In this
sense, it has been previously demonstrated that the composition can change the roughness
of dental materials, including the adhesive systems [82]. Also, composition of the material
could affect the hydrophobicity of the surface, and consequently, the bacterial adhesion.
Considering this, the addition of antimicrobial agents to UAs can improve antibacterial
properties not only by the nature of the antimicrobial monomer, but also by altering
the surface of the material. Consequently, dental material development must focus on
improving surface characteristics to lessen the possibility of secondary caries. A good
contact between hydrophobic composite resin and bonding agents and hydrophilic tooth
substrate is hence of great importance [81]. The ideal hybrid layer is composed of the
collagen network infused by polymer providing a durable and stable link. The failure of
this interface along with biofilm formations may be the starting point for secondary caries
formation. The surface quality of composite resins depends on many aspects, including
composite composition, microstructure, degree of conversion, finishing, and polishing
procedures. From a clinical point of view, finishing and polishing restoration and its
margins (sandpaper discs, rubber wheels, and wheels with diamond paste) are mandatory
to minimize biofilm accumulation [83].

In this study, ADT was the most-used test [46,49,51,52]. The method incorporates
agar plates inoculated with a standardized inoculum of the microorganism under testing
(S. mutans). Then, filter paper discs that comprise the tested compound are positioned
on the agar surface. UAs are dropped using micropipettes on the paper disks or inside
the wells in the agar surface. While Petri dishes are incubated under suitable conditions,
the antimicrobial agent diffuses into the agar and inhibits the growth and germination
of the test microorganism. The diameter of the inhibition growth zone is measured [84].
This method is used for evaluating the release of antibacterial substances but does not
determine whether it has bacteriostatic or bactericidal activity. Moreover, paper disks
weaken polymerization, and residual monomers may be released, inhibiting bacterial
growth. However, the polymerized UAs exhibit weak or lack of antibacterial action [85].

Clinical studies evaluating this variable are scarce. In this review, the best scientific
evidence available regarding the dentinal bonding efficacy of UAs modified with antimi-
crobial compounds was argued. Caution must be exercised when interpreting these results
because high heterogeneity was observed in all the comparisons made. Additionally, little
information exists regarding the impact of antibacterial adhesive on the enamel bond
strength. Moreover, randomized controlled clinical trials must be conducted for providing
better insights into the introduction of antibacterial agents into DBAs and their effect on
the clinical success of resin-based restorations. Research should be directed towards testing
other antibacterial agents with different concentrations in the adhesives, in a form of a
delivery providing controlled release without compromising material properties. The
relationship between the chemical composition of UAs and bacterial colonization should
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be clearly established. In the present study, S. mutans was the sole target microorganism
tested; therefore, further studies evaluating other cariogenic microorganisms should be
performed. It must be emphasized that the main reason for failure of dental restorations
is secondary caries. Consequently, it seems that establishing a durable and stable dentin
bond interface is crucial for the long-term clinical success of restorative treatment.

5. Conclusions

To conclude, within the limitations of the long distance between laboratory studies and
clinical randomized evaluations, the current in vitro evidence suggests that the dentin bond
performance of universal adhesives could be improved by incorporation of antimicrobial
agents. Further research on antimicrobial properties of universal adhesives is needed to
provide more comprehensive data.
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18. Kaczor, K.; Gerula-Szymańska, A.; Smektała, T.; Safranow, K.; Lewusz, K.; Nowicka, A. Effects of different etching modes on the
nanoleakage of universal adhesives: A systematic review and meta-analysis. J. Esthet. Restor. Dent. 2018, 30, 287–298. [CrossRef]

19. Münchow, E.A.; Meereis, C.T.W.; de Oliveira da Rosa, W.L.; da Silva, A.F.; Piva, E. Polymerization shrinkage stress of resin-based
dental materials: A systematic review and meta-analyses of technique protocol and photo-activation strategies. J. Mech. Behav.
Biomed. Mater. 2018, 82, 77–86. [CrossRef]

20. Meereis, C.T.W.; Münchow, E.A.; de Oliveira da Rosa, W.L.; da Silva, A.F.; Piva, E. Polymerization shrinkage stress of resin-based
dental materials: A systematic review and meta-analyses of composition strategies. J. Mech. Behav. Biomed. Mater. 2018,
82, 268–281. [CrossRef]

21. Xu, H.; Zhang, D.; Li, J. Antibacterial Nanoparticles with Universal Adhesion Function Based on Dopamine and Eugenol. J.
Bioresour. Bioprod. 2019, 4, 177–182. [CrossRef]

22. Krämer, N.; Möhwald, M.; Lücker, S.; Domann, E.; Zorzin, J.I.; Rosentritt, M.; Frankenberger, R. Effect of microparticulate silver
addition in dental adhesives on secondary caries in vitro. Clin. Oral Investig. 2015, 19, 1673–1681. [CrossRef] [PubMed]

23. Tonomura, S.; Naka, S.; Tabata, K.; Hara, T.; Mori, K.; Tanaka, S.; Sumida, Y.; Kanemasa, K.; Nomura, R.; Matsumoto-Nakano,
M.; et al. Relationship between Streptococcus mutans expressing Cnm in the oral cavity and non-alcoholic steatohepatitis: A pilot
study. BMJ Open Gastroenterol. 2019, 6, e000329. [CrossRef] [PubMed]

24. Mansour, T.R.; Alam, Y.; Dahbour, L.; Alnemari, A.; Jumaa, M.; Schroeder, J.L. Streptococcus Mutans: A Potential Risk Factor in
Recurrent Hemorrhagic Stroke. Cureus 2017, 9, e1264. [CrossRef] [PubMed]

25. Kidd, E.A.M.; Fejerskov, O. What constitutes dental caries? Histopathology of carious enamel and dentin related to the action of
cariogenic biofilms. J. Dent. Res. 2004, 83, 35–38. [CrossRef]

26. Bowen, W.H.; Koo, H. Biology of Streptococcus mutans-derived glucosyltransferases: Role in extracellular matrix formation of
cariogenic biofilms. Caries Res. 2011, 45, 69–86. [CrossRef] [PubMed]

27. Koo, H.; Falsetta, M.L.; Klein, M.I. The exopolysaccharide matrix: A virulence determinant of cariogenic biofilm. J. Dent. Res.
2013, 92, 1065–1073. [CrossRef] [PubMed]

28. Wu, T.; Li, B.; Zhou, X.; Hu, Y.; Zhang, H.; Huang, Y.; Xu, H.H.K.; Guo, Q.; Li, M.; Feng, M.; et al. Evaluation of Novel Anticaries
Adhesive in a Secondary Caries Animal Model. Caries Res. 2018, 52, 14–21. [CrossRef] [PubMed]

29. Garcia, I.M.; Leitune, V.C.B.; Visioli, F.; Samuel, S.M.W.; Collares, F.M. Influence of zinc oxide quantum dots in the antibacterial
activity and cytotoxicity of an experimental adhesive resin. J. Dent. 2018, 73, 57–60. [CrossRef] [PubMed]

30. Lapinska, B.; Szram, A.; Zarzycka, B.; Grzegorczyk, J.; Hardan, L.; Sokolowski, J.; Lukomska-Szymanska, M. An In Vitro Study
on the Antimicrobial Properties of Essential Oil Modified Resin Composite against Oral Pathogens. Materials 2020, 13, 4383.
[CrossRef]

31. Su, M.; Yao, S.; Gu, L.; Huang, Z.; Mai, S. Antibacterial effect and bond strength of a modified dental adhesive containing the
peptide nisin. Peptides 2018, 99, 189–194. [CrossRef]

32. Cheng, L.; Weir, M.D.; Zhang, K.; Arola, D.D.; Zhou, X.; Xu, H.H.K. Dental primer and adhesive containing a new antibacterial
quaternary ammonium monomer dimethylaminododecyl methacrylate. J. Dent. 2013, 41, 345–355. [CrossRef]

33. André, C.B.; Gomes, B.P.F.A.; Duque, T.M.; Stipp, R.N.; Chan, D.C.N.; Ambrosano, G.M.B.; Giannini, M. Dentine bond strength
and antimicrobial activity evaluation of adhesive systems. J. Dent. 2015, 43, 466–475. [CrossRef] [PubMed]

34. Perdigão, J.; Reis, A.; Loguercio, A.D. Dentin Adhesion and MMPs: A Comprehensive Review. J. Esthet. Restor. Dent. 2013,
25, 219–241. [CrossRef] [PubMed]

http://doi.org/10.14219/jada.archive.2007.0167
http://www.ncbi.nlm.nih.gov/pubmed/19492710
http://doi.org/10.3290/j.jad.a42344
http://www.ncbi.nlm.nih.gov/pubmed/30949631
http://doi.org/10.3290/j.jad.a42304
http://www.ncbi.nlm.nih.gov/pubmed/30949625
http://doi.org/10.3290/j.jad.a41975
http://www.ncbi.nlm.nih.gov/pubmed/30799468
http://doi.org/10.3390/polym13050814
http://www.ncbi.nlm.nih.gov/pubmed/33799923
http://doi.org/10.3390/ma12050722
http://doi.org/10.1016/j.jdent.2019.01.012
http://www.ncbi.nlm.nih.gov/pubmed/30738850
http://doi.org/10.1016/j.dental.2019.05.023
http://doi.org/10.1111/jerd.12375
http://doi.org/10.1016/j.jmbbm.2018.03.004
http://doi.org/10.1016/j.jmbbm.2018.03.019
http://doi.org/10.12162/jbb.v4i3.006
http://doi.org/10.1007/s00784-014-1396-x
http://www.ncbi.nlm.nih.gov/pubmed/25613488
http://doi.org/10.1136/bmjgast-2019-000329
http://www.ncbi.nlm.nih.gov/pubmed/31645988
http://doi.org/10.7759/cureus.1264
http://www.ncbi.nlm.nih.gov/pubmed/28652948
http://doi.org/10.1177/154405910408301s07
http://doi.org/10.1159/000324598
http://www.ncbi.nlm.nih.gov/pubmed/21346355
http://doi.org/10.1177/0022034513504218
http://www.ncbi.nlm.nih.gov/pubmed/24045647
http://doi.org/10.1159/000481832
http://www.ncbi.nlm.nih.gov/pubmed/29232675
http://doi.org/10.1016/j.jdent.2018.04.003
http://www.ncbi.nlm.nih.gov/pubmed/29653139
http://doi.org/10.3390/ma13194383
http://doi.org/10.1016/j.peptides.2017.10.003
http://doi.org/10.1016/j.jdent.2013.01.004
http://doi.org/10.1016/j.jdent.2015.01.004
http://www.ncbi.nlm.nih.gov/pubmed/25624119
http://doi.org/10.1111/jerd.12016
http://www.ncbi.nlm.nih.gov/pubmed/23910180


Microorganisms 2021, 9, 1230 14 of 15

35. Suzuki, T.Y.U.; Gallego, J.; Assunção, W.G.; Briso, A.L.F.; Dos Santos, P.H. Influence of silver nanoparticle solution on the
mechanical properties of resin cements and intrarradicular dentin. PLoS ONE 2019, 14, e0217750. [CrossRef] [PubMed]

36. Perdigão, J. Current perspectives on dental adhesion: (1) Dentin adhesion—Not there yet. Jpn. Dent. Sci. Rev. 2020, 56, 190–207.
[CrossRef]

37. Silva, P.G.B.; Terto, C.N.D.N.; Da Cunha Andrade, R.; Fernandes, A.R.R.; Rolim, J.P.M.L.; Neri, J.R. Antimicrobial evaluation,
degree of solubility, and water sorption of universal dental adhesive incorporated with epigallocatechin-3-gallate: An in-vitro
study. Eur. J. Gen. Dent. 2020, 9, 79–83. [CrossRef]

38. Moussa, D.G.; Fok, A.; Aparicio, C. Hydrophobic and antimicrobial dentin: A peptide-based 2-tier protective system for dental
resin composite restorations. Acta Biomater. 2019, 88, 251–265. [CrossRef]

39. Bourgi, R.; Hardan, L.; Rivera-Gonzaga, A.; Cuevas-Suárez, C.E. Effect of warm-air stream for solvent evaporation on bond
strength of adhesive systems: A systematic review and meta-analysis of in vitro studies. Int. J. Adhes. Adhes. 2021, 105, 102794.
[CrossRef]

40. Bourgi, R.; Daood, U.; Bijle, M.N.; Fawzy, A.; Ghaleb, M.; Hardan, L. Reinforced Universal Adhesive by Ribose Crosslinker: A
Novel Strategy in Adhesive Dentistry. Polymers 2021, 13, 704. [CrossRef] [PubMed]

41. Page, M.; McKenzie, J.; Bossuyt, P.; Boutron, I.; Hoffman, T.; Mulrow, C.; Shamseer, L.; Tetzlaff, J.; Akl, E.; Brennan, S.; et al. The
PRISMA 2020 statement: An updated guideline for reporting systematic reviews. BMJ 2021. [CrossRef]

42. Jones, P.M. COMBINE: Stata Module to Combine n, Mean, and SD from Two Groups According to the Cochrane-Recommended
Formula for Meta-Analyses. 2011. Available online: https://econpapers.repec.org/software/bocbocode/s457265.htm (accessed
on 4 June 2021).

43. Peng, W.; Yi, L.; Wang, Z.; Yang, H.; Huang, C. Effects of resveratrol/ethanol pretreatment on dentin bonding durability. Mater.
Sci. Eng. C Mater. Biol. Appl. 2020, 114, 111000. [CrossRef] [PubMed]

44. Cha, H.-S.; Shin, D.-H. Antibacterial capacity of cavity disinfectants against Streptococcus mutans and their effects on shear bond
strength of a self-etch adhesive. Dent. Mater. J. 2016, 35, 147–152. [CrossRef] [PubMed]

45. Comba, A.; Maravic, T.; Valente, L.; Girlando, M.; Cunha, S.R.; Checchi, V.; Salgarello, S.; Tay, F.R.; Scotti, N.; Breschi, L.; et al.
Effect of benzalkonium chloride on dentin bond strength and endogenous enzymatic activity. J. Dent. 2019, 85, 25–32. [CrossRef]
[PubMed]

46. Atalayin, C.; Turkun, L.S.; Ates, M.; Kemaloglu, H.; Turkun, M. Are antibacterial component additions in etchants and adhesives
effective against Streptococcus Mutans? J. Adhes. Sci. Technol. 2018, 32, 197–206. [CrossRef]

47. Zhang, Z.; Yu, J.; Yao, C.; Yang, H.; Huang, C. New perspective to improve dentin–adhesive interface stability by using dimethyl
sulfoxide wet-bonding and epigallocatechin-3-gallate. Dent. Mater. 2020, 36, 1452–1463. [CrossRef]

48. Kim, B.-R.; Oh, M.-H.; Shin, D.-H. Effect of cavity disinfectants on antibacterial activity and microtensile bond strength in class I
cavity. Dent. Mater. J. 2017, 36, 368–373. [CrossRef]

49. Maryoosh, R.M.; Al-shamaa, A.M. Development and assessment offluorinated grapheme nanoparticles modified dental adhesives.
Medico-Legal Updat. 2020, 20, 1545–1551. [CrossRef]

50. Maryoosh, R.M.; Al-Shamma, A.M.W. Shear bond strength of fluorinated grapheme nanoparticles modified dental adhesives.
Ann. Trop. Med. Public Heal. 2020, 23. [CrossRef]

51. Almaroof, A.; Niazi, S.A.; Rojo, L.; Mannocci, F.; Deb, S. Evaluation of dental adhesive systems incorporating an antibacterial
monomer eugenyl methacrylate (EgMA) for endodontic restorations. Dent. Mater. 2017, 33, e239–e254. [CrossRef] [PubMed]

52. André, C.B.; Gomes, B.P.F.A.; Duque, T.M.; Rosalen, P.L.; Chan, D.C.N.; Ambrosano, G.M.B.; Giannini, M. Antimicrobial activity,
effects on Streptococcus mutans biofilm and interfacial bonding of adhesive systems with and without antibacterial agent. Int. J.
Adhes. Adhes. 2017, 72, 123–129. [CrossRef]

53. Leyva Del Rio, D.; Sartori, N.; Tomblin, N.B.; Phark, J.-H.; Pardi, V.; Murata, R.M.; Duarte, S.J. Bioactive Dental Adhesive System
With tt-Farnesol: Effects on Dental Biofilm and Bonding Properties. Front. Bioeng. Biotechnol. 2020, 8, 865. [CrossRef] [PubMed]

54. Boutsiouki, C.; Frankenberger, R.; Lücker, S.; Krämer, N. Inhibition of secondary caries in vitro by addition of chlorhexidine to
adhesive components. Dent. Mater. 2019, 35, 422–433. [CrossRef]

55. Brambilla, E.; Ionescu, A.C.; Cazzaniga, G.; Ottobelli, M.; Mazzoni, A.; Cadenaro, M.; Gagliani, M.; Tay, F.R.; Pashley, D.H.;
Breschi, L. In vitro Streptococcus mutans biofilm formation on surfaces of chlorhexidine-containing dentin bonding systems. Int.
J. Adhes. Adhes. 2017, 75, 23–30. [CrossRef]

56. Cangul, S.; Erpacal, B.; Adiguzel, O.; Sagmak, S.; Unal, S.; Tekin, S. Does the Use of Ozone as a Cavity Disinfectant Affect the
Bonding Strength of Antibacterial Bonding Agents? Ozone Sci. Eng. 2020, 42, 565–570. [CrossRef]

57. Sirisha, K.; Rambabu, T.; Shankar, Y.R.; Ravikumar, P. Validity of bond strength tests: A critical review: Part I. J. Conserv. Dent.
2014, 17, 305–311. [CrossRef] [PubMed]

58. Van Meerbeek, B.; Peumans, M.; Poitevin, A.; Mine, A.; Van Ende, A.; Neves, A.; De Munck, J. Relationship between bond-strength
tests and clinical outcomes. Dent. Mater. 2010, 26, e100–e121. [CrossRef] [PubMed]

59. Brambilla, E.; Ionescu, A.; Fadini, L.; Mazzoni, A.; Imazato, S.; Pashley, D.; Breschi, L.; Gagliani, M. Influence of MDPB-containing
primer on Streptococcus mutans biofilm formation in simulated Class I restorations. J. Adhes. Dent. 2013, 15, 431–438. [CrossRef]
[PubMed]

60. Imazato, S. Antibacterial properties of resin composites and dentin bonding systems. Dent. Mater. 2003, 19, 449–457. [CrossRef]

http://doi.org/10.1371/journal.pone.0217750
http://www.ncbi.nlm.nih.gov/pubmed/31242198
http://doi.org/10.1016/j.jdsr.2020.08.004
http://doi.org/10.4103/ejgd.ejgd_137_19
http://doi.org/10.1016/j.actbio.2019.02.007
http://doi.org/10.1016/j.ijadhadh.2020.102794
http://doi.org/10.3390/polym13050704
http://www.ncbi.nlm.nih.gov/pubmed/33652596
http://doi.org/10.1136/bmj.n160
https://econpapers.repec.org/software/bocbocode/s457265.htm
http://doi.org/10.1016/j.msec.2020.111000
http://www.ncbi.nlm.nih.gov/pubmed/32994020
http://doi.org/10.4012/dmj.2015-175
http://www.ncbi.nlm.nih.gov/pubmed/26830836
http://doi.org/10.1016/j.jdent.2019.04.008
http://www.ncbi.nlm.nih.gov/pubmed/30998949
http://doi.org/10.1080/01694243.2017.1350523
http://doi.org/10.1016/j.dental.2020.08.009
http://doi.org/10.4012/dmj.2016-283
http://doi.org/10.37506/mlu.v20i4.2058
http://doi.org/10.36295/ASRO.2020.231373
http://doi.org/10.1016/j.dental.2017.01.016
http://www.ncbi.nlm.nih.gov/pubmed/28245928
http://doi.org/10.1016/j.ijadhadh.2016.10.011
http://doi.org/10.3389/fbioe.2020.00865
http://www.ncbi.nlm.nih.gov/pubmed/32793584
http://doi.org/10.1016/j.dental.2018.12.002
http://doi.org/10.1016/j.ijadhadh.2017.02.013
http://doi.org/10.1080/01919512.2020.1746633
http://doi.org/10.4103/0972-0707.136340
http://www.ncbi.nlm.nih.gov/pubmed/25125840
http://doi.org/10.1016/j.dental.2009.11.148
http://www.ncbi.nlm.nih.gov/pubmed/20006379
http://doi.org/10.3290/j.jad.a28734
http://www.ncbi.nlm.nih.gov/pubmed/23534020
http://doi.org/10.1016/S0109-5641(02)00102-1


Microorganisms 2021, 9, 1230 15 of 15

61. Lapinska, B.; Konieczka, M.; Zarzycka, B.; Sokolowski, K.; Grzegorczyk, J.; Lukomska-Szymanska, M. Flow Cytometry Analysis
of Antibacterial Effects of Universal Dentin Bonding Agents on Streptococcus mutans. Molecules 2019, 24, 532. [CrossRef]
[PubMed]

62. Xu, X.; Zhou, X.D.; Wu, C.D. The tea catechin epigallocatechin gallate suppresses cariogenic virulence factors of Streptococcus
mutans. Antimicrob. Agents Chemother. 2011, 55, 1229–1236. [CrossRef] [PubMed]

63. Esteves, C.M.; Ota-Tsuzuki, C.; Reis, A.F.; Rodrigues, J.A. Antibacterial activity of various self-etching adhesive systems against
oral streptococci. Oper. Dent. 2010, 35, 448–453. [CrossRef] [PubMed]

64. Sajjan, P.; Laxminarayan, N.; Kar, P.P.; Sajjanar, M. Chlorhexidine as an antimicrobial agent in dentistry—A review. Oral Heal.
Dent. Manag. 2016, 15, 93–100.

65. De Castro, F.L.A.; de Andrade, M.F.; Duarte Júnior, S.L.L.; Vaz, L.G.; Ahid, F.J.M. Effect of 2% chlorhexidine on microtensile bond
strength of composite to dentin. J. Adhes. Dent. 2003, 5, 129–138. [PubMed]

66. Mobarak, E.H.; El-Korashy, D.I.; Pashley, D.H. Effect of chlorhexidine concentrations on micro-shear bond strength of self-etch
adhesive to normal and caries-affected dentin. Am. J. Dent. 2010, 23, 217–222. [PubMed]

67. Hiraishi, N.; Yiu, C.K.Y.; King, N.M.; Tay, F.R. Effect of 2% chlorhexidine on dentin microtensile bond strengths and nanoleakage
of luting cements. J. Dent. 2009, 37, 440–448. [CrossRef] [PubMed]

68. Soares, C.J.; Castro, C.G.; Santos Filho, P.C.F.; da Mota, A.S. Effect of previous treatments on bond strength of two self-etching
adhesive systems to dental substrate. J. Adhes. Dent. 2007, 9, 291–296.

69. Jacques, P.; Hebling, J. Effect of dentin conditioners on the microtensile bond strength of a conventional and a self-etching primer
adhesive system. Dent. Mater. 2005, 21, 103–109. [CrossRef]

70. Imazato, S.; Chen, J.; Ma, S.; Izutani, N.; Li, F. Antibacterial resin monomers based on quaternary ammonium and their benefits in
restorative dentistry. Jpn. Dent. Sci. Rev. 2012, 48, 115–125. [CrossRef]

71. Vahdaty, A.; Pitt Ford, T.R.; Wilson, R.F. Efficacy of chlorhexidine in disinfecting dentinal tubules in vitro. Endod. Dent. Traumatol.
1993, 9, 243–248. [CrossRef] [PubMed]

72. Allaker, R.P. The use of nanoparticles to control oral biofilm formation. J. Dent. Res. 2010, 89, 1175–1186. [CrossRef]
73. Aguiar, J.D.; Youssef, M.N.; Medeiros, I.S. Adhesive systems modified with antimicrobial agents: A literature review. Clin. Lab.

Res. Dent. 2020, 1–17. [CrossRef]
74. Najafi, K.; Ganbarov, K.; Gholizadeh, P.; Tanomand, A.; Rezaee, M.A.; Mahmood, S.S.; Asgharzadeh, M.; Kafil, H.S. Oral cavity

infection by Enterococcus faecalis: Virulence factors and pathogenesis. Rev. Med. Microbiol. 2020, 31, 51–60. [CrossRef]
75. Hahnel, S.; Leyer, A.; Rosentritt, M.; Handel, G.; Bürgers, R. Surface properties and in vitro Streptococcus mutans adhesion to

self-etching adhesives. J. Adhes. Dent. 2009, 11, 263–269.
76. Swift, E.J., Jr.; Perdigão, J.; Heymann, H.O. Bonding to enamel and dentin: A brief history and state of the art, 1995. Quintessence

Int. 1995, 26, 95–110. [PubMed]
77. Caldas, I.P.; Alves, G.G.; Barbosa, I.B.; Scelza, P.; de Noronha, F.; Scelza, M.Z. In vitro cytotoxicity of dental adhesives: A

systematic review. Dent. Mater. 2019, 35, 195–205. [CrossRef]
78. Cadenaro, M.; Maravic, T.; Comba, A.; Mazzoni, A.; Fanfoni, L.; Hilton, T.; Ferracane, J.; Breschi, L. The role of polymerization in

adhesive dentistry. Dent. Mater. 2019, 35, e1–e22. [CrossRef] [PubMed]
79. Li, F.; Wang, P.; Weir, M.D.; Fouad, A.F.; Xu, H.H.K. Evaluation of antibacterial and remineralizing nanocomposite and adhesive

in rat tooth cavity model. Acta Biomater. 2014, 10, 2804–2813. [CrossRef]
80. Chen, L.; Shen, H.; Suh, B.I. Antibacterial dental restorative materials: A state-of-the-art review. Am. J. Dent. 2012, 25, 337–346.
81. Magdy, N.M.; Kola, M.Z.; Alqahtani, H.H.; Alqahtani, M.D.; Alghmlas, A.S. Evaluation of Surface Roughness of Different Direct

Resin-based Composites. J. Int. Soc. Prev. Community Dent. 2017, 7, 104–109. [CrossRef] [PubMed]
82. Nagarkar, S.; Theis-Mahon, N.; Perdigão, J. Universal dental adhesives: Current status, laboratory testing, and clinical perfor-

mance. J. Biomed. Mater. Res. Part B Appl. Biomater. 2019, 107, 2121–2131. [CrossRef] [PubMed]
83. Kozmos, M.; Virant, P.; Rojko, F.; Abram, A.; Rudolf, R.; Raspor, P.; Zore, A.; Bohinc, K. Bacterial Adhesion of Streptococcus

mutans to Dental Material Surfaces. Molecules 2021, 26, 1152. [CrossRef] [PubMed]
84. Balouiri, M.; Sadiki, M.; Ibnsouda, S.K. Methods for in vitro evaluating antimicrobial activity: A review. J. Pharm. Anal. 2016,

6, 71–79. [CrossRef] [PubMed]
85. Cadenaro, M.; Antoniolli, F.; Sauro, S.; Tay, F.R.; Di Lenarda, R.; Prati, C.; Biasotto, M.; Contardo, L.; Breschi, L. Degree of

conversion and permeability of dental adhesives. Eur. J. Oral Sci. 2005, 113, 525–530. [CrossRef] [PubMed]

http://doi.org/10.3390/molecules24030532
http://www.ncbi.nlm.nih.gov/pubmed/30717140
http://doi.org/10.1128/AAC.01016-10
http://www.ncbi.nlm.nih.gov/pubmed/21149622
http://doi.org/10.2341/09-297-L
http://www.ncbi.nlm.nih.gov/pubmed/20672730
http://www.ncbi.nlm.nih.gov/pubmed/14964680
http://www.ncbi.nlm.nih.gov/pubmed/21250573
http://doi.org/10.1016/j.jdent.2009.02.002
http://www.ncbi.nlm.nih.gov/pubmed/19269731
http://doi.org/10.1016/j.dental.2003.12.004
http://doi.org/10.1016/j.jdsr.2012.02.003
http://doi.org/10.1111/j.1600-9657.1993.tb00280.x
http://www.ncbi.nlm.nih.gov/pubmed/8143575
http://doi.org/10.1177/0022034510377794
http://doi.org/10.11606/issn.2357-8041.clrd.2020.164731
http://doi.org/10.1097/MRM.0000000000000168
http://www.ncbi.nlm.nih.gov/pubmed/7568728
http://doi.org/10.1016/j.dental.2018.11.028
http://doi.org/10.1016/j.dental.2018.11.012
http://www.ncbi.nlm.nih.gov/pubmed/30554830
http://doi.org/10.1016/j.actbio.2014.02.033
http://doi.org/10.4103/jispcd.JISPCD_72_17
http://www.ncbi.nlm.nih.gov/pubmed/28584779
http://doi.org/10.1002/jbm.b.34305
http://www.ncbi.nlm.nih.gov/pubmed/30637932
http://doi.org/10.3390/molecules26041152
http://www.ncbi.nlm.nih.gov/pubmed/33670043
http://doi.org/10.1016/j.jpha.2015.11.005
http://www.ncbi.nlm.nih.gov/pubmed/29403965
http://doi.org/10.1111/j.1600-0722.2005.00251.x
http://www.ncbi.nlm.nih.gov/pubmed/16324144

	Introduction 
	Materials and Methods 
	Literature Search 
	Study Selection 
	Data Extraction 
	Quality Assessment 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

