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Abstract

Objectives This study investigated the antibacterial, cytotoxicity, and mechanical properties of a dental adhesive modified with
quaternary ammonium monomer ((2-acryloyloxyethyl)dimethyldodecylammonium bromide) and cross-linker (bis(2-
acryloyloxyethyl)methyldodecylammonium bromide).

Materials and methods Monomer (M), cross-linker (C), or a combination of these (M + C) were incorporated into adhesive Adper
Single Bond Plus (SB) in 5, 10, or 25% (as wt%). A colony-forming unit and MTT assays were used to evaluate antibacterial properties
against Streptococcus mutans and cell viability. Resin-dentin beams (0.9 + 0.1 mm?) were evaluated for micro-tensile bond strength
(LTBS) after 24 h, 6 months, and 3 years. Hourglass specimens were evaluated for ultimate tensile strength (UTS) after 24 h, 1 week,
and 6 months. Micro-hardness measurements after softening in ethanol were taken as an indirect assessment of the polymer cross-
linking density. Kruskal-Wallis, one-way ANOVA, two-way ANOVA, and Student’s ¢ test were used for analysis of the antibacterial,
cytotoxicity, WTBS, UTS, and hardness data, all with a significance level of p < 0.05.

Results 10%M and 25%M demonstrated a significant reduction in S. mutans relative to SB (p < 0.001). No differences in
cytotoxicity were detected for any of the groups. After 6 months, no changes in pTBS were shown for any of the groups.
After 3 years, all groups evidenced a significant decrease in LTBS (p < 0.05) except 5%M, 5%C, and 5%M + 5%C. All groups
demonstrated either stable or significantly increased UTS after 6 months. Except for the cross-linker groups, a significant
decrease in micro-hardness was shown for all groups after softening in ethanol (p < 0.05).

Conclusions A 5-10% of monomer may render the resin antibacterial without a compromise to its mechanical and bonding properties.
Clinical relevance Biomodification of a resin adhesive with an antibacterial monomer and cross-linker may help improve the life
span of adhesive restorations.
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Introduction

Dental caries is a pandemic disease affecting millions of peo-
ple. According to the Center for Disease Control and
Prevention, in 2015, 91% of Americans over twenty had den-
tal caries at some point [1]. Despite the popularity of tooth-
colored restorations, their limited longevity remains an issue.
Compared with amalgams, resin restorations are more prone
to plaque accumulation and micro-leakage around the mar-
gins, providing a pathway for acid-producing bacteria to dis-
solve tooth substrates [2—4]. Resins have thus a greater re-
placement rate than amalgams, with recurrent caries
representing the primary reason for replacement [5]. Several
strategies have been proposed to overcome this issue with
limited success. Modification of resin biomaterials with anti-
bacterial compounds has been the focus of research for many
groups. Released agents, such as fluoride, zinc, silver or anti-
biotics, iodine, chlorhexidine, and quaternary ammonium
(QA) salts, have an effect that is mainly limited to their initial
burst release [6-9]. Moreover, voids left in the cross-linked
structure after elution of the agent may further compromise the
material’s mechanical integrity [10, 11]. QA-containing poly-
mers are probably the most extensively investigated biocides
for a wide range of applications [12]. In recent years, consid-
erable efforts have been made to improve their polymerization
capacity by incorporation of one or more methacrylate func-
tionalities. QA monomethacrylate monomers only undergo
linear polymerization, whereas QA dimethacrylate monomers
can also be used as cross-linking agents [13]. Immobilized
agents such as QA dimethacrylate (QADM) [14] have been
shown to provide long-lasting antibacterial benefits [7], but
they lack strong and remote antibacterial action. Despite con-
siderable research efforts in the field, the necessary balance
between sustained antibacterial efficacy, without a compro-
mise to other biomedical-relevant properties, is yet to be
achieved.

In this study, we propose incorporating a monomer and
cross-linker containing an antibacterial QA functionality [15,
16] into a commercially available dental adhesive. Their
mechanism of action is by disruption of the bacterial cell
membranes via their cationic quaternary amine group. QA-
based monomers have been extensively investigated as anti-
bacterial additives for dental materials [13]. In these studies,
however, the presence of cross-linkers without QA groups
was responsible for the material’s cross-linking. Several types
of QA-based cross-linkers (QA dimethacrylate monomers)
have also been reported and used for the fabrication of dental
materials without the use of QA-based monomethacrylate
monomers [12, 17-22]. In principle, the use of QA-based
monomers, together with QA-based cross-linkers, may poten-
tially endow the resulting dental materials with enhanced an-
tibacterial performance and cross-linking-related properties,
which may in turn result in a stronger hybridization with the
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underlying dentin. To the best of our knowledge, the com-
bined copolymerization of the proposed antibacterial QA-
containing monomer and cross-linker with resin monomers
has not been studied. Such copolymerization is expected to
provide sustained benefits to the material properties. The long-
term antibacterial efficacy, along with an enhanced hybridiza-
tion, is expected to render an interface with improved mechan-
ical integrity and resistance to bacterial and enzymatic degra-
dation. Evaluation of the antibacterial and cytotoxicity prop-
erties of the proposed structures, along with their tensile
strength and adhesion to tooth structure, was investigated.
Furthermore, since polymer cross-linking density is known
to play a major role on properties such as fracture strength
and wear resistance [23], hardness measurements of the poly-
merized resin after softening in ethanol were also investigated
as an indirect assessment of the polymer cross-linking density.
The null hypotheses investigated in this study were the fol-
lowing: (1) there would be no effect of the monomer and
cross-linker on the antibacterial properties against S. mutans;,
(2) the additives would have no effect on the cytotoxicity,
bonding, and mechanical properties of the parent adhesive.

Materials and methods
Synthesis of antibacterial monomer and cross-linker

The chemical structures of the monomer and cross-linker are
shown in Fig. 1. All reactants and solvents were obtained from
Sigma-Aldrich, St. Louis, MO, USA. 'H NMR analysis was
used to characterize the synthesized chemicals. "H NMR spec-
tra were recorded at 500 MHz on solutions in deuterated chlo-
roform (CDCl3) on a Varian INOVA-500 Spectrometer at 25
°C, with tetramethylsilane (TMS) as an internal standard.
The antibacterial monomer was prepared by quaternization
reaction following a literature approach [24, 25]: "H NMR: 6
0.88 (3H, CH;-CH,), 1.18-1.50 (18H, CH,), 1.76 (2H, CH,),
3.53 (6H, CH3-N"-CH3), 3.61 (2H, CH,-N"), 4.18 (2H, N*-
CH,-CH,-0), 4.67 (2H, N*-CH,-CH,-0), 5.95 (1H,
CH=CH,), 6.14 (1H, CH=CH,), 6.48 (1H, CH=CH,). The
antibacterial cross-linker was prepared by two-step organic
synthesis based on a literature method [24, 25]: '"H NMR: &
0.88 (3H, CH5-CH,), 1.20-1.40 (18H, CH,), 1.78 (2H, CH,),
3.53 (3H, CH;3-N%), 3.60 (2H, CH,-N"), 4.10-4.32 (4H, N*-
CH,-CH,-0), 4.72 (4H, N*-CH,-CH,-0), 5.96 (2H,
CH=CH,), 6.13 (2H, CH=CH,), 6.51 (2H, CH=CH,).

Incorporation of the antibacterial monomer and
cross-linker into a dental adhesive

Experimental adhesives were prepared by measuring different
weight concentrations of monomer, cross-linker, or a combi-
nation of both on a laboratory balance (AGCN 200, Fulcrum
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Fig. 1 Schematic representation of the incorporation of monomer and
cross-linker surfactants into the commercial adhesive single bond. Here,
a monomer and cross-linker containing a quaternary amine group convey
antibacterial characteristics to the functional surfactant. Blue light

Inc., Clifton, NJ, USA) and incorporating them into a com-
mercially available adhesive Adper Singe Bond Plus (SB, 3M
ESPE, Saint Paul, MN, USA) (Fig. 1). Single bond is a two-
step, ethanol-based, etch-and-rinse adhesive composed of
bisphenol A diglycidyl ether dimethacrylate (BisGMA),
silane-treated silica, 2-hydroxyethyl methacrylate (HEMA),
2-hydroxy-1,3-dimethacryloxypropane, copolymer of acrylic
and itaconic acids, diurethane dimethacrylate (UDMA), wa-
ter, and diphenyliodonium hexafluorophosphate. The follow-
ing groups, with mass of added monomer (M) and/or cross-
linker (C) relative to 1 mg of SB, were evaluated: (1) 0.05 mg
M (5%M), (2) 0.1 mg M (10%M), (3) 0.25 mg M (25%M), (4)
0.05 mg C (5%C), (5) 0.1 mg C (10%C), (6) 0.25 mg C
(25%C), (7) 0.05 mg M + 0.05 mg C (5%M + 5%C), (8)
0.1 mg M + 0.1 mg (10%M + 10%C). SB alone was used as
a control. To ensure uniform dissolution of the mixture, an
ultrasonic bath powered by a probe tip sonicator was used
for 15 s in dark conditions to avoid undue photo-polymeriza-
tion. All samples were prepared immediately before the start
of each experiment and vortexed (Scientific Industries Inc.,
Bohemia, NY, USA) for 1 min prior to use to ensure appro-
priate dispersion.

Assessment of the antibacterial activity and
cytotoxicity of the modified adhesives

Assessment of the antibacterial activity

Disc specimens of 8 x 1 mm were prepared by micro-pipetting
the adhesive into a circumferential polytetrafluoroethylene
(PTFE) mold against a polyester strip, which was placed on
a microscope glass slab, covered with another strip and slab,
and polymerized with LED unit (VALO, Ultradent, South
Jordan, UT, USA) with a power density of 1,400 mW/cm?
for 10 s per manufacturer’s recommendations. The discs were
then incubated in distilled water (DW) at 37 °C for 24 h to
allow post-cure polymerization, and polished using silicon
carbide abrasive papers of #1500 (SiC, Buehler, Lake Bluff,

radical
copolymerization

Ilght irradiation

+Br-
jN\_j\L
H 6 H 6 O

o)‘\g;
irradiation was applied for 20 s to induce radical polymerization. In the
resulting copolymer product, the concentration of antibacterial quaternary
amine group is determined by the sum of x and y; cross-linking density is
determined by y; and the fraction of base dental materials gives z

IL, USA) per reported protocols [26, 27]. This experiment was
conducted following the International Organization for
Standardization (ISO) standards for the testing of biomedical
devices [28]. The discs were sterilized by immersion in 70%
ethanol and allowed to dry at room temperature for 48 h. The
selection of this chemical sterilization method followed the
US FDA recommendations for extraction studies [29].
Streptococcus mutans ATCC 25175 (Gift from Dr. Stefan
Ruhl, University at Buffalo) was streaked on a brain heart
infusion (BHI) (Sigma-Aldrich, St Louis, MO, USA) agar
and incubated in an anaerobic chamber at 37 °C. Five millili-
ters of BHI broth was inoculated with S. mutans and grown
overnight anaerobically at 37 °C, followed by sub-cultured
(0.5 ml culture in 5 ml BHI) and incubated for 4-6 h until
the culture reached an ODg reading of 0.3. A total of 100 ul
of the culture was pipetted directly onto the surface of each
disc in a sterile 24-well plate. In this method, the entire 100 ul
volume remains on the disc surface, with no overflow or loss
of' media to the surrounding containment, such that all bacteria
in the suspension remain in contact with the disc. One millili-
ter of DW was added next to each well containing a disc to
provide a hydrated environment with anaerobic incubation for
18 h. Each disc was aseptically removed from the well, placed
in 9.9 ml of BHI, and vortexed for 3 min to disperse any
bacteria on the surface of the disc. The media was then serially
diluted in 1:10 dilutions to obtain countable CFUs. All plates
were then incubated in the anaerobic chamber at 37 °C for
24 h after which colonies were counted. The average colony-
forming units (CFU) of three replicate experiments (n = 3,
duplicate plates) were determined following exposure to the
discs.

Assessment of the cell viability

Human gingival fibroblasts (HGFs) were isolated from
discarded healthy gingival tissue collected from subjects un-
dergoing surgery at the University at Buffalo clinics, using an
explant outgrowth method (IRB protocol 663292-1). The
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tissue was washed in minimum essential media (MEM) con-
taining 10X antibiotics followed by three washes in media
containing 1X antibiotics. Tissues were minced into small
pieces and allowed to attach to the wells of a 6-well plate for
30 min, followed by the addition of 1 ml of fresh MEM + 10%
FBS with antibiotics. Explants were incubated at 37 °C, 5%
CO, until migration of cells from the tissue explant could be
observed. Media were replaced every 3 days. To maintain
routine culture, HGFs were grown to 80% confluence in
MEM + 10% FBS and passaged using trypsin/EDTA. The
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) cell viability assay (Sigma-Aldrich, St Louis,
MO, USA) was used to assess the cell metabolic function
based on mitochondrial dehydrogenase activity. Three discs
(5 x 2 mm) per group were fabricated per methods described
in the “Assessment of the antibacterial activity” section, incu-
bated for 24 h in DW at 37 °C, and sterilized in 70% ethanol
prior to testing. The discs were incubated in 24-well plates in
1 ml of gingival fibroblast growth medium (alpha-MEM +
10% FBS + 1% antimycotic; pH 7.4; Gibco, Life
Technologies, Grand Island, NY, USA) for 24 h. An addition-
al group, containing gingival fibroblast medium only and no
disc, was used as control whose survival rates were set to
represent 100% viability. To prepare disc-conditioned media,
three discs per group were incubated for 24 h in 350 pl of
gingival fibroblast growth media per recommended ratio of
specimen surface area to media volume [28]. The MTT assay
was performed by aspirating the disc test media, followed by
incubation of the HGFs with 100 ul of clear MEM and 10 ul
MTT assay reagent (Invitrogen, Thermo Fischer Scientific,
Eugene, OR, USA) for4 h at 37 °C in 5% CO,. After removal
of 75 ul of medium from the wells, 50 pl of DMSO was added
to each well, mixed by pipetting, and allowed to incubate for
10 min after which the plate was measured at an absorbance of
540 nm (Flexstation 3, Molecular Devices, Sunnyvale, CA,
USA). Groups were plated in triplicate (n = 3).

Assessment of the mechanical and bonding
properties of the modified adhesives

Assessment of the micro-tensile bond strength

Dentin was obtained from thirty-six recently extracted,
healthy human molars (IRB protocol no. 00000133). Four
teeth were assigned to each of the study groups. Superficial
occlusal dentin was revealed using a water-cooled lab trimmer
(Whip Mix, Louisville, KY, USA), and a standardized smear
layer created with SiC papers to 800-grit. All adhesives were
applied and polymerized per manufacturer’s recommenda-
tions. Resin composite (Filtek Z100, 3M ESPE, Saint Paul,
MN, USA) was applied in 2-mm increments and polymerized
for 40 s. The teeth were incubated in DW at 37 °C for 24 h and
then sectioned into beams of cross-sectional area of 0.9 +
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0.1 mm [30]. Forty beams per group were obtained, ten per
tooth. A research design balanced by tooth dependency was
used for this part of the investigation [31]; that is, beams
derived from each tooth were equally assigned to one of three
study periods (24 h, 6 months, and 3 years). At each time
period, twenty beams (n = 20) were tested for uTBS.
Additional beams were used to obtain representative SEM
observations of the study groups. The individual beams were
stabilized on a jig with cyanoacrylate (Zapit, Dental Ventures
of America, Corona, CA, USA) and stressed to failure with a
universal testing machine (Micro-tester, Bisco, Schaumburg,
IL, USA) at a cross-head speed of 1 mm/min. The load re-
quired to fracture the specimen was expressed in megapascals
(MPa). The rest of the beams were incubated in DW with the
media replaced weekly. One-mm slabs were set aside for in-
terfacial characterization with SEM (SU-70, Hitachi, Tokyo,
Japan). The slabs were polished with SiC papers to 800-grit,
allowed to dry for 24 h, placed on aluminum stubs, coated
with carbon, and placed in a vacuum evaporator (Denton
DV-502, Douglasville, PA, USA) for 20 min. Different areas
of one slab were analyzed at 20 kV and images generated
using backscattered electron mode.

Assessment of the ultimate tensile strength

Ten hourglass adhesive specimens per group (n = 10) were
made using a rubber mold (10 mm long % 2 mm wide at neck
x 1 mm deep). The adhesive was micro-pipetted into the
mold, which was covered with a polyester strip and micro-
scope glass slab and then polymerized with LED unit. All
specimens were incubated in DW at 37 °C and evaluated for
ultimate tensile strength (UTS) after 24 h, 1 week, or 6 months
with a universal testing machine as described in the previous
section and expressed in megapascals (MPa).

Assessment of the micro-hardness after softening in ethanol

It is generally accepted that highly cross-linked polymers are
more resistant to degradation and solvent uptake, whereas
linear polymers allow greater diffusion of solvent molecules
within their structure [32]. This could result in increased soft-
ening, which can be assessed by a hardness test [33]. To de-
termine the degradation in solvent, the specimens were sub-
jected to softening in absolute ethanol per protocol by Leitune
et al. [34]. Five discs (5 x 1 mm) were made for each exper-
imental condition (n = 5) with a PTFE mold, which was
sandwiched between two glass slabs as described in previous
sections. After polymerization, the samples were incubated for
24 hin DW at 37 °C. The discs were then embedded in acrylic
resin and polished with SiC discs to 1200-grit. The specimens
were then allowed to dry for 24 h, and subjected to a Knoop
micro-hardness test. Five indentations (50 g/15 s), one central
and four radial approximately 100 wm apart, were recorded
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using a digital micro-hardness tester (HMV 2, Shimadzu,
Tokyo, Japan), where the Knoop hardness number (KHN) =
14228 x ¢/d?, 14228 is a constant, ¢ is the load in grams, and d
is the length of the longer diagonal in pm. For each specimen,
the initial KHN; was recorded as the average of the five
values. The specimens were then subjected to softening in
absolute ethanol for 4 h at 37 °C, the test repeated, and record-
ed as KHN,. The difference between KHN; and KHN, in
percent was calculated.

Statistical analysis

The normality of data was evaluated using the
Kolmogorov-Smirnov test and equal variance with the
Brown-Forsythe test. Antibacterial data was analyzed
with a Kruskal-Wallis and Dunn’s post hoc test. The cy-
totoxicity data was first normalized and then analyzed
with a one-way ANOVA and Tukey’s post hoc test. A
two-way ANOVA and Tukey’s post hoc test were used
for analysis of uTBS and UTS data. For analysis of the
softening in ethanol, a paired Student’s ¢ test (KHN; and
KHN,) was used. A significance level of p < 0.05 was
used for all tests. All statistical analyses were performed
with the statistical software (SigmaStat Version.3.5, San
José, CA, USA).

Results

Assessment of the antibacterial activity and
cytotoxicity of the modified adhesives

Assessment of the antibacterial activity

The mean log viable cell concentrations are summarized
in Fig. 2. There was a significant effect of the treatment
group on antibacterial activity against S. mutans (p <
0.001). No significant differences in log viable cell con-
centration were detected among any of the cross-linker
groups or combined groups and the SB control. Of the
monomer groups, only 10%M and 25%M demonstrated
significantly lower log viable cell concentration than the
SB control.

Assessment of the cell viability

Figure 3 summarizes the MTT assay results. There was no
significant effect of the treatment group on cell viability, with
no significant variations in cell viability values observed
among any of the experimental groups and the SB control.

Assessment of the mechanical and bonding
properties of the modified adhesives

Assessment of the micro-tensile bond strength

There was a significant effect of the treatment group (p <
0.001) and group x time interaction (p < 0.001), but no effect
of time on uTBS values. No significant differences in bond
strength values were detected among the experimental groups
and the SB control when evaluated at 24 h or 6 months (Fig.
4). Evaluation of all the experimental groups against the con-
trol SB after 3 years of storage revealed no differences be-
tween any of the experimental groups and the control SB,
except for 5%M, 5%C, and 5%M + 5%C, which evidenced
significantly higher uTBS values relative to the control SB (p
< 0.001). Assessment of the bond degradation for each indi-
vidual group overtime revealed no significant degradation for
any of the groups after 6 months. After 3 years, a significant
decrease in mean WTBS values was observed for all groups
including the control SB (p < 0.001). Only groups 5%M,
5%C, and 5%M + 5%C remained stable with no significant
degradation after the 3-year period. Representative SEM im-
ages of the hybrid layer interfaces for the different treatment
groups are provided in Fig. Sa—i.

Assessment of the ultimate tensile strength

A significant effect of the treatment group (p = 0.032), time (p
< 0.001), and their interaction (p < 0.001) was evidenced on
UTS values. No significant differences were found among the
groups when they were evaluated at 24 h or 1 week (Fig. 6).
When evaluated after 6 months, only 25%M and 25%C
showed significantly higher UTS values than the SB control
(p = 0.005 and p < 0.001, respectively). Evaluation of each
individual group after 6 months revealed a significant increase
in UTS values for 25%M and 25%C relative to their 24-h
values (p = 0.029 and p = 0.001, respectively). All other
groups demonstrated no significant variations overtime.

Assessment of the micro-hardness after softening in ethanol

With exception of 5%C, 10%C, and 25%C, all other groups
demonstrated a significant reduction in micro-hardness values
after incubation in ethanol (p < 0.05). 10%C and 25%C dem-
onstrated a significant increase in micro-hardness (p < 0.05)
after ethanol incubation (Fig. 7).

Discussion
The present study investigated incorporation of a monomer

and cross-linker, each containing a quaternary amine group,
into a commercially available resin-based adhesive for their
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Fig. 2 Antibacterial values
against S. mutans for all groups.
Bars represent mean absorbance
values; brackets indicate SD
values. Groups identified by
different letters are significantly
different (Dunn’s test, p < 0.05). n
=3

1.0E+10

1.0E+09

1.0E+08

1.0E+07

1.0E+06

1.0E+05
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S mutans (cell/ml)

1.0E+03
1.0E+02
1.0E+01

1.0E+00

antibacterial, cytotoxicity, mechanical, and bonding proper-
ties. While multispecies microbial models continue to become
more prevalent for the antibacterial screening of novel thera-
pies, the data remains consistent with the prominent role of
S. mutans in caries development [35]; hence, culture with a
single microbial strain of S. mutans was selected for this in-
vestigation. The strain of S. mutans used in this study was
ATCC 25175 as this is a well-investigated strain in the study
of biomodified dental materials [36]. The first null hypothesis
was rejected since groups 10%M and 25%M evidenced great-
ly reduced S. mutans counts relative to the control SB. While
the other monomer and cross-linker groups also showed re-
duced microbial counts relative to the control SB, these dif-
ferences remained not significant. Both the monomer and
cross-linker used in this study have a 12-carbon chain. We
speculate that the favorable results for the monomer groups
may be ascribed to the easily accessible cationic group in the

Fig. 3 Cell viability values 120%
normalized to untreated cells
against human gingival
fibroblastic cells. Bars represent
mean absorbance values; brackets
indicate SD values. Groups
identified by different letters are
significantly different (one-way
ANOVA, p<0.05).n=3

100%

80%

60%

Cell Viability (%)

40%
20%

0%
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monomer [37], as opposed to the more tightly bound quater-
nary ammonium functionality [15, 16] in the cross-linker
groups, which may have restricted access to its antibacterial
properties. Incorporation of a quaternary ammonium-
containing monomer and cross-linker is known to provide
sustained antibacterial characteristics to resins, while also
allowing copolymerization via formation of covalent bonds
with the polymer network [38]. The antibacterial efficacy of
resins modified with quaternary ammonium dimethacrylates
is well established [39]. The mechanism is known to be by
bacteria lysis when positively charged N* sites of the quater-
nary ammonium compounds contact the negatively charged
bacterial cell wall disturbing its electric balance causing the
bacteria to lyse under its own osmotic pressure [37]. The
length of the monomer is important as the carbon chain needs
to be long enough to penetrate the cell membrane. A study by
Zhou et al. demonstrated that increasing the chain length from
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Fig. 4 Mean micro-tensile bond
strength (LTBS) values for all
study groups at 24 h and 6 months
of incubation. Bars represent
mean values; brackets indicate
SD values. Groups identified by
different letters are significantly
different (Tukey’s test, p < 0.05).
n = 20. Upper case denotes dif-
ferences between 24 h and 6
months for each group. Lower
case denotes differences among 10.0
groups for each testing time

w o w s B w0
© wvw o wu o
o ©o ©o o o

uTBS (MPa)
N
w
o

5%M 10%M

6 to 12 carbons increased antibacterial activity [38].
Differently from that study, our results demonstrated signifi-
cantly reduced bacterial counts only for 10%M and 25%M,
but not for the rest of the groups.

Incorporation of antibacterial monomer and cross-linker
led to no changes in the inherent cytotoxicity of the parent
adhesive SB leading to a partial acceptance of the second null
hypothesis. The findings of no differences in cell viability of

SU70 20.0k 0 20.0kV 17.0mm X

0.0kV 17.3mm x2.00k YAGBSE

5%M+5%C

Fig. 5 Scanning electron microscopy (SEM) representative micrographs
of adhesives modified with monomer and cross-linking surfactant; mag-
nification x 2.00 k. Monomer groups (0.05 mg M, 0.1 mg M, 0.25 mg M),

25%M 5%C 10%C 25%C

5%M+5%C  10%M+10%C SB

B24h @6mo B3 yr

gingival fibroblasts between the experimental and control
groups indicate that the proposed additives are thus consid-
ered safe for in vivo use. Cell viability value of 70% is as a
well-accepted threshold to describe cytotoxicity of biomate-
rials [40]. A study by Pupo et al. [41] reported cell viability
values of 73% for SB. Similarly, our study reported cell via-
bility values of 72% for SB. It is well accepted that the inher-
ent cytotoxicity of SB is the result of the BisGMA, UDMA,

cross-linker groups (0.05 mg C, 0.1 mg C, 0.25 mg C), combined groups
(0.05 mg MC, 0.1 mg MC), and control single bond (SB)
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Fig. 6 Mean ultimate tensile 55.0
strength (UTS) values for all Abic B
groups at 24 h, 1 week, and 6 =0.0 x
months of incubation. Bars repre- 45.0 Asbe
sent mean values; brackets indi- 105
cate SD values. Different letters . 7
indicate significant differences 35.0 % %
5 e 4 [

between groups (Tukey’s test, p < % 30.0 22 Z?
0.05). n = 10. Upper case letters . 22 g ?
denote differences among testing 5 250 g; Z‘-’
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TEGDMA, and HEMA monomers present in the resin [42,
43]. MTT has been regarded as the gold standard for the pre-
liminary screening of the in vitro cytotoxicity of new bioma-
terials as it is simple, inexpensive, and reliable [44]. The fa-
vorable results of no cytotoxicity for any of the experimental
groups point to the need for further investigation of the pro-
posed structures with more clinically relevant tests such as the
use of a dentin barrier for a more accurate representation of
in vivo conditions. Such barrier has been shown to reduce the
adhesive’s diffusion, with the consequent reduction in toxicity
[45].

An effect of the antibacterial monomer and cross-linker on
bond strength, bond degradation, UTS, and micro-hardness
after softening in ethanol was also demonstrated, thus partially
rejecting the second null hypothesis. The absence of differ-
ences between the control and experimental groups when
compared at the early incubation periods—24 h and 6
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months—may be the result of a myriad of factors. First, the
alterations proposed to the parent adhesive are minor and as
such not likely to alter considerably the viscosity, degree of
conversion, and overall clinical handling and bonding perfor-
mance of the material (internal unpublished observations). In
addition, bond strength tests of macro-specimens are typically
not able to discern the effect of subtle variations in the chem-
ical composition of the adhesive, especially after short incu-
bation periods. They are, however, well-accepted screening
tests to determine variations in the initial bonding perfor-
mance of the modified adhesives. The SEM images obtained
at baseline confirm that all groups show very similar hybrid
layer micro-morphologies (Fig. 5). Only when evaluating the
study groups after 3 years of storage, some differences became
apparent, with only the groups with the lowest concentration
of monomer, cross-linker, or the combination of both showing
bond strength values that were significantly higher than those
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of the control SB. Similarly, evaluation of each individual
group overtime revealed no apparent bond degradation for
any of the groups after 6 months. The International
Organization for Standardization (ISO) still regards 6 months
as long-term incubation for bond strength studies [46], and our
study validates the need for longer-term incubation periods for
a more accurate representation of the potential effects of hy-
drolytic degradation of adhesive interfaces. Nonetheless, in a
fast-paced market with very quick product turnover, this is
unfortunately not always possible, and thus valuable informa-
tion may still be derived from 6-month aging studies [47]. In
this study, SEM observations for interfacial characterization
intended only to provide a qualitative assessment of the hybrid
layer micro-morphology created with the different modified
adhesives. As expected, similar interfacial morphological fea-
tures were observed in all groups with well-defined resin tags,
and relatively uniform hybrid layers. After 3 years, all groups,
including the control SB, evidenced significant decreases in
bond strength relative to their 24-h values ranging from 19 to
48%. These findings are not unexpected considering that bond
strengths of resin-based adhesives are known to fall a 30-40%
during the first 6-12 months [48]. Interestingly, only 5%M,
5%C, and 5%M + 5%C demonstrated stable bond strength
values with no significant bond degradation after 3 years.
Further studies evaluating these polymers’ glass transition
temperature and degree of conversion need to be conducted
to elucidate the effect of these structures, when incorporated
into resin adhesives, on their mechanical and physical proper-
ties, as well as their interaction with the tooth structure in the
hybrid zone.

Because of the complex anatomy of the teeth and 3-
dimensional nature of the jaw mechanics, single axial loading
is almost never encountered in the oral cavity. ISO standard
4049 for dental composites recommends flexural test for the
evaluation of the mechanical properties of these materials per-
haps based on their brittleness, and the development of tensile,
shear, and compressive stresses during the test. Recently, the
Academy of Dental Materials critically appraised several
methods used in the evaluation of specific properties. While
flexural and tensile were ranked equally based on being the
most useful, applicable, and supported by the literature, the
authors suggested that tensile may be the most appropriate
testing modality when attempting to understand the mechan-
ical behavior of these materials since it represents the most
challenging mechanical situation [49]. Thus, a tensile test was
selected for this investigation to determine if incorporation of
the monomer and cross-linker had an effect in the mechanical
behavior of the parent adhesive. No variations in UTS values
were observed after 6 months for any of the groups, indicating
that there was no effect of the monomer and cross-linker on
the mechanical properties of the parent adhesive. An excep-
tion was shown for 25%M and 25%C, both of which evi-
denced a significant increase in UTS after 6 months. While

not significant, SB evidenced the greatest decrease in UTS
values after 6 months.

The cross-linking density of a polymer is a critical factor
that can be directly correlated to its mechanical properties [50,
51], and can be evaluated by tests such as dynamic mechanical
thermal analysis (DMTA), swelling measurements, and glass
transition temperature. These tests, however, require complex
protocols and equipment, so softening tests have been used,
instead as an indirect assessment of the cross-linking density
for the preliminary screening of new polymers [52, 53]. In this
study, changes in micro-hardness values after immersion in
absolute ethanol were used as an indirect estimation of the
polymer cross-linking density. While micro-hardness tests
can only provide information regarding the surface character-
istics of the polymer, which may be different from its bulk
properties, useful information can still be derived from these
tests. Plasticization was determined on the basis of the soften-
ing effect of ethanol. It is well accepted that when a polymer is
immersed in a solvent, the solvent enters the polymer network
through the intermolecular spaces developing secondary
bonds with the polymer, pulling apart the polymer grid and
reducing the interchain interactions [53]. The reduction in
hardness is thus a consequence of polymer plasticization
[32]. In this study, most groups demonstrated a significant
decrease in micro-hardness after immersion in ethanol, ex-
pected outcome considering the plasticizing effect of the sol-
vent [54]. Conversely, none of the cross-linker groups showed
signs of degradation. Furthermore, a significant increase in
hardness values was shown for the higher concentrations of
cross-linker groups—10%C and 25%C—after immersion in
ethanol. These results, while unexpected, are in line with a
more tightly bound network, which was less susceptible to
the effects of solvent plasticization. Dimethacrylates (cross-
linker groups) are known to form cross-linked polymeric
structures, while mono-methacrylates (monomer groups) form
linear polymers, with cross-linked networks allowing less sol-
vent uptake than linear polymers [13]. While there is no con-
sensus regarding incubation time and concentration of ethanol
required to identify differences, absolute ethanol is considered
an important weathering agent as it is known to mimic and
accelerate the normal degradation expected to occur clinically
from food and saliva [29]. The concentration of ethanol in the
media is certainly critical since some sterilization protocols
call for the use of 70-75% ethanol. In the present study, ab-
solute ethanol was selected based on a study by Schneider
et al. who was able to demonstrate differences in cross-
linking density when polymers were incubated in absolute
ethanol, but not when they were incubated in 75% ethanol
[55]. Based on this study, ethanol concentrations under 75%
may still be appropriate for specimen sterilization as they did
not generate changes in cross-linking density of the polymers.
A 4-h immersion period was selected in the present study
following a protocol by Rodrigues et al. [56]. While this
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period may seem insufficient for the polymer swelling to
reach equilibrium, it was enough to detect hardness variations
between groups. Further investigation by direct assessment
methods such as dynamic mechanical thermal analysis, swell-
ing measurements, or glass transition temperature will be able
to provide information regarding the time and temperature
dependence of the cross-linking densities of these materials.
The solubility parameter describes the ease with which a mol-
ecule can penetrate and dissolve another substance, with a
maximum softening expected when there is minimal magni-
tude mismatch between the solvent and the polymer itself
[23]. The solubility parameter of absolute ethanol is known
tobe 2.6 x 10°* J V23 2) [23]. While the exact composition
of single bond is proprietary, it is likely that alterations in the
organic matrix components, resulting from the incorporation
of different concentrations of monomer and cross-linker, may
have altered the solubility parameter of the material to a mag-
nitude that could have interfered with the softening effect
promoted by ethanol. This could help explain the unexpected
increase in hardness values observed for groups 10%C and
25%C.

Table 1 depicts a summary of the results. Only 10%M and
25%M evidenced reduced S. mutans counts, none of the
groups showed increased cytotoxicity, and only interfaces
bonded with 5%M, 5%C, and 5%M + 5%C remained stable
after the 3-year incubation period with no signs of bond deg-
radation. Incorporation of the monomer and cross-linker led to
no variations in the UTS of the parent adhesive with exception
of 25%M and 25%C, both of which evidenced a significant
increase. Softening in absolute ethanol led to a significant

decrease in hardness values for all groups except the cross-
linker groups. Evaluation of the combined results makes a few
trends apparent. First, while higher concentrations of the
monomer and cross-linker may be beneficial to improve the
mechanical strength of the adhesive, strength values above
certain level may not be clinically relevant in their ability to
derive an improved longevity of these restorations. Second,
since only 10%M and 25%M demonstrated antibacterial effi-
cacy and only interfaces bonded with 5%M, 5%C, and 5%M
+ 5%C remained stable after 3 years, a range between 5 and
10% of the monomer may be able to achieve the necessary
balance between deriving antibacterial efficacy against
S. mutans and an enhanced bond stability long term, perhaps
resulting in restorations with improved life span. Moreover,
the results of no cytotoxicity and stable mechanical properties
for QA-based monomer in concentrations ranging between 5
and 10% further support an optimal balance.

With the main goals of contemporary restorative dentistry
centered around the promotion of minimal intervention, while
delivering longer-lasting esthetic restorations, efforts shall re-
main focused on finding an optimal balance between a mate-
rial’s ability to convey long-term antibacterial characteristics
without a compromise to their mechanical and bonding prop-
erties or biocompatibility. Future studies should be undertaken
to evaluate the proposed QA-based monomer in a concentra-
tion range between 5 and 10% incorporated into adhesives of
different chemistries. Also, future studies on these additives
should incorporate incubating solutions containing minerals
and enzyme components that will more closely resemble
in vivo conditions, as well as an evaluation of the degree of

Table1  Summary of all results included in the present study; anti-bacterial, cell viability, percent change in micro-tensile bond strength values after 6

months and 3 years, percent change in ultimate tensile strength after 6 months, and percent change in micro-hardness after softening in ethanol

Group S. mutans  Percent cell ~ Percent bond strength Percent bond strength Percent UTS change Percent KHN change
(cell/ml) viability (%) change after 6 months (%) change after 3 years (%) after 6 months (%) after EtOH (%)

5%M 1.7E+08 76 -2 -9 27 =25

10%M 2.5E+07 73 -3 —45 30 - 28

25%M 5.5E+06 —58 29 -32 31 -15

5%C 6.3E+08 - 65 -20 -13 -11 -5

10%C 7.1E+08 68 -20 - 63 -5 20

25%C 1.4E+08 69 -24 —43 42 4

5%M + 5%C 4.3E+08 63 -10 -4 15 -7

10%M + 10%C — 1.2E+09 46 24 -19 23 -9

SB 1.1E+09 72 12 —48 -21 -18

Data in bold denotes favorable outcomes for the specific test: 1st column - significantly reduced S. mutans counts for 10%M and 25%M; 2nd column - no
difference in cell viability values for any of the groups relative to control SB; 3rd column - no significant bond degradation after 6 months for any of the
groups; 4th column - no significant bond degradation after 3 years for groups 5%M, 5%C, and 5%M + 5%C; 5th column - no differences in UTS
degradation values after 6 months for any of the groups; 6th column - cross-linker groups evidenced either no variations, or a significant increase, in KHN
after softening in absolute ethanol

M monomer; C cross-linker; M+ C monomer and cross-linker; SB Adper Single Bond Plus; UTS ultimate tensile strength; KHN Knoop hardness number
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conversion, and more complex protocols for a direct evalua-
tion of the polymer’s cross-linking density. More in-depth
information is needed to understand the apparent favorable
behavior of these additives. Only then, we may be able to
speculate as to how their mechanism of action and effect in
the host resin may translate into an improved clinical longev-
ity of these restorations. Evaluation of antimicrobial behavior
against multiple other cariogenic bacteria including
Streptococcus oralis, Streptococcus mitis, and Streptococcus
gordonii is also recommended either in a single or multiple-
specie bacterial model to further confirm their potential to
combat bacterial biofilm formation intra-orally.

Conclusions

Within the limitations of this study, it can be concluded that,
while a promising approach in principle, the combination of
QA-based monomers with QA-based cross-linkers did not
yield materials with the expected combined benefits of en-
hanced antibacterial and mechanical performance. Only the
higher concentrations of QA-based monomer—10%M and
25%M—exhibited enhanced antibacterial performance
against S. mutans without an adverse effect on cytotoxicity
and mechanical properties of the material relative to the con-
trol. While other groups demonstrated enhanced mechanical
and bonding properties relative to the control (5%M, 5%C,
and 5%M + 5%C showed stable bond strengths after 3 years;
25%M and 25%C evidenced increased UTS values after 6
months; and 10%C and 25%C showed increased hardness
values after immersion in ethanol), none of them demonstrat-
ed antibacterial efficacy against S. mutans.
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