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Abstract

This paper focuses on the analysis and synthesis of two new gemini or bis-quater-
nary ammonium dimethacrylate compounds (bis-QAC) with different spacer lengths
(DMBB and DMBH) for the first time. These innovative quaternary ammonium-
based resin monomers can be employed as effective dental adhesives, due to their
antibacterial properties against the Streptococcus mutans bacteria (bacteria in dental
plaque). In this research, this blend of monomers is incorporated into a commer-
cial adhesive (1 wt% bis-QAC and 99 wt% Tetric N-Bond). The chemical structures
and thermal behavior of all prepared compounds are confirmed by FTIR, 'H-NMR,
3C-NMR and TGA/DTG. Moreover, mechanical properties, degree of conversion
(monomer to polymer) and cell cytotoxicity of the samples containing an antibacte-
rial agent are compared to commercial adhesives. Finally, experimental results illus-
trate that the minimum inhibitory concentration of adhesives with new bis-QAC is
significantly lower than samples without an antimicrobial monomer. Moreover, the
mixture of gemini QAC with adhesive does not demonstrate any adverse effect on
the degree of conversion and bond strength of the experimental adhesive. Further-
more, specimens of DMBH indicate a higher antibacterial characteristic, despite the
reduction in the cell viability.
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Introduction

In recent years, there has been a growing interest in the safe examination of
microorganisms as a part of human healthcare studies. This is due to several seri-
ous infections which are also reported [1-3]. Dental caries is an infectious dis-
ease caused by cariogenic bacteria. Therefore, attempts to produce restorative
materials with antibacterial effects have been seriously researched in dental mate-
rials science [4, 5]. Currently, utilization of composite resins to treat dental caries
is dramatically increasing by virtue of their esthetic standards and appropriate
performance [6, 7]. Nevertheless, these restorative materials store more dental
plaque in comparison with other compounds, leading to secondary caries; thus,
this is an important challenging issue in dental treatment. This problem is partly
resolved by the use of a combination of fillers and antibacterial material. A con-
ventional technique for providing antibacterial dental materials has been devel-
oped based on enriching them with antibacterial agents, such as silver ion and
fluoride. However, applying these agents has been accompanied by unfavorable
consequences such as toxicity and short-term effects. Thus nowadays, scientific
researchers have become focused on the production of compounds that possess
special advantages, such as good antibacterial effects, along with maintaining the
mechanical properties of resin, low cytotoxicity, economy and being easily avail-
able [8, 9]. Quaternary ammonium compounds (QAC) have been found to have
broad applications in medicine [10], in dental materials [11-13] and in indus-
try, on account of their low toxicity and a wide range of antimicrobial activi-
ties [14]. They are salts of quaternary ammonium cations with an anion. These
compounds consist of four organic groups attached to a central nitrogen atom that
form the cationic part, coupled with an anionic moiety which is usually chloride
or bromide [15]. The QAC structure is composed of a hydrophobic section with
an oily and water-repellent character. This oily part has some special characteris-
tics, such as the capability of surface neutralization, good wetting and adhesive
behavior [2]. The QAC produce a stable antibacterial agent because of a strong
covalent bond with the resin. Hence, they are capable of effective immobiliza-
tion in resins without a decrease in their antibacterial nature and mechanical fea-
tures over time [4, 16, 17]. Previous studies have revealed that the addition of
antibacterial agents with branches of methacrylate usually does not influence the
micro-tensile bond strength or the degree of conversion [12, 18, 19]. Addition-
ally, according to the reports, samples containing quaternary ammonium meth-
acrylate displayed the lowest decreases in bond strength compared to those with-
out an antibacterial agent, after 6 and 12 months of storage in distilled water [12].
The QAC are active against a series of bacteria and fungi, even at low amounts.
The antibacterial activity of quaternary ammonium salts arises from the mutual
electrostatic interaction between the positive charge of a nitrogen atom and the
negatively charged bacterial membrane cell, and in this synthesized monomer,
the quaternary ammonium unit and methyl acrylic moiety act as the polar head
and polymerizable part, respectively. These structural features are responsible for
the antimicrobial effect of the gemini quaternary ammonium monomer [20, 21].
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This antimicrobial impact mainly arises from their long alkyl chains as hydro-
phobic fragments and therefore the ability to penetrate the hydrophobic bacterial
membrane [22]. On the other hand, the presence of the double bond relating to
the methacrylate in this structure provides the possibility of chemical binding to
the backbone of dental resin. The C=C bonds of QAC have analogous reactivity
to the comonomers of bis-GMA and TEGDMA [24]. Based on previous inves-
tigations, usually mono-QAC with a branch of methacrylate has been employed
as an antibacterial agent [23]. Additionally, the application of bis-QAC has been
remarkably increased over the past years [12, 24, 25]. Gemini or bis-quaternary
ammonium salts are a class of surfactants made of two symmetric quaternary
ammonium groups linked via different spacers; therefore, they have a greater
surface activity and more antibacterial potency than conventional traditional
mono-QAC. Accordingly, in the present study, a series of novel bis-quaternary
ammonium salts based on dimethacrylates bearing different spacer lengths were
synthesized as expedient antimicrobial dental monomers and were incorporated
into the dental materials to obtain dental antibacterial adhesives.

Experimental
Materials

The dimethylaminoethyl methacrylate (DMAEMA), 1,4-dibromobutane and
1,6-dibromohexane, isopropyl alcohol and diethyl ether were purchased from the
Merck Company. All materials were used without any further purification.

Experimental method of characterization

The NMR spectra were recorded with a Bruker DRX-500 AVANCE instrument
(500.1 MHz for 'H, 125.0 MHz for '3C). The spectra were measured in DMSO-d,
as a solvent. The IR spectra of synthesized materials were carried out in a wave
number range of 400—4000 cm™! at a resolution of 4 cm™! on a (Nicolet IS10.USA)
spectrophotometer using KBr disks. The TG/DTG technique was performed in a
nitrogen atmosphere in the temperature range from 25° to 600 °C in thermal analysis
apparatus (Perkin Elmer, Pyris 1). A heating rate of 10 °C/min was chosen for the
measurements.

General method for the synthesis of new bis-quaternary ammonium
dimethacrylates

Some dimethylaminoethyl methacrylate (DMAEMA, 0.2 mol, 33.44 g) was reacted
with 1,4-dibromobutane (21.59 g) or 1,6-dibromohexane (dibromoalkane, 0.1 mol)
combined with 100 ml of isopropyl alcohol in a round-bottomed flask under a nitro-
gen atmosphere and refluxed for 2 h at 80 °C. After completion of the reaction, the
mixture was cooled to room temperature, then filtered and washed with 50 ml of
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diethyl ether several times and then dried in a vacuum oven at 40 °C for 4 h to attain
the product. The yields of the reactions for compound 1 (DMBB) and compound
2 (DMBH) were 95.6 and 97.3%, respectively. The structures of the obtained bis-
quaternary ammonium dimethacrylate (bis-QAMS) are shown in Scheme 1.

Preparation of QAMS-containing dental bonding (1:99)

In this study, a commercially available adhesive resin (Tetric N-Bond) without any
effective antibacterial component was used as the control group and a mixture of
1 wt% QAMS and 99 wt% Tetric N-Bond was prepared as experimental groups. In
order to achieve a homogeneous adhesive, the mixture was placed into an oven at
50 °C and was stirred several times manually. The samples were kept in the dark
before experimentation.

Measuring the degree of conversion (DC) by FTIR spectroscopy

The purpose of this test is to measure the degree of conversion of the monomers
to polymers. Inadequate polymerization bonding lowers the quality, and when a
monomer is not polymerized properly, it exhibits toxic effects. A FTIR device
was used to assess the degree of carbon—carbon double bond conversion, before
and after polymerization (curing process). The time of light curing was 20 s. The
FTIR spectra of Tetric N-Bond as a control group and additionally two newly

CH,

HiC 0
_\_ | 40°C,4h
T + Br—— (CH,),—Br >
H,C ° CHs n=4,6
N,N-Dimethylaminoethyl Dibromo alkane

Methacrylate (DMAEMA)

CH, cH, cl:H3
HC o\/\N’/\/\/N'\Br/\O CH,
2 | Br

CH, CH, CH,

Compound 1: N, N'-bis [2-(methacryloyloxy) ethyl] N, N, N’, N’ tetramethyl N, N'butanediyl diammonium bromide (DMBB)

CH, CH, (12H3 o]
O\/\ + N§ Br CH,
HoC T < | \/\0
o CH; CH, CH,

Compound 2: N, N'-bis [2-(methacryloyloxy) ethyl] N, N, N’, N’ tetramethyl N, N” hexanediyl diammonium bromide (DMBH)

Scheme 1 Structure of bis-quaternary ammonium dimethacrylate
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synthesized antibacterial monomers were monitored to determine DC percentage
(QAMS) (NICOLET IS10, USA). The FTIR spectra of materials were obtained at
room temperature in KBr pellets over the range of 400-4000 cm™~! with 16 scans.
In this work, there are two peak important absorbance values: (1) aliphatic peak
of carbon—carbon double bonds (C=C) at the frequency of 1635 cm™! that will
change after curing; (2) aromatic peak attributed to the polymerized and unpo-
lymerized monomer at 1608 cm™!' (C=C) which is almost constant and therefore
acts as an internal standard (IS). Comparing the ratios of absorbance peak inten-
sities ascribed to (C=C) before and after polymerization represents the unreacted
carbon double bonds, and accordingly, the degree of conversion can be explained
by the following equation [19, 26].

(1635 Cm_l/IS)peak after curing

DC% = |1-
(1635 cm~! /IS)peak before curing

x 100.

Mechanical properties test (teeth preparation and micro-tensile bond strength
evaluation)

Thirty-five extracted human third molars were collected after obtaining the donors’
information. The caries-free teeth were stored in 0.5% chloramine to fumigate them,
and then, they were transferred to distilled water. After cutting the roots, wet grind-
ing of the occlusal enamel with 180-grit SiC paper was carried out to form a flat
dentin surface without enamel on each tooth and the exposed dentin surface was
polished with 600-grit wet silicon carbide paper to create a standardized smear layer.
Table 1 shows the dental restorative materials used in the present study. The bonding
agent processing was performed according to the manufacturer’s instructions. At the
first step, the dentin surface was etched with 37% phosphoric acid gel for 15 s, rinsed
with water for 15 s and then dried until it was still slightly wet. Two bonding coats
were applied and the adhesive was light-cured by LED light curing for 20 s (10 s for
each coat). This method was repeated with three bonding antibacterial agent groups
(two experimental groups) incorporated into the dental adhesive and control adhe-
sive, as indicated in Table 2. Resin composite buildups were made with 2-mm-thick
increments of resin (Z250). Each layer of composite also was light-cured for 20 s
and afterward stored in deionized water at 37 °C for 24 h. After storage, samples
were cut vertically to the bonding surface by means of a CNC device where con-
sequently several beam-shaped sticks with a cross surface of about 1.0 mm? were
created. The next step involved an aging process through thermocycling [500 cycles
(20 20 20), 500 cycles (5-55 °C)]. Finally, the bond strength values were measured
using a universal testing machine (SANTAM-STM-20). The beams were attached
to the micro-tensile tester with a cyanoacrylate adhesive. They were then stressed
to failure at a crosshead speed of (0.5) mm/min. The bond strength values were cal-
culated with the divided force at failure by the bonded cross-sectional surface area
and were registered in MPa. Data were analyzed using one-way ANOVA and the
Games—Howell’s post hoc test (p=0.05).
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Table 2 Materials tested in this research

Group Composition

Control group Tetric N-Bond: phosphoric acid acrylate, HEMA*,
Bis-GMA, urethane, ethanol dimethacrylate,
film-forming agent, camphorquinone photoini-
tiator and methoxyphenol inhibitor

Experimental group Tetric N-Bond + 1% DMBB**

Tetric N-Bond + 1% DMBH***

*HEMA: 2-hydroxyethyl methacrylate

**DMBB: N, N'-bis [2-(methacryloyloxy) ethyl] N, N, N', N'-tetramethyl N, N'-butanediyl-diammonium
bromide

**DMBH: N, N'-bis [2-(methacryloyloxy) ethyl] N, N, N', N'-tetramethyl N, N'-hexanediyl-
diammonium bromide

Antibacterial test
Minimum inhibitory concentration (MIC)

In this test, we used Streptococcus mutans bacteria. A starting solution was pre-
pared in this method, using 15 ml of stock S. mutans cultured in 15 ml of brain
heart infusion (BHI), together with the addition of sucrose (0.2%), and incubated
at 37 °C and 5% CO,, and they were kept for 1 day. The obtained QAMS was
sterilized by gamma ray. After sterilization, each group of uncured monomer
was dissolved in BHI at a concentration of 200 mg/ml, and from this suspension,
serial dilutions were prepared into 1 ml volumes of BHI broth (the ratio of 1/2,
1/4, 1/8, 1/16, 1/32, etc.). Then, 50 pl of suspension with specified serial dilution
was transferred into each well in a 96-well plate filled with 2 x 10° CFU/ml (vol-
ume of 13 pl) of cultured bacteria, coupled with the addition of 50 pl of inoculum
into the wells. After 48-h incubation at + 37 °C, the results were checked and the
absorbance was measured (A550). The MIC value was the lowest concentration
of monomer where no turbidity could be observed in the wells compared to the
control group.

Agar disk diffusion test (ADT)

Briefly, to evaluate antimicrobial activity, disks involving QMAS and bonding
were molded and then light-cured for 20 s for all groups. The disks had a diam-
eter of 6 mm with a thickness of 1 mm, and every disk was sterilized by gamma
ray. The Streptococcus mutans bacteria suspension was prepared according to 0.5
McFarland standards (1.5 10%). A volume of 10 pl of bacterial suspension was
spread on mitis salivarius agar. After that, the disks were placed on the surface.
The plates were incubated for 48 h at 37 °C in order to measure the inhibition
zone diameters around each disk with a caliper.
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Cytotoxicity assay (MTT assay)

Assessment of the cell viability/cytotoxicity is one of the essential experiments
for each novel material or agent like polymers which are to be used in humans
and animals. The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide) assay is a colorimetric assay that measures the enzymatic reduction of
MTT a yellow tetrazole, to purple crystals of formazan. This method was used
to estimate cell metabolic activity of antibacterial monomers. Human foreskin
fibroblast (HFF2) cells (Department of Cell Bank, Pasteur Institute of Iran) were
cultured at a density of 1x 10* cells/well in 96-well plates by the use of fibroblast
medium (RPMI 1640) with growth supplement including 10% fetal bovine serum
(FBS) and 1% Pen strep. Disks were made according to the instructions explained
in “Agar disk diffusion test” section. Every disk was sterilized by gamma ray.
For preparation extracts of specimens, disks were transferred to the cell culture
medium and were incubated at 37 °C in pH 7 for 24 h. The extracts were filtered
through 0.22-mm cellulose acetate filters (Millipore) and used for the cytotoxicity
test; RPMI 1640 medium was removed, replaced with the extracts, added to each
tested well of the 96-well plates and incubated for 24 and 72 h. Subsequently,
100 pl of medium in 10 pl of MTT solution (5 mg of MTT/ml of PBS) was added
to the wells. After 4 h of incubation at 37 °C in darkness, the purple formazan
precipitate was formed and then 100 pl per well of dimethyl sulfoxide (DMSO)
was added. The absorbance values of the solutions were measured by an ELISA
test at 570 nm.

Results and discussion

Characterization of the product: Fourier transform infrared (FTIR) analysis
and NMR spectroscopy

FTIR

Figure 1 shows the FTIR spectra of the prepared compounds. In the FTIR spectra of
DMBH, the band at 3005 cm™! corresponds to C=C—H stretching vibration of meth-
acrylate units; 28002970 cm™!, aliphatic C-H stretching vibration; 1712 cm™!,
C=O0 stretching vibration of methacrylate units; 1632 cm™!, C=C stretching vibra-
tion of methacrylate units; 1460 cm™!, bending vibration of CH, units; 1322 cm™!,
bending vibration of CH; units; 1298 cm™', C-N stretching vibration of quaternary
ammonium; 1170 cm™', C-O stretching vibration.

In the FTIR spectra of DMBB, the band at 3020 cm™' corresponds to C=C—-H
stretching vibration of methacrylate units; 29002970 c¢m™!, aliphatic C-H
stretching vibration; 1716 cm™!, C=0 stretching vibration of methacrylate units;
1635 cm™!, C=C stretching vibration of methacrylate units; 1456 cm™!, bending
vibration of CH, units; 1322 cm™!, bending vibration of CH; units; 1298 cm™!, C-N
stretching vibration of quaternary ammonium; 1170 cm™!, C—O stretching vibration.
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Fig.1 FTIR spectra of synthesized antibacterial monomers

NMR

Figure 2 shows the NMR spectra of the prepared compounds. The bis-quaternary
ammonium dimethacrylate monomers were analyzed through 'H NMR and "*C
NMR spectroscopy.

NMR of DMBB

The chemical structure of DMBB was identified with 'H and '3C NMR spectral
data. Observing '"H NMR spectrum of DMBB, 'H chemical shifts of vinyl protons
in trans and cis position obviously indicated that the trans isomer emerged more
downfield (6 6.09 ppm) than that for the cis isomer (6 5.77 ppm). The protons of
methylene attached to the ester group appeared at 6 4.54 ppm. Moreover, 'H chemi-
cal shifts related to methyl and methylene groups appended to the quaternary
ammonium were assigned at 6 3.13 and 3.74 ppm, respectively. The singlet peak
at 6 1.91 ppm can be ascribed to the protons of methyl substituent of vinyl carbon.
Protons of the middle methylene groups (between two ammonium groups) appeared
at 6 1.72 and 3.47 ppm. The '*C-NMR spectrum of DMBB showed a signal at &
166.33 ppm which is relevant to carbonyl of ester (methacrylate unit). The chemi-
cal shifts of vinyl carbons were assigned at § 135.78 and 127.20 ppm. In addition,
the methylene carbon attached to the ammonium group appeared at 6 63.41 ppm.
The carbon of methylene attached to the ester group appeared at 6 58.56 ppm. Car-
bons of the middle methylene groups (between two ammonium groups) appeared
at 6 62.23 and 19.42 ppm. Methyl groups of the ammonium unit were observed at
0 51.04 ppm. The lowest amount of chemical shift (6 18.42 ppm) corresponded to
methyl substituent bonded to vinyl carbon.

@ Springer



1304

Polymer Bulletin (2019) 76:1295-1315

oo o S Gaimidy
(@ & RgR 5588 DRTRRERE §
© W < F R R R R R R R I
| ~ N T N |
a c c

g CHs e CH; d bBFI"'S(I:* ¢ 9 g

|,/\/\/N CH.

He O e TN o

b d
HyC CHy CHy
c c a

-

1.00= ——
1.00= ——— Qa

1981 > -

T N T iy s
5 &8 3 g 8
- - o " Al
4 62 60 58 56 54 52 50 48 46 44 42 40 38 36 34 32 3.0 28 26 24 22 20 18 16 14
f1 (ppm)
b w - -
(b) & B R 228 3 28
8 a2 X aNE & o
8 g 8 388 2 s%
| | \NZ /7 | \N/
a [ Cc
g e eCHia b 87, ¢ 9
i_o s~ AN CH
Hzc}h‘/ \f/\’,‘ar' - o 2
o HyC CH, CHj
[ a
a
Cc
1
h
9 b
odf
180 170 160 150 140 130 120 liO 100 90 80 70 60 S50 40 30 20 10
f1 (ppm)

Fig.2 'H NMR spectra (a), '3C NMR spectra (b), spectrum of DMBB in DMSO and 'H NMR spectra

(¢), BC NMR spectra (d), spectrum of DMBH in DMSO

@ Springer



Polymer Bulletin (2019) 76:1295-1315

1305

ON T o mo\oﬁwaog wnm o
(c) gR¥ g EB2p3gERE  8R 3
i T RRpiezes TTOT
d
a d d
CH N -
h ] o Bt b e § h a
R S R INLe a
o] H CHy CHj
d a
hp R .
f
Y Y hy e T T
8 3 & 80 28 o
- el - mwn ™ N ~
100 95 90 85 80 75 70 65 60 55 S50 45 40 35 30 25 20 15 1.0 05 00 -0
f1 (ppm)
(C) I 5 e s —_
9 © ~ SO N OGS
8 8 8 3da o P
| | | N2 | ¢4y
a d
CH - CH; o~ O
h ‘:’ o Br?H3f b ¢ NH-"B i gH
MO TN Y Y g Roiy
0 CH, CH3 CH, 2
d a d
. e
1 ] h (o} b
f
g‘
1é0 1;0 160 1;0 l‘;O 1;0 léO 1;.0 160 9’0 8‘0 ;0 6‘0 5‘0 4‘0 30 Zb 10

Fig.2 (continued)

f1 (ppm)

@ Springer



1306 Polymer Bulletin (2019) 76:1295-1315

NMR of DMBH

The chemical structure of DMBH was identified with '"H and '*C NMR spectral
data. Observing '"H NMR spectrum of DMBH, 'H chemical shifts of vinyl protons
in trans and cis position obviously indicated that the trans isomer emerged more
downfield (6 6.08 ppm) than that for the cis isomer (6 5.76 ppm). The protons of
methylene attached to the ester group appeared at & 4.50 ppm. Moreover, 'H chemi-
cal shifts related to methyl and methylene groups appended to the quaternary ammo-
nium were assigned at 6 3.75 and 3.42 ppm, respectively. The singlet peak at o
1.91 ppm can be ascribed to the protons of methyl substituent of vinyl carbon. Pro-
tons of the middle methylene groups (between two ammonium groups) appeared at
8 1.75 and 1.3 and 3.44 ppm. The '*C NMR spectrum of DMBH showed a signal at
0 166.76 ppm which is relevant to carbonyl of ester (methacrylate unit). The chemi-
cal shifts of vinyl carbons were assigned at 6 136.23 and 127.48 ppm. Furthermore,
the methylene carbon attached to the ammonium group appeared at 6 64.52 ppm.
The carbon of methylene attached to the ester group appeared at 6 59.01 ppm. Car-
bons of the middle methylene groups (between two ammonium groups) appeared
at 0 62.53 and 22.38 and 25.95 ppm. Methyl groups of the ammonium unit were
observed at § 51.42 ppm. The lowest amount of chemical shift (6 18.79 ppm) cor-
responded to methyl substituent bonded to vinyl carbon.

The results of FTIR, 'H NMR and >C NMR analyses confirmed that bis-quater-
nary ammonium dimethacrylate monomers were successfully synthesized.

Thermogravimetry (TG)/derivative thermogravimetry (DTG)

The TG/DTG technique discusses the analysis of the thermal properties of synthe-
sized compounds. The study of thermal behavior is one test for the characterization
of polymers. Although in this study these materials are not exposed to high tempera-
tures, these synthesized materials may be used in other cases where thermal stability
is important; thus, this investigation was carried out. The heat resistance of these
compounds is of great importance because the resulting thermal stability reduces
volatility and consequently an antibacterial agent added to dental bonding will have
a longer-lasting antibacterial effect (e.g., when hot drinks and food are consumed, or
when mixing an antibacterial agent with bonding, which is accompanied by a tem-
perature rise).

Figure 4 shows the TG/DTG curve for commercial bonding (control group) and
the antibacterial agent added commercial bonding. The findings showed that the
addition of the antimicrobial agent to the bonding agent resulted in a highly cross-
linked three-dimensional (3D) network, and therefore, these lead to thermal stabil-
ity compared to that of the control group. The TG/DTG curve of the synthesized
monomers (Fig. 3) shows the DMBH monomer has more thermal stability than the
DMBB due to its higher molecular weight. However, after incorporating these mon-
omers to the bonding (Fig. 4) and performing polymerization, the DMBH-contain-
ing bonding showed a lower thermal stability than the DMBB-containing bonding.
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Fig.3 TGA curves for synthesized antibacterial monomers, DMBB (a), DMBH (b) (up); DTG curves for
synthesized antibacterial monomers, DMBB (b), DMBH (a) (down)

This is explained by the fact that the DMBH has lower cross-link density and will
create a 3D network with more hollow space. As a result, it exhibited a lower soften-
ing point and more degradation to heat.

Degree of conversion

Figure 5 displays comparative FTIR spectra of the adhesive including bis-QAC and
a control group under cured and uncured conditions. The average values of data
points obtained from the DC (%) of the samples are reported in Fig. 5.

The conversion of monomers to polymers is very important, and a low amount
of conversion will lead to an increase in toxicity and a decrease in strength [31, 32].
Incompletely polymerized dental material contains partially unbounded monomers
released directly in the oral environment [33]. The results obtained from this test
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indicate that the addition of QACs (at a concentration of 1%) to the commercial
adhesive (as a control group) did not significantly affect the degree of conversion of
monomer to polymer; therefore, there was suitable curing.

Bond strength

The results of the bond strength are presented in Fig. 6. The QACs in combina-
tion with the adhesive showed a slightly higher bond strength compared to the
control adhesive, although the data obtained showed no statistically significant
difference among groups which contained antibacterial agents and commercial
adhesives (p>0.05), indicating that the incorporation of the QACs’ monomers
into the dental adhesive did not adversely influence the bonding properties of the
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Fig.5 Average values of data points obtained from the DC (%) of samples (1). FTIR spectra (2). Meas-
ured peak areas (1635 and 1608 cm™") for cured and uncured experimental groups to calculate the DC:
control (adhesive), control with DMBB, control with DMBH

carrier material. In previous studies, antibacterial compounds exhibit reduced
bond strength [29], but our results indicate that the addition of ammonium quarts
not only did not have any destructive effect on bond strength, but also enhanced
mechanical properties (bond strength). This can be due to the presence of two
groups of methacrylates on both sides of the molecule.
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Fig.6 Mean bond strength values (MPa) for the experimental groups

Antibacterial

Evaluation of the antibacterial activity in this study was performed using MIC
(minimum inhibitory concentration) and the inhibition zone diameter measurement
against the Streptococcus mutans bacteria, which are bacteria in dental plaque. The
assessment of minimal inhibitory concentrations provides a method for measuring
the amount of microbial activity of bis-quaternary ammonium salts with different
spacers ((CH,), or (CH,),). The results of the antibacterial activity are summarized
in Table 3.

Gemini quaternary ammonium salts (QAS) have an unbeatable structure and gen-
erally exhibit stronger antibacterial potency and antifungal activity than the mono-
QAS [25, 27]. Mono-quaternary ammonium monomer has antibacterial activity
[30], but our bis-quaternary ammonium monomer has higher antibacterial activity
than it, even at very low concentrations (only 1%), while in other research it has been
shown to amount to 10% or more [18]. Its increased antibacterial effect is related to
the structure of bis-quaternary ammonium, which enhances the contact surface with
the bacteria due to the enlargement of the molecule. This novel monomer comprises

Table,3 . Evalu.au(v)n' of Compounds* MIC (pg/ml) Diam-
the minimum inhibitory eter

concentration (MIC) and the (mm)
inhibition zone diameter of

compounds Control + DMBH 312
Control + DMBB 6.25
Control (adhesive) 2.5%10°

*Data are given as averages (N=3)
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of two methacrylate and two ammonium parts that increase antimicrobial proper-
ties in comparison with the mono-structure. This structural design is more effec-
tive in connecting with the cell surface because it has two relatively long chains on
both sides, which makes the hydrophobic section larger and also leads to the more
efficient attack on the wall of the bacterial membrane. As displayed in “Results,”
according to the influence of the monomer size on the antimicrobial features, the
DMBH group demonstrates higher antibacterial activity on account of the larger
spacer. Previous studies have evaluated antibacterial activity of gemini QAC with
different alkyl chain and spacer lengths [24]. Research studies have also elucidated
that gemini QAS with longer spacers displayed more antibacterial activity in com-
parison with samples with short spacers [24, 28]. The results demonstrated that
the antibacterial effect of compounds containing six methylene groups as spacers
(DMBH) was stronger than gemini QAC with four methylene groups as spacers
(DMBB).

MTT

Material with biomedical applications must have the lowest cytotoxicity to host the
tissues. Figure 7 shows the result of the cytotoxicity (MTT assay) of the samples,
and Figs. 8 and 9 show microscopy images of viable cells after 24 and 72 h.

Figures 8 and 9 show microscopic photographs of the cell viability in contact with
the commercial substance (control group) and the synthesized antibacterial com-
pounds with the bonding group. A large percentage of cells have been destroyed by the

100.00 - oS

$0.00 - . - Control
2 1 [ ] omsH
£ 60.00 - T
£ 60. DMBB
5 17 |
2 40.00-
@
o

20.00 4

.00 - T T
24h 72h

Time

Fig. 7 Cell viability/cytotoxicity determined by the MTT assay after 24 and 72 h. Adhesive containing
groups of bis-QAC compared with a control group without bis-QAC
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Fig. 8 Microscopy images of viable cells after 24-h exposure to samples; adhesive (control group) (a),
adhesive with DMBH (b), adhesive with DMBB (c¢)

commercial material, although the antibacterial compound has also added a little to this
destruction. However, after the cure process, toxicity is reduced, which is presented by
calculating the cell viability in percent as shown in Fig. 7.

Moreover, results showed that cured resins including 1 wt% DMBB have con-
siderable biocompatibility and a high percentage of cell viability compared with the
adhesive as the control sample (without antibacterial agent). However, under the
same conditions, in the presence of 1 wt% gemini DMBH reduced cell viability was
observed. Samples containing antibacterial agents disclosed cytotoxicity against mam-
malian cells. Thus, it is important to establish a balance between antibacterial effects
and cytotoxicity for some applications. Accordingly, this study reports that bis-QAC,
a novel antibacterial additive for bonding systems, did not show any adverse influence
on micro-tensile bond strength or on the degree of conversion of a widely used com-
mercial adhesive. However, mixing gemini QAC with adhesive demonstrated slight
increases in bond strength value compared to the control adhesive (commercial bond-
ing). Presumably, this increase corresponds to the presence of the methacrylate groups.
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Fig. 9 Microscopy images of viable cells after 72-h exposure to samples; adhesive (control group) (a),
adhesive with DMBH (b), adhesive with DMBB (c)

Conclusions

A new bis-quaternary ammonium dimethacrylate monomer was synthesized, char-
acterized and utilized as an antibacterial agent in an adhesive system for dental res-
toration. Samples including DMBH indicated a higher antibacterial characteristic
than adhesives containing DMBB, but exhibited reduced cell viability. A mixture of
synthesized antibacterial compound with adhesive did not exhibit any adverse effect
on the degree of conversion and bond strength of the experimental adhesive. There-
fore, this mixture has promising applications in a wide range of bonding agents.
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