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Abstract

The aim of this /n vitro study was to synthesize three new methacrylate monomers based on the
modification of saccharides structures (glucose-Gluc, sucrose-Sucr and chitosan-Chit) with
glycidyl methacrylate, and to use them in the composition of dental adhesives. Three methacrylate
saccharide monomers were synthesized and characterized by mid-IR, 1H and 13C NMR,
antioxidant activity and cytotoxic effect. Monomers included: one monosaccharide — Gluc-MA,;
one disaccharide — Sucr-MA,; and one polysaccharide — Chit-MA. Primers containing HEMA,
methacrylate saccharide monomers at concentrations of 0 (control), 1, 2 or 4 wt%, 60 wt% ethanol
aqueous solution (pH3.0) and initiator system were formulated. Primers were used in conjunction
with a bond step and composite paste to restore caries-free third molars, and dentin bond strength
(24 hours and 6 month of storage in water), and antimicrobial activity (Alamar Blue test) were
tested. Degree of conversion (DC) and maximum rate of polymerization (Rpmax) Of the primers
themselves were also analyzed. The mid-IR, 1H and 13C spectrum confirmed the presence of vinyl
group on the structure of saccharides. Chit-MA showed low antioxidant activity and did not
present a cytotoxic effect. Gluc-MA and Sucr-MA possess antioxidant and cytotoxic activity,
concentration dependent. In the presence of methacrylate saccharide monomers, the primers
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showed DC comparable to the control group, except Gluc-MA4%, Sucr-MA4% and Chit-MA1%,
which showed a range of 64.6 from 58.5 %DC. Rpmax Was not statistically different for all the
groups (p=0.01). The bond strength of Sucr-MA1% increased from 25.7 (£2.8) to 40.6 (£5.3)
MPa after 6 months of storage. All the synthesized monomers showed some antimicrobial activity
after polymerization. Gluc-MA and Chit-MA 4% and Sucr-MA 1, 2 and 4% led to decrease
bacterial metabolism. Sucr-MA 1% showed better results regarding the decrease in bacterial
metabolism and increasing the bond strength after 6 months of storage.

Keywords

Antibacterial adhesives; Dentine; Nuclear magnetic resonance spectroscopy; Mechanical
properties of adhesives

1. INTRODUCTION

The development of adhesive systems revolutionized esthetic restorative procedures, by
modifying the cavity preparation concepts and allowing for conservation of the remaining
healthy tooth structure[1-3]. The total etching technique proposed by Fusayama et a/. (1979)
allowed for the hybridization of the demineralized dentin and has become the most common
bonding mechanism in dental practice[4,5]. Dentin adhesion with three-step etch-and-rinse
strategy was first used with clinical success around 1990°s[6]. However, adhesion failure
between restorative materials and dental structures continues to be one of the biggest
practical problems in clinical Dentistry, leading to marginal leakage, discoloration, marginal
fractures, secondary caries, postoperative sensitivity and pulpal reactions[7-9]

The success of restorations with margins in enamel has been described since the introduction
of the etching technique, which is credited to the high inorganic content (~90%) of enamel.
On this substrate, the mechanical imbrication by tag formation within the demineralized
tissue is very efficient, and leads to very stable bonding[10,11]. Dentin, however, still poses
the major challenge for adhesive procedures, due to its tubular structure and organic and
aqueous content[11-13]. The adhesive resin must infiltrate the wet network of exposed
collagen fibrils, and polymerize in situ, forming what is known as the hybrid layer[5,14].

The monomer composition of dental adhesives is one of the determining factors in adhesion
performance. Hydrophilic monomers are essential in adhering to a wet substrate such as
dentin. 2-hydroxyethyl methacrylate (HEMA\) is the hydrophilic monomer most commonly
used in adhesive systems and is present in the composition of the primer (hydrophilic
monomers with organic solvents with or without water in it formulation)[15]. This monomer
has a hydrophilic moiety (hydroxyl) with affinity with the wet substrate and, a hydrophobic
tail (methacrylate functionality) which promotes the polymerization with other monomers.
HEMA has a low molar mass allowing the infiltration of the resin adhesive in the dental
substrate. However, HEMA monomers do not form very strong polymer networks, due to the
linear nature of its chains, and potential phase separation during polymerization in a highly
solvated state, in the presence of tubular water[15,16].
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Despite the advances achieved in dental adhesive technology, studies point to the
degradation of the material over time in the presence of water[17]. This degradation may be
a result of hydrolysis of the material and/or the collagen, thereby weakening the physical
properties of resin-dentin bonding. The dentin-adhesive interface is porous and permeable,
allowing the leaching of unreacted monomers, water sorption, swelling the polymer, and
also be susceptible to the enzyme activity by metalloproteinases (MMPSs), which degrade
mainly type | collagen, hence exposing the fibrils at the bottom of the hybrid layer[18,19].

The biodegradation of the interface can also increase the bacterial infiltration through a gap
between the restorative material and dentin (interproximal areas), which may lead to
secondary caries formation[20,21]. Therefore, one additional feature of interest for adhesives
is direct antimicrobial activity. Antimicrobial agents can potentially limit the infiltration,
growth and the formation of a cariogenic biofilm, particularly by decreasing the viability of
Streptococcus mutans (S. mutans), considered the main pathogen of tooth decay[22-25].
Using this concept, antibacterial agents with broad antimicrobial spectra have been added
with no concern regarding the promotion of bacterial resistance and the production of
undesirable outcomes on oral health[26,27]. Much attention has been given to antimicrobial
compounds in natural products, as an alternative to synthetic compounds[28-30]. Thus, the
search for new therapies to stabilize the resin-dentin interface is the key to improving the
biomechanical and biochemical properties of hard dental tissues in restorative therapy.

A series of multi-functional monomers based on bile acids, colic acids and saccharides has
shown high biocompatibility and low cytotoxicity compared to conventional polymers and
monomers found in literature[30-38]. These bi- or multi-functional monomers are being
used to provide resistance in the crosslinked monomer formed from the monomeric
matrix[39]. Therefore, the aim of this /n vitro study was to synthesize and characterize
methacrylate monomers based on saccharides (mono-, di- and poly-saccharides) and analyze
their behavior when incorporated into dental adhesive systems, including antimicrobial
properties, hydrolytic stability and quality of the bonded interface with dentin. Our
hypotheses were: (1) the synthesis route proposed here will successfully modify the
saccharides structure to incorporate photopolymerizable groups; (2) the adhesives
formulated with methacrylate saccharides monomers will demonstrate: a. greater
antimicrobial activity against Streptococcus mutans, (3) greater/longer-lasting bonding to the
dentin substrate when compared to control.

2. MATERIALS AND METHODS

2.1. Materials

All chemical reagents used in the synthesis were purchased from Sigma-Aldrich (St. Louis,
MO, USA): D-(+)-Glucose =99,5%, Sucrose =99,5%, Chitosan low molecular, weight.;
glycidyl methacrylate 297,0% (GMA), 2,2’-Azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid) diammonium salt (ABTS), Thiazolyl blue tetrazolium bromide (MTT), 4-
methoxyphenol 99%, chloride acid 37% (HCI) and methylene chloride. The reagents used in
primer formulation were: 2-hydroxyethyl methacrylate (HEMA) (ESSTECH, Essington,
PA); Camphorquinone 99% (CQ) and Butylatedhydroxytoluene 99% (BHT) were purchased
from Sigma-Aldrich; Ethyl 4-dimethylamino benzoate 99% (EDMAB) was purchased from

Int J Adhes Adhes. Author manuscript; available in PMC 2019 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

dos Santos et al.

Page 4

Acros Organic, Pittsburgh, PA; and Phosphine oxide diphenyl (TPO) was purchased from
Dispersions & Paper Chemicals, Mt. Olive, NJ; Ethanol 99% from Fischer Scientific (Fair
Lawn, NJ, USA). For the antimicrobial test, the reagents used were purchased from BD
diagnostics (Sparks, MD, USA): TSB- BBL™ Trypticase™ Soy Broth (TSB) and BD
Bacto™ Brain Heart Infusion (BHI); and AlamarBlue™ (Thermo Fisher Scientific,
Waltham, MA, USA).

2.2. Synthesis of saccharide methacrylate monomers

Acidic saccharide solutions (pH 3.5) were prepared based on Reis et al. (2009) and Chen
&Park (2000)[40,41]: 1.0 g of saccharide (glucose, sucrose or chitosan) was dissolved into
100 mL of deionized water under a stirring speed of 750 rpm at room temperature. After the
mixture had been completely homogenized, a 2.0 mol.L~1 HCI solution was dropped into
the mixture to adjust the pH at 3.5 with the addition of 1.0% of 4-methoxyphenol (an
inhibitor). After that, GMA was mixed into solution by a constant and vigorous stirring at
50 °C for 24 h. The proportions of GMA added for each saccharide solution corresponded to
50% substitution of the total hydroxyl groups. Thereafter, 50 mL of methylene chloride was
added in the solution and then transferred to a separating funnel. The resulting organic
solution containing unreacted GMA was discarded and the resulting aqueous solutions
containing the final product were: glucose-methacrylate (Gluc-MA), sucrose-methacrylate
(Sucr-MA) and chitosan-methacrylate (Chit-MA). If traces of water were present, the
monomers were rotaevaporated and/or lyophilized. Figure 1 shows a chemical reaction
scheme for the saccharide with GMA at pH 3.5 and the possible synthetized structures.

2.2. Characterization of the synthesized saccharide methacrylates

The structures of synthesized saccharide methacrylates were verified by middle infrared
spectroscopy, mid-IR, using Nicolet 6700 Thermo Scientific (Waltham, MA, USA) in the
range of 4000 at 400 cm™1, with 32 scans at a resolution of 4 cm™1, using NaCl plates. The
1H Nuclear Magnetic Ressonance (*H NMR) spectra (Bruker AMX-400 MHz, Santa
Barbara, CA, USA) and the 13C NMR spectra were recorded at 100 MHz, both in DMSO-d6
solvent.

2.3. Cytotoxicity and antioxidant assay of saccharides methacrylate monomers

For Cytotoxicity assay stock solutions were prepared: Gluc-MA and Sucr-MA both of the
500 g.L 71, and Chit-MA 20 g.L~1. The compounds were tested using African green monkey
kidney cells, VERO (ATCC CCL-81)[42,43]. The cells were cultured in Iscove’s modified
Dulbecco’s medium (IMDM, Sigma St. Louis, Missouri, USA) supplemented with 10%
fetal bovine serum, 10000 1U.mL™1 penicillin and 10 mg.mL~1 streptomycin, in a
humidified environment with 5% CO, at 37 °C. For the assays, 96-well plates were used,
and in each well 1 x 10° cells.mL~1 were incubated for 24 h at 37 °C in 5% CO,. Then, the
medium was removed and the cells were incubated for 24 h with different concentrations of
Gluc-MA, Sucr-MA and Chit-MA in PBS. Cell viability was assessed using the MTT assay.
After 3 h incubation at 37 °C, 5% CO, 95% air, MTT solution (1 mg.mL~1) was removed,
and 50 pL were added to each well in order to solubilize the crystals formed of ethanol and
then 150 pL of a solution containing PBS and isopropanol (1:1). The absorbance of each
well was read on a microplate reader (Spectramax 190, Molecular Device) at 570 nm and
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630 nm, being proportional to the number of living cells. Experiments were performed in
quadruplicate for each concentration of each compound.

The antioxidant activity of the three compounds (Gluc-MA, Sucr-MA and Chit-MA) was
evaluated on the radical cation 2,2’-azinobis (3-ethylbenzothiazoline-6-sulfonic acid)
(ABTS™), according to previous studies, with some modifications [44,45]. The ABTS"* was
obtained after mixing of ABTS and potassium persulfate, this solution was allowed to stand
for 12 h, in the dark, to obtain the radical. After, the ABTS"* was diluted in 10 mM
phosphate buffer (PB), pH 7.4, until the absorbance of = 0.7 at 734.0 nm. The compounds
were previously diluted in PB and incubated with the radical for 30 min in the dark at room
temperature. The absorbance is measured at 734 nm, which corresponds to ABTS**, which
decays according to the antioxidant capacity of the compound tested. To obtain the
percentage of inhibition of the radical, the following calculation was used:

(Ac — Ap)

=X 100 Eq. (1)

%inhibition =

where Ac is the absorbance of control and At is the absorbance of sample. The concentration
of compounds leading to 50% reduction of ABTS™* (ICs5q) was also determined by plotting
the graph of percentage of scavenging.

2.4. Primer formulations

Acidic (pH 3.5) stock solutions, 10 % (w/v) of Gluc-MA, Sucr-MA and Chit-MA were
prepared for later use in the composition of primers. These primers, with or without
monomers, were prepared following the formulation: 60.0 wt% HEMA, 20.0 wt% Ethanol
and 20.0 wt% stock solution; the photo-initiator system was 0.0012 mol% CQ, 0.0041 mol%
EDMAB, 0.0019 mol% TPO and 0.0004 mol% BHT (inhibitor), according to the mass of
HEMA. The final concentrations of each monomer in the primer system were 1.0%, 2.0% or
4.0%. The mixture was stored in glass bottles covered with aluminum foil and stirred for 24
h using a vortex mixer.

2.5. Degree of conversion and maximum rate of polymerization

Primers were placed in a silicone mold (6.8 mm in diameter, 0.8 mm in thickness), air dried
for 30 s, sandwiched between two glass slides and clamped in a holder inside the IR
chamber (Nicolet 6700). The peak area corresponding to the vinyl overtone absorption in the
near-IR spectrum (6175 cm™1) was followed during continuous irradiation using 26
mW/cm?2 (EXFO Acticure 4000, Mississauga, Ontario, Canada, Arange= 320-500 nm), for 15
min. The power output was measured using a power meter (Molectron, Portland, OR, USA),
and the irradiance was calculated by dividing the power by the cross-sectional area of the
power meter’s sensor. The degree of conversion (DC) was calculated as a function of the
area of vinyl overtone peak (6125 cm™1) before and after 15 min of irradiation. The rate of
polymerization was calculated as the first derivative of the conversion x time curve, and the
maximum value (Rpmax) Was recorded.
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2.6. Dentin bond strength test

For this study, forty-two caries-free human third molars were extracted, selected and stored
in 0.5% chloramine-T solution at 4 °C after debridement of soft tissues (Oregon Health and
Science University, IRB protocol #00012056). In summary, the occlusal enamel was
removed using a low-speed diamond saw (Struers, Acticurum 5, Cleveland, OH, USA),
under constant water cooling. The exposed dentin surface was polished with 600-grit
abrasive paper (Si-C) for 60 s under wet conditions to create a standardized smear layer. The
samples were randomly assigned into seven groups (n=6), according to the primer used:
Control (without synthetize monomers); Gluc-MA 1%; Gluc-MA 2%; Sucr-MA 1%; Sucr-
MA 2%; Chit-MA 1%,; and Chit-MA2%. The primer groups containing 4% of saccharides
methacrylate monomers presented prefailures for all replicates.

The exposed dentin was etched with 32% phosphoric acid (ScotchbondTM Universal
Etchant, 3M, St. Paul, MN, USA) for 15 s, rinsed with water for 30s and the water excess
was removed with absorbent paper, in accordance with the wet-bonding technique. A thin
layer of primerwas applied, gently air-dried for 15 s, and photopolymerized with a LED
light-curing unit (Valo Ultradent Products Inc., South Jordan, UT, USA) with mean
irradiance of 1474.2 mW/cm? for 20 s. A thin bond resin layer, composed by
BisGMA:HEMA (60:40 %w/w) and photoinitiator system, was applied and then light cured
for 60 s. Two increments of 1 mm of commercial resin composite (Ultra Universal
Restorative Body Shade A2, 3M, St. Paul, MN, USA) was applied on the adhesive surface
and each layer was light-cured for 20 s. The restored teeth were stored in water at 37 °C for
24 h.

After 24 h, restorations were sectioned perpendicular to the adhesive-tooth interface using a
low speed diamond saw under constant water cooling, to obtain beam-shaped specimens of
approximately 1.0 mm? cross-sectional area. For each tooth, around 10 to 15 beams were
obtained and these beams were randomly dived into two storage times (24 h and 6 months),
stored in deionized water at 37 °C, changing the water every month. The beams, after the
storage time, were fixed to a testing metallic apparatus with cyanoacrylate adhesive and
tested in tension on a universal testing machine (Q-test, MTS, Eden Prairie, WI, USA) at a
crosshead speed of 0.5 mm.min~1 until failure. Means and standard deviations were
calculated and expressed in MPa.

After failure, a Scanning Electron Microscope (Quanta 250, FEI Company, Hillsboro, OR,
EUA) was used to examine the surface morphology and identify the different failure patterns
analyzing the dentin surface of each beam tested. Fractured surfaces were allowed to air-dry
overnight and were sputter coated with gold (MED 010, Balzers, Balzer, Liechtenstein). The
failure patterns were classified as (1) adhesive failure between dentin and the adhesive, (2)
cohesive failure in the adhesive system, (3) adhesive failure between adhesive system and
resin composite and, (4) mixed failure (characterized for having more than one type of
failure).
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2.7. Antimicrobial test of primers

Streptococcus mutans (UA159 the American Type Culture Collection (ATCC), Manassas,
VA) were grown aerobically from frozen stock cultures using BHI broth for 24 h, at 37 °C in
atmosphere of 5% CO,. The cultures were monitored in visible light at 600 nm to ensure
that bacteria was growing in logarithmic phase and the starter culture was standardized at an
optical density (OD) of 0.30, which represents a bacterial concentration of 9 x 107 CFU.mL
1 based on previous calibration studies. The final dilution of 1:100 subculture of S. mutans
in TSB with 3 wt% sucrose (culture media) was placed in each well using a sterile pipette
(5.0 mL).

Six specimens were prepared for each primergroup. One commercial resin composite(Ultra
universal Restorative A2 Body Shade, 3M, St. Paul, MN, USA) was placed in a mold and
polymerized between two glass slides for 20s each side, to obtain disc-shaped specimens (9
x 2 mm).The specimens were sterilized under UV light for 10 min each side[46]. After that,
35 uL of primerwas spread across the surface of the composite disc and photopolimerized
with continuing visible light irradiation (A = 320-500 nm) (EXFO Acticure 4000,
Mississauga, Ontario, Canada) 80 mW.cm™2, at a distance of 7 cm for 15 min and then,
sterilized again under UV light for 10 min.

The specimens, after the sterilization process, were placed at the bottom of a 6 well culture
plates containing the culture media with bacteria (1:100 subculture). The specimens were
incubated in 5% CO, at 37 °C for 5 days, with daily media replacement. Alamar Blue assay
was performed at 24 h and 5 days growing. The discs were washed with PBS 1x, dipped
once inawell, and 1 mL of 10% AlamarBlue™ in TSB with 3% sucrose was added to each
sample in a new 24 well plate and incubated for 1 h. After that, 200 pL of each sample was
placed in 96 well in triplicate, and the fluorescence intensity was measured using a plate
reader (Synergy HT, BiotekIntruments, Winnoski, VT, USA) with excitation at 530 nm and
emission at 580 nm.

2.8. Statistical analysis

The data from degree of conversion and maximum rate of polymerization were evaluated
using one-way analysis of variance (ANOVA). Dentin bond strength and antimicrobial test
were analyzed by two-way ANOVA (2 variables: primer group and storage time) followed
by Turkey’s test. A value of p < 0.05 was considered significant. Failure pattern was
analyzed using descriptive statistics.

3. RESULTS

3.1. Characterization of the saccharide methacrylate synthesis

Figure 2 shows the mid-IR spectra of the GMA, Gluc-MA, Sucr-MA and Chit-MA. The
wavenumber 3376 cm™1 refers to the presence of the hydroxyl group of the saccharides
structure and due the ring-opening reaction of epoxy group. The absorption bands at
approximately 1710 and 1637 cm™1 correspond to C=0 and C=C vibrational stretching of
the ester group (methacrylate), respectively[47,48]. Another feature of vibrational
deformation C-H can be seen in the region in 1450 cm=1, wherein the first adsorption band
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may be due to the CH, group adjacent to the carbonyl group[47,49]. Signals related to the
epoxy group of GMA were observed in the region of 910 and 840 cm™1, but both signals
were not found in other spectra[50].

Figure 3 shows the IH NMR spectrum of GMA and the reaction products of saccharides
with GMA. Hydrogens bonded to carbon of vinyl group have been identified in two distinct
chemical shifts, at § 6.06 ppm and 5.68 ppm, to the product of the isomers of the epoxide
ring-opening reaction, and & 5.98 ppm and 5.61 ppm to the product of transesterification
reactions. The signals from protons referring to the methyl bonded to carbon of vinyl group
are identified at & 1.88 ppm (epoxide ring-opening reaction) and & 1.83 ppm
(transesterification reaction). The glyceryl spacers showed signs that confirmed the reaction
by epoxide ring-opening and their isomers, as follows: protons of the ethyl group attached to
the oxygen of the methyl methacrylate group at range & 4.14 - 4.10 ppm and § 4.01 — 3.97
ppm, respectively; signals region at 6 3.72 - 3.65 ppm and & 3.54 — 3.50 ppm correspond to
the hydrogen remaining epoxide group, respectively, being the first region that corresponds
to the product where the attack occurs to the carbon of the epoxy group with impediment
steric lower; the hydrogens of the ethyl group, showed signs in the region & 3.39 — 3.34
ppm. The remaining signals are related to protons of the saccharide structures.

The 13C NMR spectra of the GMA and of the monomers are shown in Figure 4, which also
shows signals that confirmed the formation of the final products from synthesis. The signals
corresponding to the methyl methacrylate group were identified, such as carbonyl carbons at
6 168.23 ppm for the isomeric products of the epoxide ring-opening reaction, and & 166.58
ppm for the transesterification products; the signals corresponding to the vinyl carbon were
clearly observed at & 136.70 ppm and & 125.66 ppm (epoxide ring-opening) and also at &
135.94 ppm and 6 124.97 ppm (transesterification); and methyl carbon at & 18.07 ppm and &
18.00 ppm. The signals at spectrum region of 6 80-60 ppm revealed the presence of the
glyceryl spacer from GMA[40]. Furthermore, the signals that correspond to the carbons at ¢
and e, were identified at 6 76.08 ppm and & 72.47 ppm, where in the first chemical shift
refers to the product of the reaction SN2 of carbon with high steric impediment. The other
13C signals are relative to the saccharides structure.

3.2. Cytotoxicity and antioxidant assay of saccharides methacrylate monomers

In this assays cytotoxicity effect of three compounds against Vero cells were evaluated. Chit-
MA did not present cytotoxicity over Vero cells in the test concentration (at the maximum
concentration of 0.5 %), after 24h of incubation, (data not shown). Gluc-MA and Sucr-MA
compounds, were cytotoxic against Vero cell line after 24 h of treatment and they exhibit
dose-dependent decrease in cell viability in response to increasing concentrations (Figure 5).
Gluc-MA displayed greater cytotoxicity compared with Sucr-MA, the cell viability decrease
70% (0.313 %) to 39% (0.625 %), while that Sucr-MA 79% (0.625 %).

The ABTS"* assay is one of the most widely used tests for analyzing the antioxidant
property of various compounds groups. The scavenging activity of the compounds can be
seen in Figure 6, Gluc-MA has the highest antioxidant effect on ABTS"* (IC5q of = 0.2
mg.mL™1, equivalent to 0.02%), followed with compound Sucr-MA, which showed
approximately 2-fold higher 1Csq (ICsq of = 0.5 mg.mL™1, equivalent to 0.05%). The Chit-
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MA presented low activity on the ABTS™, none of the concentrations tested inhibited the
radical by 50%.

3.3. Degree of conversion and polymerization kinetics

Table 1 shows the degree of conversion and the rate of polymerization values for the control
group (without saccharides methacrylate monomer), Gluc-MA, Sucr-MA and Chit-MA
monomers, at a concentration of 1%, 2% and 4%. Most of the primers groups had not
statistical difference when compared to the control group (o> 0.001). The DC values
decreased with increasing concentration of Gluc-MA and Sucr-MA and presented statistical
difference from the control group. For the maximum rate of polymerization, the interaction
between the factors (p= 0.001) were not statistically significant.

3.4. Dentin bond strength

Dentin bond strength values are described in mean (standard deviation) after 24 hours and 6
month of water storage (Table 1). Sucr-MA2% presented the lowest bond strength compared
to the other groups after 24 h of storage (p < 0.0001). After 6 months, Sucr-MA1%
increased the bond strength value and was higher compared to the other groups (o = 0.0002).
Sucr-MA2% also increased the bond strength value after 6 months of storage compared to
the same group at 24 h. Gluc-MA2% presented stable bond strength after 6 months of
storage. The others primer groups showed a decrease after 6 months. The interaction
between the primer and storage time was not statistically significant (o < 0.0001). All groups
presented specimens with pre-test failures (5 to 10 beans) and no values were added to the
statistical analysis for these specimens.

From the tested specimens, the predominant type of failure was type I, which corresponded
to adhesive failure between dentin and the adhesive for all groups tested, followed by type I1
(cohesive in adhesive system). Adhesive failure between adhesive and the resin composite
(type I11) was not frequent. Mixed failure (type IV) was also predominant in Gluc-MA1%
and Gluc-MA2% groups after 24 hours of storage (35.0 % and 37.7 %). The Sucr-MA1%
group had a significant increase in failure pattern type Il, after 6 month of storage. The same
behavior was observed for Chit-MA groups. Figure 7 illustrates the failure pattern
percentage across the groups and storage time, and Figure 8 shows representatives images of
each failure type.

3.5. Antimicrobial test

After 24 h and 5 days of incubation, the biofilm formed on the adhesive-coated disc was
analyzed by Alamar Blue assay based on the reduction of resazurin, a blue dye that can be
reduced by bacterial metabolic activity to pink resorufin, which has fluorescence (to quantify
the metabolism of the bacteria)[51]. Figure 9 (a) and (c) demonstrate that, at 24 hours,
groups containing 4 % of Gluc-MA and Chit-MA in the composition of primers showed
antimicrobial activity, but only Chit-MA maintained this effect after 5 days of incubation.
However, Sucr-MA (Figure 9 (b)) led to antimicrobial inhibition with 1 % of monomer to
4% of monomer in primer composition for 24 h of growth. After 5 days of growing, the
antimicrobial capacity followed the same trend, although no statistical difference was
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observed for the concentrations of 2 and 4%. In most groups, there was a decrease in the
biofilm formation as the specimens were stored for longer times.

4. DISCUSSION

The use of GMA as a modifier has been described as a suitable method for the production of
vinyl macromolecules. This method is based on the incorporation of carbon-carbon bonds
derived from GMA structure in the macromolecule structures (saccharides), which allows
them to undergo a gelation process through a radical polymerization reaction which
promotes crosslinking[40,52-54].

The mid-IR results showed absorption signals that identified the incorporation of the
methacrylate group by ring-opening reaction of the epoxy group and the transesterification
reaction with hydroxyl groups (saccharides). Bands concerning the vibrational stretching of
carbonyl group and carbon-carbon bond, from methacrylate group, were observed in the
spectra[37]. Absorption signals of epoxy group, from GMA, were not detected in the
synthesized structures spectrums, indicating that the addition of the methacrylate group in
the saccharide reaction was successful[37,50].

The data H and 13C NMR showed that the reaction in acidic media in which the molecule
of GMA was attacked by saccharide structure, occurred through the transesterification
reaction and epoxy ring-opening mechanism. Signals referring to the methyl methacrylate
group, for both mechanisms, were identified due to chemical shifts[40]. This difference is
related to coupling of hydrogen atoms with other atoms in distinct neighborhood. Other
chemical shifts were found in the spectral region for ethyl group derived epoxy ring, which
is attached to oxygen of saccharide structure confirming the epoxy ring-opening reaction.
Thus, the first hypothesis is accepted.

Dental adhesive systems must be biocompatible, so that they can be applied on living
tissues. The interaction of these materials and their components with the cells is responsible
for many of immune alterations[55]. Besides that, they may cause inflammation and
necrosis[56]. In this way, cytotoxicity assays can be used to evaluate the biocompatibility of
materials[57]. Vero cells can be used to evaluate the cytotoxicity of different materials for
biological use; a recent study showed that three different dental adhesives did not show
cytotoxicity on the Vero cells evaluated by the MTT assay[43]. Our results demonstrate that
the tested materials have low cytotoxicity, in the concentrations tested, on Vero cells.

Some inflammatory processes, such as Periodontal Diseases (PD), which occur, especially
due to the presence of pathogenic microorganisms, can cause a number of damaging effects
on the oral cavity[58,59]. These effects are due to the formation of reactive oxygen species
(ROS), which aim to neutralize these microorganisms, but also attack the tissue. Materials
with antioxidant properties, such as dental adhesive systems, may help in reducing the
effects of ROS. According to the results obtained, Gluc-MA and Sucr-MA monomers
demonstrated a concentration-dependent effect on the ABTS"*, which can act on the ROS
that have pro-oxidant activity, and determine a protection in the events generated by
inflammatory processes of the buccal cavity.
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All groups presented similar conversion when compared to the control group, except for the
Gluc-MA4%, Sucr-MA4% and Chit-MA1%, which showed statistically lower DC values.
The higher concentration of Gluc-MA4% and Sucr-MA4% contributed to decrease in the
DC values due the increased diffusion limitations for these high molecular weight and higher
viscosity monomers[60]. Another factor related to this decrease in conversion for those
specific groups is the increased concentration of radicals, which can rapidly react with each
other, inducing premature termination of the polymerization[61]. The maximum rate of
polymerization did not significantly differ in the different systems, with or without
saccharide methacrylate monomers. These results demonstrate that, up to a certain threshold,
the addition of the saccharide methacrylates does not affect polymerization of the main
primer monomer, HEMA.

The predominant organic component of dentin is Type | collagen, which is essential to
establishing mechanical retention on the hybrid layer, which in turn increases bond strengths
of adhesives to dentin. To maintain the stability of collagen fibrils, besides covalent
intermolecular crosslinking, other agents have been used to induce the formation of
intramolecular, intermolecular and intermicrofibrillar crosslinking in biological
tissues[62,63]. Collagen crosslinking agents include compounds such as aldehydes and other
natural compounds, including molecules of the proantocyanidin family, and even saccharides
such as chitosan [64]. According to the data obtained in the present study, the addition of
saccharide methacrylate monomers on primers up to 2 wt% did not affect the bond strength
at 24 h, except for Sucr-MA2%, which presented the lowest value of bond strength. After 6
months of storage, however, the bond strength of adhesive restorations was shown to greatly
improve with the addition of the saccharide monomers, at least for the sucrose compositions.
While the control group and the groups containing Gluc-MA and Chit-MA presented a
decrease in bond strength of about 20%, the use of Sucr-MA at 1 and 2 wt% led to a 57 and
65 % increase in bond strength, respectively, after 6 months storage. It can be speculated that
the disaccharide structure of the sucrose favorably interacted with the demineralized dentin
to improve its hydrolytic stability by establishing crosslinks with exposed collagen[6,65].
These crosslinks represent physical bonds between the organic portion of the dentin through
electrostatic interactions of pendant hydroxyl groups (OH) from Sucr-MA. The amount of
hydroxyls available from Sucr-MA is greater than Gluc-MA, and lower than in Chit-MA
structure. However, the hydroxyl groups are more susceptible and exposed in Sucr-MA than
in Chit-MA. In the latter, the polysaccharide nature of the molecule (a natural polymer)
produces a steric impediment to the formation of intermolecular crosslinks. In addition,
another factor that can improve the mechanical properties would be intermicrofibrilar
crosslinks from chemical bond between collagen fibrils via polymerization with Sucr-MA
molecules before crosslinking. Besides that, covalent bonds of intermolecular crosslinks
with the adhesive system may form, promoting the increase of the bond strength[31,59].
These hypotheses will be confirmed in future studies including enzymatic challenge and
zymography of the bonded interface using Sucr-MA monomers, especially at lower
concentrations such as 1 wt%.

The failure pattern classification from bond strength specimens is an important tool to
identify the weakest area of dentin—composite interface created by adhesives[20]. The
predominant occurrence of Type | and Il failure modes suggest that the weakest area of the
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adhesion is still the dentin-adhesive interface and the cohesive adhesion inside the adhesive
layer. However the same pattern was found for the control group, indicating that the
monomers additions were not able to interfere with the adhesion failure mechanism.

While the crosslinking potential of saccharide molecules has been somewhat explored in the
literature, their antimicrobial activity, specifically related to oral biofilm, has not been
reported so far. New ester formation from transesterification reaction generating sugar ester
compounds, has been extensively investigated due the antifugal and antibacterial
properties[66—68]. In addition, the presence of the vinyl ester group (methyl methacrylate),
from epoxy-opening ring, has a bacterial inhibition [69,70]. This study showed antimicrobial
activity with primers containing saccharides-methacrylate monomers, hence, the second
hypothesis must be accepted. It is suggested that this phenomenon involves the presence of
acyl group, donor of saccharides ester that can modify the physiological function of the
bacteria[71]. Studies revealed that the action of sucrose-ester on bacteria do not appear to
occur by solubilizing the cell membrane, but due to a autolytic enzymatic stimulus, called
bacterial autolysis[72,73]. The results of the present study demonstrate, especially for the
sucrose-based monomers, that the metabolic activity of S. mutans decreases in the presence
of saccharides, and the effect is sustainable for at least the short period of incubation used in
this study (5 days).

5. CONCLUSION

Saccharide methacrylate monomers, Gluc-MA, Sucr-MA and Chit-MA, showed promising
results when added to dental adhesives. Sucr-MA 1% showed the best results regarding the
decrease in bacterial metabolism, low cytotoxicity and increasing the bond strength after 6
months of storage.
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Figure 1.

Scheme of chemical reaction of saccharides with GMA at pH 3.5 via (a) epoxy ring-opening
mechanism and (b) transesterification. *racemic molecules. R-OH = glucose, sucrose and
chitosan molecules.
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Figure 2.
Mid-IR spectra of monomers of (a) GMA, (b) Gluc-MA, (c) Sucr-MA, (d) Chit-MA.
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Figure 3.

IH NMR spectra of (a) GMA, (b) Gluc-MA, (c) Sucr-MA and (d) Chit-MA (d). R =
Glucose, Sucrose or Chitosan structure.
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Figure 4.

13C NMR spectra of (a) GMA, (b) Gluc-MA, (c) Sucr-MA and (d) Chit-MA (d). R =
Glucose, Sucrose or Chitosan structure.
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Figure 5.
Cytotoxicity effect of compounds against Vero cells of Gluc-MA (A) and Sucr-MA (B).

Data represent the mean +standard error.
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Figure 6.

Antioxidant effect of the Gluc-MA and Sucr-MA monomers on ABTS"*.
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Figure 7.

Failure pattern (percentage), of tested groups, after 24 hours and 6 month of storage. Type I:

Adhesive failure between dentin and adhesive; Type I1: Cohesive failure in the adhesive
system; Type I11: Adhesive failure between adhesive and resin composite; and Type 1V:
Mixed.
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Figure 8.
Representative images of each failure type (1000x magnification). (1) Type I; (1) Type II;

(1) Type HI; and (1V) Type IV.
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024 hours
@5 days

024 hours
@5 days

024 hours
@5 days

Metabolic activity of Streptococcus mutans for primer groups containing (a) Gluc-MA, (b)

Sucr-MA and (c) Chit-MA, after 24 hours and 5 days of incubation. The vertical lines

indicate standard deviations. Different lower case letters indicate statistical differences
between the groups for the same period of growth; different capital letters indicate statistical

differences between 24 h and 5 days of growth within the same group.
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Means and standard deviations of degree of conversion (DC), maximum rate of polymerization (Rpmax) and
dentin bond strength (MPa) at 24 hours and 6 month.

Dentin Bond strength (MPa)

Primer Group  DC (%) RP nax (%6 S7%)
24 hours 6 month

Control 61.3(0.8)%¢ 0.713(0.006)®> 28.0 (3.8)>A  22.5(3.4)"B
Gluc-MA1% 585 (150 0650 (0.013)® 27.9(3.9)2A  23.1(5.7)bB
Gluc-MA2%  62.9 (0.7)%  0.706 (0.019)® 253 (5.1)2A  23.5(3.5)°A
Gluc-MA4%  52.3(2.7)¢  0.707 (0.042)  -- --
Sucr-MA1%  64.6(0.8)2  0.618 (0.026)° 257 (2.8)2B  40.6 (5.3~
Sucr-MA2% 61.1(0.6)"  0.637 (0,059)® 16.6 (2.3)*B  27.4 (2.3)>A
Sucr-MA4%  535(0.2¢  0.690 (0,011)2 -~ -
Chit-MA1%  57.4(0.5)0¢  0.737(0.039)2 27.7 (4.6)2A 215 (4.2)>B
Chit-MA2%  62.1(0.9)®  0.632(0,067)® 27.0(4.8)2A  22.0(2.3)>B
Chit-MA4% 61.9(0.2)%  0.711(0,041)> -- -

Distinct lowercase letters indicate differences in column.

Distinct capital letters indicate differences between storage times for bond strength.
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