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Objective. This study assessed a 6 month resin/dentin bond’s durability and cytotoxic effect
of Zn-doped model dentin adhesives. The mechanical and physicochemical properties were
also tested.

Methods. A model etch-and-rinse single-bottle adhesive was formulated (55 wt.% Bis-GMA,
45wt.% HEMA, 0.5wt.% CQ, 0.5wt.% DMAEMA) and Zinc methacrylate (Zn-Mt) or ZnO
nanoparticles (ZnOn) were added to the model’s adhesive, resulting in three groups: Group
Control (control model adhesive); Group Zn-Mt (1 wt.% Zn-Mt incorporated to adhesive) and
Group ZnOn (1 wt.% ZnOn incorporated to adhesive). The microtensile bond strength (mTBS)
was assessed after 24 h or 6 months in water storage. Mechanical properties (diametral ten-
sile strength/DTS, flexural strength/FS, flexural modulus/FM, resilience modulus/RM, and
compressive strength/CS) and physicochemical properties (polymerization shrinkage/PS,
contact angle/CA, water sorption/WS, and water solubility/WS) were also tested. Cytotoxic-
ity was evaluated with SRB biochemical assay.

Results. No significant difference in the DTS, FS, FM, CS, CA, WS, and WS were found when 1%
of ZnOn or Zn-Mt was added to the model dentin adhesive. Group Zn-Mt decreased the RM
of adhesive. Groups Zn-Mt and ZnOn decreased the PS of adhesives. Group ZnOn reduced
the cytotoxicity of adhesive. Group ZnOn preserved mTBS after 6 months storage without
degradation areas as seen by SEM analysis.
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Significance. The 1wt.% ZnOn may preserve the integrity of the hybrid layer and may reduce
cytotoxicity and polymerization shrinkage of model dentin adhesive. The addition of Zn-Mt

to the adhesive had no beneficial effects.
© 2016 The Academy of Dental Materials. Published by Elsevier Ltd. All rights reserved.

1. Introduction

The lack of durable dental adhesives is considered one of the
main problems with the use of composite materials in den-
tistry. Failures of composite restorations are observed mainly
at the dentin/adhesive interface. The bonding to dentin is
obtained by the formation of a hybrid layer; however, the
longevity of the hybrid layer has still been widely questioned
as a consequence of hydrolytic degradation of the adhesive
interface over time [1-3].

Among the various factors that are related to the degra-
dation of the hybrid layer, two factors are highlighted: the
hydrolytic degradation over time of the polymer present in the
hybrid or adhesive layers [4], and a poorly infiltrated hybrid
layer with unprotect collagen fibers [1,4]. This unprotected
collagen can hydrolyze by host-derived matrix metallopro-
teinase (MMP) enzymes [5-7]. Therefore, new strategies are
being exhaustively studied with the purpose of increasing the
durability of the dentin/bond interface, one of which is the
inhibition of MMP’s proteolytic activity within the unprotected
collagen fibers [5-8].

MMPs require Zn?* ions to maintain their proper ter-
tiary structure and functional active sites [9]. On the other
hand, Zn can be used to protect collagen from MMPs activ-
ity [10-12]. Previous studies [5-8] observed the durability of
the resin/dentin interface when Zn was added to commer-
cial dental adhesives. Zn can promote subtle conformational
in collagenase cleavage sites in collagen molecules that
protect collagen from MMP’s activity [5,7]. The incorpora-
tion of Zn in commercial adhesives has also resulted in
the formation of apatite crystallites on the collagen fibrils,
favoring dentin mineralization [5], reduce MMPs-mediated
collagen degradation [5,12], may inhibit dentin deminer-
alization [13], and may promote enamel remineralization
[14].

However, any change in the chemical composition of
adhesive systems involves potential mechanical and physico-
chemical failures and biohazards. Therefore, the insertion
of Zn in adhesive systems as an alternative to preserve
the longevity of the restoration, although having promising
results, requires further reviews, due to the possibility of
changing adhesive systems’ biological, physico-chemical and
mechanical properties, and, consequently, their clinical per-
formance.

The aim of this study was to evaluate a 6 month
resin/dentin bond’s durability of Zn-doped etch-and-rinse
model dentin adhesives. Mechanical properties (diametral
tensile strength, flexural strength, flexural modulus, resilience
modulus, and compressive strength) and physicochemical
properties (polymerization shrinkage, contact angle, water
sorption, and water solubility) were also tested. In vitro

cytotoxicity of these adhesives was evaluated on human den-
tal pulp fibroblasts.

This study tested three null hypotheses: (1) the model
dentin adhesives tested can achieve similar bond durability
to dentin; (2) the storage period does not affect the bond-
ing effectiveness of model dentin adhesives; and (3) the
model dentin adhesives tested can achieve similar results for
mechanical and physicochemical properties and cytotoxic-

ity.

2. Material and methods
2.1.  Model dentin adhesives preparation

A model simplified etch-and-rinse adhesive was formulated
through intensive mixing of bisphenol-A diglycidyl ether
dimethacrylate (Bis-GMA) and 2-hydroxyethyl methacry-
late (HEMA), with a mass ratio of 45:55 (HEMA:Bis-
GMA). The photoinitiators used were 0.5mol% of cam-
phorquinone as a hydrophobic photosensitizer and 0.5mol%
of 2-(dimethylamino) ethyl methacrylate (DMAEMA) as a
hydrophilic co-initiator. Model dentin adhesives were pre-
pared in a brown glass vial in the absence of visible light. All
materials were obtained from Aldrich Chemical Co. (Milwau-
kee, WI, USA) [15].

Zinc methacrylate (Sigma Aldrich) and ZnO nanoparticles
(Sigma Aldrich) were added to the control model dentin adhe-
siveat1,2,5,and 10 wt.% concentrations. The Zn-doped model
dentin adhesives were shaken using a tube agitator in the dark
for 10 min at 2000 rpm.

2.2.  Degree of conversion (pilot study)

In order to obtain a maximal concentration that did not
alter the conversion degree of the Zn-doped model dentin
adhesives, the degree of conversion of polymerized Zn-
doped adhesives was compared to the control model dentin
adhesive. The degree of conversion was determined using
Raman spectroscopy. Spectra were collected using a Micro-
Raman spectrometer (model 2000, Renishaw Engineering,
Wotton-under-Edge, UK) with an Argon laser as an excitation
source. To determine the degree of conversion, spectra of a
droplet of uncured adhesives and polymerized adhesives were
acquired over a spectral range of 700-1800cm 1. The change
of the band height ratios of the aliphatic carbon-carbon
double bond (peak at 1640cm~!) and the aromatic C=C
(peak at 1610cm~?) (phenyl) in both the cured and uncured
states was monitored. The degree of conversion was cal-
culated using the following formula based on the decrease
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Table 1 - Results of Tukey’s test for degree of conversion
(%) of the adhesive polymers.

Experimental adhesives Degree of
conversion %
(SD)

87.25 (3.65)a
86.90 (3.18)a
86.66 (3.20)a

Control dentin adhesive
Zinc methacrylate 1%
Zinc oxide nanoparticles 1%

(3.65)

(3.18)

(3.20)
Zinc oxide nanoparticles 2% 81.08 (1.33)b
Zinc oxide nanoparticles 5% 80.27 (2.19)b
Zinc methacrylate 2% 79.27 (1.72)b
Zinc oxide nanoparticles 10% 79.12 (1.79)b
Zinc methacrylate 5% 77.71 (1.65)b
Zinc oxide nanoparticles 10% 77.62 (1.42)b

Values are mean + SD.
Letters show significant differences between the groups.

in the intensity band ratios before and after light curing
(Eq. (1)):

DC(%) = (1 - (Rcui’e‘i)) x 100 1)

Runcured

All experiments were carried out in triplicate and the
results were averaged. The results were analyzed statistically
using one-way analysis of variance (ANOVA) and Tukey’s test
(5%).

The degree of conversion for all adhesives was in the range
of 87-77%. Zn-Doped adhesives at 2, 5, and 10 wt.% concen-
trations showed a significantly lower degree of conversion
(degree of freedom=9, F=124, p=0.000) as compared to the
control adhesive. Table 1 shows Tukey’s results of the degree
of conversion of the adhesive polymers.

Based on the results of the pilot study (Table 1), it was
used three formulations of dentin adhesives: (1) control dentin
adhesive (Control adhesive); (2) Zn-doped dentin adhesive
with 1wt.% Zinc methacrylate (Zn-Mt adhesive); and (3) Zn-
doped dentin adhesive with 1wt.% ZnO nanoparticles (ZnOn
adhesive).

The three tested model dentin adhesives (Control adhesive,
Zn-Mt adhesive, and ZnOn adhesive) were evaluated in vitro
for longitudinal microtensile bond strength (mTBS), diametral
tensile strength, flexural strength, flexural modulus, resilience
modulus, compressive strength, water sorption, water solubil-
ity, polymerization shrinkage, contact angle, and cytotoxicity.

2.3.  Microtensile bond strength (mTBS)

Sixty extracted healthy human molars were used. The
Research Ethics Committee of the Sdo Jose dos Campos School
of Dentistry - UNESP approved this study. A flat dentin surface
was exposed after grinding the occlusal enamel using abrasive
water papers (450-grit) under water cooling (Politriz, DP-10,
Panambra, Sdo Paulo, SP, Brazil). The smear layers of the dentin
surfaces were standardized with 600-grit silicon carbide paper
for 30 s under water cooling.

Before the restorative procedures, a solvent of 30wt.%
(99% ethanol, Sigma Aldrich) was mixed into to the model
dentin adhesives, using a shaker tube in the dark for 3min
at 2000 rpm.

The dentin surfaces were etched for 15s with a 37% phos-
phoric acid gel (CondacAC 37%, FGM Prod. Odont., Ltda,
Joinville, SC, Brazil), rinsed, and the excess moisture was
removed with absorbent paper. Two layers of model dentin
adhesives were applied on the surface actively for 20s and
gently air dried for 10s. Adhesives were light activated for 20 s
with an LED light unit (Demi LED Light Curing System) with a
power density of 1000 mW/cm?.

Composite build-ups (Filtek Z350, 3M ESPE, St. Paul, MN,
USA) were placed on the bonded surfaces (4 mm high, in 2
increments). Each 2mm portion was light activated for 40s.
The bonded teeth were stored in distilled water at 37°C for
24h.

To obtain six sticks per tooth, the teeth were cut in both
“x” and “y” directions across the bonded interface into paral-
lel sections measuring approximately 1 mm, using a diamond
disk (Labcut 1010, Extec Technologies Inc., Enfield, CT, USA) at
low speed and under water cooling.

Half of the total sticks from each group were immediately
tested for wTBS and the other half were stored in distilled
water at 37°C for 6 months before testing. The water was
changed weekly.

The sticks were attached to a microtensile device in a
universal testing machine (DL-1000, EMIC, S&o José dos Pin-
hais, PR, Brazil), with a 10kg load cell, at a cross-head speed
of 0.5mm/min, according to ISO 11405 Standard. The bond
strength data were expressed in megapascals (MPa).

The failure modes were analyzed with a 20x stereomicro-
scope (Stemi 2000 — Karl Zeiss, Gottingen, Germany) and were
classified as adhesive, mixed, or cohesive in dentin or compos-
ite. Only the adhesive and mixed failures were included in the
statistical analysis. The mean value for the sticks originating
from each tooth was calculated and used for the statistical
analysis. Data were analyzed by two-way ANOVA (adhesive
and storage time) followed by Tukey test (« 5%).

Two teeth from each group were used in the Scanning elec-
tron microscopy (SEM) analysis according to Marimoto et al.
[16]. After bonding and restorative procedures, the teeth were
sectioned perpendicularly to the bonding interface and were
stored in distilled water at 37°C for 24h or 6 months. Then,
the sections were polished with 2000 and 4000 mesh sheets.
Phosphoric acid etchant was applied for 5 s and rinsed off with
water for 10s. Specimens were dehydrated, sputter-coated
with gold-palladium, and the bonding interfaces were exam-
ined using SEM.

2.4. Flexural strength, modulus of elasticity and
resilience modulus

Ten specimens of each group were prepared for the test.
Unpolymerized model dentin adhesive was placed on rect-
angular silicon molds (25 mm long x 2mm wide x 2 mm high;
ISO 4049), which were covered with a Mylar strip and a glass
slide. Specimens were light polymerized on the top for 20s
(Demi LED Light Curing System) at 3 different positions (right,
middle, and left). Additional light-activation was made for 20s
on the bottom surface. Specimens were stored for 24 h in dis-
tilled water at 37 °C and subjected to a three-point bending test
using a universal testing machine (DL-1000, EMIC, Sao José dos
Pinhais, PR, Brazil) [17].
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After the specimens had been finished with 1000-grit sil-
icon carbide paper, their final dimensions were measured.
Specimens were individually stored in deionized water at 37 °C
for 24 h prior to testing. The flexural properties were evalu-
ated by a three-point bending test using the same universal
testing machine at a crosshead speed of 1.0 mm/min. Flexural
strength was obtained by measuring the load at fracture, and
the modulus of elasticity was calculated from the recorded
load-deflection curves [17,18].

The coefficients of variation for the resilience modulus (in
MPa) were calculated from the data of the flexural strength
and modulus of elasticity using the formula described in

Eq. (2).

(2)

FS is the flexural strength (in MPa), and ME is the modulus of
elasticity (in MPa).

Data collected of flexural strength (in MPa), modulus of
elasticity (in GPa), and resilience modulus (in MPa) were sta-
tistically analyzed using one-way ANOVA and Tukey’s test
(p<0.05).

2.5.  Diametral tensile strength

For the diametral tensile strength test, 10 specimens of each
group were prepared. Three increments (approximately 2 mm
each) of unpolymerized model dentin adhesive was placed
in a cylindrical silicon mold (4.0mm in diameter x 6.0 mm in
height), and each increment was light polymerized for 20s
(Demi LED Light Curing System). The third increment was
recovered with a Mylar strip and a glass slide. Additional light-
activation for 20s was done on the lateral portions of the
cylinder. Specimens were then stored in distilled water at 37°C
for 24h.

The specimens were tested under a compressive load in
the universal testing machine (DL-1000, EMIC, Sao José dos
Pinhais, PR, Brazil) at a crosshead speed of 1.0 mm/min. Load
was applied vertically on the lateral portion of the cylinder.
Fracture load (F) (in N), was recorded and the diametral tensile
strength (in MPa) was calculated (Eq. (3)).

2F
DTS = 711 ®

Since d is the diameter (4 mm), h is the height (6 mm), and
7 is 3.1416.

2.6. Compressive strength

Ten specimens of each model dentin adhesive were prepared
using a silicon mold (4.0 mm in diameter x 8.0 mm in height).
The silicon mold was filled in four approximately 2.0-mm-
thick increments, and each increment was light-activated for
20s. After insertion of the last increment, a Mylar strip and a
glass slide were placed onto the silicon mold and light curing
was done. Additional light-activation for 20 s was done on the
lateral portions of the cylinder. Specimens were then stored
in distilled water at 37 °C for 24 h.

The specimens were tested under a compressive load in
compressive strength in the universal testing machine (DL-
1000, EMIC) with a crosshead speed of 1mm/min. The data
were obtained in N and converted to MPa using the formula
shown in Eq. (4).
F
Cs = Y (4)

Since CS is the compressive strength (MPa), F is the sup-
ported maximum load (N), and A is the cross-sectional area of
the specimen (mm?).

Data were tabulated and analyzed statistically using one-
way ANOVA and the Tukey test for pairwise comparisons.
Significance level was set at 5%.

2.7.  Water sorption and water solubility

Ten disk-shaped specimens of each model dentin adhesive
were fabricated using a silicon mold (6.0mm in diame-
ter x 2.0mm in height) (ISO 4049.2000). One increment of
unpolymerized model dentin adhesive was placed in the sil-
icon mold, and a Mylar strip and a glass slide were placed
onto the silicon mold and light-polymerized for 20s. Addi-
tional light-activation for 20s was done on the bottom of the
specimen. Specimens were stored in a desiccator contain-
ing freshly dried silica gel [15,18]. After 24h, the specimens
were weighed with a precision balance of 0.0001 mg (model
Ohaus Adventurer, Barueri, SP, Brazil). This cycle was repeated
until a constant mass (m;) was obtained. The specimens were
immersed in 1 ml of distilled water at 37 °C. Every 24 h, speci-
mens were removed, blotted dry, re-weighed (mg) and returned
to the water. After 28 days, specimens were again dried
inside a desiccator and weighed daily until constant mass was
obtained (mg) [15,18]. Water sorption (WS) and water solubil-
ity (WL) were calculated using the formula (ISO 2000) shown
in Egs. (5) and (6) respectively.

WS (%) = (M) x 100 ©)

i

mj; —mq

WL (%) = ( ) « 100 6)

i
The data are given in percentage of total loss of weight
(water solubility) or gain of weight (water sorption) [17,19].
Data were tabulated and analyzed statistically using one-
way ANOVA and the Tukey test for pairwise comparisons.
Significance level was set at 5%.

2.8. Contact angle

The ADSA-CD (Axisymmetric Drop Shape Analysis Contact
Diameter) technique was used to measure the contact angle.
For each experimental adhesive, five drops (volume of approx-
imately 0.8ml) of distilled water were deposited using a
goniometer on five slices of flat surface of polymerized
model dentin adhesives over a glass slide. The contact angle
measurement was made by an automated contact angle mea-
surement instrument (Rame-Hart, Inc., 100-00, Contact Angle
Goniometers, Mountain Lakes, USA). The image of the drop
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Table 2 - Mean (SD) of flexural strength, modulus of elasticity, resilience modulus, diametral tensile strength,

compressive strength, water sorption, water solubility, polymerization volume shrinkage, and contact angle values of

model dentin adhesives.

Flexural Modulus of Resilience Diametral Compressive % Water % Water %Polymerization Contact
strength  elasticity = modulus tensile strength sorption  solubility = volume angle (°)
(MPa) (GPa) (MPa) strength (MPa) shrinkage
(MPa)
Control 188.5(28.8)a 2.2 (0.5)a 8.1(1.8)a 96.3(17.1)a 332.7(82.5)a 7.73(0.47)a —4.27 (0.24)a 12.14 (0.27)a 61.91 (5.45)a
ZnOn 1982 (28.2)a 2.5 (0.4)a 7.7 (1.0)a 87.4(20.8)a 334.9(745)a 7.56(0.35)a —4.29 (0.34)a 10.83 (0.53)b 55.68 (7.18)a
Zn-Mt  173.1(25.2)a 2.5 (0.4)a 59(1.0b 927 (33.8)a 316.1(582)a  7.86 (0.51)a —4.21(0.29)a 10.96 (0.46)b 55.28 (8.65)a

Values are mean =+ SD.
Letters show significant differences between the groups.

%Water solubility of negative values are due to increase in mass due to water uptake.

was taped for 5min using a video camera and captured on a
computer that provided the contact angle values. The data are
given in angles.

Data were tabulated and analyzed statistically using one-
way ANOVA and the Tukey test for pairwise comparisons.
Significance level was set at 5%.

2.9.  Polymerization volume shrinkage

The polymerization volume shrinkage of the model dentin
adhesives was measured with the instrument Accurate vol-
umetric shrinkage (Acuvol™, Bisco Inc., IL, USA). Five drops
(total volume of 2pl) of each adhesive were placed with a
micropipette on a platform of the equipment. After 15s, a
video captured images (10 reads) of the drop. This allowed
for comparison of the volumes of the adhesives before and
after light curing for 20s, and also allowed for the calculation
of the percentage of volume change after the light cure. The
polymerization volume shrinkages are given in percentage of
total reduction of the volume of the adhesive by the computer
coupled to the equipment.

Data were tabulated and analyzed statistically using one-
way ANOVA and the Tukey test for pairwise comparisons.
Significance level was set at 5%.

2.10. Cytotoxicity

2.10.1. Cell culture

Fibroblasts (FP7 cell line) derived from a human third molar
germ were cultured in DMEM, supplemented by 10% fetal
bovine serum (Gibco Laboratories, Grand Island, NY, USA) and
1% antimycotic-antibiotic solution (10,000 units of penicillin,
10 mg of streptomycin, and 25 ug of amphotericin B/mlin 0.9%
sodium chloride; Sigma Aldrich). The cells were kept in an
incubator at 37 °C and a humidified 5% CO, atmosphere. Cul-
tures were supplied with fresh medium every other day [20].

2.10.2. Cell treatment

After cell culture, cells were plated in 96 well plates at a den-
sity of 3.000 cells per well. All plates were incubated for 24h in
37 °C incubator (5% CO;). To obtain the conditioned medium,
test tubes containing 0.4 g of adhesive were filled with 1ml
of fresh DMEM to each group. The medium were placed
in contact with the uncured adhesives and agitated in the

Vortex for 1 min for homogenization [20]. After 24 h of plating,
the medium was removed and the cell cultures were exposed
to 100 pl of serial dilutions (10%, 1%, 0.1%, 0.01%), 100 pl of cul-
ture medium with cells (positive control), and 100 ul culture
medium without cells (blank-negative control). The plates
were incubated for 24 h, 48h, and 72h in 37 °C incubator (5%
of COQ).

2.10.3. Sulforhodamine B (SRB) colorimetric assay

Cellular proteins are marked by adding the solution of pro-
tein dye sulforhodamine B (SRB) 0.4% acetic acid (1%) and
incubated for 30min at room temperature. The SRB was
removed and the plates were washed five times with 1%
acetic acid before air-drying. Bound SRB was resolubilized with
unbuffered Tris-base 10 mM solution [20,21].

Absorbance was read at a wavelength of 570nm as
described previously [20,21]. The viability percentage of the
cell population of each dish was obtained and normalized for
negative control statistically analysis. The absorbance found
for the positive control (cells grown only in DMEM media) cor-
responds to a value of 100% survival.

The data were compared by Kruskal-Wallis (p <0.05) and
with Dunn’s multiple comparison test (5%).

3. Results

Table 2 shows the flexural strength, modulus of elasticity,
resilience modulus, diametral tensile strength, compressive
strength, %water sorption, %water solubility, %polymeriza-
tion volume shrinkage and contact angle mean values for
the Control, Zn-Mt, and ZnOn adhesives. The incorporation
of Zn-Mt or ZnOn at 1% showed no statistical difference
in flexural strength, modulus of elasticity, diametral tensile
strength, compressive strength, %water sorption, %water sol-
ubility, and contact angle when compared with the control
adhesive (p>0.05). Incorporation of Zn-Mt or ZnOn 1 wt.% sig-
nificantly decreased the %polymerization volume shrinkage
when compared with the control adhesive (F=18.7; p<0.00).
Incorporation of Zn-Mt at 1wt.% significantly decreased the
resilience modulus when compared with the ZnOn and Con-
trol adhesives (F=7.72; p<0.00).

Bond strength was affected by adhesives (F=15.66;
p<0.000) and storage time (F=31.78; p<0.000). Interactions
were also significant (F=6.31; p <0.003).
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Table 3 - Mean + standard deviation (in MPa) obtained

for different model dentin adhesives for 24h and 6
months.

Model dentin adhesives Storage time Mean (SD)
ZnOn 24h 28.65 (6.05)a
ZnOn 6 months 27.75 (4.02)a
Zn-Mt 24h 26.36 (6.05)a
Control 24h 24.81 (8.02)a
Zn-Mt 6 months 14.22 (3.59)b
Control 6 months 13.79 (4.27)b

Values are mean =+ SD.
Letters show significant differences between the groups.
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Graph 1 - Viability curves, in percentage, of FP7 cells in
serial dilutions of adhesives.

Table 4 - Mean (% viable cells) and standard deviation
for model dentin adhesives tested.

Model dentin adhesives Mean (SD)
ZnOn 59.9 (20.8)a
Zn-Mt 36.2 (11.4)b
Control 19.3 (4.1)b

Values are mean =+ SD.
Letters show significant differences between the groups.

Mean bond strength values obtained for each group in dif-
ferent storage times are displayed in Table 3. All model dentin
adhesives showed a similar value at 24h. After 6 months
of water storage, bond strength values did not decrease for
the ZnOn adhesive, whilst the Control and Zn-MT adhesives
showed a significantly lower bonding efficacy.

For the fracture type, there was observed an increase in
the percentage of adhesive failures in the time interval of 6
months, being more pronounced for the Zn-Mt (97% adhesive
failure) and Control (95% adhesive failure) adhesives.

Graph 1 shows the viability curves, in percentage, of FP7
cells in serial dilutions of the adhesives tested.

For cytotoxicity, there were statistically significant dif-
ferences between the adhesives tested (F=17.1; p<0.000).
The ZnOn adhesive presents significantly higher cell viabil-
ity when compared to the Zn-MT and Control adhesives for
1% medium dilution (Table 4).

Figs. 1-3 illustrate the dentin/resin interface formed by,
respectively, Control adhesive, ZnOn adhesive, and Zn-Mt
adhesive, been A (24h) and B (6 months) water storage.

Figs. 1-3 illustrate the SEM micrographs of the bonded
interface in dentin with, respectively, Control adhesive, ZnOn
adhesive and Zn-Mt adhesive, been A (24h) and B (6 months)
water storage. Adhesives generally showed a well-developed
resin impregnated zone (hybrid layer) for 24 h of water storage
(Figs. 1A, 2A and 3A). The Control Adhesive and Zn-Mt adhe-
sive showed, respectively, the presence of cracks and gaps in
the interface for 6 months of water storage (Figs. 1B and 3B).
Fig. 2B shows a bonded interface, created using the ZnOn
adhesive, without cracks after 6 months water storage.

4, Discussion

From the clinical perspective, the degree of conversion is
one of the most important physicochemical properties of
dental restorative materials. Therefore, the first step of this
research (pilot study) was to evaluate the degree of conver-
sion of the adhesives when ZnOn and Zn-Mt were added in
different concentrations. Incorporation of ZnOn or Zn-Mt at 2,
5, and 10wt.% into the adhesive could significantly sacrifice
the degree of conversion compared to the control adhesive
(Table 1). The present findings demonstrated that the incor-
poration of ZnOn and Zn-Mt at these concentrations into a
model etch-and-rinse single-bottle adhesive did cause nega-
tive effect on the degree of conversion. It could be suggested
that ZnOn and Zn-Mt at concentrations of 2, 5, and 10 wt.%
may: (1) prevent the conversion of monomers into polymers,
decreasing the crosslink densities of these adhesives; (2) pro-
mote the formation of structural defects in the cross-linked
polymer; and (3) decrease the penetration of the light beam
of a light system in the adhesives due the high opacity of the
ZnOn and high yellowness of the Zn-Mt, modifying the trans-
parency of the whole adhesive. From this pilot study, it was
determined that the concentration of 1wt.% of ZnOn and Zn-
Mt was to be added in the model dental adhesive with the
intention of preventing alteration of the physical and mechan-
ical properties in it.

The main objective of any dental bonding system is pro-
moting a strong and durable bond between the dental material
and the tooth tissue, and this bond durability is usually tested
with microtensile bond strength tests. Incorporation of ZnOn
1wt.% in model dental adhesives led to higher bond strength
values when compared to the Zn-Mt and Control adhesives,
rejecting the first hypothesis. The Zn-Mt and Control adhe-
sives showed a decrease of bond strength after 6 months of
water storage, so the second hypothesis was also rejected.

When model dentin adhesive was Zn-doped with ZnOn or
Zn-Mt (1wt.%), the 24h bond strength was not affected. Also,
it can be observed that a well-defined hybrid layer was cre-
ated with all adhesives tested (Figs. 1A, 2A and 3A). However,
improvements in the resin/dentin bonds’ durability have been
shown when model dentin adhesive was doped with ZnOn.
An increase in research involving ZnOn in medicine and den-
tistry as biomaterials can be observed [8,22-26]. Zinc oxide is
characterized as a fine, amorphous white powder and ampho-
teric in nature [27], and is found naturally in a mineral called
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Fig. 1 - SEM analysis. (A) Well-defined hybrid layer created with the Control adhesive, and the presence of resin tags can be
observed for 24 h of water storage (3000x); (B) presence of cracks in the interface can be observed for 6 months of water

storage (3000x).

Fig. 2 - SEM analysis. (A) ZnOn adhesive promotes formation of a hybrid layer similar to Control adhesive for 24h water
storage (3000x); (B) for six months there were no cracks in the bonded interface (3000x).

zincita. Being highly transparent to visible light, zinc oxide is
in the class of transparent conductive oxides, with their sur-
faces polar highly stable. It is nearly insoluble in water and
alcohol, but soluble (degradable) in most acids, and is fully
photo stable [8,27,28].

MMPs have a zinc-binding catalytic domain, and their
activity is completely dependent on the Zn?* ion [10]. On other

hand, Zn?* is a potent inhibitor of MMP-2 and MMP-9 pro-
teolytic activities [10,29]. MMP-2 and MMP-9 are active in the
degradation of unprotected collagen demineralization and not
infiltrated by the adhesive during the formation of the hybrid
layer [30,31]. There are several evidences [32-34] indicating
that these MMPs play an important role in the longitudinal
degradation of the hybrid layer, therefore, one possibility to

Fig. 3 - SEM analysis. (A) It was observed that Zn-Mt adhesive promotes a formation of an adhesive interface similar to
Control adhesive for 24 h water storage (3000x); (B) for six months, there was the presence of gaps in the adhesive layer

(3000x).
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increase the longevity of composite restorations is the inhibi-
tion of these MMPs’ proteolytic activities.

Previous studies have related that ZnOn exerts collagen
protection from MMP degradation and can increase longevity
of the resin/dentin interface [5-8|. Toledano et al. [5] explain
that collagen molecules have four zinc-binding sites, “at the
same location as the collagenase cleavage sites. It seems
that subtle conformational changes may occur following zinc-
binding (of collagen) leading to the protection of sensitive
cleavage sites of metalloproteinases” [5]. When added to com-
mercial adhesives, ZnOn particles “preferentially remained at
the bottom of the hybrid layer in direct contact with the dem-
ineralized dentin” [5], and induces dentin remineralization at
the bonded interface [24], because ZnOn promotes stimulus
“a metabolic effect in hard tissue mineralization” [5], permit-
ting formation of apatite crystallites on the collagen fibrils and
remineralization of unprotect collagen [5,24]. Also, the model
dentin adhesives used in this study are basically a compound
of 55% Bis-GMA and 45% HEMA. Some studies suggest that
HEMA can inhibit the activity of MMP-2 by immobilizing the
catalytic sites of MMPs [5,12,35,36], which can improve the
protection of the hybrid layer formed by the ZnOn adhesive.

The results of the current study corroborate with the results
obtained in previous studies [5-8|, because bond stability of
the ZnOn model dentin adhesive was observed after 6 months
of water storage. However, those studies used 10 wt.% of ZnOn
added to a commercial adhesive. In this study, it was observed
that 2, 5, and 10wt.% ZnOn decreased the DC of the model
dentin adhesive, and only the concentration of 1wt.% of
ZnOn incorporated to adhesives did not affect the DC. It was
observed that, regardless of the concentration tested (1, 2, 5,
and 10 wt.%), there was no dissolution of ZnOn in the adhe-
sive, making it whitish and cloudy, which can indicate that
ZnOn is poorly soluble or insoluble to the model dentin adhe-
sive. Also, it was observed that for all concentrations of ZnOn
tested in this study, there was a precipitation of ZnO nanopar-
ticles, which can indicate ZnOn saturation in the dentin model
adhesive. Probably the ZnOn concentration in the adhesive
used for mechanical, physico-chemical, and biological prop-
erties was lower than the 1wt.% added, as part of the ZnOn
precipitate remained even after vigorous shaking. Therefore,
it would be interesting to calculate the minimum ion concen-
tration required to enable the precipitation of ZnOn in the
adhesive, and, thereafter, observe if the concentration pro-
motes the beneficial results of increased bond stability.

Different from ZnOn, 1wt.% Zn-Mt added to the model
dentin adhesive was not capable of increasing bond stability
of the hybrid layer, having a similar 6 months resin/dentin
bond result compared to the control adhesive. The Zn-Mt
has a methacrylate functional group, which can copolymerize
with the other methacrylate monomers, such as Bis-GMA and
HEMA [37]. Contrasting with results of this study, Henn et al.
[37] observed that Zn-Mt can inhibit MMP-2 expression when
added to a dental experimental polymer at 1% concentration,
and did not affect the ultimate tensile strength.

However, the participation of Zn?* released from the
Zn-Mt in the dentin when co-polymerized with adhesives
has not been established. Maybe this copolymerization can
reduce the release of Zn?*, getting caught in the structure
of the methacrylate monomer, inactivating its benefits in the

bond/interface after 6 months of water storage. Also, in SEM
analysis, a gap in the adhesive layer may be observed for the
Zn-Mt adhesive in Fig. 3B, after 6 months of water storage,
which can indicate a hydrolytic degradation of the polymer of
the adhesive layer. The presence of gaps in the hybrid layer
for the control group was also observed (Fig. 1B). Maybe co-
polymerization between Zn-Mt and Bis-GMA/HEMA has a poor
resistance to hydrolyses due to the low affinity between them,
therefore, there is a need to study in depth the chemical reac-
tion that occurs between these monomers.

Water sorption and solubility are important physical prop-
erties, because water is always present in the mouth and can
produce deleterious effects on the structure and function of
the polymer matrix itself [38]. The penetration of the adhe-
sive system into the substrate is influenced by the contact
angle, and it can influence wetting capacity and diffusibil-
ity of that material into the substrate. Whilst mechanical
properties such as flexural strength, modulus of elasticity,
diametral tensile strength, and compressive strength of the
resin/based bonding systems are strongly important due to
the action of the mechanical loading that occurs during masti-
catory act, they do not seem to be affected by the incorporation
of ZnOn. The results of the current study show that the
incorporation of ZnOn or Zn-Mt 1wt.% into the model den-
tal adhesives did not significantly affect flexural strength,
modulus of elasticity, diametral tensile strength, compres-
sive strength, %water sorption, %water solubility, and contact
angle of the adhesives. However, Zn-Mt at 1 wt.% decreases the
resilience modulus of the model dentin adhesive, incorpora-
tion of Zn-Mt or ZnOn 1wt.% decreases the %polymerization
volume shrinkage of the model dentin adhesive, and incorpo-
ration of ZnOn at 1wt.% increases cell viability of the model
dentin adhesive. Therefore, the third hypothesis was partially
accepted.

Dentin adhesive is similar to a bridge that provides the
mechanism of load transfer between the dentin and the
composite [4,39]. This is important from the clinical perspec-
tive, because dental adhesives are viscoelastic materials that
should have satisfactory mechanical and physical properties
as a successful restorative dental material, due to the compos-
ite restoration coming in contact with occlusal stresses and a
wet environment [39]. The drop in the mechanical and physi-
cal properties of dental adhesives could lead to degradation of
the dentin bond, which accelerates degradation or failure of
dentin adhesives, which further causes premature failure of
the composite restoration [4,39]. The mechanical and physi-
cal properties of adhesives strongly depend upon the degree of
conversion [4,40]. The results presented here showed that the
experimental adhesives reached a degree of conversion com-
parable to that of the control adhesive (Table 1). This means
that the addition of ZnOn or Zn-MT at 1 wt.% does not affect
the degree of conversion of the adhesive and most of the phys-
ical and mechanical properties which are evaluated in the
current study.

However, Zn-Mt significantly reduced the resilience mod-
ulus of the model dentin adhesive. The resilient modulus is a
physical property in which the material is capable of accumu-
lating energy when required or under stress, and should be as
high as possible in dentin adhesives. The high resilience mod-
ulus of a restorative material is a factor that helps to preserve
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the adhesive bond between the tooth and the restoration [41],
as is the ability of the material to deform or flex and being
able to dissipate tensions [41,42]. The high resilience mod-
ulus also helps to preserve the adhesive bond between the
tooth and restoration, as well as support micro distortions of
dental substrates [42,43]. This physical property helps single
body training between the restoration and the tooth structure
[40-43]. It could be suggested that, even with a similar degree
of conversion compared to other tested adhesives, the incor-
poration of Zn-Mt at 1 wt.% in the adhesive may have exhibited
reduced crosslink densities, which may promote a decrease of
resilience modulus.

It is possible that this reduction may have contributed to
decrease the bond-interface after 6 months of water storage
for this adhesive. Maybe Zn-Mt reduced the adhesive’s ability
to flex or deform, which, subsequently, can reduce its ability
to dissipate possible tensions that may occur in the adhesive
interface, and therefore reduce the success of the restora-
tion. Also, an increase in the percentage of adhesive failures
was observed after 6 months of water storage, which is in
accordance with the low bond strength values obtained for
this group and the Control group, which have similar bond
strength values.

According to the results of this research, the Control
adhesive had higher polymerization shrinkage values when
compared to Zn-doped adhesives. Adhesives are fluid resins
which have a polymeric matrix with or without inorganic
filler particles. Polymerization shrinkage is the total volume
that reduces after photocuring, and is affected mainly by the
amount of inorganic filler particles present in the adhesive.
During polymerization shrinkage, forces developed that are
transmitted as tension in the adhesive interface, which is the
most sensitive region of the tooth/restoration [44,45]. These
tensions may be responsible for the following: adhesive fail-
ures (marginal gaps), postoperative sensitivity, microleakage,
reduced marginal integrity, recurrent caries, and decrease of
restoration longevity [46,47]. The incorporation of Zn in the
model dentin adhesive reduced the total concentration of
the polymeric matrix, which is responsible for polymeriza-
tion shrinkage, thus reducing the polymerization shrinkage
of Zn-doped adhesives. A promising result, because the reduc-
tion of polymerization shrinkage is desirable to achieve better
longitudinal results of dental adhesives.

From the cytotoxicity analysis, this study showed that the
ZnOn adhesive is less cytotoxic than the Control and Zn-
Mt adhesives. Biocompatibility testing by assays measuring
cytotoxicity of adhesive systems is a precondition of dental
materials designed for application on human tissues. Den-
tal adhesives can release compounds that have biological
effects and toxic potencies [21]. Formation of a hybrid layer
biologically seals the interface of the tooth/restoration, and,
consequently, protects pulpal tissue [21,48]. However, it has
been reported that uncured components of adhesives may
diffuse across the subjacent dentinal tubules and reach the
pulpal tissue [21]. The ranking by toxicity of the component
commonly used in adhesive systems (described previously)
is as follows [49]: Bis-GMA >UDMA > TEGDMA >HEMA (least
toxic), after 24 and 72h of exposure. The model dentin
adhesive is a compound of 55/45 wt.%, Bis-GMA/HEMA. How-
ever, HEMA has a low molecular weight (130.14 g/mol) and

high solubility, and it may result in a greater diffusion of
unpolymerized HEMA through the dentin when compared to
Bis-GMA, which has a higher molecular weight (512.59 g/mol).

Although zinc is highly cytotoxic when tested in vitro
[29,50], several authors have demonstrated that ZnOn is bio-
compatible and bioactive, depending on its concentration.
Saha et al. [51] observed that the addition of 10 wt.% or lower
ZnOn to bone composites can enhance the proliferation, adhe-
sion, and differentiation of human osteoblasts and mouse
fibroblasts. Memarzadeh et al. [23] observed that ZnOn coat-
ing/immobilized on a surface of orthopedic and/or dental
implants “could lead to improved bone growth and a more bio-
compatible, osteoconductive, and antimicrobial implant” [23].
Also, Atsou et al. [11] observed that 1.2wt.% zinc concentra-
tion within a noncytotoxic level embedded calcium phosphate
(CaP) ceramics has a pharmaceutical effect of promoting bone
formation.

In Graph 1, it can be seen that at 10% dilution of the adhe-
sives into the culture media, cell growth for all adhesives was
less than 10% (0.1 cell viability). But at 1% dilution of adhesives
into the culture media, ZnOn adhesive allowed fibroblast cell
growth of over 50%, which indicates low cytotoxicity for this
material. This beneficial effect could be due to the release of
Zn?* from the media, which can either protect the fibroblasts
of the Bis-GMA and HEMA compounds or may regulate the
metabolism of fibroblasts and them to grow, which will have
a positive effect on the biological properties of the adhesives.

However, Zn-Mt was not capable of decreasing the cyto-
toxicity of adhesive compared to the ZnOn adhesive, having
similar results compared to the Control adhesive. As previ-
ously described, the methacrylate functional group of Zn-Mt
can copolymerize with Bis-GMA and HEMA [37], and this
copolymerization maybe reduces the release of Zn?* to the
culture media. This decreased release was not sufficient to
promote the positive effects on the fibroblasts that were
observed for the ZnOn adhesive.

The success of the dental restorative materials depends on
their physical, chemical, mechanical, and biological proper-
ties. According to the findings in this study, Zn-Mt is not the
preferred component to be inserted into a dentin adhesive
single-component, due to reduced resilient modulus of the
model dentin adhesive and failure to maintain the 6 month
resin/dentin bond’s durability.

In conclusion, the incorporation of ZnOn T 1 wt.% in model
dentin adhesives did not affect the 24h resin-dentin bond
strength, and seems to be promising in the possibility of
increasing the longevity of restorations, since it demonstrated
improvement in the polymerization shrinkage, in the integrity
of the bonded-dentin interface after 6 months of water stor-
age, and in reducing the cytotoxicity of the model dentin
adhesives. New research should be conducted in order to
observe the clinical performance of ZnOn adhesives.
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