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Purpose: This study assessed the effect of antioxidants vitamin C (Vit. C), vitamin E (Vit. E) and quercetin
(Querc) on the dentin bonding performance, degree of conversion, and rate of polymerization of three commer-
cial adhesive systems (Adper Single Bond 2 [SB], Clearfil SE Bond [CSE], Adper Easy Bond [EB]).

Materials and Methods: Human premolars were restored using antioxidant-doped adhesives. The samples were
stored for 24 h in distilled water or 6 months under simulated pulpal pressure. Teeth were cut into sticks and
the microtensile bond strength (UTBS) to dentin was tested in a universal testing machine. Qualitative nanoleak-
age analysis was performed from a central stick of each restored tooth. Degree of conversion and rate of poly-
merization of adhesive systems were evaluated in triplicate using real-time FT-IR.

Results: Although the inclusion of the antioxidants negatively affected the UTBS over 24 h, the antioxidant-doped

adhesives maintained (SB-Vit. C, SBVit. E, CSE-Vit. C, EB-Querc) or increased (SB-Querc, CSE-Vit. E, CSE-Querc,

EB.Vit. E, and EB-Vit. C) their uTBS during 6 months of storage. Only the pTBS of Adper Single Bond 2 dropped

significantly after 6 months among the control groups. Slight changes in the nanoleakage pattern after aging were '
observed in all groups, except for the EB-control group, which showed a noteworthy increase in nanoleakage after
6 months, and for EBVit. C, which presented a remarkable decrease. A lower degree of conversion was obtained

with all antioxidants in SB and EB, except for the EB-Vit. E group. Similar degrees of conversion were attained in

control and experimental groups for CSE. The rate of polymerization was reduced in antioxidant-doped adhesives.

Conclusion: The performance of antioxidants changed according to the adhesive system to which they were
added, and antioxidant-doped adhesives appear to have a positive effect on the adhesive interface durability,

since their bond strength obtained after 24 h was maintained or increased over time.
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Current dental adhesive systems perform satisfactorily
in terms of bond-strength tests under controlled in
vitro conditions, in particular if tested immediately after
application or following shortterm aging (< 3 months).40
Nevertheless, the initial bond strength may be reduced
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in the long term due to exposure of the bonded interface
to temperature changes,® chewing load,® and chemical
hiodegradation induced by enzymes and/or dietary or
hacterial acids,823 which may result in drastic effects on
tooth/composite stability.30 Therefore, it is important to
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measure durability of the bonds and to apply artificial
aging procedures (water storage, thermocycling, NaOCI
storage, and pH cycling).6.40

Incomplete resin infiltration may result in areas rich
in denuded collagen prone to enzymatic degradation.23
Further degradation mechanisms, such as polymer hy-
drolysis and filler debonding,3® may also occur simul-
taneously, jeopardizing the stability of the resin/dentin
interface. The latter processes are particularly correlated
to the highly hydrophilic adhesive systems,30.34 and may
be enhanced in the presence of free radicals from po-
lymer breakage,13

Several substances, such as chlorhexidine® and cross-
linking agents,2:32 have been advocated to reduce colla-
gen degradation. However, there are very few alternatives
to avoid the hydrolytic degradation of dentin bonds.429
The incorporation of antioxidants appears to reduce the
potential degradation effects of free radicals and hydroly-
sis,10 and the solubility characteristics of antioxidants
might influence the reaction of polymerization of the adhe-
sives according to phase separation. Phase separation of
the adhesive systems is characterized by the presence of
hydrophobic regions dispersed in a predominantly hydro-
philic matrix.28,36 After polymerization, the components of
hydrophilic matrix have a low crosslinking density; the re-
sulting material is unstable in aqueous environments and
more prone to degradation over time.28.36 Furthermore,
depending on their characteristics, the photoinitiators of
adhesive systems may be allocated to the hydrophilic or
hydrophobic domains formed during phase separation,
which may interfere in the polymerization process.41 The
use of antioxidants with different solubility characteristics
as proposed here intended to test the influence of these
substances in the domains formed by phase separation.
This factor has not been studied previously.

Thus, the aim of this study was to assess the effect of
antioxidants on the dentin bonding performance, degree
of conversion, and rate of polymerization of three commer-
cial adhesive systems. The null hypotheses to be tested
were that the addition of antioxidants to adhesives does
not: 1) interfere with dentin bond strengths, 2) affect the
nanoleakage, or 3) influence the degree of conversion and
rate of polymerization.

MATERIALS AND METHODS

Adhesive Systems

A two-step etch-and-rinse system (Adper Single Bond 2,
3M ESPE; St Paul, MN, USA), and two self-etching ad-
hesives — a more hydrophobic two-step system (Clearfil
SE Bond, Kuraray Medical; Tokyo, Japan) and a more hy-
drophilic one-step system (Adper Easy Bond, 3M ESPE)
- were used in this study. The antioxidants vitamin C
(l-ascorbic acid; hydrophilic), vitamin E (a-tocopherol;
hydrophobic) and quercetin (amphiphilic) (Sigma Aldrich;
St Louis, MO, USA) were chosen according to their solu-
bility characteristics, which limited the incorporation to 5
wt% into the solutions of Adper Single Bond 2 and Adper
Easy Bond and in Clearfil SE primer. The concentration
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Microtensile Bond Strength (uTBS)
One hundred forty-four extracted human premolars were
obtained under approval of the institutional ethics com-
mittee (protocol 11/2011) and stored in 0.5% chlora-
mine/water solution at 4°C no longer than 4 months.

The roots were removed 2 mm beneath the cemento-
enamel junction (CEJ), while the occlusal enamel was cut
2 mm above the CEJ using a slow-speed water-cooled dia-
mond saw, exposing a flat surface of dentin (Isomet, Bue-
hler; Lake BIuff, IL, USA). When necessary, the surface
was abraded with 600-grit SiC paper to obtain a purely
dentin surface. The pulpal tissue was carefully removed
with small tweezers, avoiding scratching the pulpal walls.
The exposed dentin surface was abraded before bonding
with a 600-grit SiC paper for 60 s under running water to
create a standardized smear layer.

Prepared teeth were randomly divided into 24 groups
(n = 6) according to adhesive systems (Adper Single Bond
2, Clearfil SE Bond, and Adper Easy Bond), antioxidant
incorporation (control, vitamin C, vitamin E and quercetin),
and storage period (24 h and 6 months). All adhesive
systems were applied following the instructions for use
(Table 1).18 Light activation was performed for 10 s using
a halogen lamp XL-2500 lamp (600 mW/cm2, 3M ESPE).
The irradiance was controlled by a power meter (Ophir Op-
tronics, Har-Hotzvim; Jerusalem, Israel). Composite build-
ups were constructed using Filtek Z350-XT (3M ESPE) in
3 layers (each layer 2 mm thick). Aging for 6 months was
performed under simulated pulpal pressure as described
by Feitosa et al.1? Two coats of nail varnish were applied
on the enamel-composite border of specimens. The speci-
mens were fixed to the inner part of the cylindrical recep-
tacle’s lid by pushing them sideways into the wax on the
lid, without obstructing the pulpal chamber opening. The
cylindrical container with distilled water was filled to reach
20 cm height, and the container was closed with samples
attached to the lid. The container was turned upside down
to submit the samples to 20 cm H0 pulpal pressure.12

Approximately 12 matchsticks (bonding area
0.8 x 0.8 mm?2) were obtained from each premolar by
sectioning the bonded teeth. Only those from the central
area were evaluated; the matchsticks from the periphery
showing remaining enamel were excluded.

The matchsticks were fixed to a jig using a cyanoacrylate
gel and tested to failure in the universal testing machine EZ-
test (Shimadzu; Kyoto, Japan) at 1.0 mm/min. The exact
cross-sectional area was measured after failure with a digi-
tal caliper. The PTBS of the sticks from the same bonded
tooth were averaged and used for the statistical analysis
as the statistical unit. Means and standard deviations were
calculated and expressed in MPa. The PTBS data were
statistically analyzed by equal variance and Kolmogorov-
Smimov normality tests and, after proving the normality
of data and homogeneous variance, the results were
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Table 1 List of materials used in this study

Material

Composition

Instructions for use

Adper Single Bond 2
(3M ESPE; St Paul,
MN, USA)

Clearfil SE Bond
(Kuraray Noritake Den-
tal; Tokyo, Japan)

Adper Easy Bond
(3M ESPE)

Ethyl alcohol, bisphenol A diglycidyl ether dimethac-
rylate, silane treated silica, 2-hydroxyethyl methacry-
late, copolymer of acrylic and itaconic acids, glycerol
1,3-dimethacrylate, water, diurethane dimethacrylate,
diphenyliodonium hexafluorophosphate, ethyl 4-dimethyl
aminobenzoate

Primer: 2-hydroxyethyl methacrylate, 10-methacryloyl-
oxydecy! dihydrogen phosphate, hydrophilic aliphatic
dimethacrylate, dl-camphorquinone, water,

accelerators, dyes, others

Bond: bisphenol A diglycidylmethacrylate, 2-hydroxy-
ethyl methacrylate, 10-methacryloyloxydecy! dihydrogen
phosphate, hydrophobic aliphatic methacrylate, colloidal
silica, dl-camphorquinone, initiators, accelerators, others

Bisphenol-A-diglycidyl ether dimethacrylate, 2-hydroxy-
ethyl methacrylate, ethyl alcohol, water, phosphoric
acid-6-methacryloxy-hexylesters, silane treated silica,
1,6-hexanediol dimethacrylate, copolymer of acrylic and
itaconic acid, (dimethylamino) ethyl methacrylate, cam-
phorquinone, 2,4,6-trimethylbenzoyldiphenylphosphine

1,

2.

Apply Scotchbond Etchant to
tin. Wait 15 s. .
Rinse for 10 s. Blot excess water using-a-c
ton pellet or mini-sponge. Do not air dry.

. Immediately after blotting, apply 2-3 consecu-

tive coats of adhesive for 15 s with gentle agi-
tation using a fully saturated applicator.

. Gently air thin for 5 s to evaporate solvent.

Light cure for 10 s.

. Apply Clearfil SE Bond Primer and leave for

20 s. Dry thoroughly with mild air flow.

. Apply Clearfil SE Bond Bond. Air flow gently.
. Light cure for 10 s.

. Apply the adhesive with the disposable applica-

tor to all surfaces of the cavity and rub it in for
20 s.

. Subsequently blow a gentle stream of air over

the liquid for approx. 5 s.

. Cure the adhesive with a commonly used curing

oxide

Filtek Z350 XT
(3M ESPE)

tert-butyl-p-cresol

Silane treated ceramic, silane treated silica, diurethane
dimethacrylate, bisphenol-a-polyethylene glycol, diether
dimethacrylate, bisphenol-A-diglycidyl ether dimeth-
acrylate, silane treated zirconia, polyethylene glycol
dimethacrylate, triethylene glycol dimethacrylate, 2,6-di-

light for 10 s.

A layer of Filtek Z350 XT Universal Restorative
should be applied and light cured for 20 s.

Composition based on the MSDS (Material Safety Data Sheet) of the material. Adper Single Bond 2 is also known as Adper Single Bond Plus or Adper
Scotchbond 1XT. Filtek Z350 XT is known as Filtek Supreme Ultra or Filtek Supreme XTE.

analyzed using two-way ANOVA (antioxidants and stor-
age period) and Tukey's test (p< 0.05) for each adhesive
system separately, Sticks that failed prematurely were
included in the statistical analysis as 0 MPa.40

Fallure Mode

The fractured specimens were imaged using a ste-
reomicroscopy at 60X magnification. Representative
specimens exhibiting the most frequent failure pattern
in each group and the UTBS close to the mean were pro-
cessed for observation in an SEM. In brief, the selected
specimens were paired and mounted on aluminum
stubs and subsequently dehydrated in silica gel. Finally
the specimens were gold-sputter coated and examined
using SEM JSM-5600LV (JEOL; Tokyo, Japan), operated
at 15 kV. The fractures were classified as adhesive, co-
hesive, or mixed.

Interfacial Nanoleakage

One central bonded-stick from each tooth was selected
and submitted to the nanoleakage survey as described
by Tay et al31 using 50 wt% ammoniacal silver nitrate
solution [Ag(NH3)oNO3z(aq)]. In brief, the specimens
were immersed in the tracer solution for 24 h and then
immersed in photo-developing solution for 8 h under a
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fluorescent light. Thereafter, the specimens were rinsed
thoroughly in distilled water, embedded in epoxy resin
and polished using wet #600, #1200, #2000 SiC pa-
pers and 3-, 1-, and 0.25-um diamond pastes (Buehler)
with polishing cloths. They were ultrasonically cleaned
(5 min) after each polishing step. The specimens were
coated with carbon and observed in SEM by means of
backscattered electron mode.

Degree of Conversion and Polymerization Rate
The degree of conversion and rate of polymerization
of adhesive systems were evaluated in triplicate using
realtime FT-IR as described by Ely et al.8 In brief, each
solution (3 ml) was directly dispensed onto the emission
plate of a Fouriertransform infrared spectrophotometer
(FTIR-ATR Prestige 21, Shimadzu; Kyoto, Japan) equipped
with an ATR crystal with a 45-degree mirror angle (PIKE
Technologies; Madison, WI, USA) with the light-curing
unit positioned at a standardized distance of 5 mm. The
IR-Solution software (Shimadzu; Columbia, MD, USA) was
used to control the scan mode. One scan was acquired
every second for 60 s after the start of light curing which
was also performed during the entire 60 s of evaluation.
All spectra were obtained in a range of 1800 to
1500 cm?, with 12 scans at 4 cm? resolution in trans-
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Table 2 Mean (standard deviation) of microtensile bond
strength (MPa) to Adper Single Bond 2 adhesive system

Table 3 Mean (standard deviation).o
strength (MPa) to Clearfil SE Bond adh

"™

Table 4 Mean (standard deviation) of microtensile
bond strength (MPa) to Adper Easy Bond adhesive
system

Antioxidant Storage period

24 h 6 months
Control 48.3 (6.6)2A 51.1 (5.1)abA
Vitamin C 14.9 (2.2)bB 30.1 (7.5)cA
Vitamin E 41.6 (5.6)38 58.8 (6.5)3A
Quercetin 46.8 (4.3)3A 44.2 (5.8)bA
Mean values with the same uppercase letters (row) and lowercase letters
(column) are not significantly different (p > 0.05; Tukey's post-hac test).

mission mode and 2.8 mm/s mirror speed. The degree
of conversion was calculated based on the intensity of
the C=C stretching vibrations (peak height) at 1635 cm-1
and using the symmetric ring stretching at 1608 cm-1
from the polymerized and non-polymerized samples as
an internal standard. The coefficient of determination
was greater than 0.98 for all curves. Data were plotted
and curve fitting was applied using logistic non-linear
regression.

RESULTS

The hond strength outcomes are depicted in Tables 2 to
4. All data analyzed showed normality of data and homo-
geneous variance (p > 0.05). For all adhesive systems,
each statistical factor presented significant difference
(p <0.01), and the interaction (antioxidant vs storage
time) was statistically significant (p = 0.002, p < 0.001
and p < 0.001 for Adper Single Bond 2, Clearfil SE Bond
and Adper Easy Bond, respectively).

For Adper Single Bond 2 (Table 2) in both storage periods
(24 h and 6 months), SB control and SB vitamin E groups
exhibited bond strengths that were significantly higher
than SB vitamin C and SB quercetin groups (p < 0.05).

38

Antioxidant Storage period Antioxidant Storagg\\\rﬁ'égj;c\m\_ - _'
24 h 6 months 24 h Smontren?_ 7|

Control 63.7 (4.8) 50.6 (6.2)°8 Control 69.0 (4.1)2A 69.2 (4.8)2

Vitamin C 40.3 (5.3)bA 39.6 (4.7)0A Vitamin C 56.2 (6.5)bA 61.0 (7.2)2bA

Vitamin E 56.8 (9.4)2A 55.9 (7.0)2A Vitamin E 41.2 (3.4)cB 57.5 (7.2)bA

Quercetin 31.2(3.3)b8 38.3 (5.7)bA Quercetin 40.7 (8.0)cB 69.8 (5.8)8A

Mean values with the same uppercase letters (row) and lowercase letters Mean values with the same uppercase letters (row) and lowercase letters

(column) are not significantly different {p > 0.05; Tukey's post-hoc test), (column) are not significantly different (p > 0.05; Tukey's post-hac test).

The bond strength of SB control dropped significantly after
6 months (p < 0.05), whereas for the SB quercetin group,
the bond strength increased significantly in this period
(p < 0.05). SB control presented several signs of degra-
dation, such as patent dentinal tubules (Fig 1, A3). The
SB vitamin C and SB vitamin E groups maintained their
bond strength in 6 months of storage. The failure pat-
terns (Fig 1) were predominantly mixed for SB control, SB
vitamin C and SB vitamin E in both aging periods. For SB
quercetin, there was a predominance of adhesive failures
after 24 h and mixed failures after 6 months.

For Clearfil SE Bond (Table 3), the inclusion of anti-
oxidants reduced bond strength after 24 h for all groups
(vitamin C, vitamin E and quercetin) (p < 0.05). After
6 months, the groups CSE control and CSE quercetin
showed significantly higher bond strength than did the
CSE vitamin E group (p < 0.05). After 6 months under pul-
pal pressure, the bond strength of CSE vitamin E and CSE
quercetin increased significantly (p < 0.05) and the failure
mode (Fig 2) was predominantly adhesive at 24 h and
mixed after 6 months for both groups. The CSE control
and CSE vitamin C groups maintained their bond strength
during 6 months of storage. For CSE control, the failure
pattern changed from mixed to cohesive in dentin after
storage, and the CSE vitamin C group maintained the
predominance of mixed failures after 24 h and 6 months.

Adper Easy Bond (Table 4) vitamin C showed the lowest
bond strength among the groups for both storage periods
(24 h and 6 months) (p < 0.05). After 6 months, the EB
vitamin C and EB vitamin E groups demonstrated an in-
crease in bond strength (p < 0.05), whereas EB control
and EB quercetin maintained their bond strength over the
6 months of storage. An adhesive layer with crystal-like
voids was observed in EB quercetin, likely due to the pres-
ence of insoluble quercetin crystals, which were probably
released or degraded during storage (Fig 3, D1 and D3).
Failure pattern analysis (Fig 3) revealed a predominance
of mixed fractures for EB control, EB vitamin E and EB
quercetin, while adhesive/mixed modes were most com-
mon for EB vitamin C.

Slight changes in the nanoleakage pattern after aging
were observed in all groups, except for the EB control
group, which showed a noteworthy increase in nanoleak-
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Fig 1 Scanning electron micrographs showing failure modes (A1, B1, C1, D1, A3, B3, C3, D3) and silver uptake (nanoleakage; A2,
B2, C2, D2, A4, B4, C4, D4) of specimens bonded using Adper Single Bond 2. White arrows indicate the silver deposits. The graphs
depict the results of degree of conversion (E1) and rate of polymerization (E2) of Adper Single Bond 2 with or without antioxidants.
Figs Al and C1: adhesive layer apparently uniform (Ad). Figs B1 (white circle) and D1: more porous and less uniform adhesive lay-
ers. Figs B3, C3, D3: uniform adhesive and hybrid layers with less permeable aspect for experimental groups after 6 months. Fig
A3: evident signs of degradation, with collagen- and resin-depleted hybrid layer (Hy) (white circle). Figs E1 and E2: lower degree of
conversion and rate of polymerization were obtained to all groups compared to control. Co: composite.
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Fig 2 Scanning electron micrographs showing the failure modes (A1, B1, C1, D1, A3, B3, C3, D3) and silver uptake (nanoleak-
age) (A2, B2, C2, D2, A4, B4, C4, D4) of specimens bonded using Clearfil SE Bond. White arrows indicate the silver deposits. The
graphs depict the results of degree of conversion (E1) and rate of polymerization (E2) with or without antioxidants incorporation. Fig
C1 and Fig D1 (white circle): thinner or rough adhesive layers. Fig C3 (white circle) and Fig D3: more uniform adhesive layer despite
the degradation represented as exposed dentin (De) (C3) and pores in the adhesive (Ad) layer (white arrows in D3). Fig B3: less per-
meable hybrid layer (Hy) after six months. Figs E1 and E2: striking changes in the degree of conversion and rate of polymerization
were not observed using antioxidants. Co: composite.
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Fig 3 Scanning electron micrographs showing failure modes (A1, B1, C1, D1, A3, B3, C3, D3) and silver uptake (nanoleakage) (A2,
B2, C2, D2, A4, B4, C4, D4) of specimens bonded using Adper Easy Bond. The results of degree of conversion (E1) and rate of poly-
merization (E2) are displayed. Fig B1 (white circle): discontinuous adhesive layer (Ad). Fig C1: permeable hybrid layer (Hy) with exposed
dentin (De). Figs B3 and C3: noteworthy difference in the adhesive layer and hybrid layer was seen with uniform appearance, respect-
ively. Fig A3 (white arrows): discontinuities in the adhesive layer, likely due to degradation. Fig D1 (white circle): adhesive layer with the
crystal-ike voids. White arrows indicate silver deposits. For EB control, note the increase in nanoleakage in 6 months compared to 24 h
(Figs A2 and A4), with presence of water trees (white circle). The opposite behavior occurred in the Easy Bond doped with vitamin C.
One can observe a notable decrease of silver deposits after 6 months compared to 24 h (Figs B2 and B4). Figs E1 and E2: lower de-
gree of conversion and rate of polymerization were obtained using quercetin and vitamin C, but not with vitamin E.
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age after 6 months (Fig 3, A2 and A4), and for EB vitamin
C, which presented a remarkable decrease (Fig 3, B2
and B4).

A lower degree of conversion was obtained with all
antioxidants in SB and EB (Figs 1, E1 and 3, E1), except
for the EB vitamin E group, which showed similar degree
of conversion to the EB control group. For CSE (Fig 2, E1),
a similar degree of conversion was attained in the control
and experimental groups. In general, the rate of polymer-
ization was reduced for all antioxidant-doped adhesives
compared to control groups (Figs 1, E2 and 3, E2), except
for the CSE adhesive system (Fig 2, E2).

DISCUSSION

Specific antioxidants, such as hydroquinone mono-
methyl ether, are usually added to dental adhesives
and composites at very low concentrations in order to
scavenge free radicals and prevent spontaneous poly-
merization.37 Recently, some studies showed that the
increase of antioxidants in the composition of adhesives
may retard the polymerization without impairing the final
properties or stability of the resulting material.15.24

The quality of the polymerization process may be di-
rectly correlated with the resin-dentin microtensile bond
strength and silver nitrate uptake at the bond interface.1?

This investigation confirmed the initial adverse effects
of antioxidants on the bond strength of three commer-
cial adhesives; hence, the first null hypothesis must be
rejected. In particular, vitamin C (hydrophilic antioxidant)
and quercetin (amphiphilic antioxidant) reduced the bond
strength of Adper Single Bond 2 in 24 h (Fig 1, E1). The
relatively hydrophilic composition of this simplified ad-
hesivel? reflects the overall hydrophilic character, which
facilitates the mixture of these antioxidants and the inhi-
bition of polymerization free radicals. In contrast, vitamin
E (hydrophobic antioxidant) led to no difference in bond
strength compared to SB Control, despite the lower de-
gree of conversion obtained (Fig 1, E1). This outcome may
be attributed to an impaired mixture in different domains
after phase separation. Moreover, the antioxidants have
different oxidation potentials; for instance, vitamin C has
a higher antioxidant capacity than does vitamin E, exerting
a greater influence on the system.

For Clearfil SE Bond, all antioxidants reduced the bond
strength to dentin after 24 h. The additional vitamin C in
the CSE primer may have negatively affected the overall
pH and its self-etching characteristics, reducing the bond
strength after 24 h.10 However, the most credible hypoth-
esis to justify these results may be attributed to the fact
that vitamin C forms relatively stable complexes with cal-
cium.27 Ascorbate ions may have competed with MDP
functional monomer to chemically bond with calcium and
hydroxyapatite.10 Thus, with reduced chemical interaction
of MDP, the bond strength was also adversely affected.42

In the case of more hydrophobic vitamin E and querce-
tin-doped CSE, inhibition of the polymerization of the ad-
hesive system's hydrophobic di-methacrylates may occur,
allowing the polymerization of mono-methacrylate mono-

42

mers (ie, HEMA and MDP). These
to formation of more linear polymers {
promised the bond strength. g o

Despite the negative results for qu Ling
and CSE, some antioxidants of the same {ype of quérceti
have shown promising therapeutic outcomes.® REEEnty,
epigallocatechin-3-gallate (EGCG) was included Success-
fully in etch-and-rinse adhesives and induced remarkable
therapeutic effects, such as inhibition of the growth of
Streptococcus mutans and higher bond strength than the
control.” Proanthocyanidin from grape-seed extract also
proved to be effective in improving biomechanical prop-
erties of dentin matrix, thereby enhancing preventive and
reparative dental therapies.? Like quercetin, EGCG and
proanthocyanidin are also flavonoids.

Conversely, although the presence of antioxidants de-
creased the bond strength of CSE after 24 h, the degree
of conversion and rate of polymerization were not affected
(Fig 2, E1 and E2). The composition of this adhesive —
which contains photoinitiators both in the primer and the
bonding resin42 — may influence these outcomes; hence,
the inhibition of polymerization in the primer might be
compensated by the subsequent active photoinitiation of
the bond resin.

The most hydrophilic adhesive evaluated was Adper
Easy Bond. The mixture EB-vitamin C was then expected
to be more detrimental (Table 4) due to similar polarity
and solubility characteristics, which was confirmed. This
adhesive system has initiators such as 2-(dimethylamino)-
ethylmethacrylate (DMAEMA) which, compared to other
co-initiators, is hydrophilic to a certain extent.41 Vitamin
C may have inhibited free radicals generated by DMAEMA
in the hydrophilic domains of the adhesive blend. This re-
duced the degree of conversion (Fig 3, E1) and may have
consequently decreased the bond strength after 24 h.

It is believed that EB is also composed of a hydro-
philic photoinitiator such as trimethylbenzoyl-diphenyl-
phosphine oxide (TPO).16 Although camphoroquinone has
been the widely used photoinitiator, it is known that more
hydrophilic photoinitiators improve the polymerization of
hydrophilic self-etching adhesives.14 TPO is an alterna-
tive photoinitiator possessing an absorption peak around
380 nm and is capable of functioning independently of an
amine-type coinitiator.26 The reaction involving the TPO
is characterized by a direct cleavage of the molecule and
the formation of two radicals, acyl and phosphonyl.26 In
this situation, the inhibition of polymerization by vitamin C
would directly act in the photosensitive molecules, inacti-
vating the free radicals generated.

For EB quercetin, an adhesive layer with the crystal-like
voids was observed, likely due to the presence of insolu-
ble quercetin crystals (Fig 3, D1). These crystals may have
been released or degraded during storage, represented by
the reduced amount of voids in the adhesive layer (white
circle in Fig 3, D3) after aging.

After 6 months of simulated pulpal pressure, the Ad-
per Single Bond 2 control showed a significant decrease
in bond strength, which is in agreement with a previous
investigation.12 The polymer hydrolytic degradation may
be accelerated by free radicals.35 The free radicals po-
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tentially continue to act and generate more free radicals,
accelerating the degradation process.10

Simulated pulpal pressure is considered a method of
aging slower than direct water exposure of sticks.12 How-
ever, this strategy better simulates in vivo conditions.
Moreover, the aging by simulated pulpal pressure was
adopted because some antioxidants could be released
from the bonded interface during storage of resin-dentin
sticks. This would nullify their effects over time. Possibly,
the slow aging and the limited storage time were not suf-
ficient to obtain a significant decrease in bond strength to
other adhesive systems.3

The antioxidant incorporation maintained or increased
the bond strength values obtained after 24 h after 6
months. Despite the slight changes in the pattern of na-
noleakage, there was a decrease of silver deposits for EB
vitamin C after 6 months; thus, the second null hypothesis
must also be rejected.

Several feasible explanations may be given to support
the increase of bond strength after aging, for instance,
antioxidants rather than collagen or polymer matrices
degraded hydrolytically, or delayed polymerization of an-
tioxidant-doped adhesives would lead to polymers with
improved resistance to degradation. Moreover, the anti-
oxidants are available for further reaction with products
of degradation even after the initial reaction with the free
radicals of polymerization. This secondary reaction may
release some monomers and initiators, which could lead
to a late polymerization process. This continued polymer-
ization could afford an increase in bond strength after 6
months (Tables 2 to 4). The lower degree of conversion
after 24 h and the slow polymerization process seen in
the rate of polymerization graphs for antioxidant-doped
adhesives reinforce this hypothesis. Thus, the third null
hypothesis is also rejected.

Some strategies and substances are able to overcome
the degradation processes of dentin bonds, such as en-
zymatic inhibitors,33 ethanol wet bonding,2% and alterna-
tive photoinitiators.20 Whereas they stabilize the bond
strength over time, some other strategies may increase
the bond strength after 24 h, eg, the usage of hydrophobic
nanogel?! or collagen cross linkers.22 No treatment has
so far increased the impaired the bond strength after
aging as observed here using antioxidants.

Additional studies should emphasize other aspects,
such as the analysis of the degree of conversion and
rate of polymerization at the bond interface with dentin, a
longer storage time of experimental adhesives with known
chemical composition, and the possibility of enzyme inhi-
bition by antioxidants.

CONCLUSION

The performance of antioxidants changed according to
the adhesive system to which they were added, and
antioxidant-doped adhesives appear to have a positive
effect on the adhesive interface durability, since their
bond strength after 24-h water storage was maintained
or increased over time.
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Clinical relevance: Certain combinations of antioxi-
dant and adhesive may inhibit the adverse effects of
long-term hydrolysis thereby improving dentin bond
durability.
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