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Abstract

Self-etch adhesive systems are composed of various monomers, solvents, fillers, and
initiators that make their molecular formulations quite complex. The intricate design
involved in these systems has raised uncertainties regarding the long-term chemical
stability of the components prior to clinical application. Therefore, this study aimed
to investigate the effect of shelf-life simulation on the bond strength of self-etch
adhesives to dentin. Sound human teeth samples were used and restored using
one of three different adhesives: AdheSE  (Ivoclar Vivadent), Single Bond Universal

(3 M ESPE), or Clearfil SE Bond  (Kuraray); Filtek Z350 (3 M ESPE) was used as composite
resin. The study (bond strength testing) was conducted in two distinct parts: (1) without
shelf-life simulation of adhesives; and (2) after storing the adhesives in a climate chamber
at 40C and 50% relative humidity (shelf-life simulation). Both groups were prepared for
microtensile bond strength (UTBS) testing; however, specimens from the first part of the
study were evaluated after 24 h and 6 months of storage in distilled water, whereas
specimens from the second part of the study were prepared and tested after 1, 2, and

3 months of shelf-life simulation of adhesives. The hybrid layer and fracture pattern of
specimens were analyzed by scanning electron microscopy (SEM). Bond strength data
were analyzed using Kruskal-Wallis test and Tukey s test (a = 5%). When no shelf-life
simulation was applied, Single Bond Universal increased bond strength after long-term
water storage, whereas AdheSE and Clearfil SE Bond reduced bond strength to dentin.
However, the bonding ability of all three adhesive systems investigated was negatively
influenced by the shelf-life simulation used.

Keywords: Adhesives; Dentin bonding agents; Drug stability; Product storage; Storage
of substances; Tensile bond strength

Background

The development of self-etch adhesive systems in dentistry allowed the bonding proto-
col to become simpler with faster clinical application [1-5]. Self-etch adhesives are
commonly comprised of methacrylate monomers (mono- or bi-functional), solvents,
and initiators [6]. Water is also present since it is essential to the ionization of acidic
monomers, thus enabling substrate demineralization and subsequent monomer
infiltration processes [3,7]. In theory, self-etch adhesives reduce the presence of non-
infiltrated collagen layers when compared to etch-and-rinse adhesives since the former
can simultaneously demineralize and infiltrate the substrate [8,9]. In addition, the
ionization of acidic monomers allows calcium ion chelation and collagen fiber
hybridization, which are important adhesion mechanisms in dental bonding [3].
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Adhesion to tooth substrates should be stable over time since the success of the re-
storative procedure depends on this outcome. However, polymerization stresses origin-
ating from the volumetric shrinkage of resin composites and hydrolysis of the hybrid
layer/adhesive material are considered the most frequent reasons for bonding failure
[1,10-12]. Indeed, the latter reason is an important factor responsible for failure of res-
torations [5,13]. Even though the presence of acidic monomers is essential for dental
bonding purposes, the acidic nature of self-etch primers/adhesives is also responsible
for increasing hydrolysis phenomena [14]. Moreover, hydrophilic monomers commonly
present in self-etch formulations such as the 2-hydroxyl methacrylate (HEMA) and the
10-methacryloyloxydecyl dihydrogen phosphate (MDP) may experience hydrolysis prior
to their clinical application when still inside the adhesive vial. This may easily occur if
environmental conditions such as humidity and temperature are inadequately con-
trolled, leading to phase separation of the adhesive formulation or volatilization of sol-
vents. Consequently, these chemical alterations may lead to a potential loss of bonding
ability of the adhesive [15].

Prior to clinical use, adhesive formulations are designed to maximize chemical stabil-
ity against premature and accidental polymerization during storage. Additionally, in
their pre-packaged condition, adhesives are also designed to resist degradation by oxy-
gen, heat, light, and humidity. Most manufacturer recommendations regarding the stor-
age conditions of these adhesives are to maintain them between 2 and 25-28C prior to
the listed expiration date (commonly 2 years). Nevertheless, the shipment, transport,
and storage conditions of the adhesives prior to clinical application are not always ideal.
This clinical reality may negatively influence the final quality and properties of the
material, but it has been rarely investigated in dental biomaterials literature. Therefore,
it is of clinical relevance to evaluate the effect of adverse storage conditions on the
bonding ability of self-etch adhesive systems.

The aim of this study was to investigate the immediate (24 h) and long-term
(6 months) bond strength of self-etch adhesive systems to dentin, and in addition, to
evaluate the effect of shelf-life simulation (storage cycle in climate chamber at 40C
and 50% relative humidity) on the long-term dentin bond strength of self-etch
adhesives. The hypothesis tested was that the shelf-life simulation of vials containing
self-etch adhesive formulations would not affect their bonding ability to dentin.

Methods

Study design and sample s preparation

Sixty freshly-extracted, sound human molars were selected following approval by the
local Institutional Review Board Committee of the University of North Paran (protocol
No. 177.305) and cleaned and stored in 0.5% aqueous solution of chloramine T for
seven days. Next, the roots were removed and each crown was stored in distilled water
at 4C until their use, according to ISO TS11405:2003 [16].

The study was designed in two distinct phases: (1) the bond strength test was per-
formed using the traditional environmental settings and protocol used in other studies
(i.e, testing the specimens immediately/24 h or after 6 months of water storage); and
(2) the bond strength test was performed after shelf-life simulation of the adhesives in-
vestigated, i.e. storage in a climate chamber (MA 835/UR, Marconi, Piracicaba, SP,
Brazil) at 40C and 50% relative humidity for different periods of time (4, 8, and
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12 weeks). The adhesive system sample groups were the same for all tests: AdheSE

(Ivoclar Vivadent, Barueri, SP, Brazil); Single Bond Universal (3 M ESPE, St. Paul, MN,
USA); and Clearfil SE Bond (Kuraray, Tokyo, Japan). The design scheme of the study
is presented in Figure 1, and the adhesive characteristics (composition, pH, characteris-

tics, lot number, and instructions for application) are shown in Table 1.

Bonding procedures and microtensile bond strength (uTBS) test

Each tooth had its occlusal enamel removed using decreasing grit-sizes of silica papers
in a polishing machine (Aropol-E, Arotec, Rio de Janeiro, R], Brazil) until exposure of
the middle dentin area. All adhesive systems were then applied by the same operator
and following the manufacturers directions of use (Table 2). Each adhesive was then
light-activated using a halogen light-curing unit (VIP Junior, Bisco Inc., Schaumburg,
IL, USA) with approximately 600 mW/cm? of energy intensity utilizing the incremental
technique: two 2-mm-thick resin composite increments added in each tooth sample
and light-activated for 40 s each. All samples were then stored in distilled water for
24 h at 37C, except the long-term specimens of the first phase of the study, which
were stored for 6 months (Figure 1).

Next, all samples were sectioned in two perpendicular directions to the bonded inter-
face using a water-cooled diamond saw at low speed (Isomet 1000, Buheler Ltd, Lake
Bluff, IL, USA) to obtain beam-shaped specimens with approximately 1.0 (0.1) mm *
of transverse-sectional area [17]. After 24 h of water storage, the specimens were
submitted to uTBS test using a universal testing machine (DL 2000, Emic, So Jos dos
Pinhais, PR, Brazil) at a crosshead speed of 0.5 mm/min. Bond strength results were

calculated and expressed in MPa.

Failure mode analysis
All surfaces were examined using light microscopy available in a microhardness tester
(Futuretech FM 700, Tokyo, Japan) at 500 magnification to identify the failure mode
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Figure 1 Study design including sample preparation and allocation of groups.
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Table 1 Adhesive systems investigated in the study and information regarding their
manufacturers, composition, pH, characteristics, lot number, and instructions of
application

Adhesive system/ Composition/pH Characteristics/ Instructions of

(Manufacturer) (informed by the (Lot number) application*
manufacturer)

AdheSE Primer: aqueous solution of 2-steps (RO7816) a(159);a(1559);

(Ivoclar Vivadent) dimethacrylate, acrylate b;c;d;e(1059)

phosphonic acid, initiators,
and stabilizers (pH = 1.7) Bond:
HEMA, dimethacrylate, silica,
initiators, and stabilizers

Single Bond Universal Bis-GMA, MDP, dimethacrylate I-step (1305900374) f(20s);d (55);
(3M ESPE) resins, HEMA, Vitrebond e (10 9)
copolymer, water, photoinitiator
(CQ) (pH=27)

Clearfil SE Bond Primer: MDP, HEMA, dimethacrylate 2-steps (051506) a(209);d; ¢ d;
(Kuraray) monomer, N,N-diethanol-p-toluidine, e (10 9)

microfillers (silanized colloidal silica),

photoinitiator (CQ) (pH = 2.0) Bond:

HEMA, Bis-GMA, dimethacrylate

monomer, N,N-diethanol-p-toluidine,

microfillers (silanized colloidal silica),

photoinitiator (CQ)

HEMA: 2-hydroxyethyl methacrylate; Bis-GMA: 2,2-bis[4-(2-hydroxy-3-methacryloyloxypropyl)phenyl]-propane; MDP: 10-
methacryloyloxydecyl dihydrogen phosphate; CQ: camphorquinone.

*a: primer application; b: drying with strong air-spray; c: bond application; drying with slight air-spray; e: light-activation;
f: adhesive application.

patterns obtained. The patterns were classified as adhesive (at the interface between
tooth/restoration), cohesive in dentin (exclusively at the dentin substrate), cohesive in
composite resin (exclusively at the restoration), or mixed (when the failure occurred at
the adhesive interface and at least one more pattern).

Scanning electron microscopy (SEM) analysis

One sample of each adhesive system was prepared for SEM evaluation of the hybrid
layer formed. Samples were then polished with #600-, #1200-, #1500-, #2000-, and
#2500-grit silica papers for 15 minutes each, followed by polishing with felt disc using
diamond suspensions of 3, 1, and 0.25 um (MetaDi, Buheler) for 10 minutes each. Next,
samples were washed with distilled water and etched with 50% phosphoric acid solu-
tion during 5 s, washed again for 30 s and then immersed in 2.5% sodium hypochlorite
solution for 10 minutes. The samples were cleaned in ultrasound, stored dry for 24 h,

Table 2 Microtensile bond strength median values (in MPa) and pooled average of
adhesive systems investigated in the study after immediate (24 h) and long-term
(6 months) water storage, with no shelf-life simulation of adhesives

Adhesive systems Time of evaluation Pooled average*
24 h 6 months

AdheSE 46.2 13.1 241 b

Single Bond Universal 49.1 830 633 a

Clearfil SE Bond 918 644 66,2 a

*Distinct superscript letters after pooled average medians indicate statistically significant differences among the
adhesives evaluated (p < 0.05).
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and then sputter coated with gold. The hybrid layer zone (adhesive interface) was ana-
lyzed using a scanning electron microscope (SSX-550, Shimadzu, Tokyo, Japan).

One representative specimen of each failure mode pattern obtained was also evalu-
ated in the scanning electron microscope, where each specimen was only dried and
sputter coated with gold.

Statistical analysis

The bond strength data were analyzed with the statistical program SigmaPlot version
12 (Systat Software Inc., San Jose, CA, USA) using Kruskal-Wallis One Way Analysis
of Variance and Tukeys test for multiple comparison («x=5%). A linear regression
model was used to analyze the correlation between the microtensile bond strength
results and the shelf-life period of the adhesive systems.

Results

The pTBS results and failure mode patterns obtained in the study are shown in Figure 2.
For AdheSE and Clearfil SE Bond adhesives, shelf-life simulation for 8 and 12 weeks dem-
onstrated similar median bond strength values when compared to 6 months of water stor-
age, which were significantly less than the pTBS median values obtained for the baseline
(24 h) and 4-week shelf-life simulation groups (Figure 2A and C). While mixed failure
mode was the most frequent within AdheSE, both mixed and cohesive in resin composite
failure patterns occurred n equal frequency for Clearfil SE Bond (Figure 2D and F). For
Single Bond Universal, shelf-life simulation for 4 weeks and water storage for 6 months
resulted in higher bond strength median values than the baseline and 8- or 12-week
groups (Figure 2B). Cohesive failures at the composite resin were the most frequent
pattern obtained (Figure 2E).
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Figure 2 Microtensile bond strength medians (in MPa) and respective failure mode analysis of
AdheSE (A and D), Single Bond Universal (B and E), and Clearfil SE Bond (C and F) adhesive systems
to dentin.
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A positive correlation between uTBS median according to time of shelf-life simula-
tion was obtained only for Clearfil SE Bond, which demonstrated an excellent adjust to
the linear regression model used, as shown in Figure 3 (R?>0.98; p < 0.01).

With regard to the bond strength ability of the different adhesive systems, Single
Bond Universal and Clearfil SE Bond showed comparable uTBS median values, which
were higher than AdheSE (Table 2).

SEM images obtained in the study are presented in Figure 4. AdheSE resulted in
longer resin tags (images A and B), while Single Bond Universal (images C and D) and
Clearfil SE Bond (images E and F) produced, respectively, intermediate and short resin
tags. Furthermore, AdheSE, Single Bond Universal, and Clearfil SE Bond showed an
adhesive layer thickness of 7.5, 13.3, and 11.1 pm, respectively.

Discussion

The self-etch adhesives investigated in the present study can be categorized with regard
to their pH as: intermediately strong (AdheSE), mild (Clearfil SE Bond), and ultra-
mild (Single Bond Universal) adhesives [18]. This difference in acidity allowed an
interesting evaluation of their aggressiveness, influence on tooth demineralization, and
photo-polymerization performance [19].

According to Figure 4, AdheSE, which had the most acidic pH of the samples in this
study, demonstrated higher monomer infiltration (resin tags) and lower hybrid layer
thickness when compared to the other adhesives (Figure 4A,B). This relationship
between the quality of monomer infiltration and low pH of adhesives is consistent with
previous studies [20-22]. Nevertheless, Clearfil SE Bond showed lower tags extension
than Single Bond Universal, although it had a more acidic pH than the latter
(Figure 4C-F). In addition to the pH of the adhesive, another important factor in the
quality of the hybrid layer formed by using mild and ultra-mild self-etch adhesives
is the nature of the acid-functional monomer. Some monomers, such as MDP, are able
to chemically interact with tooth minerals, thus improving the micro-mechanical bond
strength of the bonding process [21,23].
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Figure 3 Linear regression model showing the relationship between the microtensile bond strength
median values obtained with Clearfil SE Bond after different periods of shelf-life simulation.
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Figure 4 Scanning electron microscopy images showing the adhesive interface obtained after
application of AdheSE (A and B), Single Bond Universal (C and D), and Clearfil SE Bond (E and F).

Besides the importance of the acidity [24] of adhesives and their water content [3] for
ionization and demineralization purposes, surfactant monomers have been recently
used in adhesive formulation in an attempt to control resin monomer infiltration [25].
This factor may explain the hybridization mode of Single Bond Universal, which may
apply surfactant technology that was previously noted in a patent from the 3 M ESPE
Corporation [26]. However, qualitative SEM surveys alone are not enough to demon-
strate an effective and stable adhesion to dental substrates [22]. As a consequence,
mechanical bond strength testing was also evaluated in the study.

Interestingly, Single Bond Universal, which produced a satisfactory hybrid layer as seen
in Figure 4 (C,D), increased the bond strength values after shelf-life simulation for 4 weeks
or even after 6 months of water storage (Figure 2). In contrast, AdheSE and Clearfil SE
Bond resulted in significant bond strength reduction after the different periods of shelf-
life simulation and also after the 6-month water storage, suggesting the occurrence of a
hydrolytic phenomenon [13]. Considering these results, the experimental hypothesis that
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shelf-life simulation of self-etch adhesives would not affect their bonding ability to dentin
can be rejected.

Single Bond Universal has a unique formulation different from other adhesives. In
this adhesive system, the presence of the Vitrebond copolymer, which is known to
promote higher stability against humidity deterioration [27], has likely contributed to
the higher bond strength values obtained. In addition, the copolymer is able to dissipate
stress at the adhesive interface [28] due to its chemical interaction with hydroxyapatite
minerals [29]. Moreover, it can be suggested that specific temperature and humidity
conditions may induce better monomer reticulation with the copolymer, and consider-
ing that 4 weeks of shelf-life simulation showed higher bond strength than 8- and
12-week periods (Figure 2), this notion can be supported.

MDP is a common acid-functional monomer present in both Single Bond Universal
and Clearfil SE Bond. When mixed with HEMA, it is able to improve the wetting abil-
ity of dentin, leading to better interaction of the adhesive with hydroxyapatite crystals
[30,31] and to lower solubility of crystals [23]. According to Inoue et al. [32], MDP may
chemically interact with tooth substrates, increasing the hydrolytic stability of the
hybrid layer, which in fact results in long-term bond strength. Nonetheless, Aida et al.
[15], have demonstrated strong degradation effects of primers containing MDP and
HEMA when stored in temperature conditions of 40C.

Regarding the Clearfil SE Bond adhesive, a proportional decrease in bond strength
results were observed with increasing shelf-life period of time (Figures 2B and 3). This
clearly demonstrates the negative effect of adverse temperature and humidity conditions
on the storage of adhesive systems. This may explain why the manufacturer recommends
keeping this adhesive under refrigeration. For the other adhesives, manufacturers recom-
mend storing AdheSE and Single Bond Universal in temperature conditions ranging from
2-28C and 2-25C, respectively. Indeed, the present findings support these recommenda-
tions; otherwise, proportional degradation of the product may occur.

The shelf-life simulation used in the present study is considered an adverse circum-
stance that is not uncommon during import/export transportation of the product. Fluc-
tuations in temperature and humidity produce significant changes in the chemical
stability and physical and mechanical properties. The significant reduction in the
bond strength results observed for all three adhesive systems after 12 weeks of
shelf-life simulation, when compared to a 4-week period of time, demonstrates that
chemical degradation of components may invariably compromise their bonding
ability to dentin.

This study investigated the degradation susceptibility of adhesive systems stored in
adverse temperature and humidity conditions. While some studies have already evalu-
ated this outcome by storing the products in temperatures ranging from 37 to 42C
[5,14,15,33], the proper control of humidity was primarily obtained in the present
study. A 50% relative humidity was combined with a constant temperature of 40C.
The relative humidity condition affects the amount of water present in the environ-
ment, which consequently may affect the vapor pressure parameters of the water and
solvent contents present into the adhesive composition. Considering that all adhesives
investigated were water-based, combined with the fact that Single Bond Universal was
also ethanol-based, it can be concluded that solvent volatilization may occur even
inside a closed vial.
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Despite the fact that the aging evaluation of dental bonded interfaces is commonly
performed by storing specimens in water for different periods of time (as performed in
the first phase of the study) [34], the shelf-life simulation of adhesive vials may be also
used in an attempt to obtain important information about the degradability of dental
adhesives in regards to their bonding ability. Manufacturers usually perform shelf-life
simulation as a standard process during the development of new products. Neverthe-
less, combining both methods (shelf-life simulation and storage of specimens) may be
important for predicting the degradation susceptibility of adhesive blends before
polymerization, as well as after their application to the tooth substrate.

Further studies evaluating different conditions of temperature and humidity are ne-
cessary to clarify the degradation and hydrolytic phenomena that adhesives may suffer.
After that, a recommendation for the ideal storage conditions of dental adhesives may
be satisfactorily obtained.

Conclusion

When no shelf-life simulation was applied, Single Bond Universal increased bond
strength after long-term water storage, whereas AdheSE and Clearfil SE Bond reduced
bond strength to dentin. However, the bonding ability of all three adhesive systems
investigated was negatively influenced by the shelf-life simulation used.
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