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Influence of intrapulpal pressure 
simulation on the bond strength of 
adhesive systems to dentin

Abstract: The purpose of this study was to evaluate the influence of in-
trapulpal pressure simulation on the bonding effectiveness of etch & rinse 
and self-etch adhesives to dentin. Eighty sound human molars were dis-
tributed into eight groups, according to the permeability level of each 
sample, measured by an apparatus to assess hydraulic conductance (Lp). 
Thus, a similar mean permeability was achieved in each group. Three 
etch & rinse adhesives (Prime & Bond NT - PB, Single Bond –SB, and 
Excite - EX) and one self-etch system (Clearfil SE Bond - SE) were em-
ployed, varying the presence or absence of an intrapulpal pressure (IPP) 
simulation of 15 cmH2O. After adhesive and restorative procedures were 
carried out, the samples were stored in distilled water for 24 hours at 
37°C, and taken for tensile bond strength (TBS) testing. Fracture analy-
sis was performed using a light microscope at 40 X magnification. The 
data, obtained in MPa, were then submitted to the Kruskal-Wallis test 
(α = 0.05). The results revealed that the TBS of SB and EX was signifi-
cantly reduced under IPP simulation, differing from the TBS of PB and 
SE. Moreover, SE obtained the highest bond strength values in the pres-
ence of IPP. It could be concluded that IPP simulation can influence the 
bond strength of certain adhesive systems to dentin and should be con-
sidered when in vitro studies are conducted.

Descriptors: Adhesives; Dentin permeability; Dental bonding; Smear 
layer.
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Introduction
It has been widely spread that the demineralized 

dentin surface must be kept ideally moist during ad-
hesive procedures in order to promote proper resin 
monomer infiltration into the exposed collagen fi-
brils.1 Actually, a certain amount of water is crucial 
to prevent the collagen network from collapsing,2 
while an excessive moisture condition may contrib-
ute negatively towards effective bonding to dentin.3 
However, achieving a “window of opportunity” 
between overdry and overwet conditions is still a 
challenge, since not only extrinsic, but also intrinsic 
sources of humidity must be considered when an ad-
hesive procedure is clinically performed. Consider-
ing that intrapulpal pressure (IPP) has hardly been 
simulated in vitro, the absence of an outward fluid 
through dentin tubules has represented the most 
critical difference between clinical and laboratorial 
conditions.4 As a consequence, many authors have 
discussed the real necessity of employing pulpal 
pressure simulation when adhesives are tested in 
vitro,3,5-11 although no common sense has been 
achieved so far. Supposing that adhesives may be 
differently influenced by perfusion through dentin 
due to their distinct composition and approach, the 
purpose of this study was to evaluate whether IPP 
simulation interferes with the tensile bond strength 
of different etch & rinse systems applied on dentin, 
and how a self-etching system behaves under this 
condition. 

Material and Methods
Eighty sound human molars from 19-26 year-

old patients were stored in distilled water at 4°C for 
a maximum period of 6 months before being used. 
The teeth were individually embedded in cold-cure 
acrylic resin (Redelease Ltda., São Paulo, SP, Bra-
zil) and transversally cut in two steps using a slow-
speed diamond saw (Labcut 1010 Extec, Enfield, 
CT, USA) under a copious water supply. The first 
cutting removed the occlusal enamel, while the sub-
sequent parallel section removed the root portion 
and exposed the pulp chamber, from which the pulp 
tissue was carefully removed. Then, the occlusal 
surface was ground with a 600 grit abrasive paper 
in an Ecomet 3 polisher (Buehler Ltd., Lake Bluff, 

IL, USA) to achieve a standardized remaining den-
tin thickness of about 1 mm from the occlusal sur-
face to the roof of the pulp chamber.

In order to determine the permeability (hydraulic 
conductance) of the specimens, each tooth segment 
was attached to a metal chamber that was con-
nected to a 364 cm high water column by means of 
a silicone tube. All the hydraulic system was filled 
with distilled water. While the fluid flowed through 
dentin tubules, the hydraulic conductance of each 
specimen was measured for 20 minutes by moni-
toring the movement of a tiny air bubble through 
a micropipette, which was positioned between the 
water column and the metal chamber. The hydrau-
lic conductance (µl cm-2min-1 cm H2O

-1) of dentin 
was determined as a function of filtration rate (µl 
min-1), hydrostatic pressure difference across den-
tin (cmH2O), and surface area (cm²), which was 
measured with autoCAD Release 14 software (Au-
todesk, San Rafael, CA, USA). The calculation was 
used to classify samples according to their perme-
ability levels and the following averages were found: 
(1) low (n = 16), 17.1 × 10-3 µl cm-2min-1 cmH2O

-1; 
(2) moderately low (n = 24), 35.4 × 10-3 µl cm-2min-1 

 cmH2O
-1; (3) moderately high (n = 24), 54.2 × 10-3 

 µl cm-2min-1 cmH2O
-1; and (4) high (n = 16), 115.0 

× 10-3 µl cm-2min-1 cmH2O
-1. Later on, the samples 

were distributed by stratified assignment into 8 
groups in accordance with their permeability levels, 
so that a similar mean permeability was achieved 
in each group. The groups were then determined by 
varying the adhesive system, and the presence or ab-
sence of intrapulpal pressure (IPP) simulation.

Three etch & rinse adhesives (Prime & Bond 
NT, PB, Single Bond, SB, and Excite, EX) and one 
self-etch adhesive (Clearfil SE Bond, SE) were se-
lected for this study. The bonding procedures were 
performed according to the manufacturers’ instruc-
tions (Table 1).

In order to provide IPP simulation during the ad-
hesive procedures, the water column of the hydrau-
lic system was adjusted to 15 cm above the sample 
level, providing a pressure of 15 cmH2O. No pres-
sure was induced for the control groups, in which 
the water column was set at the sample level (0 cm). 
At this moment, physiologic saline solution (LBS, 
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São Paulo, SP, Brazil) was used to fill the hydraulic 
system. After the adhesive procedures were carried 
out, Filtek Z250 composite (3M Co., St. Paul, MN, 
USA) was incrementally applied on dentin with the 
auxiliary use of a cone-shaped bipartite Teflon ma-
trix, with 3 mm in diameter and 4 mm in height. 
Each increment was light-cured for 30 seconds us-
ing an XL 1500 light-curing unit (3M Co., St. Paul, 
MN, USA) with a light output of 500 mW/cm². 
All specimens were then stored in distilled water 
at 37°C for 24 hours before tensile bond strength 
(TBS) testing, which was performed in an Instron 
Universal Testing Machine 4442 (Instron Corp., 
Canton, MA, EUA), at a speed of 0.5 mm/min. The 
failure mode was determined at 40 X magnification 
using a light microscope (Olympus Corp., Tokyo, 
Japan) and recorded as adhesive (interfacial failure), 
cohesive in composite, and mixed failure. Kruskal-
Wallis analysis and multiple comparisons test were 
used to determine statistical differences in TBS at a 
significance level of 5%.

Fourteen additional third molars presenting 
moderately high dentin permeability were prepared 
as described before, and then processed for micro-
morphological analysis of the adhesive interfaces 
obtained in each condition. The samples were pro-
cessed as described by Perdigão et al.12 (1995), and 
evaluated by means of scanning electron microscopy 
(Jeol JXA-6400, Tokyo, Japan).

Results
The mean bond strengths and standard devia-

tions are presented in Table 2. 
All the adhesives presented lower TBS when 

applied under IPP simulation, although no statis-
tically significant difference was observed for SE 
and PB. Irrespective of IPP simulation, Clearfil SE 
Bond showed the highest TBS values, while SB and 
PB presented no statistically significant difference 
when compared to each other (p > 0.05). Finally, 
EX achieved the lowest bond strength values, al-
though no statistically significant difference was 

Table 1 - Adhesive systems: chemical composition and application mode.

Adhesive (manufacturer) Composition (batch number) Application

Prime & Bond NT (Dentsply/
Caulk, Milford, DE, USA)

Penta, UDMA, resin di- and trimethacrylate, 
cethylamine/ethylamine hydrofluoride, nanofillers, 
photoinitiators, stabilizer and acetone (109000678)

Apply phosphoric acid 37% for 15 s; rinse for 15 s; 
gently air dry; apply ample amounts of adhesive 
and leave it undisturbed for 20 s; gently air dry; 
photopolymerize for 10 s.

Single Bond 
(3M ESPE, St. Paul, MN, USA)

Bis-GMA, HEMA, dimethacrylates, polyalkenoic acid 
copolymer, initiators, water and ethanol (2GK)

Apply phosphoric acid 37% for 15 s; rinse for 15 s; 
gently air dry; apply 2 layers of adhesive; gently air-
dry; photopolymerize for 10 s.

Excite 
(Ivoclar/Vivadent, Amherst, 
NY, USA)

HEMA, phosphoric acid acrylate, Bis-GMA, 
dimethacrylate, highly dispersed silica, catalysts, 
stabilizers, ethanol (D09387)

Apply phosphoric acid 37% for 15 s; rinse for 15 s; 
gently air dry; apply ample amounts of adhesive 
and scrub the surface for 10 s; gently air-dry; 
photopolymerize for 10 s.

Clearfil SE Bond 
(Kuraray, Osaka, Japan)

Primer: 10-MDP, HEMA, hydrophilic dimethacrylate, 
photoinitiator and water (00185A)
Bond: 10-MDP, Bis-GMA, HEMA, hydrophilic 
dimethacrylate and microfiller (00176A)

Apply primer and leave it undisturbed for 20 s; 
dry with mild air flow, apply bond; gently air flow; 
photopolymerize for 10 s.

Bis-GMA: bisphenol-glycidyl methacrylate; HEMA: hidroxyethilmethacrylate; 10-MDP: 10-methacryloyloxydecyl dihydrogen phosphate; Penta: dipentaeryth-
ritole-pentacrylate-phosphoric acid ester; UDMA: urethane dimethacrylate.

Pulpal Pressure
Adhesive Systems

Clearfil SE Prime&Bond NT Single Bond Excite

Absent 20.2 ± 7.1 A 13.6 ± 4.9 BC  13.7 ± 1.9 B 10.9 ± 3.6 CD

Present  15.7 ± 5.9 A,B 10.7 ± 1.6 CD 9.9 ± 1.5 DE  7.9 ± 2.1 E

Means marked with the same superscript letter are not significantly different (p > 0.05).

Table 2 - Mean bond 
strength to dentin 

(MPa ± standard deviation).
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observed between EX and PB and between EX and 
SB in the absence and presence of IPP, respectively. 
The distribution of fracture patterns is graphically 
presented in Graph 1. Irrespective of the adhesive 

employed in each group, a higher number of ad-
hesive failures was observed in the presence of IPP 
simulation.

Resin tag formation was clearly observed for all 
the adhesive systems used in this study, irrespective 
of the presence or absence of IPP simulation. This 
structure, however, was more evident when the ad-
hesive procedure was performed in the absence of 
fluid flow through dentin (Figure 1).

Discussion
Although it has been indicated that moisture 

on the dentin surface is essential for a successful 
bonding protocol,13 an overwet condition may con-
tribute negatively to the adhesive procedure.14 The 
advantages of a wet bonding technique are related 
to the ability of water to keep the demineralized 
collagen network open during primer infiltration. 
Fluid flow through dentin may, however, result in 
large amounts of water on the surface to be bonded, 

Graph 1 - Graphic presentation of the fracture mode in-
cidence.
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thus hampering the optimal interaction between 
the adhesive and the dentin substrate.7,9,10 Perfusion 
through dentin physically prevents resin monomers 
from infiltrating the dentinal tubules and demineral-
ized collagen network, thus preventing resin tag and 
hybrid layer formation.8 This statement is in agree-
ment with our findings, since a less evident resin 
tag formation was observed in the presence of IPP 
simulation (Figure 1). Furthermore, large amounts 
of water on the dentin surface result in dilution of 
the primer components, and a consequent reduc-
tion in its ability to displace water from the dentin 
surface.15 Excessive moisture on the adherent sub-
strate is also responsible for a lower degree of res-
in monomer conversion, reducing the mechanical 
properties of the adhesive layer.16 Based on these hy-
potheses, many authors have studied the influence 
of IPP on the bonding effectiveness of adhesives to 
dentin by simulating pressures ranging from 30 to  
37 cmH2O.5,6,8,9 Nevertheless, a lower IPP was em-
ployed in the present study since the IPP in a hyper-
emic pulp is not as high as previously established. 
Some in vivo studies have stated that values of ap-
proximately 15 cmH2O should be used to simulate a 
hyperemic pulp condition.17,18

Clearfil SE Bond presented the highest bond 
strength values when compared with the other ad-
hesive systems used in this study, irrespective of the 
presence or absence of IPP simulation. The bonding 
effectiveness of self-etch adhesives has been widely 
reported,19,20 and has been attributed to their abil-
ity to demineralize and infiltrate the dentin surface 
simultaneously to the same depth, preventing in-
complete penetration of the adhesive into the ex-
posed collagen network.20,21 Moreover, the presence 
of smear-layer and smear-plugs during the bonding 
procedure prevents fluid movement through dentin, 
acting as an important barrier to dentin permeabili-
ty.21 Therefore, the smear debris may be able to min-
imize the effects of perfusion through dentin on the 
bonding effectiveness of self-etch adhesives, and this 
explains why Clearfil SE Bond was not influenced 
by IPP simulation in this study. 

Despite its etch & rinse approach, the bonding 
effectiveness of Prime&Bond NT was not influenced 
by perfusion through dentin, even considering the 

possible occurrence of an overwet phenomenon, and 
the consequent phase separation of the more hydro-
phobic components in the adhesive resin.14,16 Taking 
into account that a pressure of 15 cmH2O was used 
in this study, the amount of water on dentin surface 
was probably not large enough to significantly com-
promise the bond strength of the acetone-based ad-
hesive Prime&Bond NT. The water-chasing ability 
of its volatile resin solvent seems to have displaced 
water effectively from the dentin surface, resulting 
in an optimal resin infiltration into the collagen 
network, even in the presence of perfusion through 
dentin. On the other hand, while acetone presents a 
higher capacity to displace moisture from the dentin 
surface by promoting intense water evaporation, al-
cohol and water are less effective for that purpose.8,22 
This evidence can explain the negative influence of 
IPP simulation on the bond strength of Single Bond 
and Excite, both alcohol-based adhesives, and the 
increased number of adhesive failures observed in 
these circumstances, suggesting the development of 
a weakened interaction between these adhesives and 
the perfused dentin.

In an attempt to standardize the dentin substrates 
used in this study, only freshly-extracted, sound, 
young third molars were employed, and the remain-
ing dentin thickness of each specimen was also con-
trolled. However, variability in dentin permeability 
among different teeth was clearly detected after the 
hydraulic conductance measurements. Since varia-
tions in dentin permeability can strongly affect the 
bonding effectiveness of adhesives,15 it was crucial 
not to separate the specimens into the experimen-
tal groups at random, but to take care that all of 
these groups had similar mean dentin permeability. 
Therefore, variability in dentin permeability was not 
a limitation for this study at all, since the samples 
were distributed in accordance with their previously 
established hydraulic conductance.

Finally, by investigating the effects of IPP simula-
tion, it was endeavored to achieve in vitro research 
situations closer to real clinical conditions. Con-
sidering the limitations of every laboratorial study, 
however, the results shown and discussed here are 
but a prediction of the clinical performance of some 
of the currently available bonding systems.
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Conclusions
It could be concluded that IPP simulation may 

interfere with the bond strength of certain adhesive 
systems to dentin, depending on their composition 
and approach. Conversely to self-etch and acetone-
based etch & rinse adhesives, alcohol-based adhe-

sives were negatively influenced by the presence of 
perfusion through dentin in terms of bonding ef-
fectiveness. Finally, the IPP simulation should be 
considered when bond strength methodologies are 
performed in vitro.
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