
Adhesion requires an intimate
contact between a liquid

adhesive and a solid adherent.1 A
relevant criterion for resin restora-
tions is good wetting of tooth sur-

faces by the adhesive systems.2

According to Ruyter,3 adequate
adhesion requires a good wetting
capacity of the adhesive system,
that is, a low contact angle

between the adhesive and adher-
ent. However, the wetting of a
solid by a liquid is determined in
part by the surface free energy of
the solid and the liquid, the surface
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ABSTRACT

Background: Flowability and viscosity vary for different adhesive systems owing to differences in
their composition. These characteristics can be modified by environmental temperature. 

Purpose: The purpose of this study was to determine the influence of temperature on the spread-
ing (flow capacity) of simplified-step adhesive systems. 

Materials and Methods: Spreading velocities of adhesive systems (Adper Single Bond and Single
Bond Plus [3M ESPE, St. Paul, MN, USA]; Prime & Bond 2.1 and Prime & Bond NT [Dentsply
Indústria e Comércio Ltda, Petrópolis, RJ, Brazil]; Adper Prompt [3M ESPE]; and One Up Bond
F [Tokuyama Corp., Tokyo, Japan]) were analyzed at intervals of 10, 15, 20, and 30 seconds at
both 25°C and 37°C by placing 10 µL drops on a glass slide surface with an inclination of 45°.
The spreading of each adhesive system was measured in millimeters per second. 

Results: Data were analyzed by two-way analysis of variance and Student-Newman-Keuls tests.
Regression analysis was used to determine a correlation between spreading velocity and time.
Statistical significance was considered at a confidence level of 95%. Temperature influenced the
spreading velocity, increasing it for Single Bond and Prime & Bond 2.1 and decreasing it for
Adper Prompt (p < .05). No differences on spreading were observed for the other adhesives stud-
ied (p >.05). Regression analysis of each adhesive system demonstrated an inverse correlation
between mean spreading velocity and time (R2 = .999) on both temperatures. 

Conclusions: Temperature increases yielded an increase of spreading for Single Bond and Prime
& Bond 2.1. The influence of temperature on the spreading velocity was material dependent. 

CLINICAL SIGNIFICANCE

Environmental temperature can influence the rate of spreading of the adhesive system in clini-
cally relevant times and may influence adhesive thickness on cavity walls.

(J Esthet Restor Dent 18:38–46, 2006)
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topography of the adherent, and
the viscosity of the liquid.1

Acid-etching of enamel and dentin
causes different changes in the sur-
face free energy of these substrates.
The surface free energy of enamel is
increased, facilitating wettability.3

However, the opposite occurs in
dentin after mineral removal and
exposure of organic components
(collagen fibrils), which is responsi-
ble for reducing surface free
energy.4 Hence, dentin requires an
appropriate adhesive agent to
increase the surface free energy of
dentin, allowing good wettability
and adhesion; this is usually per-
formed by a primer agent or the
first application of a single-bottle
system.5 Additionally, the primer
usually contains organic solvents
that remove a fraction of the water
present around the collagen fibrils
after demineralization in the wet
technique, allowing resin
hydrophilic monomers to infiltrate
the collagen network. 

New dental adhesive systems (sim-
plified-step systems) have been
developed to be less time consum-
ing as they combine the primer and
adhesive in the same bottle (two-
step systems). This is accomplished
by creating a mixture of
hydrophilic and hydrophobic
monomers, with organic solvents.
However, some simplified-step
adhesive systems (single step, self-
etching) present these hydrophilic
and hydrophobic monomers in two
bottles that need to be mixed before

they are applied to the tooth sub-
strate. The solvents in most adhe-
sive systems are basically acetone,
ethanol, or water (or a combination
of the three), whereas the amount
and type of resin monomers vary
according to the manufacturer. 

The heterogeneity of the composi-
tion of adhesive systems influences
their surface free energy,1,6 and the
concentration of each component
contributes to the final viscosity of
the material.7–9 The viscosity of
each adhesive system developed is
different and plays an important
role in the wettability and spread-
ing velocity on a solid surface.9

Wettability and the spreading veloc-
ity are also though to be dependent
on the chemical composition of
adhesive systems.10 The higher the
viscosity of an adhesive, the more
difficult it is to wet a substrate.11

As the solvent evaporates from an
adhesive system, the concentration
of monomers increases.12 The
vapor pressures of solvents are tem-
perature dependent, with acetone
having the lowest vapor12; there-
fore, an increase of temperature
may influence the pressure of sol-
vents commonly used in dental
adhesives.13 Thus, if more solvent
evaporates from an adhesive system
during its clinical application time,
the remaining comonomers should
be more viscous, which might
inhibit wettability and adhesion.13

Increases in temperature decrease
the viscosity of monomers.9 The
influence of temperature on solvent

evaporation and monomer viscosi-
ties can be functionally evaluated
by observing the spreading capaci-
ties of adhesive systems at several
temperatures.13

Few have studied the adhesion
mechanism between solids and liq-
uids using an adhesive system as a
wetting agent.14 Most studies have
used water, which provides a low
contact angle compared with that
of adhesive agents.14,15 Water
spreads and wets the dental sub-
strates more effectively than most
adhesives and tends to overestimate
the wettability of substrates com-
pared with solvated comonomers.

It is important to measure the
spreading (flow capacity) of adhe-
sive systems to a solid surface at
different conditions of temperature
to predict their behavior on cavity
walls. The aim of this study was to
test the null hypothesis that there is
no difference in the spreading of
adhesive systems even when envi-
ronmental temperature changes.

MATERIALS AND METHODS

The spreading of six adhesive sys-
tems (see Table 1 for system and
manufacturer information) on glass
slides surfaces (25 × 75 × 1 mm)
(Corning, Monterrey, Mexico) was
evaluated. The spreading of each
adhesive system was measured at a
surface inclination of 45° to a hori-
zontal surface to simulate an
inclined surface for adhesion, such
as that found in clinical restorative
procedures after the removal of
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caries. This was performed using a
protractor and a base to support
the glass slides. A metallic millime-
ter ruler was placed on the back of
the glass slides to measure the
spreading of the adhesive systems.

Ten-microliter drops were placed
onto the upper half of the glass slide
with a micropipette (Pipetman,
Gilson Medical Electronics S.A., Vil-
liers Le Bel, France), and the spread
of each drop was observed at 10,
15, 20, and 30 seconds and
recorded in millimeters per second.
For each adhesive system, the
spreading was measured five times
on the same glass slide. The glass
slide was changed prior to testing

another adhesive system. The mea-
surements were made after the glass
slide was cleaned with household
detergent to remove any greasy con-
taminants, after which the slide was
rubbed with acetone-soaked gauze
and air blow dried. Groups and
experimental conditions are summa-
rized in Figure 1. None of the adhe-
sives were light cured. 

The experiment was carried out at
controlled relative humidity at
50 ± 5% and controlled room tem-
peratures of 25°C and 37°C. The
temperatures were chosen to simu-
late the temperature of dentin in
prepared teeth isolated by rubber
dam, which is close to room tem-

perature (25°C), and that when no
rubber dam is used (37°C).

Statistical Analysis 
Data were analyzed by a two-way
analysis of variance (ANOVA;
material and temperature). Multiple
post hoc comparisons between
pairs of means were performed
using the Student-Newman-Keuls
test. Regression analysis was used
to determine a correlation between
spreading velocity and time. Statis-
tical significance was considered at
a confidence level of 95%.

RESULTS

The results are shown in Table 2.
Two-way ANOVA indicated a 
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TABLE 1. ADHESIVE SYSTEMS, COMPOSITIONS, AND BATCH NUMBERS.

Adhesive System Composition* Batch No.

Adper Single Bond (3M ESPE Dental BIS-GMA, HEMA, polyalkenoic acid copolymer, 1FH
Products, St. Paul, MN, USA) dimethacrylates, camphorquinone, ethanol, water

Adper Single Bond Plus Similar to classic Single Bond except for the addition 005AA
(3M ESPE Dental Products) of nanofillers

Prime & Bond 2.1 (Dentsply Elastomeric BIS-GMA-diisocyanate adduct, UEDMA, 9875
Indústria e Comércio BIS-DMA, PENTA, photoinitiators, stabilizers, 
Ltda, Petrópolis, RJ, Brazil) cetylamine hydrofluoride, acetone

Prime & Bond NT (Dentsply Di- and trimethacrylate resins, UDMA, PENTA, nanofillers 0306000197
Indústria e Comércio Ltda) (amorphous silicon dioxide), photoinitiators, stabilizers, 

cetylamine hydrofluoride, acetone

One Up Bond F (Tokuyama Corp., MMA, HEMA, coumarin dye, methacryloyloxyalkyl acid 455661C
Tokyo, Japan) phosphate, methacryloxyundecane dicarboxylic acid 

(MAC-10), multifunctional methacrylic monomer, 
fluoramine silicate glass, photoinitiator (acrylborate 
catalyst), water

Adper Prompt (3M ESPE) Methacrylated phosphoric esters, BIS-GMA, initiators, 133511
stabilizers, HEMA, polyalkenoic acid, stabilizers, water

BIS-DMA = bisphenol A dimethacrylate; BIS-GMA = bisphenol A glycidyl methacrylate; HEMA = 2-hydroxyethyl methacrylate; MMA = methyl
methacrylate; PENTA = dipentaerythrytol pentacrylate phosphoric acid ester; UDMA = 1,6-bis(methacryloxy-2-ethoxycarbonylamino)-2,4,4-
trimethylexane; UEDMA = urethane dimethacrylate .
*As per manufacturers’ information.
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statistically significant difference for
materials (p ≤ .001) but not for tem-
peratures (p = .134). There was a
significant interaction between
material and temperature (p = .002).
The Student-Newman-Keuls post
hoc test showed significant differ-
ences between Adper Single Bond
(SB), Prime & Bond 2.1 (PB2.1),
and Adper Prompt (ADP) at both
25°C and 37°C (p < .001). When
the temperature increased, SB and
PB2.1 showed an increase in spread-
ing velocity, whereas ADP showed a
decrease. There were no statistically
differences in the spreading velocity
of the other materials with the dif-
ferent temperatures (p > .05).

Regression analysis of each adhe-
sive system demonstrated a strong
and inverse significant correlation
between mean spreading velocity
and time (R2 = .999) at both 25°C
and 37°C (Figures 2 and 3). The
correlation between spreading
velocity and time for the adhesive
systems PB2.1 and PBNT could
not be performed because the 
flow of these materials stopped
before the shortest 10-second 
measurement time. Nevertheless,
their mean spreading velocities 
for the temperatures studied were
calculated as spreading distance
per 30 seconds, as was done for 
all materials.

DISCUSSION 

To minimize the high viscosity of
monomers such as bisphenol A gly-
cidyl methacrylate (BIS-GMA) or
urethane dimethacrylate (UDMA),
diluent monomers (triethylene gly-
col dimethacrylate [TEGDMA],
2-hydroxyethyl methacrylate
[HEMA]) are included into adhe-
sive systems formulations. The
lower the viscosity of a solution,
the more it facilitates wetting of
substrates and promotes adhe-
sion.11 Additionally, hydrophilic
monomers such as HEMA or
4-methacryloyloxyethyl trimellitate
anhydride (4-META) facilitate
comonomer infiltration into moist

Figure 1. Scheme of study groups and experimental conditions. ADP = Adper Prompt; 
OUB = One Up Bond F; PB2.1 = Prime & Bond 2.1; PBNT = Prime & Bond NT; SB = Adper
Single Bond; SBP = Adper Single Bond Plus.

TABLE 2. SPREADING VELOCITIES OF ADHESIVE SYSTEMS AT DIFFERENT TEMPERATURES TESTED.

Means ± SDs of Spreading Velocity (mm/s)

Temperature Adper Single Bond Adper Single Bond Plus Prime & Bond 2.1 Prime & Bond NT One Up Bond F Adper Prompt

25°C 0.78 ± 0.06Ab 0.50 ± 0.07Aa 1.21 ± 0.16Ac 1.25 ± 0.14Ac 0.70 ± 0.03Ab 1.16 ± 0.18Ac

37°C 0.97 ± 0.15Bbc 0.52 ± 0.09Aa 1.57 ± 0.18Bd 1.15 ± 0.11Ab 0.77 ± 0.11Ac 0.96 ± 0.25Bb

Uppercase letters in the same column and lowercase letters in the same row indicate mean values that are not statistically significant different
(p > .05).



substrates, yielding a more uniform
and less porous hybrid layer.16 The
type and amount of solvents,
monomers, and diluents in the mix-
tures influence viscosity, contact
angle, and surface free energy.6–10

The viscosities of BIS-GMA and
UDMA at 20°C are, respectively,
1,200 and 23.1 Pa s. According to
Silikas and Watts,9 when HEMA or
TEGDMA are mixed with UDMA,
the final viscosity decreases sub-
stantially with increases diluent
concentrations. It has been found
that high TEGDMA dilutions pro-
mote smaller contact angles to solid
surfaces (glass, enamel, and den-
tine) than lower dilutions.8 How-
ever, TEGDMA concentrations are
limited to those that sufficiently
reduce the viscosity because this
monomer slows the polymerization
reaction.17 Besides, high amounts of

TEGDMA lead to a higher concen-
tration of double-bond conversion
and higher post-gel shrinkage, pro-
viding a high ultimate shrinkage
stress development.17

One study demonstrated that as
increasing concentrations of solid
4-META were mixed with other
monomers such as HEMA/urethane
dimethacrylate (UEDMA) or
TEGDMA/UEDMA, there was a
reduction in contact angles, thus
increasing wettability.6 These
authors observed that both
4-META and HEMA increased the
acid component of the monomer
mixture, which is known to
increase wettability. 

The dilution of a viscous monomer
decreases viscosity and allows ade-
quate filler loading,8 but the impor-
tance of this loading is somewhat
controversial.18 The inclusion of
nanofillers in the formulation of an
adhesive system is intended to
increase adhesive viscosity to pre-
vent its overthinning.19,20 This also
provides a thicker adhesive layer,
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Figure 2. Regression analysis between spreading velocity and
time at 25°C. ADP = Adper Prompt; OUB = One Up Bond
F; SB = Adper Single Bond; SBP = Adper Single Bond Plus.

Figure 3. Regression analysis between spreading velocity and
time at 37°C. ADP = Adper Prompt; OUB = One Up Bond
F; SB = Adper Single Bond; SBP = Adper Single Bond Plus.
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thus functioning as an elastic
buffer.21,22 The filler load or percent
mass load differs between products
according to manufacturers’ tech-
nology and is not well described in
the adhesives’ composition. Never-
theless, there is little information
about the shrinkage and stiffness of
these filled adhesives after polymer-
ization.19 The addition of nanofiller
particles to adhesive systems does
not provide a higher bond strength
compared with unfilled systems.18

It has been suggested that filler may
reduce adhesive penetration into
etched dentin, producing a defective
hybrid layer.18 Nanofiller particles
tend to aggregate and are found
congested around the tubular ori-
fices but not within interfibrillar
spaces.23 Fillers or nanofillers may
change the viscosity of some similar
adhesives, as noted in SB and Adper
Single Bond Plus (SBP). Neverthe-
less, this effect could not be
observed using acetone-based PB2.1
and Prime & Bond NT (PBNT).

Adhesive systems have different
formulations, resulting in different
performance characteristics. The
content of monomers, even though
not specified by manufacturers,
makes adhesive system more or less
viscous. The choice of solvent of
adhesive systems often depends
upon the solubility of the adhesive
comonomers.24 Moreover, the per-
centage of solvent is not listed by
the manufacturers since the final
formulation is a proprietary secret.
Solvents decrease the viscosity of
the adhesive solution and thus 

may enhance the penetration of 
the bonding agent into demineral-
ized dentin.13

The acetone-based adhesive sys-
tems (PB2.1 and PBNT) showed
the greatest spreading velocities.
Although acetone has a lower boil-
ing temperature (56.5°C) and a
higher vapor pressure (about
200 mm Hg) compared with the
other components in the adhesive
systems,12,25 its high concentration
is probably responsible for the
higher spreading velocity among
the materials tested. Some authors
have suggested that PB2.1 contains
approximately 81 wt% acetone.13

However, as observed in the present
study, this solvent has a high vapor
pressure that facilitates solvent
evaporation, regardless of tempera-
ture; both PB2.1 and PBNT quit
spreading before 10 seconds. 

The solvents of SB and SBP, ethanol
and water, have vapor pressures of
approximately 43.9 and 17.5 mm
Hg.26 These characteristics are
quite different of those of acetone
and may support the different
spreading velocity results. 

Although PBNT has nanofillers, its
spreading velocity was not statisti-
cally different from PB2.1 at 25°C.
Some authors have related that
nanofillers probably do not
increase the viscosity of PBNT, as
observed in the present study.18

However, when the temperature
increased to 37°C, the spreading
velocity of PB2.1 increased. In con-

trast, PBNT showed similar spread-
ing velocities at both temperatures
tested. We speculate that at 37°C,
acetone evaporated more rapidly
and the presence of nanofillers
increased the viscosity of the sol-
vent-free comonomers, yielding a
lower spreading velocity compared
with that of PB2.1.

Single Bond Plus yielded a lower
spreading velocity compared with
SB, regardless of temperature. The
addition of nanofillers in the for-
mer may explain these results. The
spreading velocity of SB at 25°C
was statistically lower than that at
37°C. This increase in the spread-
ing velocity at 37°C is probably
due to a decrease of monomer vis-
cosity (HEMA and BIS-GMA)
induced by the elevated tempera-
ture.9 A similar increase in spread-
ing velocity was observed for
PB2.1. Silikas and Watts observed
that the viscosity of monomer 
mixtures decreased when tempera-
ture increased from 23°C to 60°C
in their study of the rheology of
UDMA and diluent formulations
(HEMA, TEGDMA) at different
concentrations.9

The solvent content of SB is
approximately 31% of its mass.13

The present study showed that the
spreading velocities of SB and SBP
at 25°C were statistically lower
than those for PB2.1 and PBNT,
which is probably due to the sol-
vent content in each adhesive sys-
tem. However, when the
temperature increased to 37°C,



there were no statistically signifi-
cant differences between SB and
PBNT. Thus, other factors such sur-
face free energy of monomers may
have influenced the results. 

Upon comparison of the two con-
ventional adhesive systems with
nanofillers (SBP and PBNT) at
37°C, it is noted that the spreading
velocities were statistically lower
than their unfilled counterparts 
(SB and PB2.1). However, PBNT
showed a higher spreading velocity
than SBP. Nanofillers and the
amount/type of solvent may explain
these observations, respectively.

The water-based self-etching adhe-
sive systems showed different
spreading velocities at the tempera-
tures tested. One Up Bond F (OUB)
presented similar spreading veloci-
ties, regardless of temperature.
However, the spreading velocity of
ADP decreased when temperature
increased. OUB demonstrated a
lower spreading velocity than did
ADP. The presence of fluoramine
silicate glass filler particles in OUB
is probably responsible for the
observed lower spreading velocity. 

ADP, SB, and SBP contain BIS-
GMA, HEMA, and polyalkenoic
acids in their composition, but they
spread quite differently at 25°C. It
was surprising that when the tem-
perature increased to 37°C, the SB
velocity increased whereas that of
ADP decreased, but they reached

similar spreadings at the final mea-
surements. Whereas the solvents in
SB are water and ethanol, ADP has
only water. Other components, or
their interaction, in ADP may have
more influence on the spreading
velocity at 25°C than does the
amount of solvent of SB. 

It was noted that in all adhesive
systems tested, the spreading veloci-
ties slowed over the 30 seconds,
regardless of the temperature (see
Figures 2 and 3). Presumably, this is
due to a continued evaporation of
the solvent content of each adhesive
system, increasing the viscosity of
the systems and, consequently,
decreasing their spreading velocities
in each time interval.26

The presence of solvents in adhesive
systems during the adhesion proce-
dures is relevant in a variety of
ways. Solvent evaporation is neces-
sary prior to light curing of adhesive
systems to avoid a negative influ-
ence on photopolymerization.27 On
the other hand, the solvent has an
important function in adhesion,
facilitating the removal of water and
the infiltration of the adhesive sys-
tem on the demineralized dentin
substrate.28 Thus, solvent evapora-
tion should not occur before the
hybridization of dental substrates
because if an adhesive system does
not infiltrate properly onto a dem-
ineralized substrate, it will create a
poor-quality hybrid layer that is sus-
ceptible to degradation.26

The results of this study suggest
that adhesive systems spread differ-
ently over a clinically relevant
period of time (30 s). If an adhesive
spreads rapidly along a cavity wall,
it can accumulate on the internal
angles of cavity and yield different
adhesive thicknesses, which can
result in different levels of stress
relief during composite shrinkage.
On the other hand, if there is a uni-
formly thick layer of adhesive along
the cavity border, although stress
relief would be more uniform, there
would be more water sorption into
thicker hydrophilic resin layers.29,30

CONCLUSIONS

The null hypothesis is rejected.
Temperature increased the spread-
ing velocity of adhesive systems for
SB and PB2.1 but decreased it for
ADP. The influence of temperature
on the spreading velocity was mate-
rial dependent. Knowledge of adhe-
sive systems’ composition and
physical characteristics, such as vis-
cosity, may be important to under-
standing their spreading
characteristics on substrate sur-
faces. Further research is needed to
observe the influence of solvent
evaporation on the spreading veloc-
ity onto dental substrates. 
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