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Objectives. To evaluate the bond strength to superficial (SD) and deep (DD) dentin after the

use  of 2.5% (T2.5%) or 4% (T4%) titanium tetrafluoride (TiF4) in aqueous solution as a dentin

pretreatment, or when incorporated into the primer (T2.5%P and T4%P) of an adhesive sys-

tem  (Clearfil SE Bond/CL). Degree of conversion (DC), particle size (PS), polydispersity index

(PI)  and zeta potential (ZP) of the solutions were evaluated.

Methods. Fifty molars were sectioned longitudinally to obtain two slices of each tooth, which

were demarcated into SD and DD. Treatments were applied (n = 10): CL; T2.5%; T4%; T2.5%P;

T4%P. After 24 h or 180 days storage, microshear bond strength tests were performed. The

DC  values of T2.5%P and T4%P were evaluated by FTIR. PS, PI and ZP were measured using

dynamic light scattering.

Results. Analysis of mixed models showed significant effect of concentration of TiF4 * solu-

tion * storage time (p = 0.0075). There were higher bond strength values in SD than in DD

(p  = 0.0105) for all treatments in both times. The failure mode showed adhesive failures in

the majority of groups, irrespective of depth and time (p = 0.3746). The bond strength values

were not affected by treatments. Lower average particle size was observed for T2.5%P and

T4%P at baseline. T2.5% and T4% showed a trend towards agglomeration.
Significance. Higher bond strength values were achieved at SD for all treatments and times.

The failure modes observe

T4%P presented excellent

© 2017 The Academy 

∗ Corresponding author at: Faculdade e Centrode Pesquisas São Leopoldo
ua  José Rocha Junqueira, 13, Bairro Swift, Campinas, CEP: 13045-755, S

E-mail addresses: gabrielebtorres@hotmail.com (G.B. Torres), tania.s
ng),  enricobridi@gmail.com (E.C. Bridi), biagomes@yahoo.com (F.M.G. Fr
F.L.B. do Amaral), sergio@ict.unesp.br (S.E. de Paiva Gonçalves), rbastin
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1.  Introduction

Dentin biomodifiers and dentin pretreatment agents have
been proposed for the purpose of reducing hybrid layer degra-
dation, inhibiting the action of metalloproteinases present in
the dentin matrix, diminishing the incidence of secondary
caries lesions, and acting on bond strength stability [1,2].
Among the dentin pretreatment agents, the application of
an aqueous solution of titanium tetrafluoride (TiF4) promotes
the formation of a massive structure composed of titanium
oxides or organometallic complexes, and a stable, modified,
acid resistant smear layer [3,4]. It is suggested that the incor-
poration of TiF4 in the hybrid layer formed by adhesives could
enhance the underlying dentin by tissue-specific biomodifi-
cation with greater durability [4]. This TiF4 solution has been
used in studies that evaluated the anticariogenic [5,6] and
antierosive [7,8] effect, with concentrations varying from 2.5%
to 4%, which can suggest that these concentrations may also
be used as dentin pretreatment.

Dündar et al. [9] verified that pretreatment with an aque-
ous solution of 2.5% titanium tetrafluoride (TiF4) interfered in
the bond strength of adhesive cements to dentin. For etch-
and-rinse adhesive systems, Devabhaktuni and Manjunath
[10] observed that the application of a 4% aqueous solution
of TiF4 before or after acid etching when using a 3-step adhe-
sive system had no influence on the bond to dentin, whereas
Tranquilin et al. [11] verified that the use of pretreatment with
2.5% TiF4 promoted higher bond strength values of a two-step
adhesive system to dentin. In addition, a hybrid layer micro-
morphology with the formation of more  numerous and larger
diameter tags was obtained, showing the favorable effects of
using this pretreatment.

For self-etching adhesive systems, dentin pretreatment
with 2.5% TiF4 may not interfere in the values of bond strength
to dentin [12–14], possibly due to the fact that these adhesives
have moderate to slight degrees of acidity, and may penetrate
through the glaze-like layer formed after the application of
TiF4, although the micromorphology of the hybrid layer can
be affected with the presence of tags in smaller diameter and
depth. However, the differences in TiF4 concentrations used
(2.5 or 4%) to be applied as dentin pretreatment has not yet
been elucidated.

It should be considered that aqueous solutions of TiF4 for
pretreatment are unstable [15], and there may be the forma-
tion of agglomerates, as demonstrated by Basting et al. [14]
when using concentration of 2.5%. Therefore, the incorpo-
ration of TiF4 into the primer of the two-step self-etching
adhesive system may be an alternative for seeking the greater
stability of the product and making it easy to use, reducing
the clinical steps, and observing that it does not appear to
have any influence on the bond strength to superficial dentin,
or the degree of conversion [14], suggesting that future studies
use TiF4 incorporated into the primer.

However, the bond of adhesive systems to deep dentin has
been reported to be lower than the values shown for superficial
dentin [16,17] due to the lower quantity of intertubular dentin

and collagen fibrils, and larger quantity of water [18] in deep
dentin. Therefore, it would appear that intertubular dentin
pays an important role during hybrid layer formation, sine the
 ( 2 0 1 7 ) 1157–1170

bond strength is directly proportional to the quantity of inter-
tubular dentin available for bonding [19]. Moreover, it must
be considered that over time, the bond may be harmed due
to the presence of matrix metalloproteinases (MMPs), espe-
cially the gelatinases of the MMP-2 and MMP-9 types that lead
to hybrid layer degradation [20–22]. Niu et al. [23] observed
that MMP-2 was more  concentrated in deep dentin and at the
amelo-dentin junction, while MMP-9 presented a decreasing
distribution from deep dentin in the direction towards super-
ficial dentin, capable of influencing the longevity of the bond
in the different depths of the dentin substrate [24].

Therefore, the aim of this study was to evaluate the
longevity of the bond to superficial and deep dentin; fail-
ure mode, hybrid layer micromorphology when using TiF4 at
the concentrations of 2.5% or 4% in an aqueous solution for
dentin pretreatment, or incorporated into the primer of a two-
step self-etching adhesive system; the degree of conversion of
adhesive systems containing TiF4, as well as the particle size,
polydispersity index and zeta potential of the TiF4 solutions.
The null hypotheses to be tested were: (1) short-term bond
strength to dentin at different dentin depths, fracture mode
and micromorphological features of the hybrid layer when
using 2.5% or 4% TiF4 incorporated into the primer or when
using dentin pretreatment with 2.5% or 4% aqueous solutions
of TiF4would be similar; (2) the degree of conversion, particle
size, polydispersity index and zeta potential of the two-step
adhesive system would not be affected by the incorporation
of 2.5% or 4% TiF4 into the primer/aqueous solution.

2.  Materials  and  methods

2.1.  Microshear  bond  strength  test

Fifty sound third molars were obtained after patient con-
sent and approval by the local ethics committee (CAAE
46933615.3.0000.5374). The teeth were cleaned and stored in a
0.1% thymol solution until the beginning of the experimental
phase, and for a period not exceeding six months.

The specimens were prepared according to the methodol-
ogy presented by Zhang et al. [24]. Two sections, 2 mm thick
(Fig. 1A) were first made along the longitudinal axis of the
tooth to remove the lingual and buccal tooth tissues (Fig. 1A).
The remaining middle portion of each crown was then sec-
tioned in the middle part, along the same direction, to obtain
two slabs (approximately 2.0 mm thick each) (Fig. 1B) from the
same tooth.

The two slices obtained from each tooth were embedded in
polyester resin (Massa Fix, Royal Polímeros Indústria e Comér-
cio de Produtos Químicos Ltda, SP, Brazil). The dentin surfaces
were planed with abrasive papers impregnated with 600 grit
aluminum oxide (3 M do Brasil, Sumaré, SP, Brazil) fitted to
a water cooled, pneumatic rotary electric polishing machine
(Ecomet 250, Buehler Ltda, Lake Bluff, IL, USA). The blocks were
ultrasonically cleaned in deionized water for 10 min. After this,

one slice of each tooth, which corresponded to the time of 24 h,
and another slice from the same tooth, corresponding to the
time of 180 days were identified, totaling 50 slices for each time
interval.

dx.doi.org/10.1016/j.dental.2017.07.016
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Table 1 – Study groups and number of slices prepared according to dentin treatment to be performed.

Group/abbreviation
lot number/

Number of slices
— time 24 h

Number of slices
— time 180 h

Composition/pH Treatment Protocol for
use

Manufacturer (City,
State, Country)

Clearfil SE Bond/CL
051553

10  10 Primer:
10-methacryloyloxydecyl

dihydrogen phosphate
(MDP), 2-hydroxyethyl
methacrylate (HEMA),

hydrophilic dimethacrylate,
Camphorquinone,

N,N-Diethanol p-toluidine,
water

Application of 2-step
self-etching adhesive
system (without
incorporation of TiF4)

- Apply primer actively for
20 s;

Kuraray Medical Inc. (1621
Sakazu, Kurashiki,
Okayama, Japan)

pH 1.76 - Apply light jet of air;
Bond:

10-methacryloyloxydecyl
dihydrogen phosphate

(MDP); Bisphenol
A-diglycidyl dimethacrylate
(Bis-GMA); 2-hydroxyethyl

methacrylate (HEMA),
hydrophilic dimethacrylate,

Camphorquinone,
N,N-diethanol p-toluidine,
Silanized Colloidal Silica

-  Apply bond;

pH 1.81 -  Light activation for 10 s

Pretreatment with TiF4

2,5% + Clearfil SE
Bond/T2.5%/MKBR9299V/051553

10  10 Pretreatment: 2.5% TiF4,
distilled and deionized

water

Dentin pretreatment with
aqueous solution of 2.5%
TiF4, followed by
application of the two-step
self-etching adhesive
system (without
incorporation of TiF4)

- Apply pretreatment
actively for 60 s;

Sigma Aldrich (Saint Louis,
MO, USA)/Kuraray Medical
Inc. (1621 Sakazu,
Kurashiki, Okayama, Japan)pH 1.04 + Primer + Bond - Apply primer actively for

20 s;
- Apply light jet of air;

- Apply bond;
- Light activation for 10 s.

dx.doi.org/10.1016/j.dental.2017.07.016
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– Table 1 (Continued)

Group/abbreviation
lot number/

Number of slices
— time 24 h

Number of slices
— time 180 h

Composition/pH Treatment Protocol for
use

Manufacturer (City,
State, Country)

Pretreatment with TiF4

4% + Clearfil SE Bond/T4%
MKBR9299V/ 051553

10  10 Pretreatment: 4% TiF4,
distilled and deionized

water

Dentin pretreatment with
aqueous solution of 4% TiF4,
followed by application of
the two-step self-etching
adhesive system (without
incorporation of TiF4)

-  Apply pretreatment actively for 60 s; Sigma Aldrich (Saint Louis,
MO, USA)/Kuraray Medical
Inc. (1621 Sakazu,
Kurashiki, Okayama, Japan)pH 0.87 + Primer + Bond - Apply Primer actively for

20 s;
- Apply light jet of air;

- Apply bond;
- Light activation for 10 s.

2.5% TiF4 incorporated into
primer of Clearfil SE
Bond/T2.5%P MKBR9299V/
051553

10 10 2.5% TiF4 incorporated into
Primer

Application of the primer
with 2.5% TiF4 incorporated
into it, followed by the
application of the bond of
the two-step self-etching
adhesive system (without
incorporation of TiF4)

- Apply primer with TiF4

incorporated into it actively
for 20 s;

Sigma Aldrich (Saint Louis,
MO, USA)/Kuraray Medical
Inc. (1621 Sakazu,
Kurashiki, Okayama, Japan)pH 1.82 + Bond -  Apply light jet of air;

- Apply bond;
- Light activation for 10 s.

4% TiF4 incorporated into
primer of Clearfil SE
Bond/T4%P MKBR9299V/
051553

10  10 4% TiF4 incorporated into
primer

Application of the primer
with 4% TiF4 incorporated
into it, followed by
application of the bond of
the two-step self-etching
adhesive system (without
incorporation of TiF4)

- Apply primer with TiF4

incorporated into it actively
for 20 s;

Sigma Aldrich (Saint Louis,
MO, USA)/Kuraray Medical
Inc. (1621 Sakazu,
Kurashiki, Okayama, Japan)pH 1.61 + Bond -  Apply light jet of air;

- Apply bond;
- Light activation for 10 s.

dx.doi.org/10.1016/j.dental.2017.07.016
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Fig. 1 – Specimen preparation for microshear bond strength evaluation in different depths of dentin (A) first sectioned along
the longitudinal axis of the tooth; (B) two  slabs obtained from the same tooth, by sectioning along the same direction as in
A0; (C) one of the tooth slices embedded and planed; (D) superficial and deep dentin positioned in the tubes; (E) resin
composite insertion into the tubes; (F) resin composite cylinders fabricated; please observe three cylinders corresponding to
t  den
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The slices of each time interval were randomly divided
nto five groups, according to the adhesive treatments (n = 10)
Table 1).

In Group CL, the adhesive system was applied in
ccordance with the two-step self-etching adhesive system
anufacturer (Clearfil SE Bond) (Table 1). For the T2.5% and

4% Groups, dentin pretreatment was performed with 2.5%
r 4% titanium tetrafluoride. The titanium tetrafluoride was
cquired in the pro-analysi (P.A.) form, and manipulated at
he concentration of 2.5% or 4% in deionized distilled water
weight:volume) and applied as presented in Table 1. After
retreatment, the adhesive system was applied and light
ctivated, in accordance with the manufacturer’s instruc-
ions. For Groups T2.5%P and T4%P, the titanium tetrafluoride
as acquired in the pro-analysi (P.A.) form, and manipulated

t the concentration of 2.5% or 4% diluted in the primer
weight:volume) of the two-step self-etching adhesive system
nd was actively applied (rubbing) with a disposable paint
rush as presented in Table 1.

The pH values of the aqueous solutions and primers
anipulated with TiF4 in the different concentrations, and the

rimer and bond of the adhesive system used, were measured
n triplicate with a microelectrode (Model 2A14, Analyser
nstrumentação Analítica, São Paulo, SP, Brazil) and pH-meter
Model MPA 210, MS  Tecnopon Instrumentação, Piracicaba, SP,
razil).

On each slice, before the adhesive system was light acti-
ated, Tygon type microcylinders were positioned (internal
iameter 0.8 mm and height 2 mm)  (Fig. 1D) in different

ocalizations of the surfaces treated, denominated superficial
entin (DS) and deep dentin (DP). For the purpose of delim-

ting DS and DD dentin, the surface of the slab was marked
y a line to delineate two zones of equal width to represent

ifferent dentin depths [24]. There was no way of placing the
icrocylinders tangentially to the roof of the pulp chamber

r to the dentin-enamel junction, and leaving at least 1 mm
tin region, after removal of the tubes.

distance from the roof of the pulp chamber or from the dentin-
enamel junction. After light activating the adhesive with a LED
light appliance (Valo, Ultradent, South Jordan, UT, USA; wave-
length range of 395–480 nm at an intensity of 1000 mW/cm2),
the hybrid resin composite (FiltekMR Z250 XT, 3 M ESPE, Irvine,
CA, USA, shade A2, lot number: 228214) was carefully inserted
into the tubes (Fig. 1E) and light activated at once to avoid
influence of multiple light activations. Light activation was
performed for 20 s — the time recommended by the resin com-
posite manufacturer — by applying the light parallel to the
long axis of the cylinder. In general, 3 cylinders were posi-
tioned in superficial dentin, and 2–3 cylinders in deep dentin
(Fig. 1F).

After storage in artificial saliva at 37 ◦C for 24 h, the tubes
belonging to the group that would be evaluated in the 24-
h time interval were carefully removed with a No.11 scalpel
blade, leaving the resin composite cylinder apparent. For the
group evaluated in the 180-day time interval, the test spec-
imens were stored in individual receptacles in an artificial
saliva solution (pH 7; 1.5 mM calcium; 0.9 mM phosphorous;
0.15 M potassium chlorate; 0.02 M tris buffer) [25] that was
changed on a weekly basis, to be tested after the storage
period.

For the microshear bond strength tests, the blocks contain-
ing the tooth slices were fixed to the universal test machine
device (Ez-LX 5 kN, Kyoto, Japan). The resin composite cylin-
ders remained aligned to the load cell of 20 kgf. A stainless
steel metal wire 0.2 mm in diameter was simultaneously
looped around the prolongation of the machine load cell and
one of the resin composite cylinders. The wire was kept in con-
tact with the bottom semicircle of the cylinders as closely as
possible to the area of the bond to the composite resin surface.
A speed of 0.5 mm/min  was used, until fracture of the cylinder

occurred. The values at the time of fracture were recorded in
N and converted into MPa.

dx.doi.org/10.1016/j.dental.2017.07.016
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2.2.  Failure  mode  analysis

The fracture type was evaluated under a stereoscopic lens
(Model EK3ST, Eikonal Equip Ópticos e Analíticos, São Paulo,
São Paulo, Brazil) at 20× magnification. The fracture types
were classified into adhesive, cohesive in dentin or in resin,
or mixed. The fracture types were classified as cohesive when
there was predominance of over 50% of the fracture in the body
of dentin, or body of resin; adhesive when over 50% of the fail-
ure occurred at the junction between the dentin and resin; and
mixed when it was adhesive and cohesive at the same time.
Representative images of the fractures were acquired by scan-
ning electron microscopy (Phenom Pro X, Phenom-World BV,
Eindhoven, Denmark) at 330× magnification, used in standard
mode under vacuum, and operating at a voltage of 10 kV.

2.3.  Micromorphological  analysis  of  the  hybrid  layer

Ten sound third molars were used to evaluate the hybrid
layer interface in the region of superficial dentin region. For
this purpose, flat occlusal surfaces were obtained in dentin
by removing the portion of occlusal enamel perpendicular
to the long axis of the tooth, with a diamond disc mounted
in a precision electric cutting machine(Isomet 1000 Precision
Diamond Saw, Buehler Ltd, Lake Bluff, Illinois, USA). The frag-
ments were taken to a water-cooled, rotary polishing machine
(Politriz Aropol 2 V, Arotec, Cotia, SP, Brazil),with the use of 600
grit aluminum oxide abrasive papers (Imperial Wetordry, 3 M,
Sumaré, SP, Brazil).

After this, the teeth were divided among the groups,
according to the five adhesive treatments (n = 2) (Table 1). After
application of the adhesive treatments one resin composite
block (Filtek Z350, 3 M ESPE, Saint Paul, MN, USA) measuring
4.0 mm high and 4.0 mm wide was fabricated on the tooth
by the incremental technique. The first layer, approximately
2.0 mm thick was placed and light polymerized for 40 s. The
second layer was placed and was also light activated for 40 s.
After this, the resin was light activated for 20 s on each of its
two sides.

The dentin/resin composite block sets were fixed onto
acrylic plates for position in a metallographic cutting machine
(Isomet 1000 Precision Diamond Saw, Buehler Ltd, Lake Bluff,
Illinois, USA) to cut sections approximately 1 mm thick in the
vestibular-lingual direction. One section of each tooth was
prepared for analysis by scanning electron microscopy [26],
with planing being performed with decreasing (400, 600, 1200)
grits of aluminum oxide abrasive papers (Imperial Wetordry,
3 M,  Sumaré, SP, Brazil) and polishing with diamond paste
(Arotec SA Ind. E Com., Cotia, São Paulo, Brazil). After abun-
dant rinsing, the specimens were demineralized, rinsed again,
deproteinized, dehydrated in ethanol, chemically dried with
HMDS (hexamethyldisilazane) and mounted on aluminum
stubs. The specimens were examined by scanning electron
microscopy (Phenom Pro X, Phenom-World BV, Eindhoven,
Denmark), used in standard mode under vacuum, and operat-
ing at a voltage of 10 kV. The entire extent of the bond interface

of each specimen was carefully scanned at 500× magnifica-
tion. After this, the most representative area of each specimen
was photographed at 1500× magnification. The interface mor-
phology was analyzed in relation to hybrid layer formation,
 ( 2 0 1 7 ) 1157–1170

by analyzing its integrity and thickness, as well as presence,
uniformity of size and disposition of resin tags.

2.4.  Degree  of  conversion  analysis

The degree of conversion of the primer solutions either con-
taining TiF4, or not were dynamically analyzed by means of
Fourier Transform Infrared Spectroscopy (FTIR, PerkinElmer
Spectrum — One Fourier transform infrared spectropho-
tometer, Waltham, MA,  USA) with resolution of 4 cm−1. The
technique consisted of collecting the radiation reflected from
the interface between the solution and crystal (ATR), showing
the transformation of the double carbon bonds (C C) in the
range of intensity of 1638 cm−1, in simple bonds (C C) in the
range of 1608 cm−1.

For each group, the quantity of 5 �L of primer of the self-
etching adhesive system Clearfil SE Bond (with or without TiF4

at the concentrations of 2.5 or 4%) was deposited on the ATR
crystal of the equipment, followed by the addition of 5 �L of
bond; the mixture between the components was performed
with the use of an extra-fine disposable applicator brush (Cav-
ibrush, FGM, Joinville, SC, Brazil) for the time of 10 s. Radiation
was analyzed by collecting the first 10 spectra, with the addi-
tion of the LED light activating appliance (VALO Curing Light,
Ultradent Products Inc., South Jordan, Utah, USA) 10 s, at a
standardized distance of 2 mm.  The degree of conversion was
monitored for 2 min. The absorption-spectra were automat-
ically collected by the equipment by means of the TimeBase
(PerkinElmer) software, and saved in a format compatible with
the Excel program for calculating the conversion data. The pro-
cess of recording the spectra was repeated 5 times for each
formulation, from which the mean degree of conversion was
obtained for each experimental condition. The degree of con-
version measurements were based on the baseline technique
[27], in which:

DC (%) =
(

100 −
(

1638 cm−1

1608 cm−1 polymerized

1638 cm−1

1608 cm−1 unpolymerized

))
× 100

2.5.  Particle  size,  polydispersity  index  and  zeta
potential  (colloidal  stability)  of  incorporated  solutions

The aqueous solution of TiF4 (T2.5% and T4%), the primer
of Clearfil SE Bond (Primer CL), and the TiF4 incorporated
into the primer (T2.5%P and T4%P) were analyzed rela-
tive to particle size, polydispersity index and zeta potential
(colloidal stability). Dynamic light scattering was used to mea-
sure the size and size distribution of very small particles
(nanoparticles) dispersed in a liquid (polydispersity index)
[28]. The polydispersity index measures of the heterogene-
ity of sizes of molecules or particles in a mixture. Colloidal
stability was investigated using an indirect procedure, based
on the knowledge of the zeta potential, by means of the
Helmholtz–Smoluchowski model [29]. These three properties

were evaluated to study the distribution of the nanoparticles
in the solution. The average particle size, polydispersity and
zeta potential of the solutions were measured with the use of
a Zetasizer Nano ZS (Malvern Instruments, Malvern, UK).

dx.doi.org/10.1016/j.dental.2017.07.016


d e n t a l m a t e r i a l s 3 3 ( 2 0 1 7 ) 1157–1170 1163

e co

m
t
c
T
w

e
T
e
m
t
i
a
a
f
m
p
s
p
o

2

T
f
m
w
t
o
b
a
m
w
M
T

Fig. 2 – Distribution of frequencies of the fracture typ

The intensity of light scattered was used to calculate the
ean hydrodynamic diameter (Z-average mean), based on

he Stokes–Einstein equation, which assumes that the parti-
le is spherical. The polydispersity index ranges from 0 to 1.
he larger the polydispersity index, the broader the molecular
eight [30].

Zeta potential analysis was carried out using laser doppler
lectrophoresis with 20 runs per measurement at 25 ◦C.
he zeta potentials were automatically calculated from the
lectrophoretic mobility using the Smoluchowski’s approxi-
ation: UE = 2 × ε × z × f(ka)/3 × � → z ≈ UE × �/ε, where UE is

he electrophoretical mobility, ε is the dielectric constant, z
s the ZP, f(ka) is Henry’s function, and � is the viscosity. This
pproximation is generally applied when the measurements
re carried out in aqueous media, and it considers that Henry’s
unction takes a value of 3/2. The colloidal stability is deter-

ined by measuring electrophoretic mobility of the dispersed
articles in the electric field applied. For each group, the analy-
es (particle size, polydispersity index and zeta potential) were
erformed in triplicate at 25 ◦C immediately after preparation
f the solutions.

.6.  Statistical  analysis

he microcylinders that failed before the test (premature
ailures) were excluded from the analysis for evaluating the

icroshear bond strength, and the mean value of each tooth
as considered according to the cylinders submitted to the

ests at each depth and in each time. Exploratory analysis
f the bond strength data indicated the removal of outliers
elonging to Groups T2.5%P – DS – 180 days, T4%P – DS – 24 h
nd T4%P – DP – 180 days. We  applied the methodology of

ixed models for repeated measures in the split plot design
ith factors assigned to the plot and additional treatments.
ultiple comparisons were made with the Tukey–Kramer Test.
he Exact Fisher Test was used to compare the fracture type
nsidering the group, storage time and dentin depth.

between the groups. Exploratory analysis of the degree of con-
version data indicated an outlier in the group with T2.5%P.
After removal of this value, one-way Analysis of Variance
(ANOVA) was applied. Exploratory analysis indicated the log-
arithmic transformation for the polydispersity index and an
outlier for average particle size (T2.5%, at 28 days). The aver-
age particle size, polydispersity index and zeta potential were
analyzed using mixed models for repeated measures in time
(PROC MIXED), and multiple comparisons were performed
using the Tukey Kramer test. The analyses were performed in
the R (R Core Team 2015, Vienna, Austria) and SAS (Release 9.2,
2008, SAS Institute Inc., Cary, NC, USA) programs, considering
the level of significance of 5%.

3.  Results

The percentage of premature microcylinder failures in the
bond strength tests ranged from 6.9% to 40.0% (Table 2). When
using dentin pretreatment with 4% TiF4 aqueous solution on
deep dentin, the percentage of premature failures (40%) at
both time intervals was higher than that of all the other
groups.

Analysis of mixed models showed there was no interaction
between the factors of TiF4 concentration × incorporation
solution × dentin depth × storage time (p = 0.7395); incorpora-
tion solution × dentin depth × storage time (p = 0.4121); TiF4

concentration × dentin depth × storage time (p = 0.8189); or
between TiF4 concentration × incorporation solution × dentin
depth × (p = 0.9087). There was triple interaction between
the factors of TiF4 concentration × incorporation solu-

tion × storage time × (p = 0.0075), and the authors observed
that there were significantly higher bond strength values
for Group T4%P at the 180 day time period for both dentin
depths (Table 3). There were higher bond strength values
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Table 2 – Distribution of frequencies of premature fractures considering the group, time and dentin depth.

Time Dentin depth Treatment Premature failure Total

N % N %

24 h SD CL 5 19.2 26 100.0
T2.5% 7 26.9 26 100.0
T4% 4 14.8 27 100.0
T2.5%P 5 22.7 22 100.0
T4%P 7 25.9 27 100.0

DD CL 4 20.0 20 100.0
T2.5% 3 15.0 20 100.0
T4% 8 40.0 20 100.0
T2.5%P 3 15.0 20 100.0
T4%P 4 20.0 20 100.0

180 days SD CL 5 19.2 26 100.0
T2.5% 3 10.7 28 100.0
T4% 5 17.9 28 100.0
T2.5%P 2 6.9 29 100.0
T4%P 5 18.5 27 100.0

DD CL 6 30.0 20 100.0
T2.5% 5 25.0 20 100.0
T4% 8 40.0 20 100.0
T2.5%P 3 15.0 20 100.0
T4%P 5 25.0 20 100.0

Table 3 – Mean bond strength values in MPa (standard deviation) according to solution incorporated, concentration of
TiF4, dentin depth and storage time.

Groups Dentin depth Time

24 h 180 days

CL SD *12.62 (2.69) A *14.03 (4.48) A
DD 8.50 (3.96) A 10.52 (4.30) A

T2.5% SD *11.30 (2.70) A *13.35 (4.56) A
DD 9.80 (3.26) A 10.57 (2.12) A

T4% SD *11.65 (3.11) A *11.78 (3.23) A
DD 11.42 (4.77) A 8.80 (4.31) A

T2.5%P SD *10.61 (4.36) A *11.23 (2.72) A
DD 9.63 (3.90) A 9.93 (3.42) A

T4%P SD *7.94 (1.35) B *12.31 (4.47) A
DD 7.00 (3.00) B 11.39 (3.25) A

Means followed by different letters in the horizontal, differ between them (p ≤ 0.05).
ference between the concentrations (p = 0.4410), incorporation solutions

Table 4 – Mean degree of conversion values in
percentage (standard deviation) according to groups.

Concentration of TiF4
incorporated into primer

Mean (standard deviation)

Absent 76.74 (6.49) A
2.5% 77.66 (1.69) A
4% 76.43 (3.00) A

Means followed by equal letters do not differ among one another
∗ Differed from deep depth (p = 0.0105). There was no significant dif
(p = 0.1051), or between the control and the other groups (0.2970).

for superficial dentin than deep dentin (p = 0.0105) for all
treatments at both storage time periods.

Fig. 2 shows the distribution of frequencies of the fracture
type according to the storage time, dentin depth and group.
The authors observed that a higher prevalence of adhesive
type fractures occurred in most of the groups, irrespective of
depth and time (p = 0.3746).

Fig. 3 presents a representative image  of the fracture modes
observed by scanning electron microscopy (SEM).

Evaluation of micromorphology (Fig. 4) showed that all
the treatments promoted hybrid layer formation. The use of
Clearfil SE Bond (Fig. 4A) led to the formation of longer and
more  voluminous resin tags, compared with the other treat-

ments. When TiF4 was used in an aqueous solution as a
pretreatment in the different concentrations, or incorporated
into the primer, the authors verified uniformly distributed tags
(p = 0.9134).

throughout the entire hybrid layer, but of smaller diameter and
depth (Fig. 4B–E).
One-way Analysis of Variance (ANOVA) showed that there
were no significant differences in degree of conversion
(p = 0.9134) between the groups (Table 4).
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Fig. 3 – Images representative of the fracture modes observed by scanning electron microscopy (SEM). (A) Adhesive; (B)
cohesive failure in dentin; (C) cohesive failure in resin; (D) mixed  failure.

Table 5 – Particle size, polydispersity and zeta potential values (standard deviation) according to groups and time periods.

Analyses Group Time

Baseline 14 days 28 days

Particle size (in nm) Primer CL* 277.87 (4.45) Ac 366.47 (18.85) Ac 242.33 (15.11) Ab
T2.5%* 569.03 (27.64) Ca 1135.07 (133.08) Aa 736.85 (60.46) Ba
T4% 406.70 (23.58) Bb 704.40 (44.90) Ab 671.20 (35.61) Aa
T2.5%P* 86.44 (0.42) Ae 124.57 (1.21) Ad 134.53 (1.38) Ab
T4%P 199.97 (0.81) Ad 172.83 (2.27) Acd 187.90 (0.26) Ab

Polydispersity index Primer CL* 0.42 (0.04) Aa 0.39 (0.02) Ab 0.33 (0.01) Abc
T2.5%* 0.44 (0.06) Ba 0.77 (0.08) Aa 0.80 (0.18) Aa
T4% 0.34 (0.04) Ba 0.64 (0.31) Aab 0.52 (0.02) ABab
T2.5%P* 0.11 (0.02) Bb 0.14 (0.02) ABc 0.21 (0.01) Acd
T4%P 0.14 (0.01) Ab 0.17 (0.01) Ac 0.15 (0.03) Ad

Zeta potential (in mV) Primer CL* −61.00 (1.65) Bc −58.07 (1.68) Ac −58.17 (0.59) ABc
T2.5%* −9.32 (0.24) Ba −7.16 (0.61) Ba −3.92 (1.05) Aa
T4% −6.80 (0.38) Ba −4.02 (0.29) Aa −3.32 (1.22) ABa
T2.5%P* −60.30 (2.10) Cc −47.00 (1.78) Bb −43.83 (0.93) Ab
T4%P −44.73 (1.59) Ab −51.67 (2.41) Bb −48.47 (2.83) Ab

case 

y
a

Means followed by different letters (lowercase in columns and upper
∗ [14].
The interaction between the groups and the time periods
ielded significant differences for the average particle size
nd zeta potential (p = 0.0001) and for the polydispersity index
in lines) differed statistically (p ≤ 0.05) for each analysis.
(p = 0.0004). Lower average particle size values were observed
for T2.5%P, followed by T4%P at baseline, without differences
over time. Higher average particle size values were observed
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Fig. 4 – Photomicrograph of bond interface at 1500× magnification. (A) Hybrid layer formed after application of Clearfil SE
Bond; (B) T2.5%; (C) T4%; (D) T2.5%P; (E) T4%P. RC — resin composite; * — hybrid layer; T — tags; D — dentin.
for the 2.5% TiF4 aqueous solution (T2.5%) at baseline and
14-day evaluation, and for both TiF4 aqueous solutions con-
centrations (T2.5% and T45) at the 28-day evaluation (Table 5).
Lower values were obtained for the polydispersity index at

baseline and at 14 days for both concentrations of TiF4 in
the primer, at all time points. However, the polydispersity
index for T2.5%P increased over time, showing a mid-range
value, meaning that the distribution algorithms work best
over a number of benchmarks. The 2.5% TiF4 aqueous solution
showed very broad distribution of particle sizes at 14 days and
28 days of the study (values higher than 0.7) (Table 5). Zeta

potential values were negative, showing that the nanoparti-
cles were negatively charged. At baseline, lower zeta potential
was observed for both concentrations of TiF4 aqueous solu-

dx.doi.org/10.1016/j.dental.2017.07.016
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ion, and showed a trend toward agglomeration over time.
2.5%P showed a zeta potential value similar to that of CL
rimer at baseline, increasing over time to a value not unlike
hat of T4%P at the 28-day evaluation.

.  Discussion

n the present study, both aqueous solutions of TiF4 with
oncentrations of 2.5% and 4% used prior to a two-step self-
tching adhesive system had no influence on bond strength to
entin in the immediate time interval. Although the aqueous
olutions of TiF4 had low pH values (1.68 and 1.52 for the con-
entrations of 2.5% and 4%, respectively), which causes them
o be considered strongly acid etching agents, they themselves
id not lead to dentin demineralization [4], but they promoted
he formation of a titanium dioxide layer on the dentin sur-
ace, due to the chemical bond between titanium and the
xygen of the phosphate group of dentin [3]. Nevertheless,
n spite of the moderate acidity of the Clearfil SE Bond adhe-
ive system, it was effective in penetrating the vitreous layer
ormed by the application of the aqueous solution of TiF4 due
o the acidity of the self-etching primer, thus allowing dem-
neralization of the modified superficial dentin layer, leading
o hybrid layer formation [12–14]. It should also be considered
hat the bond was favored by the presence of the hydrophilic
unctional monomer 10-MDP that significantly contributed to
he chemical bond to dentin [31,32].

However, dentin pretreatment represents an additional
tep in adhesive procedures. Thus incorporation of the TiF4

nto the self-etching primer was proposed with the purpose
f simplifying the hybridization sequence with the benefits
f using this agent as a dentin biomodifier [14]. From this
spect, when TiF4 was incorporated into the primer at the dif-
erent concentrations, the authors observed no difference in
he bond strength to dentin in the immediate time interval,
ot even when compared with the control groups, and when
sing TiF4 in an aqueous solution as pretreatment.

When incorporating TiF4 into the self-etching primer,
ttention must also be paid to the physico-chemical charac-
eristics of the new material obtained, because the degree of
onversion and pH, as well as its mechanical properties may
e changed. The percentage size and shape of particles may
ave a significant influence on the rheological properties of
he resin materials [33,34]. However, the present study showed
hat the degree of conversion of the adhesive system when
ncorporating TiF4 into it at the different concentrations was
ot influenced, compared with the adhesive system without

he incorporation of TiF4.
The size of the TiF4 molecule is 0.55 nm [15], which is much

maller than the nanoparticles of silica filler (7 nm on an aver-
ge) [34] or the vitreous particles of SiO2–BaO (180–500 nm on
n average, of each agglomerate) [35] that are generally used
n adhesive systems. Studies have observed that the smaller
he mean particle size, the greater the viscosity of the resin

aterial [33]. Even considering the low concentrations of par-

icles incorporated. The higher degree of viscosity has been
ttributed to the larger surface area of the smaller particles
hen compared with the same concentration of mass of large
articles [34], which may impede their penetration into dentin.
 0 1 7 ) 1157–1170 1167

However, it must be considered that the self-etching primer
used did not contain an inorganic component (filler) and not
even Bis-GMA in its composition. This may have compromised
its diffusion into dentin to an even greater extent, due to the
high molecular weight of the monomer and filler [36], because
from a visual aspect, the viscosity of the primer into which TiF4

was incorporated at the different concentration did not appear
to be affected. Furthermore, the fact of the primer containing
hydrophilic monomers and water made it easy to incorpo-
rate and manipulate the material — contrary to what happens
when incorporating these particles into the bond — allowing
a higher level of diffusion on the dentin surface and favoring
hybrid layer formation [14].

In fact, the addition of TiF4 to the aqueous solution at
2.5% or 4% showed that the attractive forces among parti-
cles exceeded the repulsion, and the dispersion flocculated,
while the incorporation of TiF4 into the primer did not exhibit
the trend towards agglomeration, especially at 2.5%. The zeta
potential measurements showed that the electrostatic poten-
tial of particles was directly related to their dispersion stability
by the electrostatic repulsion. When the potential was small,
attractive forces could exceed this repulsion and the disper-
sion could break and flocculate [37]. Similar zeta potential
values were obtained for the 2.5% TiF4 incorporated into
the primer and Clearfil primer without incorporation, which
meant that no agglomeration was observed, and they pre-
sented excellent stability and mid-range polydispersity index
values, as was previously observed by Basting et al. [14]. Incip-
ient stability was obtained for the aqueous solution of TiF4 at
baseline for both concentrations, which decreased over time,
showing rapid coagulation or flocculation at 28 days and a
non-uniform dispersity. These results corroborated the aver-
age size particle values, as aqueous solutions of TiF4 presented
the higher particle size values (mean of 569.03 for T2.5% and
406.70 for T4% at baseline), while 2.5% and 4% TiF4 incorpo-
rated into the primer showed the lowest values at all time
points, without differing from Clearfil Primer at 28-days eval-
uation. The authors hypothesized that TiF4 would be more
stable in a primer formulation than in water, due to the initial
pH of the natural water and the primer solutions. The acid-
ity presented by the solutions is a result of the process of
hydrolysis of TiF4, which releases titanium dioxide and flu-
oride; the fluoride released reacts with the water present in
the solution itself, and releases H+ protons, which character-
izes the low pH values of the solutions [38,39]. The pH of the
distilled and deionized water used in this study was around
6.0–6.5. However, the primer was an acidic solution with a pH
of 1.76. Most likely, the hydrolysis of TiF4 in an acid solution
would provide better stability and polydispersity of the end
solution (obtained after incorporating the TiF4 in the water
and the primer). Although just speculative, this explanation
could account for the differences in stability between TiF4

solutions, and warrants further investigation. An increase in
average particle size was observed for the TiF4 incorporated
into the primer, followed by a trend of decreasing stability
(from excellent stability at baseline to good stability at 28

days), for all mechanical and physical property evaluations
(microtensile bond strength, failure mode, micromorphology
of the interface, degree of conversion, flexural strength and
pH measurements), even though the solutions were used
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immediately after preparation, when the chemical properties
performed better. However, the null hypothesis that particle
size, polydispersity index and zeta potential of the two-step
adhesive system would not be affected by the incorporation of
2.5% or 4% TiF4 into the primer/aqueous solution was partially
accepted.

Studies have observed that the incorporation of parti-
cles into the hybrid layer may lead to an increase in energy
occurring during failure, resulting in fracture propagation into
substrates (in dentin or resin) other than the bond inter-
face [35]. Tranquilin et al. [11] showed that the use of 2.5%
TiF4 as dentin pretreatment led to an increase in the fre-
quency of cohesive failures in dentin when the convention
three-step adhesive system was used, shown by means of the
microtensile bond strength test. Similarly, Devabhaktuni and
Manjunath [10] observed higher frequency of cohesive and
mixed failures in resin when using the shear test. However,
in the present study, the majority of failures for all groups,
irrespective of dentin depth was the adhesive type, corrobo-
rating the findings of Basting et al. [14] who  used pretreatment
with TiF4 or incorporated it into the primer of a two-step self-
etching adhesive system. Therefore, the authors accepted the
null hypothesis that the different concentrations of TiF4 used
as pretreatment or incorporated into the primer would not
change the failure mode of a two-step self-etching adhesive
system bond to superficial or deep dentin.

Although the TiF4 particles were not silanized, which could
have compromised occurrence of the chemical bond between
the titanium and oxygen of the phosphate group of dentin,
the authors verified that these particles did not prevent the
degree of conversion of the adhesive system from occurring in
a manner similar to that of the non-incorporated group, irre-
spective of its concentration in the primer, because it is the
bond that contains the photoinitiator components of the set-
ting reaction. On the other hand, incorporation of TiF4 into the
bond could influence the degree of conversion of the adhesive,
due to the reduction in pH, thus compromising polymerization
due to the tertiary amines of the adhesive — responsible for
the photoinitiation process — being neutralized by the acidic
properties of TiF4 [14].

The authors also observed that the bond strength of the
two-step self-etching adhesive system to superficial dentin
was higher than it was in deep dentin, even when we
performed the dentin pretreatment procedures with the aque-
ous solution of TiF4 or when it was incorporated into the
primer at the different concentrations. Therefore, the authors
rejected the first null hypothesis. Other studies have demon-
strated that self-etching adhesive systems present higher
bond strength values to superficial dentin [40–43] due to the
larger intertubular dentin area available to the adhesive proce-
dure [18]. Since deep dentin has dentinal tubules with a larger
diameter and smaller intertubular dentin surface area [18], the
authors observed that the bond to deep dentin was inferior
to that to superficial dentin, irrespective of whether or not
there was pretreatment with TiF4 or its incorporation into the
primer. Although very speculative and without any studies to

prove this theory, it is quite possible that TiF4 molecules (even
at the very low size of 0.55 nm [15]) would not reach dental
pulp in distances deeper than 1–5 �m,  since dentin deminer-
alization promoted by TiF4 as a dentin pretreatment seems to
 ( 2 0 1 7 ) 1157–1170

provide limited superficial modification of 1–5 �m of dentin
depth [3]. Nevertheless, the application of TiF4 in dental cavi-
ties should be further investigated, considering that clinicians
are advised to provide indirect pulp capping in very deep cav-
ities using biocompatibility materials even before applying
self-etching adhesive systems, and that TiF4 should be used
with different protocols for direct pulp capping when the pulp
is exposed, and also that only Ş en et al. [44] showed that the
toxic effect of TiF4 was related to its low pH when in contact
with fibroblasts.

The authors speculated that the concentrations and dis-
tribution of MMP-2, MMP-9, TIMP-1 and TIMP-2, and the
gelatinolytic potential of the dentin matrix were presented in
a variable form at the different depths, which could lead to
different collagen denaturing potentials [23]. Also associated
with the above factors, was the process of hydrolysis of the
adhesive systems that occurs due to their greater or lesser
susceptibility to water/oral fluid sorption, composition and
form of presentation, leading to plasticization [45–48]. In the
present study, the authors verified that there was no influence
of storage time, irrespective of dentin substrate depth, for the
majority of the groups, with the exception of Group 4% TiF4

in the primer, in which there was an increase over time, so
the authors partially accepted the null hypothesis that there
would be no differences in the longevity of the bond strength
when using the different treatments on superficial or deep
dentin. In spite of Zhang et al. [24] having verified that degra-
dation of the hybrid layer of deep dentin was greater than
it was in superficial dentin after artificial aging by means of
thermal cycling, it must be considered that the conventional
and self-etching adhesive systems evaluated were of the sim-
plified type, as opposed to those used in the present study.
Yoshida et al. [31] also showed that the chemical bond pro-
moted by the monomer 10-MDP was stable in water compared
with the other functional monomers, in addition to leading to
the formation of a salt (MDP-Ca) that is resistant to hydroly-
sis [49,50], thus contributing to greater bond longevity. From
this aspect, when using this type of adhesive system, storage
in water or artificial saliva showed no influence on the bond
strength for periods of 6 months [51,52], 9 months [48] and 12
months [14,47], and this period (just as that used in the present
study) may also be considered short for evaluating the influ-
ence on bond longevity, with this being one of the limitations
of our study.

Basting et al. [14] also verified that the storage time for 6
or 12 months did not influence the bond strength and failure
mode when using Clearfil SE Bond, dentin pretreatment with
2.5% TiF4 or incorporating it into the self-etching primer of
the adhesive system, corroborating the results of the present
study. Nevertheless, the authors observed that for the group
in which 4% TiF4 incorporated into the primer was used for
both dentin depths, there was a significant increase in bond
strength values over time, in spite of no differences in bond
strength being observed between this Group in 180 days and
the other groups in both evaluation time intervals. Consider-
ing the differences in dentin substrate depth, the author’s also

verified higher prevalence of premature bond failures when
using pretreatment with 4% TiF4 on deep dentin (40%), sug-
gesting some influence of the concentration on the immediate
bond to the deeper substrate. From this aspect, the authors
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ould suggest that for this concentration, there may have been
ess 4% TiF4 penetration, or it may have been more  difficult,
ue to the lower quantity of intertubular dentin [18], because
he premature failure data were not accounted for in calcu-
ating the bond strength values, as they were excluded from
tatistical analysis so that the mean values for this group
ould not be underestimated.

Although further studies are necessary to evaluate other
roperties when using TiF4 as dentin pretreatment, or incor-
orated into the primer of a self-etching adhesive system, and
he use of adhesives with known formulations, the authors
ould suggest that these treatments did not interfere in the
ond to superficial or deep dentin, not even during the time

nterval of 180 days. Perhaps the incorporation of TiF4 into the
rimer in both concentrations could be more  advantageous
ecause of facilitating the clinical procedures of applying the
roduct without involving a dentin pretreatment step; and it
ould also minimize the occurrence of premature failures in
eep denting when using the pretreatment with the 4% con-
entration.

.  Conclusion

hort-term bond strength to dentin was not influenced by
entin pretreatment with 2.5% or 4% aqueous solutions of
iF4 or when using 2.5% or 4% TiF4 incorporated into the
rimer, but bond strength values to superficial dentin were
igher than values to deep dentin for all treatments. Degree
f conversion was not influenced by the addition of TiF4 to
he primer at different concentrations. The adhesive frac-
ure mode was prevalent, although premature failures were
bserved for groups that received dentin pretreatment with
queous solution of 4% TiF4 on deep dentin. Hybrid layer for-
ation was observed for all treatments, but fewer and less

oluminous tags were observed for groups treated aqueous
olution of TiF4 or when incorporated into the primer at both
oncentrations. TiF4 added to the aqueous solution in both
oncentrations showed a trend towards agglomeration over
ime, while TiF4 added to the primer presented an excellent
tability and mid-range polydispersity index values, especially
t 2.5%.
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