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Objectives. This study has investigated the influence of Titanium dioxide nanotubes (TiO2-

nt)  addition to self-adhesive resin cement on the degree of conversion, water sorption, and

water  solubility, mechanical and biological properties.

Methods. A commercially available auto-adhesive resin cement (RelyX U200TM, 3M ESPE) was

reinforced with varying amounts of nanotubes (0.3, 0.6, 0.9 wt%) and evaluated at different

curing modes (self- and dual cure). The DC in different times (3, 6, 9, 12 and 15 min), water

sorption (Ws) and solubility (Sl), 3-point flexural strength (�f), elastic modulus (E), Knoop

microhardness (H) and viability of NIH/3T3 fibroblasts were performed to characterize the

resin  cement.

Results. Reinforced self-adhesive resin cement, regardless of concentration, increased the

DC  for the self- and dual-curing modes at all times studied. The concentration of the TiO2-

nt  and the curing mode did not influence the Ws  and Sl. Regarding �f, concentrations of

both 0.3 and 0.9 wt% for self-curing mode resulted in data similar to that of dual-curing

unreinforced cement. The E increased with the addition of 0.9 wt% for self-cure mode and

H  increased with 0.6 and 0.9 wt% for both curing modes. Cytotoxicity assays revealed that

reinforced cements were biocompatible.

Significance. TiO2-nt reinforced self-adhesive resin cement are promising materials for use
in  indirect dental restorations. Taken together, self-adhesive resin cement reinforced with

TiO2-nt exhibited physicochemical and mechanical properties superior to those of unrein-

forced cements, without compromising their cellular viability.
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.  Introduction

elf-adhesive resin cements were developed to clinical time
y simplifying cementation procedures due to the elimination
f the acid etching and application of adhesive steps [1–3].
ts adhesive properties are attributed to the presence of the

odified acidic group’s methacrylate monomers that allows
he infiltration and demineralization of the substrate, that
esult in micromechanical retention and chemical bonding
ith hydroxyapatite [3].

However, the presence of these acidic monomers in self-
dhesive resin cements may adversely affect the degree
f conversion (DC) because of its interference with the
mine coinitiator, which results in changes in the curing [4]
nd the loss of some physical and mechanical properties
5–7]. Moreover, being dual-cured, not all cements present
he same conversion rates of monomers when self- or/and
ight-activated. In general, light-activation promotes higher
onversion of monomers [8].

To improve certain properties of resin materials, the addi-
ion of titanium dioxide nanostructures have demonstrated
ositive results in the behavior of polymeric materials such
s resin composites [9,10], flowable resin composites [11],
rthodontic resin cements [12] and glass ionomer cements

13]. The decrease in size of different oxides at the nanoscale
romotes a wide range of applications in different materials
ecause their behavior changes when compared to the bulk
ize [14], making it an effective functional material [15]. Nano-
ized oxides such as TiO2 can provide unique physical and
hemical properties due to their small size and high density
f surface sites, increasing their reactivity and interaction with
he environment [16]. In particular, the nanotubes’ shape pro-
ides a large surface area that can give rise to strong internal
nd external interactions with the matrix in which they are
mbedded, chemical stability and a high refractive index [17].

Whereas oxides at the nanoscale can be easily incor-
orated into the resin-based materials when manipulated,
dding these to the self-adhesive resin cement can be an
lternative to improve the overall performance of the indirect
estoration. Therefore, the aim of the current investigation
as to determine the physical–chemical, mechanical and
iological properties of a self-adhesive resin cement (RelyX
200TM—Seefeld, Germany) in the presence of TiO2-nt at three
ifferent concentrations: 0.3%, 0.6% and 0.9% (w/w).

.  Materials  and  methods

.1.  Experimental  design

he factor under study was the incorporation of different con-
entrations of TiO2-nt (w/w) into self-adhesive resin cement
elyX U200TM. For degree of conversion (DC), the study fac-
ors were as follows: (1) concentration of TiO2-nt (0.3, 0.6 and
.9 wt.%), (2) curing mode dual- and self-curing and (3) time (3,

, 9, 12 and 15 min). For water sorption (WS) and solubility (SL),
exural strength (�f), modulus of elasticity (E) and hardness

H), the study factors were: (1) concentration of TiO2-nt (0.3,
.6 and 0.9 wt%) and (2) curing mode (dual- and self-curing).
( 2 0 1 7 ) 866–875 867

For cell viability study, the factors were as follows: (1) con-
centration of TiO2-nt (0.3, 0.6 and 0.9 wt.%) and (2) time (24,
48 and 72 h). Two polymerization conditions were used: self-
and dual-cured polymerization. For the self-curing condition,
the cement handling and the specimens’ preparation were
performed in an environment with room light. Thirty min-
utes after cement handling, specimens were removed from
the custom devices used in each test and stored in distilled
water at 37 ◦C. For the dual-curing condition, the specimens
were handled in an environment with room light, embedded
in custom devices used in each test of the study. Nine min-
utes after handling of self-adhesive resin cement, the light
source 780 mW/cm3 DB LED 686 (Dabi Atlante, Ribeirão Preto,
Brazil) was applied for 20 s in different areas of the specimens
so that the whole specimen was reached by light. The 9 min
time was used once delay in light activation had shown to
improve properties of resin-based cements [18,19].

The specimens of the self-adhesive resin cement were
randomly assigned into 8 groups: SCT = self-adhesive resin
cement in self-cure condition, which has no TiO2-nt;
S03 = self-adhesive resin cement in self-cure condition with
the addition of 0.3 wt.% of TiO2-nt; S06 = self-adhesive resin
cement in self-cure condition with the addition of 0.6 wt.%
of TiO2-nt; S09 = self-adhesive resin cement in self-cure
condition with the addition of 0.9 wt.% of TiO2-nt; DCT = self-
adhesive resin cement in dual-cure condition, which has no
TiO2-nt; D03 = self-adhesive resin cement in dual-cure con-
dition with the addition of 0.3 wt.% of TiO2-nt, dual cure;
D06 = self-adhesive resin cement in dual-cure condition with
the addition of 0.6 wt.% of TiO2-nt; D09 = self-adhesive resin
cement in dual-cure condition with the addition of 0.9 wt.% of
TiO2-nt.

2.2.  Specimen  preparation

TiO2-nt were obtained from a commercial mixture of anatase
TiO2 powder (Sigma–Aldrich, St. Louis, USA) mixed with an
alkaline solution of sodium hydroxide (NaOH; 10 M),  which
remained for 24 h at 120 ◦C in an atmospheric pressure envi-
ronment Teflon container. Then, the mixture was washed with
deionized water and hydrochloric acid (HCl; 0.1 M)  sequen-
tially and repeatedly until reaching a pH of 4. After that, the
mixture were placed in a furnace at 200 ◦C for 24 h to eliminate
the liquid phase and to obtain the final powdered material [20].
The nanotubes were measured with open source Image  J soft-
ware and had an average diameter of 10 nm and were 200 nm
in length, formed by a single sheet of spiral-wound TiO2.

The image  was obtained by Transmission Electron Microscopy
(TEM) (CM 200, Phillps, Netherlands) with electrons acceler-
ation of 200 kV [20]. The resin cement that had the same
portion of base and catalyst paste dispensed by packing clicker
was dispensed on a mixing pad and weighed on a precision
scale of 0.0001 g (Denver Instrument, São Paulo, Brazil). Then,
the nanotubes were weighed with the value corresponding

to the resin cement weigh. TiO2-nt was manually added to
the base paste and handled for 10 s. Then, the base paste
and TiO2-nt were mixed with the catalyst paste for another
10 s.

dx.doi.org/10.1016/j.dental.2017.04.022
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Fig. 1 – Peaks at 1608 and 1638 cm−1 identified in the
spectral bands used for calculating the degree of conversion
before polymerization (0 min) and after mixing base and

800 and 1200-grit SiC (Extec CORP., Enfield, CT, USA, #1060-524)
catalyst pastes (3, 6, 9, 12 and 15 min).

2.3.  Degree  of  conversion

The DC was evaluated by Fourier transformed infrared spec-
troscopy (IRPrestige-21, Shimadzu, Tokyo, Japan). The analysis
was performed in reflectance mode using the attenuated total
reflectance (ATR) accessory (MIRacle, Pike Technologies, Madi-
son, USA). Cement specimens (n = 3) were analyzed at 0, 3, 6,
9, 12 and 15 min  after mixing base and catalyst pastes under
self- and dual-cure polymerization conditions. After mixing
the pastes and adding or not the nanotubes, small portions
were placed covering the ATR crystal and the initial FT-IR spec-
tra was obtained. For the self-cured groups, the resin cements
were kept undisturbed and protected from light. For dual-
cured groups, the light source 780 mW/cm3 was applied for
20 s on self-adhesive resin cement 9 min  after the applica-
tion on ATR crystal. The infrared spectrum of the specimen
was obtained in the range of 1560–1760 cm−1 with 10 scans
and consecutive resolution of 4 cm−1. Spectral bands were
obtained, and the peak wavelength of aliphatic 1638 cm−1

(functional groups C C) and aromatic 1608 cm−1 was identi-
fied for each time studied (Fig. 1). The DC was calculated using
the equation:

DC(%) = 100 × [1 − (RTmin/R0min)] (1)

where R is the ratio of the absorbance at 1638 cm−1 and
absorbance 1608 cm−1 within the time determined for each
record of the analysis (represented by T in the equation).

2.4.  Sorption  (WS)  and  solubility  (SL)

For WS  and SL, specimens were prepared (n = 8) for each of
the 8 groups using a metallic mold with a cylindrical shape

of 10 mm in diameter and 1-mm-thick. The method used was
based on the ISO 4049 [21]. The specimens were kept in dry
and dark storage for 24 h, and then transferred to a desicca-
3 ( 2 0 1 7 ) 866–875

tor at 37 ± 1 ◦C. After 22 h in the first desiccator, the specimens
were removed, stored in a second desiccator at 25 ± 1 ◦C for 2 h,
and then weighed, using a 0.0001 precision analytical balance
(Denver Instrument, Sao Paulo, Brazil) until a constant weight
for each specimen (m1) was obtained (with no more  than a
±0.0001 g variation). The specimens were then immersed in
deionized water at 37 ◦C. At fixed intervals, the specimens
were removed from the water, blot-dried (in sequence using
two absorbent papers) and weighed until a constant mass (m2)
was  obtained. The specimens were then stored in a desiccator
in the presence of silica at 37 ◦C and weighed until a constant
weight (m3) was obtained, following the cycle described above
for m1.  The values for WS  and SL (in �g/mm3) were calculated
using the following equations:

WS  = (m2 − m3)/V (2)

SL = (m1 − m3)/V (3)

where m1 is the specimen weight before immersion, m2 is the
specimen weight after immersion, m3 is the specimen weight
after immersion and desiccation, and V is the volume of the
specimen.

2.5.  Mechanical  properties

2.5.1.  Flexural  strength  (�f)  and  elastic  modulus  (E)
Resin cement bars (n = 10) were made for each group according
to the polymerization conditions and addition of TiO2-nt. After
mixing, the resin cement was inserted in a stainless steel mold
for standardizing specimens dimensions (2 × 2 × 25 mm),  as
per ISO 9917-2 [22]. The specimens remained in distilled water
at 37 ◦C for 24 h before testing. The �f at three points was deter-
mined using a universal testing machine (Instron, Barueri,
Brazil) with load-cell connected 50 N and a crosshead speed
of 0.5 mm/min. The dimensions of the specimens were previ-
ously measured with a digital caliper (Starrett, Itu, São Paulo,
Brazil). To perform the 3-point �f, the specimens were placed
on the device with a distance of 12 mm between the lower
cylindrical support and the load applied to the center of the
upper metal rod. Flexural-strength values were determined
according to the equation:

�f = 3PL/(2wb2) (4)

where P is fracture load, (N) L is the distance between the sup-
ports (12 mm),  w is the specimen width (mm)  and b is the
thickness (mm).

2.5.2.  Surface  microhardness
Microhardness measurements were obtained from 48 disc-
shaped specimens (10 × 2 mm;  n = 6) on the surface using a
microhardness instrument (Buehler, Lake Bluff, USA) with a
Knoop diamond under a 50 g load for 10 s. Before the mea-
surements, the surface of specimens was polished with 600,
papers for 2 min  each, respectively. The measurement of the
indentation was performed immediately after the period of
10 s. Five indentations spaced 0.5 mm from each other were

dx.doi.org/10.1016/j.dental.2017.04.022
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ade in the central area of each specimen, and the arithmeti-
al average was used for subsequent statistical analysis.

.6.  Biological  analyses

.6.1.  Preparation  of  specimens
our disks (10 mm ø × 2 mm)  of resin cement were pre-
ared for each concentration-studied TiO2-nt. After light
uring, the specimens were autoclaved separately. To evaluate
ell viability (n = 8), an MTT  (3-(4,5-dimethylthiazol-2-yl)-2,5-
iphenyltetrazolium bromide) assay was performed using
nly the dual-curing condition. The studied groups were DCT,
03, D06, D09, positive control (CP) and negative control (CN).

.6.2.  Cell  culture
or cell culture, mouse fibroblasts were used in the NIH3T3
ine P13 (ATCC

®
, Manassas, USA). The cells were cul-

ured in DMEM-Dulbecco’s modified Eagle (Aldrich
®

Sigma,
t. Louis, USA), supplemented with 1% antibiotics (peni-
illin/streptomycin from Gibco

®
, Waltham, USA) and 10% FBS

fetal bovine serum from Gibco
®

) and remained incubated
t 37 ◦C with 5% carbon dioxide (CO2). After reaching a sub-
onfluence stage, a subculture was formed using the trypsin
nzyme responsible for dissociating the culture bottle cells
0.25% trypsin, 1 mM EDTA from Sigma–Aldrich

®
). After 5 min

n an oven at 37 ◦C with 5% (CO2), the trypsin was inactivated
ith DMEM culture medium with 10% FCS. The cells were

ransferred to a 50-ml falcon tube (Corning, NY, USA) and cen-
rifuged at 1200 rpm for 5 min  at 20 ◦C. After centrifugation,
he supernatant was discarded, and the cells were suspended
gain in a fresh DMEM medium with 10% FCS. After that, the
ell count was performed using a trypan blue protocol opti-
al microscope (Olympus, Japan). This dye is responsible for
taining the viable cells as it penetrates the dead cells because
heir membranes can no longer eliminate it. Subsequently, the
ells were plated in 96-well microplates (TPP

®
, Trasadingen,

witzerland) for a colorimetric assay, 8-well microplates for
ach group. The resin-cement specimens were placed in con-
act with the culture medium following the recommendations
f ISO 10993-5 [23] (1 cm2/ml). To this end, the total area of
he disks was calculated (28.26 cm2) to evaluate the amount

f conditioned media (28.26 ml). The specimens remained in
he oven at 37 ◦C for 24 h. After this, the pH at which the disks
ere immersed was measured. For the viability assays, cells
ere plated 2 × 103/well in 96-well plates (TPP

®
). After the

Table 1 – Mean values and standard deviations of the DC (%).W
superscript letters are not significantly different (p > 0.05).

Groups Time

3 min  6 min  9

SCT 3.10 ± 0.15a 7.70 ± 0.312b 1
S03 26.76 ± 0.29f.g 34.63 ± 0.38j.k 4
S06 24.36 ± 0.20d 30.75 ± 0.26 i 3
S09 25.62 ± 0.30e.f 40.46 ± 0.21 n.o.p 4
DCT 3.09 ± 0.54a 7.94 ± 0.15b 2
D03 26.11 ± 0.12f 33.97 ± 0.36i.j 4
D06 24.13 ± 0.18d.e 29.76 ± 0.45h.i 3
D09 26.05 ± 0.22f 39.89 ± 0.16m.n 4
( 2 0 1 7 ) 866–875 869

enrollment period of 24 h, the culture medium was replaced by
DMEM 10% FCS conditioned with the cement specimens. Each
plate was examined at an experimental time of 24, 48 and 72 h
after the addition of conditioned medium. After each exper-
imental period, the culture medium was removed, the cells
were washed with phosphate buffered saline solution (PBS)
and then an MTT reduction test.

2.6.3.  Analysis  of  cell  metabolism  MTT  assay
During each experimental period (24, 48 and 72 h), the cells
were washed with PBS and then incubated in 0.5 mg/ml
solution (MTT/DMEM) for an MTT assay. This solution was
prepared at the time of use and filtered through a Millipore
filter (0.22 mM)  before being added to the plates. After this
procedure, the plates remained in the greenhouse for 4 h at
37 ◦C and 5% CO2; then, the solution was removed, and the
insoluble pigment reduced intracellularly was taken up in
dimethylsulfoxide and left at room temperature for 30 min.
The absorbance was measured at 562 nm wavelength reader
(Synergy H1 monochromator-based, Biotek, Winooski, USA).

2.7.  Statistical  analyses

Data were analyzed using the Shapiro–Wilk normality test.
The DC data were subjected to ANOVA with repeated-
measures followed by Tukey’s HSD (  ̨ = 0.05). WS, SL and each
mechanical and biological property were submitted to two-
way ANOVA and Tukey’s HSD (  ̨ = 0.05).

3.  Results

3.1.  Degree  of  conversion

The mean values and standard deviations are detailed in
Table 1.

There were significant differences between curing mode
(p = 0.000) and addition of nanotubes (p = 0.0000). The inter-
action was also found to be significant (p = 0.0000). The
DC increases with time (p = 0.0000). The addition of TiO2-
nt, regardless of concentration, increased the DC  values
for both self- and dual-curing conditions at all times stud-

ied. The DC analysis at 3 min  showed that the addition
of 0.3% (S03 = 26.76%; D03 = 26.11%) and 0.9% (S09 = 25.62%;
D09 = 26.05%) of TiO2-nt in the self-adhesive resin cement
in both polymerization conditions showed the highest val-

ithin a column or row, values denoted by similar

 min  12 min  15 min

4.62 ± 0.20c 25.89 ± 0.64e.f 28.38 ± 0.45g.h

1.03 ± 0.18 n.o.p 45.68 ± 0.24s.t 45.76 ± 0.25s.t

5.40 ± 0.51k 39.68 ± 0.4 m.n.o 40.51 ± 0.33n.o

2.15 ± 0.58q.r 45.47 ± 0.16s.t 46.51 ± 0.17s.t

8.51 ± 0.96g.h 37.39 ± 0.49l 41.22 ± 0.68o.p

6.30 ± 0.44s.t 47.20 ± 0.17t.u 48.09 ± 0.12u

8.36 ± 0.54l.m 39.70 ± 0.43m.n.o 45.77 ± 0.29s.t

4.12 ± 0.38p.q 44.58 ± 0.35r.s 45.51 ± 0.18s.t

dx.doi.org/10.1016/j.dental.2017.04.022
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Table 2 – Average of the sorption (WS) and solubility (SL) values (mg/mm3). Within a row, values denoted by similar
superscript letters are not significantly different (p > 0.05).

Groups

SCT S03 S06 S09 DCT D03 D06 D09

WS (mg/mm3) 36.19a 36.25a 37.15a 37.25a 37.47a 38.35a 38.45a 38.47a

SD 4.1 4.6 4.6 4.7 3.9 2.9 3.9 4.4
SL(mg/mm3) 7.66a 7.77a 7.98a 8.00a 8.01a 8.05a 8.12a 8.14a

SD 1.8 1.9 2.2 2.3 2.0 2.0 1.9 2.4

S an
Fig. 2 – Correlation between W

ues, similar to the SCT group at 12 min  (SCT = 25.89%). At
6 min, an addition of 0.9% TiO2-nt (S09 = 40.46%; D09 = 39.89%)
showed higher results when compared to other groups. The
DCT control group showed an increase in the DC at a mean
time of 9 min  (28.51%) compared to the SCT group (14.62%)
that received no light. Regardless of the TiO2-nt concentration
added, S03, S06 and S09 showed higher values than the DCT
group at 9 and 12 min. At 15 min, only S06 group was similar to
the DCT group. At 15 min, the best result was found in the D03
group (48.09%), with statistical differences for S09 (46.51%).
S03 (45.76%), D06 (45.77%) and D09 (45.51%) had no difference
between each other. The SCT group showed the lowest DC.
Fig. 3 – Correlation between WS  an
d SL for the self-curing mode.

3.2.  WS  and  SL

There was no significant difference between groups regardless
the concentration of nanotubes added and polymerization
condition (p > 0.05). The mean values and standard deviations
for WS  and SL can be observed in Table 2. After a Pearson cor-
relation analysis, an 80% correlation (r > 0.800) was observed
between WS  and SL in all groups studied regardless of the
polymerization condition. Figs. 2 and 3 show the direct rela-
tionship between the WS  and SL of each group for the self-
and dual-curing conditions, respectively.
d SL for the dual-curing mode.

dx.doi.org/10.1016/j.dental.2017.04.022
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Table 3 – Mean values and standard deviation (SD) of flexural strength (�f), elastic modulus (E) and Microhardness (H) for
each group. Within a row, values denoted by similar superscript letters are not significantly different (p > 0.05).

Groups

SCT S03 S06 S09 DCT D03 D06 D09

�f (MPa) 35.40c 59.40a.b 41.68c.d 55.22a.b.c 70.72b 57.61a.b 44.71a.c.d 58.43a.b

SD ±10.41 ±12.17 ±16.03 ±10.19 ±12.18 ±11.59 ±7.19 ±8.21
E (GPa) 1.01c 1.27b.c 1.00c 1.71a.b 2.22a 1.76a.b 1.67a.b 2.27a

.52 ±0.56 ±0.22 ±0.52 ±0.37
.72a 58.20b 58.92a,b 60.05a 60.93a

.61 ±0.64 ±1.53 ±1.71 ±1.16

3
m

T
T
i
T
F
m
i
M
f

o
t
c
v
v
w

T
p
0
l

3

T
a

Table 4 – Control and experimental groups and their
respective pH values.

Groups
SD ±0.31 ±0.43 ±0.34 ±0
H 58.18b 59.59a,b 60.35a 60
SD ±1.05 ±2.63 ±1.97 ±1

.3.  Flexural  strength  (�f),  elastic  modulus  (E)  and
icrohardness  (H)

he mean values and standard deviations are detailed in
able 3. For �f, there were significant differences between cur-
ng mode (p = 0.001) and addition of nanotubes (p = 0.0002).
he interaction was also found to be significant (p = 0.0000).
or E, there were significant differences between curing
ode (p = 0.006) and addition of nanotubes (p = 0.0000). The

nteraction was also found to be significant (p = 0.0009). For
icrohardeness, significant differences were observed only

or curing mode (p = 0.001).
Adding 0.3% TiO2-nt (S03) and 0.9% (S09) increased the �f

f the cement in the self-curing mode with similar values to
he control group in the dual condition (DCT). As for the dual-
uring mode, the addition of nanotubes did not increase the
alue of the �f and the addition of 0.6% (D06) decreased the
alue compared to the control (DCT). The average E increased
ith the addition of 0.9% for self-curing condition.

The addition of 0.6% (S06 and D06) and 0.9% (S09 and D09) of
iO2-nt cement increased microhardness values when com-
ared to the control groups (SCT and DCT). The addition of
.3% (S03 and D03) nanotubes resulted in hardness data simi-
ar to SCT and DCT and the groups with 0.6 and 0.9% TiO2-nt.
.4.  Cell  viability

he addition of TiO2-nt at different concentrations did not
ffect the cement pH values (Table 4).

Fig. 4 – MTT  reduction colorimet
CP CN DCT D03 D06 D09

pH (p = 0,6967) 7.20 7.97 7.60 7.56 7.82 7.69

The result of the MTT colorimetric assay is shown in Fig. 4.
Within 24 h, D03, D06 and D09 had achieved a similar result
to that of the CP group. The DCT group had lower absorbance
values than CP, which was used as a benchmark, with a sta-
tistically significant difference (p = 0.000). At 48 h, no groups
showed a significant difference compared to the CP group,
with the exception of CN. At 72 h, there was a decrease in cell
viability. However, the profile was similar to the 48-h-period
in that all groups had results similar to those of CP.

Observing the images obtained by optical microscopy at
the end of each period (Fig. 5), it was found that within 72 h,
the wells were at confluency. Due to the lack of space, cell
death occurred, confirming the decrease in viability during
this period.

4.  Discussion

The addition of TiO2 nanostructures to dental polymers

has shown promising results [9–11,13]. Overall, positive
results were found in the current investigation for a self-
adhesive resin cement with TiO2-nt reinforcement, and the

ric assay at 24, 48 and 72 h.

dx.doi.org/10.1016/j.dental.2017.04.022
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Fig. 5 – Optical microscopy images for 24, 48 and 72 h (columns) for all groups: CN, CP, DCT, D03, D06 and D09  (lines).
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hysical–chemical, mechanical and biological behaviors were
mproved. These improvements, especially in the self-curing
ondition, are important for the longevity and clinical perfor-
ance of this cement.
The dual-curing condition proposed in this study simulates

he use of the self-adhesive resin cement in the cementation
f indirect restorations containing infrastructures that do not
llow the passage of light, such as Y-TZP, in which the cement
n the restoration margins receives the curing light after a few
inutes of cementation.
The dual-curing protocol performed in this study is based

n the one employed by Soares et al. [19] in which the light-
ctivation was performed 6 min  after the handling of the resin
ement without impairing its mechanical properties. This
elay in light activation has shown to improve properties of
esin-based cements [18].

Regardless of the percentage added (0.3%, 0.6%, or 0.9%),
he DC was higher at all time points (3, 6, 9, 12, and 15 min)
ompared to the control for both polymerization modes. The
on-reinforced cement did not reach the same DC in SCT
hen compared to the condition in which it was submitted

o light-activation (DCT), which is in agreement with other
tudies [6,24,25]. Thus, the chemical reaction alone of the eval-
ated dual-cured resin cement without light-activation seems
herefore not to be sufficient to achieve reasonable levels of
onversion of C C double bonds for polymer formation after
5 min  of mixing. The photo-initiator system allows a fast
eaction and high conversion when the materials are sub-
ected to light-activation [6].

The addition of 0.3% to 0.9% of TiO2-nt in the self-curing
ode increased the DC to values close to the ones obtained

y the dual-curing condition without TiO2-nt additive (DCT),
hich would justify the use of TiO2-nt additives in clinical sit-
ations that rely exclusively on chemical polymerization such
s the cementation of fiber-reinforced posts in root canals. It
hould be noted that the results of this study demonstrate that
he relationship between the addition of TiO2-nt and DC is not
traightforward, which means that the increase of the con-
entration of TiO2-nt do not necessarily promotes greater DC
alues. This result can be justified by the fact that the addition
f 0.6% promotes an agglomeration of nanotubes [10] resulting

n links attached to other already polymerized monomer and
reventing new connections among them [26]. On the other
and, when 0.9% was added, the reaction might have been so

ast that agglomeration of nanotubes may have been smaller
nd did not affect the link of monomers.

Even with acceptable values of DC in the dual-curing
ode, with the addition of 0.3% TiO2-nt the values increased

6%. Most likely, the insertion of this percentage allowed the
ement to stay more  reactive to new connections between
onomers remaining in equilibrium with the polymer net-
ork that was forming. Increasing concentrations (0.6 and

.9%) of TiO2-nt, however, showed an average increase of only
0%, likely due to the rapid increase in viscosity generated by
he conversion of the monomers.

The increase of the DC with the addition of TiO2-nt to the

ement shows an inducer potential, with the nanotubes pos-
ibly acting as a reaction coinitiator and contributing to the
ncrease of strong crosslinked points formed in the polymeric
etwork [10]. This is because at the nanoscale, in particular
( 2 0 1 7 ) 866–875 873

at <50 nm,  exists a confinement effect of electron pairs that
results in an increase of energy between the valence band
and the band gap of the material [27]. This energy is expressed
chemically as a free radical (HO•) [10] that likely provides addi-
tional site links between the monomers.

The addition of TiO2-nt and the polymerization condi-
tion did not influence the WS  and SL of the self-adhesive
resin cement. According to ISO 4049 [21], the value of clin-
ically acceptable WS  for polymeric materials is limited to
40 �g/mm3 and the SL is less than 7.5 �g/mm3. The results
found in this study for WS  (from 36.19 to 38.47 �g/mm3)
are in accordance with the ISO’s recommendations, but SL
(7.66–8.14 �g/mm3) was above the values stipulated as ideal.
This fact was elucidated once the resin-based materials con-
taining acid functional monomers, such as carboxyl groups
or phosphate, are significantly more  hydrophilic than the
materials without functional monomers, which contain only
conventional TEGDMA and BIS-GMA [28,29] and are therefore
more  prone to WS  and SL [30]. The amount of inorganic parti-
cles [31] and the nature of the bonds between the particles and
the organic matrix are important [32] because the diffusion of
water between the particles can occur [33]. Furthermore the
cement in this study did not react with the calcium of dentin
substrate, that promotes additional chemical bond and collab-
orate with the polymerization process [3], since it accelerates
the neutralization of the low pH of the cement [34].

Some residual unpolymerized monomers may leach into
the oral cavity, but most remain trapped in the already
polymerized cement [30]. Those that are released into the
environment can cause adverse biological reactions, penetrat-
ing the dentin tubules and pulp [35]. Those that are stuck
in cement reduce the clinical longevity of the material and
undergo oxidation and hydrolytic degradation, as evidenced
by discoloration of the cementation of the margins [36]. This
condition is directly related to the cytotoxicity of the cement,
which is another important factor to be analyzed. In the cur-
rent study, the indirect fibroblast viability was assessed using
a MTT and Crystal Violet assay. The results showed that the
incorporation of TiO2-nt at 24, 48 and 72 h were the same for
the CP group, indicating that the addition did not affect cell
viability in vitro during these periods for the dual-curing con-
dition. However, the DCT group at 24 h showed a significant
difference in cell viability when compared to CP. This result
can be explained by the relationship between the type of poly-
merization employed and the DC obtained with regard to the
cytotoxicity of resin cements [37]. The cements with lower DC
showed a significant decrease in cell survival when compared
to cements with the highest DC [38].

The �f values obtained in this study showed that the pres-
ence of TiO2-nt influenced the results. The inclusion of 0.3
and 0.9% of TiO2-nt increased the �f value in the self-curing
condition (S03 and S09) and is similar to the average value of
DCT. The linear relationship between the increased amount
of inserted nanotubes and an increase in strength was not
observed. This may be associated with the higher conversion
of monomers to concentrations of 0.3% and 0.9% in the same

polymerization condition because they are properties which
have a direct relationship [39,40]. For the dual-curing condi-
tion, the inclusion of 0.6% of TiO2-nt decreased the �f value
compared to the control (DCT), as already noted for the DC.

dx.doi.org/10.1016/j.dental.2017.04.022
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The inclusion of this concentration could have generated the
agglomeration of nanometric particles (nanocluster), decreas-
ing the strength of the material. The presence of defects,
inclusions or pores has a negative effect on the strength of
a material to act as a stress concentrator [41]. The E values
obtained for the TiO2-nt-added resin cements cured in self-
curing mode (1.9–6.8 GPa) are numerically smaller then with
in the dual-curing mode (4.8–7.9 GPa) [6]. The same result was
found for the DCT group compared to SCT. This can occur
because the characterization of the E of the development is
based on the changes from an initially viscous cement to a
solid material [19]. The addition of TiO2-nt did not change
the E for the dual-curing group, but the addition of 0.9% in
the self-curing group (S09—1.71 GPa) resulted in values sim-
ilar to those of the dual-curing groups. This increase can
be explained by the fact that the E of the material can be
changed depending on the inorganic composition [42,43]. It
has been suggested that a desirable E value for a cementing
agent should be between the value of the indirect restoration
and the mineralized tooth structure (12–14 GPa to dentin and
46–48 GPa enamel [44]), which contributes to reducing stress
concentrations at the interface [45] and consequently leads to
the reduction of marginal gaps [46].

With the addition of 0.6% and 0.9%, independent of
polymerization conditions, the microhardness results were
significantly higher when compared to the control groups.
In other studies [10], at a certain concentration, the addition
of TiO2-nt leads to a decline in hardness, but discrepancies
between methods to evaluate hardness and the material itself
are observed. The Knoop indenter is the most suitable for the
hardness analysis of polymeric materials [44], and the inden-
ter application site may interfere in the results. This is because
in the central region of the specimen, free radicals are dimen-
sionally more  exposed compared to located at the ends [47].
Moreover, the high surface area of the hollow nanotube struc-
ture allows a resin matrix interlock with the inner and outer
surfaces of the tubes, acting to strengthen the structure and
resulting in a material with improved mechanical properties
[11].

The increase of DC values of the reinforced cement influ-
enced most of the other properties studied, as found in other
studies [37,38,48]. In a general analysis, the addition of TiO2-nt
in the evaluated self-adhesive resin cement positively influ-
enced its properties, especially in the self-curing mode, which
has an indication for use with certain limitations. There was
no consensus on the results as to the optimal concentration to
improve all properties evaluated. However, the inclusion of 0.3
wt%  to 0.9 wt% TiO2-nt was responsible for the most favorable
results in the study.

The lack of equality in the results could be improved by
the functionalization of nanotubes, one of limitations of this
study, once the nanoscale structures tend to agglomerate,
decreasing their dispersion into the material [11]. Other lim-
itations as the understanding the real chemical interaction
of TiO2-nt and resin monomers and the absence of dentin
tissue that have an important role in the neutralizing reac-

tion of self-adhesive resin cement are important factors to be
discussed in later studies to allow its feasibility of use in the
future.
3 ( 2 0 1 7 ) 866–875

5.  Conclusions

The addition of TiO2-nt addition to self-adhesive resin cement
had an influence on the DC, flexural strength, elastic modulus,
microhardness and indirect fibroblast cell viability. It is possi-
ble to considerably increase the DC of the self-adhesive resin
cement 15 min  after handling when used in the self-curing
condition by adding 0.3 wt% to 0.9 wt% of TiO2-nt.

The mechanical properties of the self-adhesive resin
cement (�f, E and hardness) were influenced by the presence
of TiO2-nt. Indirect cell viability of TiO2-nt-reinforced cement
was the same for the CP group and did not result in toxicity
among the time tested.
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