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Abstract

The aim of this in vitro study was to evaluate the effect of adding nano-crystalline fluorine hydroxyapatite (FHAp) bioceramic
into dental adhesive on the mechanical properties and bonding strength to dentin substrate. FHAp was synthesized using a sol—
gel method and characterized using x-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), and scanning
electron microscopy (SEM). Citric acid was used as the coupling agent. The fillers were added to an ethanol-based experimental
dental adhesive containing Bis-GMA, TEGDMA, and HEMA (weight ratio 2:1:1). Camphorquinone (0.1%w) and ethyl-4-
dimethylaminobenzoat (0.1%w) were used as photo-initiator and co-initiator for photo-polymerization at the weight ratios of
0, 0.2, 0.5, 1, and 2%. Flexural strength and modulus of photo-polymerized specimens were measured using a three-point
bending test (n = 10 for each group). Degree of conversion (DC) was measured using FTIR. Microtensile bond strength test
(UTBS) to bovine dentin was measured (n = 10 for each group). The data were analyzed using one-way ANOVA and Tukey post
hoc tests (o =0.05). Results showed that the maximum flexural strength and modulus were obtained by adding 0.2 and 1%
FHAp, respectively. Therefore, the FHAp fillers made the adhesive stiffer but more brittle up to 1% w/w. Adding 2% fillers
decreased the mechanical properties and precipitation of some fractions of fillers was observed. The SEM imaging showed an
integrated interface between fillers and the resin matrix. Moreover, the DC was not affected by the filler content and all samples
showed more than 98% of conversion. Maximum pTBS was obtained in 1%-filled specimen. In conclusion, adding 1% w/w
FHAp bioceramic fillers may improve the bonding strength to the dentin substrate. More studies are needed to evaluate the
bioactivity of FHAp-filled dental adhesives.
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Introduction

Tooth-colored restorations are spreading due to the increasing
esthetic demands as well as legal restrictions in the application
of other restorative materials such as dental amalgam. The failure
rate of composite restorations was reported two times more than
amalgam restorations [1]. Studies showed that the main chal-
lenge in the higher rate of failure in composite restorations is
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recurrent carries in the restoration—tooth interface [2, 3]. One of
the major problems for the use of resin composites for direct
restorations is the lack of a durable and effective dentin adhesion,
which may lead to marginal microleakage [4], followed by the
occurrence of secondary carries [5].

The dental plaque biofilm and its deteriorative effect on the
margins of restorations cannot be eliminated. However, it may
be possible to reduce its effect by engineering and formulation
of novel dentin adhesives, having anticariogenic properties
[6]. One strategy is the use of antibacterial agents or mono-
mers in formulation of dental adhesives [7-11]. The other one
is to break the demineralization—remineralization cycle in the
benefit of remineralization, by adding fluoride-releasing or
other calcium-releasing bioactive components into the adhe-
sive formulation [12—18].

Among the bioactive materials, hydroxyapatite is of inter-
est, because it is the main inorganic component of dentin and
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enamel and releases calcium ions in acidic conditions [13, 14].
Hydroxyapatite has already been used as filler in experimental
dental adhesives [13, 14]. On the other hand, nano-crystalline
fluorine-substituted hydroxyapatite has been taken into con-
sideration for biomedical applications [19], including enamel
remineralization [20]. Considering the inhibitory role of fluo-
ride in dental caries, the aim of this in vitro study was to
evaluate the effect of adding nano-crystalline fluorine hy-
droxyapatite (FHAp) into an experimental dental adhesive
on the mechanical properties and bond strength to dentin
substrate.

Methods and materials

Preparation and characterization of ceramic filler
particles

Fluorine hydroxyapatite was synthesized using a sol-gel
method. Ammonium dihydrogen phosphate (INH4)H,POy),
calcium nitrate tetrahydrate (CaNO5,4H,0), and sodium fluo-
ride were used as the calcium, phosphate, and fluorine ion
sources. All materials were purchased from Merck
(Darmstadt, Germany). Sodium fluoride was added to phos-
phate solution to obtain molar ratio of P/F = 6. This solution
was added to the calcium nitrate tetrahydrate solution
dropwise (pH =10-11) under vigorous stirring to achieve
the final concentrations of [Ca**]=0.3 M, [PO, >]=0.18 M,
and [F ]=0.03 M. The pH of solution was monitored using a
pH electrode (WTW SenTix 97 T probe) and adjusted in the
mentioned range using 1| M sodium hydroxide solution. The
precipitated gel was aged overnight while stirring and the
powder was produced by centrifuging, washing by deionized
distilled water for three times and air-drying. Finally, the pow-
der was calcinated in an electrical furnace at 450 °C for 30 min
at the rate of 10°/min.

The synthesized ceramic was characterized by x-ray dif-
fraction (XRD), Fourier transform infrared spectroscopy
(FTIR), and scanning electron microscopy (SEM).

XRD (X’ Pert PW 3040/60, Philips, The Netherlands) was
used to characterize the crystalline structure of synthesized
ceramic powder. The mean size of crystallites (D) and the
fraction of crystalline phase (X;) of the synthesized particles
were calculated from the XRD pattern as described previously
in the literature [21]. For the mean crystalline size, the line-
broadening measurement of (211) line was used in the
Scherrer equation (Eq. 1):

~ 0.89A
~ BCosb

(1)

where A is the wavelength (CuKw), (3 the full width at half-
maximum of the fluorine hydroxyapatite (211) line, and 6 the
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diffraction angle. X, of the FHA powders was estimated using
the following equation (Eq. 2):

Bonpv/X. =K (2)

where K is a constant equal to 0.24 for variety of different
hydroxyapatite powders and B, is FWHM (°) of (002) line.

The powder was examined by Fourier transform infrared
(FTIR) spectroscopy (Perkin Elmer Spectrum2, Singapore) using
KBr method. The sample was analyzed in the range of 400—
4000 cm ™" at a scan speed of 23 scan/min with 4 cm ' resolution.

Formulation and characterization of experimental
dental adhesive

Surface treatment of FHA fillers Two grams of FHAp powder
was added to 500 cm® of 0.2 M citric acid solution and stirred for
48 h on a magnetic stirrer hot plate (80 °C) to complete the
reaction. The powder was extracted by centrifuging and air-
drying at room temperature. The reaction of citric acid with the
filler surface was confirmed using FTIR as above mentioned.
The morphology of treated fillers was studied using SEM. An
ethanol-based dental adhesive was formulated by blending
bisphenol A-glycidyl methacrylate (Bis-GMA), triethyleneglycol
dimethacrylate (TEGDMA), and 2-hydroxyethyl methacrylate
(HEMA) (weight ratio 2:1:1). Camphorquinone (0.1%w) and
ethyl-4-dimethylaminobenzoat (0.1%w) were used as photo-
initiator and co-initiator for photo-polymerization. Ethanol was
added just before the experiments to prevent evaporation. Fillers
were added to the adhesive at the weight ratios of 0, 0.2, 0.5, 1,
and 2% and dispersed using an ultrasonic bath for 2 h. All ma-
terials were purchased from Merck (Darmstadt, Germany).

Flexural strength test Flexural strength (FS) and flexural mod-
ulus (FM) were measured according to ISO 4049 [22] and
ASTM D790-17 [23], respectively. Ten bar-shaped specimens
(2 x2 %25 mm) of each adhesive were prepared using a sili-
con mold having the same dimensions and photo-polymerized
using a LED light-curing unit (Bluephase, Ivoclar Vivadent)
for 60 s in three overlapping regions. The opposite surface was
also photo-polymerized as described to ensure adequate poly-
merization. Flexural strength test was evaluated using a three-
point bending method by a universal testing machine
(STM20, SANTAM, Iran) using a crosshead speed of
0.5 mm/min. FS and FM were calculated using the following
formulas, respectively [22, 23]:

3Fl

FS =0y (3)
F.P
M= dewa @
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Fig. 1 X-ray diffraction pattern of Sample
synthesized ceramic
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where F is the recorded force at fracture, / is the distance
between the supports (20 mm), b is the width (2 mm) and 4 is
the height (2 mm), and d is the deflection due to force F.

The mean values for flexural strength and modulus were
calculated for each group and compared using one-way
ANOVA, followed by Tukey’s post hoc test (o= 0.05).

Degree of conversion The infrared spectra of uncured and
cured samples for each adhesive were analyzed using an
FTIR spectrometer (Perkin Elmer Spectrum?2, Singapore) op-
erating at 16 scans at 4 cm™ ' resolution. The range from 400 to
4000 cm 'was scanned and the region from 1590 to
1660 cm 'was expanded. The degree of conversion (DC) of
each specimen was determined by comparison of the ratio of
the aliphatic carbon—carbon double bond (C=C) (the peak

Position [°2Theta]

around 1638 cm ') to the aromatic component (around
1608 cm™ ) as the internal standard for the cured and uncured
samples. DC of adhesive resin was calculated by the following
equation [24]:

C = C Aliphatic/C = C Aromatic in polymer
C = C Aliphatic/C = C Aromatic in monomer

x 100

DC% = 1-

Scanning electron microscopy The dispersion and the integri-
ty of filler particles to the resin matrix were observed using
SEM (Leo 1450VP, Zeiss, Germany). For sample preparation,
the polymerized specimens were immersed in liquid nitrogen
and fractured to achieve a clean surface. The fresh surface was
gold sputtered and moved to the SEM chamber.

Fig.2 FTIR spectra of FHAp and
acid citric-treated FHAp. The
appearance of new peaks at 1603
and 1596 corresponding to (O—
C=0) group and distortion of
1033 cm ™' peak in FHAp
indicated the reaction between
FHAp particles and citric acid
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Fig.3 SEM images of synthesized ceramic powder, representing the ceramic particles composed of agglomerated nanoparticles (a x 1000, b x 5000, ¢ %
15000). After treatment by citric acid, microfillers are formed, in the range of 5 pm (d x 500, e x 2500, f x 5000)

Bond strength to dentin A microtensile bond strength test
(LTBS) was planned to evaluate if the addition of different
amounts of filler affect the bond strength of adhesive to the
dentin. Bovine incisors were gathered, debrided, and
disinfected in 0.1% thymol solution for 1 week. The enamel
on the buccal surface was grinded using SiC sandpapers, and
the exposed dentine was prepared using 600 grit SiC sandpaper
to produce similar smear layer for all specimens. The working
surfaces were acid-etched using 37% phosphoric acid (Denfil;
Vericom Co., Korea) for 15 s and rinsed with distilled water for
10 s, and the excess water was removed using gentle airflow.
The adhesive was applied on the dentine surface in three layers,
each layer air-dried gently using dental air syringe after 20 s
and finally photo-polymerized by a LED light-curing unit
(Bluephase, Ivoclar Vivadent) for 20 s. A commercially avail-
able dental resin composite (2250, 3M/ESPE) was bonded to
the dentin surface (4 mm height) in 2-mm increments, and each
increment was photo-cured for 40 s as mentioned above. The
specimens were sectioned using a low-speed micro-saw

(Nemo, Mashhad, Iran) to obtain ten beams with cross-
section area of approximately 1 mm?”. The specimens were
attached to a universal testing machine (STM20-SANTAM,
IRAN) jig for uTBS using cyanoacrylate glue, and the bond
strength was measured using a 6 Kgf'load-cell with a crosshead
speed of 0.5 mm/min. The stress at failure point was recorded,
and the mean values for fTBS were compared using one-way
ANOVA followed by Tukey’s post hoc test (aw =0.05). The
failure modes were determined at x 40 magnification using a
stereomicroscope and recorded as adhesive, cohesive in dentin,
or composite and mixed.

Results
Characterization of synthesized filler

X-ray diffraction The XRD pattern of produced powder is
presented in Fig. 1 and matched with the hydroxyfluoroapatite

Table 1 Descriptive results for

flexural strength Filler content (w/w %) Mean (MPa) Std. deviation (MPa) 95% confidence interval for mean
Lower bound Upper bound
0 31.7156 1.57641 30.5038 32.9273
0.2 37.6411 2.42481 35.7772 39.5050
0.5 34.7360 321121 32.4388 37.0332
1 29.8218 5.26887 26.2821 33.3615
2 27.5060 6.05753 23.1727 31.8393
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Table 2 Descriptive results for

flexural modulus Filler content (w/w %) Mean (MPa) Std. deviation (MPa) 95% contidence interval for mean
Lower bound Upper bound

0 347.9089 88.55979 279.8358 415.9820

0.2 386.8967 7528793 329.0252 4447681

0.5 425.9560 49.07202 390.8520 461.0600

1 512.0760 98.02434 441.9536 582.1984

2 376.5050 71.77430 325.1608 427.8492

(PDF No. 00-034-0010). Merging of (112) and (211) peaks is
an indication for the formation of fluorinated hydroxyapatite
[25]. Moreover, the broadening pattern indicated the forma-
tion of nano-scaled fluorine hydroxyapatite according to the
Eq. 1; the mean crystalline size was calculated about 15 nm.
The degree of crystallinity of powder approximated to be
about 56% according to Eq. 2.

FTIR In FTIR spectrum (Fig. 2), bands located at 1095, 1032, and
962 cm ! were obtained (P-O bonds), as well as in the low
wavenumber region at 604 and 564 cm ! (O-P-O bonds) which
corresponds to the apatite structure. Furthermore, two distinctive
peaks observed at 3571 and 632 cm™' were assigned to the
stretching mode and the vibrational mode of the structural hy-
droxyl anion (OH") in HAp, respectively [26]. Bands corre-
sponding to the CO3%~ groups were also detected. The bands at
878 and 738 cm ' represent the bending and the vibration mode
of C-O bond in carbonate group that partially occupying OH™
positions (A-type), while the bands detected at 1456 and
1413 cm ! reflect partial PO, substitution (B-type) [26].
After treatment of FHAp particles by citric acid, two peaks
appeared at the 1603 and 1596 cm ', corresponding to the O—
C=0 in citrate structure, indicating the reaction of citric acid

40.00

35.00

30.007

25.00

20.00

15.007

Mean Flexural Strength (MPa)

10.00

5.00

Filler Content (wiw%)

Fig. 4 Flexural strength (a) and flexural modulus (b) in different groups.
Results of multiple comparison analysis (Tukey) are shown as arrows
connecting each pair, and the p values are presented in front of each line.

and the surface of fillers. Furthermore, the distortion of peak at
1033 cm ' in FHAp spectrum can be due to the appearance of
the peak at 1072 cm ', which corresponds to the C—OH in
citrate structure.

Scanning electron microscopy SEM micrographs (Fig. 3)
showed the formation of microparticles, made up of
agglomeration of FHAp nanoparticles. By citric acid
treatment, rounded microparticles were observed in the
range of 5 pm.

Characterization of the adhesive

Flexural strength and modulus The mean and standard devi-
ation for flexural strength and modulus in each group are
presented in Tables 1 and 2. One-way ANOVA showed that
there is a significant difference among the mean flexural
strength and modulus in different groups (p < 0.001 for both).
The results of Tukey’s post hoc analysis are shown in Fig. 4.

Degree of conversion FTIR spectra of all specimens showed
that the peak at 1638 cm ', corresponding to the aliphatic
C=C bond was disappeared. It indicated that the degree of

g 400
E \\-\\ \\\ﬁl\\\\
- — \i\\\\\ l\\\\\l\\\

Filler Content (wiw%)

Solid and dotted arrows are indicating significant and insignificant differ-
ence, respectively. Error bars indicate the 95% confidence intervals
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Fig. 5 FTIR spectra of adhesives in different groups. The dotted line
corresponds to the uncured adhesive, while solid lines are indicating the
cured adhesive specimens

conversion in all specimens was more than 98% (Fig. 5).
Therefore, all specimens showed almost complete polymeri-
zation regardless of the filler content.

Microtensile bond strength Descriptive data for microtensile
bond strength are shown in Table 3. One-way ANOVA showed
a significant effect of filler content on the uTBS (p =0.001). The
results of Tukey’s post hoc analysis are presented in Fig. 6.

Scanning electron microscopy SEM micrographs from frac-
tured surface showed an integrated interface between filler parti-
cles and resin matrix, which confirms the adhesion of citric acid-
treated particles to the resin. The filler particles well blocked the
crack propagation throughout the resin matrix (Fig. 7).

Discussion

This study showed that the incorporation of fluorine hydroxy-
apatite microfillers significantly affects the mechanical prop-
erties and the bond strength to dentin substrate. FHAp fillers
were synthesized by sol-gel approach, which is an easy and
well-controlled method that described previously [27, 28].

XRD analysis showed that the calculated crystal size was in
nano-metric scale, which was confirmed by SEM. On the
other hand, SEM micrographs showed that the nanoparticles
aggregated and formed microparticles, which can be due to
the high surface energy of nanoparticles.

In the present study, citric acid was used for surface treat-
ment of FHAp particles for integration of filler to the resin
matrix. Citrate ions have more affinity for calcium ions than
phosphate and go under ionic exchange by phosphate ions in
the solid—solution interface [29]. Citric acid has been de-
scribed as a favorable coupling agent for hydroxyapatite-
filled di-methacrylate resin composites [30, 31]. Results of
current study confirmed that citric acid well coated the parti-
cles and integrated with the resin matrix, using the FTIR and
SEM.

In this study, the percentage of filler loading was chosen
according to the study of Sadat-shojaei et al. in 2010 [14], in
which the hydroxyapatite nanorods was used as the filler in a
dental adhesive. All formulations remained stable during the
period of the this study for 3 months at 4 °C, except for the
adhesive having 2% w/w filler, in which some part of filler
content was precipitated.

Flexural strength and modulus were measured to confirm
the interaction of filler and the matrix, and it was shown that
the maximum flexural strength was observed by 0.2-0.5%
incorporation of FHAp fillers after which was dropped by
increasing the filler content. However, maximum flexural
modulus was seen in 1% (w/w) filler content. It means that
in adding more FHAp fillers, the stiffness was increased; how-
ever, the strength was decreased due to the increase in brittle-
ness. The sudden drop in FM by adding 2% w/w filler may be
due to the agglomeration of particles. This was in agreement
with the Sadat-shojaei’s study [14]. Previously, it was demon-
strated that the decrease in mechanical strength can be due to
the lower degree of polymerization, as the increase of filler
content may prevent the light penetration through the resin
during the photo-polymerization. However, the measurement
of degree of conversion using FTIR in this study showed that
the polymerization was not affected by the percentage of filler
content.

Table 3 Descriptive data for

microtensile bond strength test Filler Mean Std. deviation 95% confidence interval for
content (MPa) (MPa) mean Minimum  Maximum
(wiw %)
Lower Upper
bound bound
0 113714 4.80126 6.9310 15.8119 5.20 17.25
0.2 13.4782 3.60498 11.0563 15.9000 7.02 17.20
0.5 13.8489 4.59128 10.3197 17.3781 7.66 23.06
1 21.6692 6.04444 17.0231 26.3154 11.78 31.15
2 16.9367 5.32997 12.8397 21.0336 8.14 26.27
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Fig. 6 Results of Tukey’s post
hoc analysis for microtensile
bond strength test. Error bars are 30.00-
indicating the 95% CI. Solid and
dotted arrows show significant
and insignificant difference
between each two groups,
respectively a
E 20.00
n
[11]
[
3
c
3
@
=
10.00
0.00

W7

o

SEM showed that the filler particles act as the crack-
stoppers as the failure in bending occurs due to the tensile
stresses. On the other hand, the failure in bending initiates
from the surface flaws that concentrate the stress. Therefore,
it can be supposed that by increasing the filler content, the
probability of stress concentration increases at the surface,
so that the flexural strength was dropped immediately after
0.2% w/w of filler loading.

The tensile bond strength testing was chosen to eval-
uate the effect of FHAp filler content on the bonding
effectiveness to the dentin. In this study, the maximum
uTBS was achieved using 1%-loaded adhesive. The pat-
tern of change in uTBS was consistent with that of

Signal A= QBSD
Photo No. = 3228

Date :24 Oct 2016

EHT =20.00 kV WD= 9mm Time :16:08:45

Filler content (wiw%)

flexural modulus, indicating that this mode of bonding
test is more relevant to the flexural modulus than the
ultimate strength. In addition, the inconsistency between
FS and the uTBS may be due to the different behaviors
of materials in the bulk and thin film forms. Regarding
the effect of adhesive thickness on the bond strength,
higher filler content up to 1% may increase the viscosity
of adhesive that helps to form a proper thickness of ad-
hesive. Thin layers of resin may not polymerize efficient-
ly due to the inhibiting effect of oxygen on the polymer-
ization. Also, a thicker layer of adhesive might act to
absorb the polymerization stress of composite, which
may affect the bond strength [32].

Signal A= QBSD
Photo No. = 3229

Date :24 Oct 2016

EHT =20.00 kV WD = Time :16:13:16

Fig. 7 SEM micrograph of 2% FHAp-filled adhesive under x 2000 (a) and % 15,000 magnification. The fillers stopped the crack propagation (a). An

integrated interface was achieved between citric acid-treated FHAp particles and the resin matrix (b)
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