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A B S T R A C T

The purpose of this study was to evaluate the physical properties and bioactivity potential of epoxy-based dental
sealers modified with synthesized bioactive glass (BAG), hydroxyapatite (HA) and fluorine substituted hydro-
xyapatite (FHA) nanoparticles.

The synthesized powders were incorporated at 10% and 20% into the epoxy-based dental sealer. The setting
time, flow and solubility and microhardness of the modified and unmodified samples were examined. The
bioactivity was evaluated using FESEM-EDX and elemental mapping, ATR-FTIR and XRD.

The flow value of all of the experimental groups except the FHA modified samples, was greater than 20mm.
Concerning solubility, no specimens exhibited more than 1% weight loss. The solubility value of the FHA groups
was statistically significant lower than other groups (p≤ 0.001). The mean hardness values of all of the modified
samples were significantly higher than the unmodified group (p≤ 0.001).

Regarding bioactivity, in vitro study revealed that after 3 days immersion in SBF a compact and continuous
calcium phosphate layer formed on the surface of epoxy sealers containing BAG and HA nanoparticles.

Based on these results, the addition of BAG and HA nanoparticles did not adversely alter the physical
properties of epoxy sealers. Additionally, they improved the in vitro bioactivity of the epoxy sealer.

1. Introduction

Endodontic sealers have been classified according to their main
components to zinc oxide, eugenol-based, calcium hydroxide, glass io-
nomers, epoxy resin-based; methacrylate resin-based; silicone-based;
and bioceramic sealers [1]. Epoxy-based dental sealers were first in-
troduced by Schroeder [2], and now widely used because of their good
adhesion to dentin [3], tight apical seal, low solubility, and long-term
dimensional stability [4].

Root canal sealers are in direct contact with the periapical tissue,
and thus ideally, they should bess composed of a bioactive material [5].
A bioactive dental material should induce the deposition of carbonated
apatite crystals—the main mineral phase of bone and dental hard

tissues. The bioactivity of a root canal sealing material is related to its
chemical composition and depends on the interaction between the
bioactive material and its surrounding environment [6]. Mineral tri-
oxide aggregate (MTA) and new tricalcium silicate (TCS) based cements
such as Biodentine™ are some examples of bioactive dental sealers [7].

Different attempts have done to incorporate bioactive fillers in-
cluding bioactive glasses (BAG) [8–10], nanostructured hydroxyapatite
(nHA) [6], niobium, and zirconium oxide radiopacifiers [5], into root
canal filling materials. These have been added to improve their sealing
ability especially in the apical regions of root canal system. Alhashimi
et al. [8] evaluated the bioactivity and the cytocompatibility of an
experimental BAG-reinforced polyethylene root-canal filling composite
and described that this may be a proper material for a root canal system
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due to its biocompatibility, bioactivity, low melting temperature, and
easy removal [8], Collares et al. [6]added nanostructured HA (nHA)
fillers to methacrylate-based root canal sealers and concluded that the
addition of nHA up to 40% to root canal sealers did not alter the film
thickness or radiopacity [6]. Heid et al. [9], incorporated nanometric
and micrometric BAG particles into an epoxy resin sealer and resulted
quicker calcium phosphate precipitation for nanometric BAG particles
compared to the micrometric ones [9].

Bioactive glass is a known bioactive material first developed by
Hench et al. [11]. BAG particles are mainly composed of SiO2, CaO,
Na2O, and P2O5 in different ratios and are extensively used in dentistry
due to their ability to induce HA formation when subjected to physio-
logical fluids [11,12]. The potential for releasing remineralizing ions
and HA precipitation makes BAG a potential source of a remineralizing
agent in dental composites [12].

Hydroxyapatite (HA; Ca5(PO4)3OH) has also been extensively used
in the field of dentistry due to its remarkable biocompatibility, bioac-
tivity, and similarity to the mineral phase of teeth and bone [13,14].
Several researchers have developed dental composites using HA fillers
to improve their mechanical [15], antibacterial [16,17] and bioactivity
properties [18].

Biological apatites usually contain a wide variety of other sub-
stitutions—one of the most common is the substitution of a fluoride ion
for a hydroxyl ion [19,20]. Partial substitution of OH by F forms
fluoride-substituted hydroxyapatite (FHA, Ca5(PO4)3(OH)1-xFx) [21].
This substitution can reduce the volume of the unit cell. The density and
the chemical stability of the lattice then increases due to the electro-
static bonding between the fluoride and the adjacent ions [22].

Moreno et al. reported that partially fluorine-substituted hydro-
xyapatite is more stable than either pure hydroxyapatite or fluor-
oapatite. They obtained the lowest Ksp for the solid solution phase of
Ca5(PO4)3(OH)0.43F0.57 [23]. The high lattice stability of partially
fluoridated hydroxyapatite can be explained by the formation of OH–F
bonds and disordering in the orientation of OH− ions by F− [23,24].

This study assessed the effect of incorporation of sub-micron sized
BAG, HA, and FHA particles on the physical properties and bioactivity
of epoxy-based endodontic sealers. The null hypotheses were as follows:
(1) The addition of sub-micron sized BAG, HA, and FHA would not
affect the physical properties (setting time, flow, solubility, and hard-
ness) of the epoxy resin sealer; (2) The addition of sub-micron BAG, HA,
and FHA particles would not improve the bioactivity of the epoxy-based
dental sealer.

2. Materials and methods

2.1. Synthesis of sub-micron sized HA and FHA particles

The HA and FHA powders were synthesized and characterized as
previously described [25]. Briefly 0.015M diammonium hydrogen
phosphate solution (12 g; 99%, Merck Company) was slowly added to
0.09M calcium nitrate solution with vigorous stirring. The pH of the
solution was brought to 11 with concentrated 1M sodium hydroxide
solution (Merck Company). The resulting precipitate was aged for 24 h
while being stirred at room temperature and then centrifuged and
washed three times with deionised water. The resulting powder then
was dried. To prepare the FHA powder, 10 g of prepared HA powder
was suspended in 500mL of 0.02M sodium fluoride (98.5%, Merck
company) solution. The pH of the solution was adjusted to 7 overnight.
Then, the pH was decreased to 4 by slowly adding 1M nitric acid (68%,
Merck Company). After 30min, the pH was changed to 7 via 1M so-
dium hydroxide. This pH cycle was repeated three times. The solution
was then centrifuged and washed with deionised water three times. The
resulting wet powders were dried. Both HA and FHA powders were
calcined at 600 °C for 1 h at the rate of 5 °C/min in air.

2.2. Synthesis of BAG nano-particles (nBAG)

The nBAG were synthesized using the sol-gel method. Briefly,
5.8 mol TEOS (tetraethylorthosilicate) was added to 1M nitric acid
solution and mixed for 60min to fulfil the hydrolysis process. Here,
5.8 mol TEP (triethylphosphate), 0.17mol calcium nitrate tetra-hy-
drate, and 0.32mol sodium nitrate (NaNO3) were added and allowed to
react for 60min. The transparent solution was stored for 5 days at room
temperature and, after the storage period, gel formation occurred. The
resulting gel was aged for 24 h at 70 °C, dried for 24 h at 120 °C, and
calcined for 4 h at 700 °C to stabilize the structure and remove the re-
maining nitrates [26]. All synthesized powders were ball-milled at
1200 rpm for 10min.

2.3. Characterization of synthesized powders

The synthesized HA, FHA, and BG powders were characterized
using a combination of X-ray diffraction (XRD), Fourier transform in-
frared spectroscopy (FTIR), and field emission scanning electron mi-
croscopy micrographs (FESEM).

2.3.1. X-ray diffraction analysis
Phase analysis of the prepared powders was carried out using XRD

(INEL EQUINOX 2000 diffractometer) with Cu-Ka radiation of
1.540598 Å working at 40mA, 40 kV, and a scan speed of 0.02 s−1 in
the 2θ range of 10–80.

2.3.2. Scanning electron microscopy
The powders were coated with a thin layer of gold (Au) by sput-

tering for conductivity; the microstructure of the powders were ob-
served with FESEM (FEI Nova NanoSEM 450, Netherlands).

2.3.3. Fourier transform infrared spectroscopy
The synthesized powders were also investigated using FTIR (Nicolet

iS50, USA) with the KBr pellet method upon addition of 0.2 g anhy-
drous KBR to 2mg of synthesized powders. Data were collected at a
resolution of 4 cm−1 and wavenumbers ranging between 400 and
4000 cm−1.

2.4. Sample preparation of modified and unmodified epoxy-based dental
sealer

To evaluate the effect of synthesized powders on physical properties
(setting time, flow, hardness, and solubility) and bioactivity of epoxy-
based dental sealers the specimens for each test study were assigned to
seven groups according to the kind and percentage of added nano-
particle powders: (1) unmodified (control), (2) BAG/10%, (3) BAG/
20%, (4) HA/10%, (5) HA/20%, (6) FHA/10%, and (7) FHA/20%. For
the preparation of the un-modified groups, the powder and liquid of a
silver-free commercially available AH26 epoxy resin sealer (Dentsply
Maillefer –USA) were mixed according to the manufacturer's instruc-
tions. The composition of the powder and liquid included bismuth oxide
(70%) with hexamethylene tetramine (25%) and bisphenol A-diglyci-
dylether (BADGE), respectively [27].

To prepare the modified groups, the powder of conventional epoxy
sealer was blended with 10wt% and 20wt% of each synthesized
powder as follows. The synthesized powders and the AH26 sealer
powder (Dentsply Maillefer USA) were weighed with an analytical
balance (Sartorius, Goettingen, Germany) and divided into equal parts.
Each part of the synthesized powders was mixed manually with com-
mercially epoxy sealer (powder) for 3min and then mixed with an
amalgamator (Ultramat 2, SDI, Australia) to ensure adequate particle
distribution.

The modified and unmodified powders were mixed with commer-
cially epoxy resin liquid on a glass slab using a metal spatula with a
powder-to-liquid (P/L) ratio of 2/1 as recommended by the
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manufacturer. All prepared samples were placed into an incubator at
37 °C and 100% humidity to ensure complete polymerization.

2.5. Physical properties

The physical properties of the modified and unmodified samples
including, setting time, flow, and solubility were evaluated according to
the ISO 6876 specifications [28]. The microhardness value of the
samples was also measured using a Vickers diamond indenter.

2.5.1. Setting time
To evaluate setting time, the mixed sealers were stored at 37 ± 1 °C

and 95% humidity for 9 h. When the shortest setting time stated by the
manufacturer (10 h) approached, a Gilmore-type needle indenter with a
mass of 100 ± 0.5 g and a flat end 2.0 ± 0.1mm in diameter was
lowered vertically onto the surface of each specimen (10mm width and
2mm high) until the indentations were no longer visible. Five de-
terminations were performed for each group.

2.5.2. Flow
A volume of 0.5mL of each experimental sealer was put on the

centre of a glass plate (40mm, 40mm, 5mm) using a graduated insulin
syringe. At 180 ± 5 s after the mixing began, the second plate (mass of
20 ± 2 g and load of 100 g) was placed onto the top surface of the
prepared specimens. Seven minutes later, the applied load was re-
moved, and the diameters of the compressed sealer discs were mea-
sured using a digital calliper with a resolution of 0.01mm. The average
of the major and minor diameters was calculated and reported as the
flow. The test was repeated if the discs were not uniformly circular or
the major and minor diameters did not match within 1mm. The mean
value from five determinations, expressed to the nearest 1 mm, was
recorded as the flow for each experimental group.

2.5.3. Solubility
A mould with an internal diameter of 7mm and a height of 1mm

was placed on a glass plate and filled with the mixed sealers from each
group (n= 10). Another glass plate was pressed on top of the mixed
sealers. The mould then was placed in an incubator for 24 h.
Subsequently, the samples were removed from the mould, and the discs
were weighed three times using an analytical balance with a precision
of 0.001 g. The mean mass from the three readings was recorded as the
initial mass to the nearest 0.001 g. Each specimen was suspended in a
plastic container containing 10mL of deionised water. The containers
were sealed and placed in an incubator for one week. Thereafter, the
specimens were removed from their containers and washed with dis-
tilled and deionised water. The excess water was removed using ab-
sorbent paper. Afterwards, the samples were weighed three times at 15-
min intervals to determine the final mass. The material solubility was
calculated by the proportion of mass loss identified for each sample and
expressed as a percentage of the original mass. The difference between
the original and final weight of each sample, determined to the nearest
0.001 g, represented a percentage of the original weight and was used
as the solubility of the experimental sealers.

2.5.4. Hardness
The cylindrical specimens (n= 10) with specified dimensions

(10mm in diameter and 2mm high) were prepared for each experi-
mental group and hand-polished using silicon carbide papers to pro-
duce a flat surface. The specimens were stored in 100% relative hu-
midity at 37 °C for one week. The hardness values of specimens were
measured using a microhardness tester (V-Test II, Baresiss, Germany)
with a Vickers diamond indenter and 100 g load for 20 s. Three Vickers
values were recorded for each sample.

2.6. Evaluation of apatite-forming ability of samples

The ability of the added fillers to induce the formation of an apatite-
like layer was assessed in an acellular simulated body fluid (SBF) so-
lution.

Disc-shaped specimens (5mm width and 2mm height) of each ex-
perimental group (n=3) were immersed in SBF solution at 37 °C and
100% humidity for 3 and 7 days.

The specimens were then removed from the SBF and gently washed
and dried at 37°С. The samples before and after immersion in SBF were
analyzed using XRD, ATR-FTIR and FESEM-EDX to assess their bioac-
tivity potential and confirm the formation of an apatitic layer. The
surface of the specimens was analyzed using an X-ray diffractometer
(X'Pert PRO, PANalytical Company, Netherlands) with Cu-Ka radiation
of 1.540598 Å at 40mA, 40 kV, with a scan speed of 0.02 s−1. A spec-
trometer (ATR-FTIR: ThermoFisher scientific, SMART
OMNI-TRANSMISSION, model: NICOLET iS10, USA) was used from 400
to 4000 cm−1 with a resolution of 4 cm−1 to assess the functional
groups in the produced layer. The surface morphology of the specimens
was analyzed using FESEM (FEI Nova NanoSEM 450, Netherlands). The
elemental composition and mapping of the samples was determined
using energy-dispersive X-ray spectroscopy (XFlash 61 10, Bruker AXS
Microanalysis, Berlin, Germany) with scanning rate of 2min.

2.7. Statistical analysis

Before statistical analyses were performed, the normality and
homogeneity of the variances of the data were evaluated at a sig-
nificance level of 5% using the Kolmogorov-Smirnov test and Levene's
test, respectively. After confirmation of the normal distribution of the
results, two-way analysis of variance (ANOVA) determined the effect of
kind and percentage of filler and their interaction on the physical
properties of the epoxy-based dental sealers. A post hoc Tukey's HSD for
multiple comparisons was used for pairwise comparisons between the
study groups. All statistical analyses were executed using SPSS 23.0 for
Windows at a significance level of 0.05.

3. Results

3.1. Characterization of synthesized powders

The XRD patterns of the HA, FHA, and BAG samples are shown in
(Fig. 1A). The XRD pattern of the BAG sample matched the sodium-
calcium-silicate phase (Na2Ca2Si3O9, PDF#0-75-1687) and the main
Bragg peaks at ∼26°, 32°, 33°, and 34° correspond to the (2 1 1), (3 0
0), (2 0 4), and (2 2 0) Miller planes, respectively. The XRD patterns of
HA were consistent with pure HA (JCPDS card #09–0432). The typical
peaks of the apatites are at ∼26°, 32°, 33°, and 34° and these corre-
spond to the (00 2), (2 1 1), (3 0 0), (2 0 2), and (3 1 0) Miller planes,
respectively.

The pattern of FHA was found to be similar to the HA crystalline
structure. However, the peaks of (3 0 0) and (2 0 2) at 33° and 34°
gradually shifted to higher angles compared to HA and better fit with
the FA (JCPDS card #15–0876) XRD pattern (Fig. 1B). All of the dif-
fraction peaks became sharper upon incorporation of fluoride into the
HA structure. This indicated an increase in the crystallinity of the FHA
crystalline structure (Fig. 1).

In the FTIR spectra, the functional groups of phosphate and carbo-
nate for both HA and FHA were observed (Fig. 2). The presence of
carbonate might have originated from the absorption of the carbon
dioxide from the atmosphere. The peaks of 472 cm−1, (568 and
607 cm−1), 934 cm−1, 1056 cm−1, are attributed to the ν2 (P–O), ν4
(P–O), ν1 (P–O), and ν3 (P–O) vibrational bands. Moreover, ν2 C–O
(871 cm−1) and ν3 C–O (1460–1419 cm−1) vibrational bands were
found in both HA and FHA samples. The bands at 1460 and 1419 cm−1

and the weak band at 871 cm−1are ascribed to the B type carbonate
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resulting from substitution of phosphate ions by carbonate ions [29].
The OH stretching band at 3568 cm−1 became weaker with in-
corporation of fluoride into the HA structure; a new band at 3537 cm−1

(OH–F or OH–F–HO) appeared as indicated by the arrow in Fig. 2 [30].
In the FTIR spectra of BAG the bands at 526 and 1046 cm−1 can be

assigned to the νsym (Si–O–Si) and ν asym (Si–O–Si) bands of the SiO4

tetrahedra, respectively. The band at 934 cm−1 can be attributed to the
SiONBO (non-bonding oxygen, NBO). A broad peak at 1470 can be

attributed to the ν3 (CO3
2−) band of carbonates adsorbed on the sur-

faces of synthesized powders [31,32] (Fig. 2).
The microstructure of the powders was examined by FESEM (Fig. 3).

A distribution of nano-sized particles with large agglomerates was ob-
served for the BAG and HA powders; these were produced from cold-
welding the fine nanoparticles together. The HA powders had a nearly
round-shaped morphology and irregular margins with particle sizes
ranging 20–40 nm in diameter. The nanometric BAG particles had ir-
regular shapes with particle sizes of 30–60 nm (Fig. 3(a) and (b)).

The microstructure of FHA particles was almost plate-like with
different aspect ratios and widths ranged from 200 nm to 1 μm. Layered
patterns were seen in the FHA specimens as indicated by the arrows in
Fig. 3c.

3.2. Physical properties

Indentations were not visible in all of the specimens after 9 h of
storage (the lowest setting available from the manufacturer). The set-
ting time was within the range indicated by the manufacturer, and all of
the unmodified and modified specimens passed the ISO 6876 require-
ments for setting time. The flow value of the experimental sealers
ranged from 14.16 to 24.33mm for the unmodified and FHA/20%
samples, respectively. All of the experimental groups, except the FHA-
modified samples, had flow values over 20mm, which agrees well with
the ISO 6876 requirements for dental sealers [28]. However, the flow of
the modified samples was significantly reduced versus unmodified ones
regardless of the filler percentage (p≤ 0.001). The difference between
the flow values of the FHA-modified groups and both the HA and BG
modified groups was also statistically significant (p≤ 0.001). However,
the flow of HA and BAG-modified sealers was not different (p=0.584).

The solubility data (Table 1) indicates that no specimens underwent
more than 1% weight loss, which is under the 3% threshold determined
by the ISO standard. The FHA/10% group showed the lowest solubility
and even the FHA/20% exhibited a weight gain as the result of water
sorption. The difference between the solubility value of the FHA-mod-
ified groups and other groups was statistically significant (p≤ 0.001).
However, the difference between the solubility of the control, HA, and
BAG-modified groups was not statistically meaningful (p ˃ 0.05).

Table 1 shows that the mean hardness values of the epoxy-based
endodontic sealers were significantly increased upon addition of cal-
cium phosphate fillers (p≤ 0.001). However, the Vickers microhard-
ness values between the modified groups did not show any statistically
significant differences (p ˃ 0.05).

Fig. 1. (A) Broad-range XRD pattern of synthesized powders. (B) Short-range
XRD pattern of HA and FHA powders.

Fig. 2. FTIR spectra of synthesized powders.
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3.3. Apatite-forming ability of unmodified and modified sealers

The SEM/EDX and EDX mapping images of the specimens before
and after 3 and 7 days of soaking in SBF are presented in Figs. 4–7 and
Figs. 8–10, respectively. The SEM images show that the nBAG and nHA
fillers at both 10 and 20% wt were evenly distributed and dispersed
throughout the epoxy resin matrix (Figs. 5A1, 6A1). In contrast, several
voids can be seen in the FHA-containing composites probably due to the
unequal distribution and agglomeration of the fillers (Fig. 7A1). The
SEM images and EDX elemental mapping confirmed the formation of
the mineral deposits on the surfaces of all of the modified specimens
after 3 and 7 days of immersion in SBF (Figs. 5–7 and Figs. 8–10). The
SEM images of the BAG-modified samples showed the creation of a
thick and newly developed layer on the surface of the nBAG-containing
sealers, which was fractured in different areas due to the drying process
(Fig. 5). A similar fractured pattern with lower density was observed in
the HA and FHA-modified samples. Calcium phosphate precipitates
were also observed in the control group; however, these precipitates
were not as well developed as the other groups according to SEM
images (Fig. 4). The formation of this thin un-developed calcium-
phosphate layer on the surface of unmodified samples maybe resulted
from the surface roughness of the samples that may promote the nu-
cleation of calcium-phosphate precipitates [33].

The EDX elemental mapping analysis showed an increase in the Ca
and P elements in all modified samples. This confirmed the homo-
geneous calcium phosphate's deposition (Figs. 8–10). This increase was
obvious in BAG and HA-modified samples.

The EDX analysis after 3 days of soaking in SBF revealed that the
mineral deposits formed on the surface of all specimens were mainly
composed of carbon (C), oxygen (O), bismuth (Bi), calcium (Ca), and
phosphorous (P) (Figs. 4–7). The Ca and P content increased in all of the
modified and unmodified specimens after immersion in SBF. The
highest increase was observed in the BAG-modified groups. There was a
remarkable reduction in the Bi in all groups except for the unmodified
and FHA/20% groups, which confirmed the formation of a new layer in
the BAG, HA, and FHA/10% modified groups.

The ATR-FTIR analysis showed that the absorption bands assigned
to the epoxy resin sealer including 1232 cm −1 (C–N), 1300 cm −1

(C–H), 1505 cm −1(C–H), 1605 cm −1(C–H), 2870 cm −1 (C–H),
2920 cm −1 (C–H), and 3037 cm −1 (C–H) in BAG-modified samples;
these peaks decreased or disappeared after 3 or 7 days of immersion in
SBF, which suggests the formation of a new layer on the surface of the

specimens. The appearance of new absorption bands at 1400 cm −1 can
be attributed to the formation of carbonated apatite in the BAG and HA-
modified sealers (Fig. 11 (B1, B2, C1 and C2)).

A peak at 1031 cm−1 in the control group appeared after immersion
in SBF solution, which can be attributed to PO4

3−. In the BAG and HA-
modified samples, this peak shifted to a lower wave number. The ledge
at 1105 cm−1 disappeared, and the absorption bands at 1031 cm−1 and
1105 cm−1 merged to form a new peak at 1108 cm−1 and 1027 cm−1 in
the BAG and HA-modified groups, respectively. The FHA-modified
specimens showed a pattern close to the unmodified samples after 3 and
7 days of soaking in SBF particularly in the case of FHA/20% (Fig. 11).

The XRD patterns of the set sealers (Fig. 12) matched with octa-
calcium phosphate (PDF#0026–1056), HA (PDF#09–0432), and bis-
muth oxide (PDF#41–1449). The main Bragg peaks were at ∼26°, 27°,
28°, 33°, and 35°. It is notable that the peaks of these phases were
mostly in the same region.

The control group had a significant increase in the 27° and 28° peaks
after immersion in SBF. This increase can be attributed to the formation
of immature calcium phosphate precipitates that maybe resulted from
the surface roughness of the samples. In the BAG-modified samples, the
main Bragg peaks became weaker probably as a result of the formation
of a thick new layer. This layer can overshadow the bismuth oxide
peaks. Actually, all of the diffracted peaks in the BAG samples can be
ascribed to the calcium phosphate components including OCP and HA.
In contrast, the XRD pattern of the HA group showed significant in-
creases in the dedicated peaks of apatite at ∼26°, 33°, and 35°. No
obvious crystallography changes were found in FHA/20% (Fig. 12). It is
notable that the XRD was not helpful for evaluation of apatitic layer
formation because the aforementioned phases of calcium phosphates
and bismuth oxide were mostly in the same region.

4. Discussion

Ideally, root canal sealers should be bioactive, and the bioactivity is
related to their composition and constitution. It is important that the
added bioactive fillers do not adversely affect the physical properties of
the material. Here, we added three different synthesized bioactive sub-
micron sized fillers and evaluated their effect on the physical properties
and bioactivity of epoxy-based dental sealers.

The synthesized powders were evaluated using SEM, XRD, and
FTIR. The XRD pattern of partially FHA was nearly identical to that of
HA, and no structures have been recorded for partially F−substituted

Fig. 3. Field emission scanning electron microscopy micrographs of synthesized (A) bioglass (BAG), (B) hydroxyapatite (HA), and (C) fluorine-substituted hydro-
xyapatite (FHA).

Table 1
Physical properties of unmodified epoxy sealer and those modified with BAG, HA, and FHA particles (mean ± SD).

Control BAG HA FHA

10% 20% 10% 20% 10% 20%

Flow (mm) 24.33 ± 0.57 21±1a 20.5 ± 0.5b 20.83 ± 0.57a 20.16 ± 0.28b 15.16 ± 0.76 14.16 ± 1.25
Hardness 20.93 ± 1.05 22.36 ± 0.88cd 22.79 ± 1.10ef 22.82 ± 1.73c 22.22 ± 0.53e 23.83 ± 1.39d 23.53 ± 0.68f

Solubility (%reduction in weight) 0.72 ± 0.25ghij 0.65 ± 0.33gk 0.55 ± 0.50hl 0.54 ± 0.39ik 0.72 ± 0.29jl 0.33 ± 0.29 −0.61 ± 0.63

The same letters denote groups that are not statistically significant differences.
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apatites in the ICDD database. However, with the incorporation of F−

ion in the HA lattice structure, the peaks of the (3 0 0) and (2 0 2) Miller
planes shifted to the right versus the HA pattern (Fig. 1). Incorporation
of F− anions with lower ionic radius decreases the length of a-axis of
the hexagonal crystal structure and, hence, causes the peaks to shift to

higher angles.
The microstructure of the powders was examined by SEM. For the

BAG and HA powders, a distribution of nano-sized particles with large
agglomerates were observed likely due to cold-welding of the fine na-
noparticles together. The HA powders had a nearly round-shaped

Fig. 4. Representative FESEM images, elemental composition, and EDX elemental mapping of control (unmodified) group. A; before soaking in SBF, B; after 3 days of
soaking in SBF, and C; FESEM images of control (unmodified) group after 7 days of soaking in SBF. The Ca and P ions in the figures of EDX elemental mapping are
indicated with green and red colours respectively.

Fig. 5. Representative FESEM images and elemental composition of BAG-modified samples. (A1) 10%-before soaking in SBF; (A2) 10%-after 3 days of soaking in SBF;
and (A3) FESEM images of 10% BAG-modified samples after 7 days of soaking in SBF, (B1) 20%-before soaking in SBF, (B2) 20%-after 3 days of soaking in SBF; and
(B3) FESEM images of 20% BAG-modified samples after 7 days of soaking in SBF.
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morphology and irregular margins with particle sizes 20–40 nm in
diameter. The nanometric BAG particles had irregular shapes with
particle sizes of 30–60 nm.

The microstructure of the FHA particles was almost plate-like with
different aspect ratios. Different researchers have determined that the
incorporation of F− ions affects the morphology [25,34] and the me-
chanical properties of apatite crystals [30]. In this study, fluoride
substitution into the apatite crystalline structure altered the mor-
phology of the crystals and increased their aspect ratio. The sharp
margins of the FHA crystals were indicative of the highly crystalline
nature of crystals (Fig. 2).

Fluoride is known to cause epitaxial growth of crystals on the oc-
tacalcium phosphate (OCP) precursor and change the crystal mor-
phology of apatite crystals [35]. Fan et al. [36] reported that fluoride
had a dose-dependent effect on the morphology of calcium phosphate
crystals [36]. Moreover, other studies suggested that variables like the
pH value of reaction solution and temperature can alter the hydro-
xyapatite morphology and structure [37–39]. In the current study a pH-
cycling method was employed to synthesize the FHA powder. The
changes in pH during the synthesis procedure can also affect the mor-
phology and size of the particles.

In this study, synthesized powders were added to the endodontic
epoxy sealers, and their effect on the physical properties including
setting time, flow, solubility, and hardness were examined. The bioac-
tivity of the modified sealers was also evaluated.

A sufficient setting time is important to provide proper consistency
for completely filling multi-rooted teeth [40]. According to the ISO
6876, the measured setting time should be within the range claimed by

the manufacturer [28]. All evaluated experimental sealers in this study
met this criterion. The amount and kind of added fillers did not affect
the long-term setting reaction of the epoxy sealers.

High solubility is not desirable in root canal sealing materials be-
cause any released materials may irritate the periapical tissues and lead
to gaps between the root canal surface and filling materials. These gaps
can increase bacterial leakage and lead to failure of the root canal
treatment [41]. According to the ISO 6876, the solubility test was based
on the original and final weight of the specimens after 24 h of water
storage. Standard requirements for root canal sealing materials state
that the solubility of a tested material must not be more than 3% of its
initial weight. The added fillers did not increase the solubility, and they
did not destabilize the highly cross-linked sealer matrix (Table 1). In
contrast, the addition of FHA particles into the epoxy sealer sig-
nificantly reduced its solubility. The addition of 20% FHA increased the
weight of the conventional sealer. Different porosities were seen in this
group (Figs. 7 A1 and B1), which may lead to a high amount of water
sorption and consequently weight increases. The porosities seen here
might be produced due to the high viscosity of the FHA-modified
samples and non-homogenous distribution of the FHA particles, which
mostly were in the micron size range.

A sufficient flow value for an endodontic sealer is an important issue
in root canal therapy. It can permit adequate flow to the instrumented
canals and avoids flow into the periapical tissues [40]. The rheological
properties of a filled polymer composite depend on the contact area
between the dispersed (filler) and continuous (polymer) phases and also
on the interaction between these phases [42]. The viscosity of the
composite are determined by the size of the filler, specific surface area,

Fig. 6. Representative FESEM images and elemental composition of HA-modified samples. (A1) 10%- before soaking in SBF; (A2) 10%-after 3 days of soaking in SBF;
and (A3) FESEM images of 10% HA-modified samples after 7 days of soaking in SBF; (B1) 20%-before soaking in SBF; (B2) 20% after 3 days of soaking in SBF; and
(B3) FESEM images of 20% HA-modified samples after 7 days of soaking in SBF.
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Fig. 7. Representative FESEM images and elemental composition of FHA-modified samples. (A1) 10%-before soaking in SBF; (A2) 10%-after 3 days of soaking in SBF;
and (A3) FESEM images of 10% FHA-modified samples after 7 days of soaking in SBF; (B1) 20%-before soaking in SBF, (B2) 20%-after 3 days of soaking in SBF; and
(B3) FESEM images of 20% HA-modified samples after 7 days of soaking in SBF.

Fig. 8. EDX elemental mapping of BAG-
modified samples. (A1) 10%-before soaking
in SBF, (A2) 10%-after 3 days of soaking in
SBF, (A3) 10%-after 7 days of soaking in
SBF, (B1) 20%-before soaking in SBF, (B2)
20%-after 3 days of soaking in SBF, and
(B3) 20%-after 7 days of soaking in SBF.
The Ca and P ions are indicated with green
and red colours respectively.

B.A. Jerri Al-Bakhsh, et al. Bioactive Materials 4 (2019) 322–333

329



composition, and morphology [42,43], and edges of the fillers [44]. In
our study, the FHA fillers significantly reduced the flow of the epoxy
resins. High contact area, sharp margins, and the layered form of the
plate-like FHA are some factors likely responsible for this sharp re-
duction in fluidity. The sharp margins may increase the viscosity by
harsh frictional contact between the fillers and matrix [44], and the
layered plate-like FHA may trap the polymer preventing it from flowing
easily and thus increasing its viscosity.

We show here that the hardness values of all modified sealers in-
creased compared to the control group. However, because endodontic
sealers should not be exposed to mastication forces, the hardness value
of a dental sealer is not an important feature. Nevertheless, the im-
proved surface mechanical properties indicated that the added fillers
had a reinforcing effect and did not deteriorate the sealer's structure
due to agglomeration or poor dispersion. The agglomeration of the

fillers may act as a weak point that leads to the formation of flaws,
defects, and the deterioration of the mechanical properties of dental
resins [45,46]. The improvements in the hardness values seen here
were reflected by the even distribution of the fillers throughout the
resin matrix, which did not adversely affect the mechanical properties.
Moreover, the fillers likely acted as a crack-deflecting agent that hin-
dered crack propagation through the epoxy matrix. The surface mor-
phology and microstructure of the control and modified groups before
and after 3 and 7 days immersing in SBF were characterized using
FESEM-EDX, XRD and FTIR. The bioactive materials can initiate cal-
cium phosphate nucleation on their surface from biological fluids [47].
The growth of the Ca–P precipitates on the surfaces of all groups was
observed in SEM images after 3 and 7 days of immersion in SBF
(Figs. 4–7). The creation of Ca/P depositions was also confirmed by the
EDX elemental mapping analysis in representative samples from

Fig. 9. EDX elemental mapping of HA-
modified samples. (A1) 10% before soaking
in SBF; (A2) 10% after 3 days of soaking in
SBF; (A3) 10% after 7 days of soaking in
SBF; (B1) 20%-before soaking in SBF; (B2)
20% after 3 days of soaking in SBF; and (B3)
20% after 7 days of soaking in SBF. The Ca
and P ions are indicated with green and red
colours respectively.

Fig. 10. EDX elemental mapping of FHA-
modified samples. (A1) 10%-before soaking
in SBF, (A2) 10%-after 3 days of soaking in
SBF, (A3) 10%-after 7 days of soaking in
SBF, (B1) 20%-before soaking in SBF, (B2)
20%-after 3 days of soaking in SBF, (B3)
20%-after 7 days of soaking in SBF. The Ca
and P ions are indicated with green and red
colours respectively.
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modified groups (Figs. 8–10).
A thick new layer was created in the BAG-containing sealers (Fig. 5).

The ATR-FTIR showed that, for the BAG-containing samples, the bands
at ∼2870 cm−1, ∼2920 cm−1, ∼2960 cm−1 and ∼3288 cm−1 were
ascribed to the (C–H) groups related to the epoxy composition, dis-
appeared after soaking in SBF. Moreover, the intensity of the other band
assigned to the epoxy sealer, including the bands at ∼825 cm−1 (C–H),
∼1230 cm−1 (C–N) stretch mode, and ∼1300 cm−1 (C–H) sig-
nificantly decreased (Fig. 11 (B)). After soaking in SBF, the presence of
PO43−stretch mode was observed in the control group at 1,031 cm−1,

which shifted to a higher wavenumber in the BAG and HA-modified
samples (Fig. 11 (B) an (C)). It has been reported that the bands cor-
responding to the PO4

3− group at ∼1030 cm−1 can be attributed to
OCP, and around 1003 cm−1 can be attributed to HA [48].

Accordingly, the layer created in the BAG-modified samples is likely
a hydroxyapatite layer and the Ca/P precipitation on the surface of the
control group is mostly OCP. The formation of this un-developed cal-
cium phosphate layer maybe resulted from the surface roughness of
unmodified specimens. The appearance of new absorption bands in the
BAG and HA-containing sealers at ∼1400 cm−1 can be assigned to C–O

Fig. 11. FTIR spectra of (A) control (unmodified) group; (B1) and (B2) are 10% and 20% BAG-modified groups, respectively; (C1) and (C2) are 10% and 20% HA-
modified groups, respectively; and (D1) and (D2) are 10% and 20% FHA-modified groups, respectively.
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stretching vibration and therefore, to the formation of carbonated
apatite that mimics the apatite of bone and dental hard tissues.

The materials can be categorized into “active” and “passive” bio-
materials according to the process of apatite formation on the surface.
Active biomaterials release ions via diffusion, dissolution, and hydro-
lysis into biological fluids. This increases the supersaturation, which
results in the fast formation of an apatitic layer [47]. Researchers have
determined that the BAG are active biomaterials that release ions via
diffusion into the biological fluids (47). In the present study, we did not
measure the released ions into the SBF. However, according to the lit-
erature (47) the formation of a dense mineral compound on the BAG-
modified samples may be attributed to the PO43−and the Ca2+ ions
diffusion into the SBF solution. Apatites act as passive biomaterials that
prepare an appropriate substrate for heterogeneous nucleation [47]. In
the HA-containing samples, the HA particles led to a negative surface
charge that can bind to positively charged Ca2+ ions from the SBF
solution; thus, calcium-rich HA formed. Subsequently, the positively
charged surface, resulting from Ca2+ accumulation, bound to the ne-
gatively charged PO4

3− ions and formed a metastable amorphous cal-
cium phosphate layer that ultimately transformed into a stable bone-
like apatite [49,50]. Some studies determined that the apatitic layer
formation on the surface of composites reinforced with HA fillers in the
SBF solution may resulted from the dissolution of HA particles which
can lead to the supersaturation of Ca2+ and PO4

3− and promote the
nucleation and growth of HA crystals [51].

FHA was expected to have the same results as HA due to the ne-
gative surface charge [52]. However, there was no obvious apatite layer
formation compared to the control group after 7 days in SBF—this is
likely due to the different morphologies, particle sizes, or agglomera-
tion of particles. It has to be considered that the synthesis procedure of
FHA powder employed in this study was different from HA, that led to
the larger size of particles. For better comparison of apatite-forming

ability of the particles, future studies have to carefully control the sizes
of fillers via the same condition of synthesis procedure. On the other
hand, the FHA-modified samples may need more time to show apatite-
forming ability.

It is worth considering that, in the case of the BAG-modified sealers,
a thick carbonated apatite layer as seen in ATR- FTIR and FESEM-EDX
has not been shown using XRD. This probably was due to the over-
lapping of main Bragg peaks of apatite and bismuth oxide or fracture of
the thick produced apatitic layer during XRD analysis procedure. The
XRD patterns of the set sealers are shown in Fig. 12. These matched
with the OCP (PDF#0026–1056), hydroxyapatite (PDF#09–0432), and
bismuth oxide (the main composition of epoxy sealer) (PDF#41–1449).
The main Bragg peaks were at∼26°, 27°, 28°, 33°, and 35°. The peaks in
these phases were mostly in the same region, and thus the XRD was not
helpful for revealing calcium phosphate peaks.

5. Conclusion

Based on the results of this study, it can be concluded that the
physical properties of epoxy-based dental sealers are not altered by the
addition of BAG and HA nanoparticles up to 20%. The BAG and HA
nanofillers enhanced the in vitro apatite-forming ability of the epoxy
resin sealer. In particular, the formation of a crystalline apatite layer
was accelerated in the case of the BAG-modified samples after a short
period of soaking in SBF. On the other hand, the incorporation of 20%
FHA particles reduced the flow of the epoxy sealer and did not improve
the apatitic layer formation compared to the unmodified samples. Thus,
according to the results of this preliminary study, the incorporation of
nano-structured BAG and HA fillers represents a promising approach for
the reinforcement of resin-based endodontic sealers.

It is notable that in our study the size and morphology of prepared
FHA particles was different than the HA particles probably due to the

Fig. 12. XRD pattern of (A) Control (unmodified) group, (B) 20% BAG-modified group, (C) 20% HA-modified group, and (D) 20% FHA-modified group.
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fluoride incorporation or synthesis procedures. Future studies should
carefully control these sizes for better comparison. The antibacterial
properties of the added fillers should also be considered in future stu-
dies.
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