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Abstract

Introduction—The aim of this study was to evaluate the impact of radiopaque additive, bismuth
oxide, particle size on the physical properties, and radiopacity of tricalcium silicate—based
cements.

Methods—Six types of tricalcium silicate cement (CSC) including CSC without bismuth oxide,
CSC + 10% (wt%) regular bismuth oxide (particle size 10 pm), CSC + 20% regular bismuth oxide
(simulating white mineral trioxide aggregate [WMTA]) as a control, CSC + 10% nano bismuth
oxide (particle size 50-80 nm), CSC + 20% nano-size bismuth oxide, and nano WMTA (a nano
modification of WMTA comprising nanoparticles in the range of 40-100 nm) were prepared.
Twenty-four samples from each group were divided into 4 groups and subjected to push-out,
surface microhardness, radiopacity, and compressive strength tests. Data were analyzed by 1-way
analysis of variance with the post hoc Tukey test.

Results—The push-out and compressive strength of CSC without bismuth oxide and CSC with
10% and 20% nano bismuth oxide were significantly higher than CSC with 10% or 20% regular
bismuth oxide (P < .05). The surface micro-hardness of CSC without bismuth oxide and CSC with
10% regular bismuth oxide had the lowest values (£ < .05). The lowest radiopacity values were
seen in CSC without bismuth oxide and CSC with 10% nano bismuth oxide (£ < .05). Nano
WMTA samples showed the highest values for all tested properties (P < .05) except for
radiopacity.
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Conclusions—The addition of 20% nano bismuth oxide enhanced the physical properties of
CSC without any significant changes in radiopacity. Regular particle-size bismuth oxide reduced
the physical properties of CSC material for tested parameters.

Keywords
Bismuth oxide; compressive strength; nano particle size; radiopacifier; surface hardness

Tricalcium silicate—based cements including mineral trioxide aggregate (MTA) are hydraulic
cements composed primarily of tricalcium silicate, dicalcium silicate, and tricalcium
aluminate (1, 2). Despite proper physical/chemical properties (3-5), MTA, because of its
wide clinical application in pulp capping, root perforation repair, and root-end filling, should
possess sufficient radiopacity to allow for distinction from the adjacent anatomic structures
such as bone and tooth (6). Tricalcium silicate cements (CSCs) without a radiopacifier have
intrinsic radiopacity values ranging from 0.86—2.02 mm aluminum (Al) (7, 8), whereas
according to the international standards for dental root canal sealing materials 1SO 6876,
values lower than 3 mm Al are not recommended (9). Hence, a radiopacifier has to be added
to tricalcium silicate-based materials (6).

Bismuth oxide is a radiopacifier agent added to MTA in a 1:4 (wt%) ratio, which provides a
radiopacity higher than 3 mm Al as suggested by ISO 6876 (9). ProRoot White MTA
(WMTA) (Dentsply Tulsa Dental Specialties, Tulsa, OK) has been reported to have a
radiopacity ranging from 5.34-6.92 mm Al (7, 10, 11). Investigators have reported that
bismuth oxide is chemically inert in Portland cement (12) or an unreacted filler in hydrated
MTA, which is not expected to be significantly incorporated within the hydration structures
(13). However, previous authors indicated that physical properties of CSCs, especially
compressive strength in a concentration-related manner, could be influenced by the addition
of bismuth oxide (13-15).

Nanomodified WMTA is composed of nanoparticles ranging from 40-100 nm 2Ca0.SiO»,
3Ca0.Si0,, 3Ca0.AlL03, BiyO3, gypsum, strontium carbonate (SrCO3), zeolite, calcium
sulfate (CaSQy,), and disodium hydrogen phosphate (NagHPO,) (16, 17). Nano WMTA
showed significant improvements in the physiochemical properties of CSCs such as setting
time, microhardness (17), push-out bond strength (18, 19), compressive strength (20),
0sseous reaction (21), and resistance in acidic environments (22).

The impact of the radiopacifier particle size on different properties of CSCs has not been
previously investigated. The present study evaluated the effect of particle size and different
percentages of bismuth oxide on push-out strength, surface microhardness, radiopacity, and
compressive strength of CSCs. We hypothesized that by reducing the particle size of
bismuth oxide within the composition of CSCs, such as WMTA, the physical properties will
be enhanced without any negative effects on radiopacity of the material.

Materials and Methods
Six types of CSCs were prepared for these studies:

1 CSC without any bismuth oxide
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CSC with 10% (wt%) regular-size bismuth oxide

CSC with 20% (wt%) regular-size bismuth oxide, which was to simulate
the WMTA (tooth-colored formula, ProRoot MTA) and served as the
control group

CSC with 10% (wt%) nano-size bismuth oxide
CSC with 20 % (wt%) nano-size bismuth oxide
Nano WMTA (US Patent # 8,668,770 B2)

All CSCs were WMTA manufactured by Dentsply (tooth-colored formula, ProRoot MTA)
with the same composition except for bismuth oxide. The first CSC was manufactured
without bismuth oxide. The second and third group contained 10% (wt%) and 20% (wt%)
bismuth oxide with a particle size of 10 gm (Lot: MKBQ9942VP, CAS Number: 1304-76-3;
ReagentPlus, Sigma-Aldrich, St Louis, MO), respectively. The fourth and fifth CSC groups
were similar to the first CSC group, but 10% (wt%) and 20% (wt%) manually prepared
nanosize bismuth oxide was added to the cement base, respectively. Cement powder with a
radiopacifier agent was mixed mechanically for 30 seconds at 4500 rpm using an
amalgamator (GC America Inc, Alsip, IL). Scanning electron microscope elemental
distribution maps (color line and dot maps) were used to confirm the dispersion of bismuth
over the CSC + 10% (wt%) nano bismuth oxide powder (Fig. LA-C) (17, 23).

Nano-size bismuth oxide was prepared according to Anilkumar et al (24). Briefly, a known
quantity of Bi(NO3)-5H,0 was dissolved in nitric acid, mixed with citric acid in a 1:1 molar
ratio, and heated in a water bath. The initial formed gel was decomposed in air to produce a

foamy

precursor containing uniform flakes of nano-size bismuth oxide. Transmission

electron microscopic analysis confirmed the particle size ranged between 50 and 80 nm (Fig.

2D).

Push-out Strength

This part was similar to Saghiri et al (18). Briefly, 36 extracted single-rooted human teeth
were sectioned horizontally by using a low-speed Isomet diamond saw (Buehler, Lake Bluff,
IL) at the midroot part to prepare dentin slices with 2-mm thickness. The canal spaces were
instrumented by using #2 through #5 Gates-Glidden burs (Mani, Tochigi, Japan) to form 1.3-

mm-di

ameter standardized spaces. Subsequently, debris and smear layer removal was done

by immersion in 17% EDTA followed by 5.25 % sodium hypochlorite for 1 minute in each
solution.

According to the filling material, the specimens were divided into 6 groups of 6 (7= 6), and
mentioned cements were mixed according to the manufacturers’ instructions (a water to

cemen

t ratio of 1:3) and transferred into the canal spaces using a manual MTA carrier and

packed by using a hand compactor. A piece of gauze soaked in synthetic tissue fluid was

placed

on each sample before incubation at 37°C and 98% humidity for 3 days.

The 2050 (Zwick/Roell, UIm, Germany) universal testing machine was used to measure the
push-out strength. Samples were fixed on a metal slab with a central hole, and a stainless

steel p

lunger with a 1-mm diameter was used to apply the downward compressive load with
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a crosshead speed of 1 mm/min on the cement materials. To ensure that the contact is only
between the plunger and CSCs, a clearance of approximately 0.2 mm from the margin of the
dentinal wall was embedded.

Surface Microhardness

According to Saghiri et al (25), 36 glass tubes were divided into 6 experimental groups
similar to the first part of study. Cements were mixed and packed into the plastic tubes, and
after incubation for 24 hours, they were grounded and prepared for the Vickers hardness test.
At room temperature, a full load of 50 g was applied to the cement surface for 5 seconds.
The procedure was repeated 3 times, and the mean value of the hardness was recorded as the
hardness value for each specimen.

Evaluation of Radiopacity

This part was determined according to the methods prescribed by the 1ISO 6876:2012 for
dental root canal sealing materials and similar to Camilleri and Gandolfi (26). Briefly, 6
samples from each 1 of 6 cement types were mixed with water and allowed to set for 24
hours at 37°C and 98% relative humidity. Samples were stored in distilled water at 37°C for
7 days after removal from the molds.

An occlusal X-ray film (Kodak Insight, Rochester, NY) along with an aluminum (99.5%
pure) step wedge with step heights ranging from 1-10 mm in increments of 1 mm were
placed directly under the specimens. The target to film distance was set as a fix parameter at
100 cm. A standard X-ray machine (General Electric Company, Milwaukee, WI) at a tube
voltage of 50 kV and an exposure time of 0.05 seconds was used to irradiate the X-ray.

The base and fog value, deducted from the gross radiographic density, was used to calculate
the net radiographic density. For each radiograph, the net radiographic density of the
aluminum steps (NRDg,) versus the logarithm of the thickness of aluminum (log d) was
plotted. The gradient and the intercept were calculated from the resultant plots. The
following formula was used to obtain linear regression of the data:

NRD,, = mlogd + I

where m and | were the gradient and the intercept, respectively.

Compressive Strength

This test was performed in accordance with 1ISO 9917-1:2007 standards and was similar to
Saghiri et al. (20). Briefly, 6 samples of each cement type (overall 36 specimens) were
mixed and placed inside 36 one-end closed split stainless steel molds with 6-mm width and
9-mm height and incubated for 3 days at a constant temperature of 37°C and 98% humidity.
Specimens were removed from the molds and placed lengthwise between the platens of an
Instron 85215 (Instron Corp, Canton, MA) testing machine. Before removing the samples
from the molds, they were probed with an explorer to identify solidity. A compression rate
of 1 mm/min was applied, and the load at fracture (MPa) was recorded. The following
formula was used to calculate the compressive strength:
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Compressive strength = [(failure load) /(width of plug/2)? W]

Statistical Analysis

Data were analyzed by 1-way analysis of variance and post hoc Tukey tests. The level of
significance was considered as £ < .05.

Results

Push-out Strength

Nano WMTA and CSC with 10% regular bismuth oxide showed the highest and lowest
values, respectively. The average push-out strengths varied from 89.4 + 7.3 t0 138.7 £ 7.4
MPa among the groups (Fig. 3A4). CSC without bismuth oxide showed significantly higher
push-out strength than CSC with 10% and 20% regular- and 10% nano-size bismuth oxide
(P < .05). This difference was not significant when compared with CSC with 20% nano
bismuth oxide (£ > .05). The CSC with 10% and 20% regular-size bismuth oxide were
similar to each other (£>.05) and showed significantly lower push-out strength than all
cement types (P < .05). The push-out strength of CSC with 10% and 20% nano bismuth
oxide were also not significantly different from each other (P=.572), whereas they were
significantly higher than all other cement types (£ < .05), except for nano WMTA.

Surface Microhardness

The average surface microhardness varied from 40.1 + 3.5 to 91.4 + 4.8 MPa among the
groups (Fig. 38). Nano WMTA showed the highest, and CSC with 10% regular bismuth
oxide showed the lowest values among other groups (P < .05). Surface microhardness of
CSC without bismuth oxide was only higher than CSC with 10% regular bismuth oxide (#
<.05), whereas it was significantly lower than all other cement types (P < .05). The surface
microhardness values of CSC with 20% regular bismuth oxide (WMTA) and CSC with 10%
nano bismuth oxide were similar (P = 1.00) and significantly higher than CSC without and
with 10% regular bismuth oxide (£ < .05) and significantly lower than CSC with 20% nano
bismuth oxide and nano WMTA (P < .001). The surface microhardness value of CSC with
20% nano bismuth oxide was significantly higher than all cement types (P < .001), whereas
it was lower than nano WMTA (P =.039).

Evaluation of Radiopacity

The radiopacity of CSC without bismuth oxide was the lowest value (£ < .001), and the CSC
with 20% regular-size bismuth oxide (WMTA) showed the highest value of radiopacity
among all groups. The radiopacity values of CSC without and with 10% nano bismuth oxide
were significantly lower than other cement types (£ < .001), whereas among other groups
significant differences were not detected (P> .05). The radiopacity varied from 1.9 £ 0.3 to
8.8 £ 0.5 mm of equivalent Al for these samples (Fig. 3C).
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Compressive Strength

The highest and lowest values were seen in nano WMTA and CSC with 20% regular-size
bismuth oxide (WMTA). The compressive strength values of CSC with 10% and 20%
regular bismuth oxide were similar (£=.054) and significantly lower than all other cements
(P<.001). The CSC with 10% and 20% nano bismuth oxide showed similar compressive
strength values (P = .974), which were significantly higher than all other cements (P < .001)
but lower than the nano WMTA value (P < .05). The average compressive strengths varied
from 45.3 £ 2.8 to 128.1 + 12.3 MPa among the groups (Fig. 3D).

Discussion

The microstructure of hydrated MTA would likely be weaker when compared with that of
Portland cement (13). This is mainly attributed to differences in their composition such as
bismuth oxide particles. Bismuth oxide is confirmed to act as an inert additive, which does
not contribute to the hydration reactions (13, 27). Previous studies showed that bismuth
oxide particles can negatively affect compressive strength of cements (13-15). Therefore,
this study sought to understand the effect of bismuth oxide particle size with different
percentages on a wide range of physical properties including pushout strength, surface
microhardness, compressive strength, and radiopacity of MTA-like cements.

Because data regarding the bismuth oxide particle size used in ProRoot MTA were not
available, in the current study CSCs without bismuth oxide were ordered to unify the
bismuth oxide characteristics including particle size used in experimental groups. Bismuth
oxide with 2 particle sizes (10 zm) and (50-80 nm) were mixed with CSCs in 20% (wt%) to
simulate ProRoot MTA and nano WMTA cements, respectively. The results showed that
nano WMTA had favorable physical properties compared with CSCs with 20% (wt%). Nano
bismuth oxide that might contribute to the ingredients was added to nano WMTA as
mentioned previously. The nano WMTA-measured physical properties were consistent with
measurements from previous studies (16-19, 21, 27, 28).

The hydration of CSC begins with the formation of cubic and needlelike crystals (ettringite)
in an interlocking orientation in cement structure (21-24). The bismuth oxide particles can
affect the hydration process of MTA by their distribution inside the hydrated cement
material (2). Hence, the nano-size bismuth oxide particles, because of their higher surface
area, can affect the hydrated structure of cement in a way that the orientation of ettringite
crystals can become more uniform, resulting in a dense and solid cement structure (29). This
outcome supports the findings in the present study that nano bismuth oxide enhanced the
physical properties of the tested cements.

The push-out test assesses the integrity of a material with its surrounding root canal dentin
(18, 30, 31). Our results indicated that CSC without bismuth oxide had significantly higher
push-out strength and compression strength than CSC with 10% and 20% regular bismuth
oxide. These results are consistent with findings of previous authors (13-15, 18). We found
that the compressive strength was reduced in a concentration-dependent manner when
regular bismuth oxide was added to the MTA-like cement. However, nano-bismuth oxide
significantly increased the compressive strength of CSC materials. These findings might be
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explained by the increased surface area of bismuth oxide particles, which caused an increase
in the formation of ettringite crystals. However, the more uniform distribution of nano
bismuth particles may result in better orientation of ettringite crystals providing a better
interlocking mass in cement structure (Fig. 2A-C).

Microhardness and porosity have an inverse relationship (32, 33). The addition of bismuth
oxide had a favorable effect on the microhardness of CSCs, which is consistent with the
results of a previous investigation (32). Moreover, the nano form of bismuth oxide had more
impact than its regular form, which might be attributed to the smaller porosity of the nano
form compared with the regular form (32). The nano powder reinforces the cement by filling
the very small areas between hydration products and also enhances the orientation and
precipitation of ettringite needles as shown schematically in Figure 2B. The greater porosity
might accelerate crack propagation into the surface texture and decrease the surface
microhardness.

All experimental groups except CSC without bismuth oxide showed radiopacity values
greater than 3-mm thickness of Al. This implies that all mixtures can be candidates for root-
end filling materials in terms of their radiopacity. However, CSC with 10% nano bismuth
oxide showed lower values, which might be caused by the lower percentage of bismuth
oxide. The CSC with 20% nano bismuth oxide mixture did not show significant differences
in radiopacity when compared with groups containing regular bismuth oxide. Nano-form
materials might have a relatively lower radiopacity to X-rays, and they have the potential to
be agglomerated. Nano WMTA showed significantly higher radiopacity among nano
mixture experimental groups and almost equal radiopacity with the CSC with 20% regular
bismuth oxide (WMTA) group. The excessive amount of (3Ca0.Al,03) in the composition
of nano WMTA may justify this increase.

Nano WMTA showed the highest physical property values compared with other groups. This
issue might be explained by its higher surface area and excessive amount of ettringite phase
as shown in Figure 2C. Furthermore, nano-size powder will better accommodate and fill
small gap spaces, which might result in an increase of the mechanical properties of cement.
Nano WMTA also consists of elements such as strontium salt and carbonate and zeolite,
which are stabilizer agents (16, 17). Furthermore, scanning electron microscopic analysis of
strontium aluminate in combination with gypsum showed that this component can reduce the
size of ettringite, which in turn could decrease the void size between ettringite needlelike
crystals (34). These findings are also consistent with previously published investigations (18,
20).

Conclusion

We found the following:

1 Bismuth oxide impacted all tested physical properties. The addition of
regular-size bismuth oxide decreased, whereas the nano-size particles
enhanced the physical properties of CSC.
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2. The optimum percentage for the addition of nano-size bismuth oxide was
at least 20% (wt%) to achieve a material with enhanced physical
properties and acceptable radiopacity.

3. Reducing the size of all particles to a nano level, as seen in nano WMTA,
produced a more homogenous cement with outstanding physical
characteristics.
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Figurel.
Scanning electron microscopic (SEM) elemental distribution maps of bismuth over the CSC

+ 10% (wt%) nano bismuth oxide powder. (A) Left. SEM secondary electron mode of
powder surface (x2000). Right. Cement powder bismuth distribution color dot map. (B8) The
elemental distribution plot of CSCs + 10% nano bismuth oxide. (C) Line scan direction of
elemental distribution. SE, scanning electron microscope.
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Figure2.
A schematic figure of the calcium silicate hydrate structure with calcium silicate nucleus,

needlelike ettringite crystals, and bismuth oxide particles in 3 types of cements: (A) CSC
with regular-size bismuth oxide, (8) CSC with nano-size bismuth oxide particles, and (C)
nano WMTA cement with nano-size particles. In B, the better distribution of nano bismuth
oxide particles between ettringite crystals can be seen, which may result in better
interlocking mass formation. Note the orientation of ettringite crystals in B, which because
of the nano size of bismuth oxide, particles can make better contact and integrity with each
other. (D) Transmission electron microscopic image of particles that confirmed the range
size from 50-80 nm.
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The comparison of physical property and radiopacity values of experimental groups. (A) The

push-out strength values. (B) The surface microhardness values. (C) The radiopacity
(thickness of Al slab) values. (D) The compressive strength values. The groups with

different letters were significantly different.

Figure 3.
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