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Comparison of the rheological properties of four root
canal sealers

Seok Woo Changl, Young-Kyu Lee?, Qiang Zhu’, Won Jun Shon®*, Woo Cheol Lee?, Kee Yeon Kum?, Seung
Ho Baek?, In Bog Lee?, Bum-Soon Lim’ and Kwang Shik Bae*

The flowability of a root canal sealer is clinically important because it improves the penetration of the sealer into the complex root canal
system. The purpose of this study was to compare the flowabilities of four root canal sealers, measured using the simple press method
(1ISO 6876), and their viscosities, measured using a strain-controlled rheometer. A newly developed, calcium phosphate-based root
canal sealer (Capseal) and three commercial root canal sealers (AH Plus, Sealapex and Pulp Canal Sealer EWT) were used in this study.
The flowabilities of the four root canal sealers were measured using the simple press method (n=5) and their viscosities were measured
using a strain-controlled rheometer (n=>5). The correlation between these two values was statistically analysed using Spearman’s
correlation test. The flow diameters and the viscosities of the root canal sealers were strongly negatively correlated (p=—0.8618). The
viscosity of Pulp Canal Sealer EWT was the lowest and increased in the following order: AH Plus<Sealapex<Capseal (P<0.05). All of
the tested root canal sealers showed characteristic time- and temperature-dependent changes in their rheological properties. The
viscosities measured using the strain-controlled rheometer were more precise than the flowabilities measured using the simple press

method, suggesting that the rheometer can accurately measure the rheological properties of root canal sealers.
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INTRODUCTION

The fluid- and bacteria-tight seal of a thoroughly cleaned and shaped
root canal system is fundamental for endodontic treatment.'™ An
adequate seal of the root canal system cannot be achieved without a
root canal sealer because gutta percha cannot bond to the dentinal
walls.* Moreover, the area that cannot be reached by gutta percha can
be penetrated and sealed with a root canal sealer.” An ideal root canal
sealer should have good biocompatibility,® antibacterial activity,”
good sealing ability* and adequate flowability,*” which is clinically
important to allow deep penetration of the narrow and complex ana-
tomical spaces in root canal systems. In this regard, a precise inves-
tigation of the flowabilities of root canal sealers is important for evalu-
ating their clinical performance.

However, few studies have examined the viscosity of root canal
sealers.'®™® The majority of previous studies measuring the flowabi-
lities of root canal sealers'®” used the simple press method that is
specified by the International Organization for Standardization (ISO)
6876.° Although this method is simple and economical,'® the
information obtained is limited in that this method can determine
only the compressed sealer diameter. In contrast, a strain-controlled
rheometer provides information regarding the rheological properties
of root canal sealers as a function of time and temperature. However,

few studies have investigated the rheological properties of root canal
sealers using a strain-controlled rheometer.'®

The rheological properties of root canal sealers change with time
because all root canal sealers undergo a setting reaction.”! Not all root
canal sealers undergo identical patterns of change because each is
affected by a different setting process (development of chemical cross-
links between the polymer chains).*

The rheological properties of root canal sealers also change with
increasing temperature.19 In modern endodontic treatments, the con-
tinuous wave of condensation technique is widely used, in which gutta
percha and the root canal sealer are exposed to a temperature of ~200 C.
However, no other study has investigated the changes in the rheological
properties of root canal sealers that have been heated to 200 C.

Capseal is a newly developed root canal sealer that is composed
mainly of calcium phosphate and calcium silicate.”® Previous studies
of Capseal showed that this new root canal sealer has good sealing
ability®* and superior biocompatibility®® and that it promotes hard
tissue formation.®

The purpose of this study was to compare the flowabilities mea-
sured using the simple press method and the viscosities of four root
canal sealers (AH Plus, Capseal, Sealapex and Pulp Canal Sealer
EWT) measured using a strain-controlled rheometer. The time- and
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temperature-dependent changes in the rheological properties of the
root canal sealers were also investigated. The null hypothesis was that
there was no correlation between the flowabilities measured using the
simple press method and the viscosities measured using a strain-con-
trolled rheometer.

MATERIALS AND METHODS

The materials used in this study were AH plus (Dentsply, Johnson
City, TN, USA), Capseal (an experimental root canal sealer), Pulp
Canal Sealer EWT (Sybron Endo, Orange, CA, USA) and Sealapex
(Sybron Endo, Orange, CA, USA). The constituents of each material
are listed in Table 1.

Flowability measurement by the simple press method

As described by ISO 6876, each root canal sealer (0.05 mL) was mixed
according the manufacturer’s instructions and placed on the centre of a
glass plate (Hanil Dental, Goyang, Korea) The powder-to-liquid ratio
recommended by the manufacturer was used when mixing AH Plus,
Pulp Canal Sealer EWT, and Sealapex. The powder-to-liquid ratio for
Capseal was 1: 1.5 (m/m). At 180 s after initiating mixing, another glass
plate was placed centrally on top of the sealer, followed by a weight, for a
total mass of 120 g. Using this procedure, the mixed sealers were com-
pressed between the two glass plates and formed disc shapes. Ten minu-
tes after initiating mixing, the weight was removed and the diameters of
the compressed sealer discs were measured. Five samples were prepared
for each sealer, and the diameters were measured for all samples.

Viscosity measurement using a strain-controlled rheometer

The root canal sealers were placed under oscillatory shear strain and
sinusoidally deformed to measure viscoelasticity*’ using a strain-con-
trolled rheometer (ARES, Rheometric Scientific, London, UK).

Theory of viscoelasticity in a dynamic oscillatory shear test

When a material is purely elastic, the strain and stress are in phase, and
the phase shift 6=0. If a material is purely viscous, the stress and strain
are 90° out of phase (60=90) (ref.27) (Figure 1). Because all root canal
sealers have both viscous and elastic properties, the ¢ value for root
canal sealers is between 0°and 90°.

Table 1 The materials used in this study

Products Composition

AH plus
Epoxide paste  Diepoxide, calcium tungstate, zirconium oxide, aerosil, pigment
Amine paste 1-adamantane amine, N,N’-dibenzyl-5-oxa-nonandiamine-1,9,
tricyclodecane-diamine, calcium tungstate, zirconium oxide, aerosil,

silicone oil
Capseal
Powder Tetracalcium phosphate and dicalcium phosphate dehydrate,
calcium silicate, zirconium oxide, others
Liquid Hydroxypropyl methyl cellulose in sodium phosphate solution
Pulp Canal
Sealer EWT
Powder Zinc oxide, silver powder, thymol iodide, dimeric acid resin
Liquid 4-allyl-2-methoxyphenol, Balsam resin and water
Sealapex
Base N-ethy! toluene solfanamide resin, fumed silica (silicon dioxide),
zinc oxide, calcium oxide
Catalyst Isobutyl salicylate resin, fumed silica (silicon dioxide), bismuth

trioxide, titanium dioxide pigment
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Figure 1 The relationship between G’ (shear storage modulus) and @'’ (shear
loss modulus).

The strain and stress applied to a root canal sealer during oscillatory
strain with frequency @ can be described as follows (y,: strain, gy:
stress, : time, ¢: phase angle):

Shear strain y(t) =yosin ot

Shear stress (1) =0 sin (wt+09)

From these equations, two moduli can be defined as follows:

G (shear storage modulus)=(a¢/yg)cos 0= Gycos &

G" (shear loss modulus)=(gy/yo)sin 0= Gysin &

These equations describe shear strain y(#) and shear stress o(f) and
can be alternatively written using complex variables as follows:

Shear strain (1) =y,¢ "

Shear stress (1) =o€

From these equations, G* (complex shear modulus) can be defined
as follows: . .

*= o(t) =6—ei‘s=6—(cos 0+isind)=G' +iG"
v 0
From this equation, complex viscosity (#*) can be defined as follows:
G*
0}

G' (shear storage modulus) measures the stored energy inside the
material, representing the elastic portion, whereas G" (shear loss modu-
lus) measures the energy dissipated as heat, representing the viscous
portion.”” Complex viscosity (i*) measures the resistance of a material
to dynamic shear strain.

i(wt+9)

nt=

Measurement of root canal sealer complex viscosities using a
dynamic oscillatory shear test

The rheological properties of the root canal sealers were measured using
a strain-controlled rheometer (ARES, Rheometric Scientific, London,
UK). First, the samples were mixed and loaded onto the plate at 25 C,
and the chamber was closed to avoid changes in temperature and
humidity. A 50-mm cone and plate geometry were used in this study,
and the smallest gap between the cone and the plate was 0.05 mm. The
complex viscosity value 10 min after initiating mixing was compared
with the flowability measured using the simple press method. Five
measurements were made for each root canal sealer. The strain ampli-

tude was 10%, and the angular frequency () was 5 rad-s™'.

Time-dependent changes in the viscoelasticity of root canal sealers
To investigate changes in the rheological properties of root canal
sealers over time, a time sweep test was conducted on the four root
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canal sealers at 25 C. The strain amplitude was 10%, and the angular

frequency () was 5 rad-s L

Temperature-dependent changes in the viscoelasticity of root
canal sealers

To investigate the changes in the rheological properties of root canal sealers
with increasing temperature, a temperature sweep test was performed on
the root canal sealers up to 200 C at a heating rate of 5 ‘C-min~". The

strain amplitude was 10%, and the angular frequency () was 5 rad-s™ ..

Heat flow with increasing temperature measured by differential
scanning calorimetry

A differential scanning calorimetry (DSC-Q1000; TA Instruments, New
Castle, DE, USA) was used to investigate the change in heat flow in each
sample with increasing temperature. Samples weighing 2.5 mg were
heated at a rate of 5 C-min~ ! from 25 to 200 C, and the heat flows
(exothermic or endothermic) of the samples were determined from
these measurements. The measurements were conducted in a nitroge-
nous environment using conventional hermetic aluminium pans.

Statistical analysis

The correlation between the flowabilities measured using the ISO
method and the viscosities measured using the strain-controlled
rheometer was evaluated using Spearman’s correlation analysis. The
differences in the viscosities of the four root canal sealers were analysed
statistically using the Kruskal-Wallis test (¢=0.05).

RESULTS

The flowabilities of root canal sealers measured by the ISO method
The mean diameters (n=5) of the compressed discs of the root canal
sealers are shown in Table 2. The flowability of Pulp Canal Sealer EWT
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was significantly higher than those of AH Plus, Sealapex and Capseal
(P<<0.05). The flowabilities of AH Plus and Sealapex showed no sig-
nificant difference (P>0.05). Capseal showed a lower flowability than
did AH Plus and Sealapex (P<0.05).

Complex viscosities measured by a strain-controlled rheometer
The mean complex viscosities were 251.56 Pa-s for AH plus,
4 823.28 Pa-s for Capseal, 523.60 Pa-s for Sealapex and 9.47 Pa-s for
Pulp Canal Sealer EWT. The mean complex viscosities were the high-
est for Pulp Canal Sealer EWT and decreased in the following order:
AH Plus>Sealapex>Capseal I (P<0.05). The means and standard
deviations of these results are shown in Table 2.

Correlation of the results of the simple press method and the strain-
controlled rheometer

The diameters of the compressed discs measured using the simple press
method and the complex viscosities measured using the strain-con-
trolled rheometer showed a strong negative correlation (Spearman’s
correlation coefficient p=— 0.8618, P<<0.000 1).

Changes in the rheological properties of the root canal sealers
with time

All of the root canal sealers tested showed characteristic changes in
their rheological properties with time. AH Plus showed little change in
G', G" or n* (Figure 2a). In contrast, Capseal showed a rapid increase
in G', G" and n* during the early period of the setting reaction and
eventually reached a plateau (Figure 2b). Sealapex showed little change
in G', G" and n* throughout the experimental period (Figure 2c). The
values for G', G" and n* of Pulp Canal Sealer EWT increased after
2500 s (Figure 2d).
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Figure 2 The rheological properties of AH Plus, Capseal, Sealapex and Pulp Canal Sealer EWT showed time-dependent changes. The changesin G’, G” and 6* with
time in AH Plus (a), Capseal (b), Sealapex (c) and Pulp Canal Sealer EWT (d) at 25 °C. G’, shear storage modulus; G'’, shear loss modulus; §*, complex viscosity.
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Changes in the viscoelasticities of the root canal sealers with

increasing temperature

All of the root canal sealers tested showed a change in #* with increa-
sing temperature. However, the patterns of change were not identical,
and characteristic features were shown based on the material used. AH
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Plus showed a valley in complex viscosity at 130 C (Figure 3a).
Capseal showed a sharp increase in #* at temperatures greater than
100 C (Figure 3b), while Sealapex showed a large increase in 7* at
temperatures greater than 190 ‘C (Figure 3c). Pulp Canal Sealer EWT
showed an increased peak in 17* at 80-130 C (Figure 3d).
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Figure 3 The rheological properties of AH Plus, Capseal, Sealapex and Pulp Canal Sealer EWT showed temperature-dependent changes. These four root canal
sealers showed different patterns of heat flow with increasing temperature, as determined by DSC. The change in n* with increasing temperature in AH Plus (a),
Capseal (b), Sealapex (c) and Pulp Canal Sealer EWT (d). The heat flow induced by increasing temperature in AH Plus (e), Capseal (f), Sealapex (g) and Pulp Canal
Sealer EWT (h). DSC, differential scanning calorimetry; n*: complex viscosity.
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Table 2 Flowabilities measured by simple press method (ISO 6876) (n=>5) and complex viscosities measured by strain-controlled rheometer

(n=5) (mean=standard deviation)

Root canal sealers AH Plus Capseal | Pulp Canal Sealer EWT Sealapex Pvalue
Disc diameter/mm 22.6+0.55" 20.4+0.55° 31.2+0.55° 22.4+0.84° 0.01
Complex viscosity/(Pa-s) 251.56+35.34° 4.823.28+1 220.65° 9.47+4.19° 523.60+20.73° <0.001

IS0, International Organization for Standardization.

Same superscript within the same column represents no statistically significant difference, «<0.05.

Heat flow with increasing temperature measured by DSC

All root canal sealers showed characteristic exothermic or endo-
thermic peaks. Exothermic peaks occurred at 119.4 ‘C for AH Plus
(Figure 3e), 112.5 C for Capseal (Figure 3) and 70.3 °C for Pulp Canal
Sealer EWT (Figure 3h). Endothermic peaks occurred at 63.0 “C for
AH Plus (Figure 3e), 92.1 C and 137.4 C for Capseal (Figure 3f) and
92.2 C for Pulp Canal Sealer EWT (Figure 3h). Sealapex showed no
marked exothermic or endothermic peaks (Figure 3g).

DISCUSSION

Most previous studies on the flowabilities of root canal sealers
used the simple press method, which provides limited information.
Recently, Lacey et al.'® used a custom-made capillary rheometer to
investigate the volume and rate of flow of root canal sealers. Although
this is clinically relevant information, this study did not provide the
viscosity values for the root canal sealers or data regarding the rheolo-
gical properties of the root canal sealers as a function of time or
temperature. To overcome the shortcomings of the simple press
method, a strain-controlled rheometer, which has been widely used
to measure the viscoelastic properties of dental composites*® ' and
impression materials,>? was used in this study. The results showed that
the flowability of root canal sealers measured using the simple press
method and the complex viscosities measured using the strain-con-
trolled rheometer were closely correlated. Thus, the null hypothesis
was rejected. Notably, the flow diameters of AH Plus (22.6 mm) and
Sealapex (22.4 mm) were not significantly different, whereas the com-
plex viscosities of AH Plus (251.56 Pa-s) and Sealapex (523.60 Pa-s)
were significantly different. These results suggest that the strain-con-
trolled rheometer is more sensitive than the simple press method for
measuring the rheological properties of root canal sealers.

Almeida et al."® compared the flowabilities of root canal sealers
using the simple press method and reported that the flowability was
highest for Pulp Canal Sealer EWT, intermediate for AH Plus and
lowest for Sealapex. These results agreed well with the results of the
present study. The high flowability of Pulp Canal Sealer EWT may be
due to the resin additives.'>*’

Regarding the time-dependent changes in the rheological properties
of the root canal sealers, AH Plus showed little change in complex
viscosity with time. This result supports a report that the working time
for AH Plus is 4 h.>* Capseal showed an early increase in complex
viscosity, which could be explained by an early setting reaction that
occurs between dicalcium phosphate dihydrate and tetracalcium
phosphate. These results agree with those of a previous study” that
reported that the setting time of calcium phosphate ranged from 30 to
60 min.>® Sealapex showed little change in complex viscosity during
the study. This result agreed with those of previous studies reporting
that Sealapex sets in 2—3 weeks in 100% relative humidity and does not
set in a dry environment.**®

A temperature sweep test and DSC analysis were carried out to
investigate the rheological and thermal changes induced in root canal
sealers by increasing temperature. In the temperature sweep test, AH

10-17
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Plus showed a valley in complex viscosity at approximately 130 ‘C
(Figure 3a). This temperature was close to that at which AH Plus
showed an exothermic peak (119.4 C) (Figure 3e). Considering that
exothermic or endothermic peaks indicate the temperature at which
some chemical reactions occur, this phenomenon suggests that AH
Plus undergoes a chemical change at approximately 120-130 C.
However, the exact nature and underlying mechanism of this change
remain unclear, which could be considered a limitation of this study.
Thus, future studies are necessary to investigate the nature of this
chemical change. Capseal showed an increase in complex viscosity at
100-140 ‘C (Figure 3b). In the DSC analysis, Capseal had an exo-
thermic peak at 112.5 ‘C (Figure 3f), which suggests that Capseal
might undergo a chemical change at 100-120 C. The nature of this
chemical change must also be addressed in future studies. In contrast,
Sealapex showed no exothermic or endothermic peaks in the DSC
analysis, which suggests that increased temperature does not induce
significant chemical changes in Sealapex.

The clinical significance of this study is first that Pulp Canal Sealer
EWT showed the lowest viscosity of the four tested sealers, suggesting
that Pulp Canal Sealer has the best flowability in clinical application.
Second, Capseal showed a rapid increase in viscosity with increasing
time, which suggests that Capseal has a shorter working time than AH
Plus, Sealapex, and Pulp Canal Sealer EWT. Third, an increased tem-
perature induces chemical changes in AH Plus and Capseal but not in
Sealapex.

CONCLUSION

This study showed that a strain-controlled rheometer can measure the
rheological properties of root canal sealers more sensitively than the
simple press method can. Four root canal sealers showed typical time-
and temperature-dependent changes in their rheological properties.
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