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Abstract: Root canal sealers should have good wetting and adhesion with intraradicular
dentin. This study evaluated the wetting and adhesion properties of three bioceramic root
canal sealers on dentin using contact angle (CA) measurements and calculations based on the
Owens–Wendt–Rabel–Kälble (OWRK) model and compared the properties with those of a resin
sealer. Three bioceramic sealers (EndoSequence BC Sealer (BC); Endoseal MTA (EM); and MTA
Fillapex (MF)) were tested, together with one epoxy resin-based sealer (AH Plus (AP)). Disc-shaped
sealer specimens and human premolar teeth with flat and polished intraradicular dentin surfaces
were prepared (n = 12). The CAs of two liquids (water and methylene iodide) were measured on
the surfaces using the sessile drop method. The wetting and adhesion properties of the four sealers
were calculated using the wetting envelope and isogram diagram, respectively. Group BC showed
the best wettability among the four sealer groups. The best adhesion was achieved for group EM,
followed by group BC, with a significant difference being present between the two groups (p < 0.05).
The OWRK-based calculation indicated that the bioceramic BC and EM sealers showed superior
wetting and adhesion properties to the AP sealers.
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1. Introduction

A root canal sealer is indispensable during the root canal obturation procedure to accomplish a
fluid-tight seal in the irregular root canal system. The use of a sealer with a thermoplastic core filling
material (gutta-percha) is considered to be standard procedure in endodontic obturation [1]. An ideal
sealer should offer appropriate physiochemical properties, such as a sufficient setting time, an excellent
seal when set, insolubility against fluids, and biocompatibility [2–4]. Of the various types of root canal
sealers that have been developed for use in clinical practice, bioceramic sealers have recently attracted
interest mainly because of their excellent physicochemical and biological properties [5–8].

Adequate flow and wetting are important properties of root canal sealers during root canal
obturation for adequate binding between the root canal walls and the main root filling material,
helping achieve a fluid-tight and bacteria-proof seal [2,9]. Sealers should also have good adhesion with
the dentin substrate, as well as with the core material to facilitate molecular attraction and allow either
chemical adhesion or micromechanical attachment [1,10]. At present, there is no standard method used
to measure the adhesion of a sealer to the root dentin [11]. Adhesive materials are frequently compared
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using bond strength and microleakage tests [1,11,12]. Although microleakage may be more important
for endodontic applications than bond strength [12], a strong bond between the sealer and the root
dentin is essential for maintaining the integrity of the interface during the post space preparation and
during tooth flexure [11].

Contact angle (CA) is a practical indicator of the wetting behavior of a liquid material on a solid
surface [13–16]. Ballal et al. [9] evaluated the wettability of root canal sealers on intraradicular dentin
treated with different irrigants by measuring the CAs of sealer droplets placed on flat dentin specimens.
However, when a sealer is not of low enough viscosity to be tested as a liquid, it is often difficult to
measure its CA directly on dentin surfaces [17].

In this study, the wetting and adhesion properties of four commercial root canal sealers to
intraradicular dentin surfaces were evaluated by testing the materials as solids and measuring the
CAs of two probe liquids on their surfaces, as well as on dentin surfaces [14,18]. The surface energy
parameters and their wetting and adhesion properties to intraradicular dentin were calculated from the
observed CAs based on the Owens–Wendt–Rabel–Kälble (OWRK) two-component model [15,19,20].

2. Materials and Methods

2.1. Specimen Preparation

Three bioceramic sealers (EndoSequence BC Sealer (BC); Endoseal MTA (EM); and MTA Fillapex
(MF)) and one epoxy resin-based sealer (AH Plus (AP)) were tested in this study. Their codes,
manufacturers, compositions, and batch numbers are summarized in Table 1.

Table 1. Root canal sealers tested.

Brand Name (Code) Manufacturer Composition Batch Number

EndoSequence BC
Sealer (BC)

Brasseler USA,
Savannah, GA, USA

Zirconium oxide, calcium silicates, calcium
phosphate monobasic, calcium hydroxide, filler,

and thickening agents
14004SP

Endoseal MTA (EM) Maruchi, Wonju, Korea
Calcium silicates, calcium aluminates, calcium
aluminoferrite, calcium sulfates, radiopacifier,

and thickening agents
SEF670601

MTA Fillapex (MF) Angelus, Londrina,
Brazil

Paste A: salicylate resin, bismuth trioxide, fumed
silica; Paste B: fumed silica, titanium dioxide,

mineral trioxide aggregate, and base resin
35088

AH Plus (AP) Dentsply DeTrey GmbH,
Konstanz, Germany

Epoxide paste: diepoxide, calcium tungstate,
zirconium oxide, aerosol, pigment; Amine paste:

1-adamantane amine,
N,N′-dibenzyl-5-oxa-nonandiamin-1,9,

TCD-diamine, calcium tongstate, zirconium
oxide, aerosil, and silicon oil

1605000894

For the CA measurements, a total of 48 (n = 12 per material) disc-shaped sealer specimens
(8 mm in diameter and 1 mm in thickness) were prepared. Cylindrical molds were placed on a
Mylar polyester film over a glass slide. The materials were prepared according to their respective
manufacturer’s instructions, filled into the mold, and covered with another film and then a glass slide.
The assembly was clamped together and stored in a container at 37 ◦C with 100% relative humidity for
72 h. Twelve sound human premolar teeth, collected in accordance with the Institutional Review Board
of Kyungpook National University Hospital (BMRI 74005-452) and with the informed consent of the
patients, were embedded in epoxy resin and bisected longitudinally using a low-speed diamond under
water cooling. Each root half was polished with 600-grit wet silicon carbide paper [9], irrigated with
5.25% sodium hypochlorite followed by final flush with 17% ethylenediamine tetraacetic acid solution
for 1 min [21], rinsed with distilled water, and finally dried with paper points. An additional five
specimens for each sealer group and the dentin were prepared as described above to check the
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surface roughness prior to the CA measurements because roughness changes over 0.1 µm alter the CA
values [15,16].

2.2. Measurements

The average surface roughness (Ra) of the sealers and the dentin was measured (three readings
per specimen) using a calibrated profilometer (Surftest SV-400, Mitutoyo, Kawasaki, Japan). The stylus
speed, cutoff, and range used were 0.1 mm/s, 0.25 mm, and 600 µm, respectively [16]. For the CA
measurements, water and methylene iodide (MI) were used as the test liquids [15]. The CAs of the two
liquids were measured on the sealer and the dentin surfaces using the sessile drop method on a CA
goniometer (OCA 15 plus, DataPhysics, Filderstadt, Germany). For each measurement, the left and
right CAs were averaged to obtain the final CA. All the CAs were measured in a temperature-controlled
room at 23 ± 1 ◦C with relative humidity at 50 ± 5% [16,22].

2.3. Calculation of Wetting and Adhesion

The wettability of the sealers on the dentin surface was calculated based on the OWRK
theory [15,19,20]. First, the Young–Dupré equation states the following [14,23]:

Wa = σl(1 + cosΘ) (1)

where Wa is the thermodynamic work of adhesion between a liquid and a solid surface, σl is the
surface tension of the liquid, and Θ is the contact angle [8,10]. According to the OWRK theory, Wa is
described by the following equation [19,24]:

Wa = 2[(σl
dσs

d)1/2 + (σl
pσs

p)1/2] (2)

in which σs is the surface tension of the solid surface, and the superscripts d and p refer to the
dispersive and polar components, respectively. The total surface tension σl is divided into two
components as follows:

σl = σl
d + σl

p. (3)

The surface energy parameters (in mN/m) of the two test liquids were as follows: σ: 72.8; σd:
21.8; and σp: 51.0 for water; and σ: 50.8 and σd: 50.8 for MI [25].

When a liquid completely wets a surface (cosΘ = 1), the following equation is obtained [20,26,27]:

σl
d + σl

p = (σl
dσs

d)1/2 + (σl
pσs

p)1/2. (4)

The wetting parameter R is obtained from a simple geometric consideration as follows:

R = [(σl
d)2 + (σl

p)2]1/2. (5)

When (R cosϕ = σl
d) and (R sinϕ = σl

p) are incorporated into Equation 4, the following result
is derived:

R cosϕ + R sinϕ = (R cosϕ σs
d)1/2 + (R sinϕ σs

p)1/2. (6)

Resolved to R, as a function of ϕ, the equation shows the value in the coordination system for
complete wetting. When considering this function for ϕ in the range of 0–90◦, R(ϕ) can be calculated
to provide the wetting envelope for a certain surface energy as follows [20,26,27]:

R(ϕ) = {[(cosϕ σs
d)1/2 + (sinϕ σs

p)1/2]/(cosϕ + sinϕ)}2. (7)

The relation R(ϕ) applies only in the case of a complete wetting (CA = 0◦). To expand the
applicable angles, the parameter R is multiplied by the factor 2/(1 + cosΘ). In this study, the wetting
envelopes for Θ = 10◦, 20◦, 30◦, 40◦, and 50◦ were entered.
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The adhesion property of the sealers was also evaluated based on the OWRK theory [15,19,20].
From Equations 2 and 3, the following equation is obtained [19,24]:

Wa = [(σl + σl
p)σs

d]1/2 + (σl
p

s
p)1/2. (8)

For certain surfaces, σs
p and σs

d are constant; for a constant Wa, a multi-parameter equation is
calculated as follows:

σl(σl
p) = {[Wa/2 − (σs

pσl
p)1/2]2 + σs

dσl
p}/σs

d (σl
p ≥ 0). (9)

Then, isograms of Wa of liquids (sealers treated as solids in this study) in contact with a certain
surface (dentin in this study) can be drawn. The polarity of the minimum σl

p
min can be calculated if

the derivative 9 is set to 0, as follows [19,24]:

σl
p

min = [Wa(σs
p)1/2/2(σs

p + σs
d)]2. (10)

For each level of the Wa, the value of the minimum polarity and corresponding surface tension
can be determined, the combination of which will provide optimum adhesion. A straight line can then
be plotted through these minima on the isogram. In this study, the perpendicular distance between
each data point (σl(σl

p)) of the sealers and the straight line on the isogram was calculated.

2.4. Statistical Analysis

For the surface energy parameter and isogram data, which did not meet the equal variance
assumption (Levene’s test), the Kruskal–Wallis test was employed, followed by the Mann–Whitney
post hoc test, with adjustment of significance levels using the Benjamini and Hochberg method
for a multiple testing correction. The wetting angle data were analyzed using Fisher’s exact test.
The significance level was set at 0.05.

3. Results

3.1. Surface Energy Parameters

When the surface roughness of the sealer and the dentin specimens was checked prior to the CA
measurements, the Ra values ranged from 0.14± 0.02 to 0.21± 0.10 µm. The surface energy parameters
of the intraradicular dentin, which derived from the CA values (Figure 1), were as follows with the
surface polarity being 45.37%: σ: 75.62; σd: 41.29; and σp: 34.32 (all in mN/m). Table 2 summarizes the
surface energy parameters of the four sealers as also calculated from the CA data. Groups MF and
AP showed significantly lower σ and σp values than did groups BC and EM, significant differences
being present (p < 0.05). Group BC exhibited a significantly lower σd value (p < 0.05) than did the other
three groups, in which there were no significant differences in the value (p > 0.05). On the other hand,
group BC showed the highest σp value followed by group EM, a significant difference being present
between the two groups (p < 0.05). There were no significant differences in any of the surface energy
parameters between groups MF and AP (p > 0.05).
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Table 2. Mean values (standard deviations) of surface energy parameters in mN/m for the four sealers
(n = 12).

Groups σ (Total Surface
Tension)

σd (Dispersive
Component)

σp (Polar
Component) Polarity (%)

BC 72.75 (0.93) a 31.80 (2.54) a 40.95 (1.80) a 56.32 (3.00) a

EM 75.91 (1.39) b 43.32 (2.03) b 32.59 (0.95) b 42.96 (1.77) b

MF 44.80 (1.94) c 44.28 (1.38) b 0.52 (0.61) c 1.11 (1.25) c

AP 45.84 (2.13) c 44.88 (1.38) b 0.96 (1.12) c 2.01 (2.28) c

Within each column, the same superscripted uppercase letters (a, b, and c) indicate statistically similar means
(p > 0.05).

3.2. Wetting and Adhesion

The calculation based on the OWRK theory (see Section 2.3) determined each data point of the
four sealers on the wetting envelope (Figure 2) and the diagram of isograms (Figure 3). The wetting
and adhesion properties of the sealers, which were calculated from the two figures, are summarized in
Table 3. For the wetting envelope data, Fisher’s exact test indicated significant differences among the
groups (p < 0.05). When considering the position of the σp(σd) values of the sealers on the wetting
envelope, group BC showed the best wettability among the four sealer groups. The perpendicular
distance between each data point (σ(σp)) and the straight line on the isogram diagram indicate group
EM as having the best adhesion, followed by group BC, with a significant difference being present
between the two groups (p < 0.05). Groups MF and AP, with no significant difference (p > 0.05),
had significantly poorer adhesion than did groups BC and EM (p < 0.05).
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Table 3. Wetting and adhesion properties of the four sealers, derived from the wetting envelope and
isogram diagram, respectively (n = 12).

Groups

Number of Each Data Point (σp(σd)) Lying beneath
Each Curve on the Wetting Envelope

Perpendicular Distance between Each
Data Point (σ(σp)) and the Straight

Line on the Isogram Diagram (mN/m)Θ = 0◦ Θ = 10◦ Θ = 20◦ Θ = 30◦ Θ = 40◦

BC 12 0 0 0 0 7.21 (1.92) a

EM 5 2 5 0 0 1.74 (1.20) b

MF 6 1 2 3 0 18.05 (0.33) c

AP 7 1 1 1 2 18.08 (0.59) c

For the wetting envelope data, Fisher’s exact test indicated significant differences among the groups (p < 0.05).
For the isogram data (mean (standard deviation)), the same superscripted uppercase letters (a, b, and c) indicate
statistically similar means (p > 0.05).

4. Discussion

Bioceramic root canal sealers have been reported to show excellent flow and appropriate film
thickness, as well as favorable properties, including high calcium ion release, low dimensional change,
proper radiopacity, and low solubility [2,5–8,28]. However, the wetting characteristics of bioceramic
sealers have been rarely reported, even though they are crucial to adequate interaction between the root
canal wall and sealers. The preliminary CA measurements indicated that none of the sealers selected,
except for the BC sealer, formed a dome-shaped drop on the dentin surfaces, which is indispensable to
determine the wetting and the CAs [9]. In this study, therefore, the surface energy parameters of the
three bioceramic sealers were calculated by treating the materials as though they were solids and then
measuring the CAs on the surfaces. The application of the wetting envelope and isogram diagram
analyses (Figures 2 and 3), both of which were based on the OWRK model [15,19,20], made it possible
to predict the wetting and adhesion properties of the sealers on the dentin surfaces [19,20,24,26,27].
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Based on the dispersive (σd) and polar (σp) components of the dentin surface energy, the wetting
envelope of the dentin surface was drawn (Figure 2) [20,26,27]. The wettability of the sealers was
defined by the size and shape of the envelope and the placement of the σd and σp components
of the sealers deposited on the envelope [29]. The CAs of water (low) and MI (high) on the
dentin surfaces (Figure 1) and the surface energy parameters indicate the hydrophilic characteristics
of the intraradicular dentin surfaces [30,31]. The BC sealer showed the best wettability to the
intraradicular dentin compared with the other sealers despite its high surface tension (σ value),
probably because of its high hydrophilicity (Table 2). The wettability was slightly decreased in
the EM sealer, which had a significantly higher σ value than the BC sealer. In groups MF and AP,
all the data points still lay beneath the Θ = 40◦ curve on the wetting envelope (Table 3), indcating a
relatively favorable wettability [20,26,27]. These results seem mainly attributable to the low σ values,
despite hydrophobic characteristics.

Good wetting is a prerequisite to enhance adhesion between a root canal wall and a sealer because
it enables penetration into the micro-irregularities [13]. However, good wetting does not necessarily
indicate good adhesion [32]. When two dissimilar materials are in contact with each other, the extent
of adhesive interactions (Wa) depends on whether similar interactions can be formed between the two
phases. The diagram of the isograms (Figure 3) was drawn based on the σp and σ values of the dentin
surface energy [19,24]. The combination of the minimal σp value and corresponding σ value for each
level of the Wa yields a straight line indicating optimal adhesion. Therefore, the distance between each
data point (σ(σp)) of the sealers and the straight line visually represent the adhesiveness of the sealers.
In this study, the data points of group EM were the closest to the optimum straight line, indicating the
best dentin adhesion. This finding was consistent with the observation that group EM had the most
similar surface energy parameters with the dentin among the four sealers tested (Table 2). The MF and
AP sealers exhibited poor adhesion to the dentin, probably because of their substantially low polar
fraction (σp values) in comparison with dentin.

Overall, the bioceramic BC and EM sealers showed superior wetting and adhesion properties to
the MF and AP sealers, suggesting that they would obturate irregular space and penetrate into dentinal
tubules, thus enhancing the seal between the root canal surface and sealers. The bioceramic MF sealer
is mainly composed of a combination of resins, silica, and MTA (Table 1). The material exhibited
similar wetting and adhesion properties to the epoxy resin-based sealer AP (Table 3) due to their
statistically similar surface energy parameters and hydrophobic characteristics (Table 2). This finding
is comparable to the previous study by Assmann et al. [1], which found no significant difference in the
dentin bond strength between MF and AP sealers.

In this study, the wetting and adhesion properties of four commercial root canal sealers to the
intraradicular dentin were simply determined by measuring the CAs of the sealer and the dentin
specimens, calculating their surface energy parameters, drawing the wetting envelope and isogram
diagram, and then charting the surface energy parameters of the sealers on them. These procedures
allow straightforward evaluation of the wetting and adhesion properties of formulation-modified
sealer products. In particular, the surface tension and hydrophilicity/hydrophobicity of sealers should
be optimized. Further studies are needed to analyze the dentin wettability and adhesion of root canal
sealers depending on the type of root canal irrigants and irrigation methods. In this study, the wetting
and adhesion properties of the sealers were not directly tested on the intraradicular dentin surfaces.
If possible, therefore, such indirect evaluation of the sealer properties based on the CA measurements
should be accompanied by direct tests for more comprehensive comparison.

5. Conclusions

This study evaluated the wetting and adhesion properties of three bioceramic sealers (BC, EM,
and MF) on dentin using the CA measurements and calculations based on the OWRK model and
compared the properties with those of a resin sealer (AP). The results indicated that the hydrophilic
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BC and EM sealers showed superior wetting and adhesion properties to the hydrophobic AP sealers.
The hydrophobic MF and AP sealers had significantly poorer adhesion than did groups BC and EM.
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