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Effect of Different Irrigation Solutions on the Push-Out
Bond Strength of Bioceramic and Resin-Based Root
Canal Sealers: An 1n vitro Study

SUMMARY

Introduction

Continuous chelation with HEDP may simplify
irrigation protocols by eliminating the need for a
separate chelating step and show similar bond strength
to conventional multi-step irrigation
reducing chair time and procedural complexity, thereby
representing a clinically viable alternative in endodontic
practice.

The long-term success of endodontic treatment
depends not only on the effective cleaning of the root

regimens,

Background: The aim of this study was to compare the effect of continuous
chelation using Dual Rinse hydroxyethylidene diphosphonate (HEDP) as a
single irrigant with 17% ethylenediaminetetraacetic acid (EDTA) and 0.2%
chitosan on the push-out bond strength of AH Plus and Bio-C root canal
sealers to root dentin. Materials and Methods: One hundred twenty single-
rooted mandibular premolars were standardized to 17 mm and randomly
assigned to three irrigation groups and six sealer subgroups (EDTA-AH
Plus/Bio-C; HEDP-AH Plus/Bio-C; chitosan—AH Plus/Bio-C). Root canals
were prepared with a reciprocating NiTi system. Final irrigants were
ultrasonically activated for 1 min. Obturation was performed with AH Plus
or Bio-C using cold lateral compaction. After storage (37 °C, 100% humidity,
1 week), 1 £ 0.1 mm slices were obtained from apical, middle, and coronal
thirds. Push-out testing was performed at 1 mm/min. Failure modes were
examined under a stereomicroscope. Data were analyzed using parametric or
nonparametric tests (p < 0.05). Results: AH Plus demonstrated significantly
higher bond strength than Bio-C (p = 0.041). No significant difference was
found among irrigation protocols when sealer type was disregarded (p =
0.086). Cohesive failure predominated (69.2%), and failure mode distribution
differed significantly among groups (p < 0.001). Conclusions: Continuous
chelation using Dual Rinse HEDP as a single irrigant demonstrated similar
push-out bond strength compared with 17% EDTA and 0.2% chitosan. This
approach may serve as an alternative to conventional multi-step protocols
by potentially reducing clinical chair time and simplifying treatment steps.
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canal system but also on the ability of obturation materials
to achieve adequate and stable adhesion to root dentin'-.
During mechanical preparation, the smear layer formed
by the accumulation of organic and inorganic debris on
the dentin surface occludes the dentinal tubules, thereby
limiting the contact and penetration of filling materials
into dentin’. Therefore, chelating agents are used during
the chemomechanical preparation process to remove
the smear layer. EDTA is one of the most commonly
used chelating agents that enhances cleaning efficacy
by dissolving the inorganic components of the smear
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layer®. However, its potential to cause dentin erosion
and to reduce the effectiveness of sodium hypochlorite
(NaOCl) has increased interest in alternative agents®®.
Recently, Dual Rinse® HEDP (Medcem GmbH,
Weinfelden, Switzerland), also known as etidronic acid
(1-hydroxyethylidene-1,1-diphosphonic acid), has been
introduced to the market. Dual Rinse HEDP is a mild
chelating agent that can be used in the same solution
with NaOCI and provides “continuous chelation” during
instrumentation, thereby simultaneously controlling
the formation of the smear layer’”. This approach
simplifies the clinical protocol by eliminating the need
for sequential irrigation and provides time efficiency for
the clinician by shortening the procedure time through its
application as a single solution. Furthermore, its chemical
compatibility with NaOCl contributes to maintaining
efficacy throughout the irrigation process. In addition to
synthetic chelators, biologically derived agents are also
being evaluated as alternative chelating agents; one of
these is chitosan. Chitosan stands out as an alternative
chelating agent due to its biocompatibility, biodegradable
structure, and antibacterial properties; it has been
reported to be effective in removing the smear layer
through its capacity to bind calcium'®!"". The chemical and
morphological changes induced on the dentin surface by
irrigation protocols can directly affect the bond strength
of root canal sealers to dentin'2. It has been reported
that different irrigation strategies modify dentin surface
characteristics in distinct ways and, accordingly, may
result in variable bonding outcomes depending on the
chemical composition of the sealer used!®. The push-out
bond strength test is frequently preferred for evaluating
this adhesion and is considered a reliable method due to
its ability to provide a stress distribution more closely
resembling clinical conditions'*'7.

This study aimed to comparatively evaluate the bond
strength of root canal sealers (AH Plus and Bio C) to root
dentin following the use of different irrigation solutions
(EDTA, Dual Rinse HEDP, and chitosan) in root canal
treatment.

The hypotheses of the study were:

Hoi: There is no difference between the push-out
bond strengths of AH Plus and Bio-C root canal sealers
to dentin in samples irrigated with 17% EDTA.

Ho2: There is no difference between the push-out
bond strengths of AH Plus and Bio-C root canal sealers
to dentin in samples irrigated with Dual Rinse HEDP.

Hos: There is no difference between the push-out
bond strengths of AH Plus and Bio-C root canal sealers
to dentin in samples irrigated with 0.2% chitosan.

Hoa: In samples obturated with AH Plus root canal
sealer, different irrigation solutions (17% EDTA, Dual
Rinse HEDP, and 0.2% chitosan) have no effect on push-

out bond strength to dentin.

Hos: In samples obturated with Bio-C root canal
sealer, different irrigation solutions (17% EDTA, Dual
Rinse HEDP, and 0.2% chitosan) have no effect on push-
out bond strength to dentin.

Materials and Methods

Ethical Approval

Ethical approval for this study was obtained from
the Non-Interventional Scientific Research Ethics
Committee of Ordu University, dated 09.05.2025 and
numbered 2025/165.

Sample Size Calculation

A power analysis was performed using G*Power
3.1.9.7 (Heinrich Heine University Diisseldorf,
Germany). Based on a significance level of 5% (a = 0.05)
and a test power of 80% (1 = 0.80), with an effect size
of Cohen’s f = 0.34, which was determined based on the
available literature as reported by Veeramachaneni et
al.'®, the minimum total sample size was calculated as
120 teeth for six experimental groups consisting of three
main groups, each with two subgroups. Accordingly, 20
teeth were allocated to each group.

Selection and Preparation of Samples

In this study, 120 extracted human mandibular
premolar teeth with completed apical development and
single roots were used. Teeth extracted for periodontal
or orthodontic reasons were included in the study. The
teeth were obtained through the Department of Oral
and Maxillofacial Surgery, Faculty of Dentistry, Ordu
University. The teeth used in the study were collected
after providing the necessary information to the patients
and obtaining their written informed consent. The teeth
were stored in 10% formalin solution at room temperature
until the experiment was conducted.

According to radiographic evaluation, teeth with
root canals exhibiting a curvature greater than 5 degrees
based on Schneider’s classification, those with more than
one canal, previously root canal-treated teeth, teeth with
canal calcifications, external or internal root resorption,
and teeth with restorations on the root surface were
excluded from the study.

The teeth were trimmed to a standardized length of
17 mm using a diamond disc (Horico, Berlin, Germany).

The access cavities of the specimens, whose lengths
were standardized by trimming, were prepared under
water cooling using a high-speed handpiece. Initial
canal patency was verified with a #10 stainless steel
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K-file (Dentsply Maillefer, Ballaigues, Switzerland).
The working length was established by subtracting 1
mm from the length at which the file tip was observed at
the apical foramen. To simulate clinical conditions, the
apices of all teeth were sealed with pink wax to prevent
irrigant extrusion through the apex and to allow effective
backflow of the irrigant, thereby creating a closed-end
system.

Shaping of the Root Canals

Following pre-flaring of the root canals up to a size
20 K-file (Dentsply Maillefer, Ballaigues, Switzerland),
each tooth specimen was prepared using the T-Endo
Must 25/.06 and 40/.04 (Dentac, Istanbul, Turkey) NiTi
reciprocating file system. Instrumentation was performed
in reciprocation mode at 150° counterclockwise (CCW)
and 30° clockwise (CW) angles, in accordance with
the manufacturer’s instructions, using the crown-down
technique.

Experimental Design and Group Allocation

The teeth were first numbered and then randomly
assigned, using the website (http://www.random.org),
into three experimental groups according to the irrigation
protocol and further subdivided into six subgroups based
on the two different sealers used (AH Plus and Bio-C).

Group A : Irrigation with NaOCl + EDTA, AH
Plus root canal sealer

Group IB Irrigation with NaOCl + EDTA,

Bio-C root canal sealer

Group ITA : Irrigation with NaOCl/Dual Rinse
HEDP, AH Plus root canal sealer

Group IIB : Irrigation with NaOCl/Dual Rinse

HEDP, Bio-C root canal sealer
Group IIIA : Irrigation with 0.2% chitosan, AH
Plus root canal sealer
Group IIIB : Irrigation with 0.2% chitosan, Bio-C
root canal sealer

Groups IA, IB: During instrumentation, three
pecking motions were performed with each file until the
working length was reached. Subsequently, the canals
were irrigated with 2 mL of 5.25% NaOCI (Imicryl,
Konya, Turkey). Throughout this procedure, a 30-G
side-vented irrigation needle (Fanta Dental, Shanghai,
China) was used. The needle tip was positioned 2 mm
short of the working length and moved in an in-and-
out motion. While the syringe was moved in an apico-
coronal direction, NaOCl was delivered passively and
without pressure into the root canals. After completion
of mechanical preparation, final irrigation was performed
with 5 mL of 5.25% NaOCI (Imicryl, Konya, Turkey),

followed by rinsing with 5 mL of distilled water.
Subsequently, final irrigation was performed with 5 mL
of 17% EDTA (Microvem, Istanbul, Turkey) for 1 minute.

Groups IIA, IIB: The root canals were prepared
using the same instrumentation protocol as described
for Group I; however, Dual Rinse HEDP (Medcem,
Weinfelden, Switzerland) was used as the sole irrigating
solution. The NaOCl/Dual Rinse HEDP solution was
freshly prepared according to
instructions by dissolving 0.9 g of Dual Rinse HEDP
powder (average content per capsule) in 10 mL of 5.25%
NaOCI. The solutions were freshly prepared immediately
before treatment. The root canals were irrigated with 2 mL
of NaOCl/Dual Rinse HEDP at each instrument change
using a 30-G side-vented irrigation needle (Fanta Dental,
Shanghai, China), positioned 2 mm short of the working
length. After completion of mechanical preparation, final
irrigation was performed with 10 mL of NaOCl/Dual
Rinse HEDP.

the manufacturer’s

Groups IITA, IIIB: The root canals were shaped
according to the same protocol described for Group I.
Following each instrument change, the canals were
irrigated with 2 mL of 5.25% NaOCI (Imicryl, Konya,
Turkey). Irrigation was performed using a 30-G side-
vented needle (Fanta Dental, Shanghai, China). The
needle tip was positioned 2 mm short of the working
length and moved in an in-and-out motion within the
canal. NaOCI solution was delivered passively into the
root canals by moving the syringe in an apico-coronal
direction. After completion of mechanical preparation,
final irrigation was performed with 5 mL of 5.25% NaOCl
(Imicryl, Konya, Turkey), followed by rinsing with 5 mL
of distilled water. Subsequently, irrigation was performed
with 5 mL of 0.2% chitosan solution for 3 minutes.

In all groups, activation of the irrigating solutions
was performed using an ultrasonic tip and an ultrasonic
device (D600 LED, DTE, Woodpecker, Guilin, China).
The ultrasonic tip was positioned 1 mm short of the
working length and operated without contacting the
canal walls. For each irrigating solution, activation was
carried out for a total duration of 1 minute, consisting
of three 20-second activation cycles. The irrigating
solution was refreshed after each cycle. To prevent the
continued activity of the solutions and to standardize the
duration of their effect, all root canals were irrigated with
5 mL of distilled water. The canals were then dried with
paper points. After drying, in the A subgroups, AH Plus
(Dentsply DeTrey, Konstanz, Germany) root canal sealer
was mixed according to the manufacturer’s instructions.
Following sealer application to the canal walls, an R40



Balk J Dent Med. Vol 30, 2026

Effects of Irrigants and Sealers on Push-out Bond Strength 85

master cone was placed into the canal at the working
length. The canals were obturated using the cold lateral
condensation technique.

In the B subgroups, the injectable bioceramic sealer
Bio-C (Angelus, Londrina, PR, Brazil) was delivered
into the root canals using syringe tips according to the
manufacturer’s instructions. An R40 master cone was
then placed to working length in the sealer-filled canal,
and obturation was completed using the cold lateral
condensation technique. gutta-percha
removed with a heated hand instrument.

The canals were sealed with a temporary filling
material, Cavit (Prevest DenPro Ltd., Jammu, India).
The specimens were then stored in an incubator at 37 °C
under 100% humidity in a dark environment for 7 days to
allow complete setting of the root canal sealer.

Excess was

Preparation of the Specimens for the Push-Out Test
The specimens removed from the incubator were
embedded in cold-curing acrylic resin using polyvinyl
chloride molds. To eliminate the potential influence of
anatomical variations such as apical ramifications and
lateral canals on the test outcomes, the apical 3 mm of
the roots was first removed using a precision cutting
device (Mecatome T180, Presi Metallography, Eybens,
France). Subsequently, under water cooling, a precision
cutting device (Mecatome T180, Presi Metallography,
Eybens, France) equipped with a 0.5-mm-thick diamond
disc (Presi, France) was used to obtain three horizontal
sections from each specimen, each representing the
coronal, middle, and apical thirds, with an approximate
thickness of 1 = 0.1 mm. Each section was marked on its
apical surface to facilitate proper positioning during the
push-out test. The apical and coronal diameters of the
canal lumen in each dentin disc were measured using a
digital caliper (Mitutoyo Corp., Kanogawa, Japan), which
was also used to verify the thickness of each section.

Push-Out Test

The bond strength of the 360 prepared sections
was tested using a universal testing machine (AGS-X,
Shimadzu Corporation, Tokyo, Japan). The obtained
sections were positioned on a apparatus with an
underlying space to allow displacement of the root canal
filling material during the push-out test. During the test,
care was taken to ensure that the plunger tips contacted
only the root canal filling material without touching the
dentin. Due to the conical geometry of the root canal,
the dentin discs were positioned with the apical surface
facing upward to prevent binding of the filling material
within the canal during testing, and the load was applied
in an apical-to-coronal direction. A compressive load was
applied at a constant crosshead speed of 1 mm/min until

displacement of the root canal filling occurred. The load
was continuously applied at 1 mm/min until debonding
of the filling material. The maximum force recorded at
the moment of separation was measured in Newtons (N)
using TRAPEZIUM 2 software (Shimadzu Co., Kyoto,
Japan). The obtained force values (N) were divided by
the bonded surface area of the corresponding slices to
calculate the bond strength in megapascals (MPa).

The following formula was used for the calculation:

Push-out bond strength (MPa) = Maximum force (N) /
Root canal filling area (mm?)

Bonded area of the root canal filling (mm?) = [z (R + 7)]
X [(R — r)* + W

Where:

mw: 3.14

R: Coronal radius of the root canal filling
r: Apical radius of the root canal filling
h: Thickness of the slice

Analysis of Failure Modes After the Push-Out Test

Macroscopic evaluation of the specimens was
performed using a Nikon SMZ25 stereomicroscope
(Nikon Instruments Inc., Tokyo, Japan). Images were
obtained at 1x and 2x magnifications using a macro
lens attached to the device. High-resolution images
were captured via the digital camera integrated into
the microscope and transferred to a computer using the
manufacturer’s software for analysis.

After the push-out test, the specimen codes were
concealed, and the samples were visually examined under
a stereomicroscope by two independent observers to
analyze the failure modes. Interobserver agreement was
assessed using Cohen’s kappa coefficient (k). In cases of
disagreement between the observers, a third observer was
consulted to determine the final failure mode.

The evaluated failure modes were classified as follows:
Adhesive Failure: Separation occurring at the
interface between the root canal sealer and dentin.
Cohesive Failure: Separation occurring within the
root canal sealer itself or within the dentin.

Mixed Failure: A type of failure in which both
adhesive and cohesive separation are observed
simultaneously.

The experimental procedure steps of the study are
presented in Figure 1.
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Figure 1. Experimental Procedure Steps of the Study

Blinding Procedure

The tooth samples were numbered by the principal
investigator (E.B.C.), and access cavities were prepared
by the operator (B.E.). The specimens were then
randomized using the website Random.org into three
experimental groups according to the irrigation protocol
and further divided into six subgroups based on the root
canal sealer to be used (AH Plus or Bio-C).

Following randomization, the teeth were delivered
to the operator (B.E.), who was informed only of the
irrigation protocol required for mechanical preparation to
ensure procedural standardization. After instrumentation
and irrigation, all specimens were returned to the
principal investigator (E.B.C.).

Thereafter, the operator (B.E.) remained blinded
to group allocation. According to the randomization
results, the principal investigator (E.B.C.) assigned the
sealer type and provided the specimens to the operator
using coded identifiers only. Consequently, the operator
performed root canal obturation without knowledge of
the experimental groups, minimizing operator-related
bias.

The push-out bond strength test was also performed
under blinded conditions by the operator (B.E.). The test
results, identified only by tooth codes, were transferred

to the principal investigator (E.B.C.) and subsequently
forwarded to an independent researcher for statistical
analysis without revealing group allocation, thereby
minimizing bias during data analysis.

Statistical Analysis

Push-out bond strength and fracture pattern data
were analyzed using SPSS 31.0 software. Descriptive
statistics were reported. The distribution characteristics
of the data were assessed using the Shapiro—Wilk
test, while homogeneity of variances was evaluated
with Levene’s test. For groups demonstrating normal
distribution and homogeneity of variance, parametric
analyses were performed using one-way ANOVA, and
multiple comparisons were conducted with the Tukey
HSD test. For data that did not demonstrate normal
distribution, non-parametric tests were preferred, and
the Kruskal-Wallis test and Mann—Whitney U test
were applied. The distribution of fracture types among
groups was evaluated using the chi-square test. When a
statistically significant difference was detected, pairwise
comparisons were performed with Bonferroni correction
to determine which groups were responsible for the
observed difference. For all statistical analyses, the level
of significance was set at p < 0.05.
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Results

Study Flow Diagram

A total of 148 human permanent mandibular premolar
teeth were initially included in this study. Upon examination,
17 teeth were excluded for not meeting the inclusion
criteria. During the mechanical preparation phase, 7 teeth
were eliminated in total due to file fracture in 4 teeth and

failure to reach the apical level in 3 teeth. At the sectioning
stage, 2 teeth were excluded because equal-thickness slices
could not be obtained as a result of disc fracture. During
the push-out test, 2 teeth were excluded due to mechanical
malfunction.

Consequently, the final number of teeth included in the
study was determined to be 120 (Figure 2).

148 human permanent mandibular premolar teeth were collected.

N

17 teeth were excluded for not meeting the inclusion criteria.

N/

During mechanical preparation, 7 teeth were excluded (4 due to file fracture, 3 due to
inability to reach the apical level).

N

At the sectioning stage, 2 teeth were excluded (failure to obtain equal-thickness
slices due to disc fracture).

NA

During the push-out test, 2 teeth were excluded due to mechanical malfunction.

&7

Actotal of 120 teeth were included in the study.

Figure 2. Study Flow Diagram

According to the statistical analysis, the Kruskal-Wallis
test was used, and no statistically significant difference was

found among the groups (p = 0.086) (Table 1).

Table 1. Comparison of Bond Strength Values (MPa) Among Experimental Groups

Groups

Bond Strength Value Mean = SD (MPa)

Median (Min—Max) (MPa)

1A 17% EDTA (AH Plus) 3.56 +2.63 3.19 (0.22-14.57)
IB 17% EDTA (Bio-C) 2.86+2.48 1.93 (0.05-8.40)
IIA Dual Rinse HEDP (AH Plus) 3.47+145 3.55 (0.32-6.22)
IIB Dual Rinse HEDP (Bio-C) 3.67+2.59 3.59 (0.10-9.51)
I1IA 0.2% Chitosan (AH Plus) 3.69+1.59 3.43 (0.16-6.76)
ITIB 0.2% Chitosan (Bio-C) 3.30+2.69 2.68 (0.07-10.71)
Total (n = 360) 3.42£2.29 3.17 (0.05-14.57)

*n = 0.086 (Kruskal-Wallis test)



88 Biisra Efendioglu et al. Balk J Dent Med. Vol 30, 2026

The Dual Rinse HEDP group exhibited the highest mean  the Kruskal-Wallis test revealed no statistically significant
bond strength value compared to the other groups; however, difference among the groups (p = 0.086) (Table 2).

Table 2. Comparison of Bond Strength Values (MPa) Among Irrigation Solutions, Independent of Sealer Type

Irrigation Solution Mean + SD (MPa) Median (Min—Max) (MPa)
Dual Rinse HEDP (n = 120) 3.57+£2.09 3.57 (0.10-9.51)

17% EDTA (n = 120) 3.21+2.57 2.65 (0.05-14.57)
0.2% Chitosan (n =120) 3.50+2.21 3.26 (0.07-10.71)
Total (n = 360) 3.43+2.29 3.16 (0.05-14.57)

*n = 0.086 (Kruskal-Wallis test)

According to the results of the Mann—Whitney U between the AH Plus and Bio-C groups (U = 14186.00, Z =
test, which compared the bond strength values of the root -2.04, p=0.041) (Table 3).
canal sealers, a statistically significant difference was found

Table 3. Comparison of Bond Strength Values (MPa) Between Sealer Types, Independent of Irrigation Solution

Root Canal Sealer n Mean £+ SD (MPa) Median (Min—Max) (MPa)
AH Plus 180 3.57+1.95 3.43 (0.15-14.57)
Bio-C 180 3.27 +£2.59 2.64 (0.05-10.71)
Total 360 3.42+2.29 3.17 (0.05-14.57)

*n = 0.041 (Mann—Whitney U test)

In the evaluation according to sectional regions, the significant differences were observed among the sectional
HEDP + AH Plus and Chitosan + AH Plus groups showed regions in the other groups (p > 0.05) In the intergroup
statistically significant differences in bond strength values comparison according to root regions, no statistically
depending on the section (p < 0.05). In these groups, the significant difference was found in bond strength values
bond strength values in the coronal region were found to among the coronal, middle, and apical regions (p > 0.05)
be significantly higher than those in the apical region. No  (Table 4).

Table 4. Intra- and Intergroup Comparisons of Push-Out Bond Strength Across Root Canal Regions

Group p Value (Intragroup)
EDTA + AH Plus 0.659
EDTA + Bio-C 0.613
HEDP + AH Plus 0.008*
HEDP + Bio-C 0.613
Chitosan + AH Plus 0.007*
Chitosan + Bio-C 0.922
Region p Value (Intergroup)
Coronal 0.126
Middle 0.059
Apical 0.061

*Statistically significant (p < 0.05)
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Overall, the cohesive fracture type was
predominantly observed. The proportion of
cohesive fractures ranged approximately between
55% and 83% across the various combinations,
reaching the highest levels particularly in the 0.2%
Chitosan + AH Plus, Dual Rinse HEDP + AH
Plus, and 17% EDTA + AH Plus groups. Adhesive
fracture rates remained at the lowest levels in all

groups. No adhesive fracture was observed in the
Dual Rinse HEDP + AH Plus group, whereas in
the other groups the rates varied approximately
between 1% and 23%.

The highest proportion of mixed fracture type
was observed in the Dual Rinse HEDP + Bio-C
group, while the lowest rate was recorded in the
17% EDTA + AH Plus combination (Table 5).

Table 5. Distribution of Failure Modes Across Experimental Groups

Dual Rinse

17% EDTA + 17% EDTA + Dual Rinse 0.2% Chitosan 0.2% Chitosan
Fracture Type AH Plus Bio-C HE];,I;U“; AH  HEDP+Bio-C  +AH Plus + Bio-C
Adhesive 9 (15.0%) 14 (23.3%) 0 (0.0%) 7 (11.7%) 1 (1.7%) 10 (16.7%)
Cohesive 43 (71.7%) 33 (55.0%) 49 (81.7%) 36 (60.0%) 50 (83.3%) 38 (63.3%)
Mixed 8 (13.3%) 13 (21.7%) 11 (18.3%) 17 (28.3%) 9 (15.0%) 12 (20.0%)
Total (n) 60 60 60 60 60 60

Inter-observer agreement regarding fracture
type evaluation was assessed using Cohen’s
Kappa coefficient, and the agreement was found to
be at an excellent level (k =0.971; p<0.001). The
relationship between fracture type and irrigation
solution/root canal sealer combinations was
evaluated using the chi-square test. The analysis
revealed a statistically significant difference
among the groups (y*=31.803,df=10,p <0.001).

Following this result, pairwise comparisons
were performed to determine which groups
contributed to the observed difference. Pairwise
chi-square comparisons were evaluated using
Bonferroni correction, and it was found that the
Dual Rinse HEDP + AH Plus group showed a
statistically significant difference in fracture type
distribution compared to the 17% EDTA + Bio-C
and 0.2% Chitosan + Bio-C groups (p < 0.0033).
No significant differences were detected among
the other combinations.

Discussion

In the samples irrigated with 17% EDTA,
no statistically significant difference was found
between the push-out bond strength values of
AH Plus and Bio-C root canal sealers to dentin;

therefore, the Hoi hypothesis was not rejected.

In the samples irrigated with Dual Rinse
HEDP, no statistically significant difference was
observed between the push-out bond strength
values of AH Plus and Bio-C root canal sealers
to dentin; therefore, the Ho hypothesis was not
rejected.

In the samples irrigated with 0.2% chitosan,
no statistically significant difference was detected
between the push-out bond strength values of
AH Plus and Bio-C root canal sealers to dentin;
therefore, the Hos hypothesis was not rejected.

In the samples obturated with the AH Plus root
canal sealer, different irrigation solutions (17%
EDTA, Dual Rinse HEDP, and 0.2% chitosan)
did not have a statistically significant effect on the
push-out bond strength to dentin; therefore, the
Hos hypothesis was not rejected.

In the samples obturated with the Bio-C root
canal sealer, different irrigation solutions (17%
EDTA, Dual Rinse HEDP, and 0.2% chitosan)
did not have a statistically significant effect on the
push-out bond strength to dentin; therefore, the
Hos hypothesis was not rejected.

Researchers have reported that etidronic
acid does not increase dentin surface roughness to
the same extent as EDTA; however, by increasing
surface energy, it enhances dentin wettability
and improves micromechanical interlocking®.
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Accordingly, although not statistically significant,
higher bond strength values have been reported
in groups treated with etidronic acid compared
to EDTA?°?!. Similarly, in another study, higher,
yet not statistically significant, bond strength
values were reported in the group in which
Dual Rinse HEDP was used compared with the
EDTA group®. In parallel with these findings, the
present study demonstrated that the continuous
chelation approach (Dual Rinse HEDP) did not
show a statistically significant difference in push-
out bond strength values when compared with
the conventional EDTA protocol. These results
indicate that the single-solution continuous
chelation protocol is as effective as the traditional
NaOCI+ EDTA regimen in terms of bond strength.

In a meta-analysis, AH Plus was
reported to provide higher dislocation resistance
than bioceramic sealers in all root regions. In
accordance with these findings, the present study
demonstrated that, independent of the irrigation
solution, AH Plus exhibited significantly higher
bond strength compared with Bio-C%.

Since EDTA is a strong calcium chelator,
it may negatively affect the hydration and
mechanical properties of calcium silicate—based
sealers by removing Ca?* ions*. In line with this,
the lowest bond strength value in the present
study was observed in the group in which 17%
EDTA was used as the final irrigant and Bio-C
sealer was applied; however, this difference was
not statistically significant.

Conflicting results have been reported
in the literature regarding the effects of chitosan
and EDTA on bond strength. Some studies have
demonstrated that chitosan provides higher bond
strength than EDTA in resin-based sealers®?,
whereas other studies have reported that EDTA
is superior or that no significant difference exists
between the two solutions?”**. It has been reported
that 0.2% chitosan resulted in higher bond strength
values than EDTA when used with BioRoot RCS.
Similarly, in the present study, 0.2% chitosan
exhibited higher bond strength values than
17% EDTA in both sealer groups; however, this
difference was not statistically significant®.

In the present study, higher bond strength
values were observed in the coronal region in the

Dual Rinse HEDP — AH Plus and 0.2% Chitosan —
AH Plus groups. This finding is consistent with the
literature reporting that the reduced number and
diameter of dentinal tubules in the apical region
limit sealer penetration and micromechanical
retention’®®!,

It has been demonstrated that bioceramic-
based root canal sealers require approximately
one week to complete their setting process®
. Accordingly, in the present study, samples
obturated with bioceramic sealers using the lateral
condensation technique were stored at 37 °C and
100% humidity for 7 days to ensure complete
setting of the sealers.

Studies have shown that an increase in
temperature can affect the physical properties of
bioceramic-based root canal sealers, particularly
their flowability and setting time**. Therefore,
in order to minimize technique- and operator-
related variability in both sealer groups, the same
obturation technique-cold lateral condensation-
was preferred.

To minimize the frictional effect, the use
of I-mm-thick dentin discs has been considered
more reliable®>?°, In the present study, a total of
three dentin slices, each 1 mm thick, were obtained
from the apical, middle, and coronal regions of
the roots.

It has been reported that selecting a
plunger diameter corresponding to 70-90% of the
canal diameter increases the accuracy of the push-
out test’’. Accordingly, based on the dentin slices
measured in the pilot study, appropriate plunger
diameters were determined for the apical, middle,
and coronal regions.

A study has reported that cohesive failures
in push-out tests occur within the material due to
the strong adhesion of sealers to dentin and gutta-
percha®®. In the present study, cohesive fracture
types were predominant in all groups. The high
incidence of cohesive fractures, particularly in the
AH Plus groups, may indicate the strong bonding
ability of this sealer to dentin.

In the pairwise comparisons, only the
Dual Rinse HEDP + AH Plus group was found to
differ significantly from the 17% EDTA + Bio-C
and 0.2% Chitosan + Bio-C groups in terms of
fracture type distribution. This result suggests that
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HEDP, due to its chelating effect and its advantage
of simultaneous use with NaOCl, modifies the
dentin structure in a more controlled manner and,
particularly when combined with AH Plus, results
in more consistent and predominantly cohesive
fracture patterns.

A limitation of the present study is
that the coronal, middle, and apical slices
obtained from the same tooth were analyzed as
individual specimens. Although this approach
has been adopted in several previous push-out
bond strength studies, the potential within-tooth
correlation was not accounted for, which may
have influenced the estimation of statistical
significance. Future studies employing statistical
models that account for clustered observations are
therefore recommended.

Since this study was conducted under
in vitro conditions, the obtained push-out bond
strength results may not fully reflect the biological
and mechanical factors present in the clinical
environment. Furthermore, although the use of
extracted single-rooted mandibular premolars
enhanced standardization, the findings cannot be
readily generalized to other tooth types with more
complex root canal anatomies. Moreover, push-
out bond strength testing alone cannot directly
predict the clinical performance of root canal
sealers. Therefore, further well-designed in vivo
studies are required to validate these findings
under clinical conditions.

Conclusion:

Within the limitations of this in vitro
study, no statistically significant differences
were observed among the irrigation solutions
tested. Continuous chelation using Dual Rinse
HEDP as a single irrigant demonstrated bond
strength values comparable to those obtained
with conventional 17% EDTA and 0.2% chitosan.
These findings suggest that Dual Rinse HEDP
may be a promising alternative to conventional
multi-step irrigation protocols; however, further
in vivo and clinical studies are required to confirm
its clinical applicability.
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