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ABSTRACT

Objectives: This study aimed to evaluate and compare the effects of N-Acetylcysteine (NAC) and Ethylene Diamine
Tetraacetic Acid (EDTA) as final irrigation solutions on the push-out bond strength of AH Plus and BioRoot RCS.

Materials and Methods: Ninety-two extracted single-rooted mandibular premolar teeth were prepared and divided into
two groups (n = 46) at random according to the final irrigant (20% NAC or 17% EDTA). Four subgroups emerged by further
dividing each group (n = 23) based on the sealer employed (AH Plus or BioRoot RCS). The single-cone method was employed
to obturate the canals, which were then kept for fifteen days. A Universal Testing Machine was employed for evaluating the
push-out bond strength at coronal, middle, and apical thirds. Three-way mixed-model Analysis of variance (ANOVA) was
utilized for assessing the data at a 5% significance level.

Results: AH Plus exhibited higher bond strength with EDTA, whereas BioRoot RCS performed better with NAC in coronal
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Copyright and middle zones (p < 0.0001).
Conclusions: EDTA optimizes AH Plus adhesion, while NAC enhances BioRoot RCS sealer performance, suggesting NAC as a
potential alternative irrigant for improved sealer bonding.
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Introduction

A successful root canal obturation requires not only
thorough disinfection but also a hermetic seal of the canal
space. Epoxy-resin sealers (e.g., AH Plus) have been the
clinical gold standard for many years because of their
excellent physical properties (radiopacity, dimensional
stability, low solubility and favourable flow) and long-term
sealing ability.! More recently, calcium-silicate bioceramic
sealers have been introduced as bioactive alternatives,
aiming to extend the success of mineral trioxide aggregate
(MTA) into routine obturation. Bioceramic sealers can
form an apatite-like layer (hydroxyapatite) at the sealer—
dentin interface, which is thought to chemically bond with
root dentin and enhance sealing by biomineralization.?
However, most studies report that conventional epoxy
sealers still achieve higher immediate bond strengths than
calcium-silicate sealers. Carvalho et al.! found that the
epoxy sealer AH Plus produced significantly greater push-
out bond strength than two calcium-silicate-based sealers
and Donnermeyer et al.3 similarly observed that AH Plus
had higher dislodgement resistance than the bioceramic
sealer BioRoot RCS. These findings underscore that sealer
composition plays a major role in adhesion to dentin.

A crucial determinant of sealer adhesion is the
condition of the dentin surface post-preparation.
Instrumentation invariably leads to the creation of a
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smear layer, composed of organic and inorganic debris,
which can obstruct dentinal tubules.* Standard
endodontic practice involves the removal of this layer
through the application of a chelating irrigant, facilitating
sealer penetration and adhesion to the dentin. EDTA at a
concentration of 17% is frequently employed as a final
irrigant to chelate calcium ions and dissolve the inorganic
constituents of the smear layer.> While EDTA effectively
uncovers dentinal tubules, its potent demineralizing
action modifies the chemical composition and hardness of
dentin. By reducing the calcium/phosphorus ratio and
softening the dentin, EDTA has the potential to alter the
permeability and mechanical attributes of the root dentin,
thereby influencing sealer bonding.®

Recent investigations have examined NAC, a thiol-
containing antioxidant, as a substitute for smear layer
removal. Shenvi et al.® demonstrated that 20% NAC was as
effective as 17% EDTA in eliminating smear layer in all
thirds of the root canal. Similarly, Rajkumaran et al.’®
reported that NAC achieved comparable smear removal
to EDTA but resulted in a significantly smaller reduction in
dentin hardness. Furthermore, emerging evidence
indicates that NAC irrigation can enhance sealer adhesion:
Ghatole et al.” discovered that canals treated with NAC
exhibited the highest push-out bond strength with AH
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Plus, in comparison to chlorhexidine irrigation. These
findings imply that NAC's chelating and bioactive
characteristics may improve bonding while exerting a
gentler effect on dentin.

Despite these promising findings, the impact of NAC
on adhesion of different types of sealers to dentin remains
unclear. No study, to our knowledge, has directly
compared NAC and EDTA as final irrigants in terms of how
they affect the push-out bond strength of AH Plus versus
a BioRoot RCS sealer. Therefore, the purpose of the
present investigation was to evaluate the effects of 20%
NAC and 17% EDTA as final irrigants on push-out bond
strength of calcium silicate-based (BioRoot RCS) and
epoxy-resin (AH Plus) sealers. The null hypothesis was that
the type of final irrigant, sealer, and root level would not
significantly influence the push-out bond strength of the
tested root canal sealers.

Materials and Methods

Ethical Approval and Reporting Standards

The study protocol was reviewed and approved by the
Institutional Board of Studies and Ethics Committee
(Reference No:KAHER/EC/21-22/D-290721002/11). The
manuscript was produced in line with the Preferred
Reporting Items for Laboratory Studies in Endodontology
(PRILE) 2021 guidelines.

Sample Size Determination

An a priori sample size estimation was performed
using G*Power version 3.1.9.7 (Heinrich Heine University,
Dusseldorf, Germany). Based on an anticipated medium
effect size (f = 0.23) for the primary outcome measure
(push-out bond strength), derived from previously
published data®, with a significance level (a) of 0.01, a
statistical power of 95%, four experimental groups, three
repeated measurements (coronal, middle, and apical root
zones), the minimum required total sample size was 92
specimens (23 per experimental group).

Sample Selection

Ninety-two recently extracted human single-rooted
mandibular premolar teeth with single canals and
completely developed apices were selected. Teeth were
extracted for periodontal or orthodontic reasons.
Exclusion criteria included severe root curvature, multiple
roots, canal calcification, open apices, surface
irregularities, fractures, caries, restorations, cracks,
resorption, or previous endodontic treatment. Following
extraction, teeth were disinfected in 0.1% thymol solution
(HiMedia Laboratories Pvt. Ltd., Mumbai, India), cleaned
of calculus and debris, and stored in normal saline (Baxter
Healthcare, Gujarat, India) at room temperature until use.
Standardized preoperative radiographs (buccolingual and
mesiodistal views) were taken for confirming presence of
a single canal.

Specimen Preparation

A water-cooled diamond disc (Komet Dental, Lemgo,
Germany) has been utilized to decoronate the crowns in
order to achieve standardized root lengths of 16 mm. A
size #10 stainless steel K-file (Mani Inc., Tochigi, Japan)

was employed to confirm canal patency until it was visible
at the apical foramen. Using radiographs, the working
length was calculated to be 1Imm below this point. The
canals were instrumented employing ProTaper Gold
rotary files (Dentsply Sirona, Ballaigues, Switzerland) up to
size F3 via a crown-down approach after being expanded
to size #20 at the apex. During instrumentation, 2mL of
5.25% sodium hypochlorite (NaOCl) (Prime Dental
Products Pvt. Ltd., Thane, India) was used for irrigation
after each file.

Experimental Groups

Random allocation was performed prior to specimen
preparation. Due to the nature of the intervention, the
operator performing canal preparation and obturation
was aware of the assigned groups. However, all specimens
were coded before push-out bond strength testing, and
the investigator performing the mechanical testing and
recording the outcomes was blinded to the group
allocation. Given the final irrigant, samples were divided
into two groups at random (n = 46 each):

e Group A: 17% EDTA (Prime Dental Products Pvt. Ltd.,
India)

e Group B: 20% NAC (Molychem, India): A 20% NAC
solution was prepared by dissolving NAC powder in
distilled water immediately before use according to
the manufacturer's recommendations. The freshly
prepared solution was used for all specimens to
minimize oxidation and maintain solution stability.

In each specimen, 5 mL of the assigned irrigant was
delivered for 1 minute employing 30-gauge side-vented
needle (Orikam, India) positioned 1mm short of working
length, then followed by final rinse with 5 mL of saline.
Drying canals with sterile #30 paper points (Dentsply
Sirona, Switzerland).

Each main group was further subdivided (n = 23 each)
according to the sealer used:

e Subgroup A: AH Plus sealer (Dentsply DeTrey GmbH,
Konstanz, Germany)

e Subgroup B: BioRoot RCS (Septodont, Saint-Maur-des-
Fossés, France)

The manufacturer's instructions were followed for
preparing the sealers. After applying the appropriate
sealer, a master gutta-percha cone (F3, Dentsply Sirona,
Switzerland) was positioned at working length. Cavit (3M
ESPE, Seefeld, Germany) was employed for sealing access
cavities after excess was eliminated via a heated plugger.
To ensure full setting, all specimens kept for 15 days at
37°C and 95% relative humidity (Memmert GmbH + Co.
KG, Schwabach, Germany).

Push-Out Bond Strength Testing

Following incubation, each root was horizontally
sectioned into 2-mm-thick slices representing the coronal,
middle, and apical thirds using a low-speed precision
diamond saw (Isomet 1000, Buehler Ltd., Lake Bluff, IL,
USA) under continuous water cooling. Push-out bond
strength testing was performed using a universal testing
machine (Instron, USA). Stainless steel cylindrical plungers
of different diameters were selected according to the
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canal dimensions at each root level to ensure contact only
with the filling material and avoid contact with the
surrounding dentinal walls. Plunger diameters of 0.9 mm,
0.7 mm, and 0.5 mm were used for the coronal, middle,
and apical sections, respectively. The load was applied in
an apical-to-coronal direction at a crosshead speed of 0.5
mm/min until bond failure occurred, and the maximum
load at failure (N) was recorded. Maximum load at failure
(N) was noted.

Dislodgement Force (N)
Push out bond strength (MPa =

Area of bonded surface (sq. mm)

Where the maximum load at failure (N) was recorded.
Push-out bond strength (MPa) was calculated by dividing
the maximum load by the bonded surface area. The
bonded surface area was determined using the standard
truncated cone (frustum) formula, A=1t (R +r) x V[(R - r)?
+ h?], where R is the coronal radius, r is the apical radius,
and h is the thickness of the root slice (2 mm).

Statistical Analysis

Data were entered into Microsoft Excel 2021
(Microsoft Corp., Redmond, WA, USA) and analyzed using
GraphPad Prism version 10.1.2 (GraphPad Software, La
Jolla, CA, USA). Normality was assessed using the Shapiro—
Wilk test. Push-out bond strength was analyzed using a
three-way mixed-model Analysis of variance (ANOVA),
with root zone (coronal, middle, and apical) treated as the
repeated-measures (within-specimen) factor and sealer
type or irrigating solution treated as the between-
specimen factor, depending on the comparison
performed. When significant main or interaction effects
were identified, Tukey's multiple comparisons test was
used for post hoc pairwise comparisons. Statistical
significance was set at p < 0.05.

Results

The mean push-out bond strength values (MPa) of AH
Plus and BioRoot RCS sealers at the coronal, middle, and
apical thirds of roots following the use of EDTA or NAC as
the final irrigant are summarized in Table 1 and Figure 1.

Table 1. Descriptive statistics of the push out bond strength values (in MPa) for the various irrigating solutions using

different sealers at different regions/zones

Irrigating solution Sealers Zones N Mean + SD Range
EDTA AH Plus Coronal 23 5.5+0.5 3.6-6.4
Middle 23 6.4+0.9 4.0-8.5

Apical 23 6.6 £0.6 4.7-8.0

BioRoot RCS Coronal 23 24+0.3 1.4-2.9

Middle 23 2.1+0.5 0.8-3.3

Apical 23 22104 1.4-3.1

NAC AH Plus Coronal 23 24103 1.6-3.1
Middle 23 25+03 2.0-3.3

Apical 23 35104 2.8-5.2

BioRoot RCS Coronal 23 4.0+0.6 3.0-5.6

Middle 23 3.1+04 2.3-4.1

Apical 23 33104 2.4-4.3

N:sample size; EDTA: Ethylenediaminetetraacetic Acid; NAC- N-Acetyl Cysteine; SD:Standard deviation
EDTA NAC
. mm AH Plus

[+2]
1

-
1

Push-out bond strength (MPa)

Coronal

Middle Apical

Coronal

Middle

Apical

B BioRoot RCS

Irrigants, Sealers and Sectional Levels

Figure 1. Mean push-out bond strength (MPa) of AH Plus and BioRoot RCS following final irrigation with EDTA and
N-acetylcysteine (NAC) at the coronal, middle, and apical root levels. Error bars represent standard deviation (SD).

When EDTA was used as the final irrigant, AH Plus
consistently demonstrated higher bond strength than
BioRoot RCS across all root thirds. The mean values for AH
Plus were 5.5 + 0.5 MPa (coronal), 6.4 £ 0.9 MPa (middle),
and 6.6 + 0.6 MPa (apical), whereas BioRoot RCS recorded
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lower values of 2.4 + 0.3 MPa, 2.1 + 0.5 MPa,and 2.2 £+ 0.4
MPa, respectively. Post hoc pairwise comparisons
following the three-way mixed ANOVA demonstrated that
AH Plus exhibited significantly higher push-out bond
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strength than BioRoot RCS across all root thirds under
EDTA irrigation (all p < 0.0001; Table 2).

In contrast, when NAC was used as the final irrigant,
BioRoot RCS exhibited higher bond strength values in the
coronal (4.0 £ 0.6 MPa) and middle thirds (3.1 £ 0.4 MPa)
than AH Plus (2.4 + 0.3 MPa and 2.5 * 0.3 MPa,
respectively). However, in the apical third, AH Plus

recorded a slightly higher mean value (3.5 £ 0.4 MPa) than
BioRoot RCS (3.3 + 0.4 MPa), although this difference was
not statistically significant (p = 0.8812). Comparison of
EDTA and NAC within each sealer revealed statistically
significant differences across all root thirds for both AH
Plus and BioRoot RCS (all p < 0.0001; Table 3).

Table 2. Three-way mixed-model ANOVA for push-out bond strength

Source F (DFn, DFd) p value

Root zone F(2,264) =13.5 <0.0001%*
Irrigating solution F(1,264) =314.3 <0.0001*
Sealer F(1,264) =780.8 <0.0001*
Root zone x irrigating solution (Interaction) F(2,264)=12.9 <0.0001%*
Root zone x sealer (Interaction) F(2,264) =59.7 <0.0001%*
Irrigating solution x sealer (Interaction) F(1,264) = 1521 <0.0001*
Root zone x irrigating solution x sealer (Interaction) F(2,264) =3.9 0.0195*

Table 3. Tukey's post hoc multiple comparisons following three-way mixed-model ANOVA

Comparison Mean difference Adjusted p value
AH Plus vs. BioRoot RCS within EDTA

Coronal 3.1 <0.0001*

Middle 4.3 <0.0001*

Apical 4.4 <0.0001*
AH Plus vs. BioRoot RCS within NAC

Coronal -1.6 <0.0001*

Middle -0.6 0.0010*

Apical 0.2 0.8812 (NS)
EDTA vs. NAC within AH Plus

Coronal 3.0 <0.0001*

Middle 3.9 <0.0001*

Apical 3.1 <0.0001*
EDTA vs. NAC within BioRoot RCS

Coronal -1.6 <0.0001*

Middle -1.0 <0.0001*

Apical -1.1 <0.0001*
Root zone comparisons (EDTA-AH Plus)

Coronal vs. Middle -0.9 <0.0001*

Coronal vs. Apical -1.1 <0.0001*

Middle vs. Apical -0.2 0.9965 (NS)
Root zone comparisons (EDTA-BioRoot RCS)

Coronal vs. Middle 0.3 0.8131 (NS)

Coronal vs. Apical 0.2 0.9841 (NS)

Middle vs. Apical -0.1 >0.9999 (NS)
Root zone comparisons (NAC—AH Plus)

Coronal vs. Middle -0.1 >0.9999 (NS)

Coronal vs. Apical -1.1 <0.0001*

Middle vs. Apical -1.0 <0.0001*
Root zone comparisons (NAC—BioRoot RCS)

Coronal vs. Middle 0.9 <0.0001*

Coronal vs. Apical 0.7 <0.0001*

Middle vs. Apical -0.1 0.9996 (NS)

NS: Not significant (p > 0.05); *: Significant (p < 0.05)

Intragroup comparisons further highlighted regional
variations. For AH Plus under EDTA, significant differences
were observed between the coronal-middle and coronal—
apical thirds (both p < 0.0001), whereas the middle—apical
comparison was not statistically significant (p = 0.9965).
BioRoot RCS under EDTA did not demonstrate significant
regional variation, with non-significant differences
between the coronal-middle (p = 0.8131), coronal—apical
(p =0.9841), and middle—apical (p > 0.9999) thirds.

When NAC was used as the final irrigant, AH Plus
demonstrated significant differences between the
coronal—apical and middle—apical thirds (both p < 0.0001),
whereas the coronal-middle comparison was not
statistically significant (p > 0.9999). In contrast, BioRoot
RCS showed significant differences between the coronal
and middle thirds (p < 0.0001) and between the coronal
and apical thirds (p < 0.0001), whereas the middle—apical
comparison was not statistically significant (p = 0.9996).
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Discussion

The current investigation demonstrated that push-out
bond strength was influenced by the final irrigant, sealer
type, and root level. AH Plus exhibited significantly greater
bond strength following 17% EDTA irrigation, whereas
BioRoot RCS showed superior bond strength after 20%
NAC irrigation, particularly in the coronal and middle
thirds. These findings are consistent with previous reports
highlighting the influence of irrigant protocols on sealer
adhesion.”® The higher bond strength of AH Plus with
EDTA may be attributed to the ability of EDTA to remove
the smear layer and expose the collagen matrix, thereby
facilitating resin tag formation and improving interaction
between the epoxy resin and dentinal collagen.'® Based
on these findings, the null hypothesis was rejected, as the
type of final irrigant, sealer, and root level significantly
affected the push-out bond strength of the tested sealers.

Conversely, the bond strength of BioRoot RCS
appeared less dependent on the choice of chelating agent,
suggesting that their inherent bioactivity and chemical
bonding mechanisms play a major role in adhesion.'**2 To
evaluate bond strength at different root levels, horizontal
sections were prepared from the coronal, middle, and
apical thirds of each root.!° The single-cone obturation
technique was selected because it eliminates the need for
compaction and is widely recommended for calcium
silicate-based sealers due to its simplicity and
compatibility with their properties.’®> BioRoot RCS is
hydrophilic and sets in the presence of moisture while
releasing calcium ions that promote hydroxyapatite
formation and micromechanical interlocking with root
dentin.’* Consequently, its adhesion relies on both
chemical bonding and biomineralization, whereas AH Plus
primarily depends on resin tag formation and covalent
interaction with dentinal collagen.114

The condition of the dentin substrate following
irrigation appears to be a key factor influencing sealer
adhesion. EDTA removes the inorganic component of the
smear layer through calcium chelation, thereby improving
smear layer removal but also causing dentin
demineralization, reduction in microhardness, and
alteration of the Ca/P ratio.>*> n contrast, 20% NAC has
been shown to produce smear layer removal comparable
to EDTA while preserving dentin mineral content and
microhardness because of its lower demineralizing
effect.>1®17 The concentration of 20% NAC used in the
present study was selected based on previous
investigations demonstrating this favourable balance
between effective smear layer removal and preservation
of dentin integrity.>167

The superior bond strength of AH Plus following EDTA
irrigation may be explained by enhanced penetration of
the epoxy resin into the demineralized dentin surface,
resulting in improved micromechanical retention.
Although NAC demonstrated slightly lower bond
strength with AH Plus, its antioxidant property may still
provide favourable conditions for epoxy polymerization
by neutralizing residual oxidizing by-products generated
by sodium hypochlorite.’® Therefore, NAC preserved
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satisfactory adhesion while minimizing undesirable
alterations to the dentin substrate.

In contrast, the improved performance of BioRoot RCS
following NAC irrigation is likely related to preservation of
the calcium-rich dentin substrate required for the
hydration and biomineralization reactions of calcium
silicate-based sealers. BioRoot RCS releases calcium ions
during setting and forms a hydroxyapatite-like interfacial
layer that contributes to both chemical bonding and
micromechanical interlocking with root dentin, 1121419
Because NAC produces significantly less dentin
demineralization than EDTA, it preserves dentinal calcium
that may facilitate apatite nucleation and improve the
integrity of the sealer—dentin interface.>'”*° Furthermore,
NAC has been reported to reduce extracellular
polysaccharide formation, which may further enhance
adaptation of the obturating material to root dentin
walls.”?® Collectively, these findings suggest that the
beneficial effect of NAC extends beyond smear layer
removal and is primarily related to preservation of the
physicochemical properties of dentin that support the
bioactivity and interfacial bonding of calcium silicate-
based sealers.

Variations in bond strength were also observed among
different root levels. The coronal and middle thirds
generally demonstrated higher push-out bond strength
than the apical third. This finding can be explained by
differences in dentin anatomy, as coronal dentin contains
larger dentinal tubules and a greater intertubular area
than apical dentin.?* Although tubule density remains
relatively constant throughout the root, the larger tubule
diameter and greater intertubular matrix in the coronal
region facilitate deeper sealer penetration and improved
micromechanical retention.?>%3 Conversely, the narrower
and more sclerotic tubules in the apical third may limit
sealer penetration and reduce interlocking. The present
findings indicate that both dentin anatomy and irrigant-
induced changes to the dentin substrate influence
adhesion at different root levels.

From a clinical perspective, these findings emphasize
that the selection of the final irrigant should complement
the properties of the root canal sealer. BioRoot RCS
demonstrated consistently favourable bond strength,
particularly following NAC irrigation, suggesting that
preservation of dentin mineral content may enhance the
performance of calcium silicate-based sealers.
Conversely, AH Plus achieved superior adhesion after
EDTA irrigation, although antioxidant irrigation may
further improve polymerization by eliminating residual
oxidizing species.’® Therefore, consideration of irrigant—
sealer interactions may improve the quality and durability
of root canal obturation.

This investigation has certain limitations. The in vitro
push-out test does not completely replicate clinical
conditions.  Furthermore, only two irrigants at
predetermined concentrations were evaluated, and NAC
was tested at a concentration that is not yet routinely
employed in clinical endodontics. Microscopic evaluation
of the sealer—dentin interface and microleakage
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assessment were not performed. Moreover, push-out
bond strength alone cannot predict long-term clinical
performance. Future studies should investigate different
concentrations of NAC, alternative irrigation protocols,
additional calcium silicate-based sealers, and long-term
clinical outcomes, including sealing ability,
biomineralization, biocompatibility, and resistance to
microleakage. Although 20% NAC demonstrated
favourable effects on the bond strength of BioRoot RCS
under the present experimental conditions, its clinical use
as a final irrigant remains investigational, and further
evidence is required before routine clinical application can
be recommended.
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