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The effect of final irrigation solution and irrigation
techniques on the flexural strength and elastic
modulus of root canal dentin: an experimental
study

ABSTRACT

Introduction: Root canal irrigation facilitates debris removal, lubrication, and the dissolution of organic and
inorganic tissues while preventing smear layer formation. However, the chelating properties of final irrigants may
deplete calcium ions from the dentin, potentially compromising the flexural strength and modulus of elasticity of the
root canal walls. This study aims to analyze the effects of various final irrigants and agitation technigues on these
mechanical properties of radicular dentin. Methods: Forty-five mandibular premolars were prepared and randomly
divided into three groups (n=15). Group 1 was irrigated with 17% EDTA, Group 2 with 0.2% chitosan nanoparticles,
and Group 3 with Ultra Clean. Each group was further subdivided into three subgroups (n=5) based on the agitation
technique used: manual (A), sonic (B) and ultrasonic (C). Flexural strength and elastic modulus were measured
using a Universal Testing Machine (UTM). Results: Two-way ANOVA showed that the type of irrigating solution,
agitation technique, and their interaction significantly affected flexural strength and elastic modulus (p<0.05). Post-
hoc LSD analysis revealed significant differences among groups for both flexural strength and elastic modulus
(p<0.05), with several exceptions in specific comparisons within the EDTA and Ultra Clean groups, as well as between
Ultra Glean manual agitation subgroup and the 0.2% chitosan nanoparticle subgroup (p>0.05). Conclusion: The
highest flexural strength and elastic modulus values were observed in the group treated with 0.2% chitosan
nanoparticles combined with sonic agitation, while the lowest values were found in the 17% EDTA group using
manual agitation.
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Efek jenis bahan irigasi akhir dan teknik irigasi terhadap
kekuatan fleksural dan modulus elastisitas dentin saluran
akar: studi eksperimental in vitro

ABSTRAK

Pendahuluan: Irigasi saluran akar berfungsi membersihkan debris, melumasi saluran, melarutkan jaringan organik
dan anorganik, serta mencegah terbentuknya smear layer. Namun, sifat khelasi pada bahan irigasi akhir berpotensi
mengikis dinding saluran akar dengan mengikat fon kalsium, yang dapat memengaruhi kekuatan fleksural dan
modulus elastisitas dentin. Penelitian ini bertujuan untuk menganalisis pengaruh jenis bahan irigasi akhir dan teknik
agitasi terhadap sifat mekanis dentin saluran akarakar. Metode: Empat puluh lima premolar mandibula di preparasi,
dibagi menjadi tiga kelompok secara acak masing-masing kelompok terdiri dari 15 sampel. Kelompok 1 di irigasi
dengan EDTA, kelompok 2 diirigasi dengan kitosan nanopartikel 0,2% dan kelompok 3 dij irigasi dengan Ultra clean.
Masing-masing kelompok dibagi lagi menjadi 3 kelompok dan setiap kelompok terdiri 5 sampel. Kelompok A digitasi
manual, kelompok B sonik, dan kelompok C ultrasonik. Setelah itu dilakukan uji =kekuatan fleksural dan modulus
elastisitas dengan Universal Testing Machine (UTM). Hasil: UjiANAVA Bahan irigasi akhir, teknik irigasi, dan interaksi
keduanya berpengaruh signifikan terhadap kekuatan fleksural dan modulus elastisitas (p<0,05). Hasil Post-Hoc LSD
menunjukkan perbedaan signifikan antarkelompok untuk kekuatan fleksural dan modulus elastisitas dentin (p<0,05),
dengan beberapa pengecualian pada perbandingan metode tertentu dalam kelompok EDTA 17% dan Ultra Clean,
serta antara Ultra Clean manual dan kitosan nanopartikel 0,2% (p>0,05). Simpulan: Nilai kekuatan fleksural dan
modulus elastisitas tertinggi pada penggunaan kitosan nanopartikel 0,2% dengan teknik agitasi sonik serta terendah
pada penggunaan EDTA 17% dengan teknik agitasi manual.

Kata kunci

bahan irigasi akhir, teknik irigasi, kekuatan fleksural, modulus elastisitas.
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INTRODUCTION

A successful root canal treatment involves biomechanical preparation (cleaning and
shaping), a method of root canal debridement using chemical agents such as irrigating
solutions.? In addition, this treatment helps preserve the tooth within the oral cavity, and
maintain masticatory function.? The key success of root canal treatment is based on the
application of the endodontic triad principles, including biomechanical preparation
(cleaning and shaping), root canal disinfection using chemical agents such as irrigating
solutions, and root canal obturation using filling materials and sealers.3

The instrumentation process during biomechanical preparation produces debris that
adheres to the root canal wall as smear layer. This smear layer consists of organic and
inorganic tissue that can block the dentinal tubules, inhibiting the penetration of irrigating
solution and sealers during obturation.* Therefore, smear layer removal is an essential step
in ensuring the success of root canal treatment.>

One of the most commonly used irrigating solution in clinical practice is sodium
hypochlorite (NaOCI). At concentrations ranging from 2.5-5.0%, NaOCIl is capable in
dissolving organic tissue and eliminating microorganisms within the root canal system.®
However, this solution has limitations, as it us unable to dissolve inorganic components,
allowing the smear layer to remain attached to the root canal walls. Therefore, the 17%
Ethylenediaminetetraacetic acid (EDTA) is an alternative irrigating agent to address this
issue.”

Ethylenediaminetetraacetic acid (EDTA) is capable of dissolving inorganic tissue and
remove the smear layer that obstructs dental tubules. Unfortunately, prolonged use of
17% EDTA may lead to dental corrosion, which eventually reduce both the flexural strength
and the elastic modulus of dentin.” Therefore, studies on safer alternative final irrigating
solutions continues to be explored.

Ultra Clean is also one of the final irrigating solutions commonly used in clinical
practice. This solution contains benzalkonium chloride (BAK), sodium citrate, and steviol
glycosides.® The sodium citrate component found in Ultra Clean acts as a chelating agent
that can help in smear layer removal without causing significant dentin erosion. In addition,
steviol glycosides provide flavor to the irrigation solution, thereby enhancing patient
comfort.?

Recent studies have also showed the potential use of chitosan as a final irrigation
solution. Chitosan is a natural polysacharide obtained through the deacetylation of chitin
derived from crustacean shells. Chitosan possesses chelating properties that enable this
solution to effectively remove the smear layer. 1% Modification of chitosan into nanoparticles
has been shown to enhance its effectiveness as an irrigating solutions due to its small
particle size, allowing better penetration into dentinal tubules and complex areas of the
root canal system.®

Studies using 0.2 % chitosan nanoparticles have demonstrated effectiveness
comparable to that of 17% EDTA in opening dentinal tubules without causing excessive
dentin erosion.!! This finding suggests that chitosan nanoparticles are a promising
irrigating agent with minimal risk of adverse effects. In addition to the selection of irrigating
components, irrigation techniques also play an important role in the distribution of the
solutions within root canal system. The techniques of irrigation can be classified into
manual methods (manual dynamic agitation) and machine-assisted method (sonic and
ultrasonic).1?2 The manual irrigation method is frequently insufficient for cleaning the entire
root canal system, particularly in the apical region, which is difficult to access.

Both sonic and ultrasonic agitation methods allow more effective activation of irrigating
solutions. Sonic irrigation operates at frequencies ranging from 1-6 kHz using polymer tips
that do not damage the root canal walls.2 In contrast, ultrasonic irrigation technique
operates frequencies between 25 to 30 kHz with vibrating metal files, generating acoustic
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waves and cavitation phenomena that enhance the distribution of irrigating solution
throughout the root canal system.13:14

Agitation techniques are commonly used to promote smear layer removal and improve
the distribution of irrigating solution throughout the root canal system.!> Previous studies
have reported that the ultrasonic techniques are significantly more effective in removing
the smear layer compared with manual techniques.?2 The biomechanical properties of
dentin, including flexural strength and elastic modulus, are important parameters that may
be affected by both the irrigating agents and the techniques used.i® Flexural strength
measures the ability of dentin to resist combined stresses, whereas elastic modulus reflects
the stiffness of dentin.1” Root canal irrigation is vital for removing debris and preventing
smear layer; however, the chelating properties of these irrigating agents can lead to the
depletion of calcium from the dentin. This study aimed to analyzed the effect of different
final irrigating solutions and agitations techniques on the flexural and the elastic modulus
of root canal dentin.

METHODS

This study is an in vitro laboratory experiment. The 0.2% chitosan nanoparticles
solution was prepared by dissolving chitosan powder in 1% acetic acid 1%, which was the
stirred using magnetic stirrer for 1 hour at room temperature. A tripolyphosphate (TPP)
solutions, at a volume ratio of 5:1 was the added gradually under continuous stirring for 1
hour. To obtain a 0,2% chitosan nanoparticle irrigating solution, the ionically gelated
chitosan was dissolved in 1% acetic acid. Subsequently, 100 mL of the solution was stirred
at 500 rpm for 30 minutes until a homogenous solution was achieved.!® The concentration
was calculated using the dilution formula = M1xVi=MyxV> (M1: initial concentration, Vi:
initial Volume/mass, Ma2: final concentration, and V2: final volume/mass)

The preparation phase began with determining the sample size using Federer’s
formula: (t—1) (n—1) 215, where t = 9 treatment groups. Based on this calculation, the
minimum required sample size was n > 2.875. Therefore, five samples were assigned to
each group to satisfy the statistical requirements. A total of 45 mandibular premolars were
included in the study and randomly allocated into three groups according to the final
irrigating solution used: 17% EDTA, Ultra Clean, and 0.2% chitosan nanoparticles (n = 15
per group). Each group was further divided into three subgroups based on the agitation
technique employed (manual, sonic, and ultrasonic), with five samples assigned to each
subgroup.

Subsequently, the forty-five mandibular premolars that met the inclusion criteria were
examined radiographically to confirm the presence of a single, straight root canal. The
tooth specimens were rinsed with sterile distilled water and cleaned of debris and residual
tissue, then stored at room temperature in a sealed container containing saline solution to
prevent dehydration. The crowns of all forty-five teeth were sectioned using a diamond
disc bur mounted on a low-speed handpiece to obtain a standardized root length of 13
mm (Figure 1).

After all teeth had been sectioned, they were embedded in wax boxes, with the apical
end of each root sealed using red utility wax. The specimens were then randomly assigned
to nine groups, with five teeth in each group. Each group was placed in a container lined
with gauze moistened with saline solution and subsequently stored in an incubator at 37°C
for 14 days.18
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Figure 1. Sectioning of 45 tooth specimens at the crown portion. (A) Tooth sectioning procedure using
a diamond bur; (B) Sectioned tooth specimen with a standardized length of 13 mm.

Root canal preparation was performed using an endomotor and the crown-down
technique with rotary files, following the prescribed file sequence and working length, and
was completed using an F3 file. A size #10 K-file was inserted into the root canal until the
apical region, and the working length (WL) was established at 1 mm short of the apical
foramen.18 The canal was irrigated with 3 mL of 2.5% sodium hypochlorite (NaOCI)
followed by saline solution after each file change.

Following root canal preparation, the tooth samples were randomly assigned to their
respective groups. Each sample was given an identification number; these numbers were
then placed into a closed container and drawn blindly to allocate the samples into the final
irrigation treatment groups: 17% EDTA, Ultra Clean, and 0.2% chitosan nanoparticles
(n=15 per group). Each sample was irrigated with 5 ml of solution using a single-vented
needle positioned 1 mm short of the apex. In subgroup A, final irrigation was performed
using a manual irrigation technique (n=5); in subgroup B, final irrigation included sonic
agitation for 30 seconds (n=5); and in subgroup C, final irrigation was accompanied by
ultrasonic agitation activation for 30 seconds (n=5). Finally, all samples were rinsed with
3 ml of saline for 1 minute.

A B C
Figure 2. Final root canal irrigation procedures. (A) Manual agitation technique; (B) Sonic agitation
technique; (C) Ultrasonic agitation technique

To prepare the specimens for analysis, the treated teeth were sectioned into
rectangular dentin block (8 mm in length, 2 mm in width, and 3 mm) using a diamond disc
bur on a low-speed handpiece. These blocks were then polished with No. 1500 silicon
carbide grit (Multi-Tech Products, Anaheim, CA, USA) and subsequently examined under a
light microscope at 1.6x and 2.5x magnifications to check for the presence of any cracks.
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Figure 3. Schematicillustration of the specimen sectioning method used in this study

Flexural strength and modulus of elasticity testing was conducted at the Materials
Laboratory, Department of Mechanical Engineering, Faculty of Engineering, Universitas
Negeri Yogyakarta. The testing was performed using a three-point bending test on a
Universal Testing Machine (UTM), which utilizes three contact points: two lower points to
support the specimen and one upper point to apply the load to the center of the sample’s
top surface.

The load was applied at a crosshead speed of 1 mm/min. Each sample was positioned
across the two supports, spanning a distance of 6 mm. The flexural strength and modulus
of elasticity were calculated using the standard formulas: = 3 X (load) X (length)/2 X
(width) X (thickness)2. Deformas = load) X (length)3/4X (E) X (width) X (thickness).2!

Figure 4. Three-point bendingtest performed on the specimens.

The data obtained from this study were ratio-scale data and were first subjected to
the Shapiro-Wilk test for normality and Levene’s test for homogeneity of variance. Once
the assumption of normality and homogeneity were met, the data were then analyzed
using a two-way ANOVA at a 5% significance level. Subsequently, the Least Significant
Difference (LSD) post hoc test was applied to groups exhibiting significant differences.
Statistical analysis was performed using SPSS software version 26.

RESULTS

This in vitro study used 45 mandibular premolar samples to evaluate the effects of
three final irrigants (17% EDTA, Ultra Clean, and 0.2% Chitosan nanoparticles) and three
different irrigation techniques (manual, sonic dan ultrasonic agitation) on the flexural
strength and modulus of elasticity of dentin. The mean values for both flexural strength
and modulus of elasticity across the different final irrigants and irrigation techniques are
presented in bar graph (Figure 5 and Figure 6).
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Figure 5. Mean values and standard deviations of rootcanal dentin flexural strength (MPa) according to
the final irrigation solutions and irrigation techniques

The study demonstrates that the highest mean flexural strength was observed in the
0.2% Chitosan nanoparticle group combined with sonic agitation, whereas the lowest
mean was found in the 17% EDTA using the manual irrigation technique.

Teknik irigasi
80.00 W Irigasi manual
M Agitasi sonik

66,43 £5,60 M Agitasi ultrasonik

56,03 =871

60.00

27,54+ 14.37 31 33 + 10,81
33.84+6,17

40,00
29,44 =380

Rerata Modulus

2283593
2021 +3.16 21,32+ 398

20.00

0.00

EDTA 17% Ultra clean Kitosan ggrg}gpani kel

Bahan irigasi akhir
Figure 6. Mean values and standard deviations of the modulus of elasticity of root canal dentin (GPa)
according to the final irrigation solutions and irrigation techniques.

Similarly, the highest mean value of elasticity modulus was observed in the 0.2%
Chitosan nanoparticle group combined with the sonic irrigation technique, whereas the
lowest mean value was found in the EDTA 17% final irrigant group using manual irrigation.
The obtained data were then subjected to the Shapiro-Wilk test for normality and Levene's
test for homogeneity of variance. The results of the Shapiro-Wilk normality test for both
flexural strength and modulus of elasticity are presented in Table 1.
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Table 1. Results of the Shapiro—Wilk and Levene’s Tests for the Effects of Final Irrigation Solutions and
Irrigation Technigues on the Flexural Strength and Modulus of Elasticity of Root Canal Dentin

Nilai P Uji
Group Shapiro Shapiro Wilk  Levene Test Levene Test
Wilk Flexural Modulus of Flexural Modulus of
Strength Elasticity Strength Elasticity
EDTA, Manual 0.360%* 0.198*
EDTA, Sonic 0.062* 0.166*
EDTA, Ultrasonic 0.720%* 0.174*
Ultra Clean, Manual 0.397* 0.731%*
Ultra Clean, Sonic 0.423* 0.138* % %
Ultra Clean, Ultrasonic 0.433* 0.086* 0.764 0.200
Chitosan Nanoparticles, Manual 0.879* 0.944*
Chitosan Nanoparticles, Sonic 0.201* 0.552*
Chitosan Nanoparticles, 0.329* 0.483*
Ultrasonic

Note: * = significantat p>0.05

The normality test results for the flexural strength data in each group yielded p-values
greater than 0.05 (p > 0.05), indicating that the data were normally distributed. Levene's
test for homogeneity of variance revealed a p-value of 0.764 (p=0.764), which means
there was no significant difference in variance among the nine groups, confirming variance
homogeneity. Since the data met the assumptions of normal distribution and homogeneity,
a two-way ANOVA was deemed appropriate for further analysis.

Similarly, the normality test for the modulus of elasticity data showed that all groups
obtained p-values greater than 0.05 (p>0.05), indicating a normal distribution. The
homogeneity of variance analysis via Levene's test yielded a p-value of 0.200 (p = 0.200),
indicating no significant difference in variance across the nine groups (homogenous
variance). Consequently, because the experimental data met the criteria for parametric
testing, a two-way ANOVA was conducted to analyze the mean differences between the
groups, as presented in Table 2 and Table 3.

Table 2. Results of the Two-Way ANOVA for the Effects of Final Irrigation Solutions and Irrigation Techniques
on the Flexural Strength of Root Canal Dentin

. Sum of Mean
Variable Squares DF Square F p
Final irrigation solution 3346.90 2 1673.45 130.089 0.001*
Irrigation technique 753.60 2 376.80 29.291 0.001*
Irrigation solution x Irrigation technique 139.20 4 34.80 2.705 0.046*

Note : * = statistially significant (p <0.05)

Two-way ANOVA test revealed that both the final irrigant and the irrigation technique
had a significant effect on the flexural strength (p < 0.05). Furthermore, a significant
interaction was observed between the final irrigant and the irrigation technique regarding
their effect on flexural strength (p < 0.05).

Table 3. Results ofthe Two-Way ANOVA for the Effects of Final Irrigation Solutions and Irrigation Techniques
onthe Modulus of Elasticity of Root Canal Dentin

Sum of DF

Variable Mean Square F p
Squares
Final irrigation solution 0.007 2 0.003 86.15 0.000*
Irrigation technique 0.002 2 0.001 19.55 0.000*
Irrigation solution x 0.002 4 0.000 11.07 0.000*

Irrigation technique
Note: * = statistially significant (p <0.05)
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Similarly, the two-way ANOVA results for the modulus of elasticity demonstrated that
both the final irrigant and the irrigation technique showed a significant influence (p <
0.05). Asignificant interaction effect between the final irrigant and the irrigation technique
on the modulus of elasticity was also detected (p < 0.05). To determine specific group
differences, the Least Significant Difference (LSD) post hoc test was subsequently
performed; the results are presented in Table 4 for flexural strength and Table 5 for the
modulus of elasticity.

Table 4. Results of the Least Significant Difference (LSD) Post Hoc Test for the Effects of Final Irrigation
Solutions and Irrigation Technigues on the Flexural Strength of Root Canal Dentin

Mean Difference

(I) Group (3) Group (1-3) P
EDTA, Manual EDTA, Sonic -8.73 0.000"
EDTA, Ultrasonic -7.43 0.002"
Ultra clean, Manual -10.73 0.000"
Ultra clean, Sonic -18.13 0.000"
Ultra clean, Ultrasonic -12.20 0.000"
Chitosan Nanoparticles, Manual -20.76 0.000"
Chitosan Nanoparticles, Sonic -34.63 0.000"
Chitosan Nanoparticles, Ultrasonic -23.70 0.000"
EDTA, Sonic EDTA, Ultrasonic 1.30 0.570
Ultra clean, Manual -2.00 0.384
Ultra clean, Sonic -9.40 0.000"
Ultra clean, Ultrasonic -4.70 0.045*
Chitosan Nanoparticles, Manual -12.03 0.000"
Chitosan Nanoparticles, Sonic -25.90 0.000"
Chitosan Nanoparticles, Ultrasonic -15.10 0.000"
EDTA, Ultrasonic Ultra clean, Manual -3.30 0.154
Ultra clean, Sonic -10.70 0.000"
Ultra clean, Ultrasonic -6.00 0.012%
Chitosan Nanoparticles, Manual -13.30 0.000"
Chitosan Nanoparticles, Sonic -27.20 0.000"
Chitosan Nanoparticles, Ultrasonic -16.40 0.000"
Ultra clean, Manual Ultra clean, Sonic -7.40 0.002"
Ultra clean, Ultrasonic -4.70 0.045*
Chitosan Nanoparticles, Manual -10.33 0.000"
Chitosan Nanoparticles, Sonic -23.90 0.000"
Chitosan Nanoparticles, Ultrasonic -13.10 0.000"
Ultra clean, Sonic Ultra clean, Ultrasonic 4.70 0.045*
Chitosan Nanoparticles, Manual -2.26 0.002*
Chitosan Nanoparticles, Sonic -16.50 0.000"
Chitosan Nanoparticles, Ultrasonic -5.70 0.017"
Ultra clean, Ultrasonic Chitosan Nanoparticles, Manual -7.33 0.003"
Chitosan Nanoparticles, Sonic -21.20 0.000"
Chitosan Nanoparticles, Ultrasonic -10.40 0.000"
Chitosan Nanoparticles, Manual Chitosan Nanoparticles, Sonic -13.86 0.000"
Chitosan Nanoparticles, Ultrasonic -3.06 0.004*
Chitosan Nanoparticles, Sonic Chitosan Nanoparticles, Ultrasonic 10.80 0.000"

Note : * = statistically significant (p <0.05)

The post-hoc LSD analysis for flexural strength presented in Table 4 revealed
significant differences among most sample groups (p < 0.05). The only exceptions were
found between the 17% EDTA with sonic agitation and 17% EDTA with ultrasonic agitation
groups (p>0.05), between 17% EDTA with sonic agitation and Ultra Clean with manual
irrigation (p>0.05), and between 17% EDTA with ultrasonic agitation and Ultra Clean with
manual irrigation (p>0.05).
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Table 5. Results of the Least Significant Difference (LSD) Post Hoc Test for the Effects of Final Irrigation
Solutions and Irrigation Techniques on the Modulus of Elasticity of Root Canal Dentin

Mean Difference

(I) Group (J) Group (1-3) p
EDTA, Manual EDTA, Sonic -0.00 0.501
EDTA, Ultrasonic -0.00 0.765
Ultra clean,Manual -0.00 0.025"
Ultra clean, Sonic -0.01 0.001"
Ultra clean, Ultrasonic -0.01 0.003"
Chitosan Nanoparticles, Manual -0.01 0.008"
Chitosan Nanoparticles, Sonic -0.04 0.000"
Chitosan Nanoparticles, Ultrasonic -0.03 0.000"
EDTA, Sonic EDTA, Ultrasonic 0.00 0.707
Ultra clean, Manual -0.00 0.106
Ultra clean, Sonic -0.01 0.009"
Ultra clean, Ultrasonic -0.00 0.018"
Chitosan Nanoparticles, Manual -0.00 0.040"
Chitosan Nanoparticles, Sonic -0.04 0.000"
Chitosan Nanoparticles, Ultrasonic -0.03 0.000"
EDTA, Ultrasonic Ultra clean, Manual -0.00 0.049"
Ultra clean, Sonic -0.01 0.003"
Ultra clean, Ultrasonic -0.01 0.007"
Chitosan Nanoparticles, Manual -0.01 0.017"
Chitosan Nanoparticles, Sonic -0.04 0.000"
Chitosan Nanoparticles, Ultrasonic -0.03 0.000"
Ultra clean, Ultra clean, Sonic -0.00 0.278
Manual Ultra clean, Ultrasonic -0.00 0.414
Chitosan Nanoparticles, Manual -0.00 0.640
Chitosan Nanoparticles, Sonic -0.03 0.000"
Chitosan Nanoparticles, Ultrasonic -0.02 0.000"
Ultra clean, Sonic Ultra clean, Ultrasonic 0.00 0.785
Chitosan Nanoparticles, Manual 0.00 0.003*
Chitosan Nanoparticles, Sonic -0.03 0.000"
Chitosan Nanoparticles, Ultrasonic -0.02 0.000"
Ultra clean, Chitosan Nanoparticles, Manual 0.00 0.002*
Ultrasonic Chitosan Nanoparticles, Sonic -0.03 0.000"
Chitosan Nanoparticles, Ultrasonic -0.02 0.000"
Chitosan Nanoparticles, Chitosan Nanoparticles, Sonic -0.03 0.000"
Manual Chitosan Nanoparticles, Ultrasonic -0.02 0.000"
Chitosan Nanoparticles, Sonic Chitosan Nanoparticles, Ultrasonic 0.01 0.013"

Note : * = statistially significant (p <0.05)

For the modulus of elasticity, the post-hoc LSD results in Table 5 also demonstrated
significant differences across the sample groups (p<0.05), except for the comparisons
between 17% EDTA manual and 17% EDTA sonic (p>0.05); 17% EDTA manual and 17%
EDTA ultrasonic (p>0.05); 17% EDTA ultrasonic and 17% EDTA sonic (p>0.05); Ultra
Clean manual and Ultra Clean sonic (p>0.05); Ultra Clean ultrasonic and Ultra Clean sonic
(p>0.05); Ultra Clean ultrasonic and Ultra Clean manual (p>0.05); as well as between
Ultra Clean manual and 0.2% chitosan nanoparticles with manual irrigation (p>0.05).

DISCUSSION

The interaction between final irrigants and irrigation techniques contributes to the
effective elimination of the smear layer from root canal dentin, which subsequently
enhances its flexural strength and modulus of elasticity. The two-way ANOVA results
demonstrated significant differences (p<0.05) regarding the choice of final irrigant,
irrigation technique, and their interaction on the mechanical parameters of root canal
dentin.

Smear layer removal following the use of sodium hypochlorite becomes more effective
when combined with an appropriate final irrigant and irrigation technique. The irrigation
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techniques evaluated in this study included manual, sonic, and ultrasonic agitation. The
two-way ANOVA confirmed that both the type of final irrigant and the irrigation technique
exerted a significant influence on the flexural strength and modulus of elasticity of root
canal dentin (p<0.05).

Combining 0.2% chitosan nanoparticles with sonic agitation yielded higher flexural
strength and modulus of elasticity compared to 17% EDTA and Ultra Clean. Unlike 17%
EDTA and Ultra Clean, which exert strong chelating effects, chitosan possesses only a
single amine group that interacts with metal ions, resulting in a more controlled chelation
process. Consequently, this prevents excessive binding of dentin minerals, thereby
preserving the structural integrity and mechanical properties of the dentin. The mechanism
of action of chitosan—operating via the bridge model and the single amine group model—
allows for a more optimal interaction with metal ions.22 Furthermore, the minuscule size
of chitosan nanoparticles enables deeper penetration into the dentinal tubules, enhancing
cleaning efficacy compared to macro-chitosan. Modifying chitosan into nanoparticles aims
to improve its absorption and diffusion during final irrigation.22 The removal of the smear
layer by chitosan occurs through adsorption, ion exchange, and chelation. Additionally, the
hydrophilic nature of chitosan enhances the adsorption of the solution onto the dentin,
facilitating ionic interactions with calcium for optimal chelation.2

The 0.2% chitosan nanoparticles demonstrated superiority in preserving the flexural
strength and modulus of elasticity of dentin due to a more controlled chelating effect
compared to 17% EDTA and citric acid, which can induce dentin erosion. Previous studies
have indicated that chitosan can enhance the mechanical properties of dentin by
interacting with dentinal collagen. This interaction occurs through the formation of
hydrogen bonds between the -OH, -NH2, and -C=0 groups in collagen and the -OH and -
NH2 groups in chitosan.23 Chitosan also maintains covalent bonds with dentinal collagen,
thereby contributing to the remineralization of demineralized dentin.26 Previous studies
have indicated that chitosan can enhance the mechanical properties of dentin.2’ Chitosan
can form covalent bonds with dentinal collagen, thereby facilitating the remineralization of
demineralized dentin.24

The 17% EDTA solution exhibits a stronger chelating capacity compared to Ultra Clean
and chitosan. The abundance of hydroxyl and amine groups in EDTA allows for greater
binding of calcium ions.,2> which leads to a reduction in the inorganic structure of the
dentin, subsequently decreasing its flexural strength and modulus of elasticity. The
chemical structure of EDTA, featuring four carboxyl groups and two amine groups, forms
a highly stable chelate complex.Z” Thbayh et a/.26 reported that EDTA, as a hexadentate
chelator, can bind up to six coordination sites on a metal ion simultaneously, making it a
highly effective agent for removing both the smear layer and dentin minerals.

Ultra Clean, which contains citric acid in sodium citrate, acts as chelating agent with a
near-neutral pH, making it more biocompatible and effective for dentin decalcification
without causing excessive erosion.2° However, information regarding the exact percentage
of sodium citrate in Ultra Clean remains limited, which may affect its efficacy during root
canal irrigation.3? explains that citric acid undergoes three stages of ionization, allowing
multiple hydroxyl groups to bind with metal ions within the smear layer and root canal
dentin. Furthermore, Sarkees and Maarrawi,?8 stated that citric acid in 10% sodium citrate
exhibits a near-neutral pH, good biocompatibility, and high efficiency in dentin
decalcification. The demineralizing effect of sodium citrate on dentin tends to be lower
than that of other demineralizing agents, such as pure citric acid and EDTA, due to its
near-neutral pH. Nevertheless, specific formulation details regarding the sodium citrate
percentage in Ultra Clean are not available.

The post-hoc LSD test indicated that the sonic agitation technique yielded higher
flexural strength and modulus of elasticity compared to both manual and ultrasonic
agitation. This technique facilitates a more uniform distribution of the irrigating solution
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along the root canal walls, effectively reaching the apical region. Sonic agitation operates
at a lower frequency (1-6 kHz) than ultrasonic agitation (25-30 kHz), thereby enabling
thorough flushing of the canal without inducing dentin erosion.>12 Conversely, manual
agitation resulted in the lowest flexural strength and modulus of elasticity. This outcome
is attributed to the absence of vibrations required to optimize solution distribution, which
leads to suboptimal cleaning and the potential accumulation of chelating agents,
subsequently compromising the mechanical properties of the dentin.2°

This study demonstrates that the combination of 0.2% chitosan nanoparticles with the
sonic agitation technique yields the most optimal results in enhancing the flexural strength
and modulus of elasticity of root canal dentin. This specific combination facilitates deeper
penetration of the solution without causing damage to the root canal walls, thereby
reducing the risk of calcium and phosphorus (Ca/P) mineral loss in the dentin.30

Nevertheless, this study has several limitations, including variations in the baseline
Ca/P conditions of the dentin, structural differences in collagen and dentinal tubules, and
the inherent difficulty of obtaining completely uniform tooth samples. Furthermore, dentin
anisotropy is a contributing factor in influencing the testing outcomes as the mechanical
properties of dentin are highly dependent on the direction of the applied load.2°
Consequently, further investigations, involving both /n vitro and in vivo studies, are
required to comprehensively evaluate the efficacy of 0.2% chitosan nanoparticles
combined with sonic irrigation techniques on the flexural strength and modulus of elasticity
of root canal dentin.

CONCLUSION

The use of 0.2% chitosan nanoparticles demonstrated higher flexural strength and
modulus of elasticity values for root canal dentin compared to 17% EDTA and Ultra Clean.
Regarding the irrigation techniques, the sonic agitation technique yielded higher values
than both manual and ultrasonic techniques. Furthermore, the combination of 0.2%
chitosan nanoparticles with sonic agitation produced the highest values under laboratory
testing conditions. These findings imply that chitosan holds potential as a safer alternative
irrigant to EDTA by minimizing the risk of post-treatment tooth fracture, although further
clinical validation remains necessary.
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