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Abstract

Aim: The use of high-concentration sodium hypochlorite (NaOCl) as an endodontic
irrigant remains controversial because of its potential impact on the fracture strength
of endodontically treated teeth. This study evaluated the effects of using different
NaOCI concentrations, with 2-min-ethylenediaminetetraacetic acid (EDTA) as the
final active irrigant, on the biomechanical and structural properties of root dentine.
Methodology: A new test method, which is more clinically relevant, was utilized to
calculate the fracture strength of root dentine. Bovine incisors were used to obtain
root dentine discs. The root canals were enlarged to mean diameter of 2.90 mm with
a taper of 0.06. The resulting discs were divided into five groups (n = 20) and treated
with different concentrations of NaOCl (5.25%, 2.5%, and 1.3%) for 30 min plus 17%
EDTA for 2 min. The discs were then loaded to fracture by a steel rod with the same
taper through the central hole. The fractured specimens were examined by scanning
electron microscopy to evaluate changes in the dimensions of the remaining inter-
tubular dentine and the tubular radius. Micro-hardness was also measured with a
Knoop diamond indenter along a radius to determine the depth of dentine eroded
by the irrigation. Results were analysed by one-way ANOVA and the Tukey test. The
level of significance was set at a = 0.05.

Results: The damage by NaOCI increased with its concentration. 5.25% NaOCl
greatly reduced the fracture strength of root dentine from 172.10+30.13MPa to
114.58 +£26.74 MPa. The corresponding reduction in micro-hardness at the root canal
wall was 34.1%. The damages reached a depth of up to 400 um (p <.05). Structural
changes involved the degradation of the intratubular wall leading to enlarged den-
tinal tubules and the loss of intertubular dentine. Changes in the microstructural
parameters showed positive linear relationships with the fracture strength.
Conclusions: With the adjunctive use of EDTA, NaOCl caused destruction to the in-
tratubular surface near the root canal and, consequently, reduced the root dentine's
mechanical strength. The higher the concentration of NaOC], the greater the effect.
Therefore, endodontists should avoid using overly high concentration of NaOCI for
irrigation to prevent potential root fracture in endodontically treated teeth.
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INTRODUCTION

Successful endodontic treatment requires debridement of
the root canal system through mechanical instrumenta-
tion and chemical disinfection followed by sealing with
appropriate materials. Root canal irrigation is essential
since it can clean irregularly shaped canals and isthmuses
that are inaccessible by instruments (Zehnder, 2006).
The sequential use of 0.5% to 5.25% sodium hypochlo-
rite (NaOCl) and 17% ethylenediaminetetraacetic acid
(EDTA) has been recommended as a typical irrigation reg-
imen (Dutner et al., 2012; Mostafa et al., 2020; Uzunoglu
et al., 2012). NaOCl has excellent antimicrobial capacities
and great efficacy in dissolving vital or necrotic tissues,
while EDTA is used as an adjuvant to remove the smear
layer (Mozayeni et al., 2009; Wright et al., 2020).

Currently, there is no consensus on the concentration
of NaOCI that should be used for root canal irrigation,
but there appears to be a tendency towards using higher
concentrations for more effective disinfection and soft tis-
sue removal (Dutner et al., 2012). A recent clinical survey
found that 57% of endodontists used full-strength NaOCl
(>5.0%; Dutner et al., 2012). Even 8.25% NaOCI has be-
come available (Cullen et al., 2015). However, high concen-
trations of NaOCI may irritate the periapical tissues and
damage the mineralized root canal wall, which is in con-
flict with the contemporary medical principle of primum
non nocere, which means ‘first, do no harm’ (Gershman
& Boorjian, 2017; Gu et al., 2017; Sehgal et al., 2016).
Furthermore, the degraded root dentine will make it more
prone to fracture under subsequent load from treatment
operation or mastication (Souza et al., 2014). Therefore,
minimally invasive endodontics should limit the concen-
tration of NaOCl used in root canal irrigation so as to min-
imize the risk of post-treatment periapical tissue irritation
and root fracture.

Dentine is a complex hard tissue composed of both
organic and inorganic structures. The organic matrix,
predominantly Type-I collagen, is mineralized by apatite
crystallites within both the intrafibrillar and extrafibril-
lar space (Bertassoni, Orgel, et al., 2012). While NaOCl
is known as a non-specific oxidizing and proteolytic
agent that is capable of degrading organic components,
the dentinal collagen fibrils are normally protected from
denaturation by the encapsulating apatite (Armstrong
et al., 2006). However, loss of surface integrity and ero-
sion of subsurface intertubular dentine has been observed
by transmission electron microscopy following the ap-
plication of 5.25% NaOCI, with or without EDTA (Gu
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et al., 2017; Wagner et al., 2017; Zhang, Tay, et al., 2010),
whereas polarized light microscopy revealed dentinal col-
lagen alterations up to a depth of 300pum from the root
canal (Moreira et al., 2009). These results are attributed
to the low molecular weight (74.4 Da) of NaOCl which
allows it to penetrate into the internal environment of
collagen fibrils to remove the organic phase. The collagen
framework contributes considerably to the mechanical
properties of dentin, such as viscoelasticity, toughness and
fatigue resistance (Lu et al., 2018). NaOCl has been found
to reduce dentine's micro-hardness, modulus of elastic-
ity and flexural/tensile/compressive strength (Pascon
et al., 2009).

The fracture strength of NaOClI-treated dentine has
been extensively investigated, but the results are non-
conclusive. Most researches indicate a concentration-
dependent reduction in strength (Cecchin et al., 2015,
2017; Gu et al., 2017; Marending et al., 2007; Zhang, Kim,
et al., 2010a), whereas others report no significant effect
(Cullen et al., 2015; Machnick et al., 2003). There are
many factors which could account for the inconsistent re-
sults, such as a lack of control of the samples' age, hetero-
geneity and anisotropy of tooth tissues and insensitive test
methods. To date, most in vitro studies have been carried
out by using 3/4-point bending of dentine beams com-
pletely exposed to the irrigant. The limited volume of root
dentin, which is anisotropic, makes it difficult to obtain an
adequate number of rectangular beam specimens of con-
sistent properties. Being concentrated on the surface, the
degradation produced in these specimens is also not uni-
form. To improve the consistency and clinical relevance
of the laboratory results—root fracture usually occurs
longitudinally—hourglass-shaped specimens from treated
roots that are perpendicular to the long axis have been
used to test the tensile strength of root dentine (Cecchin
et al., 2015, 2017; Soares et al., 2007). But this specimen
shape requires even more machining than the rectangular
beams for flexural tests, resulting in much premature fail-
ure. Recently, a new method to test the fracture strength of
treated dentine which considerably simplified specimen
preparation was proposed (Xu et al., 2021). Thin root sec-
tions with enlarged canals were first treated with simu-
lated intracanal irrigation and then fractured through the
root canal with a metal rod of the same taper. This loading
mode was similar to clinical operations that may cause
root fracture, for example root canal preparation, obtura-
tion and post-insertion. It could thus provide a more clin-
ically relevant test for the fracture strength of treated root
dentine (Fok & Chew, 2020; Munari et al., 2019).
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The current study utilized this new test method to as-
sess the impact of using different concentrations of NaOCI,
with EDTA as an adjuvant, on the fracture strength of root
dentin. Structural changes to the root canal wall and the
dentinal tubules were characterized by scanning electron
microscopy (SEM) and related to changes in the fracture
strength of the root dentin. Micro-hardness was also as-
sessed to determine the depth of root dentine eroded by
the irrigation. The null hypothesis was that there was no
difference in the effect on the mechanical properties and
microstructures of root dentine caused by the different
concentrations of NaOCI.

MATERIALS AND METHODS

The manuscript of this laboratory study has been written
according to the Preferred Reporting Items for Laboratory
Studies in Endodontology (PRILE) 2021 Guidelines
(Nagendrababu et al., 2021). The study design is illus-
trated by a PRILE flowchart in Figure 1. The sample
size was determined based on a pilot study. The calcula-
tion was performed using a priori power calculation by
software G*Power (Heinrich-Heine-Universitat) with a
power of 0.8 and alpha error of 0.05. The F-test of one-way
ANOVA was used for the fracture test, and an effect size of
0.70 was estimated leading to a minimum sample size of
six per group. For the Knoop micro-indentation, the ¢-test
was conducted with a calculated effect size of 2.92, giving
a sample size of four per group.

Specimen preparation and treatment

Bovine incisors with no visible damage were collected
from 3-year-old cattle and stored in 0.5% chloramine-
T solution at 4°C prior to sample preparation. Twenty
teeth were used for the fracture test. After embedding the
teeth in a dental resin composite (Filtek™ Supreme Ultra
Universal, 3 M OCSD) to increase their lateral dimen-
sions for ease of mechanical testing, the tooth roots were
horizontally cut into 2-mm-thick discs by an Isomet Low-
Speed Saw (Buehler; Figure 2a). The discs were divided
into five groups according to the irrigant used: A: 5.25%
NaOCl1+17% EDTA; B: 2.5% NaOCl+17% EDTA; C: 1.3%
NaOCl+17% EDTA,; D: Distilled water +17% EDTA, and
E: Distilled water (control). Five discs were cut from each
of the 20 roots, and the discs were equally divided among
the five groups such that each group had the same num-
ber of discs from a certain region of the root (n = 20). Four
additional teeth were used for micro-hardness testing, and
four discs were obtained from each of the four roots. The
discs were similarly assigned to groups A, B, C and D to
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make sure that each group had the same number of discs
from a certain region of the root. Each disc would be split
into two halves, one of which would be the control.

The root canals were enlarged using a file with a con-
stant taper of 0.06. All the discs were examined using a
stereomicroscope (MVX10, Olympus) equipped with a
camera (DP71, Olympus) to ascertain the absence of any
crazes in them. The enlarged root canal diameters mea-
sured from the top and bottom surfaces of the discs were
2.96+0.03 and 2.83+0.03mm, respectively. Afterwards,
they were covered with a nail polish, exposing only the
root canal wall. The resulting specimens were immersed
in their corresponding irrigation solutions at room tem-
perature, first in NaOCI for 30 min and then in EDTA as
the final active irrigant for 2 min. After applying each
agent, the specimens were washed three times with dis-
tilled water to remove the residual solution. The control
specimens were simply immersed in distilled water for
32min.

Knoop micro-indentation

As mentioned above, the discs for micro-indentation were
splitinto two halves before irrigation. One half was treated
while the other half was used as control. After removing
the nail polish, the flat surfaces were polished using a se-
ries of SiC papers (up to 1200 grit) and a diamond paste.
The specimens were then cleaned ultrasonically and
tested immediately. Knoop hardness (KHN) was meas-
ured on a micro-hardness testing machine (Micromet
5104) with a Knoop diamond indenter. The long diagonal
of the indenter was perpendicular to the radial direction of
the disc. A 50-g load was applied with a dwell time of 20s.
Measurement started at a point 50 pm from the root canal
wall and continued radially outward at 50.8-pm intervals.
Two lines of measurement were made for each half speci-
men, and each line had 12 indentations, reaching a depth
of 608.8 pm (Figure 2b).

Micro-hardness of the treated and control halves were
compared at the same depths from the root canal wall. The
maximum depth at which the micro-hardness values still
showed a statistically significant difference was taken as
the depth (6) of dentine eroded by the irrigation regimen.

Fracture test

The roots for fracture testing were first built up with an
outer layer of resin composite before sectioning to make
the ratio between the root canal radius (r,) and the outer
section radius (7,) smaller than 0.33 (Figure 2b). This was
required for the formulae used to calculate the stresses to
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PRILE 2021 Flowchart

RATIONALE/JUSTIFICATION
The optimum concentration of NaOCl as an endodontic irrigant remains controversial because of its potential impact on the fracture

strength of endodontically-treated teeth. But there appears a tendency towards using higher concentrations for more effective
cleaning.

AIM/HYPOTHESIS

To study the effects of the concentration of NaOCI on the biomechanical and structural properties of root dentine. A new test method,
which is more clinically representative, was utilized for measuring the fracture strength of treated root dentine.

1
SAMPLES
Bovine incisors were used to obtain root dentine discs.

EXPERIMENTAL AND CONTROL GROUPS, INCLUDE INDEPENDENT VARIABLES
Group assign (A-E) for fracture test (n=20):

A: 5% NaOCl + 17% EDTA; B: 2.5% NaOCl + 17% EDTA; C: 1.3% NaOCl + 17% EDTA; D: Distilled water + 17%EDTA; E: Distilled
water

For Micro-hardness test (Group A-D, n=4), each disc was split into 2 halves (treated vs control). Two lines of measurement (12
indentations per line) were made for each half specimen.

OUTCOME(S) ASSESSED, INCLUDE DEPENDENT VARIABLES AND TYPE
Fracture load, Fracture strength, Intertubular dentine area fraction, Intertubular dentine width, et.al
Micro-hardness was measured along a radius and the depth of eroded dentine was determined.

METHOD USED TO ASSESS THE OUTCOME (S) AND WHO ASSESSED THE OUTCOME(S)
Fracture test, Knoop micro-indentation, SEM, Image] analysis, et. al.
The fracture strength was calculated by equations verified before.

RESULTS

Depending on the concentration, NaOCl reduced the fracture strength and micro-hardness of root dentine up to a depth of ~400 pm.
Changes in the microstructural parameters showed positive linear relationships with the fracture strength.
]

CONCLUSION(S)

When used in initial irrigation, NaOCl caused destruction to the intratubular surface near the root canal and, consequently, reduced
the root dentine’s mechanical strength. The higher the concentration of NaOCl, the greater the effects. Therefore, endodontists should
avoid using overly high concentration of NaOCl for irrigation to prevent root fracture in endodontically-treated teeth.

FUNDING DETAILS
This work was supported by the National Natural Science Foundation of China (No. 81600903).

1

CONFLICT OF INTEREST

The authors declare no potential conflicts of interest in connection with this article.

FIGURE 1 PRILE 2021 flowchart explains the steps involved in conducting laboratory studies.

be applicable (Xu et al., 2021). r; and r, were measured by
using the stereomicroscope.

The treated disc sections were then loaded through the
enlarged root canals by a stainless-steel rod of the same
taper at a speed of 0.5mm/min until fracture (Figure 2c).
The loading rod was mounted on the crosshead of a uni-
versal test system (MTS 858S). The fracture load was deter-
mined from the peak load on the load-displacement curve.

Fracture strength calculation

The specimens in the control group, E, were assumed to
be homogeneous in material properties. Results from the
micro-hardness and fracture tests showed that a 2-min ap-
plication of EDTA made no significant difference to these

parameters when compared with treatment using distilled
water. Therefore, the fracture strength (o) of Groups D and
E was determined by the following equations for homoge-
neous discs based on the thick-walled cylinder theory (Fok
& Chew, 2020; Munari et al., 2019), that is

o¢ = kp, (@)

where p, the internal pressure exerted by the loading rod on
the root canal wall, has the form

QcosO (1 — utand
p== = ); ©)
zDt u + tané
k= r+r, .
= 77—y is the geometry-dependent stress concentration

factor; Q; is the fracture load; u is the frictional coefficient
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between the steel rod and root canal wall, taken as 0.3 in
this study; D, ¢t and 6 are the diameter of the root canal,
thickness of the disc section and taper angle (radians) of
the root canal or steel rod, respectively (Figure 2c).

For Groups A, B and C, more complicated equations
were needed to account for the heterogeneity induced by
dentine erosion near the root canal wall (Xu et al., 2021).
Thus,

— pir12 ""pirm2 B merm2

: (3)

Of

2 _p2
Fm Fi

Loading rod

Dentine disc|

Base

FIGURE 2 (a) Sectioning of bovine incisor roots to form
dentine discs. (b) Specimen showing the radius of root canal (r;),
surrounding resin composite (,), and eroded dentine (r,,), and
micro-indentation test locations. (c) Loading of root dentine disc.
(b) and (c) are taken from our previous study (Xu et al., 2021).
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with
2pir?

Pm E | Im?=1i?

.
Eo  To*—Tm?

o [ =2+ A+ V2] + [A = vrg? + 1+ v)r? ’

“)

where r;, r, and r,, are the radius of the root canal, outer
section and eroded dentine cylinder, respectively, with
fm =1+ 6; p; and p,, are the pressure on the root canal
wall and the radial stress at the boundary between eroded
and sound dentin, respectively; E; and E, are the elastic
modulus of eroded and sound dentin, respectively; and v is
Poisson's ratio of dentin, taken as 0.31. The E, / E, ratio for
the different NaOCI concentrations was referenced from
the literature (Marending et al., 2007; Xu et al., 2021), with
appropriate scaling between the values reported.

SEM

The fractured specimens were mounted on an aluminium
stub using conductive carbon tapes. The root canal surface
was examined with a tabletop SEM (TM-3000, Hitachi,
High-Technologies Corporation) using an acceleration
voltage of 15kV. Images (x1500) were imported to ImageJ
1.52a (Java 1.8.0_112 version, NIH) to measure the area
fraction and width (um) of the intertubular dentin, as well
as the ratio between the intertubular dentine width and
dentine tubular radius. The dentinal tubules in Group E
were not measured as they were covered by a smear layer.

To further investigate the microstructural changes
caused by the different combinations of irrigants, more
specimens were prepared, sputter-coated with iridium and
observed under a more powerful SEM (Hitachi SU8230).
Images with higher magnifications (x50000 and x10 000)
were obtained, from the fracture surfaces, of dentinal

(a) (b)
__ 60 - . 60
z z 50
€ €
» 40 o 40
3 3
g 30 £30
5 20 - §20
% 10 4 --Control o 10 | *Control
S +5.25%NaClO S +2.5%NaCIO
s 0 T T T T T T s 0 T r r r T T
0 100 200 300 400 500 600 0 100 200 300 400 500 600
Distance from canal wall (um) Distance from canal wall (pm)
(c) (d)
- 60 - 60 -
£ 50 £ 50 | i
FIGURE 3 Knoop micro-hardness f 40 S ?
[
of treated and untreated dentine from § 30 A 8 30 n.s.
. . °
opposing halves of the same specimen. 5 20 4 T 20 1
. e L L T o] *Control T +Control
N.s.” indicates no statistically significant g . 1 «1.3%NacClO 2 12 1 ~EDTA
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difference between treated and untreated 100 200 300 400 500 600 =

0
dentine (p>.05).
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tubules at intervals of 200 um, covering a total distance of
~600 pm from the root canal wall.

Statistical analysis

The Kolmogorov-Smirnov and Shapiro-Wilk tests were
used to verify the normal distribution of the data before
statistical comparison. The results were then analysed by
using one-way ANOVA with the level of significance set
at a = 0.05 (SPSS 17.0, SPSS Inc.). Multiple comparisons
among the different groups were performed by using the
Tukey HSD test. The fracture strength was plotted against
the microstructural parameters of the treated root den-
tine, and regression analysis was performed.

RESULTS
Knoop micro-hardness

Figure 3 compares the micro-hardness between the
treated and untreated halves of the root dentine discs
for the different irrigating regimens. Using 5.25%, 2.5%
and 1.3% NaOClI plus 2 min of EDTA reduced the micro-
hardness of dentine at the root canal wall by 34.1%, 20.8%
and 16.7%, respectively. The reduction was statistically
significant up to a depth (8) of ~400 pm for 5.25% and 2.5%
NaOCl, and ~350pm for 1.3% NaOCI (p <.05). Figure 3d
shows that 17% EDTA did not make a statistically signifi-
cant difference to the micro-hardness when compared to
distilled water (p>.05).

Fracture load and fracture strength

As shown in Table 1, concentration-dependent reduc-
tions were found in both the fracture load and fracture
strength. Compared with Group E (control), the dif-
ference in Group C (1.3% NaOCl) was not statistically
significant (p>.05), whereas that in Group A (5.25%

NaOCl) was for both fracture parameters (p<.05).
Group B (2.5% NaOCIl) showed a significant reduction
in the fracture strength (p <.05) despite showing no sig-
nificant difference in the fracture load (p>.05). EDTA
alone did not make a significant difference to either the
fracture load or fracture strength when compared to dis-
tilled water (p > .05).

SEM of microstructures

SEM images of the root canal surface after the differ-
ent treatments are compared in Figure 4. In the NaOCl-
treated groups (a-c), the loss of intertubular dentine and
the associated enlargement of the dentinal tubules were
obvious. The extent of erosion seemed to be positively
related to the NaOCI concentration, and joining of ad-
jacent dentinal tubules as a result of complete loss of
intertubular dentine was observed in the 5.25% NaOCl
group. Figure 4d,e indicate that EDTA removed the
smear layer, which prevented measurement of the tu-
bules and intertubular dentine in Group E, created by
the filing. The microstructural changes in Groups A-D
are quantified and presented in Table 1. Similar to the
mechanical properties, the area fraction and width of
intertubular dentin, and the ratio between intertubular
dentine width and tubular radius showed reduction with
increasing NaOCl concentration. These microstruc-
tural parameters all showed a positive linear relation-
ship with the fracture strength, as shown in Figure 5.
However, when the origin was added as a data point, as
zero intertubular dentine width necessarily gives zero
strength, it was the area fraction of intertubular dentine
that gave the best linear relation (Figure 5d).

Figure 6 illustrates the microstructural changes
along the dentinal tubules for the different groups.
Specimens treated with distilled water (Figure 6a) or
EDTA (Figure 6b) showed a similar micromorphology
expected of intact dentin, with a sheet-like membrane
(lamina limitans) covering the entire length of each
dentinal tubule (Bertassoni, Stankoska, & Swain, 2012;

TABLE 1 Fracture load (N), fracture strength (MPa), intertubular dentine area fraction, intertubular dentine width (um) and ratio
between intertubular dentine width and tubular radius for the different treatment groups

Intertubular dentine Intertubular Intertubular dentine
Group Fracture load Fracture strength  area fraction dentine width width/tubular radius
A 696.71 +162.63* 114.58 +26.74" 0.62+0.07 1.52+0.26° 0.91+0.28"
B 788.78 +165.34%" 145.38 +30.33" 0.71+0.02° 2.08+0.31 1.32+0.11°
C 821.66 +142.09+" 157.63 +28.21% 0.77+0.03¢ 2.51+0.36% 1.73+0.24
D 854.88 +149.30" 172.10 +30.13" 0.84+0.02¢ 2.78+0.258 2.52+0.32"

E 904.40 +176.15" 181.47 +35.61" -

Note: Different superscripts in each column indicate statistically significant difference (p <.05).
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FIGURE 4 SEM images (X1500) of root canal surface treated with (a) 5.25% NaOCl+ EDTA, (b) 2.5% NaOCl+EDTA, (c) 1.3%
NaOCl+EDTA, (d) distilled water + EDTA and (e) distilled water only. (a-c) Show NaOCI concentration-related loss of intertubular dentine
with associated enlargement of dentinal tubules. (d) Shows that EDTA removed the smear layer (evident in e) which covered the dentine

surface and partially blocked the tubules.
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FIGURE 5 Fracture strength as a function of (a) intertubular dentine area fraction. (b) Intertubular dentine width and (c) intertubular
dentine width/tubular radius. (d), (e) and (f) are corresponding figures with the origin added as a data point.

Thomas, 1984; Yoshiba et al., 2002). However, NaOCl
alone could dissolve this intratubular membrane, expos-
ing the underlying collagen fibres and leaving behind
some dense particles (Figure 6¢). The dual irrigation re-
gime resulted in complete dissolution of the intratubular

membrane near the root canal wall, as well as demin-
eralization of the exposed collagen fibres (Figure 6d).
The depth of dentine eroded determined from these im-
ages was again ~400 pm, similar to that given by micro-
hardness testing.
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FIGURE 6 High-magnification SEM images of fracture surfaces from specimens treated with (a) distilled water, (b) 17% EDTA, (c)
5.25% NaOCl, and (d) 5.25% NaOCl+17% EDTA. Images were taken from regions (1) near canal wall, (2) 200 pm, (3) 400 pm and (4) 600 pm
from canal wall. The bottom two rows are higher magnification (x50000) images of the tubular wall from representative regions in the top 4
rows (x10 000). In (a) and (b), a sheet-like membrane (lamina limitans) covers the entire length of the tubule. In (c), the lamina limitans has
been damaged by NaOC], exposing the mineralized collagen fibres and leaving behind some dense particles (c1). In (d), the lamina limitans
near the canal wall is completely dissolved (d1) and the underlying collagen fibres are demineralized up to a depth of 400 pm.

DISCUSSION

This study attempted to relate the reduction in mechani-
cal properties of root dentine caused by the use of NaOCl
as an irrigant to changes in the dentinal microstructures.
The mechanical testing of the disc specimens from Groups

A and E to validate the method and equations used for
measuring the fracture strength of root dentine has al-
ready been published (Xu et al., 2021). The other groups
considered in the current study were tested under the
same experimental condition; hence, all the results could
be compared directly.
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When using the spatial variation of dentine's micro-
hardness to determine the depth of dentine eroded by the
irrigation (Slutzky-Goldberg et al., 2004; Xu et al., 2014),
both the control and experimental segments came from
the same specimen. This helped to minimize differences
due to variations among specimens. In line with results
reported by others, a concentration-related reduction in
dentine's micro-hardness was found (Ghisi et al., 2014;
Slutzky-Goldberg et al., 2004). However, the depth of den-
tine eroded (8), which was about 0.35-0.40 mm, showed
less dependence on the concentration of NaOCI. This also
agreed with previous mechanical and structural analy-
ses performed by others (Moreira et al., 2009; Oliveira
et al., 2007; Slutzky-Goldberg et al., 2002, 2004). The SEM
images of the dentinal tubules indicated that structural
damages from the application of 5.25% NaOCI plus EDTA
also reached a depth of up to 400 pm. This value of & was
thus used in Equations (3) and (4) to evaluate the fracture
strength of the eroded dentin.

The fracture strength values obtained from the present
study confirmed the adverse effect of NaOCI, especially
high-concentration NaOCI, on root dentine (Marending
et al., 2007; Pascon et al., 2009; Zhang, Kim, et al., 2010).
However, the current results are perhaps more clinically
relevant because the disc specimens used fractured in a
way similar to that of endodontically treated teeth, that
is along the dentinal tubule direction. The reduction in
the fracture strength of eroded dentine was not so obvious
from the fracture load of the discs. This was because the
layer of eroded dentine was thin compared with the radius
of the disc. But when the softer eroded dentine layer was
taken into account by using equations for a compound cyl-
inder with different elastic moduli, the reduction in the
dentine's fracture strength became obvious. Therefore,
when measuring the fracture strength of eroded dentine
using the disc specimen presented in this study, changes
in the elastic modulus of the eroded dentine must be
taken into account. As shown in this study, this could
be done by measuring changes in the micro-hardness.
However, it should be pointed out that dentine is visco-
elastic (Herkstroter et al., 1989), and may become more so
following erosion. This may have introduced errors to the
measured micro-hardness and, hence, elastic modulus for
the eroded dentin.

The morphological changes in the eroded dentine were
responsible for the reduction in its mechanical strength,
as can be seen from their correlation (Figure 5). Erosion
of the root canal surface was characterized by dissolution
of the intertubular dentin, which led to the enlargement
and eventually joining of dentinal tubules with increasing
NaOCl concentration. The compromised structural integ-
rity of root dentine would reduce its resistance to crack
initiation and propagation. In addition, since collagen
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plays an important role in the toughness and strength of
mineralized tissues (Wang et al., 2001), removal of the
collagen matrix would create dentine that is more brittle
and more vulnerable to crack propagation. Furthermore,
collagen-sparse dentine could be more permeable to
EDTA (Surapipongpuntr et al., 2008), which, in turn,
helped dissolve the apatite phase and further weakened
the dentin. The irrigants could easily travel along the den-
tinal tubules to a considerable depth. NaOCI alone could
penetrate the smear layer and dissolve the organic sur-
face layer on the tubular wall, leaving behind some dense
particles (Figure 6¢1). These particles, probably unbound
apatite crystallites, would subsequently be dissolved by
EDTA, bringing about the complete destruction of the in-
tratubular surface structure and exposing the underlying
dentine for demineralization by EDTA (Figure 6d).

It is interesting to see that EDTA alone could not en-
large the dentinal tubules even though it was capable of
removing the smear layer (Figure 6b). This showed that
EDTA cannot dissolve the lamina limitans, a sheet-like
structure which coats the tubular wall throughout the
length of the tubules. This is an organic membrane, pri-
marily proteoglycan protein cores, which could hinder
the demineralization by EDTA (Bertassoni, Stankoska,
& Swain, 2012). Therefore, tubular dentine demineral-
ization by EDTA appeared to require NaOCI to be used
beforehand to remove the lamina limitans. This was ev-
ident from the mechanical properties of EDTA-treated
specimens from Group D which showed no significant
differences from those treated with distilled water (Group
E). This was also consistent with results reported in the
literature that, when used alone for 2 min, 17% EDTA
did not cause statistically significant changes to dentine's
structure or flexural strength, despite a reduction in the
apatite/collagen ratio (Moreira et al., 2009; Zhang, Kim,
et al., 2010). It is possible, though, that prolonged treat-
ment with EDTA could result in more significant demin-
eralization and strength reduction. However, as far as the
common irrigation regimen is concerned, these observa-
tions indicate that it is the concentration of NaOCI rather
than that of EDTA that we should pay attention to in order
to preserve the structure and mechanical strength of root
dentin. With this regimen, dentine erosion is initiated by
the use of NaOCI which dissolves the organic matters that
cover the root canal wall and intratubular surfaces. The
use of EDTA as a final active irrigant then completes the
removal of the smear layer and the collagen-depleted apa-
tite, and demineralize the exposed underlying dentin.

1%-5.25% NaOCI has been reported to have similar
antimicrobial efficacy (Siqueira et al., 2000). Therefore,
from a clinical perspective, to reduce the suscepti-
bility to root fracture, overly high concentration of
NaOCl should be avoided for root canal irrigation. In
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this study, 1.3% NaOCl was found not to cause signif-
icant changes to the fracture strength of root dentine
despite the microstructural changes observed. While
using a low concentration of NaOCIl may reduce the
soft tissue-dissolving effectiveness, this could be com-
pensated for by other safer means, for example using a
higher temperature, continuous agitation, surfactants
or simply more frequent replenishing of the irrigants
(Stojicic et al., 2010). Furthermore, we should look for
an alternative substance with suitable antimicrobial and
soft-tissue-dissolving properties but less deleterious to
dentine structurally and mechanically.

The time of contact between the irrigant and the
root dentine used was based on previous studies on
NaOCI/EDTA irrigation regimens (Gu et al., 2017
Moreira et al., 2009; Zhang, Kim, et al., 2010; Zhang, Tay,
et al., 2010). This length of time was approximately that
for the whole instrumentation procedure. However, clin-
ically, a thin layer of the dentinal wall is removed during
mechanical instrumentation every time a new file is used.
This was not simulated in the present study. Nevertheless,
this omission does not alter the role the irrigation regimen
played in affecting the root dentine structurally and me-
chanically. Furthermore, considering the larger size of the
bovine root, the extended contact time for the irrigant was
justified.

CONCLUSION

Within the limitations of this study, the null hypothesis
that there was no difference in the effect on the mechani-
cal properties and microstructures of root dentine caused
by the different concentrations of NaOCI used in the ir-
rigation regimen was rejected. NaOCI caused destruction
to the root canal wall and intratubular surface, allowing
EDTA to demineralize the exposed underlying dentine
and thus reducing the root's mechanical strength. The
higher the NaOCI concentration, the greater the effects.
Endodontists should follow the modern concept of mini-
mally invasive dentistry and avoid using overly high con-
centration of NaOClI for the sole purpose of more effective
disinfection. This will help prevent root fracture after en-
dodontic treatment.
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