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Objective: To compare the effect of syringe irrigation technique, passive
ultrasonic activation technique, EDDY activation technique and Er,Cr,YSGG
laser activation technique on smear layer removal in root canals in vitro.

Methods: Forty mandibular first premolars with single canal were collected from
patients inQingdao Stomatological Hospital affiliated toQingdaoUniversity. After
root canal preparation with ProTaper Universal to F3, they were randomly divided
into four groups (n = 10) according to different activation irrigations for the final
washing: syringe irrigation (SI), passive ultrasonic activation (PU), EDDY activation
(EDDY) and Er,Cr,YSGG laser activation (YSGG). Finally, all the crowns of them
were cut off and the root length was trimmed to 15 mm. The roots were split
longitudinally and observed with scanning electron microscope (SEM) for
assessment of smear layer removal in different parts of the root canal.

Results: All groups showed similar effects for cleaning the root canals in the
coronal thirds (P > 0.05). For cleaning the root canals in the middle thirds, PU
group, EDDY group and YSGG group showed similar effects, (P> 0.05). They were
more effective than SI group (P < 0.05). For cleaning the root canals in the apical
thirds, PU group and EDDY group showed similar effects (P> 0.05). They were
more effective than SI group (P < 0.05). YSGG group was more effective than
other groups (P < 0.05).

Conclusion: Er,Cr,YSGG laser activation technique can remove smear layer of
root canals effectively. The cleaning effect of the passive ultrasonic activation
technique, EDDY activation technique is better than that of syringe irrigation
technique.
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1 Introduction

Infection control is the core of root canal treatment. At present, the infection control of
root canal mainly depends on the combination of mechanical and chemical preparation of
the root canal. The mechanical preparation of a root canal results in a large amount of smear
layer (thickness of 2–5 μm) formation mixed with inorganic calcified tissues, organic
matrix, and dentinal debris. Smear layer formation leads to a number of unfavorable
consequences such as blocking the surface of dentinal tubules as well as the penetration of
irrigants, medications, and filling materials into the dentinal tubules (Widbiller et al., 2021;
Chavate et al., 2024). In endodontics, there is a great emphasis on removal of the smear layer
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and using different intra-canal irrigators. However, studies have
shown that the traditional syringe irrigation technique is difficult to
effectively remove the smear layer of the root canal wall, especially
the root apex section (Xinyu and Xue, 2022; Drukteinis et al., 2024).
Therefore, the use of the new auxiliary root canal irrigation
activation technology has important clinical significance.

Kinetic energy irrigation technique can transfer different
forms of energy to the root canal solution, which can
effectively and fully transport the solution to the root canal
system, improve the depth of its entry into the root canal, and
activate the active components (Kaur et al., 2024). In recent years,
the kinetic energy irrigation technique include sonic, ultrasonic,
and laser-activated irrigation and so on. The traditional syringe
irrigation technology is difficult to effectively deliver the solution
to the root tip area due to the “air lock effect” in the apical area
(Haupt et al., 2020). The sonic and ultrasonic activated irrigation
technique can play a role through acoustic-streaming-effect,
unltrasonic cavitation effect and thermal effect. For example,
VDW’s EDDY sonic device can operate at a frequency of 6 kHz
and an amplitude of 346 μm (Tomson and Simon, 2016), thus
achieving the purpose of deeper removal of smear layers and
tissue debris. Different kinds of laser-activated irrigation can be
achieved by acoustic-streaming-effect, unltrasonic cavitation
effect and thermal effect. The steam bubbles can be formed in
their working process, and the volume change caused by the
bubble bursting can cause the movement of the root tube flushing
liquid, so as to achieve a better cleaning effect of the smear layer
(Meire and De Moor, 2024).

Therefore, the aim of the present study was to evaluate the
effectiveness of the syringe irrigation technique, passive ultrasonic
activation technique, EDDY activation technique and Er,Cr,YSGG
laser activation technique on smear layer removal in root canals
during chemomechanical preparation.

2 Materials and methods

2.1 Materials

This experimental study was performed on caries-free
mandibular first premolars (n = 40) extracted due to orthodontic
treatment need. The extracted teeth were examined carefully to
ensure that they met the following criteria (Grischke et al., 2014):
fully developed teeth with a completely closed apex, length of the
teeth ranging from 20 to 25 mm, and the root length greater than
10 mm. Any teeth treated endodontically or presenting with
dysplasia, calcification, or root resorption were excluded. The
Institutional Ethics Research Committee (NO.2023KQYX037)
approved the design of this study, and an informed written
consent to participate was obtained from all patients. All teeth
were cleaned and stored in 0.9% normal saline at 40°C until
further experimentation.

The irrigation reagents used in the present study included
NaOCl (Chlorex, Durham, United Kingdom), EDTA gel and
solution (17%) (Chlorex, Durham, United Kingdom). The
instruments used in the present study included X-Smart
motor, K-type files, ProTaper Universal (Denstply-Maillefer,
Ballaigues, Switzerland), 27-gauge Monoject endodontic

needles (Ultradent, South Jordan, UT, United States), sonic S
motor, EDDY (VDW, Germany), K25-21 ultrasonic file (Acteon,
France), Er,Cr,YSGG waterlaser (Biolase, San Clemente,
America) and scanning electron microscope (Vega3 Twscan,
Czech Republic).

2.2 Specimen preparation

Pulp tissue remnants were removed from each root canal with fine,
barbed broaches (Maillefer, Ballaigues, Switzerland) before the
biomechanical preparations. An ISO#15 K-type file was inserted into
the root canal until it was visible at the apical foramen, and the working
length of each root canal was established at 1 mm from the apical
foramen. All teeth were prepared using ProTaper Universal to F3.
During the canal preparation, the canals were prepared using 17%
EDTA gel and irrigated with 2 mL of 2% NaClO irrigants between
each filing.

All mandibular first premolars were divided randomly into four
groups (n = 10 for each group). The canals were irrigated as detailed
in Table 1, and irrigation with 2 mL of normal saline was performed
between each irrigant.

Syringe irrigation (SI): a 27-gauge Monoject endodontic needle
attached to a Luer-Loc syringe with 17% EDTA solution were placed
2 mm away from the apical stop and washed the whole root canal at
a constant and slow speed for 15 s. The needle was then used to wash
the root canal with 2% NaClO solution for 15s.

Passive ultrasonic activation (PU): 17% EDTA solution was pre-
injected into the root canal and the K25-21 was placed 2 mm away
from the apical stop and washed the whole root canal at a constant
and slow speed for 15 s. The K25-21 was then used to wash the root
canal with 2% NaClO solution for 15s.

EDDY activation (EDDY): 17% EDTA solution was pre-injected
into the root canal and the EDDY (25#06) was placed 2 mm away
from the apical stop and washed the whole root canal at a constant
and slow speed for 15 s.The EDDY was then used to wash the root
canal with 2 %NaClO solution for 15s.

Er,Cr,YSGG laser activation (YSGG): 17% EDTA solution
was pre-injected into the root canal. Set the water laser operator
to the root canal treatment mode (H mode) and place the
RFT2 and RFT3 laser fiber (power 0.75W, 20% air, 30% water,
pulse frequency 20 Hz) 2 mm away from the apical stop and
washed the whole root canal at a constant and slow speed for 15 s.
The laser fibers were then used to wash the root canal with 2%
NaClO solution for 15s.

Finally, the teeth were rinsed free of agents with normal saline
and transferred to the fixative (2.5% glutaraldehyde).

2.3 Scanning electronmicroscopy (SEM) and
debris scoring

All roots were removed from the fixative, and gutta-percha
cones were inserted into the root canals. The objective was to
avoid any intrusion of the cutting disc into the canals, which
would pollute the samples by splattering cutting debris into the
root canal system.To yield root specimens of uniform length
(15 mm), the teeth were decoronated at the level of the
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cementoenamel junction using a bone chisel and hammer. The
grooves were demarcated by a diamond disk along the buccal and
lingual surfaces to mark three parts: coronal, middle, and apical
thirds. The roots were then split into two halves with a hammer
and a microtome blade. For each root, the half containing the
most visible prepared parts were used in the study, returned to
fresh fixative solution (2.5% glutaraldehyde), and incubated
overnight at 4°C. The specimens were rinsed with sterile water
and sequentially dehydrated using a gradient of ethanol (30%,
50%, 70%, 80%, 90%, and 100%, v/v) at 15-min intervals. The
dehydrated specimens were transferred to a critical point dryer
(Tsousimis Autosamdri®-815 Series A, United States) with
absolute alcohol as the intermediate fluid and liquid CO2 as
the transition fluid. Following mounting and gold sputter coating
(EikoIB-3 ion sputter coater, Japan), the surface morphology of
the specimens was analyzed using SEM (Vega3 Twscan, Czech
Republic). At the observation stage, the canal walls in the apical,
middle, and coronal thirds were examined, and
photomicrographs of representative areas were taken
at ×2000 magnification as in Figure 1.

The quantitative scoring of the canal wall debris was evaluated
using the protocol described by Faras et al. (2016), as follows:
1. No smear layer and open dentinal tubules;
2. A small amount of smear layer and open dentinal tubules;
3. A thin smear layer and partially open dentinal tubules;
4. Partial covering of dentinal tubules with a thick smear layer;
5. Full covering of dentinal tubules with a thick smear layer.

2.4 Statistical analysis

All statistical analyses were performed with SPSS 26.0 software
(IBM-SPSS Inc., Chicago). First, the full set of samples was
independently and blindly evaluated by two observers, and
Cohen K scores were calculated to determine the inter-examiner
reliability. Second, the debris scores for different irrigants were
analyzed by the nonparametric Kruskal–Wallis test and the
Mann–Whitney rank sum test for pairwise comparisons. The
level of statistical significance was set at P < 0.05 (Do and
Gaudin, 2020).

TABLE 1 Description of the various study groups and the corresponding irrigation treatments.

Group Preparation Final washing

SI group 17% EDTA gel +2% NaOCl 17% EDTA solution + SI+ 2% NaOCl

PU group 17% EDTA gel +2% NaOCl 17% EDTA solution + PU+2% NaOCl

EDDY group 17% EDTA gel +2% NaOCl 17% EDTA solution + EDDY+2% NaOCl

YSGG group 17% EDTA gel +2% NaOCl 17% EDTA solution + YSGG+2% NaOCl

FIGURE 1
Schematic presentation of the fragment preparation process and the various segments. (A) Coronal third, (B) middle third, (C) apical third.

FIGURE 2
Scores for smear layer removal in all groups according to the
quantitative scoring of the canal wall debris by Faras et al. (2016). SI =
syringe irrigation, EDDY = EDDY activation, PU = passive ultrasonic
activation, YSGG = Er,Cr,YSGG laser activation.
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3 Results

In terms of the root canal sections, a similar trend was observed
for four groups in the coronal thirds (P > 0.05). In the middle thirds:
the PU group, the EDDY group and the YSGG group had a similar
effective (P > 0.05), but they cleaned significantly (P < 0.05) better
than the SI group. In the apical thirds: the PU group and the EDDY
group had a similar effective (P > 0.05), but they cleaned
significantly (P < 0.05) better than the SI group. The YSGG

group was significantly (P < 0.05) more effective than all of the
other groups (Figure 2).

The PU group and the EDDY group had a similar effect of
activation irrigations on intracanal smear layer removal, better than
the SI group (Figures 3–5).

The YSGG group was significantly more effective than all of the
other groups, showing that Er,Cr,YSGG laser irrigation has a better
capability to remove the canal debris and to open the dentinal
tubules (Figure 6).

FIGURE 3
Representative scanning electron microscopy images showing the surface morphology in syringe irrigation group. The opening of dentinal tubules
as a result of debris removal is apparent in the coronal (A) and middle (B) thirds, and it was less effective in the apical thirds (C) of the root canals (scale
bar = 20 µm).

FIGURE 4
Representative scanning electron microscopy images showing the surface morphology in passive ultrasonic irrigation group. The opening of
dentinal tubules as a result of debris removal is apparent in the coronal (A) andmiddle (B) thirds, and it was less effective in the apical thirds (C) of the root
canals (scale bar = 20 µm).

FIGURE 5
Representative scanning electronmicroscopy images showing the surfacemorphology in EDDY irrigation group. The opening of dentinal tubules as
a result of debris removal is apparent in the coronal (A) and middle (B) thirds, and it was less effective in the apical thirds (C) of the root canals (scale
bar = 20 µm).
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4 Discussion

The main purpose of root canal treatment is to remove the
infection, which is mainly caused by microbial infection and the
smear layer generated during root canal preparation (Iandolo et al.,
2020). The 2~5 μm thick smear layer will cover the root canal wall and
block the dentin tubules, and the filling material will not be in close
contact with the root canal wall, which will affect the root canal
treatment effect (Chavate et al., 2024). In order to effectively remove
root canal infection, root canal preparation devices and chemical
preparation drugs have been updated, but studies have shown that
preparation devices can only reach about 50% of the root canal
anatomy, and those small, narrow structures remain inaccessible (Li
et al., 2020). At present, there is no ideal irrigation agent, because
sodium hypochlorite can sterilize and dissolve organic matter and
necrotic tissue in the root canal, and EDTA can soften and dissolve
inorganic matter in the smear layer, so they are often used in
combination in clinical practice (Dentistry, 2019). However,
traditional irrigators have the limitation of not being able to fully
deliver the irrigation to the anatomically complex areas. In addition, due
to the tapered shape of the root canal system, there is an “airlock effect”
within the root canal system, which prevents the irrigation agent from
entering the apical thirds (Rodrigues et al., 2021). Therefore, improving
the distribution of the irrigation agent so that it is adequately irrigated
throughout the root canal system is essential for the effectiveness of the
irrigation.

In recent years, kinetic irrigation has received extensive attention,
which can transfer energy into the irrigation agent, deliver the irrigation
agent more comprehensively into the root canal system, improve the
distribution of the irrigation agent, and activate the active ingredients of
the irrigation agent to make it work (Betancourt et al., 2020). Kinetic
energy flushing makes up for the shortcomings of traditional flushing
devices and plays a role in both chemical and mechanical aspects. The
chemical effect of root canal irrigation is mainly achieved by sodium
hypochlorite, while the mechanical effect is mainly achieved by the
shear stress exerted by the flowing irrigation agent on the biofilm and
residual tissue debris (Boutsioukis et al., 2022). Sonic and ultrasonic
kinetic energy flushing devices work through acoustic flow effects,
cavitation effects, and thermal effects, and their flushing effects have
been demonstrated in several studies (Dashtimoghadam et al., 2020;
Klyn et al., 2010). The intensity of the sound flow depends mainly on
the speed of the sound flow,which is closely related to the frequency and
amplitude of the working tip (Ahmad et al., 1988). The ultrasound

working tip typically operates at a frequency of 30 kHz and an
amplitude of 75 μm (Boutsioukis and Arias, 2022), while the EDDY
operating tip operates at a frequency of 6 kHz and an amplitude of
346 μm. The motion of the ultrasonic working tip is a plane, and the
motion of the EDDY rotates around its axis in a three-dimensional
space (Tomson and Simon, 2016). In my experiment, there was no
significant difference in the score of the smear layer between the four
groups in the coronal thirds, which proved that the four groups of
auxiliary irrigation technology could achieve good cleaning effect in the
thick region. In the middle thirds and the apical thirds, the cleaning
effect of the passive ultrasonic group, the EDDY group, and the YSGG
group were better than that of the syringe irrigation group, because of
their agitation activates the system to accelerate the flow of fluid in the
root canal, which can effectively break through the area of “airlock
effect”, and the resulting temperature rise can activate the activity of
sodium hypochlorite, which is consistent with the results of other
studies (Wimonchit et al., 2002). Therefore, kinetic energy flushing
equipment is more effective than traditional irrigators when cleaning
irregular, deep areas. The results of a meta-analysis study (Virdee et al.,
2018) also support the idea that kinetic irrigation can create cleaner root
canals compared to traditional irrigation. There was no significant
difference in the cleaning effect of the smear layer in the comparison
between passive ultrasonic group and EDDY group, which may be due
to the large amplitude of EDDY washing, which exceeded the diameter
of the root canal, and frequent tube wall contact would reduce its
efficiency (Urban et al., 2017).

Lasers are characterized by low pain, minimally invasiveness,
and less bleeding, and have become an important treatment tool in
clinical practice in recent years. The wavelength of the Er,Cr,YSGG
laser is 2.78 μm, which is close to the absorption peak of water
(3 μm) (Kirmali et al., 2015). It can be found from the results of this
experiment that Er,Cr,YSGG laser showed the best cleaning effect of
the smear layer in the whole section of the root canal. Because when
the laser energy is transferred to the coaxial air-water mixture, water
mist particles can be generated in the atomization area at the front of
the treatment handle, because these water mist particles carry the
energy imparted by the laser, and can release energy from the
reaction zone 1–2 mm away from the tip of the laser to make
them have high-speed kinetic energy and rapidly expand in volume,
the high-energy water molecules destroy the target cells and break
through the “airlock effect” area of the root apical segment, so that
the irrigation solution can fully flow in the root canal system to
achieve the effect of disinfection and removal of the smear layer

FIGURE 6
Representative scanning electronmicroscopy images showing the surfacemorphology in Er,Cr,YSGG laser irrigation group. The opening of dentinal
tubules as a result of debris removal is apparent in the coronal (A) and middle (B) thirds, and it was less effective in the apical thirds (C) of the root canals
(scale bar = 20 µm).

Frontiers in Bioengineering and Biotechnology frontiersin.org05

Wang et al. 10.3389/fbioe.2024.1507525

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2024.1507525


(Blanken et al., 2009). It has been reported (Dentistry, 2019;
Betancourt et al., 2019) that the application of Er,Cr,YSGG laser
in the root canal can melt the inorganic components in the dentin,
which can effectively remove debris and dirt from the root canal
wall. Rosalin and Yosvimol Kuphasuk (2017) took transparent
isolated teeth as the research object, and used Er,Cr,YSGG laser
(1.5 W, 20 HZ, 30% water, 50% air) to wash the root canal and then
perform root canal filling to fill more lateral root canals and root
canal isthmus, indicating that the Er,Cr,YSGG laser can effectively
remove the smear layer and open the lateral branch root canal. In
addition, studies have shown that the Er,Cr,YSGG laser treatment
system has less smear layer and no charring phenomenon after
irradiation of the tooth surface, and has a low chance of thermal
damage to periodontal tissues (Asnaashari et al., 2022). Although the
laser has obvious advantages, there are also some shortcomings that
need our attention. Widbiller M et al. found that the surface
disintegration of root canal dentine was observed with the
additional activation of EDTA and particularly after laser-based
techniques (Widbiller M et al., 2023). Even though it was not
observed in our study, it cannot be excluded that thermal effects
may still occur locally, which should be considered as a drawback for
this method of activation.

This experiment is based on several commonly usedmethods for
removing the smear layer after root canal preparation in clinical
practice. The aim is to preliminarily evaluate the advantages and
disadvantages of different treatment techniques, provide initial
guidance for future clinical work, and offer directions for further
research in the future. Currently, various methods for studying the
smear layer and observing dentine tubules are emerging, such as
SEM, AFM, and COSM (De-Deus et al., 2011). These methods excel
in certain aspects (e.g., imaging speed, quantitative analysis, data
statistics, longitudinal comparison), each with its own advantages
and disadvantages. However, there is still no ideal experimental
model. Although SEM has certain limitations, such as qualitative
comparison, slow imaging speed, operator bias, and field of view
restrictions, it remains the most commonly used method for
obtaining information on the surface of dentin at this stage, as
evidenced by multiple relevant literature reviews. Considering the
experimental objectives and methods of this study, quantitative
analysis was not involved. Instead, the focus was on comparing
the effectiveness of different techniques in removing the smear layer.
To minimize errors, multiple sites were evaluated using a double-
blind method with two trained evaluators. Some studies have shown
that SEM is difficult to distinguish between the smear layer and
sclerotic dentin, which is a physiological change that occurs with age
(Dewi et al., 2020; Sudhakar et al., 2023). Therefore, young teeth
extracted for orthodontic purposes were selected in this study to
reduce the interference of sclerotic dentin.

5 Conclusion

In summary, when facing the complex area of the root canal, it is
necessary not only to have an effective irrigation solution but also to
combine kinetic irrigation to achieve a more ideal irrigation effect. The
root canal system is complex and changeable, so kinetic irrigation is
indispensable for root canal treatment.In clinical application, the
appropriate kinetic energy irrigation method should be selected

according to the actual situation of the affected tooth, root canal
infection, root canal curvature, and patient’s opening degree, so as
to provide guarantee for the efficacy of root canal treatment.
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