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Marginal adaptation of three root-end filling materials in cavities
prepared with laser and ultrasonic tips: an in vitro comparative study

Busra Zengin' ', Seda Aydemir*” “, Nicholas Paul Chandler’

*Uskudar Oral and Dental Health Center, Istanbul, Tlrkiye
’Department of Endodontics, Faculty of Dentistry, Istanbul Atlas University, Istanbul, Ttirkiye
’Sir John Walsh Research Institute, Faculty of Dentistry, University of Otago, Dunedin, New Zealand

ABSTRACT

Objectives: This study evaluated the marginal adaptation of ProRoot MTA (Dentsply Tulsa Dental), Biodentine (Sept-
odont), and TotalFill BC RRM (FKG) placed in root-end cavities prepared with ultrasonic or Er,Cr:YSGG laser tips, using
scanning electron microscopy.

Methods: The canals of 90 extracted maxillary central incisors were prepared and obturated and their roots resected. Six
groups of 15 specimens were allocated as follows: ultrasonic + ProRoot MTA, ultrasonic + Biodentine, ultrasonic + Total-
Fill, laser + ProRoot MTA, laser + Biodentine, and laser + TotalFill. Roots were sectioned longitudinally to expose the fill-
ing material. Apical and coronal micrographs were taken, and the greatest distance between dentin and filling material
was measured. The total gap area was also calculated using further micrographs.

Results: Cavities prepared with the ultrasonic tips and filled with Biodentine showed significantly greater gap dimensions
compared with TotalFill (p < 0.001) and ProRoot MTA (p = 0.007) in the apical region. The ultrasonic group showed sig-
nificantly higher void values compared to the laser group for ProRoot MTA (p = 0.026), when comparing the total values
of void. The Biodentine group was significantly higher than the TotalFill group in root-end cavities prepared with ultra-
sonic tips (p < 0.001). The Biodentine group was significantly higher than the ProRoot MTA group in root-end cavities
prepared with the laser tip (p = 0.002).

Conclusions: Under the conditions of this study, it was determined that the root-end cavity preparation technique had an
effect on the amount of gaps formed between the dentin and the three filling materials.
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Comparison of the marginal adaptations

INTRODUCTION

Root canal treatment aims to eliminate bacteria from
the root canal system and establish a barrier to prevent
the passage of microorganisms or their products into
the periapical tissues. Conventional treatment is suc-
cessful in about 90% of cases [1], but if treatment fails,
retreatment is indicated. If this is impossible or not suc-
cessful, periapical surgery may be suggested. This in-
volves curettage of infected or inflamed tissue, resecting
the infected or damaged root apex (apicectomy), prepa-
ration of a root-end cavity, and insertion of a restorative
material to prevent communication between the canal
system and the surrounding tissues [2].

The resection is made perpendicular to the long axis
of the root and 3 mm from its tip, as studies have shown
this reduces 98% of the apical ramifications and elim-
inates 93% of lateral canals [2,3]. Ideally, the root-end
cavity is at least 3 mm deep and anatomically parallel
to the root outline. The cavity is prepared with burs,
more recently, ultrasonic and laser tips [2,3]. Bur use
can cause problems such as nonparallel cavity walls,
palatal/lingual dentin perforation, and difficulty reach-
ing the root tip [3]. With ultrasonic tips, smaller, central,
and parallel-walled cavities can be prepared, with less
risk of perforation [4]. Laser systems are also used in
apical surgery. Many studies reported that the erbium
laser used for apicectomy resulted in a high success rate
with significant clinical benefits [5-8]. Amalgam, glass
ionomer cement (GIC), zinc oxide-eugenol, composite
resins, and bioceramics have all been used as root-end
filling materials [2]. Mineral trioxide aggregate (MTA)
(e.g., ProRoot MTA; Dentsply Tulsa Dental, Tulsa, OK,
USA) is a widely used material with excellent sealing
ability and biocompatibility; however, it has a long set-
ting time and complex handling characteristics [9]. Bio-
dentine (Septodont, Saint Maur des Fossés, France) is
a tricalcium silicate-based cement that was introduced
as a dentin substitute. It has good sealing properties
and a short setting time [10]. TotalFill BC RRM (FKG, La
Chaux-de-Fonds, Switzerland) is a bioceramic material
that, in premixed putty form, is very easy to use. It has
good antibacterial properties due to its high pH, but it
has a long setting time [11].

Adaptation has been defined as the degree of prox-
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imity and interlocking of a filling material to the cavity
wall. Good adaptation will reduce microleakage. It can
be assessed by dye, radioisotope, bacterial penetration,
scanning electron microscopy (SEM), and electrochem-
ical methods, and with a fluid filtration technique [12].
SEM provides high magnification and resolution and
has been preferred in research evaluating marginal ad-
aptation [13,14].

Main contributions of this study are: (1) the compar-
ison of the amount of gaps created by three different
root-end filling materials placed in cavities prepared
with two different root-end preparation techniques us-
ing SEM; (2) during the evaluation, the largest distance
measurements were made at x150 magnification in
both the apical and coronal parts of the cavity; (3) the
calculation of total gap measurements using the Image]J
program (National Institutes of Health, Bethesda, MD,
USA) on images taken at x34 magnification. The null
hypothesis was that there would be differences in gap
formation depending on the type of root-end prepara-
tion and filling materials.

METHODS

The study was ethically approved by the ethics com-
mittee of Kocaeli University (KOU GOKAEK 2017/217).
The study was performed in accordance with the ethical
standards as laid down in the 1964 Declaration of Hel-
sinki. Informed consent (including for publication) was
obtained from all individual participants included in
the study.

According to a power analysis (G*Power ver. 3.1.9.4;
Heinrich Heine University Diisseldorf, Diisseldorf,
Germany) with a 0.05 level and 80% power (effect size,
0.40), the total sample size was found to be 90 (n = 15 for
each group). Ninety extracted human maxillary central
incisor teeth were used. The teeth had been extracted
following appropriate consent procedures and were
from hospital dental department collections. Teeth
with similar root diameter and length, straight roots,
complete root development, and no previous root canal
treatment were used. Roots with resorption, fractures,
open apices, or invisible canals were excluded. The
teeth were cut to a root length of 15 mm. Canal patency
was established by passing a size 15 K-file (Dentsply

https://doi.org/10.5395/rde.2025.50.e32



Comparison of the marginal adaptations

Maillefer, Ballaigues, Switzerland) through the apical fo-
ramen, from which 0.5 mm was subtracted to obtain the
working length.

The root canals were prepared with ProTaper Next
instruments (Dentsply Maillefer) using a VDW SILVER
endomotor (VDW GmbH, Munich, Germany). The
apical foramen was enlarged to an X4 (0.40/.06) instru-
ment. The canals were irrigated with 1 mL of 2.5% NaO-
Cl between instruments, and a final irrigation protocol
(17% ethylenediamine tetraacetic acid and then 2.5%
NaOCl) was used. The canals were dried with paper
points (Dentsply Maillefer) and obturated with gut-
ta-percha (Diadent, Cheongju, Korea) and AHPlus seal-
er (Dentsply-DeTrey, Konstanz, Germany) using lateral
condensation. After obturation, the teeth were stored in
an incubator at 37°C and 100% humidity for 1 week to
ensure the setting of the sealer. The apical 3 mm of the
roots were then resected perpendicular to the long axis
with a cylindrical diamond bur (G837/010, DIA.TESSIN;
Vanetti SA, Gordevio, Switzerland) at high speed under
continuous air/water spray, and the roots were random-
ly assigned to six groups:

1. US + MTA: root-end cavity preparation with ultra-

sonic tip, ProRoot MTA root-end filling material
2.US + Biodentine: cavity preparation with ultrasonic
tip, Biodentine filling material
3.US + TotalFill: cavity preparation with ultrasonic tip,
TotalFill BC RRM filling material

4. Laser + MTA: cavity preparation with laser, ProRoot
MTA filling material

5. Laser + Biodentine: cavity preparation with laser,
Biodentine filling material

6. Laser + TotalFill: cavity preparation with laser, To-

talFill BC RRM filling material

The 3-mm-deep and approximately 1 mm diameter
root-end cavities were prepared using ultrasonic and
laser tips under 2.5x loupe magnification (Carl Zeiss
EyeMag Smart; Carl Zeiss Meditec AG, Jena, Germany)
with illumination (SCHOTT AG, Mainz, Germany). A
periodontal probe (PCPUNC15; Hu-Friedy, Chicago, IL,
USA) helped ensure a standard 3-mm depth.

Ultrasonic preparations involved an electro-medical
system unit (EMS miniMaster Piezon; EMS SA, Nyon,
Switzerland) with diamond-coated retro tips (DT-060
Berutti; EMS SA, Le Sentier, Switzerland) at medium

https://doi.org/10.5395/rde.2025.50.e32

power, “Endo” mode [15], and maximum water coolant.
Laser preparations were performed using an Er,Cr:YS-
GG laser (Waterlase iPlus/MD Gold; Biolase Inc., Foot-
hill Ranch, CA, USA) with a power setting of 3.5 W, a
pulse frequency of 20 Hz, 55% water, and 65% air [15]. A
tool with a diameter of 600 mm and a 6-mm MGG6 sap-
phire tip was used in noncontact mode. Ultrasonic and
laser tips were changed after every five teeth, and the
preparations were irrigated with saline and dried with
paper points.

Filling materials were mixed according to the manu-
facturer’s instructions. ProRoot MTA was mixed with a
powder-to-water ratio of 3:1. Biodentine was mixed with
five drops of liquid added to the powder in the capsule
and prepared by amalgamator for 30 seconds. TotalFill
BC RRM was in ready-mixed putty form. The MTA was
taken to the cavities using a 1.2-mm carrier (MTA+ Ap-
plicator; PPH Cerkamed, Stalowa Wola, Poland), and
materials were placed with straight condensers and a
VA10 flat plastic (G. Hartzell & Son, Concord, CA, USA).
All procedures were conducted by the same operator.

After setting, the roots were prepared longitudinally
with burs and with super-fine abrasive paper (400-600
grit) to expose the filling materials, which were viewed
under a dental operating microscope. Then the spec-
imens were prepared for SEM (JEOL JCM 6000 Plus;
JEOL, Tokyo, Japan). The specimens were dehydrated
in ethanol and dried in open air. After drying, each half
was mounted on an aluminum stub and sputter-coated
with gold at 2 mA and 30 seconds (Cressington 108auto
sputter coater; Cressington Scientific Instruments Ltd.,
Watford, London, UK).

Initially, the distances between the filling materials
and cavity walls were measured directly using the SEM
(150x) at two points (apical and coronal) of the mate-
rial/dentin interface. It was recorded as 0 in areas with
no gap, and the maximum values were recorded in the
apical and coronal regions (Figures 1 and 2).

Next, electron micrographs were obtained at 34x
magnification for analysis (Image] 1.52a). Calculations
were made for each sample regarding the area of the
gaps between the filling material and the surrounding
structures (dentin and gutta-percha). First, micrographs
of the 90 roots were transferred to the computer as
JPEGs and opened in Image]. Then, the outer surface

3/10
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Figure 1. An example of measurements made at the coronal region
under 150x magnification.
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Figure 2. An example of measurements made at the apical region
under 150x magnification.

area of the cavity was scanned with the Selection/Add to
Manager tool (Figure 3). The scanning process was also
carried out for the filling material surface area (Figure
4). By calculating the difference between the two areas,
the void area between the material and the cavity can be
determined. Figure 5 shows an example of cavities pre-
pared with the two devices and filled with ProRootMTA.

NCSS (Number Cruncher Statistical System) 2007
(NCSS LLC, Kaysville, UT, USA) was used for statistical
analysis. The suitability of quantitative data for normal
distribution was tested using the Shapiro-Wilk test and
graphical analysis. An independent groups ¢-test was
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Figure 4. Scanning the filling material surface area.

used to compare normally distributed quantitative
variables between two groups, and the Mann-Whitney
U test was used to compare non-normally distribut-
ed quantitative variables between two groups. Krus-
kal-Wallis and Dunn-Bonferroni post-hoc tests were
used to compare non-normally distributed quantitative
variables between more than two groups. Statistical sig-
nificance was accepted as p < 0.05.

RESULTS

Table 1 shows the maximum distances between filling
materials and dentin in the apical and coronal regions
(pm). Table 2 shows a comparison of the maximum
distance measurement values between root-end filling
material and dentin at the coronal and apical regions

https://doi.org/10.5395/rde.2025.50.e32
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High-vac. 15
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Figure 5. Micrographs of ProRoot MTA ultrasonic (A) and laser (B) samples under 34x magnification. ProRoot MTA: Dentsply Tulsa Dental, Tulsa,

OK; USA.

Table 1. Maximum distance values between material and dentin at the apical and coronal regions for the six groups (um)

US+MTA group  US + Biodentine group  US + TotalFill group  Laser + MTA group  Laser + Biodentine group  Laser + TotalFill group

Coronal  Apical Coronal Apical Coronal  Apical Coronal  Apical Coronal Apical Coronal  Apical
1 426 5.72 6.73 10.70 292 3.55 10.10  13.80 5.16 5.67 10.30 8.77
2 4.96 7.45 7.23 18.30 0.00 7.09 0.00 0.00 4.26 493 7.23 11.90
3 1490 21.20 5.01 9.52 4.76 7.09 0.00 8.58 4.09 7.74 213 0.00
4 5.85 5.67 793 5.16 3.17 3.55 7.93 6.78 7.14 6.47 449 6.42
5 5.01 7.67 5.85 8.63 5.05 8.96 6.02 542 8.76 11.9 5.16 12.40
6 9.54 9.22 21.50 16.50 462 292 737 11.00 3.66 491 5.16 3.62
7 6.69 7.09 10.70 20.30 17.80 3.82 0.00 0.00 9.23 9.53 7.09 11.50
8 3.01 7.80 10.70 10.70 248 19.30 7.52 7.23 5.01 4.26 8.27 5.16
9 5.01 5.67 3.82 8.77 490 5.16 7.93 8.10 5.18 5.18 454 5.40
10 498 5.18 4.96 791 5.01 6.26 3.82 0.00 5.73 441 3.84 9.25
1 0.00 0.00 11.50 31.50 3.19 2.70 7.14 2.66 10.8 11.9 3.55 426
12 6.38 7.23 12.10 26.30 4.96 7.09 6.03 6.63 9.00 104 0.00 0.00
13 5.67 7.23 8.09 892 3.55 3.62 5.21 8.75 5.49 5.16 7.98 6.65
14 17.7 449 22.00 2220 248 3.27 4.26 5.73 0.00 0.00 498 5.18
15 5.72 7.93 11.20 11.50 17.09 7.83 3.55 7.3 0.00 0.00 292 462

US, ultrasonic; MTA, ProRoot MTA,; TotalFill, TotalFill BC RRM.

ProRoot MTA: Dentsply Tulsa Dental, Tulsa, OK, USA; Biodentine: Septodont, Saint-Maur-des-Fossés, France; TotalFill BC RRM: FKG Dentaire, La

Chaux-de-Fonds, Switzerland.

between groups (um). The ultrasonic group was signifi-
cantly higher than the laser group for Biodentine coro-
nally (p = 0.016). The Biodentine group was significantly
higher than the TotalFill group in root-end cavities pre-
pared with ultrasonic tips (p = 0.001). There was no sig-
nificant difference between groups in the laser cavities
(p > 0.05). The ultrasonic group was significantly higher
than the laser group for Biodentine apically (p = 0.001).
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Biodentine showed significantly greater gap dimensions
compared with TotalFill (p < 0.001) and ProRoot MTA
(p = 0.007). There was no significant difference among
groups in the laser-prepared cavities (p > 0.05).

Table 3 shows the total void area values (mm?) be-
tween root-end filling material and dentin calculated
using Image] software. Table 4 shows a comparison of
the total values (mm?) of voids among groups. The ultra-
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Table 2. Comparison of the maximum distance measurement values between root-end filling material and dentin at the coronal and apical

regions among groups (um)

-value”
Region and method Total TotalFill Biodentine MTA p-value’ ~ TotalFill vs TI:)taIFiIIvs Biodentine vs
Biodentine MTA MTA
Coronal
us 5.05(4.62-9.054) 4.62(2.92-5.01) 8.09(5.85-11.5) 5.67 (4.96-6.69) 0.002** 0.001%* 0.269 0.205
Laser 5.16(3.82-7.37) 4.98(3.55-7.23) 5.18(4.09-8.76) 6.02(3.55-7.52) 0.836 0.999 0.999 0.999
p-va lue? 0.281 0.367 0.016* 0.87
(US vs laser)
Apical
us 745 (5.18-9.52) 5.16(3.55-7.09) 10.7(8.77-20.3) 7.23(5.67-7.8) <0.001** <0.001** 0.703 0.007**
Laser 5.73(441-8.75) 5.4(4.26-9.25) 5.18(4.41-9.53) 6.78(2.66-8.58) 0.917 0.999 0.999 0.999
p-value? 0.055 0.486 0.001** 0.775
(US vs laser)

Values are presented as median (interquartile range).

US, ultrasonic; TotalFill, TotalFill BC RRM; MTA, ProRoot MTA.
“Kruskal-Wallis test, "Dunn-Bonferroni test, °Mann-Whitney U test.
*p < 0.05,**p < 0.01.

TotalFill BC RRM: FKG Dentaire, La Chaux-de-Fonds, Switzerland; Biodentine: Septodont, Saint-Maur-des-Fossés, France; ProRoot MTA: Dentsply Tul-

sa Dental, Tulsa, OK, USA.

Table 3. Total void area values between root-end filling material and dentin calculated using ImageJ program (mm?)

No. US+MTAgroup  US + Biodentine group  US + TotalFill group Laser + MTA group Laser + Biodentine group  Laser + TotalFill group
1 0.008 0.008 0.003 0.016 0.024 0.015
2 0.014 0.030 0.004 0.046 0.009 0.003
3 0.054 0.020 0.008 0.011 0.029 0.004
4 0.009 0.034 0.005 0.007 0.013 0.005
5 0.012 0.011 0.011 0.015 0.040 0.008
6 0.008 0.019 0.006 0.003 0.031 0.007
7 0.012 0.018 0.006 0.018 0.020 0.001
8 0.008 0.035 0.013 0.007 0.019 0.009
9 0.023 0.008 0.013 0.031 0.016 0.007
10 0.001 0.008 0.010 0.013 0.015 0.001
N 0.000 0.065 0.006 0.005 0.026 0.002
12 0.009 0.049 0.006 0.004 0.023 0.022
13 0.003 0.010 0.004 0.051 0.016 0.004
14 0.010 0.026 0.005 0.010 0.002 0.002
15 0.006 0.023 0.017 0.006 0.003 0.008

US, ultrasonic; MTA, ProRoot MTA,; TotalFill, TotalFill BC RRM.

ProRoot MTA: Dentsply Tulsa Dental, Tulsa, OK, USA; Biodentine: Septodont, Saint-Maur-des-Fossés, France; TotalFill BC RRM: FKG Dentaire, La

Chaux-de-Fonds, Switzerland.

sonic group was significantly higher than the laser group
for ProRoot MTA (p = 0.026). The Biodentine group was
significantly higher than the TotalFill group in root-end
cavities prepared with an ultrasonic tip (p < 0.001). The
Biodentine group was significantly higher than the Pro-
Root MTA group in root-end cavities prepared with the
laser tip (p = 0.002). There was no significant difference
between the TotalFill and Biodentine groups and the
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TotalFill (p = 0.744) and ProRoot MTA groups (p = 0.071)
(Table 4).

DISCUSSION

Marginal adaptation has been defined as the degree of
closeness of the filling material to the cavity wall and its
interdigitation [12]. Problems with the adaptation might
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Table 4. Comparison of total values (mm?) of void areas between dentin and filling material among groups

Total gap area Ultrasonic Laser p-value? (ultrasonic vs laser)
Total 0.010(0.006-0.018) 0.010(0.005-0.019) 0.671
TotalFill 0.006 (0.005-0.011) 0.011 (0.006-0.018) 0.081
Biodentine 0.020 (0.010-0.034) 0.019(0.013-0.024) 0.486
MTA 0.009 (0.008-0.012) 0.005 (0.002-0.008) 0.026
p-value” 0.001** 0.002**
p-value”
TotalFill vs Biodentine <0.001** 0.744
TotalFill vs MTA 0.549 0.071
Biodentine vs MTA 0.052 0.002**

Values are presented as median (interquartile range).

TotalFill, TotalFill BC RRM; MTA, ProRoot MTA.

“Kruskal-Wallis test, “Dunn-Bonferroni test, “Mann-Whitney U test.
*p < 0.05, **p < 0.01.

TotalFill BC RRM: FKG Dentaire, La Chaux-de-Fonds, Switzerland; Biodentine: Septodont, Saint-Maur-des-Fossés, France; ProRoot MTA: Dentsply Tul-

sa Dental, Tulsa, OK, USA.

lead to treatment failure [16]. Microcracks on the dentin
surface, which adversely affect the adaptation process,
might occur during ultrasonic cavity preparation [17];
however, this is not a universal finding [18]. Reduc-
tion in microcrack formation has been reported at
low-to-medium ultrasonic power settings and when us-
ing diamond-coated tips [17]. Hence, a medium power
setting with diamond-coated tips was preferred in this
study. It has been reported that there is no difference in
the frequency of microcrack formation when ultrasonic
tips and Er:YAG laser are compared [19]. However, in
another study, microcrack formation has been observed
using ultrasonics, and none has been observed using
Er,Cr:YSGG laser [20]. Er,Cr:YSGG laser was also used
for root-end preparations to compare the effect of the
root-end cavity preparation type on the marginal adap-
tation in this study.

Several techniques can be used to evaluate the ad-
aptation provided by root-end filling materials and
the quality of apical sealing [12]. SEM was used as it
provides high magnification and good resolution in
this study [13]. However, dehydration and exposure to
high vacuum during specimen preparation may lead
to cracks or shrinkage in dentin or filling material. To
eliminate this, resin replicas can be used. Torabinejad
et al. [21] found similar results in a related study using
this method, but it would have been exhaustive for 90
teeth, and another study has been done without replicas
[13,22]. Sections were generally obtained with diamond
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separators or burs, where forces and vibrations may
cause the filling materials to be damaged or displaced
[23]. To overcome this, guiding notches on the root sur-
faces were cut with a diamond separator, about 1 mm
away from the root-end material. The thin dentin layer
was then removed under the dental operating micro-
scope by careful sanding.

Gondim et al. [14] stated that quantitative analysis
based on measurement provides more objective and
reliable results. The images were taken at two different
magnifications: 34x and 150x. The maximum value was
recorded from the distance measurements between
dentin and filling material on micrographs taken at the
apical 1 mm and coronal 1 mm at 150x magnification.
For the micrographs at 34x, quantitative measurements
were made by calculating the area with Image].

For Biodentine, the gap formation in the ultrasonic
group was significantly higher than in the laser group.
In contrast, the other two materials did not show a sig-
nificant difference between cavity techniques. In the
area measurements of gaps using the Image]J program,
the ultrasonic group for ProRoot MTA was significantly
higher than the laser group. This may be explained by
the fact that the use of an Er,Cr:YSGG laser can increase
the mechanical bonding between the dentin wall and
root-end material by forming micro retentive areas and
by removing the smear layer [24,25]. The difference in
the results of these two measurement methods may be
because when calculating the total area of the voids in
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the root-end cavity with the Image]J program, the high-
est single distance measurement between the filling
material and dentin on the SEM images taken from the
apical and coronal regions was taken into account.
Using SEM, Xavier ef al. [22] examined the marginal
adaptation of MTA Angelus (Angelus, Londrina, Brazil),
Super-EBA (Bosworth, Skokie, IL, USA), and Vitremer
(3M ESPE, St. Paul, MN, USA) in ultrasonically prepared
cavities. Gap measurements of two different sections
having 1 mm thickness, taken horizontally at 1 and 2
mm from the apex, were made at four different points
under SEM. A study by Torabinejad et al. [21] prepared
cavities using fissure burs and used MTA, amalgam,
Super-EBA, and IRM (Dentsply Sirona, York, PA, USA)
as fillings and examined marginal adaptation with
SEM. Replicas of the vertical cuts of the samples were
made with resin, and the gaps of both the teeth and the
replicas were examined at four different points. How-
ever, the maximum values were recorded in the apical
and coronal regions in this study in accordance with
Soundappan et al. [26]. The cavities were prepared ul-
trasonically, and Biodentine, MTA, and IRM were used
as filling materials. Two horizontal sections were taken,
1 and 2 mm from the apex. The horizontal sections were
divided into four equal parts, and under 1,000x mag-
nification, the most significant gaps were measured in
each quarter. The greatest gap formation was seen in
Biodentine, and the least in the MTA group. In contrast,
in this study, more gap formation was detected in the
Biodentine group compared to the MTA group. Ravi
Chandra et al. [27] examined the marginal adaptation of
a GIC, MTA, and Biodentine in ultrasonically prepared
cavities using confocal laser scanning microscopy. Bet-
ter marginal adaptation was detected in the Biodentine
group than in GIC and MTA. The differences between
the results of this study may be due to the differences in
imaging technique and the section examined.
Khandelwal et al. [28] used dye penetration to ex-
amine microleakage of Biodentine and MTA in root-
end cavities prepared using a conventional drill and
ultrasonic tip. The greatest amount of microleakage was
observed in MTA in cavities opened with a bur. Bioden-
tine’s high-quality sealing properties were associated
with the creation of an alkaline caustic effect when the
hydration products of calcium silicate cement come in
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contact with dentin and dissolve the collagen structure
at the dentin interface. This effect results in the forma-
tion of a tag-like structure called ‘mineral infiltration
zone, and with its adaptation ability due to its smaller
particle size. Han and Okiji [29] showed that the uptake
of calcium and silicon ions into dentin, which leads
to these tag-like structures, was higher in Biodentine
compared to MTA. In addition, its short hardening time,
ease of manipulation, non-discolouration, and good
sealing properties lead to Biodentine being a preferred
material [10,26].

TotalFill RRM was introduced under the trade name
EndoSequence RRM (Brasseler USA Dental, Savannah,
GA, USA) as a premixed bioceramic root-end filling ma-
terial. TotalFill and EndoSequence have the same prop-
erties and form [30]. Endodontic bioceramics are not
sensitive to moisture and blood. They are dimensionally
stable and expand slightly on setting. The initial setting
time of MTA and TotalFill BC RRM putty is approxi-
mately 3 to 4 hours, while the setting time of Biodentine
is approximately 10 to 12 minutes. Handling properties
of TotalFill BC RRM putty are better than others [11].

Alanezi et al. [31] examined the bacterial microleak-
age of EndoSequence BC RRM and ProRoot MTA using
Enterococcus faecalis. The materials were placed in cav-
ities prepared using a KiS ultrasonic tip. No difference
was observed between the fillings. Shokouhinejad et
al. [32] examined the marginal adaptations of EndoSe-
quence RRM putty, EndoSequence RRM paste, and Pro-
Root MTA in ultrasonically prepared cavities using SEM.
After hardening, replicas of the horizontal and vertical
sections of the teeth were taken. No significant differ-
ence was observed between the groups for the horizon-
tal cross-section. In the vertical section, EndoSequence
paste was reported to have significantly more voids.
Lertmalapong et al. [33] examined the marginal adapta-
tion of ProRoot MTA, RetroMTA, Biodentine, and Total-
Fill BC RRM’s putty and paste forms in the treatment of
teeth with open apices, placing materials at two differ-
ent levels of thickness, 3 and 4 mm. Resin replicas were
made and imaged with SEM, and then studied with the
Image] program. Biodentine, TotalFill BC RRM putty,
and 4 mm ProRoot MTA groups had fewer voids than
the other groups. However, the external surface area of
the cavity and the surface areas of the filling materials
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were measured separately and then calculated by taking
the differences in this study, and the cavities opened
ultrasonically had a greater void area in the Biodentine
group than in the TotalFill group.

CONCLUSIONS

Under the conditions of this in vitro study, when
evaluating total void, choosing a laser instead of ultra-
sound for root-end preparation resulted in a smaller gap
between material and dentin if MTA was used. When
the root-end cavity was prepared with ultrasonics, it
was observed that more gap formation occurred with
Biodentine compared to TotalFill; when the cavity was
prepared with laser, it was observed that more gap for-
mation occurred with Biodentine compared to MTA.
Further clinical studies are needed to evaluate the suc-
cess of different root-end preparation techniques and
filling materials.
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The influence of bioactive glass (BGS-7) on enamel remineralization:

an in vitro study
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‘Department of Conservative Dentistry, School of Dentistry, Wonkwang University, Iksan, Korea
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ABSTRACT

Objectives: The aim of this study was to compare the remineralizing capacity of bioactive glass (BGS-7, CGBIO) with oth-
er agents.

Methods: Twenty caries-free third molars were sectioned and demineralized. Specimens were divided into four groups:
(1) control, (2) Clinpro XT varnish (Solventum), (3) 1.23% acidulated phosphate fluoride gel, and (4) a new type of CaO-
Si0,-P,0,-B,0, system of bioactive glass ceramics (BGS-7). Agents were applied and stored in simulated body fluid at
37°C for 2 weeks. Microhardness was measured using the Vickers hardness testing method. Five specimens per group
were analyzed using quantitative light-induced fluorescence (QLF) to assess mineral loss. Field-emission scanning elec-
tron microscopy (FE-SEM) and energy-dispersive X-ray spectroscopy (EDS) were used to examine the surface morpholo-
gy and elemental composition. Data were analyzed using paired t-test and one-way analysis of variance (p < 0.05).
Results: BGS-7 showed the highest microhardness values and the greatest recovery in QLF analysis (p < 0.05). FE-SEM
revealed granular precipitates on demineralized enamel in the BGS-7 group. EDS confirmed the presence of newly
formed silicon and fluoride layers.

Conclusions: BGS-7 demonstrated superior remineralization capacity compared to other agents, suggesting its potential
as an effective remineralizing material.

Keywords: Bioactive glass; Dental enamel; Quantitative light-induced fluorescence; Tooth demineralization; Tooth rem-

ineralization

INTRODUCTION

When enamel is exposed for a prolonged period to an
acidic environment, such as that found in caries, an
imbalance between the demineralization and remin-

eralization processes occurs, causing the cycle to shift
toward demineralization. Meanwhile, remineralization
is a natural repair process that primarily relies on the
deposition of calcium phosphate, mainly sourced from
saliva, to form a new layer on the damaged surface [1].
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The influence of bioactive glass (BGS-7) on enamel remineralization

Modern strategies for managing caries focus on halting
its progression [2]. This remineralization process of
enamel can be promoted by using several topical rem-
ineralizing agents [3].

Fluoride has been a cornerstone in enamel reminer-
alization for many years, primarily working to prevent
caries by inhibiting demineralization and promoting
the formation of fluorapatite on the enamel surface.
Fluorapatite is less soluble, therefore increasing the
resistance of enamel to dissolution relative to hydroxy-
apatite during acid attack [4]. But its long-term viability
and sustainable effects are still controversial.

Clinpro XT varnish (Solventum, St. Paul, MN, USA)
is a professional fluoride varnish that is formulated to
release fluoride more efficiently and maintain its release
over a longer period compared to fluoride gels. While
fluoride gels typically require multiple applications to
provide significant fluoride absorption, Clinpro XT var-
nish’s unique delivery system allows for more effective
and sustained fluoride uptake. This ensures prolonged
protection against tooth decay, especially in patients at
high risk for caries [5].

Nevertheless, the maximum effectiveness of fluo-
ride-based products in the treatment and prevention of
dental caries remains limited, as their remineralizing ef-
fects are predominantly confined to the enamel surface
and are insufficient to fully restore deeper or advanced
carious lesions [6]. As a result, it is necessary to incorpo-
rate other agents into remineralization therapy, such as
bioactive materials, which can boost remineralization
when combined with fluoride and serve as a comple-
ment to it [7,8].

Bioactive glass has been developed in various forms
and has been widely studied for its favorable proper-
ties as a restorative material, particularly its ability to
promote enamel and dentin remineralization [6,9-11].
Numerous studies and reviews have reported that bio-

Table 1. Composition of the materials

active glass can enhance the remineralization of carious
lesions by forming an apatite-like layer on tooth sur-
faces [6]. BGS-7 (Ca0-Si0,-P,05-B,03; CGBIO, Seoul,
Korea) is a novel bioactive glass-ceramic with a com-
position distinct from existing bioactive glasses, but re-
search on its application for enamel remineralization is
still limited. Therefore, this study aimed to evaluate the
remineralizing effect of BGS-7 on demineralized enam-
el. The null hypothesis was that BGS-7 would not show
superior remineralization capacity compared to other
remineralizing agents.

METHODS

The products used in this study are listed in Table 1,
and the overall experimental procedures are illustrated
in Figure 1. The specific materials and methods are de-
scribed below.

Specimen preparation and demineralization treat-
ment

The study protocol was approved by the Institutional
Review Board of Wonkwang Dental Hospital, Iksan,
Korea (WKDIRB202409-02). Twenty caries-free extract-
ed human third molars were selected. The roots of the
teeth were removed at the cementoenamel junction,
and the crown was sectioned mesiodistally into two
parts. The sections were embedded in acrylic resin
(Ortho-Jet; Lang Dental Manufacturing Co., Wheeling,
IL, USA) with the exposed enamel surface, and then
the enamel surface was ground flat and polished with
water-cooled 400, 600, 1,200 grit silicon carbide discs
(DEERFOS Co., Seoul, Korea). Phosphoric acid (37%)
was applied on the enamel surfaces for 20 minutes to
form a demineralized lesion [12].

Material Product and manufacturer

Composition

Clinpro-XT varnish Solventum, St. Paul, MN, USA

Part A: silanized fluoroaluminosilicate, HEMA, water, BIS-GMA, silanized silica

Part B: copolymer of polyalkenoic acid, water, HEMA, calcium glycerophosphate

Fluoride gel Natural-F Gel, Denbio, Gwangju, Korea
BGS-7 CGBIO, Seoul, Korea

1.23% Acidulated phosphate fluoride
43.3% Ca0, 35.2% Si0,, 14.0% P,0, 6.42% MgO, 0.52% B,0,, >99%, <6 ym

HEMA, 2-hydroxyethyl methacrylate; BIS-GMA, bisphenol A-glycidyl methacrylate.
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Figure 1. Schematic diagram of the study design and methodology. CEJ, cementoenamel junction; QLF, quantitative light-induced fluores-
cence; FE-SEM, field-emission scanning electron microscopy; EDS, energy-dispersive X-ray spectroscopy; SBF, simulated body fluid.

Remineralization treatment
Four experimental groups were assigned according to
treatment modalities. All specimens were divided ran-
domly into four groups (n = 10): (1) control, no appli-
cation of remineralizing agent, (2) Clinpro XT varnish
(group XT), (3) 1.23% APF gel (Natural-F Gel, Denbio,
Gwangju, Korea; group FG), and (4) BGS-7 (group B7).
After the demineralization procedure, the specimens
received the following remineralizing treatments:
« Control group: No remineralizing agent was applied
after demineralization.
¢ Group XT: Clinpro XT varnish was applied according
to the manufacturer’s instructions. It was applied to
the enamel surface once, light-cured for 20 seconds,
and then rinsed with deionized water for 30 seconds.
e Group FG: Fluoride gel was applied daily for 14
days, with each application lasting 4 minutes. Thirty
minutes after each application, the specimens were
carefully rinsed with deionized water for 30 seconds,
according to the manufacturer’s instructions.
e Group B7: A 1:1 mixture of BGS-7 and distilled water

https://doi.org/10.5395/rde.2025.50.e33

was applied to the enamel surface once for 2 hours,
followed by rinsing with deionized water for 30 sec-
onds.
Subsequently, all specimens from the four groups
were stored in simulated body fluid (SBF) (Biochema-
zone, Edmonton, AB, Canada) at 37°C for 2 weeks.

Surface microhardness test

All specimens were air-dried at room temperature and
used for the microhardness test. The surface microhard-
ness of the specimens was measured with a Vickers mi-
crohardness (VHN) tester (HM-122, Mitutoyo Corp, Ka-
wasaki, Japan) at two stages: after demineralization and
after remineralization. A load of 100 g was applied to
the surface for 10 seconds. The average value was deter-
mined. Each group was measured at 10 different points,
with each point spaced at a constant distance from the
others. The difference between VHN,.,, and VHN..;,
(AVHN) was calculated to evaluate the remineralization
effect of materials [12].
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Quantitative light-induced fluorescence measurement
Quantitative light-induced fluorescence (QLF) was per-
formed to quantitatively assess the degree of enamel
demineralization and remineralization by measuring
changes in fluorescence [13]. Five specimens of each
group were used for QLE All specimens were assessed
by using the Qraypen C device based on QLF technolo-
gy (AIOBIO, Seoul, Korea). Before imaging, specimens
were washed with distilled water and dried sufficiently
with compressed air for 5 seconds, and then imaging
was performed. The amount for fluorescence loss of
the specimen was measured using Qray software (AIO-
BIO) by measuring AF (%), which indicates the amount
of fluorescence loss, and AF max, which indicates the
amount of the most severe fluorescence loss compared
to the sound surface in the fluorescence image. Recov-
ery amount and recovery rate were calculated as fol-
lows:

Recovery amount (A(A(F))) = AF.emin = AFuemin

Recovery rate (AF(rate)) = (AF,emin-AFdemin)/ AFgemin X
100

Field-emission scanning electron microscopy/ener-
gy-dispersive X-ray spectroscopy analysis

To complete the preparation process, the specimens
were dehydrated using ethanol solutions (25%, 50%,
75%, 95%, and 100%) for various durations (20, 20, 20,
30, and 60 minutes). After dehydration, the specimens
were examined under a field-emission scanning elec-
tron microscope (FE-SEM; S-4800, Hitachi, Tokyo, Ja-
pan) equipped with a secondary electron detector for
energy-dispersive X-ray analysis (EDS) using an accel-
erating voltage of 6.0 kV. Images were obtained from the
center of each specimen with a magnification of x5,000
and x25,000. The same specimens were characterized
using the EDS for calcium, phosphorus, fluoride, and
silicon.

Statistical analysis

All data are expressed as the mean + standard deviation.
Paired t-test was utilized to compare the AVHN and AF
of the specimens between values before and after rem-
ineralization within the group. One-way analysis of vari-
ance was used for comparison of enamel microhard-
ness and amount of fluorescence loss of four groups (p <
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0.05). All statistical analyses were performed using IBM
SPSS version 25.0 (IBM Corp, Armonk, NY, USA). Differ-
ences were considered statistically significant at p < 0.05.

RESULTS

Surface microhardness test

Microhardness values of all groups are shown in Table 2.
Among all groups, group B7 exhibited the highest AVHN
value (58.57 + 3.79), followed by group XT (49.22 + 4.68),
group FG (36.46 + 2.66), and control group (0.45 + 0.35).
Statistically significant differences were observed among
all groups (p < 0.05).

Quantitative light-induced fluorescence measurement
The results of QLF measurement of all groups are shown
in Table 3. The recovery amount and rate were calculat-
ed by comparing AF values, which reflect fluorescence
changes due to enamel demineralization, before and af-
ter remineralizing treatment. The recovery amount and
rate of group B7 were significantly higher than those
of the other groups (p < 0.05). Group B7 exhibited the
highest recovery amount and rate (1.66 + 0.11 and 25.58

Table 2. Vickers microhardness values (VHN) of the experimental
groups

Group VHN,..;, VHN,.... AVHN

Control 89.54 + 5.98" 89.99 + 6.00° 0.45 +0.35°
XT 84.19 +3.35° 13341 +2.56° 49.22 +4.68°
FG 8628 +3.02"  123.04+3.83¢ 36.46 + 2.66°
B7 85.97 +3.26™®  144.54 + 248" 58.57 +3.79"

Values are presented as mean =+ standard deviation.

Group definitions are provided in Table 1.

*Different uppercase letters indicate significant differences between
the values in each column (between materials; p < 0.05).

Table 3. Mean amount of fluorescence loss (AF) of the experimen-
tal groups

Group AF i AF oo A (AF) AF (rate)

Control -646+0.11" -632+0.13° 0.14+0.05° 2.17+0.85°
XT -6.66+029" -563+040° 1.04+0.12° 15.63+243°
FG -634+0.18" -588+0.24" 046+0.11° 7.27+1.90°
B7 -65+0.16" -484+026" 1.66+0.11" 2558+228"

Values are presented as mean =+ standard deviation.

Group definitions are provided in Table 1.

*Different uppercase letters indicate significant differences between
the values in each column (between materials; p < 0.05).

https://doi.org/10.5395/rde.2025.50.e33
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+ 2.28, respectively), followed by group XT (1.04 + 0.12
and 15.63 + 2.43), group FG (0.46 + 0.11 and 7.27 + 1.90),
and the control group (0.14 + 0.05 and 2.17 + 0.85). Sta-
tistically significant differences were observed among
all groups (p < 0.05).

Field-emission scanning electron microscopy/ener-
gy-dispersive X-ray spectroscopy analysis

1. FE-SEM observation

FE-SEM images revealed distinct differences among the
groups after remineralization treatment and 2 weeks of
storage in SBE In the control group, as shown in Figure
2A and B, typical features of demineralized enamel were
observed, such as surface porosity with loss of enamel
prism cores while retaining the periphery. In contrast,
groups XT (Figure 2C, D) and FG (Figure 2E, F) showed
the deposition of granular precipitates on the enamel
surface. Notably, in group B7, dense granular precipi-
tates were observed on the enamel surface (Figure 2G),
and at higher magnification, characteristic needle-like
crystallites were prominently observed (Figure 2H), sug-
gesting advanced remineralization and the formation of
an apatite-like layer.

2. Energy-dispersive X-ray spectroscopy analysis

The results of EDS analysis of all groups of enamel spec-
imens stored in SBF for 2 weeks are shown in Figure
3. Control group (Figure 3A) showed elemental com-
position consistent with demineralized enamel (Ca:
67.72%, P: 32.28%; Ca/P ratio: 2.1). Group XT (Figure
3B) showed composition primarily of calcium (66.10%)
and phosphorus (33.90%) without detectable fluoride or
silicon. Group FG (Figure 3C) revealed fluoride incor-
poration (3.75 weight percent [wt%]) along with calcium
(64.35%) and phosphorus (31.89%). Group B7, in Figure
3D, showed silicon presence (5.53 wt%) from bioactive
glass and fluoride content (3.01 wt%), along with calci-
um (65.95%) and phosphorus (25.51%).

DISCUSSION

Based on the results of this study, the null hypothesis
was rejected. In both surface microhardness and QLF
measurements, BGS-7 demonstrated the highest values,
followed by the XT, FG, and control groups, respectively,

https://doi.org/10.5395/rde.2025.50.e33

Figure 2. Representative field-emission scanning electron micros-
copy (SEM) images of all the experimental groups in this study (A, C,
E, G: X5,000; B, D, F, H: x25,000). SEM images of enamel specimens
stored in simulated body fluid for 2 weeks. (A, B) Control group: The
smear layer was removed, and eroded enamel rods were observed.
(C, D) Group XT and (E, F) group FG: granular precipitates were
observed around the enamel rods. (G, H) Group B7: dense granular
precipitate formation (G), and at higher magnification, characteristic
needle-like crystallites (white arrows) were prominently observed
(H). Group definitions are provided in Table 1.

with statistically significant differences observed among
all groups (p < 0.05) (Tables 2 and 3). These findings are
consistent with previous studies, which have demon-
strated that enamel surfaces treated with bioactive glass
exhibit significantly greater surface microhardness re-
covery compared to other remineralizing agents such as
fluoride or casein phosphopeptide (CPP)- amorphous
calcium phosphate (ACP) [11,14]. Meanwhile, the high-
er microhardness recovery and fluorescence recovery
rates observed for the XT varnish compared to the fluo-
ride group are presumed to be due to the prolonged and
stable fluoride release provided by its resin-modified
glass ionomer (RMGI) formulation.
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Group
Element Weight percent
Fluoride 0
Sili 0
Control T
Phosphorus 32.28
Calcium 67.72
Total 100
e Element Weight percent
Fluoride 0
XT Silicon 0
Phosphorus 33.50
Calcium 66.10
Total 100
G Element Weight percent
Fluoride 3.75
FG Silicon 0
Phosphorus 31.89
Calcium 64.35
Total 100
0
Q Element Weight percent
Fluoride 3.01
B7 Silicon 5.53
Phosphorus 25.51
Calcium 65.95
Total 100

Figure 3. Energy-dispersive X-ray spectroscopy analysis of enamel
specimens stored in simulated body fluid for 2 weeks. (A) Control
group showed elemental composition consistent with deminer-
alized enamel (Ca, 67.72%; P, 32.28%; Ca/P ratio, 2.1). (B) Group
XT showed a composition primarily of calcium and phosphorus,
without detectable fluoride or silicon. (C) Group FG revealed fluo-
ride incorporation along with calcium and phosphorus. (D) Group
B7 showed the presence of both silicon (from bioactive glass) and
fluoride, along with calcium and phosphorus. Group definitions are
provided in Table 1.

QLF is widely utilized as a clinical diagnostic tool for
the detection and monitoring of dental caries due to its
ability to detect the loss of fluorescence that occurs as
a result of enamel demineralization [15]. Its capacity to
objectively measure the extent of mineral loss has fa-
cilitated its application in a variety of research studies,
such as pH-cycling models [13], and it has also been
employed in studies monitoring the remineralization of
white spot lesions in vivo [16]. Moreover, it offers a valu-
able clinical advantage by enabling objective pre- and
posttreatment comparisons in clinical trials, such as
those employing split-mouth designs [17]. In the pres-
ent study, QLF analysis shows that BGS-7 exhibits the
highest recovery amount and recovery rate, suggesting
it has superior remineralization potential (Table 3).

Bioactive glass, an innovative bioactive material, has
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been developed and is now widely used in various clin-
ical applications across both medicine and dentistry [9].
One of the most extensively studied forms of bioactive
glass is 4585, which has demonstrated the ability to
bond with bone and has been used as a bone replace-
ment material [10]. More recently, it has also been
utilized to treat dentin hypersensitivity by blocking the
dentinal tubules, as its dissolution products precipitate
and adhere to the dentine surface, thereby alleviating
pain [10,11]. In addition, 5254 bioactive glass has shown
greater efficacy in enamel remineralization than sodium
fluoride and CPP-ACP formulations [3].

A more recently developed type of bioactive glass,
BGS-7, has garnered considerable attention in biomed-
ical research and has been actively investigated for var-
ious clinical applications [18-22]. Unlike conventional
bioactive glasses (eg, 45S5 and 52S4), which are primar-
ily composed of SiO,, Na,0, CaO, and P,05, BGS-7 re-
places sodium oxide (Na,O) with boron trioxide (B20s),
thereby enhancing its structural and bioactive proper-
ties. The incorporation of boron is known to improve
ion release kinetics through controlled dissolution, thus
sustaining remineralization capacity by promoting hy-
droxyapatite formation [23]. Furthermore, BGS-7 con-
tains a higher concentration of CaO than other bioactive
glasses, which contributes to its superior mechanical
strength, even compared to hydroxyapatite, a widely
used bioactive ceramic [18].

In addition to its compositional advantages, BGS-7
has demonstrated biocompatibility, osteogenic poten-
tial, and controlled ion release properties, which are
critical for bone regeneration and soft tissue integration.
In orthopedics, its ability to enhance osteoblastic dif-
ferentiation and osseointegration has been extensively
documented [20,21], while in plastic surgery, BGS-7-
polymer composites (polycaprolactone/BGS-7) have
exhibited favorable bone-binding properties and clini-
cal safety with minimal complications in clinical appli-
cations in vivo [22]. However, despite these promising
properties, studies on the dental applications of BGS-
7, particularly regarding its potential efficacy in enamel
remineralization, remain limited. Thus, the present
study aimed to investigate the remineralizing effect of
BGS-7 on demineralized enamel.

The superior remineralization capacity of BGS-7

https://doi.org/10.5395/rde.2025.50.e33
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compared to fluoride-based agents (Clinpro XT varnish
and 1.23% APF gel) may be attributed to its unique ap-
atite-like layer formation, as evidenced by FE-SEM im-
ages showing dense needle-like crystallites on deminer-
alized enamel surfaces (Figure 2H). EDS data revealed
the simultaneous presence of silicon (5.53 wt%) and flu-
oride (3.01 wt%) in the newly formed layers (Figure 3D),
suggesting a synergistic mechanism where silica gel ma-
trix formation facilitates sustained Ca?'/PO,*" deposi-
tion through silicon dissolution [24]. This prolonged ion
release from BGS-7, mediated by its boron-substituted
composition, contrasts with the rapid fluoride depletion
observed in APF gel. Clinpro XT’s intermediate perfor-
mance may stem from its RMGI properties, though its
efficacy remains limited by surface-level fluorapatite
formation [25].

Supporting the current findings, several reviews have
established that bioactive glass facilitates the formation
of an apatite-like layer on enamel and dentin surfaces,
enhancing remineralization of carious lesions [6]. In line
with these studies, our results demonstrate that BGS-7
exhibits superior remineralization efficacy on deminer-
alized enamel surfaces compared to the fluoride-based
agents used in this study. For a more comprehensive
understanding of the remineralization capacity of BGS-
7, it will be necessary to conduct comparative studies
with other established types of bioactive glass.

Nonetheless, this study has several limitations. VHN
and QLF values for sound enamel were not obtained,
which would have provided a more comprehensive
baseline for comparison. Additionally, the relatively
small sample size may limit the generalizability of the
findings. To minimize inter-specimen variability and
enhance consistency, the same specimens were used
for QLF and FE-SEM analyses after microhardness mea-
surement. However, to obtain more reliable results and
to minimize interference between analyses on the spec-
imens, it would be preferable to use separate specimens
for each analysis with an increased sample size. More-
over, employing advanced analytical methods such as
micro-computed tomography, X-ray diffraction, Fouri-
er-transform infrared spectroscopy, or Raman spectros-
copy would enable a more comprehensive analysis of
the remineralized layer’s structural and compositional
characteristics [26,27]. Furthermore, future studies are

https://doi.org/10.5395/rde.2025.50.e33

needed to establish standardized clinical application
protocols, including determination of the optimal con-
centration and duration, as well as the development of
clinically convenient and effective formulations.

CONCLUSIONS

Within the limitations of this study, we can infer that
the application of BGS-7 varnish promoted the remin-
eralization of demineralized enamel, as demonstrated
by the evaluations conducted. Among the experimental
groups, BGS-7 exhibited superior remineralization ca-
pacity. These results suggest the potential use of BGS-7
as aremineralizing material.
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ABSTRACT

Objectives: This study aimed to analyze the temperature changes during the light curing of conventional flowable com-
posite resin and bulk-fill composite resin of various thicknesses using an infrared thermographic camera.

Methods: Flowable composite resin (G-aenial Flo, GC Co.) and bulk-fill composite resin (SDR, Dentsply Caulk) were
used. Specimens with thicknesses from 0.5 mm to 5.0 mm were prepared. The infrared thermographic camera measured
the temperature changes at the maximum temperature rise point during light curing. The data were analyzed for maxi-
mum temperature, time to peak temperature, and temperature rise patterns.

Results: For G-aenial Flo, the maximum temperature tended to decrease with increasing thickness, whereas for SDR, the
maximum temperature decreased up to 2.0 mm and then remained relatively consistent from 2.0 mm to 5.0 mm. At
thicknesses of 1.5 mm or less, both resins showed a rapid temperature increase within the first 5 seconds, followed by a
reduced rate of increase up to 80 seconds. At thicknesses of 2.0 mm or greater, the temperature peaked and then gradual-
ly decreased. Across all thicknesses, SDR was observed to reach peak temperature more rapidly than G-aenial Flo.
Conclusions: Observable differences in polymerization dynamics were identified between the two resin types, particular-
ly at greater thicknesses. Although no statistical analysis was performed, these descriptive findings suggest that infrared
thermographic cameras may be useful for indirectly assessing polymerization dynamics during resin polymerization.

Keywords: Composite resins; Curing lights; Dental materials; Polymerization; Thermography

INTRODUCTION posite resin usage has increased, leading to the devel-
opment of various types tailored for different applica-
With the growing aesthetic demands of patients, com- tions. For example, there are packable composite resins
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Analysis of temperature change

for posterior teeth with excellent physical properties
such as strength, composite resins for anterior teeth
requiring superior surface gloss and aesthetics, indirect
restorative composite resins for extensive damage, and
flowable composite resins designed for ease of use [1].
Flowable composite resins, introduced in the 1990s,
aimed to enhance the convenience of application pro-
cesses. However, due to the reduced physical properties
caused by a lower content of inorganic filler compared
to conventional composite resins, their use was limited
[2,3]. To increase the flowability of composite resins,
the content of the main viscous monomers, such as
2,2-bis[4-(2-hydroxy-3-methacryloxy-propyloxy)-phe-
nyl] propane (Bis-GMA) or urethane dimethacrylate
(UDMA) was reduced, and the amount of low-viscosity
diluent monomers such as triethylene glycol dimethac-
rylate (TEGDMA) was increased. Additionally, the in-
organic filler content was decreased, and larger particle
fillers were used instead of finer particles. Consequent-
ly, early flowable composite resins were recommended
for use in applications with minimal occlusal force or
abrasion, such as Class V cavities or as liners [1,4].
Subsequent generations of flowable composite res-
ins increased the inorganic filler content, making them
suitable for posterior restorations [4]. However, the
higher polymerization shrinkage compared to conven-
tional composite resins necessitated careful application
[5]. Recently, flowable bulk-fill composite resins, which
simplify the filling process, have been commercialized.
Bulk-fill composite resins can be polymerized in thick-
nesses over 4 mm in a single increment, and manufac-
turers claim they exhibit less polymerization shrinkage
compared to traditional flowable composite resins [6,7].
Light-curable composite resins undergo polymer-
ization through addition polymerization reactions
involving carbon-carbon double bonds (C=C) in the
dimethacrylate monomers. The relatively unstable
and high-energy C=C bonds react readily with other
molecules, generating a rise in temperature during the
reaction [8]. The powerful visible light within the 400-
500 nm wavelength range from light-curing units acti-
vates a-diketone in the light-curable composite resin,
initiating free radical formation and polymerization
[9]. In the past, quartz-tungsten-halogen lamps were
primarily used as light sources, but due to issues such
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as high heat generation and short lifespan, light-emit-
ting diode (LED) light sources are now more commonly
used. LEDs emit blue light using junctions of differing
properties within a gallium-nitride-based semiconduc-
tor. Previous studies have shown that LEDs are more
efficient than halogens at converting energy to light and
more closely match the absorption wavelength of cam-
phorquinone, a common photoinitiator in light-curable
composite resins [10]. Additionally, recent high-output
LED light-curing units with outputs exceeding 1,000
mW/cm? have been introduced, which cause significant
temperature increase during polymerization due to
their high power rather than the type of light source [11].

The temperature rise in composite resin during light
curing is attributed to both exothermic polymeriza-
tion and thermal energy from the light source [12-16].
Various studies have measured the temperature rise in
composite resin and surrounding tissues using meth-
ods such as thermistors, thermocouples, differential
scanning calorimetry, and differential thermal analysis
[11,17-24]. However, these methods have limitations,
such as measuring only a single point temperature and
requiring direct contact with the surface [25]. In con-
trast, infrared thermography (IRT), using high-resolu-
tion infrared cameras, allows non-contact measurement
of precise and sensitive temperature distributions by
visualizing infrared radiation emitted from the sample.
This method has been widely used in studies to visual-
ize temperature rise during the polymerization process
[16,25-28].

This study aimed to observe and compare the tem-
perature dynamics of conventional flowable composite
resins and flowable bulk-fill composite resins, which
have reported differences in curing properties, using
an IRT camera. Given that composite resin polymeriza-
tion is an exothermic reaction, monitoring temperature
changes through IRT provides indirect insight into
polymerization dynamics and potentially the degree
of conversion [16,29,30]. While this approach does not
quantify conversion directly, it allows comparison of
thermal characteristics among materials with differing
composition and thickness. Because only a single speci-
men was tested per condition, this study did not involve
statistical testing. Instead, observed trends in tempera-
ture change, time to peak temperature, and overall ther-
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mal dynamics were interpreted descriptively. The goal
was not to test a formal hypothesis, but rather to identify
material- and thickness-dependent trends that may in-
form future studies.

METHODS

Materials and equipment

In this study, the light-curing unit Dr’s Light (GoodDoc-
tors Co., Seoul, Korea) was used. The Dr’s Light unit
allows light output adjustments from 1% to 100% and
curing time in 1-second increments up to 100 seconds.
The LED curing unit utilized an 8 mm diameter guide
tip, set to 80% output and an 80-second curing time. The
80% light output of the curing unit was measured using
an LED-specific radiometer (GoodDoctors Co.), capable
of measuring light output at 460 nm and 405 nm. To en-
sure consistency of light output, the irradiance from the
LED unit was measured 10 times using the LED-specific
radiometer, and the mean and standard deviation were
calculated (Table 1). This repeated measurement was
limited to verification of the light source and does not
apply to the resin specimen experiments, which were
conducted with a single specimen per condition. This
corresponds to a high irradiance condition (approxi-
mately 1,786 mW/cm?), thus categorized as a high-in-
tensity LED light source in this study. The composite

Table 1. Light intensity of the LED light curing unit at 80% output
Measurement time (sec) Light intensity (mW/cm?)

5 1,787.0 +2.58
10 1,786.5 +2.42
20 1,787.0 +2.58
40 1,785.5+1.58
80 1,786.0 £ 2.11

Values are presented as mean =+ standard deviation.
LED, light-emitting diode.

resins used in this study were SDR (Dentsply Caulk,
Milford, DE, USA), a flowable bulk-fill composite resin,
and G-aenial Flo (GF; GC, Tokyo, Japan), a flowable
composite resin in A2 shade (Table 2).

Infrared thermographic measurement equipment

The IRT camera used to measure surface temperature
changes during polymerization in this study was the
FLIR SC620 (FLIR Systems AB, Stockholm, Sweden)
(Figure 1). IRT is a science that acquires and analyzes
thermal information obtained from a non-contact
thermal imaging device (camera). IRT measures the
total emitted radiation energy, which includes energy
absorbed by the object from external heat sources and
radiated by the object itself, as well as energy reflected
and transmitted by the object from external heat sourc-
es. This total emitted radiation energy is converted
into thermal images based on infrared radiation wave-
lengths.

Using the Stefan-Boltzmann Law, which relates
temperature to wavelength, the infrared wavelengths
detected by the infrared detector are expressed as a
function of temperature, thereby visually representing
temperature variations in the image. The total incident
energy W, received by the camera can be expressed as
follows:

Wit = €W+ 7(1 =€) W, + (1= 1) W,

The first term, 7eW,,,, represents the ambient radiative

tm

energy and the object’s reflected energy. The second
term, 7 (1 - €) W,,,,, represents the radiative energy of
the object. The third term, (1 - 7) W,
atmospheric radiative energy. Here, T denotes the trans-

- represents the
mittance, and € denotes the emissivity (absorptivity).
IRT inspection is not only used for detecting defects in
equipment, devices, and components across all indus-
trial sectors but also has a wide range of applications in

Table 2. Materials, manufactures, and chemical composition of the matrix and filler

] Filler system Filler
Product (code) Type Manufacturer Batch no. Matrix system load! Filler load] Shade
SDR (SDR) Bulk-fill flowable Dentsply Caulk, Modified UDMA, Ba-Al-F-B-silicate U

Milford, DE, USA

Low-viscosity flow- GC Co., Tokyo, Japan
able

G-aenial Flo (GF)

1310081

EBPDMA, TEGDMA  glass (68/44)

UDMA, Bis-MEPP,  SiO,, Sr glass (69/50) A2
TEGDMA

UDMA, urethane dimethacrylate; TEGDMA, triethylene glycol dimethacrylate; EBPDMA, ethoxylated bisphenol-A dimethacrylate; Bis-MEPP, 2,2-Bis

(4-methacryloxypolyethoxyphenyl) propane.
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Figure 1. Measurement situation of infrared thermography.

Table 3. Specification of the infrared camera

Specification Value

Camera model FLIR SC620, FLIR Systems AB, Stockholm, Sweden
Pixel resolution 640 x 480

Thermal sensitivity 40 mKat 30°C

Detector type Focal plane array, uncooled microbolometer
Spectral range (um) 7.5-13

Frame rate (Hz) 30-120

Measure range (°C) -40t0 1,500

Accuracy (%) 12 [@=2°0)

the medical field and beyond [31]. The specifications of
the infrared thermographic camera used in this study
are provided in Table 3.

Specimen preparation

Acrylic plates with thicknesses of 0.5, 1.0, 1.5, 2.0, 2.5,
3.0, 3.5, 4.0, 4.5, and 5.0 mm were cut into 40 x 40 mm
squares. A 5.5 mm diameter hole was drilled in the
center of each plate using a benchtop drill. To create a
cavity structure with one closed side, one face of each
acrylic plate was attached to a 40 x 40 mm acrylic plate
with a thickness of 0.5 mm using adhesive. The cavities
were then filled with flowable composite resin and high-
flow bulk-fill resin. To achieve a uniform resin layer, the
cavity was covered with a thin, transparent vinyl plate,
and excess resin was removed by applying pressure
with a glass plate. The acrylic cavity structure was used
as a physical reference to control specimen thickness,
and the combination of a transparent vinyl sheet and
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glass plate ensured a flat and uniform upper surface.
Although the thickness was not directly measured af-
ter curing, the cavity design was intended to maintain
consistent thickness across specimens. To improve
the emissivity of the surface for accurate IRT measure-
ments, the vinyl plate was coated with Krylon 4290 Ul-
tra Flat Black paint (Krylon Industrial, Cleveland, OH,
USA), which has an emissivity of 0.97, and allowed to
dry thoroughly.

For temperature measurements, the prepared spec-
imen was placed on a thermal insulation plate, which
was made of 150 x 150 mm compressed styrofoam with
a thickness of 5 mm. A 9.0 mm diameter hole in the
center of the insulation plate allowed the resin-filled
cavity to be exposed to the curing light source. To en-
sure proper alignment and reproducibility during the
curing process, an “L’-shaped acrylic guide plate was
attached to the edges of the specimen to secure its posi-
tion. The LED light-curing unit was fixed to a rod stand
and positioned perpendicular to the surface of the resin
at a distance of 10 mm. To minimize external light inter-
ference and reflections, the thermal insulation plate and
surrounding setup were coated with the same emissive
paint. Although multiple specimens were fabricated for
each resin and thickness, only one specimen per condi-
tion was used for measurement (= 1).

Measurement of polymerization heat
The prepared specimen was placed at the designated
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position on the thermal insulation plate, and the device
was fixed such that the tip of the curing unit was posi-
tioned 10 mm away from the bottom of the specimen.
The IRT camera was mounted 100 mm above the speci-
men, and the measurement area was adjusted and ver-
ified using the camera’s imaging mode (Figure 2). The
light-curing unit was set to 80% output and 80 seconds
of curing time. Polymerization was initiated by turning

Infrared thermographic camera

Mold 100 mm

N
[ i) 1

Composite resin

10 mm
Heat insulation
plate

LED curing unit

Figure 2. Schematic diagram set-up for the infrared thermography
camera measurement of the composite surface temperature. The
infrared thermographic camera is located above the composite in a
mold.

on the light-curing unit, and simultaneously, the IRT
camera began recording. The camera was set to capture
30 frames per second to collect data. All experiments
were conducted in a light-blocked darkroom at room
temperature. The temperatures measured by the IRT
camera for each frame were converted using FLIR Tools
(FLIR Systems AB). The time each frame was captured
was converted to temperature per second for analysis.

Data analysis

All temperatures within a 5.0 mm diameter circle cen-
tered at the highest temperature rise point in the center
were measured. The maximum temperature at the high-
est temperature rise point over time was extracted using
FLIR Tools. Subsequently, the maximum temperature,
the time to reach maximum temperature, and the tem-
perature rise pattern for each thickness of the two resins
were analyzed. Since each condition was tested with
only a single specimen (n = 1), statistical analysis was
not performed. Observed differences were interpreted
descriptively based on thermal trends.

RESULTS

The temperature data within the 5 mm diameter circle at
the highest temperature rise point were recorded from
the start to the end of polymerization (Table 4, Figure 3).
The maximum temperature rise for GF decreased as the

Table 4. Descriptive comparison of time to peak temperature, peak temperature, and temperature at 80 seconds for SDR and G-aenial Flo at

each thickness

Thickness (mm) Time to peak temperature (sec)

Peak temperature (°C) Temperature at 80 sec (°C)

SDR G-aenial Flo SDR G-aenial Flo SDR G-aenial Flo
0.5 - - - - 63.9” 60.0”
1.0 S - S - 56.0° 5407
15 - - - - 492 50.6”
20 8.93 16.58 434 46.0 455" 48.0°
25 8.60 18.23 434 453 426 438
30 9.86 18.70 43.0” 433 413 417
35 10.70 2220 426" 428" 379 399
40 12.37 25.6 49" 41.2” 36.2 383
45 1240 29.03 428 40.17 36.2 375
50 12.93 29.67 434 418" 36.4 39.0

Each condition represents a single measurement (n = 1). No statistical comparisons were performed.

SDR: Dentsply Caulk, Milford, DE, USA; G-aenial Flo: GC Co., Tokyo, Japan.

“Highest temperature.
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Figure 3. Temperature rise during light cure with a high intensity LED curing unit (Dr’s Light, 1,786 mW/cm? at 80% output) for different resin
thickness. (A) SDR (bulk-fill composite resin), 0.5-5.0 mm. (B) SDR, 0.5-2.0 mm. (C) SDR, 2.5-5.0 mm. (D) G-aenial Flo (GF; flowable composite
resi), 0.5-5.0 mm. (E) GF, 0.5-2.0 mm. (F) GF, 2.5-5.0 mm. Each plot represents a single recorded measurement for each condition (n = 1). LED,
light-emitting diode. Dr’s Light: GoodDoctors Co., Seoul, Korea; SDR: Dentsply Caulk, Milford, DE, USA; G-aenial Flo: GC Co., Tokyo, Japan.

thickness increased, whereas for SDR, the temperature
decreased up to 2.0 mm but remained relatively con-
stant between 2.0 mm and 5.0 mm. For thicknesses of 1.5
mm or less, neither resin showed a peak temperature.
At these thicknesses, both resins exhibited a rapid tem-
perature increase within the first 5 seconds of polymer-
ization, followed by a reduced rate of increase, and con-
tinued to rise steadily up to 80 seconds. For thicknesses
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of 2.0 mm or greater, the temperature rose rapidly after
the start of polymerization, reaching a maximum peak,
and then gradually decreased. At a thickness of 2.0 mm,
the temperature initially increased, then decreased
slightly after reaching an early peak, and increased
again to reach the maximum temperature at 80 seconds.
For thicknesses of 2.5 mm or greater, the peak tempera-
ture coincided with the maximum temperature. In GE
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the peak temperature tended to decrease as the resin
thickness increased, while SDR showed relatively stable
peak temperature values across thicknesses. The time
required to reach peak temperature increased as the
resin thickness increased, in both materials, especially
beyond 2.0 mm. The time to reach the peak temperature
was 8.93 seconds for SDR and 16.58 seconds for GF at
2.0 mm thickness, and 12.93 seconds for SDR and 29.67
seconds for GF at 5.0 mm thickness. Across all tested
thicknesses, SDR was observed to reach peak tempera-
ture more rapidly than GE.

DISCUSSION

The introduction of flowable composite resins has im-
proved direct restorative techniques by enabling better
adaptation to cavity walls, especially in deep or irreg-
ular areas, compared to conventional packable resins
[2,3]. The GF resin used in this study contains 68 wt%
(44 vol%) of inorganic filler, making it suitable for larger
posterior restorations, though its higher polymerization
shrinkage warrants caution [4,5]. Bulk-fill composite
resins are commercially available in both high-flow and
conventional packable forms. Their primary character-
istic is a deeper polymerization depth compared to con-
ventional composite resins, allowing for depths of 4 mm
or more in a single increment. However, the method of
filling large quantities of resin at once must overcome
issues that can arise from polymerization shrinkage. Ac-
cording to the manufacturer, the SDR used in this study
includes a high molecular weight polymerization mod-
ulator in its matrix to reduce polymerization stress. This
structure delays gelation, allowing stress relief during
bulk application [6]. Although SDR reached peak tem-
perature faster than GE this does not contradict its de-
layed gel point, as the two reflect distinct aspects of po-
lymerization governed by different formulation factors
[5,6]. Jang et al. [5] further reported that SDR exhibits
less polymerization shrinkage and lower polymerization
shrinkage stress compared to conventional flowable
composite resins, along with a deeper polymerization
depth.

Both GF and SDR used in this study employ UDMA,
which is less viscous than Bis-GMA, as their primary
matrix. TEGDMA is also used. Therefore, it was expect-
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ed that the temperature rise between the two materials
using similar matrices would be similar, and the actual
measured results showed similar maximum tempera-
ture values between the two materials (Table 4). In this
study, the peak temperature rise was about 20°C. How-
ever, other experiments measuring the temperature
rise of flowable composite resin using IRT cameras ob-
served a temperature rise of about 40°C [14,28]. Notably,
Chang et al. [28] used the same materials as this study.
This discrepancy is likely due to uncontrolled environ-
mental factors, especially surrounding light sources. In
this study, surrounding light sources were completely
blocked using blackout curtains, and emissive paint
with an emissivity of 0.97 was applied, considering re-
flections from the material surface. Preliminary tests
showed that emissive paint improved measurement
accuracy, suggesting that the lower peak temperatures
were due to the experimental setup, not the paint itself.

Based on these observations, the goal of this study was
to determine whether IRT cameras could be used to un-
derstand the curing characteristics, such as the degree
of conversion and polymerization depth of composite
resins. The findings suggest that IRT has meaningful
potential for evaluating resin polymerization behavior.
Previous studies have demonstrated that differential
thermal analysis can estimate the degree of conversion,
with trends comparable to Fourier transform infrared
spectroscopy (FTIR), especially in matrices with high-
er TEGDMA content [22,24,29]. Both resins have high
TEGDMA content for flowability, and although their
exact UDMA/TEGDMA ratios are unknown, intra-ma-
terial comparisons by thickness using thermal data are
still feasible. It should be noted that the thermal param-
eters observed in this study are not direct measures of
the degree of conversion. However, the temperature rise
patterns, particularly maximum temperature and time
to peak, may serve as indirect indicators of polymer-
ization kinetics and material behavior. These findings
align with previous studies that have demonstrated the
feasibility of using thermal analysis for estimating con-
version trends [29].

In addition to compositional differences, the optical
properties of the materials may also have contributed
to the observed temperature dynamics. The higher
translucency of SDR (universal shade) enhances light
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transmission and polymerization depth, making it ad-
vantageous for bulk-fill applications compared to more
opaque materials like GF (A2 shade). The difference
in translucency may have influenced the time to peak
temperature and the rate of temperature change ob-
served between the two materials in this study. These
findings are consistent with previous studies indicating
that the optimized translucency of SDR enhances light
penetration and depth of cure [6]. Therefore, shade and
translucency should be considered important variables
in future investigations evaluating polymerization dy-
namics using thermal analysis.

Based on the temperature rise patterns observed in
this study, it can be inferred that GF may exhibit more
limited polymerization dynamics beyond 2.5 mm thick-
ness, whereas SDR maintained more stable thermal
characteristics up to 5.0 mm. These trends, including
differences in time to peak temperature and thermal
response, suggest that polymerization dynamics differ
between the two materials, even without direct mea-
surement of conversion. A common method for mea-
suring polymerization depth involves comparing the
microhardness at the surface and at a certain depth.
Jang et al. [5] reported that SDR has a deeper polymer-
ization depth than GF using this method. Analyzing the
temperature rise patterns from this study shows similar
trends. Although further studies are needed, tempera-
ture measurements may serve as a useful indirect tool
for evaluating polymerization dynamics, particularly
when comparing materials with different thickness-de-
pendent thermal dynamics.

In interpreting the thermal data obtained in this
study, it is important to acknowledge that tempera-
ture-based parameters such as peak temperature, time
to peak, and post-peak slope serve as indirect indicators
of polymerization dynamics rather than direct measures
of the degree of conversion. The peak temperature pri-
marily reflects the total exothermic heat released during
the polymerization process. Under certain conditions,
this may correlate with the extent of polymerization;
however, it does not provide quantitative information
about the actual monomer-to-polymer conversion ratio.
The time to peak temperature is influenced by the rate
of radical generation and propagation, and was used in
this study to infer relative differences in polymerization
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kinetics between materials. In contrast, the slope of the
temperature curve after the peak reflects the rate of heat
dissipation and is influenced by thermal conductivity
and environmental conditions rather than chemical re-
activity. Furthermore, while a rapid rise in temperature
and a short time to peak temperature may suggest a
faster onset of polymerization, this does not necessar-
ily imply that the overall conversion process has been
completed. In bulk-fill composites like SDR, polymer-
ization may continue beyond the temperature peak due
to factors like light attenuation and delayed gelation.
This concept is consistent with previous studies that
demonstrated ongoing polymer network formation after
the cessation of significant heat release [30]. Therefore,
in the context of IRT evaluation, thermal parameters
should be interpreted as supporting data for under-
standing polymerization trends, rather than definitive
indicators of the degree of conversion. For a more accu-
rate assessment of conversion, direct analytical meth-
ods such as FTIR or Raman spectroscopy should be
employed in conjunction with thermal analysis [29].
The high-output LED curing unit (1,700 mW/cm?)
likely contributed to temperature increases, especially
in thinner specimens [11]. For specimens with a thick-
ness of 1.5 mm or less, no distinct peak temperature
was observed; instead, the temperature continued to
increase steadily throughout the 80-second curing peri-
od. In thin specimens, the continuous temperature in-
crease and early thermal spike observed during curing
likely reflect superficial heating from the light source,
rather than exothermic heat from polymerization. In
contrast, specimens with a thickness of 2.0 mm or great-
er exhibited a typical polymerization thermal profile,
characterized by a rapid temperature increase, a clear
peak, and a subsequent gradual decline. Moreover, in
both materials, a sharp temperature rise was observed
within the first 5 seconds of light exposure, especially in
thinner specimens. Therefore, when interpreting ther-
mal curves, particularly in thin samples (<1.5 mm) and
during the early phase of irradiation (first 5 seconds), it
is important to consider that the measured temperature
may reflect light-induced heating rather than polym-
erization dynamics. From a clinical standpoint, tem-
perature rise during light curing is a concern because
of its potential to affect pulpal health. While our study
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did not directly measure intrapulpal temperatures,
previous studies have indicated that increases above
5.5°C may lead to irreversible pulp damage [32]. In light
of this, the temperature rises we observed, particularly
at lower resin thicknesses, highlight the importance of
using curing protocols that minimize heat exposure to
the pulp. Therefore, further research on light output and
temperature rise by thickness is needed, which could
establish application standards for IRT cameras as use-
ful research tools for understanding the curing charac-
teristics of light-curing composite resins.

One limitation of this study is that the specimen
thickness was not remeasured after polymerization. Al-
though the acrylic cavity structure served to standardize
the thickness during preparation, minor dimensional
changes due to polymerization shrinkage may have oc-
curred and were not quantified. To improve the accura-
cy of polymerization-related thermal analysis in future
studies, experimental designs should account for po-
tential dimensional changes caused by polymerization
shrinkage.

Many previous studies on temperature rise measure-
ments reported results from specific points. However,
the studies by Chang et al. [28] and this study indicate
that the same temperature is not measured across all
illuminated areas. Thus, traditional temperature mea-
surement methods might have yielded different results
depending on the measurement point. IRT cameras can
provide more accurate results by identifying the high-
est temperature in a specific area and confirming the
overall temperature distribution. Additionally, advance-
ments in technology allow for temperature comparisons
at very short intervals.

SDR consistently showed a shorter time to reach peak
temperature compared to GF, indicating a faster thermal
response during polymerization. However, this rapid
temperature increase did not necessarily correspond to
higher overall exothermic output or greater polymeriza-
tion shrinkage stress [5,30]. These findings suggest that
polymerization kinetics and stress development depend
on distinct material-specific properties [5,6,30].

CONCLUSIONS

This study demonstrated that conventional flowable
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and bulk-fill composite resins exhibit distinct thermal
behaviors during light curing, particularly as resin thick-
ness increases. Bulk-fill resins maintained a more con-
sistent temperature profile and showed a faster thermal
response at greater depths, supporting their use in pos-
terior restorations that require deeper curing.

These results also suggest that IRT is a promising
non-contact tool for indirectly evaluating polymeriza-
tion dynamics. While the degree of conversion was not
directly measured, the observed thermal patterns offer
meaningful insight into material behavior. Further re-
search involving repeated measurements and statistical
validation is warranted to confirm these findings and to
define clinically relevant thresholds.
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ABSTRACT

Objectives: The objective of this study was to evaluate the effects of transformational temperatures on the cyclic fatigue re-
sistance at body temperature of reciprocating file systems: R motion (RM), Procodile Q (PQ), and Reciproc Blue.

Methods: Resistance test was done in a custom-made device at room (20°C * 1°C) and body (37°C * 1°C) temperatures
within a 60° angle of curvature and 5 mm radius of the artificial canal. The time to fracture (TTF) was recorded. The scanning
electron microscope observation and differential scanning calorimetry analyses were performed. Two-way analysis of vari-
ance and Tukey post-hoc comparison were applied at a significance level of 0.05.

Results: The results showed a significant influence of temperature on instrumental breakage, regardless of the file systems (p
< 0.05). The TTF is significantly decreased at body temperature (p < 0.05). PQ showed the longest TTF in both temperature
conditions (p < 0.05). RM demonstrated a significantly higher TTF reduction ratio compared to the other files (p < 0.05).
Conclusions: Within the limitations of this study, the heat-treated files with reciprocating kinetics may have different reduc-
tion ratios of the fatigue resistance of the file systems under different temperature conditions. This characteristic is an im-
portant point of consideration when clinicians select the file system to reduce potential file fracture.
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Reduction ratio of cyclic fatigue resistance

INTRODUCTION

Clinical endodontic procedures have undergone tre-
mendous changes after the introduction of the nick-
el-titanium (NiTi) instrument. These instruments have
undoubtfully eliminated procedural errors related to
stainless-steel files, improving the mechanical prepara-
tion of the root canal system and promoting the speed
and efficiency of mechanical instrumentation due to
their flexibility and cutting efficiency [1,2]. Nonetheless,
unpredictable file failure remains one of the most im-
portant drawbacks of NiTi files [3]. Over the past three
decades, various changes have been implemented to
reduce instrument separation, focusing on factors such
as cross-sectional design, pitch length, groove depth, tip
and taper dimensions, kinematics, and heat treatment
of the alloy [4-6].

Despite the advancements in instruments, separation
may occur through cyclic or torsional fatigue [3-5,7].
The cyclic fatigue failure takes place when the metal
tolerance is exceeded, due to repeated compression and
tension of the free-rotating instrument in a curved root
canal [8]. Cyclic fatigue is the main reason for fracture of
rotary files clinically [3,9]. The manufacturing process
has an impact on the cyclic fatigue resistance. Grinding
the instruments may leave some flaws near the surface
of the wire, such as machining grooves or defects [10].
These irregularities and micro-voids related to the man-
ufacturing of the NiTi create points for stress concentra-
tion and crack initiation, leading to instrument fractures
as a result of a crack propagation process [11,12].

The stress generated on a file is influenced by various
factors, including root canal anatomy and the operator’s
technique [13]. Moreover, the instrument’s geometry, al-
loy composition, manufacturing process, and kinemat-
ics can significantly affect stress behavior [14]. The new
generation of instruments undergoes some proprietary
heat treatment aimed at optimizing the crystallographic
phase of the file and increasing transformational tem-
peratures, bringing them closer to body temperature
[15,16].

Differential scanning calorimetry (DSC) is the most
appropriate test to determine the transitional tempera-
tures, such as austenite starting (As), austenite peak
(Ap), austenite finishing (Af), martensite starting (Ms),
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martensite finishing (Mf), and to provide an idea re-
garding the crystallographic phase of endodontic files
at a well-defined temperature [17]. A NiTi alloy with a
higher As transformation temperature has more mar-
tensite, resulting in enhanced flexibility and increased
cyclic fatigue resistance, which is beneficial for root ca-
nal instrumentation [18]. Heat-treated files may under-
go phase transformation from martensite to austenite
below body temperature [19]. Working at body tempera-
ture and intermittently using heated sodium hypochlo-
rite may alter the file’s microstructure, shifting it toward
a predominantly austenitic state, which is more suscep-
tible to crack propagation than a martensitic file [19].

A recently introduced reciprocating file system, Proc-
odile Q (PQ; Komet Medical, Lemgo, Germany), uti-
lizes a variably tapered core combined with controlled
memory alloy. There is little data about the fatigue re-
sistance of the PQ file at room and body temperatures,
compared to different reciprocating files. Therefore, the
objective of this study was to evaluate the transforma-
tional temperatures and cyclic fatigue resistance of PQ
at both room and body temperatures, and compare it
with Reciproc Blue (RB; VDW, Munich, Germany) and
R motion (RM; FKG Dentaire, La Chaux de Fonds, Swit-
zerland). The null hypothesis is that there would be no
difference in cyclic fatigue resistance among the files at
both room and body temperatures.

METHODS

The sample size was determined using XLstat (Micro-
soft, Redmond, WA, USA) based on a previous study [13].
A power calculation for analysis of variance (ANOVA) or
analysis of covariance, for three groups (instruments)
and one degree of freedom (temperature), with an effect
size fixed at 1 (second), and 0.05 alpha type error and
0.95 power indicated that the number of observations
should be 16 per group. Thus, 20 instruments were as-
signed to each group.

A total of 120 NiTi files were used in this study, with
forty files assigned to each of the three experimental
groups: RM, PQ, and RB groups. All files presented a #25
ISO tip, a length of 25 mm, and a regressive 0.08 taper
for RB, while PQ and RM had a fixed 0.06 taper.

Before the experiments, the instruments were in-
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spected with a stereomicroscope (Leica M205C; Leica
Microsystems, Wetzlar, Germany) to identify any de-
fects. None of the instruments was discarded during this
pre-experimental evaluation.

The cyclic fatigue resistance test was conducted using
a custom-made device designed to replicate tempera-
ture conditions corresponding to room (20°C + 1°C) and
body (37°C + 1°C) temperatures. A distilled water bath
was set up with a rectangular tank measuring 40 cm in
length, 25 cm in width, and 15 cm in height, accompa-
nied by a heating device (Polystat 16000; Bioblock Sci-
entific, Illkirch, France). A thermometer was placed at
the bottom of the tank to check the temperature during
the study.

The cyclic fatigue test was carried out using a hollow
stainless-steel tube, mimicking the shape of a canal with
a 60° angle of curvature and a 5-mm radius of curva-
ture. The center of the curvature was positioned 5 mm
from the tip of the tested file. This tube was attached
to the side of the tank. An EndoPilot endo motor and
handpiece (Komet USA, Rock Hill, SC, USA) were con-
nected to the side of the tank and connected to the test
device. The Reflex Dynamic program (Komet USA) is a
left-reciprocating motion with the ability to vary angular
velocity when it detects too much stress. It was chosen
to operate all the instruments attached to the handpiece
until the file fractured. Each NiTi file (zn = 20) from three
groups, in both temperature conditions, was operated
within the 16-mm length of the simulated canal. The
time to fracture (TTF) was recorded using a stopwatch.

Scanning electron microscopy observation

All fragments of each group were chosen for fracto-
graphic examination. The fractured instruments were
shortened with cutting pliers (removal of the mandrel),
rinsed with deionized water, cleaned in an ultrasonic
bath with absolute alcohol, and then placed vertically
with the fractured surface facing upward on a metal
support. The specimens were fixed in place with carbon
tape. The metal holder was inserted into the scanning
electron microscope (JSM-6400; JEOL Ltd, Tokyo, Japan)
and observed in secondary vacuum. The photomicro-
graphs were taken between x100 and x300 magnifica-
tions and recorded in JPEG format.

https://doi.org/10.5395/rde.2025.50.e35

Differential scanning calorimetry observation

DSC analyses were performed using a DSC-8500 (Perki-
nElmer, Shelton, CT, USA). Before each measurement,
temperature and energy calibration were performed.
The samples underwent cooling to -70°C and then ex-
perienced a heating/cooling cycle within the tempera-
ture range of -70°C to 110°C, with a heating/cooling
rate of 5°C/min. Three samples from each file system
were used. These cycles were repeated three times for
each instrument. The heating and cooling curves were
recorded. Data processing was performed with Pyris
software (PerkinElmer).

Statistical analysis

A descriptive analysis was carried and the data were
compared with the temperature conditions and file
groups. Statview version 5.0 (SAS Institute, Cary, NC,
USA) was used for statistical analysis with an alpha risk
of 5%. Data were tested for normality using the Shap-
iro-Wilk test. Under the conditions of normal distribu-
tion, two-way ANOVA and Tukey post-hoc comparison
were applied to compare the file groups. In all experi-
ments, a p-value of less than 0.05 was considered signif-
icant.

RESULTS

The results were collected in order to visualize and com-
pare the different instrumental TTFs of the different in-
struments at room and body temperatures (Table 1) and
the TTF ratio (%, body/room temperatures). The “Reflex
Dynamic” program used on the EndoPilot motor never
switched to its specific movement and kept its regular
reciprocating movement.

The data normality was confirmed. The results
showed a significant influence of temperature on in-
strumental breakage, regardless of the file systems (p <
0.05). The breakthrough time is significantly decreased
at body temperature (p < 0.05), although the extent of
reduction varies among the different instruments (Table
1). The PQ file showed the longest TTF in both tempera-
ture conditions (p < 0.05). The RM file demonstrated a
significantly bigger substantial reduction in TTF (lower
ratio) compared to the other files (p < 0.05).

The DSC plots, depicting both the heating and cooling
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Table 1. Time to fracture (TTF) at each temperature and TTF reduc-
tion ratio

. File
Temperature (*C) R Motion ProcodileQ Reciproc Blue
Room (20 + 1) 977 £ 149° 993 +107° 496 +72°
Body 37 £1) 231+23¢ 629 +61° 319+43°
Reduction ratio (%) 76.4% 36.7 357
Values are presented as mean + standard deviation unless otherwise
specified.

R Motion: FKG Dentaire, La Chaux de Fonds, Switzerland; Procodile Q:
Komet Medical, Lemgo, Germany; and Reciproc Blue: VDW, Munich,
Germany.

There was significant interaction between files and temperatures (p <
0.05).

All file systems have longer TTF at room temperature than at body
temperature (p < 0.05).

*bDifferent superscript alphabets mean significant difference among
file groups (p < 0.05).

*R Motion had a significantly higher TTF reduction ratio than other files
(p <0.05).

cycles for different types of files, are presented in Figure
1. All tested instruments showed a homogeneous ther-
mal transition with repeatable DSC scans. The mean
values of the transformational temperatures for PQ are:
Ms = 39.2, Mf = 24.4, As = 31.2, Af = 44.35; for RM: Ms =
28.2, Mf=19.3, As = 29.6, Af = 38.6; and for RB: Ms = 43,
Mf=18.6, As = 25, Af = 48.2 (Figure 1). Both PQ and RB
showed the Ap temperature at around 40°C and 37°C,
respectively, while RM had the Ap at around 33°C (Fig-
ure 1).

The scanning electron microscopy images of the
cross-sectional surface revealed typical features of
fatigue fracture, such as crack initiation area (white
arrow) and the fatigue zone positioned opposite to the
crack initiation (Figure 2). No specific differences were
observed in the test conditions of temperature. The
cross-sectional shapes of the instruments varied for
each file system, with an S shape for PQ and RB, and a
triangular helix for RM. All the cross-sectional aspects
show typical features of fatigue fracture, such as crack
initiation area and fatigue zone, which is located at the
opposite area to the crack initiation.

DISCUSSION

This study aimed to assess the influence of temperature
on the fracture of NiTi endodontic instruments, both
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at room and body temperatures, and to correlate these
findings with the transformational temperatures of the
NiTi alloy. While previous studies have compared the
influence of body temperature on the cyclic fatigue
resistance of heat-treated rotary files, research on recip-
rocating files remains limited, particularly regarding the
PQ file and the effect of different reciprocating motion
kinetics [20,21]. This study focused on ISO #25 tip size
files, chosen for their widespread clinical use.

Experimental results may vary depending on their
origin from different production batches. Here, the in-
struments used come from the same production batch
at all three factories, assuming the homogeneity of the
selected samples.

In choosing between a static and a dynamic model,
where vertical movement back and forth could poten-
tially extend the time to failure, we opted for a static
model because a static model concentrates fatigue in
a specific instrumental area [22]. Thus, the static mod-
el would be better to reduce the deviation of the data,
which might result from the dynamic movement, even if
such a dynamic model would make it easier to extrapo-
late results to more clinical conditions.

To assess heat-treated instruments accurately, body
temperature was applied in this study, considering their
distinct phase transformation temperatures and fracture
resistance at different temperatures. To simulate clinical
conditions with body temperature, a water chamber was
employed. While El Abed et al. [23] used heat-generat-
ing pads to transfer the temperature to the files, Cheung
et al. [13] showed that aqueous media more closely
simulate irrigating solutions and avoid temperature in-
creases.

The transitional temperatures obtained for RM are
similar to those reported by Basturk et al. [24], with
24.4°C and 32.5°C for As and Af, respectively. For PQ,
our values were different from those reported by Gener-
ali et al. [25], as they were using the Procodile file, which
is different from PQ. To our knowledge, there is no data
on the TTF of PQ. Regarding RB, the values differ from
those obtained by Plotino et al. [20] and Seracchini et al.
[26]. The values of transformational temperatures may
vary due to several factors, such as the method used,
specimen preparation, different temperature ranges for
heating/cooling, and the cooling rate.
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Figure 1. The representative plots of differential scanning calorimetry (DSC) for the three tested files. (A) R motion (RM; FKG Dentaire, La Chaux
de Fonds, Switzerland), (B) Procodile Q (PQ; Komet Medical, Lemgo, Germany), and (C) Reciproc Blue (RB; VDW, Munich, Germany). Endother-
mic events are represented by peaks on the upper graph, indicating the absorption of heat by the sample during phase transitions, whereas
exothermic events are depicted by peaks on the lower graph, signifying the release of heat by the sample during phase transitions. Note that
PQ and RB showed the austenite peak (Ap) temperature at around 40°C and 37°C, respectively. In contrast, RM had the austenite finishing (Af)

temperature at around 33°C, which is lower than body temperature.
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FKG
MAG: 100x HV: 20kV WD: 38mm

Figure 2. Scanning electron microscopy images captured at a mag-
nification of x100 depict the cross-sections of fractured fragments.
(A, B) R Motion (FKG Dentaire, La Chaux de Fonds, Switzerland), (C, D)
Procodile Q (Komet Medical, Lemgo, Germany), and (E, F) Reciproc
Blue (VDW, Munich, Germany). The left column shows the speci-
mens from the tests at room temperature, while the right column
shows the specimens from the body temperature specimens. All
the cross-sectional aspects show typical features of fatigue fracture
such as crack initiation area (white arrows) and fatigue zone which is
located at the opposite area to the crack initiation.

The reciprocating movement of files does not allow
calculation of real instrument rotation [27]. Thus, the
TTF was used to measure fracture resistance rather than
the rotation number of cycles to fracture because of the
motion used. For RB, the TTF in our study was higher
than that obtained by Keles et al. [22] and Plotino et al.
[28], but lower than the time reported by Klymus et al.
[21] at room temperature. Regarding RM, the results
were lower at room temperature compared to those ob-
tained by Basturk et al. [24], who used a dynamic model.
Dynamic models tend to extend cyclic fatigue life [22].
Our study used the “Reflex Dynamic” program (that
is, a reciprocating movement able to change angles of
reciprocation and angular speed when torque reaches
the level set) with the EndoPilot motor, but this special
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movement did not occur due to the low torque applied
by the stainless-steel tube. That was not the case in the
study of Zubizarreta-Macho et al. [27], which used an
artificial root canal and simulated a pecking movement.
They found that Reflex smart reciprocation improved
the cyclic fatigue resistance of reciprocating files com-
pared to traditional reciprocating movement.

The TTF of PQ was the highest, followed by RB and RM
at both room and body temperatures. According to Ploti-
no et al. [28], the cross-sectional design influences the cy-
clic fatigue strength, with an inverse correlation between
cyclic fatigue strength and the amount of metal mass in
the cross-section of NiTi files. Therefore, the higher cyclic
fatigue strength of PQ compared to RM could be attribut-
ed to its cross-sectional area associated with the S-shaped
and the contact with a smaller number of dentin walls.
The higher cyclic fatigue resistance of PQ compared to
RB might be attributed to the effect of reduced metal
mass resulting from the smaller taper. Furthermore, it is
proposed that the heat treatment characteristics exert a
more substantial influence on the fatigue cyclic resistance
of the NiTi file than other factors such as cross-sectional
area and taper [29]. It is conjectured that the elevated As
and Af temperatures of PQ may have contributed to its
superior cyclic fatigue resistance.

In the present study, all tested instruments had sig-
nificantly faster separation at body temperature. This
result is consistent with a previous report indicating that
increasing temperature can negatively affect the cyclic
fatigue resistance of heat-treated files [30].

The reduction in TTF at body temperature is associ-
ated with the crystallographic state of the alloy. The re-
duction ratio in our study was over 30% for PQ and RB,
and over 70% for RM (Table 1). This could be explained
by the fact that PQ and RB are in the martensite phase
at room temperature and partially austenite at oral
temperature. However, RM is the most impacted, as it
is clearly used in both phases (fully martensite at room
temperature and fully austenite at body temperature).
At body temperature, its microstructure has completely
switched to the austenite phase, and the file adopts a
super-elastic behavior.

The DSC analysis provides a partial understanding
of the impact of the operating temperature on each
instrument. The As temperature values (24° for RB, 29°
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for RM, and 31.5° for PQ) are decisive in their behavior.
PQ has the longest bending fatigue life under the condi-
tions of this study. It is influenced by oral temperature
by partially reverting to the austenite phase, which does
not allow it to resist as long as at room temperature. The
heat treatment effect diminishes to some extent during
clinical use of these instruments. All instruments had a
decreased breakage time (ranging from 23 to 64%, de-
pending on the instrument).

This study tested the fatigue resistance under the
37°C to simulate body temperature. However, the phase
transformation occurs inside of root canal, which is
usually filled with an irrigation solution. Thus, future
research may need to measure the actual root canal
temperature and apply this condition for testing of mar-
tensite-dominant instruments.

CONCLUSIONS

Within the limitations of this study, the instruments
used had variable fracture resistance depending on
their geometrical profile, heat treatment, and the tem-
perature at which they were used. The heat-treated files
with reciprocating kinetics may have different reduction
ratios of the fatigue resistance of the file systems under
different temperature conditions. This characteristic is
an important point of consideration when clinicians se-
lect the file system to reduce potential file fracture.
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ABSTRACT

Objectives: This study aimed to evaluate whether continuous irrigation with larger volumes or allowing sodium hypo-
chlorite (NaOCl) resting time is more critical for pulp tissue dissolution using a controlled artificial root canal system.
Methods: A three-dimensional printed artificial root canal with a lateral canal in the apical third was fabricated. Stan-
dardized bovine pulp tissue specimens were inserted, and three irrigation protocols were tested: group A (continuous
NaOClirrigation at 1 mL/min via syringe pump), group B (intermittent NaOCl irrigation with 0.1 mL and a 3-minute rest-
ing period), and group C (control, saline irrigation). The time for complete dissolution and the total NaOCl volume were
recorded.

Results: Complete dissolution occurred in groups A and B, with significant differences in NaOCl volume and time (p <
0.05). In group A, complete dissolution was consistently observed after the 6th irrigation cycle, corresponding to a total
NaOCl volume of 6.0 * 0.66 mL per test. The average time required for complete dissolution in this group was 6 * 0.66
minutes. In group B, complete dissolution occurred after the 4th cycle, with a total NaOCl volume of 0.4 + 0.06 mL per
test and a mean dissolution time of 12.6 * 1.8 minutes.

Conclusions: NaOCl volume and exposure time significantly influence pulp tissue dissolution.
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NaOCl: volume and time

INTRODUCTION

Sodium hypochlorite (NaOCIl) is widely recognized as
an effective irrigant in endodontic treatment due to its
potent tissue-dissolving and antimicrobial properties
[1]. However, its efficacy depends on several interrelat-
ed factors, including concentration, temperature, flow
dynamics, canal anatomy, volume, and contact time
with the root canal system [2]. While higher concentra-
tions and temperatures enhance its tissue-dissolving
ability [3], they also increase cytotoxicity and the risk of
extrusion beyond the apex [4]. Similarly, irrigation vol-
ume and duration play critical roles in tissue dissolution
and debris removal—greater volumes improve flushing
action, while contact sustains chemical efficacy [5,6].
As advancements in instrumentation have made canal
preparation faster and more efficient, optimizing these
variables is essential for safe and effective root canal
disinfection.

The evolution of endodontic instrumentation, partic-
ularly with rotary and reciprocating systems, has signifi-
cantly reduced the time required for canal shaping [7].
With fewer instruments and more efficient techniques,
clinicians can now achieve effective canal preparation
in a fraction of the time previously needed. This shift
towards faster procedures has amplified the importance
of the chemical phase of root canal treatment, empha-
sizing irrigation’s role in cleaning areas beyond the
reach of mechanical instrumentation [1]. The concept
of ‘shaping for cleaning’ highlights the reliance on irri-
gating solutions, particularly NaOC], to dissolve residual
pulp tissue and biofilms [8]. As a result, optimizing the
irrigation protocol—balancing time and volume—has
become a key focus in recent years [1]. Understanding
how these parameters influence NaOCI'’s efficacy is cru-
cial to achieving thorough disinfection while maintain-
ing efficiency and patient safety.

Despite advancements in endodontic instrumentation
and irrigation techniques, the practical implications of
balancing irrigation time and volume remain poorly un-
derstood. While the effects of NaOClI concentration and
temperature have been extensively studied, fewer inves-
tigations have explored the interplay between these two
factors [9,10]. This study addresses this gap by using an
artificial root canal model designed to evaluate pulp tis-
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sue dissolution under controlled irrigation conditions.
By isolating and analyzing these parameters, it aims
to provide evidence-based insights into their impact
on tissue dissolution. Therefore, the aim of the current
study was to evaluate whether continuous irrigation
with larger volumes or allowing NaOCl resting time is
more critical for pulp tissue dissolution. The null hy-
pothesis tested was that there would be no difference in
the tissue dissolution effectiveness between continuous
and intermittent irrigation protocols using 3% NaOCI.

METHODS

Sample size calculation

The sample size calculation was based on data from
previous studies. Power analysis was conducted using
G*Power 3.1 software for Windows (Heinrich Heine
University Diisseldorf, Diisseldorf, Germany) with a sig-
nificance level of 0.05, statistical power of 80%, and an
effect size of 0.4, following Cohen’s guidelines. The anal-
ysis determined that 30 specimens (10 per group) were
required to detect significant differences among the ex-
perimental groups. The sample size was also consistent
with prior in vitro studies evaluating tissue dissolution
[9,10].

Artificial canal design and fabrication

The artificial canal system was designed using AutoCAD
software (version 2024, Autodesk Inc.) and fabricated
with a professional grade three-dimensional (3D) print-
er (Imprinter Form 3B; Formlabs, Somerville, MA, USA)
at a resolution of 0.05 mm. A biocompatible transpar-
ent resin (Biomed Clear Resin, Formlabs) was used to
enhance visualization during experiments. The canal
design featured an apical diameter of 0.30 mm, a 6%
taper, and a total length of 16 mm. Additionally, a 1-mm
lateral space was positioned 3 mm from the apex, with
dimensions of 0.48 mm at the minor base, 0.54 mm at
the major base, and a depth of 0.5 mm [11].

For experimental feasibility, the canal system was
printed in two separate parts, allowing precise insertion
of pulp tissue into the lateral space. This design also en-
abled direct observation of tissue dissolution through-
out the experiments, providing an optimal setup for
evaluating irrigation protocol efficacy (Figure 1).

https://doi.org/10.5395/rde.2025.50.36
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A

Figure 1. (A-C) Digital renderings of the artificial canal system, highlighting the small lateral canal positioned in the apical third. (D) The pro-
fessional-grade three-dimensional (3D) printer (Imprinter Form 3B; Formlabs, Somerville, MA, USA) used to fabricate the canal system. (E) The
completed 3D-printed canal model, fabricated using biocompatible transparent resin. (F) Demonstration of the model’s ability to be opened
and reassembled, allowing for the insertion of pulp tissue. (G) Close-up view of the small lateral canal located in the apical third of the model.

Pulp specimen preparation

Bovine pulp tissue was collected post-slaughter from
mandibular incisors of food-production animals, and
the study was not classified as an animal study. Fresh,
intact anterior mandibular teeth were extracted within
36 hours of slaughter and immediately stored in a 0.1%
thymol solution to preserve tissue integrity. The crowns
were sectioned at the cementoenamel junction using
a high-speed diamond bur (Komet; Gebr. Brasseler
GmbH & Co. KG, Lemgo, Germany) under continuous
irrigation to prevent thermal damage. Pulp tissue was
carefully extracted, rinsed with distilled water to remove
any debris, and individually stored in 1.5-mL Eppendorf
tubes containing 1 mL of distilled water at -20°C until
experimentation.

Before the experiments, pulp samples were thawed
at room temperature for 30 minutes and incubated at
37°C in a water bath for 15 minutes to simulate clinical
conditions. The specimens were then standardized to

https://doi.org/10.5395/rde.2025.50.e36

1 x 0.5 x 0.5 mm under 8x magnification (SOM 32; Karl
Kaps GmbH, Asslar, Germany), using millimeter graph
paper and a surgical scalpel blade (Braun, Tuttlingen,
Germany) for precise cutting and measurement. Each
standardized specimen was then gently inserted into
the lateral canal using micro-tweezers and positioned
under stereomicroscopic visualization to guarantee
accurate placement without compression, folding, or
deformation. This meticulous approach ensured repro-
ducible tissue volumes and uniform conditions across
all samples.

Groups and experimental setup

All samples were weighed using a high-precision micro-

balance (accuracy of 0.00001 g, Explorer Semi-Micro;

Ohaus Corporation, Parsippany, NJ, USA) at three stag-

es: before the experiment, after pulp insertion, and after

each irrigation cycle. The following groups were tested:
Group A: Pulp tissue was inserted into the lateral
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space, and the canal was assembled. The apex was
sealed with wax to simulate a closed system. NaOCl 3%
(CanalPro; Coltene/Whaledent Inc., Cuyahoga Falls,
OH, USA) was delivered at 1 mL/min using a syringe
pump (Pilote A2; Fresenius Vial SAS, Brézins, France)
with a 30-gauge side-vented needle (CanalPro Sideport
Tips, Coltene/Whaledent Inc.) positioned 1 mm short of
the working length. After irrigation, the canal was rinsed
with 1 mL/min sterile saline, dried with sterile paper
points, weighed, and opened for examination. This cy-
cle was repeated until the pulp tissue was completely
dissolved.

Group B: Pulp tissue was inserted into the lateral
space, and the canal was assembled. The apex was
sealed with wax to simulate a closed system. NaOCl 3%
(0.1 mL) was manually delivered by an experienced
operator using a syringe to fill the canal, followed by
a 3-minute waiting period. The canal was then rinsed
with sterile saline at 1 mL/min, dried with sterile paper
points, weighed, and observed. This process was repeat-
ed until complete tissue dissolution.

Group C (control): The protocol for group B was fol-

lowed, but sterile saline was used instead of NaOCI.

A total of 10 canals were prepared per group (Figures
2 and 3), and 10 irrigation cycles were performed per
experiment.

Statistical analysis

Data normality was assessed using the Shapiro-Wilk
test. One-way analysis of variance was then performed
to evaluate differences in pulp tissue dissolution and
the time required for complete dissolution among the
groups, followed by Tukey honestly significant differ-
ence post hoc analysis for pairwise comparisons. A sig-
nificance level of 0.05 was adopted.

RESULTS

Complete pulp tissue dissolution was achieved in all
samples of groups A and B. However, the volume of
NaOClI required and the time for complete dissolu-
tion differed significantly between the two groups (p <
0.05). In contrast, no tissue dissolution was observed
in any sample from group C, where sterile saline was

Figure 2. (A-C) High-precision microbalance (Explorer Semi-Micro; Ohaus Corporation, Parsippany, NJ, USA) used to weigh samples at different
experimental stages. (D, E) Syringe pump (Pilote A2; Fresenius Vial SAS, Brézins, France) used for controlled delivery of sodium hypochlorite

during the experiments.
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used as the irrigant. In group A, complete dissolution
was consistently observed after the 6th irrigation cycle,
corresponding to a total NaOCl volume of 6.0 + 0.66 mL
per test. The average time required for complete disso-
lution in this group was 6.0 + 0.66 minutes. In group B,
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Figure 3. Visualization of pulp tissue within the small lateral canal
located in the apical third of the artificial canal model. (A) Intact
pulp tissue before irrigation. (B) Partially dissolved pulp tissue. (C)
Near-complete tissue dissolution. (D) Complete dissolution of pulp
tissue.

https://doi.org/10.5395/rde.2025.50.e36

complete dissolution occurred after the 4th cycle, with a
total NaOCl volume of 0.4 + 0.06 mL per test and a mean
dissolution time of 12.6 + 1.8 minutes (Figure 4).

DISCUSSION

The present study evaluated the impact of irrigation
time and volume on NaOCI’s tissue dissolution capac-
ity, demonstrating that both factors significantly influ-
ence dissolution efficiency. Complete pulp dissolution
was achieved in all samples exposed to NaOCl, though
the required volume and time varied between groups.
Group A, which received continuous irrigation at a flow
rate of 1 mL/min, achieved complete dissolution in a
shorter time but required a higher total volume of NaO-
Cl. In contrast, group B, which utilized intermittent de-
livery with a resting phase, achieved the same outcome
using significantly less NaOCl, albeit over a longer peri-
od. As a result, the null hypothesis was rejected. These
findings highlight the dynamic interaction between
irrigation parameters and chemical efficacy, emphasiz-
ing the need for refined irrigation protocols to enhance
clinical outcomes.

Previous studies have established that NaOCI concen-
tration, temperature, and contact time are critical fac-
tors influencing its tissue-dissolving capacity [9,10,12].
However, the relative importance of irrigation volume
versus exposure time has been less explored. While the
results of the present study may seem intuitive, they car-
ry significant clinical relevance by demonstrating that

120
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Figure 4. Graphic showing the percentage of pulp tissue weight loss
over time in all groups. Group A, continuous 3% NaOCl at 1 mL/min;
group B, intermittent 3% NaOC|, 0.1 mL with 3-min rest; and group C,
saline control.
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efficient tissue dissolution can be achieved through two
distinct strategies: continuous irrigation with a larger
volume or prolonged exposure with a minimal amount
of irrigant. The findings suggest that while higher vol-
umes accelerate tissue dissolution by continuously
replenishing the active solution—and possibly through
a flow and reflux effect—extended exposure to a small-
er volume can achieve similar outcomes over a longer
duration. These results align, to some extent, with the
‘shaping for cleaning’ concept, which emphasizes that
mechanical instrumentation mainly facilitates irrigation
rather than being solely responsible for debridement.

Advances in rotary and reciprocating instrumentation
have reduced canal preparation time, increasing reli-
ance on irrigation to remove residual pulp tissue and
biofilms [7]. This study reinforces the need to optimize
irrigation parameters, particularly volume and contact
time, to maximize NaOCl efficacy. Although continuous
irrigation ensures constant exposure to fresh irrigant,
it is impractical for clinicians to maintain prolonged
irrigation at high volumes during routine endodontic
procedures. Therefore, this study highlights an alterna-
tive approach: even small volumes of NaOCl—sufficient
to fill the root canal—can effectively dissolve tissue
when given enough contact time. This strategy not only
preserves chemical efficacy but also reduces operator
fatigue and the excessive consumption of irrigant [9].
Optimizing irrigation protocols to balance efficiency,
practicality, and clinician ergonomics is essential for
improving the overall success of root canal disinfection
[13-15].

A key strength of this study is the use of a controlled
artificial canal system, which allowed for direct com-
parisons of different irrigation protocols under stan-
dardized conditions. The model included a lateral canal
positioned in the apical third, with dimensions delib-
erately chosen to accommodate a measurable volume
of pulp tissue and enable reproducible placement and
dissolution assessment in this anatomically challenging
area. Although these dimensions are slightly larger than
typical anatomical lateral canals, they are consistent
with previously validated experimental models [11]
and ensured methodological reliability. Additionally,
the use of bovine pulp tissue provided a consistent and
reproducible substrate for dissolution analysis, ensur-
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ing methodological reliability. The precise weighing of
samples before and after each irrigation cycle further
strengthened the accuracy of the findings, allowing for a
quantifiable assessment of NaOCl'’s effectiveness across
different irrigation strategies. By eliminating anatomical
variability and other uncontrollable clinical factors, this
experimental design minimized potential biases and
provided greater control over key variables, ensuring a
more reliable evaluation of the specific effects of irriga-
tion time and volume.

As with all in vitro studies, certain limitations must be
acknowledged. The artificial canal system, while pro-
viding a controlled and reproducible environment, does
not fully replicate the anatomical complexities of human
root canals, such as variations in dentinal tubules, the
presence of a smear layer, or biofilm interactions that
could influence NaOCI penetration and efficacy [11].
Additionally, the experimental setup did not account
for potential fluctuations in NaOCI concentration over
time, nor the presence of organic and inorganic debris
that could affect its reactivity. Another limitation is the
absence of activation techniques, such as sonic or ultra-
sonic agitation, which are known to enhance irrigant ef-
fectiveness by improving penetration and tissue contact
[13-15]. The use of a 3% NaOClI solution, although not
the most concentrated option available, was deliberate,
as it reflects a widely used commercial product and en-
sures quality control and stability throughout the exper-
iments. Consequently, the findings primarily reflect the
passive dissolution potential of NaOCI under controlled
conditions. Nonetheless, the standardized methodology
used in this study enabled precise isolation of the effects
of irrigation time and volume, minimizing confounding
variables and providing valuable insights into NaOCl
dynamics that can inform future research and clinical
practice.

Further research should investigate the combined
effects of NaOCI volume, exposure time, and agitation
methods to determine the most efficient irrigation
protocol for clinical scenarios. Future studies using
micro-computed tomography could provide a 3D as-
sessment of tissue dissolution in anatomically complex
canal systems. Additionally, evaluating alternative irri-
gants and NaOCI concentrations under similar condi-
tions could further refine best practices for endodontic

https://doi.org/10.5395/rde.2025.50.36



NaOCl: volume and time

irrigation. It is important to note that this study focused
exclusively on tissue dissolution and did not assess
NaOClI’s effectiveness against bacterial biofilms. Since
biofilm removal is a critical aspect of root canal disinfec-
tion, future research should explore how different irri-
gation protocols influence biofilm disruption and erad-
ication. Incorporating microbiological models would
offer a more comprehensive understanding of NaOCl’s
role in both tissue and biofilm dissolution, ultimately
improving clinical recommendations.

CONCLUSIONS

This study demonstrated that continuous irrigation
with 3% NaOCI consistently dissolved pulp tissue in 6
minutes using 6.0 mL, whereas intermittent irrigation
achieved complete dissolution in 12 minutes using only
0.4 mL. These findings suggest that both volume and
contact time play critical roles in tissue dissolution, and
clinicians may tailor irrigation protocols based on pro-
cedural priorities such as time efficiency or chemical
conservation.
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Comparison of remineralization in caries-affected dentin using
calcium silicate, glass ionomer cement, and resin-modified glass
ionomer cement: an in vitro study
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ABSTRACT

Objectives: This study evaluated the ability of calcium silicate cement (CSC) as a remineralizing agent compared with
conventional glass ionomer cement (GIC) and resin-modified GIC (RMGIC) to remineralize artificial caries-affected
dentin.

Methods: Twenty-five class V cavities were prepared on extracted human third molars. Twenty teeth underwent artifi-
cial caries induction. The remaining five teeth with sound dentin serve as the positive control. The twenty demineralized
teeth were subdivided into four groups (7 = 5): carious dentin without restoration (negative control [NC]), carious dentin
restored with CSC (Biodentine, Septodont), carious dentin restored with GI (Fuji IX, GC Corporation), and carious dentin
restored with RMGIC (Fuji II LC, GC Corporation). Following restoration, the specimens were stored in artificial sali-
va for 7 days. The elastic modulus was evaluated by a nanoindentation test. The mineral composition was analyzed by
scanning electron microscopy-energy-dispersive X-ray spectroscopy (SEM-EDX), and the mineral composition at the
dentin-material interface.

Results: CSC had a higher modulus of elasticity compared to GI, RMGI, and NC groups (p < 0.05). Higher calcium and
phosphorus content was observed under CSC restorations, as indicated by SEM-EDX examination, which may lead to
better remineralization.

Conclusions: Compared to GI and RMGI, CSC showed the best remineralization and mechanical reinforcement in car-
ies-affected dentin, indicating CSC for use in minimally invasive restorative dentistry.

Keywords: Calcium silicate cement; Caries-affected dentin; Glass ionomer cement; Nanoindentation; Scanning electron

microscopy; Tooth remineralization; X-ray emission spectrometry
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Comparative study of remineralization in caries-affected dentin

INTRODUCTION

Minimally invasive dentistry focuses on preserving nat-
ural tooth structure. It also aims to treat dental caries
effectively. A key part of this approach is using restor-
ative materials. These materials not only fill the cavity
but also help remineralize caries-affected dentin [1].
The proper adhesion of the restoration is facilitated by
the function of an adhesive applied to the bonded in-
terfaces [2]. Adhesive materials are recommended for
this approach. These materials enhance the bonding
between restorative materials and tooth structure. How-
ever, studies have shown that the bonding performance
of adhesives to caries-affected dentin is inferior to that
observed in sound dentin [3]. This reduced adhesion
is attributed to the altered mineral composition and
structural disorganization within caries-affected dentin,
resulting in a more heterogeneous mineral distribution
[4,5].

Materials with remineralizing properties offer a prac-
tical option for treating deep carious lesions. They pro-
vide an alternative to traditional restorative methods.
These materials are called bioactive materials. They can
trigger biological responses and help regenerate oral tis-
sues [6]. Glass ionomer cements (GICs) and resin-mod-
ified glass ionomer cements (RMGICs) are widely used.
They bond chemically to the tooth and can release flu-
oride. The released fluoride enhances remineralization.
However, these materials have limitations in strength
and long-term durability [7].

Calcium silicate-based materials (calcium silicate
cement, CSC), such as Biodentine (Septodont, Saint-
Maur-des-Fossés, France), have emerged as promising
alternatives. The material offers bioactivity, biocom-
patibility, and the ability to induce dentin regeneration
through the formation of hydroxyapatite [8]. While pre-
vious studies have explored the individual properties of
these materials, comparative analyses focusing on their
remineralization potential in caries-affected dentin are
limited [9,10]. Biodentine is a CSC introduced in 2009,
providing an advanced replacement material for den-
tin. According to the manufacturer’s recommendation
[8,11-13], it can be used in restorative treatment as a
dentin substitute. It has a similar initial hardness to den-
tin, with the highest compressive strength compared to
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other CSCs [14].

A recent study presented comparative findings be-
tween two materials, Biodentine and Fuji II LC (GC Cor-
poration, Tokyo, Japan). By using as a dentin replace-
ment material at cervical margins for class II cavity,
Biodentine and RMGIC showed a similar result in leak-
age score [15]. Biodentine offers a promising alternative
for caries management due to its effective remineraliza-
tion properties, which enhance restoration durability
and adhesion. Understanding how these materials in-
fluence the mechanical properties and mineral content
of affected dentin is essential for optimizing restorative
strategies.

Therefore, this in vitro study aims to compare the
remineralization potential of CSC (Biodentine) with that
of conventional GIC (Fuji IX; GC Corporation, Tokyo,
Japan) and RMGIC (Fuji I LC) in caries-affected dentin.
The assessment involves nanoindentation testing to
evaluate mechanical properties and scanning electron
microscopy (SEM) with energy-dispersive X-ray spec-
troscopy (EDX) to analyze mineral composition at the
dentin-material interface.

METHODS

Tooth selection and preparation

This research received ethical approval from the Ethics
Committee for Human Study, Srinakharinwirot Uni-
versity (No. SWUEC/X-008/2565). The sample size was
determined by using the G*Power program (ver. 3.1.2;
Heinrich Heine University of Diisseldorf, Diisseldorf,
Germany), based on the pilot study with an effect size
of 0.8, an alpha value of 0.05, and a power of 80% which
summed to 25 samples. Twenty-five non-carious hu-
man third molars with no visible dentin defects or resto-
rations were studied. The teeth were maintained in 0.1%
thymol solution at 4°C and used within 6 months of ex-
traction. Thymol solution was renewed every 2 weeks
in order to keep a constant antimicrobial action during
storage. The acid-resistant nail varnish was applied
to the surface of the entire crowns. Then, a cylindrical
bur with a diameter of 1 mm was employed to prepare
a cavity on the buccal surface for class V cavity dimen-
sioning 4 mm in width, 2 mm in height, and 1.5 mm in
depth. The gingival margin is located 1 mm below the
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cementoenamel junction. A new diamond bur was re-
placed after every five cavity preparations.

Experimental design

All teeth were randomly divided into five experimental
groups (n = 5) including sound cavity in the deionized
water (positive control [PC] group), artificial carious
lesion without restoration in the deionized water (nega-
tive control [NC] group) and artificial carious lesion re-
stored with CSC (Biodentine), GIC (Fuji IX GP EXTRA),
and RMGIC (Fuji IT LC). All materials were used accord-
ing to the manufacturer’s instructions.

Artificial caries formation

Artificial caries was simulated using the pH-cycling
model in the present experiment. Each specimen was
demineralized in a demineralizing solution for 8 hours
(10 mL of demineralizing solution containing 2.2 mM
CaCl,, 2.2 mM NaH,PO,, 50 mM acetasodium with pH at
4.8) and subsequently remineralized in remineralizing
solution (10 mL of remineralizing solution containing
1.5 mM CaCl,, 2.9 mM NaH,PO,, 50 mM KCl with pH at
7.0) for a total of 14 days [16].

Restorative procedure

Artificial carious lesions were restored by CSC, GIC, or
RMGIC (n = 5). The material compositions are sum-
marized in Table 1. All materials were used according to
the manufacturer’s recommendation. The set samples
were then stored in artificial saliva (C,H,0,, 13.2 mM;
KCl, 8.4 mM; MgCl,, 0.3 mM; K,HPO,, 4.6 mM; KH,PO,,
2.4 mM; CaCl,, 1.1 mM; and sodium carboxymethyl cel-
lulose, 41.3 mM) adjusted to 7.2 pH for 1 week at room
temperature (25°C) to simulate the oral environmen-
tal condition and to keep their hydration state [17].

Table 1. Materials used in this study

Modulus of elasticity analysis by the nanoindentation
method

All teeth were sectioned longitudinally through the
center of the cavities using a low-speed diamond saw
(Isomet 1000; Buehler, Lake Bluff, IL, USA). The cut
samples were embedded in a filled acrylic resin mold
(PalaXpress Ultra; Heraeus Kulzer, Hanau, Germa-
ny). The embedded samples were ground with silicon
carbide paper (#320, #600, and #1,200) in water and
finished with diamond paste (3, 1, and 0.5 pm). The
nano-hardness tester (FISCHERSCOPE HM2000;
Helmut Fischer GmbH, Sindelfingen, Germany) was
used to measure the elastic modulus. The nanoinden-
tor is a diamond four-sided pyramid. The depth of
the indentation is 5 pm with a loading resolution of 6
mN. The loading range is for 3 seconds. The diameter
of the head of the indentor is 0.4 mm. A Vickers in-
denter was inserted at the intertubular dentin tubule
surface. Distances made from each section were 10, 20,
and 30 pm from the axial wall interface of the material
and the dentin and 600, 1,200, and 1,800 pm from the
cavosurface of the occlusal wall to standardize the test
point for all groups and to minimize the experimental
error. Thus, each sample contained altogether 18 pres-
sure sites from two segments. The average value of
each sample was calculated using the data from the 18
selected points. The average value of each material was
the mean of five samples.

Mineral composition analysis

For three samples, quantitative EDX spectroscopy anal-
ysis (EDX attached to SEM, JSM-5410LV; JEOL Ltd.,
Tokyo, Japan) was performed with 10 kV accelerating
voltage to determine the mineral content of the dentin.

Material Manufacturer

Composition

Fuji IX GP EXTRA  GC, Tokyo, Japan

Powder: alumino-silicate glass, polyacrylic acid

Liquid: polyacrylic acid, water

Fuji Il LC GC, Tokyo, Japan

Powder: alumino-silicate glass

Liquid: copolymer of polyacrylic acid, water, 2-hydroxyethyl methacrylate , camphoro-

quinone
Biodentine

Septodont, Saint-Maur-des-Fossés, France  Powder: tricalcium silicate, dicalcium silicate, calcium carbonate, calcium oxide, zirconi-

um oxide, and iron oxide
Liquid: calcium chloride, hydrosoluble polymer, water

https://doi.org/10.5395/rde.2025.50.e37
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Statistical analysis

Statistical analysis was performed with IBM SPSS
version 20.0 (IBM Corp, Armonk, NY, USA). Normal
distribution of the means of modulus of elasticity of
all groups was tested using the Shapiro-Wilk test. Dif-
ferences in modulus of elasticity among the five groups
were evaluated by one-way analysis of variance (ANO-
VA) with a Bonferroni post hoc test for multiple com-
parisons. A p-value <0.05 was considered significant.
Mineral content and demineralization characteristics of
dentin were assessed with descriptive analysis.

RESULTS

Dentin mechanical properties by nanoindentation

The comparative analysis of the mean elastic modulus
among the five groups of dentin was investigated by
one-way ANOVA statistics. The average and standard
deviations of the modulus of elasticity are presented in
Figure 2. The CSC group had significantly higher values
of modulus of elasticity compared with the GIC, RMGIC,
and NC groups (p < 0.001). In contrast, the mean elastic
modulus of the GIC, RMG, and NC groups showed no
statistical differences (p > 0.05).

—

2mm

-
S
-
—
-
-

pH cycling

Mineral composition of dentin at the interface

In the PC group (Figure 3A), sound dentin showed a
high level of calcium and phosphorus. The mineral
content of dentin located within a 60 pm range beneath
the material in the NC group (Figure 3B) displayed de-
creased levels of calcium and phosphorus relative to the
PC group. The GIC group (Figure 3C) and the RMGIC
group (Figure 3D) both exhibited lower levels of calci-
um and phosphorus in the dentin within a 60 pm range
beneath the material, similar to the NC group. Interest-
ingly, in the CSC group (Figure 3E), the levels of calci-
um and phosphate were higher than in the GIC group,
RMGIC group, and NC group.

DISCUSSION

Numerous studies have conclusively reported that rem-
ineralization is a significant reparative effect after GIC
restorations. The remineralization by GIC restorations is
noted by the augmented mineral content in the dentin
[18,19]. A recent study of the restorative process with
GIC and RMGIC in the dentin was reported. The effect
of the restorative materials on dentin mechanical prop-
erties was evaluated. Measurements were taken at 7 and

.
- .
RETTT T A

Figure 1.The cavity design and the exact position of the nanoindentation sites. CEJ, cementoenamel junction.
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Modulus of Elasticity of Experimental Groups (mean + SD)
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Figure 2. The mean values of the elastic modulus of each group. The mean values in each bar with the different letters are statistically signifi-

cantly different (p < 0.05).

t.’ \
L
.,' ,
A\ AU

Electon image 1

s Calcium
e Phosphate
s Carbon
s Magnesium
s Silicon
Oxygen

Figure 3. Scanning electron microscopy images with energy-dis-
persive X-ray analysis. (A) Positive control group. (B) Negative
control group. (C) Conventional glass ionomer cement group. (D)
Resin-modified glass ionomer cement group. (E) Calcium silicate
cement group.
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30 days after treatment. An increase in mechanical re-
sistance was observed, especially on day 30, compared
to day 1 [20]. Consistent with our study, the mechanical
properties of dentin improved in both GIC and RMGIC
groups at 7 days. Although there were improvements,
these were not significantly different from the NC. Lon-
ger study durations may yield varying results among the
GIC and RMGIC groups.

In contrast, CSC demonstrated a higher remineral-
izing potential than GIC and RMGIC in artificial car-
ious lesions, as evidenced by the recovery of dentin’s
mechanical strength. Schwendicke et al. [21] stated
a similar conclusion that although both cements en-
hanced mineral gain, it was only CSC that increased
the microhardness of carious dentin. Another study
using two-photon fluorescence and lifetime imaging
techniques demonstrated greater and more extensive
mineral deposition in samples filled with CSC com-
pared with those filled with GIC [22]. The efficiency of a
biomimetic remineralization system was tested in a pre-
vious study. It was reported that the demineralized den-
tin specimens treated with GIC did not remineralize
effectively. It was reported that apatite did not appear
in contrast to the CSC group [23].
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The results of previous studies and the present study
revealed the stronger remineralizing potential of CSC in
comparison with GIC. The process of remineralization
by GIC groups is based on an ion exchange with dentin.
However, CSC induced remineralization via deposition;
therefore, it could strengthen dental tissues. CSC played
arole in creating mineral crystals that bridge the dentin
layer, and the material so-called dentin-mineral infil-
tration zone [6,11,24]. The results obtained in this study
revealed that CSC showed higher levels of calcium and
phosphorus mineral content compared with the neg-
ative, the GIC and RMGIC groups. The differences be-
tween the results can be due to the different pH values
of the two materials. The acidic nature of GIC is derived
from polyalkenoic acids, in contrast to the alkaline prop-
erties of CSC. The alkalinity of CSC is due to the release
of hydroxyl ions in the process of its hydration reaction.
This increase in pH level may create a beneficial envi-
ronment where remineralization is able to take place
more efficiently inside dentin. This fact leads to the CSC
group showing an increased remineralization, resulting
in a better quality of the mineral, and an increase in the
dentin strength [22].

Assessing the mechanical properties is widely regard-
ed as an effective method for evaluating the quality of
dentin remineralization. However, minerals regained
should be evaluated by considering both the quantity
and quality of the regenerated minerals [25]. Due to the
small size of teeth and the natural variations in mineral
distribution across different regions of dentin, this study
proposed selecting test locations within the intertubular
dentin region. Therefore, the nanoindentation test was
used in this study [26]. This study utilized the modu-
lus of elasticity to evaluate the mechanical integrity of
the remineralized dentin, providing information on
its structural strength. Nevertheless, the hardness and
modulus of elasticity in dentin exhibit a linear correla-
tion as noted in a previous study [27]. Moreover, the
inclusion of EDX provided qualitative information on
mineral compositions at the material dentin interface,
which has been affected by Biodentine.

There are several methods available to assess the
effectiveness of remineralization. In order to facilitate
remineralization, specimens must be pretreated as sim-
ulated carious lesions by demineralization. This tech-
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nique allows for accurate assessment of the hardness
and modulus of elasticity, which are important indica-
tors of remineralization within the tooth structure. In
contrast to standard techniques, nanoindentation has
good spatial resolution and can be used to assess the
mechanical properties of remineralized regions with
minimal preparation. As remineralization involves the
re-deposition of minerals into demineralized tissue.
Nanoindentation enables a detailed understanding
of how these materials contribute to the mechanical
strengthening of caries-affected dentin at a microstruc-
tural level [28].

In this study, dentin was prepared as caries-affected
dentin, characterized by the partial dissolution of min-
erals. Dentin demineralization simulated through pH
cycling appeared to be the most preferred method, as
it closely mimics the dynamic process of caries forma-
tion in natural teeth. Consequently, the surface hard-
ness closely resembled that of naturally carious dentin
[16,29]. However, it is crucial to note that this study was
conducted within laboratory settings. Therefore, the ar-
tificial carious lesion produced by the pH-cycling meth-
od may not fully simulate the appearance of natural
carious lesions.

This study compared the mechanical properties of
the dentin interface under the restorative materials at a
specific time point. The modulus of elasticity of dentin
from all groups was compared after one week of storage.
The chosen storage time was based on the expectation
that all tested materials had undergone remineraliza-
tion. Prior research indicated that the formation of car-
bonate apatite reached its maximum at 7 days for Ketac
Molar (3M ESPE, Seefeld, Germany) and at 14 days for
Riva Light Cure (SDI, Bayswater, VIC, Australia) and
Equia Forte (GC Corporation) [30]. However, Kunert et
al. [31] demonstrated that remineralization by calcium
silicate materials continued to accumulate until 28 days.
Further study with different storage times is required
to investigate the remineralization pattern of the tested
materials.

CONCLUSIONS

Within the limitations of the present in vitro study, CSC
presented with better remineralizing capability and me-
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chanical reinforcement when used with caries-affected
dentin compared with GIC and RMGIC. The higher val-
ue of elastic modulus and more calcium and phospho-
rus deposition in the CSC group confirmed the appli-
cation of the CSC. This application could enhance the
repair of dentin. These results indicate that CSC can be
the restorative material of choice in minimally invasive
strategies, especially in deep carious lesions. A long-
term study is required to prove its clinical application
and longevity.
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ABSTRACT

Objectives: The aim of this systematic review is to compare the effectiveness of advanced platelet concentrates as regen-
erative endodontic therapeutic alternatives to blood clot (BC) revascularization in immature permanent necrotic teeth.
Methods: Randomized controlled trials (RCTs) comparing regenerative endodontic therapies using platelet-rich plasma
(PRP), platelet-rich fibrin (PRF), or platelet pellet (PP) with the BC revascularization approach in immature permanent
necrotic teeth were systematically searched in PubMed, Scopus, Cochrane Library, and Web of Science until May 2025.
Data was extracted and analyzed both qualitatively and quantitatively. Study quality was assessed using the Cochrane
Risk of Bias tool. A meta-analysis was conducted using IBM SPSS software (version 29.0), with success rates expressed as
risk ratios and 95% confidence intervals (CIs).

Results: The initial search yielded 4,917 studies. After removing duplicates and applying eligibility criteria, 15 RCTs were
included. Meta-analysis indicated no significant difference in the risk ratio (RR), as the BC method has similar success
rates with PRP (10 studies; RR = 1.01; 95% CI, 0.94-1.09; p = 0.76) and PRF (8 studies; RR = 0.98; 95% CI, 0.89-1.08; p =
0.65) at 12 months. The primary outcomes evaluated were based on clinical and radiographic success.

Conclusions: Current evidence suggests PRP, PRE and BC are all effective in treating immature permanent necrotic teeth
with similar success rates. However, further research is needed to assess long-term outcomes.

Keywords: Apexification; Platelet-rich fibrin; Platelet-rich plasma; Regenerative endodontics

INTRODUCTION and root structures of the treated teeth [1]. These treat-

ment modalities utilize stem cells, biomaterial scaffolds,
In regenerative endodontics, biologically driven meth- and signaling molecules to promote healing, resolve
ods are used to restore the pulp-dentin complex, dentin, symptoms, and support further root maturation leading
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Platelet concentrates in regenerative endodontics

to increased dentinal thickness, root length, and struc-
tural strength, reduced risk of fractures, and reduced
tooth sensitivity. In clinical endodontics, regenerative
endodontic procedures (REPs) are now considered the
treatment of choice for immature permanent teeth with
pulp necrosis [1-5].

In biological terms, REPs aim to replace inflamed
or necrotic pulp tissue with newly formed, pulp-like
tissue that ideally includes a peripheral layer of odon-
toblast-like cells, mimicking the structure of healthy
pulp. Kim et al. [4] suggest that these procedures aim
to resolve clinical signs and symptoms, promote root
maturation, and restore neurogenesis. These therapeu-
tic outcomes may be achieved through cell homing, a
process in which endogenous stem or progenitor cells
migrate to the site of injury through passive blood flow
from the periapical tissues, leading to the formation of
a blood clot (BC) that acts as a natural scaffold [4,6,7].
These regenerative stimuli can be further enhanced by
platelet-derived biomaterials (platelet concentrates),
such as platelet-rich plasma (PRP), platelet-rich fibrin
(PRF), and platelet pellet (PP), which release growth
factors that induce cell recruitment, proliferation, and
differentiation.

In endodontics, platelet concentrates serve as scaf-
folds that support revascularization and tissue regener-
ation within the root canal system [8]. These techniques
evolved from the traditional BC method, long regarded
as the gold standard in regenerative endodontics. In this
approach, bleeding is intentionally induced from the
periapical tissues to create an intracanal BC. This clot
functions as a natural scaffold, attracting and deliver-
ing growth factors and progenitor cells from the apical
papilla into the canal space, thereby facilitating tissue
regeneration [9]. It was not until 2016 that renowned
organizations such as the American Association of En-
dodontists and the European Society of Endodontology
recognized the significance of regenerative endodontic
treatments (RETs), with the former proposing a stan-
dardized protocol for REPs, which included the use of
scaffolds such as PRP or PRE, and the latter publishing a
position statement on revitalization procedures [10,11].

The objective of the present study is to compare the
clinical effectiveness of platelet concentrates as a thera-
peutic alternative to conventional BC revascularization
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for the treatment of immature permanent necrotic teeth
with at least 12 months of follow-up time through a
systematic review approach. According to the null hy-
pothesis, there is no significant difference in the clinical
success rates between platelet concentrates and con-
ventional BC approaches for the treatment of immature
permanent necrotic teeth over a minimum follow-up
period of 12 months.

METHODS

Protocol and registration

A comprehensive protocol of the present systematic
review has been created and registered with the PROS-
PERO (International Prospective Register of Systematic
Reviews; registration number, CRD420251057926). The
systematic review is being conducted following the
Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) 2020 guidelines [12].

Information sources and search strategy

An extensive literature search was conducted across
multiple electronic databases, including the Web of
Science by Clarivate Analytics (All Collections and Core
Collection), the Cochrane Library, MEDLINE PubMed,
and Elsevier Scopus. A combination of Medical Sub-
ject Headings (MeSH) terms was employed to identify
randomized controlled trials (RCTs) investigating the
use of PRP, PRF, or PP in REPs for immature necrotic
teeth. The search encompassed all available records
from inception through May 2, 2025. A manual search
was also conducted by screening the reference lists of
all included studies and relevant systematic reviews and
meta-analyses. The search strategy for each database is
presented in Table 1.

Study selection and eligibility criteria

1. PICO framework

Population: Immature necrotic permanent teeth.
Intervention: REP using platelet concentrates.
Comparison: REP by inducing the formation of a BC as
a scaffold.

Outcomes: Radiographic assessment and clinical exam-
ination.
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Table 1. Search strategy

Databases

Search strategy

MEDLINE (PubMed)

Elsevier Scopus

Cochrane Library

Web of Science Core Collection

Web of Science All Databases

(((C(((((((“platelet rich plasma”[All Fields]) OR (“platelet rich fibrin"[All Fields])) OR (“platelet gel”[All Fields])) OR
(“platelet concentrated”[All Fields])) OR (“platelet concentrate”[All Fields])) OR (“platelet pellet”[All Fields])) OR
(“prp”[All Fields])) OR (“prf”[All Fields])) OR (“pp"[All Fields])) OR (“platelet rich plasma”[MeSH Terms])) OR (“platelet
rich fibrin”[MeSH Terms])) AND ((((((“regenerative endodontics”[All Fields]) OR (“apexification”[All Fields])) OR
(“pulp revascularization”[All Fields])) OR (“pulp revitalization”[All Fields])) OR (“regenerative endodontics’[MeSH
Terms])) OR (“apexification”[MeSH Terms]))

Separate combined searches of each of the terms from group #1 AND group #2
1) “platelet rich plasma”[All Fields], “platelet rich fibrin"[All Fields], “platelet gel"[All Fields], “platelet concentrat-

ed"[All Fields], “platelet concentrate”[All Fields], (“platelet pellet”[All Fields], “prp"[All Fields], “prf"[All Fields],
“pp”[All Fields], “platelet rich plasma”[MeSH Terms], “platelet rich fibrin"[MeSH Terms]

2)“regenerative endodontics”[All Fields], “apexification”[All Fields], “pulp revascularization[All Fields], “pulp revital-
ization"[All Fields], “regenerative endodontics"[MeSH Terms], “apexification”[MeSH Terms]

((TITLE-ABS-KEY (platelet AND rich AND plasma) OR TITLE-ABS-KEY (platelet AND rich AND fibrin) OR TITLE-ABS-
KEY (platelet AND concentrated) OR TITLE-ABS-KEY (platelet AND concentrate) OR TITLE-ABS-KEY (platelet AND
pellet) ORTITLE-ABS-KEY (platelet AND gel) OR TITLE-ABS-KEY (prp) OR TITLE-ABS-KEY (prf) OR TITLE-ABS-KEY
(pp))) AND ((TITLE-ABS-KEY (regenerative AND endodontics) OR TITLE-ABS-KEY (apexification) OR TITLE-ABS-KEY
(pulp AND revascularization) OR TITLE-ABS-KEY (pulp AND revitalization)))

Separate combined searches of each of the terms from group #1 AND group #2

1) TITLE-ABS-KEY (platelet AND rich AND plasma), TITLE-ABS-KEY (platelet AND rich AND fibrin), TITLE-ABS-KEY
(platelet AND concentrated), TITLE-ABS-KEY (platelet AND concentrate), TITLE-ABS-KEY (platelet AND pellet),
TITLE-ABS-KEY (platelet AND gel), TITLE-ABS-KEY (prp), TITLE-ABS-KEY (prf), TITLE-ABS-KEY (pp)

2) TITLE-ABS-KEY (regenerative AND endodontics), TITLE-ABS-KEY (apexification), TITLE-ABS-KEY (pulp AND revas-
cularization), TITLE-ABS-KEY (pulp AND revitalization)

(“platelet rich plasma” or “platelet rich fibrin” or “platelet gel” or “platelet concentrated” or “platelet concentrate” or
“platelet pellet” or “PRP" or “PRF” or “PP”) and (“Regenerative Endodontics” or “Apexification” or “pulp revitaliza-
tion” or “pulp revascularization”)

The following searches were combined (1 AND #2):

1) (((((((ALL= (platelet rich plasma)) OR ALL=(platelet rich fibrin)) OR ALL= (platelet concentrate)) OR ALL= (platelet
concentrated)) OR ALL=(platelet pellet)) OR ALL=(platelet gel)) OR ALL=(PRP)) OR ALL=(PRF)) OR ALL=(PP)

2) (((ALL= (regenerative endodontics)) OR ALL=(apexification)) OR ALL=(pulp revascularization)) OR ALL= (pulp
revitalization)

Separate combined searches of each the terms from group #1 AND #2:

1) ALL=(platelet rich plasma), ALL=(platelet rich fibrin), ALL= (platelet concentrate), ALL=(platelet concentrated),
ALL= (platelet pellet), ALL= (platelet gel), ALL=(PRP), ALL=(PRF), ALL=(PP)

2) ALL= (regenerative endodontics), ALL=(apexification), ALL= (pulp revascularization), ALL= (pulp revitalization)
The following searches were combined (1 AND #2):

1) ((((((((TS= (platelet rich plasma)) OR TS= (platelet rich fibrin)) OR TS= (platelet concentrated)) OR TS= (platelet
concentrate)) ORTS= (platelet pellet)) OR TS= (platelet gel)) OR TS= (PRP)) OR TS=(PRF)) OR TS=(PP)

2) (((TS= (regenerative endodontics)) OR TS= (apexification)) OR TS=(pulp revascularization) OR TS=(pulp revital-
ization)

Separate combined searches of each of the terms from group #1 AND group #2:

1) TS= (platelet rich plasma), TS= (platelet rich fibrin), TS=(platelet concentrated), TS= (platelet concentrate),
TS=(platelet pellet), TS=(platelet gel), TS=(PRP), TS= (PRF), TS= (PP)

2) TS=(regenerative endodontics), TS=(apexification), TS=(pulp revascularization), TS= (pulp revitalization)

Study: RCTs with a minimum follow-up period of 12

months.

2. Inclusion criteria

for immature necrotic permanent teeth.
o Studies reporting a minimum follow-up period of 12
months posttreatment.

3. Exclusion criteria

The following criteria were applied for study inclusion:

« RCTs published in the English language.

e Studies comparing the clinical success rates of PRP,
PRE or PP with the conventional BC technique in REPs

https://doi.org/10.5395/rde.2025.50.e38

Studies that met any of the criteria listed below were ex-
cluded:
e Retrospective, preclinical animal studies, in vitro in-
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vestigations, case control, non-randomized studies,
case series, case reports, book chapters, meta-analyses,
narrative, systematic, and scoping reviews.

« Studies for which the full-text version was unavailable
after two unsuccessful attempts to contact the corre-
sponding author via email.

o Studies with a follow-up period of less than 12 months.
« Studies involving primary or fully mature permanent
teeth.

« Studies without a control group treated with the BC
technique.

« Studies that did not report data in a comparative for-
mat suitable for analysis.

Data collection

The titles and abstracts of all retrieved articles were
independently screened by three reviewers (DT, NT,
AT). During the selection process, any disputes were
resolved through discussion and, when necessary, con-
sultation with a fourth reviewer (KK). This process was
consistently applied at each stage of screening. Subse-
quently, full-text articles of potentially eligible studies,
including those identified through manual searching,
were assessed for inclusion by the same three review-
ers (DT, NT, AT), with final confirmation by the fourth
reviewer (KK). The study selection process is demon-
strated in the PRISMA flow diagram (Figure 1). The list
of excluded full-text articles, along with the reasons for

Identification of studies via databases and registers

= Records identified from databases (n = 4,917) > Records removed before screening:
‘% Duplicate records removed (n = 4,434)
o
=
-g) A4
= Records after duplicates removed (n = 483)
v
Reports screened based on title (1=483) > Reports excluded (n =73)
v
2 Reports screened based on abstract (n = 410) > Reports excluded (n=191)
c
[}
g v
> Reports excluded (n=193)
Reports screened based on study type (n =219)
Suitable reports found through manual search (n =4)
v
Full-text articles assessed for eligibility (n = 30) » Full texts articles excluded (n = 15), with reasons:
_ - 3: Contact with the corresponding author was not
= achieved
% - 1: Follow-up period, <12 mo
e - 2: Not comparing/ having a BC control group in
mature teeth
— - 6: Not comparing/ having a BC control group
4 - 1: Not having a BC control group in mature teeth
- Studies included in analysis (n = 15) - 1: Only compares disinfection methods
j?:’ I - 1: Study on mature teeth
2
- Studies included in review (n = 15)

Figure 1. Flow diagram of the search process.
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their exclusion, is provided in Supplementary Table 1.

Risk of bias assessment for individual studies

The risk of bias for each included study was inde-
pendently assessed by two authors (KK, AF), using the
Cochrane Risk of Bias 2.0 (RoB 2.0) tool for RCTs, which
assesses five domains: the randomization process, devi-
ations from intended interventions, handling of missing
outcome data, measurement of outcomes, and selective
reporting of results [13]. A study was rated as ‘low risk’
when all domains were judged low risk, as ‘moderate
risk’ when at least one domain raised some concerns,
and as ‘high risk’ when any domain was identified as
high risk. Discrepancies between the two reviewers
were resolved through discussion with a third reviewer
(NT).

Applied criteria and outcomes measured

The studies included were assessed using well-defined
criteria to ensure that the outcomes were reliable,
comparable, and reproducible. These criteria were cat-
egorized into three main domains: radiographic assess-
ment, clinical examination, and histological evaluation.
Radiographic assessments included tools such as the
Periapical Index (PAI), Chen & Chen criteria, and root
dimension measurements performed using cone-beam
computed tomography (CBCT). These methods allowed
for objective evaluation of root development and peri-
apical healing. Clinical outcomes were evaluated based
on the absence of pathological signs or symptoms (eg,
pain, swelling, or sinus tract), evidence of periapical
healing, tooth survival, and the results of sensibility
tests. Histological evaluation of newly regenerated pulp-
like tissue involves the identification of key cellular
components, including odontoblasts and fibroblasts, as
well as the presence of neovascularization and regen-
erated nerve fibers. Additionally, it assesses the status
of inflammation or infection and the integrity of the
periodontal ligament, along with the surrounding bone
structures [14].

Statistical analysis

Meta-analyses were conducted using SPSS software
to compare the success rates between PRP or PRF and
BC, with a minimum follow-up period of 12 months.

https://doi.org/10.5395/rde.2025.50.e38

Success rates were treated as dichotomous outcomes,
and the effect of the interventions was expressed as risk
ratios (RR) with corresponding 95% confidence inter-
vals (CIs). The I? statistic was used to assess statistical
heterogeneity among studies. In case of low heteroge-
neity (I < 50%), a fixed-effect model was applied, while
a random-effects model was used in cases of moderate
to high heterogeneity. Potential publication bias was as-
sessed both visually through funnel plot inspection. The
significance level was set at p < 0.05.

RESULTS

Study selection

The initial search yielded 4,917 records, from which
4,434 duplicates were removed. After screening the
remaining records, 73 were excluded based on title,
191 based on abstract, and 193 based on study design.
Additionally, four relevant articles were identified
through a manual search. A total of 30 full-text articles
were subsequently assessed for eligibility, of which 15
were excluded for various reasons (Supplementary Ta-
ble 1). Ultimately, 15 studies met the inclusion criteria
and were included in both qualitative and quantitative
analyses. Of these, 10 studies involved the use of PRP in
a total of 124 teeth [15-24], eight studies used PRF in 81
teeth [15,18,19,25-29], and one study utilized PP in 17
teeth [15]. Since PP was evaluated in a single trial, it was
excluded from the meta-analysis but included in the
systematic review. The total number of teeth in the BC
group was 165.

With respect to treatment outcomes, the overall me-
ta-analysis demonstrated no significant difference in
the RR between PRP and BC groups (10 studies; RR =
1.01; 95% CI, 0.94-1.09; p = 0.76) (Figure 2), nor between
PRF and BC groups (eight studies; RR = 0.98; 95% CI,
0.89-1.08; p = 0.65) (Figure 3). Furthermore, both com-
parisons exhibited no heterogeneity (I* = 0.0%, p > 0.99),
indicating consistency across the included studies.

Outcomes measured
The outcomes assessed in the included studies were
predominantly clinical and radiographic, with a limited
number of patient-centered and research-centered out-
comes also reported.
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Figure 2. Forest plot showing the RR for treatment outcomes between platelet-rich plasma and blood clot.
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Figure 3. Forest plot showing the RR for treatment outcomes between platelet-rich fibrin and blood clot.

The most frequently evaluated radiographic outcomes
were: root length (13 studies [15-21,24-29]), periapi-
cal healing lesion (10 studies [15,16,18-20,22,26-29]),
apical closure (10 studies [15,16,19,20,22,23,26-29]),
dentinal wall thickness (seven studies [16-19,27-29]),
root-radiographic area (four studies [15,17,22,23]), api-
cal diameter (four studies [17,21,24,25]), root thickness
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(three studies [15,24,25]), increase in bone density (three
studies [20,24,25]), radiographic canal area (one study
[15]), root canal diameter (one study [21]), cervical
calcification barriers (one study [26]), root width (one
study [15]), internal/external resorption (one study [22]),
pulp chamber obliteration (one study [22]). Two studies
evaluated the aforementioned measurements as well
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as periapical area diameter using sagittal and coronal
planes of limited field of view CBCT scans [17,20].

The most commonly reported clinical outcomes
included: sinus fistula formation (nine studies
[15-17,19,20,22,24,25,27]), swelling (nine studies
[15-17,19,20,22,24,25,]), sensibility test (eight studies of
which in six cold testing [15,17,20,22,23,25], in six elec-
tric testing [15,17,20,22,23,25], in two heat testing [17,25]
and in two unknown tests [18,24]), sensitivity/tender-
ness to percussion (six studies [15,17,19,20,22,27]),
mobility (four studies [17,22,24,25]), palpation of soft
tissues (three studies [19,20,27]), and other clinical
symptoms like infection (two studies [17,26]).

Patient-centered outcomes were less frequent-
ly reported but included: pain (seven studies
[15,16,19,20,22,24,25]), discoloration (five studies
[17,22,24-26]), and tooth survival (one study [25]). Re-
search-centered outcomes included PAI (one study [18])
and apical response (Chen & Chen criteria; one study
[18]).

None of the studies presented histological evidence
on regenerated tissues.

Quality assessment of individual studies

The Cochrane Collaboration’s ROB 2.0 tool for RCTs
was used to conduct the risk of bias assessment. Of the
included studies, 10 were rated as having a low risk of
bias across most domains (Figure 4), while two had a
moderate risk of bias, and three were assessed as having
a high risk of bias. Overall, the body of evidence was
considered to exhibit a low risk of bias. Additionally,
there was no evidence of publication bias across any of
the performed meta-analyses.

DISCUSSION

Over the years, various treatment modalities have been
recommended and implemented for the endodontic
management of necrotic teeth with open apices. Tradi-
tionally, calcium hydroxide was broadly employed for
apexification, requiring multiple treatment sessions to
induce apical closure. However, this approach has been
increasingly replaced by using mineral trioxide aggre-
gate (MTA), which offers superior outcomes and enables
more predictable apexogenesis [30,31]. In recent years,
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REPs have gained attention as a promising alternative
treatment for these cases. One such technique involves
the induction of a BC inside the root canal system to
function as a biological scaffold for tissue regeneration.
While this method has demonstrated encouraging clin-
ical results [32], concerns have been raised regarding
the presence of numerous hematopoietic cells within
the BC. Upon cell death, these cells may release cyto-
toxic intracellular enzymes into the microenvironment,
potentially compromising stem cell viability and thus
impairing the regenerative process [33].

To address these limitations, platelet derivatives have
emerged as a modern, biologically favorable alternative.
They represent autologous bioactive preparations that
can be easily obtained in clinical dental settings by cen-
trifuging the patient’s blood. These autologous bioma-
terials can enhance stem cell recruitment, proliferation,
and differentiation, thereby promoting tissue regener-
ation and functional recovery. They are rich in growth
factors, including platelet-derived growth factor, vascu-
lar endothelial growth factor, and transforming growth
factor beta 1 (TGF-f1) [34,35]. In addition to their appli-
cation in endodontics, platelet concentrates have been
broadly utilized in regenerative medicine, including
periodontal, oral and maxillofacial, dermatologic, and
orthopedic procedures [36].

PRP is an autologous blood-derived product with a
platelet concentration increased by at least 2/3 times
the normal level. It serves as a biomaterial for the target-
ed delivery of cytokines and growth factors from platelet
granules, thereby promoting tissue regeneration. PRP
has been applied as a novel regeneration method in var-
ious damaged tissues, such as bone, liver, dental pulp,
cartilage, and tendon [37,38].

PRF is a second-generation platelet derivative that
consists of a fibrin matrix rich in platelets, leukocytes,
cytokines, and growth factors, including interleukins
(ILs), ie, IL-1B, IL-4, and IL-6, vascular endotheli-
al growth factor, platelet-derived growth factor, and
TGEF-B1. All these components are gradually released
over time, enhancing their regenerative potential. PRF
has been effectively used in different therapeutic appli-
cations like sinus lift augmentation, extraction socket
healing, and guided bone regeneration. In regenerative
endodontics, it is utilized in cases of iatrogenic pulpal
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Figure 4. (A) A summary of the risk of bias in the included studies and (B) a review of the authors’judgements about each risk of bias domain as
percentages across the included studies.
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floor perforations as well as revascularization of imma-
ture necrotic permanent teeth [8,39,40].

PP is a platelet derivative with a significantly greater
platelet content compared to PRP, containing approx-
imately 12 times more platelets and TGF-p1 compared
to PRP, and 17 times more than whole blood, while ex-
hibiting a lower white blood cell content [41]. Its gel-like
consistency enhances its adhesive properties, making it
a promising scaffold for regenerative applications [42].

Scaffold

In the present systematic review, a total of 15 studies
were included for analysis, each investigating the appli-
cation of various platelet derivatives in REPs. More than
half of the studies employed PRP (10 studies), whereas
PRF was used in eight studies. Despite the greater fre-
quency of PRP use across the selected studies, PRF is
often preferred over PRP as a scaffold in REPs, due to
PRF’s ability to provide a continuous release of growth
factors for an extended time period and its superior
mechanical properties [35,43]. Additionally, PRF offers
practical advantages: it is completely autologous and
does not require anticoagulants [40,44]. PP, which was
evaluated in only one study, is characterized by an in-
creased platelet concentration and associated growth
factors, offering enhanced regenerative potential. How-
ever, the current body of evidence remains insufficient
to confirm its clinical superiority over PRP or PRF [42].
In contrast, BC is a cost-effective option compared to
PRE PRP, and PP as it uses the patient’s own blood with-
out additional processing. However, BC has limitations
such as instability and lower platelets and growth factor
content compared to platelet derivatives [45,46].

Tooth types and sample size

The sample sizes across the 15 included studies varied
from four to 21 for the BC group, five to 19 for PRP, four
to 20 for PRE, and 17 for PP. Notably, nearly half of them
did not report using a sample size calculation method,
nor did they provide clear details regarding random-
ization procedures. Furthermore, none of the studies
comparing BC with PRP, PRE or PP included more than
21 participants. These limitations highlight the need for
future research with larger, well-powered samples and
rigorous methodological standards to produce more de-
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finitive and generalizable findings in this field.

In nine out of the 15 studies, incisors were the most
frequently treated tooth type [15,17,21,24-29]. Among
these, all but one study [17] focused exclusively on max-
illary incisors, with five studies specifically targeting
central incisors [21,24-26,29]. Two studies included an-
terior teeth [16,18], while three studies treated both inci-
sors and single-rooted premolars [20,22,23]. One study
did not specify the tooth type beyond identifying them
as immature permanent teeth [19]. The predominance
of single-rooted teeth in these studies may be attributed
to their simpler root canal anatomy, which facilitates
standardization, treatment consistency, and outcome
evaluation by minimizing anatomical variability and
confounding factors.

Barrier

Out of the 15 studies, MTA was primarily used as a barri-
er over the scaffold in six studies [15,18,20-22,26], while
four studies incorporated glass ionomer cement (GIC)
either between the MTA and the final restoration ma-
terial or as the final restoration itself [15,20,22,26]. One
study used MTA for the entire permanent restoration
[23]. Two studies used collagen covered with MTA, fol-
lowed by GIC [17,24], while two other studies used GIC
alone [19,28]. Four studies did not use a barrier over the
scaffold [16,23,27,29]. One study used a combination of
biomaterials (MTA for the PRP group and collagen with
MTA for the BC group), covered with a layer of GIC [25].
MTA is favored as a barrier due to its biocompatibility,
ability to set in a moist environment and form a good
seal, and capacity to stimulate hard tissue formation
(dentin bridge formation) [47,48]. Collagen functions as
an apical matrix that can prevent MTA over-extrusion
and aid in periapical tissue healing [49].

When compared with GIC, MTA provides a better
seal, but it sets more slowly [47,50,51]. Applying a layer
of GIC over MTA may improve results, whereas using
only GIC simplifies the procedure. However, immediate
sealing without a barrier over the scaffold can result in
issues such as polymerization shrinkage and subse-
quent microleakage, which can lead to scaffold contam-
ination. Additionally, resin toxicity raises some concerns
[52]. These factors must be considered when selecting a
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barrier material for scaffold restoration procedures.

Restoration

Regarding the materials used for the final restoration,
composite resin was employed in nine out of the 15
studies [15,17,19-22,24,25,28], with all but one [21]
placing it over a GIC base. However, two studies did not
clearly specify the final restoration material used for the
BC group [24,25]. GIC alone was used as the final restor-
ative material in four studies [16,26,27,29]. Additionally,
one study utilized MTA for the final restoration, al-
though it did not provide specific data for the BC group
[23].

Composite resin is commonly preferred for final res-
torations due to its favorable aesthetic properties, me-
chanical strength, and durability. However, it presents
certain limitations, including polymerization shrinkage
and technique sensitivity, which require a controlled,
dry operating field and the application of a meticulous
layering technique [53,54]. Meanwhile, GIC tolerates
moisture but has lower strength and durability [55,56].
Composite resin restorations have demonstrated su-
perior longevity and overall clinical performance in
comparison to other materials [57,58]. In contrast, MTA,
though utilized in one study, may be less favored due to
its prolonged setting time and handling difficulties [47].
Regardless of the material chosen, the success of the
final restoration depends primarily on its ability to pre-
vent microleakage and effectively seal the access cavity,
thereby protecting the underlying scaffold from expo-
sure to oral microorganisms and potential infection.

Permanent restoration was completed during the
same visit in nine studies [15,16,19,20,22,23,27-29] with
one study specifying a 45-minute time frame before res-
toration [26]. In one study, restoration was completed
after 24 hours [17], or after 1 week [21], and in two stud-
ies after 3 days, with no data for the BC group in these
cases [24,25]. Finally, one study failed to provide data on
the type or timing of permanent restoration [18].

Overall, composite resin is a popular choice for final
restorations due to its aesthetic and functional bene-
fits, while GIC and MTA are also used in certain cases.
Timing and material selection play crucial roles in the
success of the restoration procedure.
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Comparative results

There have been rapid advancements in regenerative
endodontics in recent years, with new original research
articles and reviews examining the efficiency of different
materials such as scaffolds. A meta-analysis by Murray
[59] concluded that platelet concentrates promoted api-
cal closure more often compared to BC scaffolds, with
similar success rates, periapical healing, and dentin wall
thickening. However, it is worth noting that the design
of the included studies is not described. Panda et al.
[60] reviewed RCTs and other comparative studies and
found no significant differences in dentin wall thick-
ness, root length increase, or success rate between PRP
or PRF and BC. However, in terms of vitality response
and apical closure, PRP showed better results compared
to BC. Another study by Panda et al. [32] compared
regenerative interventions with apexification and dif-
ferent scaffolds from randomized and non-randomized
trials with a follow-up period of =6 months and con-
cluded that PRP and PRF yielded similar results to BC
regarding apical closure, root length increase, and den-
tin wall thickness. Nevertheless, while REPs with PRP
had a comparable success rate to those with BC, REPs
with advanced platelet concentrates (it is not specified
whether PRP or PRF was used) had a significantly better
vitality response than those with BC.

In contrast to some of the outcomes presented in the
aforementioned studies, the present systematic review
found no statistical difference in the success rate of RETs
using PRP or PRF compared to BC techniques. Similar-
ly, Rios-Osorio et al. [61] concluded that BC scaffolds
produce comparable clinical and radiographic results to
platelet concentrates, without following a meta-analysis
approach.

As for meta-analyses comparing platelet derivatives
with the BC technique in RETs, important method-
ological differences distinguish our review from earlier
reports. Rahul ef al. [62] conducted their search in 2021
and included RCTs, non-RCTs, and prospective cohort
studies with 212 months of follow-up. Using a network
meta-analysis, they reported comparable outcomes
between PRP, PRE and BC in terms of clinical success,
apical closure, and pulp sensitivity. Likewise, Verma et
al. [63] combined RCTs with multiple non-randomized
designs, including case studies, case reports, and retro-
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spective studies, to evaluate PRP and PRF against BC.
In contrast, this review is the first to restrict inclusion
exclusively to RCTs with 212 months’ follow-up, thereby
ensuring the highest level of evidence. Moreover, indi-
rect comparisons and the use of combined experimen-
tal arms with heterogeneous controls were avoided to
achieve direct head-to-head comparisons of PRP, PRE,
and PP versus BC, yielding results that are both robust
and clinically relevant. For instance, RCTs like the one
by Rizk et al. [64] or Santhakumar et al. [65] that do not
include a BC group were excluded in this study (Sup-
plementary Table 1). Further heterogeneity was also re-
stricted by avoiding pooling experimental groups where
growth factors or other tissue-inductive molecules were
used in combination with PRP or PRF [66]. Overall, this
meta-analysis provides the most up-to-date and com-
prehensive dataset, avoiding any heterogeneity issues
and ensuring methodological rigor and transparency by
utilizing the Cochrane RoB 2.0 tool for bias assessment.

The limited number of randomized studies has cre-
ated a research gap in this scientific field, despite some
original research on this topic. Additionally, there is a
lack of standardized evaluation criteria for the success
of RETs. Various metrics, including clinical success,
radiographic success, dentin wall thickness, increased
root length, pulp sensitivity, and apical closure/periapi-
cal healing have been used in different studies and re-
views, making it challenging to draw clear conclusions.
Histological evaluation should play the most critical role
in evaluating success by determining the type, organi-
zation, and cellular composition of newly regenerated
pulp-like tissue. This includes the identification of key
cellular components such as odontoblasts, fibroblasts,
or mineralized tissue, the presence of newly formed
blood vessels, regenerated nerve fibers, as well as the
status of inflammation or infection, periodontal liga-
ment integrity, and the condition of surrounding bone
structures [14]. However, obtaining such histological
data in a clinical setting is often challenging and may
raise ethical concerns. Overall, more randomized stud-
ies, with standardized criteria, are needed to generate
original clinical data and metrics for analysis, facilitating
more accurate clinical decision-making.

https://doi.org/10.5395/rde.2025.50.e38

Limitations

This systematic review has several limitations. Publi-
cation bias may exist as only published studies from
five main databases were included, potentially missing
studies in other databases, grey literature, or unpub-
lished sources. Language restrictions limited inclusion
to English studies, possibly excluding relevant research
in other languages. Finally, only studies with immature
teeth, recall times over 12 months, and a BC control
group were included, potentially missing other import-
ant outcomes.

CONCLUSIONS

This systematic review suggests that PRP, PRF, and BC
present viable and clinically successful approaches for
the RET of immature permanent teeth with pulp necro-
sis. While platelet derivatives may offer potential biolog-
ical advantages, current evidence does not demonstrate
significant statistical superiority in terms of clinical and
radiographic success. Moreover, the lack of long-term
follow-up data limits the strength of any definitive clini-
cal recommendations. Future research should prioritize
carefully planned RCTs with longer recall periods, larger
sample sizes, standardized outcome measures, and,
where possible, histological evaluation of human teeth
to provide more robust evidence and clearer clinical
guidance.
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Difference in light transmittance and depth of cure of flowable
composite depending on tooth thickness: an in vitro experimental
study
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ABSTRACT

Objectives: This study aimed to quantify light attenuation through varying tooth thicknesses and its impact on the depth
of cure of composite resin.

Methods: Twenty extracted premolars were used to create enamel-dentin discs that were sanded progressively in 0.5 mm
increments from 2.5 mm to 0.5 mm. Light irradiance was measured with and without tooth specimens to evaluate light
transmittance. Resin was cured beneath different thicknesses, and the depth of cure was assessed using the Vickers hard-
ness test.

Results: The results demonstrated that light transmittance significantly decreased as tooth thickness increased (p < 0.01),
leading to reduced resin polymerization. In the 2.0-mm and 2.5-mm tooth thickness groups, the depth of cure was sig-
nificantly lower than in the control group without tooth specimens (p < 0.05).

Conclusions: Ultimately, for tooth structures exceeding 2 mm, self-cure or dual-cure resin polymerization is thought to
be more efficient than light polymerization.

Keywords: Depth of cure; Flowable composite; Light attenuation; Microhardness; Tooth structure

INTRODUCTION all areas of the resin. It is very difficult for light to reach

the deepest parts of the cavity, the axio-pulpal line angle
When using light-cured composite resins as restorative in the proximal box, and deep undercut areas [1,2]. To
materials in clinical practice, it is impossible for the light achieve optimal polymerization, manufacturers recom-
from the curing unit to be directed perpendicularly to mend light curing not only from the occlusal surface but
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Light transmittance and curing depth of composite

also from the buccal and lingual sides [2]. Additionally,
in cases where tooth fragments are reattached due to
crown fractures, the light-cured composite resin inject-
ed into the tooth cannot be directly exposed to light;
instead, the light must pass through the tooth structure
to reach the composite. In such circumstances, the gen-
eral light-curing process without increased curing time
or light irradiance may result in insufficient polymeriza-
tion of the resin [3].

Although some previous studies [4,5] have mea-
sured light attenuation regarding the distance from
the light-curing unit (LCU) and the intensity of light
transmitted through resin or ceramic restorations, few
studies have examined light transmittance through an
actual tooth structure and the properties of that polym-
erized composite resin. Additionally, no experiments
have controlled for light leakage while the LCU is in
operation. Results from previous studies have indicat-
ed that, compared to light curing in the air, there is a
significant decrease in light irradiance and depth of
cure of resin when light is transmitted through a tooth
structure. One study [2] reported about a 98% decrease
in light transmission at a tooth thickness of 5.0 mm,
while other studies [6,7] using enamel and dentin filters
have reported a high light attenuation of about 80% or
more, depending on thickness, which led to inferior
resin properties. Therefore, in this study, actual teeth
were used, and a specially designed mold was used to
gather the light from a specific spot on the LCU, cre-
ating a more precise light transmission circumstance.
Unpolymerized residual resin monomers are known
to dissolve in the oral cavity and possess tissue toxicity
[8-10]. Additionally, they reduce the structural stability
of the composite, consequently decreasing its mechan-
ical properties and durability, leading to a poor long-
term prognosis for the restoration [11-13]. The depth
of cure of resin can be defined as the thickness at the
point where the microhardness of the polymerized resin
reaches 80% of the top surface hardness [14-16]. The
depth of cure calculated with microhardness values can
be used as an indirect indicator of conversion degree
and the mechanical properties of the resin.

The purpose of this study is to quantify the intensity
of the curing light attenuated by the thickness of the
tooth structure, compare the differences in light trans-
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mittance, and measure the microhardness of the resin
polymerized beneath the tooth structure to determine
the depth of cure of the resin. The null hypothesis of this
study is that “there will be no difference in light trans-
mittance and depth of cure depending on the thickness
of the tooth structure.”

METHODS

Materials

For the study, commercially available composite resin
(Filtek Supreme Flowable Restorative; 3M Oral Care,
St. Paul, MN, USA) and an LCU (B&Lite S; B&L Biotech
Co., Daejeon, Korea) were used. Only the A3 shade of
the composite resin was used. Tooth specimens were
recently extracted from maxillary and mandibular
premolars of patients aged 18 to 30 years undergoing
orthodontic treatment. Teeth with caries, fractures, or
resorption defects were excluded, and only teeth with
intact pulp chambers and no calcification or abnormal
change were used. To quantitatively analyze the reduc-
tion in light transmittance through the tooth structure,
a radiometer (LM-300 Curing Light Meter; TPC Dental,
Walnut, CA, USA) was used. The microhardness of the
resin polymerized beneath the tooth structure was mea-
sured using a Vickers hardness tester (HM-124; Mitu-
toyo, Kawasaki, Japan).

Methods

1. Preparation of tooth specimens

This study received approval from the Institutional Re-
view Board of Jeonbuk National University Hospital (CUH
2024-03-036-003) to use human teeth. Twenty extracted
maxillary and mandibular premolars without caries or
restorations were used for the experiment. All teeth were
sectioned at the cementoenamel junction using a mi-
crosaw (Isomet, low speed; Buehler, Lake Bluff, IL, USA).
Next, the cusps of the occlusal surfaces were flattened us-
ing a diamond bur, and then 10 circular specimens with a
diameter of 6 mm and a height of 2.5 mm were prepared.
For each test group, the specimens were polished se-
quentially from the bottom using 600-grit wet sandpaper
to create specimens with thicknesses of 2.0, 1.5, 1.0, and
0.5 mm (Figure 1). Another 10 specimens with a diameter
of 4 mm were prepared using the same process.

https://doi.org/10.5395/rde.2025.50.39
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Figure 1. (A) Tooth sample preparation. (B) An enamel-dentin disc with different thicknesses. CEJ, cementoenamel junction.

2. Resin specimen preparation

Following the standard suggested by the International
Organization for Standardization (ISO), a metal split
mold with a diameter of 4 mm and a height of 6 mm
was used. After applying a mold release agent, compos-
ite resin was injected into the mold. A mylar strip was
then placed on top to flatten the surface, followed by a
custom mold that placed the tooth specimen above the
resin. This was followed by 20 seconds of light curing
(Figure 2). The manufacturer of the composite resin
used in this experiment recommends light exposure at
550-1,000 mW/cm? for 20 seconds for a 2-mm thick-
ness. This process was uniformly conducted across all
five groups (0.5/1.0/1.5/2.0/2.5 mm) by adjusting the
mold according to the thickness of the tooth specimen,
and 10 resin specimens were prepared for each group.
After curing, the composite resin was removed from the
split mold, and the uncured resin at the bottom surface
was scraped off with a metal instrument. The specimens
were stored in distilled water at 37°C in a dark environ-
ment for 24 hours and kept in a light-proof container at
room temperature to prevent additional polymerization
by ambient light until further measurements. For the
control group, 10 resin specimens were prepared follow-
ing the same procedure but without a tooth specimen
during the curing process.
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Figure 2. Light curing of composite resin through the tooth struc-
ture.

3. Measurement of light irradiance

Ten teeth with a diameter of 6 mm and specially de-
signed molds of varying heights were used. For the
control group corresponding to each tooth thickness,
the mold and LCU were positioned on a radiometer
without a tooth, and the irradiance was measured at a
fixed distance (0.5/1.0/1.5/2.0/2.5 mm) corresponding
to the thickness of the tooth used. The control was irra-
diated at 0.5 mm. Next, after placing the prepared tooth,
the measurement was repeated in the same manner for
each group (Figure 3). The average value and standard
deviation were calculated, and the reduction in irradi-
ance according to tooth thickness was compared and
analyzed against the initial values. Ten tooth specimens
were used for the measurements in each group, and
the light irradiance of the curing unit was periodically
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Figure 3. Measurement of the light irradiance of the light-curing
unit through a tooth structure.

checked to ensure consistent output throughout the ex-
periment. Prior to each measurement, the light-curing
unit’s irradiance was verified using a radiometer to en-
sure consistent output across all specimens.

4. Measurement of resin microhardness and depth of
cure

The microhardness (Vickers hardness number, VHN) of
resin specimens prepared for each group (n = 10) was
measured using a Vickers hardness tester (HM-124)
(Figure 4). The hardness value of the surface closest to
the LCU (ie, “upper surface”) was measured first. The
lower, less-cured resin (ie, “lower surface”) was se-
quentially polished in 0.1-mm increments. After each
polishing step, the hardness values were recorded and
compared to those of the upper surface. To minimize
measurement error, the indenter was applied to the
center of the specimen. A load of 200 g was applied for
20 seconds during the hardness measurement, corre-
sponding to a force of 1.961 N. The VHN value was au-
tomatically calculated by the tester using the following
formula:

2Fin($) _ o 1901 x L

VHN = 0102~ o

where Fis the applied load (N), « is the angle of the in-
denter tip (136°), and d is the mean diagonal length of
the indentation (mm).
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(A)

Figure 4. Vickers hardness indentation of upper (A) and lower sur-
faces (B).

The point at which the hardness value reached 80% or
more of the upper surface hardness was defined as the
depth of cure of the resin. For the control group, resin
specimens were cured at a 0.5 mm distance in the ab-
sence of a tooth. A total of 60 specimens (10 per group)
were used to calculate the average value and standard
deviation of surface hardness.

5. Measurement of dentin area ratio

Randomly selected tooth specimens used in the ex-
periment were bisected vertically, and the surface was
observed using scanning electron microscopy (SEM;
SU8230, Hitachi, Tokyo, Japan). SEM image analysis
was conducted on teeth with the same diameter as
in the light transmittance experiment, measuring the
area ratio of dentin at different heights. The acquired
image was processed using Image] (ver. 1.53s, National
Institutes of Health, Bethesda, MD, USA) to identify the
enamel and dentin areas, and the ratio was calculated
through pixel analysis. After converting the image, the
enamel portion was selectively isolated, and the dentin
area ratio was calculated (Figure 5).

6. Data analysis

Measured data were analyzed using a statistical analysis
program (IBM SPSS version 19.0; IBM Corp, Armonk,
NY, USA). One-way analyses of variance and Tukey post
hoc tests were conducted to examine the effect of tooth
thickness on light transmittance. The Kruskal-Wallis test
was employed to determine the statistical significance
of the depth of cure of the resin, based on tooth thick-
ness, between the control and experimental groups.
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Light transmittance and curing depth of composite

magm det mode WD HFW Use case
WX 5.00kV 020nA 35x ETD SE 60.0mm 5.92mm Standard

5. HV curr

Figure 5. Scanning electron microscopic image of a bisected tooth
specimen with a marked boundary to measure the dentin ratio. E,
enamel; D, dentin.

Statistical significance was defined as p < 0.01 for light
transmittance and p < 0.05 for depth of cure.

RESULTS

Figure 6 shows the mean and standard deviation of
irradiance values measured in the absence of a tooth
for the control group and through tooth structures of
various thicknesses for the other experimental groups.
Transmitted light irradiance significantly decreased as
tooth thickness increased (p < 0.01). Among the exper-
imental groups, the highest mean irradiance was ob-
served in the 0.5-mm tooth group (530 mW/cm?), while
the lowest was in the 2.5-mm group (220 mW/cm?). The
reduction rates in irradiance were 21.8% for the 0.5-mm
group, 32.8% for the 1.0-mm group, 40.1% for the 1.5-
mm group, 54.4% for the 2.0-mm group, and 61.7% for
the 2.5-mm group.

Figure 7 presents the VHN values of the upper surface
of the cured resin for each group, as well as the hardness
values at the point where the value reached 80% or more
of the upper surface hardness. The hardness values of
both the upper and lower surfaces were highest in the
control group. The VHN values for the upper surface of
the resin were relatively low in the 2.0-mm group (37.8)
and the 2.5-mm group (34.1) compared to other groups.
Except for these two groups, the hardness values in all
other groups were greater than 40. Both the upper and
lower hardness values were lower than those of the con-
trol when the light passed through the tooth, and hard-
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Figure 6. Light transmittance by tooth thickness. The control group
indicates light irradiance at 0.5 mm from the light-curing unit with-
out a tooth specimen. Values with different lowercase letters are
significantly different (p < 0.01).

ness decreased as the thickness of the tooth increased.

Table 1 shows the depth of cure of the resin based on
the measured hardness values. The depth of cure was
significantly higher in the control group (p < 0.05) and
decreased with increasing tooth thickness. The 2.0-mm
and 2.5-mm tooth groups showed a significant differ-
ence in depth of cure compared to the control group,
but the difference between these two groups was not
significant (p = 0.241).

Figure 8 presents a graph of the ratio of resin depth of
cure and irradiance in the experimental groups com-
pared to the control group. As the thickness of the tooth
increased, the depth of cure and light irradiance con-
sistently decreased, and the two values showed similar
patterns of reduction. In the 2.0-mm and 2.5-mm tooth
groups, both values were less than 50%.

The dentin area ratio varied by the thickness of the
tooth and showed a significant decrease to the occlusal
surface (Table 2). It can be inferred that the greater the
proportion of dentin in the tooth specimen, the greater
is the reduction in light transmittance (Figure 5).

DISCUSSION

Composite resin has become an indispensable material
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Figure 7. Mean microhardness values (Vickers hardness number) of the upper surface (A) and lower surface (B) of the composite resin samples.
The control group indicates microhardness at 0.5 mm from the light-curing unit without a tooth specimen.

Table 1. Depth of cure of flowable composite based on microhard-
ness under various tooth thicknesses
Tooth thickness (mm)

Depth of cure (mm) Decrease rate (%)

Control 3.33+0.10%

0.5 2,62 +0.07% 213
1.0 222 +0.06 342
15 2.08 +0.06° 41
2.0 1.26 +0.08° 62.1
2.5 1.09 +0.03" 67.2

Values are presented as mean + standard deviation unless otherwise
specified.

Values with different uppercase superscript letters indicate statistically
significant difference (p < 0.05).

in modern restorative dentistry. Based on the polymer-
ization mechanism, composite resins are categorized
into self-cured, light-cured, or dual-cured types, with
light-cured resins being used for most direct resto-
rations. This resin is typically polymerized using blue
light in the 450 to 500 nm wavelength range. When
exposed to such light, the primary photoinitiator, cam-
phorquinone, breaks down and generates free radicals,
which initiate the opening of the double bonds in resin
monomers. This process rapidly triggers chain growth,
leading to the formation of polymer molecules. Howev-
er, if the resin is not exposed to sufficient light energy,
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Figure 8. Ratio of depth of cure and light irradiance to those of the
control group. Control group indicates the depth of cure and light
irradiance measured at 0.5 mm from the light curing unit without a
tooth specimen.

incomplete conversion of monomers occurs, resulting
in inadequate polymerization. This insufficient polym-
erization compromises the material’s physical prop-
erties and can lead to increased fracture rates, wear,
secondary caries, and ultimately early failure of the res-
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Table 2. Ratio of dentin according to tooth thickness when light is
transmitted

Tooth thickness (mm) Dentin ratio of tooth specimen (%)

0.5 35

1.0 225
15 434
20 56.8
25 64.5

toration. Appropriate polymerization is crucial for the
longevity and success of restoration.

In this study, we observed a significant reduction in
light irradiance when transmitted through the tooth
structure, which consequently led to a reduction in the
depth of cure of resin. The reduction rate increased as
the thickness of the tooth structure increased, and the
null hypothesis was rejected. There has been very little
research on light transmittance and the properties of
resin polymerized under varying tooth thicknesses. To
the best of our knowledge, this is the first study to con-
trol light leakage from a curing unit. Also, to minimize
variability, all extracted teeth were premolars with intact
crowns, free of caries or restorations. The enamel-den-
tin discs were prepared using standardized procedures
to maintain consistent thickness.

In Figure 6, as the thickness of the tooth increases,
there is a significant reduction in light irradiance. Spe-
cifically, in the 0.5-mm tooth thickness group, irradiance
decreased by about 21.8% and 59.9% at 1.5 mm and
by 61.7% at 2.5 mm. In a previous study [2] using tooth
structures with thicknesses ranging from 1.5 mm to 5.0
mm, the irradiance was reduced by about 71% at 1.5
mm and by about 98% at 5.0 mm. The reduction in light
irradiance based on the thickness of the tooth structure
was greater in previous studies compared to this study.
This difference might be attributed to the lack of control
of light leakage in previous studies during curing and
measurement of irradiance at 0 mm as a fixed reference
point. Generally, at least 300-400 mW/cm? of irradi-
ance is required for adequate light curing [17]. In the
tooth groups with a thickness of 2.0 mm and 2.5 mm,
the transmitted irradiance did not reach 300 mW/cm?,
suggesting that standard light-curing time may not be
sufficient to achieve adequate resin polymerization.

Flowable composite resin was selected for this ex-

https://doi.org/10.5395/rde.2025.50.e39

periment due to its higher translucency and ease of
handling in thin layers, making it suitable for evaluating
light transmittance and depth of cure in constrained
geometries. Depending on the type and translucency of
composite resin, the recommended curing conditions
vary. However, manufacturers generally suggest 20 sec-
onds of exposure to 500-800 mW/cm? of light when po-
lymerizing a light-cured composite at 2 mm. The curing
light used in this experiment was an LED type, with an
800 mW/cm? minimum output suggested by the manu-
facturer.

The depth of cure of the resin also showed consider-
able differences depending on the thickness of the tooth
structure, except for the 2.0-mm and 2.5-mm tooth
groups. The average depth of cure in the control group
was 3.33 + 0.1 mm, which significantly decreased to 1.09
+ 0.03 mm as the thickness increased to 2.5 mm (Table
1). Previous studies [2,4,5] reported that the reduction
in depth of cure was not as significant as the decrease
in light transmittance. However, in the present study,
the reductions in light transmittance and depth of cure
based on tooth thickness were similar (Figure 8). This
may be because the cure depth was determined by
measuring the microhardness of the resin surface with-
out using the conventional ISO scraping method. ISO
introduced a method for measuring the depth of cure
of resin by scraping off the uncured resin beneath, but
several studies have noted that the ISO 4049 method
overestimates the actual depth of cure [18]. Therefore,
some authors suggest that the depth of cure be defined
by comparing the hardness values of the top and bot-
tom rather than simply scraping off the uncured resin
[19,20]. Indeed, in the present experiment, the depth of
cure measured after scraping off the uncured resin from
all groups was higher than that based on hardness.

There are numerous studies [14,21,22] regarding the
quality and properties of the polymerization of light-
cured resin. The degree of conversion, which refers to
the ratio of monomer conversion to composite material,
is important in determining the mechanical, physical,
and biological properties of a restoration. The micro-
hardness of the resin surface is generally used as an
indicator of the material’s resistance to plastic deforma-
tion, wear, and attrition [23,24]. Furthermore, micro-
hardness increases with the degree of cross-linking in
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the polymerization reaction, which indirectly represents
the degree of conversion [25,26]. The depth of cure of
resin is closely related to the quality and physical prop-
erties of the polymerization, and many methods have
been introduced to assess this variable, including mea-
suring the thickness of the portion remaining after re-
moving the uncured lower part, measuring the hardness
of the upper and lower sections and calculating the ra-
tio, and using an optical microscope to visually identify
the uncured boundary [20,27]. Regarding hardness, the
point at which the ratio between the upper and lower
sections reaches 0.8 to 0.85 is generally considered the
point of cure [14,16,28].

Though there is no consensus on the optimal hard-
ness, the values of commercially available light-cured
composite resins range from 30 to 100 [29,30]. Some au-
thors suggest that the hardness of a clinical composite
resin should be at least 40 [29,31]. In the present study,
the average hardness value of the resin's upper surface
in the 2.0-mm and 2.5-mm tooth groups did not reach
40 (Table 1, Figure 7A). This indicates that a significant
reduction in light transmittance at a tooth thickness
exceeding 2.0 mm might prevent sufficient resin polym-
erization in clinical settings. For instance, when reat-
taching a fractured tooth fragment through resin injec-
tion, polymerization must occur using light transmitted
through the tooth structure, and additional curing time
may be required to overcome the thickness of the outer
tooth structure. In such cases, extending the curing time
beyond the standard duration could help increase the
mechanical properties.

Previous studies [7,32] have shown that applying an
additional curing time 1.5 to 4 times longer than the
standard can reduce residual monomer levels and elu-
tion. As the depth of cure of resin varies depending on
the shade, translucency, and type of resin, there may
be limitations in the results of this study, which used a
single shade of light-cured resin [5,33]. Further research
incorporating different composite resin shades and
material properties would be beneficial in providing a
more comprehensive understanding of the clinical im-
plications.
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CONCLUSIONS

This study showed that the transmitted light intensity
and the curing depth decreased as the thickness of the
tooth structure increased. This was especially noticeable
when the tooth thickness exceeded 2.0 mm, at which
point the cured resin did not achieve clinically sufficient
hardness, indicating that the resin polymerization was
insufficient. Ultimately, for tooth structures exceeding
2 mm, self-cure or dual-cure resin polymerization is
thought to be more efficient than light polymerization.
In conclusion, clinicians may need to consider that for
tooth structures greater than 2 mm in thickness, self-
cure or dual-cure resin polymerization may be more
effective than light curing.
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Resolvin E1 incorporated carboxymethyl chitosan scaffold accelerates
repair of dental pulp stem cells under inflammatory conditions:
a laboratory investigation
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ABSTRACT

Objectives: This study fabricated and characterized a resolvin E1 (RvE1)-loaded carboxymethyl chitosan (CMC) scaffold
and determined its cytotoxicity and mineralization potential on inflamed human dental pulp stem cells (hDPSCs).
Methods: CMC scaffold incorporated with two concentrations of RvE1 (100 and 200 nM) was fabricated and character-
ized. The scaffolds’ porosity, drug release kinetics, and degradation were assessed. The impact of RvE1 on inflamed hDP-
SCs proliferation, proinflammatory gene expression (tumor necrosis factor alpha [TNF-a]), alkaline phosphatase activity,
and alizarin red S staining was evaluated.

Results: Scanning electron microscopy analysis demonstrated a highly porous interconnected microstructure. Release
kinetics showed gradual RVE] release peaking at day 14. Cumulative degradation of the CMC scaffold at 28 days was
57.35%. Inflamed hDPSCs exposed to 200 nM RvE1-CMC scaffold exhibited significantly improved viability compared to
100 nM. Both RvE1-CMC scaffolds significantly suppressed the expression of TNF-a at 7 days. Alkaline phosphatase ac-
tivity was enhanced by both RVE1 concentrations on days 7 and 14. Alizarin red staining revealed superior mineralization
potential of 200 nM RvE1 on days 14 and 21.

Conclusions: This study concludes 200 nM RvE1-CMC scaffold is a promising therapy for inflamed pulp conditions, en-
hancing cell proliferation and biomineralization potential in inflamed hDPSCs.
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Resolvin E1 enhances pulpal healing

INTRODUCTION

Dental pulp, a mesenchymal soft connective tissue, trig-
gers an immune response when exposed to stimuli such
as dental caries and trauma [1] and demonstrates the
ability to regulate pulp repair and regeneration by alter-
ing the immune response [2]. Macrophages are abun-
dant in pulp and are drawn to the area of inflammation.
M1 macrophages dominate the inflammatory response
and M2 phenotype predominates when inflammation
reduces [3]. The cessation of granulocyte recruitment
along with macrophage differentiation at the site of tis-
sue injury plays a crucial role in resolving inflammation
and restoring tissue homeostasis [4]. Temporal resolu-
tion of pulpal inflammation by altering mediators such
as transforming growth factor beta-1, interleukin-1, and
tumor necrosis factor-alpha expression (TNF-a) plays a
pivotal role in maintaining tissue homeostasis [1]. Cur-
rently, two therapeutic options are strategized for the re-
pair/regeneration of inflamed pulp: (a) use of bioactive
molecules that aid in sequestrated biomolecule release
from dentin and (b) local drug delivery using bioactive
molecules for repair and regeneration [5].

Specialized pro-resolving mediators (SPM) are de-
rived enzymatically from polyunsaturated fatty acids
(arachidonic acid and omega-3 fatty acids) and aid in
arresting acute inflammation with their pro-resolving,
anti-inflammatory, and anti-infective properties [6].
These advantages are considered for designing novel
host-derived therapeutic strategies in clinical scenarios
with inflammation. SPMs offer an advantage over corti-
costeroids, where the latter have been shown to inhibit
the production of inflammatory mediators, enhance an-
ti-inflammatory cytokine release, promote healing, but
reduce host defense responses, hindering tissue repair
[7,8].

Resolvin E1 (RvE1), a type of SPM with dual functions,
is derived from the eicosapentaenoic acid pathway, in-
hibits transepithelial and transendothelial migration of
neutrophils and stimulates phagocytosis of apoptotic
neutrophils by the macrophages, and shows enhanced
pulpal and periodontal repair [9,10]. Topical application
of RvE1 on inflamed pulp tissue in rat models limited
the inflammatory cell infiltration compared to that of
ethanol or corticosteroid application [11]. Among the
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various concentrations tested, 100 nM of RVE1 (10, 100,
and 200 nM) demonstrated an effective chemotactic
effect on hDPSCs [12]. Additionally, 100 nM RvE1 in-
corporated into collagen sponges has been shown to
reduce necrosis rates and promote pulpal repair and
reparative dentin formation in rat models with non-in-
flamed pulp [12].

Currently, in literature, no established biomolecule
delivery system exists for RvE] in vital pulp therapy
(VPT). Chitosan has gained attention as a drug delivery
scaffold in dentistry [13,14]. However, modified chi-
tosan, namely carboxymethyl chitosan (CMC), exhibits
properties like calcium binding, high viscosity, and hy-
drodynamic volume [15]. It enhances wound healing by
regulating transforming growth factor beta-1, interleu-
kin-1, and TNF-a expression [16]. CMC, being a natural
polymer, is used extensively in the field of regenerative
medicine as a drug delivery scaffold due to its ability
to support cell proliferation, its anti-inflammatory, an-
ti-bacterial effect, and ability to be fabricated into vari-
ous scaffold designs such as films, sponges, hydrogels,
etc [17]. In a mouse air pouch inflammation model,
combining resolvin D1 to chitosan scaffolds demon-
strated a favorable healing response by modulating the
inflammatory response and enhancing M2 polarization
[18]. This type of combination can aid in the sustained
release of the drug. Currently, no literature exists to as-
sess the effect of RvE1 addition to the CMC scaffold on
inflamed human dental pulp cells.

Various drug delivery systems for VPT have shown
promising results in tests on mineralization potential
of human dental pulp stem cells (hDPSCs); however,
they were tested on normal cells and did not mimic the
clinical scenario of inflamed pulp. The anti-inflamma-
tory potential of these systems remains underexplored,
leaving the effectiveness of RvE1 with a scaffold in den-
tal pulp inflammation unclear. The null hypothesis is
RvE1l-loaded CMC scaffold has no significant effect on
the viability, anti-inflammatory marker expression, and
odontogenic differentiation capacity of lipopolysac-
charide (LPS)-stimulated hDPSCs, compared to a CMC
scaffold without RvE1.

The aim of this study is twofold: to fabricate and as-
sess the characteristics of a CMC scaffold incorporated
with RvEl, and to evaluate the role of RvE1-loaded CMC
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scaffold on the viability, expression of anti-inflamma-
tory markers, and odontogenic differentiation ability of
LPS-stimulated hDPSCs.

METHODS

Ethics approval
This study proposal was reviewed and approved by
the Institutional Ethical Committee of Meenakshi Am-
mal Dental College and Hospital, Chennai, India (No.
MADC/IEC-1/24/2022). Each participant provided writ-
ten consent prior to their involvement in the research.
RvE1 was procured from Cayman Chemicals (Ann
Arbor, M1, USA), CMC from Sigma-Aldrich (St. Louis,
MO, USA), LPS from Sisco Research Laboratories (Ma-
harashtra, India), and one-step qRT-PCR kit from DSS
Takara Bio (New Delhi, India). Other chemicals were
procured from HiMedia (Nashik, India) and Thermo
Fisher Scientific Pvt, Ltd. (Mumbai, India).

Fabrication of carboxymethyl chitosan scaffold

A porous scaffold was prepared by dissolving CMC
powder with a degree of substitution of 0.7, a degree of
deacetylation of 85%, and a molecular weight of 250,000
Da in 2% acetic acid solution and freeze-dried at -20°C
for 24 hours, followed by lyophilization at -80°C for 72
hours. After processing in 1N NaOH and sterilization in
ethanol series (25%-70%), the scaffolds were washed,
lyophilized, and sterilized with ultraviolet for 6 hours.

Incorporation of RVE1 in carboxymethyl chitosan scaf-
fold

RvE1 was incorporated into sterile scaffolds using an
embedding technique in a flow hood chamber to main-
tain a sterile environment. A solution of RvE1 in ethanol
(water solubility: approximately 0.05 mg/mL at 25°C or
phosphate-buffered saline [PBS] with pH 7.2), with con-
centrations of 100 nM and 200 nM RvE1, was prepared
in PBS (pH 7.2). A volume of 100-pL PBS containing 100
nM and 200 nM RvE1 was added dropwise with a micro-
pipette into the respective scaffolds. RvE1 incorporated
CMC scaffolds (CSR,,, and CSR,,,) were lyophilized
again (-80°C for 24 hours). The control group was pre-
pared by adding 100 pL of PBS and lyophilized (CS;ys).
All the prepared scaffolds were stored at -20°C until fur-
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ther use.

Morphological characterization

1. Porosity analysis

The microstructural analysis of samples of CSR,,,,
CSR,,, and CS;gg scaffolds was done using high-res-
olution scanning electron microscopy (HRSEM) (FEI
Quanta FEG 200), operating at 5 kV up to x500 magnifi-
cation. The mean pore dimensions of the scaffolds were
established through direct geometric examination of the
HRSEM images.

Physicochemical characterization

1. Release kinetics of carboxymethyl chitosan scaffolds
with RvE1

The drug release kinetics of RvE1 from the lyophilized
porous CMC scaffolds (CSR,,, and CSR,,,) were ana-
lysed using Ultraviolet Spectrophotometry at various
time intervals up to 28 days (1st, 4th, 8th, 12th, 16th,
20th, 24th hour, and days 3, 7, 14, 21, 28). Prior to the
in vitro release of RVE1 assessment, a linear calibration
curve of standard solution was constructed by measur-
ing the absorbance at A = 272 nm of different concen-
trations (10-250 nM) of RvE1. The 100 nM and 200 nM
RvE1-loaded scaffolds were immersed in 2 mL Dulbec-
co’s PBS (DPBS) (pH 7.2, at 37°C), separately. At defined
time intervals, 1 mL of solution was withdrawn from
each sample and replaced with an equivalent volume
of fresh PBS. RvE1 was detected at 272 nm. Absorbance
values of test samples were compared against the cali-
bration curve to quantify the cumulative release.

2. In vitro biodegradation analysis

The sterile scaffolds were immersed in 2 mL of PBS
with 10 mg/L of lysozyme (pH 6.24) and placed in an
incubator at 37°C. The lysozyme was replenished ev-
ery 3rd day. Controls were maintained in PBS without
lysozyme. Scaffolds were removed at various time in-
tervals up to 28 days (1, 3, 5, 7, 14, 21, and 28 days). The
scaffolds were lyophilized and weighed to determine
dry weight. Degradation extent was calculated using the
formula:

Degradation % = (W; — Wy)/W; x 100

where, W, = initial dry weight, W, = final dry weight after
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degradation.

Human dental pulp stem cells isolation

Human dental pulp tissue was isolated from either nor-
mal impacted third mandibular molars or normal pre-
molars extracted for orthodontic therapy from healthy
patients (age, 14-20 years) with informed consent. Iso-
lation of hDPSCs was done based on the methodology
proposed in previous literature [19]. In brief, hDPSCs
were isolated by the enzymatic digestion method. They
were extracted from human pulp tissues through treat-
ment with collagenase type I (3 mg/mL) and dispase (4
mg/mL) and then seeded into 10-cm culture plates at
low density (0.04 x 10°/plate). Rapidly growing individ-
ual colonies were isolated and expanded with a-MEM
supplemented with 10% fetal bovine serum, 100 uM
L-ascorbic acid 2-phosphate, 2 mM L-glutamine, 100 U/
mL penicillin, and 100 pg/mL streptomycin. The cul-
tures were incubated at 37°C in a 5% CO, atmosphere.
The medium was periodically changed every alternate
day till the cells reached 80% confluency. A subculture
was prepared with the aid of 0.2% trypsin/ethylenedi-
aminetetraacetic acid and cells from passage 3 were
phenotyped by flow cytometry for the following anti-
bodies: anti-CD105-fluorescein isothiocyanate (FITC),
anti-CD90-FITC, and anti-CD31-phycoerythrin were
used in this study.

Induction of pro-inflammatory conditions in human
dental pulp stem cells using lipopolysaccharides
Cells were seeded at 60% to 80% confluency and cul-
tured in a-MEM with or without LPS (Escherichia coli,
1 pg/mL) for 72 hours at 37°C with 5% CO, and the me-
dium was replenished every day.

The categories of experiment conducted to assess the
effect of the fabricated RvE1-loaded scaffolds on normal
and LPS-treated hDPSCs are tabulated in Table 1. All

Table 1. Different study groups and abbreviations

the following experiments were performed in triplicate.

Cell viability assay

The viability of hDPSCs was quantitatively evaluated
by measuring the reduction of tetrazolium salts to col-
ored formazan products [20]. About 5 x 10° cells were
seeded onto the scaffold in 1 mL of cell medium and
incubated at 37°C overnight to allow the cells to attach
to the scaffold. At predetermined intervals of 7, 14 and
21 days, the culture medium was removed and 1,000 pL
of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
(MTT) solution (5 mg/mL) was added to the wells and
cultured at 37°C under 5% CO, for 4 hours and 1,000 pL
of dimethyl sulfoxide was added to each well to solubi-
lize the crystals. Medium was changed every 2 days. Cell
count was determined by measuring formazan absor-
bance at 570 nm using a microplate reader and visual-
ized under an inverted microscope (x10 magnification).

Cytokine gene expression

hDPSCs treated with LPS and RvE1-loaded CMC scaf-
fold were subjected to RNA isolation to evaluate the ex-
pression of the pro-inflammatory cytokine TNF-a. Cell
lysis was performed, and total RNA was extracted using
Trizol reagent. It was then subjected to DNase treat-
ment to remove any DNA contaminants. Agarose gel
electrophoresis of RNA isolated from different groups is
shown in Supplementary Figure 1. RNA quantification
was carried out using a Nanodrop spectrophotometer
and the extracted RNA was subjected to one-step qRT-
PCR analysis to study the relative gene fold expression
of TNF-a. The double Delta CT method was used for the
calculation of the relative fold of expression for the gene
of interest. GAPDH was used as the housekeeping gene
(reference gene) and the normalization of data was
done using the same. The primer sequences are listed

Group Description Abbreviation

Non-inflamed groups S seeded with 5 x 10* hDPSCs ccs

Inflamed groups CSpys seeded with 5 x 10* LPS-treated hDPSCs C-CSL
CSR, 4 seeded with 5 x 10* LPS-treated hDPSCs 100R + CSL
CSR,q, seeded with 5 x 10* LPS-treated hDPSCs 200R + CSL

hDPSC, human dental pulp stem cell; LPS, lipopolysaccharide; CSyg;, CMC scaffoldpre-soaked with phosphate-buffered saline; CSR,,,, CMC scaffold
incorporated with 100-nM RvE1; CSR,,,, CMC scaffold incorporated with 200-nM RvE1.
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Table 2. Specific primer sequences for quantitative reverse tran-
scription polymerase chain reaction

No. Gene Forward primer Reverse primer
1 GAPDH TGTTCGTCATGGGTGTGAAC ATGGCATGGACTGTGGTCAT
2 TNF-a TAGCCATGTTGTAGCAAACCC TTATCTCTCAGCTCCACGCCA

in Table 2.

Alkaline phosphatase enzyme activity

Initially, 5 x 10° hDPSCs were seeded onto each scaffold
in 24-well culture plates and cultured up to 21 days. Ad-
herent cells were lysed using 500 pL of lysis buffer con-
taining 0.1% Triton-X100 in alkaline phosphatase (ALP)
assay buffer. After sonication for 5 minutes, samples
were collected on days 7 and 14 post-odontogenic dif-
ferentiation. Subsequently, the homogenized samples
were centrifuged at 12,000 xg for 20 minutes to obtain
the enzyme extract. Protein concentration of the en-
zyme extract is given in Supplementary Table 1.

At 60% to 70% confluency, hDPSCs were induced to
undergo odontoblastic differentiation upon exposure to
odontogenic conditioned medium. To 960 pL of assay
buffer, 20 pL of substrate (167 mM p-Nitrophenyl phos-
phate) was added and equilibrated at 37°C for 1 minute.
Later, 20 pL of enzyme extract was added and mixed.
Absorbance was measured at 405 nm using a microplate
reader.

Alizarin red S staining

Following odontoblastic conversion as described pre-
viously, cells were fixed with 4% paraformaldehyde for
20 minutes at room temperature, rinsed with DPBS,
stained with 1% alizarin red for 30 minutes at room tem-
perature, rinsed with DPBS, and visualized under an
inverted microscope (x20). For quantification of alizarin
red staining, the stained cells were incubated with 10%
acetic acid for 30 minutes, followed by centrifugation.
The resulting supernatant was collected for further
analysis.

Statistical analysis

Data were entered in an Excel spreadsheet (Microsoft
365; Microsoft Corp., Redmond, WA, USA). Normality
tests were conducted using the Shapiro-Wilk test, indi-
cating normal distribution. Independent sample t-tests
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compared degradation analysis and release kinetics be-
tween groups, while paired t-tests assessed intragroup
degradation. Tukey test post hoc was used for multiple
internal comparisons MTT assay, ALP activity, and aliz-
arin red staining. One-way analysis of variance was used
to assess gene expression. Significance was set at 5%
and performed using IBM SPSS version 24 (IBM Corp,
Armonk, NY, USA).

RESULTS

Morphological and physicochemical properties of the
scaffolds

The microstructural analysis of scaffolds exhibited a
highly porous, homogeneous structure characterized
by interconnected pores. The mean pore diameters of
CS;ps CSR,,, and CSR,,, are 91.25, 99.05, and 122.75
um, respectively (Figure 1A-C). Degradation analysis
showed that 44.61% of scaffold degraded in 3 weeks
when exposed to lysozyme (Figure 1D). The release
profile of RvE1 demonstrated an initial gradual release
of 42.95% and 50.92% from CSR,,, and CSR,,, scaffolds,
respectively, by the end of the first week. This was fol-
lowed by a rapid release phase, reaching 96.5% and
88.67% for CSR,,, and CSR,,,, respectively, by day 14.
Subsequently, the release plateaued, indicating a sus-
tained but minimal release thereafter (Figure 1F).

Phenotype of human dental pulp stem cells

hDPSCs presented a typical homogeneous spindle
morphology. Flow cytometry analysis confirmed that
the hDPSCs used in this experiment were positive for
mesenchymal cell surface markers CD105 (98.4%) (Fig-
ure 2B) and CD90 (96.9%) (Figure 2C), and negative for
hematopoietic marker CD31 (0.385%) (Figure 2E).

The role of RvE1l-loaded carboxymethyl chitosan on the
viability and proliferation of human dental pulp stem
cells

Loading of CMC with RvEl at concentrations of 100
nM and 200 nM demonstrated biocompatibility, with
no evidence of cytotoxicity and a sustained increase in
cell proliferation up to 21 days. The cultured cells ex-
hibited a homogeneous distribution and maintained
a characteristic spindle-shaped morphology. Stimula-
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Figure 1. Physicochemical properties of the scaffolds. (A—C) Scaffold morphology observed under scanning electron microscopy showing a
porous structure: (A) CSpgs, (B) CSR, g0, and (C) CSR,,. (D) Scaffold degradation (%) in the presence of PBS and PBS with lysozyme. (E, F) Release
kinetics of resolvin E1 (RvE1): (E) standard curve showing absorbance of different RvE1 concentrations under ultraviolet spectroscopy; (F) cumu-
lative release profile of RvET (nM) from CSR; o, and CSR,, scaffolds. PBS, phosphate-buffered saline.

tion of inflammation with LPS resulted in a reduction
in the viability of hDPSCs at all assessed time points.
Treatment with RvE1 (100R + CSL and 200R + CSL) has
shown a significant increase in cell proliferation at all
time intervals compared to the inflamed C-CSL group (p
< 0.05) and there was no significant difference (p > 0.05)
between 100R + CSL and 200R+CSL groups in all time
intervals (Figures 3 and 4A).

The role of RvEl-loaded carboxymethyl chitosan on
TNF-a expression

Treatment of hDPSCs with LPS increased the gene
expression of TNF-a. Both (100 nM and 200 nM) con-
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centrations of RvE1l-loaded CMC scaffold significantly
reduced the expression of TNF-a at 7 days, and 200R
+ CSL showed significantly lower expression of TNF-a
than 100R + CSL group (p < 0.05) (Figure 4B).

The role of RvE1l-loaded carboxymethyl chitosan on
the biomineralization potential in lipopolysaccha-
ride-treated human dental pulp stem cells

ALP analysis and alizarin red S staining were performed
to investigate the effect of RvE1-loaded CMC on the
early and late biomineralization capability of LPS-stim-
ulated hDPSCs.
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Figure 2. Flow cytometric analysis of mesenchymal stem antigens in human dental pulp stem cells. (A) Isotype control for FITC staining show-
ing minimal expression; (B) CD105 expression; (C) CD90 expression; (D) Isotype control for PE staining showing minimal expression; (E) CD31

expression (negative). FITC, fluorescein isothiocyanate; PE, phycoerythrin.

1. Alkaline phosphatase activity

LPS-inflamed hDPSCs exhibited significantly reduced
ALP activity compared to all other groups. Both 100 nM
and 200 nM RvE1l-loaded CMC scaffolds significantly
enhanced ALP activity (p < 0.05). Although the 100R +
CSL group showed higher ALP levels than the 200R +
CSL group on days 7 and 14, the difference between the
two RvE1 concentrations was not statistically significant
(Figure 4C).

2. Alizarin red S staining

Alizarin red quantification showed that the non-in-
flamed group showed the highest biomineralization po-
tential on day 21. Inducing inflammation with LPS has
been shown to reduce the biomineralization ability of

https://doi.org/10.5395/rde.2025.50.e40

hDPSCs less than the non-inflamed group. RvE1-loaded
CMC scaffold significantly enhanced the biomineraliza-
tion potential in both concentrations on days 14 and 21
compared to the inflamed group. However, the 200 nM
RvE1-loaded CMC scaffold had significantly higher bio-
mineralization potential than the 100 nM RvE1 on days
14 and 21. Biomineralized nodules were found to be
thicker and denser on treatment with 200 nM RvE1 than
100 nM on day 21 (Figure 4D-H).

DISCUSSION

Vital pulp management aims to deliver therapeutic
options for the resolution of inflammation in pulp and
create a conducive environment for repair. RvE1 in-
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Figure 3. Representative inverted microscopic views (x10) of LPS- and non-LPS-treated hDPSCs cultured with CMC scaffolds loaded with or
without 100 and 200 nM RvE1. (A-D) Day 7 cell morphology of LPS- and non-LPS-treated hDPSCs cultured with CMC scaffolds loaded with or
without 100 and 200 nM RvE1. (E-H) Day 14 cell morphology of LPS- and non-LPS-treated hDPSCs cultured with CMC scaffolds loaded with or
without 100 and 200 nM RVE1. (I-L) Day 21 cell morphology of LPS- and non-LPS-treated hDPSCs cultured with CMC scaffolds loaded with or
without 100 and 200 nM RVET1. LPS, lipopolysaccharide; hDPSCs, human dental pulp stem cells; CMC, carboxymethyl chitosan; RvE1, resolvin E1.
Abbreviations of experimental groups (C-CS, C-CSL, T00R + CSL, and 200R + CSL) are defined in Table 1.

teracts with ChemR23 receptors and decreases NF-«kB
activation in polymorphonuclear neutrophils, thereby
reducing inflammation [21,22]. ChemR23 showed sig-
nificant expression on hDPSCs, suggesting a potential
therapeutic role [12].

A concentration of 100 nM of RvE1 was selected based
on evidence from a previous study [12] and double the
concentration was included for comparison in the cur-
rent study. The scaffold’s degradation rate and release of
biomolecules over time are influenced by its degree of
crosslinking and porosity [23]. In this study, SEM images
illustrated a porous structure, which will provide more
active sites for lysozyme to act upon, leading to ade-
quate degradation and more efficient drug release. All
three CMC scaffolds had a mean pore size in the range
of 61.7-174 pm, which is comparable to that of previous
studies (60-180 pm) [24,25]. Scaffolds with larger mean
pore sizes of 65 and 145 pym demonstrated enhanced
hDPSCs ingrowth and proliferation [25].

In this study, maximum degradation and drug release
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occurred at 14 days, and 43% of the scaffold degraded
in 21 days. This observation is similar to previous lit-
erature, where 40% of the scaffold degraded at 21 days
[26]. The initial slow drug release in this study could
be attributed to the embedding technique followed by
lyophilization which extends the release of RvE1 and
negates its rapid degradation [27] and increases the bio-
availability over a prolonged time. In a previous study,
a delayed and extended release over a period of 3 days
was observed in the lyophilized chitosan + RvD1 scaf-
fold compared to the non-lyophilized counterparts [18].

LPS levels in infected root canals are observed in the
range of 0.001-2 pg/mL [28,29] and inflamed pulpal
conditions were simulated with 1 pg/mL LPS [30]. How-
ever, in previous studies, stimulation with LPS did not
significantly affect the proliferation [30], but in contrast,
this study showed a 40% survival rate for LPS-treated
hDPSCs at 21 days. This can be attributed to the expo-
sure time of up to 7 days in previous literature and up to
21 days in this study.
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Figure 4. Effects of RvE1 on LPS- and non-LPS-treated hDPSCs. (A) Mean cell viability (%) of LPS- and non-LPS-treated hDPSCs cultured with
CMC scaffolds loaded with or without 100 and 200 nM RvE1 at days 7, 14, and 21. (B) Expression of the pro-inflammatory cytokine TNF-a in
LPS- and non-LPS-treated hDPSCs cultured with CMC scaffolds loaded with or without 100 and 200 nM RvE1 at day 7. (C) Mean ALP activity
(units/mg protein) of LPS- and non-LPS-treated hDPSCs cultured with CMC scaffolds loaded with or without 100 and 200 nM RvE1 at days
7 and 14. (D) Mean alizarin red staining quantification (uM) of LPS- and non-LPS-treated hDPSCs cultured with CMC scaffolds loaded with
or without 100 and 200 nM RvE1 at days 14 and 21. (E-H) Representative alizarin red staining images (x20) at day 21: (E) C-CS, (F) C-CSL,
(G) 100R + CSL, and (H) 200R + CSL. RvET, resolvin E1; LPS, lipopolysaccharide; hDPSC, human dental pulp stem cell; CMC, carboxymethyl
chitosan; TNF-q, tumor necrosis factor alpha; ALP, alkaline phosphatase. hDPSC, human dental pulp stem cell; TNF-a, tumor necrosis factor
alpha; ALP, alkaline phosphatase. Abbreviations of experimental groups (C-CS, C-CSL, 100R + CSL, and 200R + CSL) are defined in Table 1.
*p < 0.05, significant difference between the groups.

The CMC scaffold with 100 nM and 200 nM RvE1 patible (no significant difference from 100 nM). This

showed biocompatibility and an increase in hDPSCs
viability up to 21 days. A previous study demonstrated
that direct application of 100 nM RvE1 on hDPSCs ex-
hibited greater compatibility compared to 200 nM [12].
In contrast, this study showed 200 nM to be more com-
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could be attributed to the scaffold-based delivery of the
drug to the cells in this study.

Treatment with RvE1l-loaded CMC scaffolds led to
a marked downregulation of TNF-a expression in a
dose-dependent manner, indicating the anti-inflam-
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matory efficacy of the bioactive scaffold system. TNF-a
is a key pro-inflammatory cytokine that plays a pivotal
role in initiating and orchestrating immune responses
[31,32]. It induces the production of other cytokines,
activates and upregulates adhesion molecules, and
stimulates cellular proliferation [31,32]. By coordinating
the early host response to tissue injury, TNF-a serves
a critical regulatory role in the pathogenesis of inflam-
matory diseases and serves as a reliable and sensitive
biomarker for assessing the severity and resolution of
pulpal inflammation [31,32].

hDPSCs treatment with LPS reduced ALP activity,
while co-treatment with RvE1-loaded CMC scaffold sig-
nificantly improved it. On days 7 and 14, 100R + CSL and
200R + CSL showed similar ALP activity. RvEl enhanced
ALP activity by 1.5 times than inflamed hDPSCs, which
was consistent with previous findings [12].

Alizarin red staining results showed that on days 14
and 21, the 200R+CSL group exhibited 7- and 10-times
higher mineralization compared to the inflamed hD-
PSCs. Qualitative analysis revealed denser and larger
mineralization nodules at 21 days, indicating enhanced
mineralization. These results suggest the potential of
the RVE1-CMC scaffold in promoting odontoblast-like
differentiation of hDPSCs, with varying effects observed
between different concentrations and time points, thus
enhancing the odontogenic differentiation. This syn-
ergism between RvE1 and CMC could be attributed to
the activation of the ChemR23 signalling pathway by
RvE1 [21] as well as the biomimetic mineralization abil-
ity of CMC [33]. ChemR23 is expressed in ameloblasts,
odontoblasts, and osteoblasts [34], and the Chemerin/
ChemR23 signalling pathway is known to regulate the
differentiation of ameloblasts and odontoblasts [34].
RvE1 directly affects osteoblasts, reducing RANKL
(receptor activator of nuclear factor kB ligand) levels,
which are elevated during inflammatory conditions,
and increasing osteoprotegerin production [35]. Fur-
thermore, CMC exhibits enhanced physicochemical
properties, including strong calcium-chelating capacity
and the ability to induce biomimetic mineralization
[15,33], and has shown synergistic mineralization effect
when combined with nanohydroxyapatite [36,37].

The healing process post-VPT comprises four stages:
exudative (1-5 days), proliferative (3-7 days), osteoden-
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tin formative (5-14 days), and tubular dentin formative
(>14 days) [38]. Macrophages are abundant in pulp,
especially in the first 5-7 days of inflammation [39]. The
increased RvE] release at 7-14 days, accompanied by
TNF-a suppression, can be advantageous by enhancing
(a) macrophage polarization from M1 to M2 and (b)
odontogenic differentiation during the odontogenic
formative stage. This study suggests 200 nM RvE1 with
a CMC scaffold as a potential clinical drug delivery sys-
tem to be studied further.

The strength of this study is inducing inflammation
in hDPSCs mimicking inflamed clinical conditions. The
future research will be focused on assessing the other
inflammatory and biomineralization markers for dentin
and translating them into animal studies.

CONCLUSIONS

Within the limitations of this study, the RvE1l-loaded
CMC scaffold was not toxic to the inflamed hDPSCs and
200 nM RvEL1 has superior cell proliferation ability and
biomineralization capacity of inflamed hDPSCs. This
scaffold holds promise as a novel therapeutic strategy
for alleviating pulp inflammation and promoting den-
tin-pulp regeneration.
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Effect of moisture and pH on setting time and microhardness of three
premixed calcium silicate-based root canal sealers: an in vitro
experimental study

Sooyoun Kim’

Department of Conservative Dentistry, KyungHee University Dental Hospital at Gangdong, Seoul, Korea

ABSTRACT

Objectives: The study aimed to investigate how environmental conditions impact the setting time and microhardness of
premixed calcium silicate-based sealers.

Methods: The setting time and microhardness of three sealers (Endoseal MTA [MARUCHI], One-Fil [MEDICLUS], and
Well-Root ST [VERICOM]) were evaluated under four environmental conditions: unsoaked, distilled water-soaked, phos-
phate-buffered saline-soaked, and pH 5-soaked gypsum molds (7 = 12/group/condition). The setting time was measured
with Gilmore needles, and microhardness was assessed using a Vickers tester after 3 days. Welch'’s analysis of variance
and Games-Howell post hoc tests were used for statistical analysis.

Results: The sealer type and environmental conditions significantly influenced setting time and microhardness (p <
0.001). The initial and final setting times were the shortest in the unsoaked samples. For Endoseal MTA and One-Fil, the
unsoaked condition exhibited significantly shorter setting times than the soaked conditions. Well-Root ST exhibited sig-
nificantly longer setting times in acidic conditions. Surface microhardness was highest in the unsoaked group (p < 0.001).
Among the soaked groups, the phosphate-buffered saline-soaked group had the lowest hardness for Endoseal MTA,
whereas the pH 5-soaked group exhibited the lowest hardness for One-Fil and Well-Root ST. Endoseal MTA consistently
demonstrated a lower microhardness than the other sealers (p < 0.001).

Conclusions: Moisture, pH, and solution chemistry influenced the setting time and microhardness of premixed calcium
silicate sealers. Although acidic conditions generally prolong the setting time and reduce hardness, the effects vary based
on the sealers used and the setting environment.
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Moisture, pH, and sealer properties

INTRODUCTION

The microbiological objectives of endodontic treatment
include eliminating bacteria from the root canal system
and sealing all the entry and exit points. Antimicrobial
interventions, such as chemomechanical procedures
and intracanal medications, ensure bacterial elimina-
tion, whereas root canal obturation primarily accom-
plishes a hermetic seal [1]. Endodontic sealers encap-
sulate residual bacteria by sealing the dentinal tubules,
thus preventing reinfection of the root canal [2]. Com-
monly used sealers include zinc oxide-eugenol, calcium
hydroxide, glass ionomers, resin-based epoxy resins,
methacrylate resin, and calcium silicate-based sealers
(CSBSs) [3]. CSBSs are typically formulated using syn-
thetic calcium silicate, Portland cement, or mineral tri-
oxide aggregates (MTA) [4].

MTA, such as ProRoot MTA (Dentsply, Tulsa, OK,
USA), a type of calcium silicate cement, is recognized
for its favorable clinical outcomes. Initially developed
as a root-end filling material, MTA has been applied in
pulp capping, pulpotomy, apexogenesis, apical barrier
formation in teeth with open apices, root perforation
repairs, and root canal filling. The effectiveness of MTA
has been ascribed to its superior sealing ability, anti-
bacterial properties, and biocompatibility. It exhibits
high pH, prolonged setting time, and low compressive
strength [5,6]. Following the successful outcomes at-
tributed to the use of MTA, calcium silicate-based mate-
rials are increasingly being used as sealers in root canal
procedures. Unlike conventional sealers, CSBSs are
hydraulic and hygroscopic, and require water to initiate
a distinctive setting process [4]. Premixed and injectable
sealers are considered user-friendly; they remain unset
in syringes and undergo setting reactions only upon ex-
posure to aqueous environments [7].

The physical properties of sealers, including setting
time, flow, radiopacity, solubility, dimensional stability,
and pH change, have been evaluated in previous stud-
ies [8,9]. Variations in the setting times were reported
and were influenced by the study design. High pH and
flowability have been observed, facilitating effective
sealer distribution within root canal anatomical variants
[4]. Calcium silicate-based materials are recognized for
their exceptional biocompatibility, bioactive properties,
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antibacterial effects, and low solubility, with excellent
sealing and setting capabilities in humid environments
[10,11]. Environmental conditions can also influence
these properties. A significant delay in the setting time
has been noted in the absence of sufficient moisture
[12,13]. Sealers rely on moisture within the dentinal tu-
bules, which varies in quantity, to initiate and complete
the setting reaction [7]. An unset or partially set sealer
may permit rapid penetration of irritants, such as bacte-
ria or bacterial byproducts, following obturation [2].

During canal obturation, sealers are exposed to fluids
near the apex, where adjacent tissues may exhibit nor-
mal or acidic pH owing to infection or inflammation [14].
In other studies, exposure to an acidic environment re-
duced the microhardness of MTA and MTA-like materi-
als [15]. Moreover, CSBS exhibits a lower microhardness
when exposed to both acidic and phosphate-buffered
saline (PBS) conditions, with acidic conditions having a
more pronounced effect [16].

According to the ISO 6876/2012 standards, a dental
plaster mold with a cavity of 1 mm in height and 10 mm
in diameter is recommended for materials requiring
moisture for the setting reaction. Some studies have
used dental plaster molds; however, most of these stud-
ies focused primarily on humid environments [12,17,18]
In this study, gypsum-molded specimens were exposed
to PBS, which simulates the ionic composition of tissue
fluids by providing phosphate ions and maintaining a
stable, near-neutral pH through its buffering capacity, as
well as to an acidic solution at pH 5 (hydrochloric acid),
representing the chemical environments of healthy and
inflamed periapical tissues, respectively. These varying
conditions are expected to distinctly affect the setting
behavior and properties of CSBSs.

This study aimed to evaluate the effects of environ-
mental conditions on the initial and final setting times
and the microhardness of three premixed calcium
silicate-based root canal sealers. The null hypotheses
were as follows: (i) No differences exist in the setting
time or microhardness among the sealers. (ii) Moisture
does not affect the setting time or microhardness of the
sealers. (iii) pH changes do not affect the setting time or
microhardness of the sealers.
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METHODS

Specimen preparation

Three commercially available premixed CSBSs, Endo-
seal MTA (MARUCHI, Wonju, Korea), One-Fil (MEDI-
CLUS, Cheongju, Korea), and Well-Root ST (VERICOM,
Chuncheon, Korea), were evaluated. The chemical
compositions of the sealers are listed in Table 1. All sam-
ples were analyzed before the manufacturers’ specified
expiration dates.

According to the ISO 6876:2012 standards, dental
plaster molds with an internal diameter of 10 mm and a
height of 1 mm were used for evaluating sealers requir-
ing moisture for the setting reaction. The molds in the
initial group for each material were maintained at 37°C
and 100% relative humidity for 24 hours, following ISO
standards, and served as the control group (unsoaked
mold, US). Additional molds were exposed to distilled
water [DW] (DW-soaked mold, DW), PBS at pH 7.4
(PBS-soaked mold, PBS), or hydrochloric acid (HCI)
at pH 5 (pH 5-soaked mold, pH 5). The sealers and the
setting environment conditions are summarized in Table
2. The pH was measured using a calibrated pH meter
(WTW, Inolab pH7110; Weilheim, Germany) with buffer
solutions (pH 4, 7, and 10). The room temperature during
measurements was maintained at 25°C. Each mold was
individually immersed in a plastic flask containing 40 mL
of the respective solutions and stored at 100% relative hu-
midity and 37°C for 24 hours (n = 12/group/condition).

Sealers were injected into the molds and stored at
100% relative humidity and 37°C. For the PBS-soaked
and pH 5-soaked groups, a 40-pL drop of the respective
solution was applied to stimulate sustained direct expo-
sure to these fluids, which may be encountered in clini-
cal inflammatory conditions or post-irrigation environ-
ments, followed by an overhead projector film. For the
DW group, no additional drops were used, as exposure

Table 1. Types and compositions of sealers investigated in this study

to 295% relative humidity in a water bath is generally
accepted to provide adequate environmental moisture
for setting without excess surface liquid. A glass plate
was placed over the sealer to ensure a flat and uniform
surface.

To assess the differences in moisture content between
the US and DW-soaked molds, the weight of each mold
was measured at three different time points: 1 hour after
setting (prior to storage at 100% humidity), after storage,
and after drying in a vacuum oven.

Setting time

Setting time was evaluated using Gilmore needles
(ASTM International, West Conshohocken, PA, USA).
The initial setting time was defined as the time required
for the test cement to solidify sufficiently to withstand
a Gilmore needle (113.4 g, tip diameter 2.12 mm). The
final setting time was defined as the time required to re-
sist a heavier Gilmore needle (453.6 g, tip diameter 1.06
mm) without significant indentation. The initial and
final setting times were monitored at 5-minute intervals,
starting 20 minutes before the anticipated setting time
based on a pilot study. The time at which the needle no
longer indented the sealer surface was recorded. Each
specimen was tested three times, and the needle tip was
cleaned after each measurement.

Table 2. Sealers tested under four conditions (unsoaked, distilled
Water, PBS, pH 5) with 12 samples per condition

Sealer Condition Sample size (n)
Endoseal MTA Unsoaked 12
One-Fil Distilled water 12
Well-Root ST PBS (pH 7.4) 12

pH 5 (HCl) 12

PBS, phosphate-buffered saline.
Endoseal MTA: MARUCHI, Wonju, Korea; One-Fil: MEDICLUS, Cheongju,
Korea; Well-Root ST: VERICOM, Chuncheon, Korea.

Sealer Manufacturer Lot

Composition

Endoseal MTA  MARUCHI, Wonju, Korea

(CD231027 Calcium silicates (dicalcium silicates), tricalcium aluminates, calcium aluminoferrite,

calcium sulfates, zirconium oxide, bismuth trioxide, thickening agent

One-Fil MEDICLUS, Cheongju, Korea 05417048

agent)

Well-Root ST~ VERICOM, Chuncheon, Korea

Calcium aluminosilicate compound, zirconium oxide, hydrophilic polymer (thickening

WR3D340S  Calcium silicate compound, calcium sulfate dehydrate, calcium sodium phosphosili-

cate, zirconium oxide, titanium oxide, thickening agents

https://doi.org/10.5395/rde.2025.50.e41
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Surface microhardness measurement

During incubation, gauze saturated with PBS or HCI
was placed on the samples according to their assigned
groups. The samples were incubated at 37°C under
100% relative humidity for 3 days. To ensure the main-
tenance of appropriate pH levels, the gauze pieces were
replaced every 12 hours. The DW group with no gauze
was used; moisture was maintained by incubation un-
der high relative humidity.

The samples were then ground using 1,200-grit silicon
carbide paper and wet-polished with minimal hand
pressure to facilitate indentation and minimize prepara-
tion effects on surface microhardness. The microhard-
ness was measured using a Vickers microhardness tester
(HM-221, Mitutoyo, Tokyo, Japan). Square-based and
pyramid-shaped diamond indenters were used, apply-
ing aload of 0.1 kgf for both Endoseal MTA and One-Fil,
and 1 kgf for Well-Root ST. This adjustment was made
according to the pilot test, which revealed that the lower
load of 0.1 kgf did not produce visible or reproducible
indentations on Well-Root ST samples under our testing
conditions. The indentation time was set to 10 seconds
at room temperature. Vickers hardness was calculated
using the following formula:

2F'sin %

HY = —5—
F
HV = 1.854¥

where F represents the load in kilograms of force, d is
the mean of the two diagonals in millimeters, and HV is
the Vickers microhardness. The microhardness values
were measured three times and the average values were
calculated.

Statistical analysis

Statistical analyses were performed using the SPSS soft-
ware, version 29.0 (IBM Corp., Armonk, NY, USA). Data
normality was assessed using the Shapiro-Wilk test.
Weight changes were compared using the Mann-Whit-
ney U-test. The effects of CSBS type and environmental
conditions on the setting time and microhardness were
analyzed using Welch'’s analysis of variance, followed by
the Games-Howell post hoc test. The significance level
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was set at p < 0.05.

RESULTS

The differences in the moisture content between the US
and DW-soaked molds are presented in Figure 1. Sig-
nificantly lower moisture content was observed in US
gypsum molds compared with DW-soaked molds after
24 hours at 37°C and 100% relative humidity, as deter-
mined by the Mann-Whitney U-test (p < 0.001).

Setting time

A significant two-way interaction between the CSBS and
environmental conditions was observed for both the
initial and final setting times (p < 0.001) (Tables 3 and 4,
Figure 2). The CSBS type and environmental conditions
significantly influenced the initial and final setting times
(p < 0.001). Shorter initial and final setting times were
recorded in the US group than in the pH 5 group (p <
0.001).

For Endoseal MTA, the US group exhibited signifi-
cantly shorter initial setting times than the soaked
group. However, no significant differences were ob-
served between the DW, PBS, and pH 5 conditions. A
similar pattern was noted for the final setting time; how-
ever, the PBS and pH 5 groups had significantly longer
setting times than the DW group.

s — %] [N w 4]
(=} » (=] 2] o (&)
1 1 1 1 1 1

*

Changes in moisture content (%)
8]
1

(=]
|

1
o

Unsoaked gypsum mold DW soaked gypsum mold

Amount of moisture absorbed (%)
Il After drying (%)

Figure 1. Moisture content changes of unsoaked and distilled water
(DW)-soaked gypsum molds. *p < 0.05, statistically significant.
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Table 3. Initial setting time (min) of CSBSs under different environmental conditions

Type of CSBS Unsoaked Distilled water PBS pH5
Endoseal MTA 9.12+197™ 51.20+13.1% 66.8 + 13.57" 62.13 + 6.92°
One-Fil 12.93 +4.53% 32+7.47% 29.65 +5.18% 4157 +5.32%
Well-Root ST 3647 +6.27" 4782 +15.75™ 40.8+7.02" 74.05 + 8.82%

Values are presented as mean =+ standard deviation.

CSBS, calcium silicate-based sealer; PBS, phosphate-buffered saline.

Different uppercase letters indicate significant differences (p < 0.05) within the same row; different lowercase letters indicate significant differences
within the same column.

Endoseal MTA: MARUCHI, Wonju, Korea; One-Fil: MEDICLUS, Cheongju, Korea; Well-Root ST: VERICOM, Chuncheon, Korea.

Table 4. Final setting time (min) of CSBSs under different environmental conditions

Type of CSBS Unsoaked Distilled water PBS pH5
Endoseal MTA 2743+ 468" 81.28+13.75% 116.35 +12.3% 113.3+10.38
One-Fil 32.93+89" 80.98 +21.52% 79.03 + 13.88% 144,63 +5.32%
Well-Root ST 7232 +5.75" 7632 +16.73" 57.23 +9.758“ 100.28 + 4.98™

Values are presented as mean =+ standard deviation.

CSBS, calcium silicate-based sealer; PBS, phosphate-buffered saline.

Different uppercase letters indicate significant differences (p < 0.05) within the same row; different lowercase letters indicate significant differences
within the same column.

Endoseal MTA: MARUCHI, Wonju, Korea; One-Fil: MEDICLUS, Cheongju, Korea; Well-Root ST: VERICOM, Chuncheon, Korea.
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I 'nitial setting time [ ] Final setting time

Figure 2. Initial and final setting times (min) of calcium silicate-based sealers (CSBSs) under different environmental conditions. Different upper-
case letters indicate significant differences (p < 0.05) within the same sealer, and different lowercase letters denote significant differences within
the same environmental condition. Endoseal MTA: MARUCHI, Wonju, Korea; One-Fil: MEDICLUS, Cheongju, Korea; Well-Root ST: VERICOM, Chun-
cheon, Korea. US, unsoaked; DW, distilled water; PBS, phosphate-buffered saline.
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One-Fil displayed comparable trends, with signifi-
cantly shorter initial and final setting times in the US
group than in the soaked groups. The pH 5 group ex-
hibited a significantly longer initial setting time than
the PBS group. The final setting time was markedly pro-
longed in the pH 5 group, exceeding that of all the other
conditions.

For the well-rooted ST, the initial and final setting
times for the US, DW, and PBS groups did not differ sig-
nificantly. However, exposure to the acidic pH 5 solution

significantly delayed both the initial and final setting
times that to all other groups.

Surface microhardness

Both CSBS type and environmental conditions signifi-
cantly affected the microhardness (p < 0.0001) (Table
5, Figure 3). Across all the tested sealers, the US group
consistently exhibited significantly higher Vickers mi-
crohardness values than the soaked groups (DW, PBS,
and pH 5) (p < 0.0001). Among the soaked groups, PBS

Table 5. Vickers microhardness values (kgf/mm?) of CSBSs under different environmental conditions

Type of CSBSs Unsoaked Distilled water PBS pH 5

Endoseal MTA 18.52 +2.04" 22+023% 1.37+0.16" 3.13+042%
One-Fil 26.81+£3.2" 17.37 £2.99%® 12,63 +239% 98+2.12"
Well-Root ST 33.07 +2.09 13.78 + 2.06" 15.15+2.18% 10.5+1.59%

Values are presented as mean =+ standard deviation.
CSBS, calcium silicate-based sealer; PBS, phosphate-buffered saline.

Different uppercase letters indicate significant differences (p < 0.05) within the same row; different lowercase letters indicate significant differences

within the same column.

Endoseal MTA: MARUCHI, Wonju, Korea; One-Fil: MEDICLUS, Cheongju, Korea; Well-Root ST: VERICOM, Chuncheon, Korea.
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Figure 3. Vickers microhardness of calcium silicate-based sealers (CSBSs) under different environmental conditions. Different uppercase letters
indicate significant differences (p < 0.05) within the same sealer, and different lowercase letters denote significant differences within the same
environmental condition. Endoseal MTA: MARUCHI, Wonju, Korea; One-Fil: MEDICLUS, Cheongju, Korea; Well-Root ST: VERICOM, Chuncheon,
Korea. US, unsoaked; DW, distilled water; PBS, phosphate-buffered saline.
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exposure resulted in the lowest microhardness in En-
doseal MTA, which was significantly lower than that of
the DW and pH 5 groups. For One-Fil, the pH 5 group
had the lowest value (p < 0.0001) and that of the PBS
group was significantly lower than that of the DW group.
For Well-Root ST, the pH 5 group produced the lowest
microhardness, whereas the DW and PBS groups exhib-
ited similar microhardness values without significant
differences. Across all tested conditions, Endoseal MTA
exhibited significantly lower Vickers microhardness val-
ues than One-Fil and Well-Root ST (p < 0.0001).

DISCUSSION

Advancements in bioceramic technologies have in-
creased the use of CSBSs in endodontics. These sealers
have compositions and properties similar to those of
MTA, but offer additional benefits, including nonstain-
ing characteristics, reduced impurities, and smaller
particle sizes [4,19]. Excellent flowability, high pH, good
dimensional stability, and adequate radiopacity have
been reported for CSBSs in vitro [8,20,21]. As the prop-
erties of root canal sealers significantly influence the
quality of root canal fillings and require an adequate
setting time [20], evaluating the setting time and surface
microhardness as indicators of the setting process is es-
sential [15].

In the present study, the setting times and microhard-
ness of three premixed CSBSs were investigated. The
CSBSs are hydraulic and require water for initiating the
setting process. In the presence of water, calcium silicate
reacts to form calcium silicate hydrate gels, leading to
the production of calcium hydroxide [4]. However, the
inclusion of water in the sealer significantly increases
the initial setting time and decreases the microhardness
of CSBSs [7,22]. In this study, a significant increase in
setting time was observed in the DW group of Endoseal
MTA and One-Fil compared with that in the US group.
Additionally, all CSBSs demonstrated a significant de-
crease in the surface microhardness in the DW group
compared to that in the US group. Therefore, the sec-
ond null hypothesis, which states that moisture has no
influence on the setting time and microhardness of the
CSBSs, was rejected.

Plaster of Paris molds were used to evaluate the set-

https://doi.org/10.5395/rde.2025.50.e41

ting time and microhardness. Gypsum is known for its
irregular shape and porous structure, which enable it to
absorb and retain water or moisture [23]. Because mois-
ture is essential for the setting of calcium silicate-based
materials, variations in the moisture content can sig-
nificantly influence the setting time [12,22]. Several pre-
vious studies utilized gypsum molds following the ISO
6876 guidelines to assess the setting time and properties
of CSBSs [24,25]. These studies effectively simulated
the moist conditions necessary for sealer hydration,
with one study incorporating both in vivo and in vitro
experiments to replicate periapical tissue environments
[25]. Thus, the present study further combined gyp-
sum molds with controlled PBS and acidic solutions to
mimic the chemical conditions of healthy and inflamed
periapical tissues more precisely, thereby providing new
insights into how these specific ionic and pH variations
affect sealer behavior under clinically relevant condi-
tions.

The environmental conditions were regulated through
divergence during the storage of the plaster molds. Both
the US and soaked molds immersed in different media
were used. Moisture content was assessed by measuring
the weight changes, which revealed a significant differ-
ence between the US and DW-soaked molds. The final
setting times of the sealers in the DW group did not vary
significantly, whereas those in the PBS group varied sig-
nificantly among the three sealers. The Vickers micro-
hardness values varied significantly between the US and
DW groups for all the tested sealers, leading to rejection
of the first null hypothesis.

Nekoofar et al. [14] reported that the mean pH of
pus from periapical abscesses is typically acidic. Such
acidic environments may influence the properties of
root canal sealers, which are often exposed to inflamed
or infected conditions. Moreover, acidity can affect the
structure, hydroxyapatite formation, and antibacterial
activity of these materials [26,27]. In contrast, healthy
blood is slightly alkaline, with a typical pH of 7.4, and
PBS is commonly used to simulate tissue fluids con-
taining phosphate [28]. To mimic the clinical conditions
during canal filling, gypsum molds were exposed to two
distinct pH conditions to simulate both inflammatory
and healthy environments. Significant differences in the
initial and final setting times were observed between
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the PBS and pH 5 groups for One-Fil and Well-Root ST
and in microhardness for Endoseal MTA and Well-Root
ST, leading to the rejection of the third null hypothesis.

An ideal root canal sealer should have a slow setting
time to allow adequate working time. If incompletely
set, extrusion of sealers beyond the apical foramen may
trigger periapical inflammation [8,29]. However, pro-
longed setting times influenced by formulation and root
canal moisture were noted. Setting times have also been
found to increase in dry canals [4,7].

Microhardness reflects the resistance of a material to
deformation under a specified load. Although not in-
cluded in the ISO standards, it can serve as an indirect
measure of material setting [16]. Microhardness also
influences the ease of CSBS removal during non-sur-
gical retreatment [4]. In this study, all the materials
demonstrated significantly higher microhardness in
the US group than in the pH 5 group. These findings are
consistent with those of previous research that report-
ed significantly lower mean microhardness in both the
acidic and PBS groups than in the control [16].

PBS provides a stable ionic milieu containing phos-
phate ions and maintains a near-neutral pH through its
buffering capacity, which significantly influences the
surface reactions of CSBSs. The presence of phosphate
ions in PBS promotes the formation and deposition of
calcium phosphate compounds such as hydroxyapatite
on the surfaces of calcium silicate materials [30]. This
bioactive layer can potentially alter the microhardness
values measured on sealer surfaces by creating a min-
eralized interface that is softer or structurally different
from the fully set cement matrix [10,30,31]. Moreover,
PBS’s buffering action helps maintain stable pH levels,
preventing extreme alkalinity that would typically accel-
erate the hydration reaction and the formation of calci-
um silicate hydrate gel, which is an important contrib-
utor to the mechanical strength of the set sealer [30,32].
Consequently, the microhardness in PBS is affected by
both surface calcium phosphate deposition and the
modulation of cement hydration kinetics.

Differences in sealer compositions may account for
the variations in the setting time and microhardness. In
MTA, tricalcium silicate is more reactive, contributing to
its initial strength, whereas dicalcium silicate has a more
sustained effect over time. Dicalcium silicate cement
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has also demonstrated strong apatite-forming activity
and minimal degradation under acidic conditions [33].
Endoseal MTA is a premixed type pozzolan-based MTA
sealer with dicalcium silicate as its primary component.
The use of fine pozzolanic particles allows the premixed
material to flow efficiently with the desired working
consistency and also reduces the setting time [34,35].
However, during the pozzolanic reaction, these cements
undergo a gradual reduction in free calcium hydroxide
while increasing the formation of stable crystals com-
posed of calcium silicate hydrate and calcium alumi-
nate hydrate. These processes are believed to contribute
to the reduced mechanical strength of materials [36,37].
This may explain the low microhardness observed in
Endoseal MTA under all environmental conditions.
Additionally, Well-Root ST contains tricalcium silicate,
which is found in both PBS and pH 5 environments [16].
This could account for the significantly shorter final set-
ting time observed in Well-Root ST than in One-Fil.

Well-Root ST exhibited significantly higher micro-
hardness in the PBS group than in the pH 5 group.
Conversely, Endoseal MTA exhibited significantly
higher microhardness values in the pH 5 group than
in the PBS group. These findings fairly vary from those
of previous studies, which reported significantly lower
microhardness values for MTA when exposed to an
acidic environment compared to solutions with a pH of
7.4 [32,37]. However, one study reported no statistically
significant difference in the microhardness of Endoseal
MTA between PBS and pH 5.4 solutions [16]. This study
further supported their findings using scanning elec-
tron microscopy (SEM), which revealed predominantly
amorphous structures under both conditions, with the
acidic group showing fewer planar-like crystals and
clusters than the PBS group. Because SEM analysis was
not conducted in this study, the underlying microstruc-
tural basis remains speculative in the absence of direct
microstructural evidence, which is a major limitation of
this study.

The microhardness of CSBSs is predominantly in-
fluenced by the extent of hydration and formation of
calcium silicate hydrate (C-S-H) phases, which serve as
the primary binders imparting strength [29]. Although
a higher calcium silicate content generally correlates
with an increased potential for cement hydration and
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setting, this relationship is complex and is based on the
specific phase composition, additives, and particle size
distribution. For instance, the presence of calcium alu-
minates or other supplementary minerals can affect the
nucleation and growth of hydrates, thereby affecting mi-
crohardness [30,38]. Therefore, simple correlations be-
tween the calcium silicate content and microhardness
should be approached with caution, recognizing that
material formulation and environmental interactions
critically determine the final mechanical properties.

Despite the valuable insights obtained, a limitation
of this study is that it did not fully isolate the individual
contributions of pH, moisture content, and the specific
chemical nature of the immersion solutions to the ob-
served changes in setting time and microhardness. Pre-
vious studies have demonstrated that acidic pH primar-
ily disrupts the hydration and crystallization processes
within CSBSs, resulting in delayed setting and reduced
microhardness [15,16]. Moisture availability is critical
for the initiation and progression of hydration reactions.
However, excessive moisture can increase porosity and
solubility, potentially weakening the cement matrix
[7,22]. Furthermore, the chemical composition of the
immersion media, such as the presence of phosphate
ions in PBS, can facilitate apatite or calcium phosphate
deposition on the material surface, thereby affecting the
microhardness independently of the bulk setting [29].
Because these factors may interact in complex ways,
future studies are warranted to disentangle and quantify
their distinct effects on material performance.

Although Silva et al. [25] correlated in vitro and in
vivo setting times using animal models, they primarily
focused on biological responses rather than replicating
the physicochemical environment of the root canal sys-
tem. This study investigated the setting characteristics
of premixed CSBSs by comparing ISO standards with
simulated conditions that mimic the root canal and
periapical environments. Clinically, the setting time and
microhardness of CSBS may be affected by moisture in
the root canal, inflammation, or periapical fluid, poten-
tially affecting the long-term success of root canal thera-
py. Further studies are warranted to evaluate the clinical
performance of CSBS under various environmental
conditions.

https://doi.org/10.5395/rde.2025.50.e41

CONCLUSIONS

The setting environment significantly influenced the
setting time and microhardness of the CSBSs. Longer
setting times were observed for these sealers when
exposed to moisture, PBS, or an acidic environment,
except for Well-Root ST, which exhibited prolonged
setting times only in acidic environments. Additionally,
all three sealers demonstrated reduced microhardness
when exposed to moisture, PBS, or acidic environments,
compared to the values observed under ISO standard
conditions (US group). These findings highlight the
importance of environmental factors in CSBS perfor-
mance, with potential implications for clinical applica-
tions.
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and the weaknesses of the observations should be
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o Tables: Tables should be included in the text so that
they may be edited if necessary. The title of each table
should be placed on the top. The first letter of the first
word should be capitalized. All abbreviations should
be explained in each table. Footnotes should be indi-
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« Figures: Illustrations must be submitted in electron-
ic format with file sizes appropriate for publication.
Figures should be submitted as .tif or .jpg files. Pow-
erPoint files are not accepted. All images should be
at least 300 dpi and 5 x 5 cm in size, with 500 dpi rec-
ommended. If the figures represent a series of related
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ends.
o Other types of articles
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be described and the use of state-of-the-art evi-


https://www.ncbi.nlm.nih.gov/nlmcatalog/journals/
https://www.ncbi.nlm.nih.gov/nlmcatalog/journals/

dence-based systematic approaches is expected. The
use of tabulated and illustrative material is encour-
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conclusions and/or recommendations on the basis
of the evidence presented. If a review includes a me-
ta-analysis as part of a systematic review, it should
be submitted as a research article.
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ate, supporting tables and graphs. However, all illus-
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