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A B S T R A C T

Bioactive materials are gaining interest in dentistry due to their ability to interact with dental tissues promoting
healing and regeneration; albeit their ability to bond to root dentin remains unclear. This study investigated the
effect of solvent-containing pretreatments on intraradicular bond strengths of bioactive cements. Sound
premolars were decoronated, root canals were instrumented and irrigated using sodium hypochlorite and water.
Roots were randomly divided into eighteen groups (n = 7/group) based on dentin pretreatments (no treatment,
dimethyl sulfoxide (DMSO), ethanol (EtOH), EtOH/H2O, DMSO/H2O and DMSO/EtOH) and bioactive cements; a
light-curable calcium silicate (Theracal LC, Bisco, Chicago, Illinois, USA), a mineral trioxide aggregate (Orbis
MTA, P.L. Superior Dental Materials GmbH, Hamburg, Germany), and an experimental surface pre-reacted glass
ionomer root canal material (S-PRG, Shofu Inc, Higashiyama-ku, Kyoto, Japan). Root canals were filled with
bioactive cements and stored for 7 days at 37 ◦C. Filled roots were sectioned perpendicular to their longitudinal
axis to obtain 1-mm thick slices. Intraradicular bond strengths were measured by the push-out bond strength test
(0.5 mm/min). Analysis of failure mode was performed using a stereomicroscope. Characterization of bonded
interfaces was performed via SEM. Bond strength data was analyzed by Kruskal Wallis test and ANOVA on ranks
(α = 0.05). Bond strengths varied according to bioactive cements, Theracal > MTA > S-PRG, and root thirds (p <
0.05). Aqueous (DMSO/H2O) or ethanolic (DMSO/EtOH) dilutions of DMSO increased Theracal bond strengths
to apical root segments (p < 0.05). While MTA bond strengths were not affected by pretreatments, undiluted
ethanol reduced bond strengths of S-PRG to apical root segments (p < 0.05). Intraradicular bonding of bioactive
cements may vary according to root canal depth and material composition. Solvent-based pretreatments
containing DMSO might improve intraradicular bonding of resin-modified bioactive cements in a concentration-
dependent manner.

1. Introduction

In endodontics, an ideal filling material must bond to dentin and seal
the communication pathway of the root from its surrounding tissue [1,2].
In addition, the filling material should meet certain criteria including
biocompatibility, leakage prevention, optimal adaptation to the tooth
structure, and high bond strength against dislodging movement, especially
in cases of perforation [3]. Moreover, the material should have the ability

to chemically interact with the living tissues of the body which is known as
the bioactivity, this ability results from the release of ion that led to the
formation of a mineralized layer on he surface of the material [4].
Calcium-silicate materials offer excellent sealing properties. In addition,
they can stimulate the formation of apatite-like precipitates when they
react with phosphate-containing liquids. This reaction releases ions that
promote the growth of dentin bridges [5]. Multiple calcium silicate-based
materials, particularly mineral trioxide aggregate (MTA), have been

* Corresponding author. Department of Cariology and Restorative Dentistry, Adhesive Dentistry Research Group, University of Turku, Lemminkaisenkatu, Turku, 2
FI-20520, Finland.

E-mail addresses: ikasal@utu.fi (I.A. Salim), s.anas@euc.ac.cy (A.A. Salim), thiago.stape@utu.fi (T.H. Scarabello Stape), mmutluay@utu.fi (M.M. Mutluay),
arztez@utu.fi (A. Tezvergil-Mutluay).

Contents lists available at ScienceDirect

International Journal of Adhesion and Adhesives

journal homepage: www.elsevier.com/locate/ijadhadh

https://doi.org/10.1016/j.ijadhadh.2025.103952
Received 11 November 2024; Received in revised form 1 January 2025; Accepted 16 January 2025

https://orcid.org/0000-0001-7667-6937
https://orcid.org/0000-0001-7667-6937
mailto:ikasal@utu.fi
mailto:s.anas@euc.ac.cy
mailto:thiago.stape@utu.fi
mailto:mmutluay@utu.fi
mailto:arztez@utu.fi
www.sciencedirect.com/science/journal/01437496
https://www.elsevier.com/locate/ijadhadh
https://doi.org/10.1016/j.ijadhadh.2025.103952
https://doi.org/10.1016/j.ijadhadh.2025.103952
https://doi.org/10.1016/j.ijadhadh.2025.103952
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijadhadh.2025.103952&domain=pdf
http://creativecommons.org/licenses/by/4.0/


International Journal of Adhesion and Adhesives 138 (2025) 103952

2

developed with those goals in mind due to their biocompatibility [6],
sealing ability [7], regenerative capabilities [8], and antibacterial activity
[9]. However, MTA’s handling difficulties [10,11], and prolonged setting
time [12] pose practical challenges for clinical applications [13].

Resin-modified calcium silicate-based cements (RMCS) were intro-
duced to address these drawbacks by combining calcium-silicate materials
properties with enhanced handling through a resin-based matrix [14].
Apart from its easy handling and precise placement characteristics, RMCS
has demonstrated effective sealing capability, reduced interfacial micro-
leakage, lower solubility, and increased release of calcium ions compared
to MTA and Dycal [15,16]. It also enables immediate placement of the
final restorative material, eliminating the need for a waiting period
required by other calcium-silicate cements. A new emerging bioactive
material, surface pre-reacted glass ionomer fillers (S-PRG), are known for
their ion-releasing properties [17]. S-PRG fillers are employed in various
dental applications, including composite resins [18], fissure sealants [19],
and tooth coating materials [20], due to their antibacterial activity [18],
acid buffering capacity [18,21], and multiple ion releasing ability
[21–23]. Although several studies evaluated the physical and mechanical
properties of the S-PRG fillers, the bonding ability of the S-PRG cement to
root dentin remains unclear.

Previous studies have shown that the use of aqueous DMSO solutions
can improve both immediate and long-term bond strengths of resin-based
materials to dentin [24–26]. DMSO preserves bond strengths [27,28] by
improving resin penetration and monomer diffusion into the collagen
matrix [29]. Ethanol is another solvent that was suggested to control
dentin moisture and enhance bond strength [30]. Several previous studies
evaluated the effect of solvent pretreatments containing DMSO, ethanol or
their combinations on dentin bonding [27,31,32]. However, the effect of
these pretreatments on bonding of bioactive materials to root dentin
remains inconclusive. Getting a good adhesion of the materials in the root
canal is difficult due to its complex structure. The dentin in the middle
third of the root has a higher density of dentinal tubules with a greater
diameter than that in the apical third [33], the bond strength
measurement of bioactive cements is important to enable the quantifica-
tion of the dentin/material interaction. Therefore, the aim of this study
was to assess the effect of solvent-containing pretreatments (DMSO,
ethanol, and their aqueous dilutions) on the push-out bond strength of
different bioactive cements. The tested null hypotheses were that; (i) the
different compositions of the bioactive cements or (ii) the type of root
canal pretreatments (DMSO, ethanol, or their aqueous dilutions) before
bioactive cement application does not significantly affect the
intraradicular push-out bond strength or interfacial integrity.

2. Materials and methods

2.1. Teeth selection and root canal preparation

One hundred twenty-six sound premolars with completely formed
apex, collected from anonymous donors, and exempt from ethical
notification, were obtained following local regulations (Tissue Act, section
20) were collected. Teeth were stored in 0.9 % NaCl supplemented with
0.02% sodium azide at 4 ◦C until use. Teethwith calcified canals, cracks or
fractures, developmental defects, multiple canals, and root caries were
excluded. All teeth were horizontally decoronated at the level of 0.5 mm
radicular to the cemento-enamel (CE) junction using a 0.3-mm-thick,
diamond-coated slow-speed band saw (Buehler Ltd., Lake Bluff, IL, USA)
generating 16 mm (±1 mm) long roots. Apical patency was verified using
an ISO size-10 K-file (Dentsply Maillefer, Ballaigues, Switzerland). The
working length of each root was determined by visualizing the tip of a size
10 K file extending beyond the apical foramen and subtracting 1 mm from
that length of the file. Canals were instrumented using rotary
nickel-titanium instruments (Protaper SX, S1, S2, F1, F2, F3, F4; Dentsply
Maillefer) using a low-speed rotary endodontic handpiece (X-smart;
Dentsply Maillefer). The master apical instrument was the Protaper F4.
Carbide fiber post preparation burs (3M ESPE RelyX, St. Paul, USA) up to

size #3 (1.9 mm in diameter) were used at low speed to standardize the
canal diameter. Irrigation was performed using 27-G Endo-Eze irrigator
tips (Ultradent Products Inc, South Jordan, UT) alternating 2 mL 2.5 %
sodium hypochlorite and Glyde File Prep (Dentsply Maillefer, Ballaigues,
Switzerland) between the use of each instrument and at the end of
instrumentation with 2 mL 17 % EDTA (Inter-Med Inc/Vista Dental
Products, Racine, WI) for 1 min, followed by 2 mL normal saline. The root
canals were dried with 2 paper points size F4 (Dentsply, York, PA, USA).
Roots were then randomly divided into eighteen groups (n = 7/group)
according to the bioactive cement used and the pretreatment.

2.2. Preparation of pretreatment solutions

A total of five dentin pretreatment solutions were prepared and
stored at room temperature until use, containing dimethyl sulfoxide
(DMSO, Dimethyl sulfoxide, Sigma-Aldrich, St. Louis, MO, USA) and/or
ethanol (Ethanol 99.8 %, Sigma-Aldrich). The concentrations (v/v) of
the solvents were as follows: pure ethanol (EtOH), pure dimethyl
sulfoxide (DMSO), 50 % aqueous ethanol (EtOH/H2O), 50 % aqueous
dimethyl sulfoxide (DMSO/H2O), and 50 % ethanolic dimethyl
sulfoxide (DMSO/EtOH) [34].

2.3. Experimental design and root filling

The experimental design was composed of two study factors: (i)
dentin pretreatment at six levels (no pretreatment; ethanol; dimethyl
sulfoxide; 50 % aqueous ethanol; 50 % aqueous dimethyl sulfoxide; 50
% ethanolic dimethyl sulfoxide) and (ii) bioactive cements at three
levels (light-curable resin-modified calcium silicate; mineral trioxide
aggregate, and an experimental surface pre-reacted glass ionomer). A
total of 18 experimental groups were obtained (n = 7 roots/group). The
composition of test materials and application procedures are shown in
Table 1, while a flowchart outlining the experimental design is
presented in Fig. 1. A light-curable calcium silicate (Theracal LC, Bisco,
Chicago, Illinois, USA), a mineral trioxide aggregate (Orbis MTA, P.L.
Superior Dental Materials GmbH, Hamburg, Germany), and an experi-
mental surface pre-reacted glass ionomer root canal material (S-PRG,

Table 1
Composition of calcium silicate biomaterials and application procedures.

Composition Application procedure

Resin-modified
calcium silicate-based
cement.
Theracal L.C, Bisco
Inc, Schamburg, IL,
USA

Light cured resin-modified
calcium silicate. Tricalcium
silicate particles in a
hydrophilic monomer.

The material comes in a
premixed syringe,
apply a 2 mm thick
layer inside the canal
and light cure for 20 s
using a light curing unit
(Elipar; 3M ESPE) at
1200 mW/cm2

Mineral Trioxide
Aggregate
Orbis MTA, P.L.
Superior Dental
Materials GmbH,
Hamburg, Germany

Di- and Tricalcium silicate and
Tricalciumaluminate Portland
Cement Clinker, and bismuth
oxide

Mix 1 full spoon
present in the kit with 2
drops of the liquid
present in the kit.
Increments of the
material were placed
inside the canals using
amalgam carrier and a
plugger, to ensure the
whole canal’s filling. A
wet cotton plate was
placed over the MTA.

Surface pre-reacted
glass (S-PRG)
Shofu Inc,
Higashiyama-ku,
Kyoto, Japan

Fluoro-boro- aluminosilicate
core glass, pre-reacted glass-
ionomer phase, SiO2. Ion
release: Al3+, BO3

3− , Na+,
SiO2

3− , Sr2+ and F− .

Mix 2.8 g powder with
1 g liquid, increments
of the material were
placed inside the canal
using an amalgam
carrier and a plugger to
ensure the filling of the
whole canal.
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International Journal of Adhesion and Adhesives 138 (2025) 103952

3

Shofu Inc, Higashiyama-ku, Kyoto, Japan) were used following manu-
facturer’s instructions.

Root fillings were performed by a single operator. One ml of the
tested pretreatment solution was applied inside the canal using a
tuberculin syringe with a 30-G blunt-tip needle, carried to the working
length, and gently injected into the root canal while slowly withdrawing
the syringe. Flooding of the pretreatment solution was visually verified
and left in the canal for 60 s. The excess pretreatment solutions were
removed with paper points, followed by the placement of the filling
bioactive material. MTA and S-PRG were mixed according to the man-
ufacturers’ instructions and manually plugged into the root canals in
their respective groups using hand pluggers. Untreated roots served as
control. Roots were kept at 100 % relative humidity and stored at 37 ◦C
for 7 days to allow complete setting of MTA. Following the storage
period, each root was sectioned horizontally perpendicular to the
longitudinal axis using a low-speed diamond-coated saw (Isomet 2000,
Buehler Ltd, Lake Bluff, IL, USA) under water cooling at three different
levels (namely: coronal, middle, and apical) to obtain 6 slices of 1 ± 0.1
mm in thickness. The thickness of each root cylinder was measured to
the nearest 0.01 mm using a digital caliper.

2.4. Push-out bond strength testing

The push-out technique was performed by applying a load using a
universal testing machine (AGS-10, Shimadzu Corp., Kyoto, Japan),
each specimen was subjected to a compressive loading apico-coronally
at a crosshead speed of 1 mm/min until failure and the maximum load

was recorded in newton (N). After taking images of the specimens using
a stereomicroscope (Leica M165C, Leica Microsystems GmbH., Wetzlar,
Germany) with 20x magnification. The smaller and larger root canal
diameters were measured using digital image-analysis software (ImageJ;
National Institute of Health, Bethesda, Maryland, USA). The adhesion
surface area was calculated in the same way as measuring the area of a
trapezium following the equation: adhesion surface area (mm2) = ((D1
+ D2)/2) πh where D1 and D2 are the largest and smallest canal
diameter, respectively, π is the constant 3.14, and h is the thickness of
the root slice [35,36]. To obtain the push-out bond strength in mega
Pascal (MPa), the load (N) at failure was divided by the surface area
(mm2) of the root canal at the filling-dentin interface.

2.5. Analysis of failure modes

The failure modes were analyzed under a stereomicroscope at 40x
magnification. Failure modes were categorized as follows: adhesive
(failure at the cement-dentin or the sealer-core material interface),
cohesive (failure within bioactive cement or dentin), or mixed (failure in
both the cement and dentin) [37].

2.6. Characterization of bonded interfaces (SEM)

Qualitative analysis of the interface between dentin and bioactive
cement was performed using SEM imaging. Representative discs from
each group were embedded in epoxy resin and wet-polished with 600,
1200, 2000, and 4000-grit SiC paper, followed by 0.05 μm aluminum

Fig. 1. Flowchart of the experimental design and scheme of testing used for push-out evaluation.
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oxide polishing paste (Buehler Ltd, USA). Beams were ultrasonically
cleaned in distilled water for 10 min after each polishing step. Bonded
interfaces were treated with 50 % H3PO4 for 5 s and 3 % NaOCl for 10
min, dried in silica overnight, mounted on stubs, and analyzed on
backscattering mode at 15 kV (Phenom ProX, Phenom-World, USA [31,
34]. A series of sequential micrographs of the bonded interfaces (2000
× magnification) were obtained from each resin-dentin beam by an
experienced blinded operator. Sequential micrographs (2000
magnification) were obtained from all groups to analyze the interface.

3. Statistical analysis

Push-out bond strength values for all tested groups were analyzed
using IBM SPSS Statistics for Windows, version 26 (IBM Corp., Armonk,
NY, USA). Both root segments and whole root data were evaluated and
failed in normality and homoscedasticity testing (p < 0.05). Kruskal
Wallis test and ANOVA on ranks for pair-wise comparisons were
performed with statistical significance set at α = 0.05.

4. Results

4.1. Push-out bond strength

The results of the push-out bond strengths are shown in Fig. 2.
Material-wise, the control group where Theracal was used without the
application of any pretreatment showed significantly higher bond
strengths (29.1 MPa) compared to the control MTA (17.88 MPa) or the
control S-PRG (7.22 MPa) bond strength value (p < 0.05). None of the
pretreatments significantly affected the intraradicular bond strengths of
the bioactive cements (p > 0.05).

4.2. Push-out bond strength at different root thirds

Push-out bond strengths of the tested materials at different root
thirds (coronal, middle, and apical) are shown in Table 2. Intraradicular
bond strengths of bioactive cements varied according to root third and

dentin pretreatments (p < 0.05). For Theracal, intraradicular bond
strengths were higher at the coronal third compared to the apical third
in all groups except for the DMSO/H2O and DMSO/EtOH treated groups
(p < 0.05). DMSO pretreatment produced lower intraradicular bond
strengths of Theracal at the apical third compared to the apical third of
the control group (p < 0.05). Dentin pretreatments had no significant
effects on bond strengths of Theracal to coronal or middle root thirds (p
< 0.05).

For MTA, no significant differences were seen between root thirds
(coronal, middle, or apical) within dentin pretreatments, except for
EtOH (p < 0.05). EtOH caused significant bond strength reductions at
the apical third (p < 0.05). Dentin pretreatments produced comparable
intraradicular bond strengths within root thirds (p > 0.05).

For S-PRG, intraradicular bond strengths were generally lower than
Theracal and MTA (p < 0.05). Intraradicular bond strengths at apical
thirds were significantly lower than coronal thirds, regardless of dentin
pretreatments (p < 0.05). Dentin pretreatments had no effects within
root thirds except for the DMSO-treated group which caused a reduction
in the bond strength of the middle and apical third compared to control
(p < 0.05).

4.3. Analysis of failure modes

Failure modes for all tested materials are shown in Fig. 3. Generally,
in all tested groups, the least seen failure mode was the adhesive failure.
Mixed failures were the most common failure mode for Theracal at
around 50 % for all pretreatments except for the ethanol-treated group
(EtOH), where cohesive failure was found in 95 % of specimens, with
failure occurring within the Theracal. A different trend was seen in the
MTA groups where the most commonly seen failure mode was mixed
failure with more than 60 % for groups where ethanol was used at its
different dilutions, when DMSO was used as a pretreatment, both
adhesive and cohesive failure within the material were recorded at a
similar percentage of around 48 %. The S-PRG groups consistently failed
within the material, as indicated by the percentage of cohesive failures
(more than 40 % with all pretreatments). The control group exhibited a

Fig. 2. Push-out bond strength value in mega Pascal for the different tested silicate-based materials.
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combination of cohesive and mixed failures, with mixed failure
occurring in more than 57 % of the specimens.

4.4. Characterization of bonded interfaces (SEM)

Representative scanning electron microscopic images of all tested
materials and pretreatments are shown in Fig. 4. A clear penetration of
the Theracal into the dentinal tubules was seen in the control group,
DMSO diluted in water (DMSO/H2O), and DMSO treated group
(DMSO). Smaller tags were seen at the bonded interface between the
Theracal and dentin for ethanol-treated groups. MTA showed the
deepest penetration in the group with ethanol and the control group
where no pretreatment was applied. Small tags or accumulations of the
material on the dentin-material margin were seen in all other treated
groups. In the experimental S-PRG groups, little to no penetration was
observed.

5. Discussion

Since the composition of bioactive cements affected intraradicular
bond strengths, the first null hypothesis was rejected. The rationale for
employing the push-out test was to verify whether variations of dentin
morphology inside root canals (cervical, middle, or apical thirds) could
affect the bonding performance of silicate-based materials. The push-out
setup is a commonly used method to test intraradicular bond strengths
[38]. It is the most reliable mechanical test to rank the dislodgement
resistance of various endodontic materials applied to root dentin such as
root canal sealers, root repair materials, and intraradicular posts [39].
There were significant differences in intraradicular bond strengths
between the tested bioactive cements when root thirds were polled
together: Theracal > MTA > S-PRG (p < 0.05). Theracal’s higher bond
strengths can be attributed to the presence of methacrylate-based
hydrophilic monomers, which can improve their penetration into
dentinal tubules, enhancing bond strengths [40]. In addition, previous

Table 2
Means and standard deviations (±) of push-out bond strengths (MPa) at different root thirds.

Theracal MTA S-PRG

Coronal Middle Apical Coronal Middle Apical Coronal Middle Apical

Control 31.46Aa±10.49 25.45Aab±9.22 20.52Ab±8.97 20.12Aa±11.9 21.88Aa±10.21 12.08Aa±4.81 8.10Aa±3.25 8.59Aa±3.22 4.18ABb±1.98
DMSO/H2O 27.81Aa±10.32 28.38Aa±11.16 22.27ABa±6.7 12.16Aa±5.82 13.57Aa±7.13 11.61Aa±3.11 7.44Aa±2.01 6.66ABab±3.02 4.96Ab±2.24
DMSO 28.71Aa±8.52 25.54Aa±8.69 14.82Bb±5.12 17.78Aa±4.20 17.62Aa±5.31 17.39Aa±5.57 5.36Aa±3.55 4.33Bab±1.51 2.99Bb±1.07
DMSO/
EtOH

25.75Aa±8.91 25.45Aa±12.81 22.14Aa±7.31 11.70Aa±6.81 15.78Aa±7.01 13.80Aa±6.45 7.11Aa±2.84 6.11Aa±1.05 3.82Ab±1.02

EtOH/H2O 27.92Aa±15.06 26.80Aa±9.58 18.02ABb±6.02 13.73Aa±5.72 15.38Aa±5.20 11.61Aa±5.37 7.71Aa±3.34 6.28ABa±3.21 3.79Ab±0.92
EtOH 30.06Aa±9.29 26.08Aa±4.81 22.39Ab±4.41 18.55Aa±11.34 19.99Aa±9.30 12.39Ab±8.81 8.40Aa±4.31 8.91Aab±1.23 4.56Ab±1.81

Different capital letters represent significant differences between different pretreatments within the root third (column) for each silicate-based material according to
ANOVA on ranks (p < 0.05). Different lowercase letters represent significant differences between root thirds within dentin pretreatments (row) for each silicate-based
material according to ANOVA on ranks (p < 0.05).

Fig. 3. Push-out fracture mode percentages in different groups.
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reports [36] corroborate the obtained higher bond strengths of MTA
compared to S-PRG. This may be related to the biomineralization
abilities [41] and the relatively fast expansion of MTA [42]. The low
bond strengths of S-PRG cement could be related to the short storage
period (7 days) in this study. This period was chosen to comply with the
most commonly used storage time to evaluate the bond strengths of
silicate-based cements [35,43]. Additionally, ion release from S-PRG
including fluoride, strontium, and silicon was suggested to incorporate
deeper into root dentin only after 1–3 months of application [44].
Relatively longer storage times may contribute to better bonding out-
comes for S-PRG [36,44].

Not only did bond strengths vary among bioactive cements, but the
depth inside root canals also affected bonding efficiency. While Theracal
and S-PRG presented significant reductions in bond strengths at the
apical third, MTA was not affected by changes in dentin morphology
inside root canals (p < 0.05). Theracal is a light-curable resin-based
cement. The increased distance between the light source and the apical
region leads to a lower conversion of methacrylate monomers, thereby
compromising intraradicular bonding. This is in agreement with
previous reports [45], which corroborate the lower bond strengths in the
apical third compared to the coronal third for Theracal. In addition, the
significant differences in dentinal tubule density between the coronal
third and apical third [46,47], the orientation of the tubules [46], and
the degree of tubular sclerosis [48] between apical and coronal thirds of
the roots may be attributed to the significant change of the bond
strength in the apical third. Surface pre-reacted glass ionomer fillers
(S-PRG) were introduced as bioactive materials that retain their basic
properties by forming a stable glass ionomer phase on the treated surface
through the acid-base reaction between the fluoro-boro-alumino-silicate
glass and polyacrylic acid [21]. Although the S-PRG formulation used in
this study did not incorporate light-curable components, bond strengths
were still lower at the apical region. This is not in agreement with a
previous report showing no differences between root segments [36]. In
the present study, S-PRG-tag formation in the apical third was not easily
identified at bonded interfaces given the relatively large S-PRG filler
sizes. The filler size easily exceeds the cross-sectional area of dentin
tubules at the apical region. Additionally, the paste-like consistency of
the tested experimental S-PRG cement may have prevented optimum tag
formation. Since dentinal tubule density and size decrease at the apical
third, S-PRG retention was likely compromised resulting in lower bond

strengths. Differently, MTA showed no changes in intraradicular bond
strengths among root segments. This is in agreement with previous
studies [35,36]. MTA-based materials bond by the deposition of
hydroxyapatite which causes the formation of a mineral infiltration zone
with a tag-like structure at the interface with the dentin [49,50]. The
tested MTA was a resin-free version, not relying on light curing for
setting, but rather depending only on the slow hydration reaction of the
hydrophilic MTA particles [51]. MTA-tag formation at the apical third
was easily identified at bonded MTA-dentin interfaces, showing MTA’s
capacity to penetrate dentinal tubules.

The reason for combining bioactive cements and solvent pretreatments
was to benefit from the solvents’ ability to improve material-dentin
interactions. Solvents, such as DMSO, can increase dentin wettability
[34], which is a primary requirement for good adhesion. Recent studies
have shown that even low concentrations of DMSO can improve imme-
diate and long-term bond strengths of resin-based materials to coronal
dentin [24–26]. DMSO concentrations were chosen based on previous
studies [24,29,52] showing that the use of relatively higher DMSO con-
centrations (50 % v/v) substantially improves interactions between
resin-basedmaterials and dentin. Since the effect of solvents used as dentin
pretreatments on intraradicular bond strengths of bioactive cements
depended not only on cement composition but also on the solvent type and
dilution, the second null hypothesis was rejected. The most promising
effects were obtained for Theracal combined with diluted DMSO
pretreatments. DMSO/H2O and DMSO/EtOH were able to increase the
bond strengths of Theracal on the apical third, producing comparable
bond strengths to coronal or middle thirds. DMSO can increase monomer
conversion at resin-dentin interfaces [52] and lower the termination rates
in free radical polymerization of methacrylates [53], likely improving
polymer formation of Theracal on such challenging root segments [46].
Interestingly, bond strength improvements for Theracal were only
observed for the apical third even though pretreatments were similarly
applied in all root segments. Future studies must evaluate the sealing
ability of pretreated dentin bonded with bioactive cements to investigate
potential improvements that were not reflected as higher bond strengths.
It is important to note that undiluted DMSO reduced bond strengths at the
apical third for Theracal. Undiluted DMSO has a low vapor pressure.
Unlike ethanol, it does not evaporate easily. Even after removal with paper
points, undiluted DMSO may remain pooled and the apical third acts as a
strong solvent. As a result, the components of Theracal may be diluted,

Fig. 4. Representative SEM images of the different tested materials and pretreatments.
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which can comprise the formation of polymer chains and bond strengths.
A different trend was observed for MTA, pretreatments had no effects

on bond strengths, except for undiluted ethanol (EtOH). Lower bond
strengths at the apical third were obtained after pretreating dentin with
undiluted ethanol. Ethanol is highly miscible in water and replaces
residual water molecules inside dentin tubules. This drastically reduces the
intrinsic wetness of root canals [54]. SinceMTA relies on proper hydration
for adequate setting [55,56], ethanol dehydration resulted in lower bond
strengths at the apical third. Higher dentinal tubule density at the coronal
and middle thirds certainly contributed to lower dehydration levels due to
the overall higher water content inside tubules. Higher moisture levels
certainly prevented bond strength reductions. Differently, diluted ethanol
had no negative effects on the bond strengths of MTA at the apical third
due to the presence of water in the pretreatment solution. Since DMSO
does not have the ability to dehydrate dentin, but rather acts by displacing
water molecules, no negative effects were observed for MTA despite root
segments.

Intraradicular bond strengths of S-PRG were not affected by any of the
dentin pretreatments. None of the pretreatments were able to revert
reductions in bond strength at the apical third. The bond strength of S-PRG
at the apical third for treated and untreated were comparable. Further
studies of the push-out bond strength at longer incubation times are
needed to evaluate the long-term bonding ability of bioactive cements to
root dentin.

6. Conclusion

Intraradicular bond strengths of the different bioactive cements
varied depending on their composition and the root canal depth.
Solvent-based pretreatments containing DMSO might improve intra-
radicular bonding of resin-modified bioactive cements in a
concentration-dependent manner. However, different pretreatment
methods should be applied with extreme caution, especially when
combined with hydraulic bioactive cements.
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