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ABSTRACT

Objectives: To compare infiltration, sealing and microleakage in root dentin with a self-conditioning
adhesive system combined with dual curing resin (resin-based cement) to a conventional
epoxy-resin-based sealer using confocal microscopy imaging.

Methods: 26 roots were enlarged and disinfected. Dentin tubules of 24 teeth were labelled with
a red fluorophore (Rhodamine B) (two samples served as controls). Root canal samples were
sealed in group AH (n=11) with a conventional sealer (AH Plus Root Canal Sealer, Dentsply
DeTrey) and in group RC (n=11) with a resin-based cement (Parabond combined with Paracore,
Colténe). Roots were then sectioned horizontally and immersed in H,0, to remove the Rhodamine
B not fixed by the sealers. The empty dentin spaces were labeled with a green fluorophore
(Fluorescein) enabling the evaluation of infiltration as well as microleakage by confocal microscopy.
Two additional samples were fractured in vertical direction for observation under SEM.

Results: Group RC presented significantly more infiltration in the middle third than in the middle
and apical thirds of group AH. Microleakage was significantly higher in group AH than in group
RC. SEM images revealed more dentin plugs and a homogenous resin layer in group RC in
contrast to group AH.

Conclusion: The resin-based cement revealed promising outcomes compared to a traditional
epoxy resin based sealer.
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KEY MESSAGES

+ Infiltration and microleakage in infiltrated and sealed root dentin samples are higher in middle
than apical root thirds.

»  Root dentin infiltration and sealing with a self-conditioning adhesive system and a dual-curing
resin cement revealed less microleakage than with an epoxy-resin-based sealer.

1. Introduction

Despite huge progress in research and development on
clinical protocols for endodontic treatments, long-term
success rates of endodontically treated teeth are still quite
variable, sensitive to the diagnostic methods applied, and
depending on the definition of success. [1, 2]

The main goal of endodontic treatments is to clean
the root system and to create a structure free from
micro-organisms and toxins. Until now, there is no
method to fully eradicate the bacteria that have

colonized the whole root system including dentin
tubules. Most attempts are more or less successful to
clean the internal surface of the root canal wall, acces-
sory canals and the entrances of dentinal tubules.
However, attempts to clean all dentinal tubules in their
entire length by penetrating into deep dentin layers, to
create a real sterile environment, have not been
success-full. [3] As a consequence, current treatment
protocols aim to control endodontic infections with an
additional seal of the root dentin walls and filling of
the main root canals by accepting remaining bacteria,
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or remnants of them, in deep dentin layers. The root
canal seal and filling aim to stop bacterial colonization
by preventing microleakage that potentially allows an
undetectable passage of bacteria, fluids, molecules, or
ions as nutrition supply between the tooth and restor-
ative material and thus a re-infection of the root canal
system. Literature has shown, that the quality of the
root canal obturation in terms of the tightness of the
seal and the working length directly influences the
long-term success rates of the endodontic treatment. [4]

Presently, hydrophobic epoxy resin sealer like AH
Plus (Dentsply DeTrey, Konstanz, Germany), are con-
sidered the gold standard and are often applied as a
control in research. [5] AH Plus provides characteris-
tics such as relatively short setting time (16-17hours),
minimal polymerization shrinkage, low dimensional
changes and low dissolution < 3%. [6] Biocompatibility
is controversially discussed as it was shown, that
freshly mixed AH-Plus sealer released small amounts
of formaldehyde and bisphenol. [5]

Literature investigating the marginal seal of AH
Plus to dentin walls compared to other endodontic
sealers found low values of leakage over a period of
several weeks up to 3 months. [7] Due to its weak
acidity, the AH Plus sealer has the ability to etch the
dentin surface and collagen fibrils, leading to a cova-
lent binding of the epoxy ring of the resin to the
amine groups of the collagen and forming a
micro-mechanical lock with the dentin tissue. [8]

However, especially in moist conditions of complex
root canal anatomies, literature reported voids and
gaps between the AH Plus sealer and the root canal
or tubule wall, allowing leakage and bacteria growth
that can eventually lead to endodontic treatment fail-
ure and tooth extraction. [9, 10]

Dual-curing resin-based cements have shown
promising results of adhesion on root dentin tissues.
Depending on the system applied, dentin is therefore
first etched and then infiltrated with an adhesive sys-
tem, that aims to penetrate the exposed collagen
fibrils as well as the dentin tubules and to enable a
flowable composite to bond. [11]

Until now, the indication of these materials is limited
to the cementation of posts on dentin in the coronal
and middle root third. However, to our knowledge no
study has investigated whether the entire root canal
length could be sealed and infiltrated with such materials.

This study aimed to compare infiltration and seal-
ing of root dentin in the middle and apical root third
with a traditional epoxy-resin based sealer (AH Plus)
and a chemical, self-conditioning adhesive system
(Parabond) in combination with a dual curing glass
reinforced post cement (Paracore).

2. Materials and methods
2.1 Shaping and Cleaning

For this study 26 intact and caries-free upper third
molars with a straight palatal root of 11-12mm length
from the apex to the CEJ with completed apexification
were included. Sample size calculation was based on
unpublished preliminary tests, that detected an absolute
difference of 12% of infiltration between the materials
(mean infiltration conventional sealer apical 48%). With
a power of 90% and a two-sided alpha error of 5% we
calculated a required sample size of n=10 roots per
group. In order to prevent unintentional drop-outs, we
included one additional tooth sample for each group
resulting in n=11 teeth per group. Additional samples
served as negative controls and for SEM investigations
as described in details in the following sections.

Teeth were cleaned with an ultrasonic scaler (EMS
Piezo Master 400, EMS SA Nyon, Switzerland) prior the
preparation of access to the pulpal chamber with a dia-
mond bur (40 um, Intensiv, Montagnola, Switzerland) in
a highspeed (red) contra-angle handpiece. Palatal canal
orifices were localized, and size of the apical constric-
tion was controlled with a size 10 and 15 taper C-pilot
file (K Files, MICRO-MEGA, Besangon Cedex, France),
diameters of larger than 15 were excluded from the
study and replaced, and working length was determined
visually with a K file 10 (apex-lmm). Root canals were
mechanically enlarged with a crown down technique in
a micromotor (CanalPro™ Jeni, Colténe/Whaledent
GmbH, Langenau, Germany) to a size of 40/.04 (Hy
Flex™ EDM, Colténe/Whaledent GmbH, Langenau,
Germany) under constant rinsing with 2ml NaOCl (3%,
Hinseler Swiss Pharma, Herisau, Switzerland) after each
filing step. Final irrigation was performed with 3ml
EDTA (17%, Pharma24 SA, Geneva, Switzerland), 2ml

Table 1. Material composition of conventional sealer (AH Plus
Root Canal Sealer) and adhesive sealers (ParaBond and
ParaCore DENTIN SLOW)
AH Plus, group AH

AH Plus Paste A

Bisphenol-A epoxy resin, Bisphenol-F
epoxy resin, Calcium tungstate,
Zirconium oxide, Silica, Iron oxide
pigments

Dibenzyldiamine, Aminoadamantane,
Tricyclodecane-diamine, Calcium
tungstate, Zirconiumoxide, Silica,
Silicone oil

AH Plus Paste B

ParaCore, group RC
ParaCore Methacrylates, Fluoride, Barium glass,
Amorphous silica

ParaBond Non-Rinse Water, Acrylamidosulfonic acid,

Conditioner Methacrylate
ParaBond Adhesive A Methacrylates, Maleic acid, Benzoyl
peroxide

ParaBond Adhesive B Ethanol, Water, Initiators




distilled water, 3ml NaOCI (3%, Hanseler Swiss Pharma,
Herisau, Switzerland) and again 2ml distilled water.
Roots were dried subsequently with paper points (Hy
Flex™ EDM Paper Points, Colténe/Whaledent GmbH,
Langenau, Germany).

To visualize the infiltration and seal of the later-on
applied materials into dentin tubules, we did not add a
dye to the sealers but intended moreover to detect the
material indirectly. We therefore adapted a protocol pub-
lished in work on infiltration of natural caries cavities
[12] and labeled all dentin porosities including dentinal
tubules with a red fluorophore, an ethanolic solution of
0.1% RITC (Rhodamine B isothiocyanate, 283924-100MG,
SIGMA-ALDRICH Chemistry, Steinheim, Germany), for
24h. The sealer “fixed” the Rhodamine B in the dentin
and hindered hydrogen peroxide -as described in detail
below- to bleach the tissue. In contrast, parts of the den-
tin that were not or incompletely infiltrated were how-
ever bleached and we could thus visualize the infiltration
of the sealers.

2.2 Root canal obturation and preparation for
confocal microscopy analysis

After the root dentin was labeled with Rhodamine B,
root canals were subsequently dried with paper points
and divided in two groups with 11 teeth each.

In group AH a conventional sealer (AH Plus Root
Canal Sealer, Dentsply DeTrey, Konstanz, Germany)
was applied in the labeled root canal with a paper
point up to the working length. Then, a calibrated
gutta-percha point (Hy Flex™ EDM Guttapercha
Points,  Coltene/Whaledent ~GmbH, Langenau,
Germany) was introduced, cut at the canal entrance
with a heated instrument and plugged.

In group RC, Parabond Non-Rinse Conditioner
(Coltéene/Whaledent GmbH, Altstitten, Switzerland)
was applied for 30seconds with a paper point on the
labeled canal walls up to the working length, slightly
airdried for 2seconds, then Parabond was mixed in a
relation of 1:1 bottle A (chemical cured adhesive A
and B Colténe/Whaledent GmbH,  Altstitten,
Switzerland) and applied actively for 30seconds in the
root canal. The excess bond was removed with paper
points and slightly airdried for 2seconds. Paracore
DENTIN SLOW (dual curing core & resin cement
(Colténe/Whaledent GmbH, Altstitten, Switzerland))
was applied onto the canal walls in a small quantity
and spread out with a Gutta-percha point (Hy Flex™
EDM Guttapercha Points, Coltene/Whaledent GmbH,
Langenau, Germany) that had been impregnated with
Vaseline (Favodent Karl Huber, Karlsruhe, Germany),
so that it could be easily removed after setting of the
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resin and before cutting the samples in horizontal
sections.

Two additional teeth served as negative controls.
Their roots were mechanically enlarged, rinsed and
labeled with Rhodamine B. They were then cut and
treated as described in the following paragraphs with-
out any root canal sealing and obturation.

All obturated teeth were stored at 37°C under
100% humidity for at least 7 days until further use.

Horizontal sections (300pm) of 24 teeth were cut at 2
and 4mm distance from the apex representing a sample
from the apical and middle root canal third (Diamond
Cut-off Wheel M1D13, 127mm dia. X 0.4mm, Struers,
Ballerup, Denmark) under constant water cooling.

To bleach the red fluorophore, that had not been
enclosed by the root canal filling, air-dried samples
were immersed for 24h in 35% hydrogen peroxide
solution (35%, Drogerie du Jura, Nyon, Switzerland),
and abundantly rinsed with water for 60seconds.

To visualize microleakage (not or partly infiltrated
porosities) in the root dentin, we then immersed the
bleached root sections in a 50% ethanolic solution
with 100pM sodium fluorescein (Fluorescein sodium
salt, 46970-100G-F, SIGMA-ALDRICH Chemistry,
Steinheim, Germany) for 3 minutes to label all poros-
ities and imperfections of the root dentin seal.
Labelled specimens were then washed in deionized
water for 10seconds.

All sections were fixed and mounted between
slides and coverslips and stored in the dark until
observation.

2.3 Confocal microscopy analysis

Images were recorded under a confocal microscope
(Zeiss Confocal Line scan LSM 800 Airyscan, Karl
Zeiss Microscopy, Cambridge, UK) at a 10-fold mag-
nification and at a wavelength of A, ;,,=580nm for
Rhodamine B and A,,;.,= 516nm for Fluorescein.
Each section was analyzed entirely (i.e. the entire
canal/lumen scope) and an average of four captures
digitally assembled was used to obtain the entire canal
at x10 magnification.

First, the stack of the assembled images were cor-
rected with Imaris 9.7.2 (Andor Technology Limited,
Belfast, UK) a microscopy image analysis software,
that enabled adjusting the yaw, pitch and roll angles
to have the tooth section parallel to the focal plane
(xy-plane) (Fig la,b).

In a second step, a custom-made program, based
on the software Matlab R2021a (MathWorks, Natick,
MA, US), served for the selection of the most
appropriate frames with maximum red and green
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fluorescence inside of the dentin tubuli. We hereby
considered the stack with maximum red fluores-
cence inside the dentin tubules as reference - also
for the green fluorescence- and selected with the
help of the program additional 4 images around the

red fluorescence peak (+/-2 frames), resulting in
five slices with a z-resolution of 7 um for each
sample in each red and green fluorescent channels.

Further, the program projected all five images on
one plane (see Fig 2a), that was then analyzed.

Figure 1. Confocal images loaded into image analysis software (Imaris). Sections of the 3D stack are visualized within the xy, xz
and yz planes before (a) and after (b) the correction of parallelism via the oblique slicer tool of Imaris.

Figure 2. Confocal images with an overview (a) of the root section, (b) magnification of the white box in (a) with 1: working area
of 20um and 2: exclusion of 5um; (c) working area with both fluorophores, fluorescein sodium salt (representing microleakage)
and Rhodamine B isothiocyanate (representing infiltration) (from the left to the right)



For the quantification of red and green fluorescence,
a working area around the lumen (fig 2) was manually
delimited within an image analysis software QuPath
(Bankhead, P. et al. QuPath: Open-source software for
digital pathology image analysis. Scientific Reports
(2017). To avoid any overestimation of red or green
fluorescence within the dentin tissue (due to staining of
the sealer layer on the root canal walls) we excluded
the inner 5 pm (exclusion area) and quantified the
dentin infiltration in an area at a depth of the follow-
ing 20 pm around the lumen (working area) (Fig 2b).

For the quantification of red and green fluores-
cence in the working area, images, representing both
fluorophores were first spit in an image with the
green and another with the red fluorescence (Fig. 2c).
The percentage of fluorescence was then automatically
calculated by the program based on the ratio of the
number of red or green pixels and the number of pix-
els without fluorescence in the defined working area.

To avoid a maximum of bias due to the color of
the images’ background, the quantification for each
sample was performed by two operators inde-
pendently. Results were then discussed until finding
an agreement.

2.4 SEM Images

One sample of each group served for electron micros-
copy examination. The apical 4mm of the palatal root
was removed with a diamond disk (Diamond Cut-off
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Wheel MI1D13, 127mm dia. X 0.4mm, Struers,
Ballerup, Denmark) under constant water cooling. A
groove was then prepared with the same device at one
external surface of the root fragment in order to split
it in longitudinal direction along the root canal with a
hammer and chisel into two halves, that were fixed in
a solution of 0.1M cacocylate (Sodium cacodylate tri-
hydrate > 98%, Sigma-Aldrich Chemie, Steinheim,
Germany) and 2.5% glutaraldehyde (glutaraldehyde
solution 50%, Sigma-Aldrich Chemie, Steinheim,
Germany) and dried in increasing concentrations of
ethanolic solutions (Ethanol, EMSURE, Merck KGaA,
Darmstadt, Germany). The split root halves were then
glued on custom made specimen holders with
double-sided tape and then further dried in a vacuum
desiccator (Kartell S.p.A., Noviglio, Italy) for 3 d.
Specimens were then gold sputtered (layer of 50nm
thickness with 24karat gold, HHV Ltd, Crawley, UK)
and subjected to SEM (Zeiss Gemini — Sigma 300 VP,
Karl Zeiss Microscopy, Cambridge, UK). Photos @
x1.5K were taken along the fracture line of both
samples.

2.5 Statistics

All statistical analyses were run with Minitab 19.2020.1
(Minitab LLC, State College, PA, USA). The penetra-
tion and microleakage were evaluated using a two
ways ANOVA test followed by Fisher’s LSD post-hoc
test. Significance levels was set to p-values < 0.001

Figure 3. Confocal images with homogeneous sealer infiltration of dentin tubules for both groups in the middle root sections,
group AH (photos a, b and ¢) conventional sealer (AH Plus Root Canal Sealer) and group RC (photos d, e and f) resin-based
cement (ParaBond and ParaCore DENTIN SLOW). Left images: overview scans, middle images: fluorescence for quantification in
working area and right images: magnifications of white rectangles in left images.
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3. Results
3.1 Sealer infiltration

Neither of the two materials resulted in complete
dentin infiltration along the entire root wall thickness
(Fig 1b). Both materials sealed the root dentin wall
and infiltrated the proximal root dentin tubules
(marked with a red fluorophore) homogeneously
along the root canal lumen in middle and apical root
regions in confocal microscopy scans (Fig 1b, 3).
However, SEM images revealed areas of not pene-
trated dentin tubules and gaps between the sealer

and the dentin walls in group AH in contrast to
group RC. (Fig 4) The resin-based cement created a
complete layer in intimate contact with the root canal
walls with resin plugs in the dentin tubules. (Fig 4 b)

Percentages of sealer infiltration in the predeter-
mined area (“working area”) for both sealers in the
apical and middle root thirds are represented in
Figure 5 and Table 2.

The ANOVA test detected statistically significant
differences in penetration between root regions and
between the two sealers (p-values = 0.001; Table 2).
The post-hoc analyses showed that only group RC

Figure 4. Representative SEM images with a vertical fracture of the roots along the root filling showing the sealer-dentin interface
in the apical root third. group AH (a) conventional sealer (AH Plus Root Canal Sealer) and group RC (b) resin-based cement
(ParaBond and ParaCore DENTIN SLOW); exclusion zone of 5um (1) and working area of 20um (2).

Figure 5. Box-Whisker Plot with percentages of infiltration by both sealers (group AH conventional sealer AH Plus Root Canal
Sealer) and group RC resin-based cement (ParaBond and ParaCore DENTIN SLOW)) at the middle and apical root sections, respec-
tively. Asterisk indicates statistically significant differences between group RC Middle and the other experimental groups.



(resin-based cement) in the middle root section, with
a mean infiltration percentage of 76.5, was signifi-
cantly different from the other three groups. No sig-
nificant differences were found between those three
groups, displaying mean infiltration percentages rang-
ing from 49.93 to 58.44%.

3.2 Sealing quality (microleakage)

Microleakage along the sealer tags in the root dentin,
which was measured with the help of a green fluoro-
phore, was also distributed homogeneously along the
root canal lumen in both experimental groups. The
two root samples, which served as negative controls
without any sealing or obturation of the enlarged and
cleaned root dentin tissues proved the effectiveness of
the green fluorophore that marked the microleakage
in the experimental groups as it penetrated the entire
root dentin.

The ANOVA test detected statistically significant
difference in microleakage between root regions
(p-values = 0.006) and between the two sealers
(p-values = 0.0001; Table 3). The post-hoc analyses
showed that the microleakage percentage was higher
for group AH than for group RC. While there was no
statistically significant difference between the two root
sections for group AH, microleakage was significantly
higher in the middle root section than in the apical
root section for group RC.

4. Discussion

This study aimed to compare a traditional epoxy-resin
based sealer (AH Plus) and a resin-based cement
(Parabond + Paracore) with regard to infiltration and
sealing of root dentin in middle and apical root thirds.
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Infiltration in dentin has been evaluated previously
by adding a dye into the material -investigated and
applying the modified materials on root dentin; how-
ever, this approach may alter the material’s properties.
[12] In this study we used a novel methodology that
intended to analyze the infiltration of different sealers
into root canal dentin without changing the materials’
properties. We indirectly visualized the materials by
labeling the dentin with a dye prior to sealer applica-
tion and then bleached the samples after setting to
remove the dye, that was not fixed with the sealer on
the dentin. In contrast to previous studies that evalu-
ated the penetration in dentin tubules and the micro-
leakage in separate root samples, the methodology
proposed in this study combined the analysis of both
aspects of interest in the same samples. This might be
seen as an advantage as we could directly compare
both values. However, there are also some drawbacks
due to the applied protocol - especially with regard to
the microleakage values, as described below.

The process for visualization of infiltration and
microleakage includes several steps of intensive drying
and application of ethanolic solutions that might have
an impact on the properties of the root dentin and in
consequence on the seal.

AH Plus is a hydrophobic material. However, lit-
erature described low bond strength values after
the application of high concentrations of ethanolic
solutions. In contrast, 70% isopropyl alcohol appli-
cation revealed promising results compared to eth-
anol or conventional drying of the root dentin with
paper points. It has been speculated that ethanol
promotes better removal of the water from the den-
tin tissue, but also to impair sealer infiltration into
the exposed collagen and consequently impacting
the hybrid layer formation and sealer adhesion.

Table 2. Results of sealer infiltration (mean values and standard deviations). Different uppercase letters indicate statistically sig-
nificant differences based on Fisher’s LSD Test (p<0,001). Group AH conventional sealer (AH Plus Root Canal Sealer) and group RC

resin-based cement (ParaBond and ParaCore DENTIN SLOW).

Group AH Group RC
Mean Mean SD Grouping P-Value
584 12,9 B 76,5 1.3 A 0,001
45,9 13,4 B 58,2 16,2 B

Table 3. Results of microleakage (mean values and standard deviations). Different uppercase letters indicate statistically significant
differences based on Fisher’s LSD Test (comparison between groups p<0,0001, comparison between middle and apical root third
p<0,006)). Group AH conventional sealer (AH Plus Root Canal Sealer) and Group RC resin-based cement (ParaBond and ParaCore
DENTIN SLOW).

Group AH Group RC
P-Value Middle/
Mean SD Grouping Mean SD Grouping Apical P-Value Group
Middle 35,0 65 A 16,8 109 C 0,006 0,0001

Apical 28,5 118 A 6,6 44 B




8 C.l. ANTONY OTERO ET AL.

Figure 6. Confocal images representing the microleakage along the dentin tubules for both experimental groups in the middle
root sections, group AH (photo a, b, and c) conventional sealer AH Plus Root Canal Sealer and group RC (photo d, e, and f)
resin-based cement (ParaBond and ParaCore DENTIN SLOW). Left images: overview scans, middle images: fluorescence for quan-
tification in working area and right images: magnifications of white rectangles in left images.

Figure 7. Box-Whisker Plot with percentages of microleakage in both experimental groups (group AH conventional sealer (AH Plus
Root Canal Sealer) and group RC resin-based cement (ParaBond and ParaCore DENTIN SLOW)) analyzed in middle and apical root
sections. Asterisks indicate statistically significant differences between group RC Middle and group RC Apical as well as between
those two groups and the other experimental groups.

[13] Thus, it seemed, that either too moist and too From that point of view, it is possible that the
dry conditions can impact the adhesion of AH Plus infiltration values tended to be lower and the micro-
to dentin. leakage values along the sealer dentin interface tended



to be higher for AH plus than that what would be
achieved in a clinical setting.

In contrast, the resin-based cement Parabond,
which contains ethanol as a solvent might have been
positively influenced by the application of ethanol.
Literature  reports on a  technique called
ethanol-wet-bonding that intends to replace rinse-water
from the etched tissues with ethanol. Ethanol based
adhesives can thus easily and effectively infiltrate the
collagen and create a tight hybrid layer. [14]

Moreover, it is interesting to note, that ethanol
application can lead to widening of the interfibrillar
spaces through dehydration and shrinkage of proteo-
glycans filling the interfibrillar space and allow there-
fore a higher infiltration rate of resins. [15]

However, it is possible that the sealer adhesion is
in addition influenced by the application of sodium
hypochlorite within the preparation of the main root
canals. Sodium hypochlorite has two effects that can
impact on adhesion and increase leakage: to remove
organic material (collagen) from the exposed dentine
surface [16] and to break down to sodium chloride
and oxygen. Consequently, the collagen might be
removed from the dentin and ideal interaction of the
sealers with the organic components of the tissues
might be negatively impacted.

Infiltration of the sealer into dentin tubules intends
to encapsulate remaining micro-organisms as well as
to cut them off from the nutrition supply in order to
maintain a sterile environment in the main root canal
and finally to improve long-term infection control of
the root space.

However, we found that neither of the tested seal-
ers penetrated the full length of the dentinal tubules
in the root surface, and that the degree of infiltration
depended on the location of the root section (apical
or middle third).

Sealing and infiltration of root dentin with adhe-
sives and resins is challenging due to issues related to
the anatomy of the root canals- particularly with
respect to the configuration factor (C-factor), a tool
to quantitatively measure the geometry of cavities.
The C-factor represents the ratio of bonded to
unbonded surfaces in a cavity [17]; values higher than
5 are considered to have an increased risk to resin
detaching during the polymerization process. [17, 18]
Literature reports on values of >200 for root canal
configurations, which can explain the difficulties
reported in studies on application of adhesives and
composites[18-21]

In order to overcome these issues when applying
the resin-based cement on the root dentin walls we
first intended to reduce the thickness of the resin
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layer and to decrease the resin volume and conse-
quently its volumetric contraction while polymeriza-
tion with the help of a gutta-percha master point.[22]
The volumetric contraction is reported to enhance the
formation of cracks and spaces between the resin and
the dental tissue- and finally to promote the failure of
the adhesive interface. [23]

In contrast, AH Plus is reported to show higher
infiltration rates and bond strength values when
applied in thicker layers. [24] The SEM observations
in the present study showed large areas of non-infiltrated
root dentin when AH Plus was used, whereas the
adhesive sealing revealed a good infiltration in dentin
tubules and a tight seal of the main canal. A possible
explanation for this finding might be an obstruction of
the dentin tubules entrances by a remaining smear
layer that was not entirely removed with the irrigation
protocol and could thus hinder sealer infiltration into
the tubules. In contrast to AH Plus, the protocol for
the resin-based cement included an initial application
of a non-rinse conditioner which may have contrib-
uted to a better smear layer removal and in conse-
quence to a higher infiltration rate. An additional
explanation for an impaired sealer infiltration might
be the obturation technique applied. Lateral compac-
tion technique is reported to apply higher forces on
the sealer, promoting better infiltration in the dentin
tubules. [25] In the present study we introduced a sin-
gle master gutta-percha point in both experimental
groups. However, as we observed the proximal root
dentin of only one sample per group under the SEM,
these findings do not allow a final conclusion.

Furthermore, the filler particle size of AH Plus has
been reported to be with up to 8um too large to
enter dentin tubules which have an average diameter
of 1.7um. [26] It was therefore assumed, that only the
unfilled resin components were able to penetrate the
dentin tubules and covered the dentin with a very
thin layer. [26]

Besides spreading out the sealer, we further
intended to apply the gutta-percha point in group RC
(resin-based cement) as a “stress breaker” within the
polymerization process. To avoid any adhesion
between the master point and the resin, the master
point was impregnated with a thin layer of vaseline.
This prevented the formation of a mono-block of the
sealer and core material, which was intended to con-
tribute to overcoming issues related to the unfavor-
ably high configuration factors of the root canals [20,
21]. Adhesive mono-block root canal fillings are
reported to be prone to crack formation along the
entire length of the adhesive interface without any
preventive measures [27].
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Literature has reported of improved bond strength
for posts with an indirect bonding procedure com-
prising a first step of coating the canal walls with
hybridized resins, and then in a second step bond to
the core material to the cured root canal wall coat-
ing. The separation of two steps was reported to
compensate for polymerization stresses in root canals
as well as in unfavorable configurations of inlay res-
torations in tooth crowns. [28] In line with this
approach, we intended to avoid any adhesion of the
core material (guttapercha) in the main root canal to
the sealer coating the root walls and infiltrating into
dentin tubules. SEM images showed clearly that
these issues were overcome and that a tight seal with
a resin-based cement is possible. Similar to conven-
tional sealers, the infiltration of resins into the den-
tin tubules is also impacted by the pressure created
by the core material, which is due to inhomogene-
ities of the root canal anatomy and difficult to
control.

Compared to coronal dentin, radicular dentin
shows morphological variations with irregularities,
that can influence the adhesion and might explain
observed differences between the root regions.
Literature reports of areas of resorption, pulp stones,
smaller proportion of tubular area available for tag
formation [29] as the numbers and size of dentinal
tubules decrease from coronal to apical due to physi-
ological sclerosis, and the oblique orientation of about
50% of dentinal tubules [30] that might affect the
sealing possibilities of obturation materials. [31] Both
experimental groups showed higher values of penetra-
tion in the middle region with a higher number of
dentinal tubules which is in line with the litera-
ture. [32]

However, literature reveals that sealer infiltration
into dentinal tubules might not directly be correlated
to sealing ability and microleakage. [33] After disin-
fection of the root system with endodontic irrigants,
remaining bacteria in deep dentin layers are supposed
to be cut off from nutrition supply by a tight root
dentin seal. In case this seal is leaking, bacteria and
their by-products might pass and maintain an infec-
tion. Thus, it is necessary to not only study sealer
infiltration, but also to determine microleakage along
the resin dentin interface.

To visualize the contrast of infiltrated to not infil-
trated root tissues it was required to cut the infil-
trated roots in horizontal slices and to bleach the
entire root slices. It was not possible to apply the
bleach and consequently the dye marking the micro-
leakage only in the root main canal walls. Moreover,
it was required to color the already cut root slices in

order to not distort the microleakage due to washing
out or spreading out of the dye on the dentin tissue
during the cutting process. This could be considered
as a disadvantage of this study because it is not pos-
sible to determine the precise origine of the microle-
akage. As the dye was not only applied on the root
canal walls but also on the cut surface of the dentin
and penetrated all dentin porosities after sealer infil-
tration, it might be that the microleakage values were
overestimated.

Both sealers showed microleakage in the middle
and the apical root third. Higher values of microleak-
age were recorded in the middle region than apically
which might be attributed to the specific root dentin
micromorphology with decreasing number of dentin
tubules from coronal to apical. [30]

Group RC with a resin-based cement showed sig-
nificantly less microleakage along the resin tags than
the conventional sealer in both tested root regions.
This can be explained by the higher infiltration rate
and the observation of a homogenic sealer layer on
the root walls.

Literature concentrates on the investigation of
either apical or coronal leakage and found also
important values for AH Plus. [4] To our understand-
ing, the eventual presence of coronal or apical leakage
becomes less important with a tight dentin tissue seal
that closes up remaining bacteria and makes them
inaccessible for tissue fluids. Coronal leakage can be
controlled with adhesive restorations, and apical leak-
age of tissue fluids can be supposedly maintain infec-
tions only if intraradicular bacteria are accessible.

However, it would be relevant to assess long-term
microleakage in further studies as the adhesion inter-
face of resin cements is impacted by the mechanical
stress of functional forces due to mastication and
hydrolysis. [19] AH Plus has shown very low values
for dimensional changes. [34] This was explained by
water sorption and swelling of the epoxy resin com-
ponent after polymerization. [34]

This experiment should be perceived as a proof of
principle for the application of a resin-based cement
as a sealer in root canal configurations and might
open a new and promising field of research and treat-
ment in endodontics. The underlying protocol is not
suitable for clinical application but serves as base for
new preferably bioinert dental materials. This is due
to the fact, that a reintervention in case of failure of
an endodontic treatment with resin cement will be
very challenging and dependent on the resin layer
thickness. Moreover, resin cements are susceptible for
foreign body reaction of over pressed root filling
materials. [35]



5. Conclusions

Within the limitations of the study, it can be con-
cluded, that a resin-based cement can infiltrate and
seal tightly the dentin in middle and apical root
thirds. Both tested materials infiltrated the dentin
tubules of root dentin but not to the full tubule depth.
The resin-based cement infiltrated more dentin
tubules and revealed less leakage along the dentin
tubules than the conventional sealer.
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