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Abstract

The correct obturation of the root canal system achieved by means of a core and a cement is essential
for the success of endodontic treatment. There are several root canal cements (RCCs) on the market;
however, because of their excellent characteristics, epoxy resin-based sealers (ERBSs) have been widely
used. The main aim of this review was to analyze and integrate the available information on different
ERBSs. An electronic search was performed in the PubMed and Scopus databases, using “epoxy resin” AND
“root canal treatment’, and “epoxy resin” AND “endodontics” as search terms. In general, ERBSs have good
flow properties, film thickness, solubility, dimensional stability, sealing capacity, and radiopacity. They are
also able to adhere to dentin while exhibiting low toxicity and some antibacterial effects. However, their
main disadvantage is the lack of bioactivity and biomineralization capability. A large number of ERBSs
are available on the market, and AH Plus keeps being the gold standard RCC. Yet, information on many
of them is limited or non-existent, which could be due to the fact that some of them are relatively new.
The latter emphasizes the need for relevant research on the physicochemical and biological properties
of some ERBSs, with the aim of supporting their clinical use with sufficient evidence via prospective and
long-term studies.
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Introduction

Three-dimensional obturation of the root space is es-
sential for the long-term success of endodontic treatment.
There are various materials and techniques available for
obturation of the root space, with most techniques using
a central core material and root canal cement (RCC). Re-
gardless of the central core, the use of RCC is essential for
hermetic sealing and fluid tightness.! Currently, there are
several types of endodontic sealers available on the mar-
ket with different compositions, the most common being
RCCs consisting of zinc oxide eugenol, calcium hydroxide
(Ca(OH),), glass ionomers, silicone sealers, calcium sili-
cates, methacrylate resins, and epoxy resins,”* even though
they do not comply with all the requirements described by
Grossman.® Epoxy resin-based sealers (ERBSs) can be con-
sidered the RCC of choice®” for obturation of the root canal
system because of their adequate physicochemical proper-
ties.”® Most recent studies deal with ERBSs on a general ba-
sis>® or approach their properties separately,®’'%-1¢ but no-
tably, the present study analyzes, discusses, and integrates
the properties of several of these types of RCCs available on
the international market, and is the first one to approach
their formulation-behavior relationship. This review aimed
to analyze and integrate the available data on the different
ERBSs, compiling information on the physical, chemical,
and biological properties, formulations, and other areas
of clinical interest of these RCCs.

Methods

In November 2020, a preliminary search was carried
out for literature reviews related to the physicochemi-
cal properties of ERBS, and no studies were found that
presented an extensive and updated overview of these
sealers. In April 2021, an electronic literature search was
performed utilizing the PubMed and Scopus databases
and the search terms “epoxy resin” AND “root canal treat-
ment’; as well as “epoxy resin” AND “endodontics’, to find
studies that contained these search terms that had been
published within the last 10 years. A second search was
performed in August 2022, to analyze the information
pertaining to the ERBS formulation components.

Only original works published in English were includ-
ed. A total of 604 and 264 manuscripts were found in
PubMed and Scopus, respectively. The search was limited
to clinical trials, in vitro studies, literature reviews, sys-
tematic reviews, and textbook chapters. Interim reports,
abstracts only, letters, brief communications, studies that
did not focus on ERBSs, and duplicated works were ex-
cluded. Additionally, agar diffusion studies and sealability
studies, including linear and volumetric dye penetration
assessment methodologies, autoradiographic detection
of isotope penetration, radionuclide detection, culture
techniques to detect bacterial penetration, salivary pen-
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etration models, fluid filtration techniques, fluorometry,
intracanal reservoir techniques, and electrochemical
techniques were also excluded because such studies have
not been considered useful since reliable and reproduc-
ible evaluation methods related to clinical outcomes are
required.'” Subsequently, the titles and abstracts of rel-
evant articles were reviewed and a manual search of the
references of each selected article was performed to com-
plement the electronic search. Finally, 91 articles and 6
textbook chapters were considered relevant and included
in this review.

Since we only searched two electronic databases, this
decision could have limited the results with regard to the
inclusion of relevant literature in our review, e.g., grey lit-
erature was excluded during the literature search stage.
Additionally, being an integrative literature review, the
present study has inherent limitations, i.e., the complex-
ity of using diverse selected studies, which apply different
methods, has the potential to contribute bias and might,
therefore, complicate data evaluation and analysis. How-
ever, at the same time, this type of review is the broadest
of its kind and has the potential to resolve the complexi-
ties brought about by varied perspectives.'8

General characteristics
and formulations of ERBSs

Epoxy resin was patented by P. Casta, a Swiss chemist
from DeTrey (Zurich, Switzerland), in 1938.° ERBSs were
introduced into endodontics by Schroeder in 1950, with
the market launch of AH 26® (Dentsply Maillefer).!® Due
to its release of formaldehyde, which causes cytotoxic-
ity in periapical tissues, this sealer has been modified to
what is now marketed as AH Plus® (Dentsply Sirona).!%20
This RCC has been extensively evaluated and compared
to other alternatives and, based on its physicochemical
properties and biological response, is currently consid-
ered the gold standard (Fig. 1).21-2* However, there are
other commercially available ERBSs, with different com-
positions, according to the manufacturer, and are includ-
ed in Table 1. Based on our performed search, there is no
review that integrates information on the characteristics
as well as the physicochemical and biological properties
of these types of sealers. A compilation of the information
on ERBS physical, chemical, and biological properties
with highlights of clinical interest is presented in detail
below in different sections.

With regard to Table 1, it must be emphasized that all
of the listed ERBSs shall finally form an epoxy resin; how-
ever, one should take into consideration that the structure
of a material results in the formation of its properties,
and the latter determines the behavior of the material. In
this regard, most commercially available epoxy resins are
based on diglycidyl ethers of bisphenol-A, bisphenol-F,
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Fig. 1. Molecular structure of the main chemical components of epoxy
resin—based endodontic sealer (ERBS) AH Plus

or other phenolic compounds,? which react with curing
agents. However, almost none of the ERBSs have the same
formulation; thus, in the next paragraphs of this section,
we will discuss some relevant compounds in the formula-
tions described in Table 1, alongside various other com-
pounds in subsequent sections.

As for the curing agents listed in Table 1 (which are ali-
phatic and aromatic amines), epoxy resins may be cured
with any of them, because they have a labile hydrogen
atom or hydroxyl group that reacts with the epoxy rings
and initiates the polymerization process, even at room
temperature. However, aliphatic amines are strong skin
irritants, while aromatic amines impart higher tempera-
ture stabilities.”> AH-26, Sealer 26, Sealer Plus, and Ac-
roseal contain methenamine (hexamethylenetetramine),
which releases formaldehyde during the polymerization
process, being an inherent disadvantage of these sealers
due to its toxicity?®, although the released quantity is con-
sidered negligible.?” Poly(aminobenzoate) is contained in
Adseal, MM-Seal, Sicura Seal, and SimpliSeal and is effec-
tive in applications where long working times, substrate
wettability, and lower heat-build are required,?® thereby
improving the performance in these ERBS. On the other
hand, methenamine (which decomposes into formalde-
hyde and ammonia in an acidic environment) is curiously
also used as a food preservative or fraudulently in dairy
products.?® Additionally, formaldehyde is a natural by-
product of amino acid metabolism in almost all cells, with
the endogenous level known to be 3—-12 ng/g in tissues®’
and 2.5 ppm in plasma.?!

On the other hand, Sealer Plus has silicone and silox-
anes (the —Si—O-Si—O- backbone of silicones is referred
to as siloxane) added to its composition. In this regard,
this backbone confers silicones with a very high thermal
stability?® and results in the enhancement of flexibility,
toughness, durability, and chemical and weather resis-
tance.?? These could be the reasons for their addition to
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this sealer. AH Plus, Thermaseal Plus, Topseal, Sealer
Plus, and 2Seal have silicone oil (polydimethylsiloxane) in
their composition, which is hydrophobic in nature, resis-
tant to bacterial degradation, has an extremely low sur-
face tension, and adsorbs strongly to solid surfaces.>* Ad-
ditionally, it possesses high heat resistance and lubricant
properties.3* All these properties would certainly favor
the clinical behavior of these sealers.

It has been stated that the most important additive in
an adhesive composition is the filler (improving thermal
stability, bond strength, and flow properties).”> However,
ERBS manufacturers do not specify it in their formulations.
In this regard, some sealers (AH Plus, Thermaseal Plus,
Topseal, Sealer Plus, 2Seal, and Obturys) contain silica —
also defined as silicon dioxide® - in their formulations.
This is an inorganic filler that has exhibited pivotal effects
in relation to reducing shrinkage during curing as well as
conferring thixotropic properties and improving the bond
strength of epoxy adhesives?; it also stimulates osteogen-
esis by inducing biomineralization.3® Finally, titanium di-
oxide is a filler in AH26 and Sealer 26 and is widely used to
produce a white color in numerous products.*’

Acroseal is the only ERBS that contains (three) plant-
derived ingredients, i.e., hydrogenated rosin, Venice tur-
pentine, and enoxolone. Hydrogenated rosin (colophony)
and Venice turpentine are diterpenic resins with very
similar compositions (complex mixtures of resinous ac-
ids)® that enable cross-linking and polymerization in the
polymer matrix.3* Both of them possess excellent adhe-
sive properties and are often included as additives in ad-
hesive formulations to increase adhesion, brightness, and
toughness.?® Recently, rosin has attracted attention in the
formulation of biobased epoxy resins from renewable re-
sources.’® Furthermore, enoxolone (glycyrrhetinic acid)
is a bioactive triterpenoid compound of licorice (Glyc-
yrrhiza glabra) that exhibits anti-inflammatory, antioxi-
dant, and anti-nociceptive properties," which are ideal
for an endodontic sealer formulation.

Oxyranes — also known as epoxides*? — are described
in Obturys formulation. They represent one of the new
monomers that have been developed to substitute bisphe-
nol A-containing BisGMA dental composites.*> Oxyranes
are cyclic ether compounds that are more hydrophobic
than methacrylates, and they polymerize via cationic
ring-opening processes, which reduces polymerization
shrinkage stress.*> Although the latter would benefit the
clinical behavior of the ERBS, there are no published stud-
ies that have evaluated such issues.

Perma Evolution contains poly(hexamethylenebiguanide)-
hydrochloride, which is considered an antibacterial
agent™ and could improve the antibacterial properties
of this sealer. However, there are no published studies that
have evaluated this property. Other ERBS-containing an-
tibacterial agents are described below in the antibacterial
section, and those containing Ca(OH), are described in
the biocompatibility and bioactivity sections.
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Table 1. Epoxy resin-based sealers (ERBSs) available on the international market

AH Plus

Thermaseal
Plus

Topseal

AH-26

Acroseal

Adseal

DiaProSeal
EasySeal
Epoxidin

EZ-Fill Xpress

MM-Seal

Obturys

Obtuseal

Perma Evolution

Radic Sealer

Sealer 26

Sealer Plus

Sicura seal

SimpliSeal

2Seal

paste A:
bisphenol A epoxy resin, bisphenol F epoxy resin,
calcium tungstate, zirconium oxide, silica and iron
oxide pigments

resin paste:
epoxy resin
base:
hexamethylene tetramine, bismuth subcarbonate,
hydrogenated rosin, paraffin oil, venice terpentine,
enoxolone

base:
epoxy oligomer resin, ethylene glycol salicylate,
calcium phosphate, zirconium oxide, bismuth
subcarbonate

paste A:
epoxy resin, zirconium oxide, calcium hydroxide

paste B:
bibenzyldiamine, aminoadamantane,
tricyclodecane-diamine, calcium tungstate,
zirconium oxide, silica and silicone oil

powder:
bismuth oxide, methenamine, silver, titanium dioxide

catalyst:
bismuth carbonate, calcium hydroxide, diglycidyl
ether bisphenol A, yellow iron oxide

catalyst:
polyaminobenzoate, triethanolamine, calcium
phosphate, bismuth subcarbonate, zirconium oxide,
calcium oxide

paste B:
calcium tungstate, zirconium oxide, calcium hydroxide

diethylenetriamine, amine-epoxy-based
no further information

epoxide resin, amine hardening agents, zirconium oxide as a radioopaque filler, a lime component, and
a plasticizing agent

information not available

base:
epoxy resin, ethylene glycol salicylate, calcium
phosphate, bismuth subcarbonate, zirconium oxide

paste A:
4,4'-isopropylidenediphenol, oligomeric reaction
products with |-chloro-2,3- epoxypropane,
zirconium dioxide, silicon dioxide

base:
TCD-diamine, a radiopaque excipient

paste A:
4-[2-(4-hydroxyphenyl) propan-2-yl]phenol-
epichlorohydrineresin, alkylglycidyl ether,
barium sulfate, tricalcium phosphate,
diphenylolpropan-diglycidyl ether

base:
poly epoxy resin, zirconium oxide
powder:
calcium hydroxide, bismuth oxide,
hexamethylenetetramine, titanium dioxide

base:
bisphenol A-coepichlorohydrin, bisphenol F epoxy
resin, zirconium oxide, silicone and siloxanes, iron
oxide, calcium hydroxide

base:
epoxy oligomer resin, ethylene glycol salicylate,
calcium phosphate, bismuth carbonate, zirconium
oxide
base:
epoxy oligomer resin, ethylene glycol mono
salicylate, calcium phosphate, bismuth
subcarbonate, zirconium oxide

paste A:
bisphenol A epoxy resin, bisphenol F epoxy resin,
calcium tungstate, zirconium oxide, silica and iron
oxide pigments

catalyst:
polyaminobenzoate, triethanolamine, calcium
phosphate, bismuth subcarbonate, zirconium oxide,
calcium oxide

paste B:
oxirane, 2-methyl-, polymer with oxirane,
bis(2-aminopropyl) ether, zirconium dioxide,
silicon dioxide
catalyst:
calcium hydroxide, DGEBA (diglycidyl ether
of bisphenol A) and radiopaque excipient
Paste B:
polyalkoxyalkylamine-copolymer,
5-amino-1,3,3- trimethylcyclohexanmethylamin,
aqua, barium sulfate, tricalcium phosphate,
nanodispersed silicon dioxide, polyhexamethylene
biguanides-hydrochloride

catalyst:
TEA (triethanolamine), zirconium oxide, calcium oxide

resin:
bisphenol epoxy resin

catalyzer:
hexamethylenotetramine, zirconium oxide, silicone
and siloxanes, calcium hydroxide, calcium tungstate

catalyst:
polyaminobenzoate, triethanolamine, calcium
phosphate, bismuth carbonate, zirconium oxide,
calcium oxide

catalyst:
poly(1.4-butanediol)bis (4-aminobenzoate),
triethanolamine, calcium phosphate, bismuth
subcaronate, zirconium oxide, calcium oxide

paste B:
dibenzyldiamine, aminoadamantane,
tricyclodecane-diamine, calcium tungstate,
zirconium oxide, silica and silicone oil

Dentsply Maillefer, DeTrey,
Germany

Dentsply Sirona, Becht,
Germany

Dentsply Maillefer, Ballaigues,

Switzerland
Dentsply Maillefer, DeTrey,

Germany
Specialités-Septodont, Saint

Maur-des-Fossés, France

Meta Biomed Co, Cheongju,
Korea

Diadent, Cheongju, Korea

Komet Dental, Lemgo,
Germany

TehnoDent, Severnyi, Russia

Essential Dental Systems,
South Hackensack, USA

Micro-Mega, Besancon,
France

Itena, Paris, France

ATO, Zizine, France

Becht, Germany

KM, Seoul, Korea

Dentsply, Rio de Janeiro,
Brazil

MK Life, Porto Alegre, Brazil

Dentalica, Milan, Italy

DiscusDental, Culver City,
USA

VDW, Munich, Germany

* information obtained from the manufacturers.
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On the other hand, Sicura seal and SimpliSeal contain
ethylene glycol salicylate, also known as 2-hydroxyethyl
salicylate, which is formed from the condensation of the
carboxyl group of salicylic acid with one of the hydroxyl
groups of ethylene glycol.%>4¢ Salicylates are very often
used in the formulation of topical anti-inflammatory
products for the treatment of mild to moderate pain.*>4¢
Additionally, derivatives of salicylate resins are used to
obtain resins/polymers?” and it has been shown that the
flow ability of some sealers is influenced by the type of sa-
licylate resin and its particle size.*

Finally, regarding the ERBS compositions listed in
Table 1, it must be taken into consideration that specific
processes and/or ingredients for formulating sealers are
proprietary of the manufacturer. Moreover, many manu-
facturers do not provide any information about the com-
position ratio of these sealers.?® These issues inherently
limit an ample discussion on the above-mentioned struc-
ture-properties relationship.

Physicochemical properties

The physicochemical properties of ERBSs are described
in the sections that follow, and a condensed table of in-
formation regarding these properties is presented in
Table 2, including their flow, film thickness, solubility, set-
ting time, dimensional change, and radiopacity.

Flow

According to the American National Standards Insti-
tute and American Dental Association (ANSI/ADA) No.
57 and The International Organization for Standardiza-
tion (ISO) 6876, RCCs should have a minimum flow rate
of 17 mm.®% Available evidence shows that the seal-
ers AH Plus,!11220:2L50-58 ThermaSeal Plus,*® Acroseal,!!
Adseal, 11205659 EagySeal,®® EZ-Fill Xpress,? MM-Seal,*
Pherma Evolution,'? Radic Sealer,”® Sealer Plus,?*! and
SimpliSeal®? meet the established requirements. On the
other hand, 1 study evaluated Dia-Proseal and AH Plus
(Table 2),>° which fell short of achieving the required val-
ues; this difference may be due to the methodology used
since the authors mention that more precise evaluation
techniques (rheometer) should be used.”

The activation of sealer cements with sonic and ul-
trasonic protocols has shown an increase in flow values
of AH Plus and Adseal, which attained the highest val-
ues after ultrasonic activation while still complying with
ANSI/ADA No. 57 and ISO 6876 standardizations. The
heat generated during this process reduced the viscosity
of the sealers, increasing their flow and improving their
rheological and mechanical properties, especially their
cohesive strength.®® On the other hand, the manufacturer
of EZ Fill Xpress recommends that it be warmed using
a heated spatula to improve its fluidity.** However, high

283

flow may result in apical extrusion, possibly leading to
periapical tissue injury due to RCC cytotoxicity® and sub-
sequent postoperative pain.®®

Film thickness

ANSI/ADA No. 57 and ISO 6876 suggest that this thick-
ness should not exceed 50 um.**% Resin-based sealers
have shown greater adhesion to dentin in thicker layers.
On the contrary, in thin layers, there is greater penetra-
tion of the RCC into the dentinal tubules. In this regard,
the resin matrix of the cement penetrates the dentinal tu-
bules, while the filling particles do not, due to their larger
size, thus leaving a layer enriched with particles but with-
out resin in the canal wall, resulting in a lower adhesion
strength.!3* These findings suggest that the “ideal” thin
film for this type of RCC needs to be reconsidered.!*

The sealers AH Plus,'°25% Eagy Seal,*® EZ-Fill Xpress,*
and SimpliSeal®? meet standardizations. On the other
hand, 1 study reported values of 85 +8 um for the film
thickness of AH Plus.>® Acrosel and Adseal obtained val-
ues higher than 50 pm (Table 2). Although the different
studies comply with the standardized methodology, the
available information does not specify the causes of the
variations in the results.

Water solubility

Solubility indicates the mass loss of the material when
immersed in water. RCCs must have a low solubility.®° The
solubility, according to ANSI/ADA No. 57 and ISO 6876,
must be less than 3%.%%%° Conventional methodologies
for assessing solubility have some limitations, so micro-
computed tomography (micro-CT) imaging methods are
currently being used to complement the tests performed
by ANSI/ADA No. 57 and ISO 6876.57

The difference in material weight before and after im-
mersion in water may not represent the solubility of all
RCCs, as some of these materials may absorb water, even
though they exhibit solubility.”” A soluble RCC can de-
grade and leach chemicals over time, creating voids with-
in the material or at its interface with surrounding tissues/
materials.”* These voids could serve as pathways for mi-
croorganisms to transverse the root canal into the peri-
apical tissues, while the leaching of chemicals can irritate
periapical tissues.5>*

ERBSs have low solubility,!**> which may be due to the
strong cross-linking of these RCCs.55%8 This characteris-
tic is desirable if the stability of the material in the intrara-
dicular space is taken into account but may not be the best
property when the material is extruded. The fate of the
RCC will depend on its solubility in tissue fluids and its
susceptibility to phagocytosis.®%” According to a solubil-
ity evaluation of AH Plus and Obturys, values of 0.0% and
0.2% at 24 h, respectively, were obtained.®® The solubil-
ity studies of AH Plus,2"°1>3-60 Topseal,®! Acroseal,!*!
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Adseal 6% AH-26,°! Dia-Proseal,” EasySeal,>® MM-Seal,>®
Obturys,® Sealer 26,%! Sealer Plus,?! and 2Seal®! meet the
standardizations (Table 2).

Setting time

This time should not exceed more than 10% of that
indicated by the manufacturer®’; however, a sufficiently
long time is required to allow the placement and adjust-
ment of the sealing material, which provides a clinical
advantage.®® On the other hand, a slow setting time may
cause tissue irritation and affect solubility, leading to seal
failure,>* and is therefore considered a critical clinical is-
sue.”” The setting time of AH Plus can be affected by the

portion of the tube from which the paste is dispensed,
i.e., the initial, intermediate, or final segment.!>* Thus,
it is more fluid at the beginning than at the end, since it is
not uniform and its consistency changes along the tube;
there is incomplete miscibility between the components,
which certainly alters the monomer—catalyst ratios.*> The
setting times obtained by different authors are detailed
in Table 2. Their high values are probably due to the oc-
currence of slow polymerization between the amines in
the epoxy resin, where the conversion of monomers into
polymers occurs gradually.>>>8

One study evaluated how sonic and ultrasonic activa-
tion influences the setting times. AH Plus increased its
time from 7.71 +£0.02 to 8.63 +0.24 and 16.52 +0.12 h,

Table 2. Summary of the physicochemical properties of epoxy resin-based sealers (ERBSs)

Film thickness Solubility Setting time Dimensional change Radiopacity
[um] [min] [%] [mm Al]
39.16 £3.85"!
21,87 1407 030+ 0021
21.2 40275 S S‘SOTO 1055 71133 £95.03"1 1450 +1.69""
54 - - 55 54
3225 ; 0213 40046 1,345 +1 654 805 .
19.81 +£1.58 073 £076% 617-869 15.74 4025
2355 4365+ 049" 02 045 437 £7-849 152" 050 £0.36% 18.4%
AH Plus 36.80 £0.57% 85 + 8% ~ 0.00001 463.0 +1.45% —0.4 +0.25 7.58 £0.142'
34.48 +0,07% 21-30%2 041 +0915 385.0 +4.557 ~1.9% 7.65 +£0.54%
213 %115 8+ 153 ; da>;5‘ 0200085 463601322 224215 92 +0.55
~ 59 - - 51 ~ 59
36 42]fo 405 30 days: 021 +0.07° 4~917 30952 752 141 595
Pl 24 h: 0.0 £0.0% DA o Aanst
21.94 J_rg.m 4 weeks: 0.1 +0.1 1,440 950 +0.30
18131 o 0.1 0,153
S - - 24h; 007 - - -
P 28 days: 0.082°'
ThermaSeal Plus 213 £047%° - - - - -
o 61
Acroseal 39.66 +2.51"! 65.50 £6.36'" 282;3'5%35 466 1,230.00 +42.42" - 58640731
37.66 £2.08"
0.24 +0.00"! 5844066
21.87 +1.40" y . 70.00+9.00"" 8.84 +4.05% o
Adseal 5516 40,015 65.00 +7.07 —~168+1.96 54133 49,715 10 4344067
~22.5% ~—0.00009* ~7>9
24 h: 0285
AR-26 - N 28 days: 1.75°' N - -
DiaProSeal ~16.5% - ~—0.00009% - ~1.9% ~7.5%
EasySeal 17.3 £0.853 6 +253 27 +0.353 24653 344145 =
EZ-Fill Xpress 202 31-40% - ~120-180% - -
MM-Seal 52.75 +0.60%8 - 0.94 +0.1758 47,60 +4.39% - 3.32+0.90%
Perma Evolution 3578 +046'2 - - - - -
Radic Sealer 20.80 +0.84"" - - - - -
24h:02 +0.0%
Obturys B B 4 weeks: 0.6 £0.2% B B B
7 days: 045 £0.20%'
sealer 26 B B 30 days: 0.95 £0.21°' B B -
19.19 £0.522' . 138 +£10-210 +1871 542 +0.20°'
sealer Plus 18.95 +0.74°" - 0.266 0027 196 +145' - 400 +0.90°"
SimpliSeal 23%2 1-10°2 =110% - -
24 h: 0,037
2oeal - - 28 days: 0.04°' - - -

Cements without available information were excluded from the table.
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respectively, as these procedures can raise the temperature
inside the root canals by up to 2°C. The ultrasonic devices
may generate radicals in the organic portion (catalysts)
due to increases in temperatures and pressures, gener-
ating a slow polymerization reaction.’® On the contrary,
Adseal showed the opposite behavior, decreasing the set-
ting time from 4.02 +0.16 to 2.60 +0.19 h with sonic and
to 2.36 +0.12 h with ultrasonic activation, which may be
related to the different percentages and types of polym-
erizing agents present in the compositions of these seal-
ers. 11,56

Dimensional change after setting

ANSI/ADA No. 57 standardizations recommend that
this value should range from -1% (linear shrinkage) to
+0.1% (expansion).®® ERBSs are considered “shrinkage-
free” during the setting reaction!!; however, their expan-
sion is still possible because they are capable of absorbing
water.”> AH Plus,*>°¢>° Adseal,”**° Dia-Proseal,” and Easy
Seal®® did not meet the standard (Table 2). These studies
showed increases in dimensional changes, which could be
explained by water absorption. However, Adseal showed
higher values, owing to its property of high hygroscopicity,
which distinguishes it from other cement and could con-
tribute to improving the sealing capacity.>® Another pos-
sible explanation for the latter result is the relatively high
values of the standard deviation in this study, suggesting
measurement inconsistencies. Additionally, the different
methodologies used in different studies are prone to er-
rors, as air bubbles may be present in the freshly mixed
sealer materials, thus changing their density.>®

The existence of voids is of clinical relevance because
shrinkage of sealers of as low as 1% can result in voids and
spaces that are sufficiently large enough for the penetra-
tion of bacteria and their harmful products.®>7° In a study
that evaluated the single cone technique in root canals via
micro-CT and nano-CT, AH Plus demonstrated a signifi-
cantly higher void fraction in terms of internal, external,
and combined voids compared to Total BC and Sure Seal,
which are calcium silicate-based sealers (CSBSs).®

Radiopacity

ANSI/ADA No. 57 and ISO 6876 standardizations re-
quire a radiopacity greater than 3 mm/Al.**%° The sealers
AH Plus,215154-5962 Acroseal,!! Adseal,!1*%5 Dia-Proseal,*
MM-Seal,”® and Sealer Plus?'*! meet the standardizations
(Table 2). AH Plus and Sealer Plus have the same radi-
opacifying agents, namely calcium tungstate, zirconium
oxide, and iron oxide,>>>® while Adseal has bismuth sub-
carbonate and zirconium oxide, and Acroseal contains
only bismuth subcarbonate.!! It has been reported that
there is a deposit of radiopacifying agents at the lower end
of the tube, while the upper portion may present a lower
content, > which could be due to the above-mentioned
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incomplete miscibility between the organic and inorganic
components contributing to segregation between both
phases.

On the other hand, the radiopacity test shows variations
in the behavior of the sealers in relation to the activation
protocols of AH Plus and Adseal. As regards sonic activa-
tion, the variation in radiopacity may be related to greater
or lesser exposure to the inorganic compounds present,
which can occur randomly and are due to the hydrody-
namic movement caused by the sound waves. Applica-
tion of the ultrasonic protocol increased the radiopacity
of AH Plus and reduced that of Adseal, which may be due
to the induced changes in the crystal structures of the ra-
diopacifying agents. The cavitation phenomenon, which
induces the implosion of air bubbles and causes a local
increase in temperature and pressure conditions, in com-
bination with microflows generated by cavitation oscil-
lations, would cause dispersion effects and agglomerate
fragmentation in the inorganic components present in the
sealers.>®

Effects of heat application

Obturation techniques with high temperatures and/or
long durations are associated with earlier polymerization,
resulting in changes in the chemical structure of epoxy
monomers, amine hardeners, and calcium tungstate fill-
ers. These changes are temperature- and time-dependent,
and the latter would have a greater impact.®

For AH Plus, it has been reported that heat treatment
had an adverse effect on physical properties, such as set-
ting time, which was reduced to 12.9 +0.7 min when the
temperature was raised from 37°C to 140°C for 10 min.”!
This reduction may be associated with a change in the set-
ting reaction.”? The flow rate was raised to 25.6 +0.7 mm
when the temperature was raised from 25°C to 140°C."!

In one study, temperatures of 37°C or 100°C for 1 min
were used on AH Plus, resulting in a reduction in set-
ting time and an increase in film thickness.”? This ERBS
showed a decrease in its N-H groups when heated at
100°C for 1 min, whereby the reduction of polyamines
(dibenzyl diamine, aminoadamantane, and tricyclodec-
ane) affected the polymerization process, with changes in
the physical and mechanical properties of the material.”®
However, the overheating of AH Plus was performed us-
ing temperatures above those applied in clinical condi-
tions.”

Adhesion to dentine

The chemical adhesion of epoxy resins to the tooth
structure is produced by covalent bonds between the
open epoxy groups and the exposed amino groups in the
collagen network of the dentin. This is one of the reasons
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for the good dislodgment resistance of ERBSs.”*7¢ Me-
chanical bonding is provided by the penetration of the ce-
ment into the dentin tubules (tags), and its characteristics
depend on the physical properties of the RCCs.!

Unlike methacrylate resins, epoxy resins have a lower
tag frequency. This may be due to the hydrophilic char-
acteristics of the methacrylate resins as well as their
slow chemical reaction, which promotes the reduction
of shrinkage stress and allows the sealer to flow more
freely, reaching deeper into the dentinal tubules and thus
forming a greater number of tags. However, the micro-
mechanical retention of sealers through the penetration
of the tags into the tubules is not the most important fac-
tor affecting adhesion.”” The higher bond strength of AH
Plus, in contrast to its low tag formation, could be ex-
plained by the higher prevalence of cohesive failures for
this RCC!® in contrast to methacrylate resins that present-
ed mixed or adhesive failures with dentin.””

Factors that can influence bonding strength

Dentin wettability, the use of antimicrobial irrigants
and chelating agents

Adhesion can be affected by the condition and degree
of wettability of the dentin,”® due to the hydrophobic na-
ture of cements.” Residual moisture could adversely af-
fect the conversion of the epoxy resin monomer, leading
to incomplete polymerization of the resin and decreased
bond strength to dentin.”®”® The use of sodium hypo-
chlorite (NaOCl) may affect the adhesion of ERBSs if it is
used as a final irrigant.8%#! Traces of this strong oxidizing
agent or its oxidative by-products, such as hypochlorous
acid and hypochlorite ions, would also compromise the
bond strength of the sealer to root dentin and its sealing
capacity.?® Another logical reason for this is that oxygen
bubbles, which form after the use of NaOC], impede the
penetration of the sealer into the fine openings of the den-
tin tubules.®

Evidence shows that the final irrigation with EDTA 17%,
SmearClear, and QMiX promoted proper smear layer re-
moval, which ensured the adequate bond strength of AH
Plus.®?

Laser

Laser application is another type of treatment of the
dentin surface that can influence the bond strength of the
RCC.8 A study on the effect of chemical treatments and
the use of lasers on the bond strength revealed that citric
acid had a higher average bond strength compared to the
Er:YAG laser for RealSeal, AH Plus, and EndoREZ seal-
ers, but not Acroseal.®* On the contrary, EDTA activation
with Nd:YAG (1,064 nm) and diode (980 nm) lasers re-
sulted in better bond strength of the ERBSs at the level
of all root canal thirds compared with EDTA alone and
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EDTA with ultrasonic agitation. The application of these
wavelengths, together with EDTA activation, could in-
crease the permeability of the root dentin.®

Filling techniques

The highest values of bond strength have been observed
using the lateral condensation technique (LCT) and Tag-
ger’s hybrid technique (THT).# Similar results were ob-
tained in another study wherein the strengths of the bonds
to human dentin using AH Plus/gutta-percha (GP), Sealer
26/GP, Epiphany SE/Resilon, and Epiphany SE/GP root
canal filling materials, when LCT or THT were used, were
evaluated by means of push-out tests. The highest push-
out forces were obtained when the canals were obturated
using LCT with AH Plus and GP, followed by Sealer 26
and GP.¥ On the other hand, the lowest bond strengths
were found with the continuous wave condensation tech-
nique, which could be explained by the presence of a thin
cement layer, although the micro-CT images showed bet-
ter results regarding the filling quality.®

Considering the need for heat to obtain a positive result
in thermoplasticized GP techniques, a systematic review
compared these techniques to cold lateral condensation,
using micro-CT to evaluate the quality of root canal fill-
ing.88 Although it was evidenced that neither technique
could completely obturate the root canal, thermoplas-
ticized techniques did have significantly fewer voids in
most studies, which is clinically desirable. It is relevant to
point out that six out of the nine included studies used
ERBSs.88

Retreatment

Once the sealer penetrates the dentin tubules, its remov-
al during retreatment is physically impossible®’; therefore,
no filling material can be completely removed.”**! Several
studies have evaluated the retreatability of CSBSs com-
pared to AH Plus, showing that the former achieved bet-
ter results with less RCC residues and shorter retreatment
times.?®®! On the other hand, obturation with BC Sealer
and a single GP master cone may result in blockage of the
apical foramen and a loss of permeability in some cases,
which is not the case for AH Plus obturation. The inability
to regain working length and/or permeability may com-
promise retreatment by preventing adequate cleaning
and shaping of the apical canal space, which may harbor
bacteria. There is also evidence of retreatability for AH
Plus and EndoSequence BC sealer, as they showed similar
characteristics during retreatment procedures.®

The use of GP solvents like xylene and Endosolv E has
been evaluated demonstrating a negative effect on the
bond strength of AH Plus to the root canal. These sol-
vents can change the chemical composition of the dentin
surface because they are oil-based, making it difficult to
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remove them completely from the root canal. This waxy

film may interfere with the development of resin—dentin
bonds.”?

Biological properties

Biocompatibility (cytotoxicity)

RCCs have demonstrated severe inflammation, but
over time, most sealers lose their irritant components and
become relatively inert.?>?* In cases wherein RCCs are
extruded, they may be solubilized in periradicular tissue
fluids, phagocytized, or become encapsulated by fibrous
connective tissue.® In a study, only 15% of cases with AH
Plus extrusion have shown complete clearance of the ma-
terial over periods of even 10 years.

The cytotoxicity of an ERBS seems to be directly related
to its component epoxy resin and to the type of polymer-
ization promoted by the amines, with the waste products
of this reaction being toxic to cells.* It has been suggested
that ERBSs containing bisphenol A diglycidyl ether can
produce cytotoxicity upon release since it is a mutagenic
component of these materials.!®?® These cements could
release small amounts of formaldehyde, which could
explain their short-term toxicity.#?>%3 AH Plus also has
a greater release of calcitonin gene-related peptide com-
pared to EndoSequence, which indicates a greater poten-
tial for causing pain and neurogenic inflammation.®

In the case of SimpliSeal, its calcium oxide and calcium
phosphate components could contribute to its improved
biocompatibility. On the other hand, although Sealer
Plus has a similar composition to AH Plus, the addition
of Ca(OH), in its composition improved its histological
results, leading to mild inflammation at 7 days.??

As for Sicura Seal, bisphenol A diglycidyl ether is not in-
cluded in its composition; however, exudates or polymer-
ization and/or degradation products may cause increased
cytotoxicity.”® The cytotoxicity of AH-26 occurs mainly in
the first hours after polymerization since this sealer con-
tains hexamethylenetetramine, which decomposes into
ammonia and formaldehyde, which have shown signifi-
cant cytotoxic effects.!?

Antimicrobial effects

RCCs seem to have some degree of antimicrobial activ-
ity due to their composition. This effect is time-depen-
dent, and it is unknown whether it can prevent reinfection
of the root canal system in the long term.** In this regard,
the development of RCCs that have long-term antibacte-
rial properties has been suggested to prevent potential re-
infection.**~% In recent years, there have been attempts to
modify RCCs with antimicrobial nanoparticles, antibiot-
ics, and antiseptics to endow them with such properties,
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but with minimal or no impact on their physicochemical
properties. However, studies used different methodolo-
gies to evaluate these effects which precludes the possi-
bility of direct comparisons.**

The incorporation of a small percentage of quaternary
ammonium polyethylenimine (QPEI) nanoparticles into
AH Plus®>* and an experimental ERBS” have exhibited
a strong antibacterial effect on species such as E. faeca-
lis found in dentinal tubules.®>*” In addition, it has been
proven that adequate physical properties are maintained
in the experimental cement with added QPEL?” The use
of quaternary ammonium-based compounds and func-
tionalized nanoparticles seems promising as an approach
for conferring bacterial inhibition. Nevertheless, the
safety of nanoparticles for human body systems and tis-
sues must first be confirmed before proceeding with their
clinical use.”*

Bioactivity/Biomineralization

A bioactive material has the ability to create a hydroxy-
apatite (HA) layer when it is in contact with calcium- and
phosphate-rich tissue fluid.”® The pH level, along with the
release of calcium ions, are closely involved in this pro-
cess.?! Sealers with calcium oxide or Ca(OH), included in
their composition have the ability to dissociate into cal-
cium and hydroxyl ions, which could lead to an increase
in the local pH and the formation of mineralized tissues.?!
The release of hydroxyl ions, or even the release of cal-
cium ions, depends on the material’s area of contact with
tissue fluids and its chemical characteristics (hydrophilic
or hydrophobic), the presence of calcium-containing sub-
stances, the setting time, and the solubility.?*?

Based on these biological events, and with the goal
of promoting biochemical conditions that accelerate tis-
sue recovery,'® nanostructured fillers of synthesized bio-
active glass (BAG), HA, fluoride substituted hydroxyapa-
tite (FHA),” and magnesium hydroxide,'°! among others,
have been incorporated into AH Plus. ERBSs such as Ac-
roseal,!! Sealer Plus,! Sealer 26,1 Dia-Proseal,>® and Ob-
tuseal'® have Ca(OH), within their composition. How-
ever, due to some of the physicochemical properties that
each of them possesses, they are not able to release suf-
ficient hydroxyl ions or calcium to promote mineraliza-
tion. Thus, 1 study analyzed the results of Sealer Plus, in
which it was determined that its extremely short setting
time in conjunction with its low solubility precludes the
release of hydroxyl ions*; meanwhile, Acroseal showed
the longest setting time, but its calcium release was lower
compared to Sealapex due to the presence of its insoluble
epoxy base, so it did not demonstrate bioactivity either.”

BAG and HA nanostructured fillers represent a prom-
ising approach, as they improve the in vitro capacity
of ERBSs for apatite formation, while FHA particles do
not improve apatite layer formation.” As for magnesium
hydroxide, it has been found to adequately stimulate bone
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mineralization, and it has been mentioned that it would
be an ideal additive to achieve bioactivity in cements such
as AH Plus, as it causes greater osteoblastic differentia-
tion compared to calcium ions.!°!

ERBSs vs. CSBSs

Recently, CSBSs have been introduced in the market as
a new class of RCCs.!%® Their biological properties, such
as high alkalinity sealing capacity, antibacterial proper-
ties, as well as bioactive induction of periapical healing
and hard tissue formation,? as well as their fine particle
structure and ability to set in wet environments,'% have
been highlighted as their main advantages over conven-
tional sealers.? Considering these properties, a recent
study suggested that GuttaFlow® Bioseal could even
represent a promising material for root-end filling as it
showed progressive healing, better tissue organization,
and a reduction in the inflammatory response.!%

We are facing a paradigm shift in obturation approach-
es, in which the objective is no longer only to provide
a hermetic seal against bacteria and the reinfection of the
root canal but, rather, to establish a more biological con-
cept of obturation, in which CSBSs could become the
most important sealers in coming years.?> However, the
number of formulations available on the market, the lack
of relevant information on CSBSs in the literature, their
high solubility compared to ERBSs,® as well as the unavail-
ability of long-term clinical studies!®® prevents the rec-
ommendation and positioning of these RCCs as the gold
standard in the field of root canal obturation.

Finally, if we consider that bioactivity and biomineral-
ization are the desired properties in an RCC, perhaps the
time has come for sound analysis, e.g., a position state-
ment on this issue and a modification of the requirement
list of an ideal sealer as originally proposed by Grossman.®
In fact, some authors have already listed the capacity to be
bioactive as an ideal criterion.’

Highlights of clinical interest

Shake sealer cements before use.

Discard the initial portion of the dispensing tube, as it
may alter the flow, the setting time and radiopacity.

The ultrasonic activation of ERBSs can help to seal ana-
tomical complexities. Take care of sealer extrusion.

ERBS have low solubility, so they are more stable, thus
showing fewer spaces and voids, which could affect long-
term clinical results.

ERBS can be used in controlled-heat obturation tech-
niques with minimal changes in their chemical structure.

These sealers can be used with LCT and THT, obtain-
ing higher bond strength values and, with the continu-
ous wave condensation technique, show better results in
terms of filling quality.
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According to present evidence, when using the single
cone technique, ERBS may not be a good option, owing to
their higher void fraction, as opposed to CSBSs.

The use of ERBS is highly compatible with irrigation
protocols that use chelating agents as the final irrigant,
prior to root canal drying.

The use of oily solvents should be avoided during re-
treatment.

Extrusion should be avoided, as it may cause some de-
gree of short-term cytotoxicity.

Conclusions

Despite the large amount of commercially available
options for endodontic obturation, the “ideal” material
has not yet been identified. This has led to the develop-
ment of several obturation materials and experimental
sealers incorporating nanoparticles and conferring them
favorable physicochemical properties, such as increased
antibacterial efficacy and bioactivity, which may lead to
a concept transformation from a purely preventative ce-
ment into a biologically active one.

In general, the ERBSs have good flow properties, film
thickness, solubility, dimensional stability, sealing capac-
ity, and radiopacity. They are also able to adhere to den-
tin while exhibiting low toxicity and some antibacterial
effects. However, their main disadvantage is their lack
of bioactivity and biomineralization capability. AH Plus
sealer, which has been extensively studied, is still con-
sidered the gold standard and has become the most im-
portant representative of a considerable number of sealer
formulations based on epoxy resins, some of which, at
present, even lack scientific evidence. The latter empha-
sizes the need for relevant research on the physicochemi-
cal and biological properties of some ERBSs, with the aim
of supporting their clinical use with sufficient evidence
via prospective and long-term studies. Finally, clinicians
and researchers should consider formulation components
of the different ERBSs to understand the characteristics
and properties of these types of RCCs.
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