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Abstract

Recently, sealers based on calcium silicates were developed as a new class of endodontic sealers. Inspired by the excellent
sealing ability and biocompatibility of calcium silicate-based cements, these sealers establish a biological point of view on
the obturation of root canals. No longer, the bacteria-tight seal against reinfection of the root canal is the only goal of root
canal obturation. Antibacterial properties as well as bioactive inducement of periapical healing and hard tissue formation
are added to the portfolio of sealers. Ready-to-use sealers consisting of only one component with a need for external water
supply from, e.g., body fluid and two components sealers with internal water supply were introduced to the market. Both of
these material types have the same setting reactions in common whereby a hydration reaction of the calcium silicate is fol-
lowed by a precipitation reaction of calcium phosphate. Though the available sealers are all based on calcium silicates, they
consist of different compositions. Due to this aspect, differences in their physical and chemical properties as well as in their
in vitro characteristics were described. Studies addressing the clinical impact of calcium silicate-based sealers on outcome
are still sparse. The bioactive potential of sealers based on calcium silicates is a consequence of the slight solubility of these
materials even after setting, but solubility of the sealer might also compromise the quality of sealing a root canal against
regrowth and reinfection. Further clinical investigations are required to evaluate the clinical relevance of the gulf between
bioactivity and solubility.
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Introduction filling, perforation repair, and apical plug for teeth with open
apices [1, 2]. With regard to the favorable characteristics of
calcium silicate-based cements, endodontic sealers based on

the compositions of calcium silicates have been introduced

Cements based on a composition of calcium and silicate
such as mineral trioxide aggregate [1] (e.g., ProRoot MTA,

Dentsply Sirona, York, USA) or Biodentine (Septodont, St.
Maur-des-Fossés, France) have been introduced to modern
dentistry over the past 2 decades and are well established [1].
Due to their excellent sealing ability and biocompatibility,
these cements are used for many clinical applications such
as pulp capping in primary and permanent teeth, root-end
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over the last years.

The first endodontic sealer of this new class introduced
in 2007 was iRoot SP (Innovative Bioceramix, Vancouver,
Canada) which was associated with the attribute “biocer-
amic”. Since then, other products based on calcium silicates
were introduced and different classifications have been pro-
posed to delimit this new class of endodontic sealers from
conventional sealers. Bioceramic is a term introduced for an
important subset of biomaterials [3] and includes materials
that can be classified as bioinert, bioactive or biodegrad-
able according to the interaction with surrounding tissues
[4]. Bioceramics can be implanted into the body without
causing a foreign body reaction [5] and are compositions
of alumina and zirconia, bioactive glass, glass ceramics,
calcium silicates, hydroxyapatite and resorbable calcium
phosphates, and radiotherapy glasses [6]. iRoot SP is mainly
composed of di- and tricalcium silicates and, therefore, it
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can be classified as a bioceramic. As seen in the follow-
ing, the setting reaction of calcium silicates results in the
precipitation of calcium phosphate, which can encourage
bioactivity and tissue growth after contact [7]. Nonethe-
less, bioceramics is a wide field in medicine and calcium
silicate-based cements or sealers only display a small subset
of bioceramics, as bioceramics can further be divided into
bioinert, bioactive and biodegradable [4]. Calcium silicates
mainly belong to bioactive bioceramics as these durable
materials can undergo interfacial interactions with surround-
ing tissue [4]. Unfortunately, the term “bioceramic” does not
delimit sealers based on calcium silicates from other bioac-
tive bioceramics or other bioceramic material types such as
calcium phosphate-based sealers [8]. Due to the hydraulic
setting reaction, meaning that calcium silicate sets by react-
ing with water provided by tissue fluids and then is stable
in water or humid conditions [9], sealers based on calcium
silicate have also been announced as hydraulic sealers [10,
11]. The biological properties of calcium silicates depend on
the formation of calcium hydroxide as a by-product of this
hydration reaction [9, 12]. Therefore, the term “hydraulic” is
not precisely enough for describing sealers based on calcium
silicate as slight solubility in water of these is a major con-
cern of such a classification as can be seen in the following.

Based on the materials’ main component, calcium sili-
cate, the sealers of this group are announced “calcium sili-
cate-based sealers” (CSBS) in the following. This terminol-
ogy according to the major component is used throughout all
other endodontic sealers as well. The CSBS class contains
a group of premixed CSBS with need for external water
supply and a group of two components CSBS with internal
water supply (Table 1). Both of these materials have the
same setting reactions in common. The first reaction is a
hydration reaction, which can be found in two different types
(A, B) [7]:

and, therefore, these sealers were not further discussed in
this review.

The aim of this focused review is to present a structured
literature review of the current knowledge concerning CSBS.

Literature research strategy

This review aimed to present the literature about CSBS. A
preliminary literature research on reviews concerning CSBS
was performed in August 2018 using the search terms “cal-
cium silicate[All Fields]) AND based[All Fields] AND
sealer[All Fields]) AND Review[ptyp]]”, “bioceramic[All
Fields] AND sealer[All Fields]) AND Review[ptyp]”,
“endodontic[All Fields] AND bioceramic[All Fields]) AND
Review[ptyp]”, and “hydraulic[All Fields] AND sealer[All
Fields] AND Review|[ptyp]”. 11 relevant literature reviews
[4, 5, 8, 13-20] were identified in the field of CSBS with
none of them giving an adequate, extensive and to date over-
view about all characteristics of CSBS.

An electronic literature research in the database PubMed
was performed in September 2018 using the search terms
“calcium silicate“[ All Fields]) AND based[All Fields] AND
sealer[All Fields]”, “hydraulic[All Fields] AND sealer[All
Fields]”, “bioceramic[All Fields] AND sealer[All Fields]”,
“bioceramic[All Fields] AND endodontic[All Fields]”,
“iRoot SP[Supplementary Concept] OR “iRoot SP“[All
Fields] OR “iroot sp“[All Fields]”, “endosequence[All
Fields] AND “bc“[All Fields] AND sealer[All Fields]”,
“total[ All Fields] AND fill[All Fields] AND sealer[All
Fields]”, “bioroot[All Fields] AND “rcs“[All Fields]”,
“endo[All Fields] AND cpm[All Fields]”, “endo[All Fields]
AND c.p.m.[All Fields]”, “endoseal[All Fields] AND
mta[All Fields]”, “well[All Fields] AND “root“[All Fields]
AND “st“[All Fields] AND “sealer*“[All Fields]”, “tech[All

2 [3Ca0 - SiO,| + 6H,0 — 3 CaO - 2SiO, - 3H,0 + 3 Ca(OH), (A),

2[2Ca0 - Si0,] + 4H,0 — 3CaO - 2Si0, - 3H,0 + Ca(OH), (B).

The hydration reaction is followed by a precipitation reac-
tion of calcium phosphate:

7 Ca(OH), + 3 Ca(H,PO,), - Ca,((PO,),(OH), + 12 H,0.

Some other sealers available on the market contain bound
calcium silicates embedded in different matrices. Matrices
such as silicones (GuttaFlow BioSeal, Colténe Whaledent,
Langenau, Germany), resins (Smartpaste Bio, DRFP Ltd,
Stamford, UK), or calcium salicylates (MTA Fillapex, Ange-
lus, Londrina, Brazil) were described. The biological effect
of calcium silicates in an inert matrix is questionable [12]
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Fields] AND biosealer[All Fields] AND endo[All Fields]”,
“nano-ceramic[All Fields] AND sealer[All Fields]”. The
titles and abstracts were screened for relevance and the
remaining articles were ordered in full text. Language was
restricted to English. The systematic search resulted in 194
articles, of which 26 were excluded due to the following
reasons: review, studies concerning experimental sealers,
study not focusing on CSBS, insufficient data for a particu-
lar sealer. Relevant numbers of publications were provided
for iRoot SP and the identically composed sealers EndoSe-
quence BC Sealer (Brasseler USA, Savannah, USA) and
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Table 1 CSBS available on the international market. Identical products can be purchased under different brand names according to the sales

region
Sealer Manufacturer Identical Products Delivery Composition
iRoot SP Innovative Bioceramix, Endosequence BC Sealer, zirconium oxide, dicalcium silicate, tricalcium silicate, calcium
Vancoucer, Canada Brasseler USA, Savannah, USA phosphate monobasic, calcium hydroxide, filler, thickening agents
Total Fill BC Sealer, FKG Dentaire, =
La Chaux-de-Fonds, Switzerland S
Endoseal MTA Maruchi, g calcium silicates, calcium aluminates, calcium aluminoferrite,
Wonju, Korea ‘;':' calcium sulfates, radiopacifier, thickening agent
Well-Root ST Vericom, g calcium aluminosilicate, zirconium oxide, filler, thickening agent
Gangwon-Do, Korea 2
Nano-Ceramic Sealer | B&L Biotech, % calcium silicates, zirconium oxide, filler, thickening agent
Fairfax, USA -
EndoSequence BC Brasseler USA, Until today no information about the composition, the
Sealer Hi-Flow Savannah, USA manufacturer states it is a variation of Endosequence BC Sealer
BioRoot RCS Septodont, Powder: tricalcium silicate, zirconium oxide, povidone
Saint-Maur-des-Fossés, France Liquid: aqueous solution of calcium chloride and polycarboxylate
Endo CPM EGEO SRL, (—3 Powder: mineral trioxide aggregate, bismuth oxide, barium
Buenos Aires, Argentina § sulfate, silica dioxide
g Liquid: aqueous solution of calcium chloride, sodium citrate,
b propylenglycolalginate, propylenglycol
Tech BioSealer Endo | Isasan SRL, g Powder: White Portland cement, bismuth oxide, anhydride,
Revello Porro, Italy S sodium fluoride
g Liquid: Alfacaine SP solution (4% articaine + 1/100.000
N‘" epinephrine
ProRoot ES Dentsply, Powder: tricalcium silicate, dicalcium silicate, calcium sulfate,
York, USA bismuth oxide tricalcium aluminate
Liquid: water, viscous water-soluble polymer

Total Fill BC Sealer (FKG Dentaire, La Chaux-de-Fonds,
Switzerland) as well as for BioRoot RCS (Septodont), Endo-
seal MTA (Maruchi, Wonju, Korea) and Endo CPM (EGEO
SRL, Buenos Aires, Argentina). 168 articles were consid-
ered relevant and included into this review.

Other products found in the literature were ProRoot Endo
Sealer (Dentsply), TechBiosealer Endo (Isasan SRL, Rev-
ello Porro, Italy), Well-Root ST (Vericom, Gangwon-Do,
Korea) and Nano-ceramic Sealer (B&L Biotech, Fairfax,
USA), for which no sufficient data could be provided at the
date this review was written. Therefore, these products and
other experimental CSBS were excluded from this review.
A newly launched product is EndoSequence BC Sealer Hi-
Flow (Brasseler), which was not included in this review
because of a lack of publications. It is a new development
of EndoSequence BC Sealer and the first CSBS optimized
for warm obturation techniques. All other CSBS are yet only
available for cold obturation techniques [21] because of the
expected intracanal temperatures [22] and the unknown
effects of intracanal heating on CSBS.

In this review, only sealers were considered; thus, root
canal filling materials which are designed to be used in
combination with a core material. Calcium silicate-based
cements, repair or so-called “putty” materials, which are
also partially released for root canal obturation, are not
included.

Table 1 provides a list of CSBS available on the interna-
tional market and gives an overview about identical brands,
product delivery and compositions. Identical products that
can be purchased under different brand names according

to the sales region are summed up under the first intro-
duced product of the group and named accordingly in the
following.

Composition and properties

Different formulations of CSBS have been introduced after
the introduction of the first CSBS iRoot SP. Due to the major
component of all CSBS, calcium silicate, their setting reac-
tion is comparable. Calcium silicates form various phases
of calcium silicate hydrate after hydration such as porous
colloidal calcium silicate hydrate gel and radial acicular
calcium silicate hydrate crystals, calcium hydroxide crys-
tals, hexacalcium aluminate trisulphate crystals and cal-
cium monosulfoaluminate or calcium monocarboaluminate.
Porous calcium silicate hydrate sets into a solid network. The
setting reaction requires several days to complete the hydra-
tion and hardening phases throughout the material [14, 23].
Whilst all products differ in their composition, a major
difference exists in the type of delivery between premixed
products with external water supply (body fluid) and two-
component products with internal water supply (Table 1).
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Physiochemical properties
Material characterization

Premixed ready-to-use formulations prone for external water
supply and two-component self-curing materials are avail-
able as described above. Though different formulations were
established, all CSBS have the main component calcium sili-
cates in common [10]. To evaluate the material’s characteri-
zations, energy-dispersive spectroscopy (EDS) is used for
elemental analysis whilst X-ray diffraction analysis (XRD)
is used to characterize the main crystalline phases present
in the material and scanning electron microscopy (SEM) is
commonly used to characterize the microstructure of sealer
surfaces. Raman spectroscopy is commonly used to investi-
gate the chemical structures of materials.

EDS

CSBS are composed of a cement matrix with embedded
radiopacifiers [24]. The cement phase mainly consists of
calcium and silicon [24]. Calcium and phosphate increase
on the surface of iRoot SP was reported in EDS analysis,
which was proven to be carbonated apatite [25]. EDS analy-
sis showed the presence of precipitates with high propor-
tions of calcium on the surface of iRoot SP after immer-
sion in simulated body fluid [26]. Immersion in phosphate
buffered saline leads to a surface precipitation of calcium
hydroxyapatite on BioRoot RCS [27] (Fig. 1). Immersed in
HBSS, BioRoot RCS forms an interfacial zone at the dentin
distinct from the rest of the sealer [24].

Portland cements are known to contain different trace ele-
ments such as arsenic or lead [28]. The containment of trace

elements was reported for Endoseal MTA, which exhibits
high levels of aluminum [24]. BioRoot RCS was reported to
be free of heavy metal trace elements [29] and is composed
of pure tricalcium silicate [24].

XRD

The analysis of the material characterization via XRD
revealed the presence of different radiopacifiers in the CSBS.
Zirconium oxide is used in BioRoot RCS while zirconium
oxide and bismuth oxide were found in Endoseal MTA [10].
In wavelength-dispersive X-ray spectroscopy, lesser calcium
and silicon incorporation into human root dentin was found
for iRoot SP compared to Biodentine and MTA [30].

SEM

iRoot SP has a regular surface in SEM when freshly mixed
and a well-distributed coating composed of small spheru-
lites after 28 days [25]. After solubility tests, morphological
changes in the surface of iRoot SP with a loss of matrix and
more distinguishable filler particles, and high levels of cal-
cium and carbon on the surface were reported [31].

Raman spectroscopy

Heating BioRoot RCS to 250 °C for 30 or 60 s to simu-
late the effect of warm vertical compaction techniques did
not affect the chemical structure of BioRoot RCS [32]. In a
recent study, maximum temperatures of 56 °C inside the root
canal during warm vertical compaction techniques [22] were
reported, relativizing the above-mentioned results.

x500 50pm

Fig. 1 Surface of BioRoot RCS stored in (a) distilled water and (b) phosphate buffered saline for 6 months. A precipitate of calcium
hydroxyapatite is visible on the surface of BioRoot RCS stored in phosphate buffered saline (b) (Courtesy K. Urban, Miinster)
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Radiopacity

iRoot SP [25, 33-36], BioRoot RCS [10, 27, 37, 38],
Endoseal MTA [10, 35, 39], and Endo CPM [40-42] were
reported to fulfill the requirements laid down in the ISO-
norm 6876:2012 with a radiopacity greater than 3 mm alu-
minum thickness.

Flow and film thickness

The sealers iRoot SP [33, 35, 36, 43], BioRoot RCS [10],
Endoseal MTA [10, 35, 39], and Endo CPM [41] were
reported to fit the requirements laid down in the ISO-norm
6876:2012 of flow greater than 17 mm. BioRoot RCS
slightly failed to reach this threshold in one study [37]. A
temperature rise to 140 °C reduced the flow of iRoot SP
from 22.9+0.9 to 13.3+ 1.5 mm [44].

The sealers iRoot SP [43], BioRoot RCS [10], and Endo-
seal MTA [10] fulfilled the ISO specification of film thick-
ness lesser than 50 pm in several studies. Contradictory
results concerning film thickness were reported for BioRoot
RCS in one study [37]. Higher film thickness compared to
AH Plus (Dentsply DeTrey, Konstanz, Germany) was found
for iRoot SP [43].

Setting time

Regarding premixed CSBS with the need of external water
supply for the setting reaction, contradictory results were
reported. Prolonged setting times were found for iRoot SP
of 52 h [25] up to 168 h [45]. In contrast, according to one
study iRoot SP did not set completely in humid incuba-
tor conditions within 4 weeks [35], whereas other studies
reported that iRoot SP set within 2.7 h [43] respectively
4.7 h [36] under the same conditions. A temperature rise to
140 °C reduced the setting time of iRoot SP [43]. Full set-
ting under dry conditions [10] and setting within 20 h under
humid incubator conditions [35] was related for Endoseal
MTA.

Setting time analysis under dry conditions revealed full
setting of two-component sealer BioRoot RCS [10]. Setting
times of approximately 5 h were accounted for BioRoot RCS
[27, 38] whilst BioRoot RCS set within 27 min in one study
[37]. The immersion of BioRoot RCS and Endoseal MTA in
Hank’s balanced salt solution (HBSS) or Dulbecco’s modi-
fied eagle medium (DMEM) extended the setting time of
these sealers [10].

Water sorption and solubility
The water sorption of iRoot SP [25, 46], BioRoot RCS [10]

and Endoseal MTA [10] was reported to be higher than
that of AH Plus extending close to the limitations of the

ISO-norm 4049 recommending less than 40 mg/mm? after
28 days.

Higher sorption of iRoot SP compared to other BC mate-
rials was related [25]. High initial water sorption shortly
after setting, but less 7 days after setting, was found for Bio-
Root RCS [38]. Fluid uptake of BioRoot RCS and Endoseal
MTA was higher than that of AH Plus irrespective of the
immersion medium (distilled water, HBSS or DMEM) [10].
Fluid uptake of BioRoot RCS increased over a 28-day period
while the fluid uptake of Endoseal MTA decreased over the
same period after high initial fluid uptake [10].

Higher solubility exceeding the ISO 6876 requirements
of less than 3% weight loss after immersion in water for
24 h was reported for BioRoot RCS [10, 47, 48] and iRoot
SP [47, 48]. The same results were reported for iRoot SP
after 7 days [31, 36] and 30 days [36] of immersion. On the
contrary, solubility not exceeding 3% within 24 h as stated in
the ISO 6873 was accounted for iRoot SP [43, 46], BioRoot
RCS [49], Endoseal MTA [10, 39] and Endo CPM [42] in
other studies. Overall, compared to epoxy resin-based seal-
ers, solubility of CSBS was found to be higher [10, 31, 43,
46-49]. Solubility of iRoot SP was also higher compared to
other BC materials [25]. BioRoot RCS was related to less
solubility 7 days after the sealer set compared to freshly set
sealer [38]. In distilled water, higher solubility was found
for BioRoot RCS compared to the immersion in PBS, which
reduced the solubility of BioRoot RCS [27, 49]. A long-
term investigation of solubility found that the solubility of
BioRoot RCS was in accordance with the ISO 6876 require-
ments even over a 6-month period when stored in phosphate
buffered saline [49].

Porosity, compressive strength and expansion

Higher porosity of iRoot SP compared to other BC materi-
als was reported [25]. BioRoot RCS [10, 38] and Endoseal
MTA [10] were shown to possess higher porosity than AH
Plus in one study. The porosity of BioRoot RCS and Endo-
seal MTA decreased over a 28-day period when immersed
in HBSS [10].

The surface microhardness of iRoot SP and Endoseal
MTA decreased when immersed in PBS for 14 days com-
pared to the incubation at 100% humidity [50].

Endoseal MTA showed slightly higher expansion than
laid down in the ISO-norm 6876, but lesser expansion than
epoxy resin-based sealers when immersed in water for 30
days [35]. iRoot SP showed a slight reduction of volume
under the same conditions [36] in one study, whilst contra-
rily a slight expansion was reported in another study [44].
In another study, Endoseal MTA exhibited a higher dimen-
sional change than AH Plus [39].
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Leaching of ions

High leaching of calcium was reported for iRoot SP [31, 33,
51] with a higher calcium release in the initial 14 days and
a decrease of calcium release at the end of a 28-day period
[25]. Immersed in PBS for a period of 7 days, calcium ion
release from iRoot SP decreased at the end of the period
[30]. Calcium release of iRoot SP was lower than of MTA
[30]. High calcium release in the initial phase after mixture
was also related for BioRoot RCS [33, 37, 38] and Endo
CPM [52] with BioRoot RCS presenting higher calcium ion
release than other CSBS [10, 53]. BioRoot RCS kept leach-
ing calcium for 28 days [37]. Leaching of aluminum and
bismuth was found for Endoseal MTA [10].

Alkalinizing/pH

Before and after setting, iRoot SP showed a high alkaline
pH [33, 43, 51] as well as within a 24-h period [47, 48].
iRoot SP also showed high alkalizing potential of the immer-
sion solution for a period of 14 days [25] respectively 28
days [36] with a decrease of the pH at the end of a 28-day
period [25, 36]. Similarly, high alkaline pH for BioRoot RCS
at 3 h and 24 h after mixing [47, 48], and high alkalizing
potential in the initial 14-day phase [38] were reported. High
alkaline pH was also found for Endoseal MTA [35, 39] and
Endo CPM [54]. Endo CPM kept its alkalizing potential at
least over a 7-day period [42, 52]. BioRoot RCS and Endo-
seal MTA were shown to constantly increase the pH of the
immersion solution over a 28-day period [10, 35, 37]. In a
long-term investigation, the pH of BioRoot RCS decreased
continuously over a 6-month period but still was found to
be alkaline after 6-month immersion in distilled water and
after 4 months in PBS [49].

Highlights of physiochemical properties

e CSBS were mostly reported to fit the requirements laid
down in the ISO-norm 6876 regarding radiopacity, film
thickness, flow and solubility.

¢ Immersion of BioRoot RCS in phosphate buffered saline
led to a surface precipitation of calcium hydroxyapatite
in vitro, which is an evident indication for the bioactivity
of CSBS.

e The alkalizing potential of CSBS was high for all CSBS
in the initial state, and long-term alkaline activity was
accounted for BioRoot RCS.

@ Springer

Interaction with dentin
Dentinal tubule penetration

Dentinal tubule penetration as deep as 2 mm was reported
for iRoot SP [55]. Compared to the epoxy resin-based sealer
AH Plus, some studies related significantly higher dentinal
tubule penetration of iRoot SP [56-58], whereas other stud-
ies did not find differences in the dentinal tubule penetration
of iRoot SP and epoxy resin-based sealers [59, 60]. The use
of chelating agents [61] or irrigation activation techniques
[56] for smear layer removal in the final irrigation protocol
promoted the dentinal tubule penetration of iRoot SP. iRoot
SP and Endoseal MTA showed better adhesion to root den-
tin than AH Plus [62]. Inconsistent findings regarding the
dentinal tubule penetration were published for BioRoot RCS.
Whilst one study found a higher dentinal tubule penetration
compared to an epoxy resin-based sealer [63], less dentinal
tubule penetration of BioRoot RCS was reported in other
studies [24, 64]. Temporary intracanal dressing with cal-
cium hydroxide decreased the dentinal tubule penetration
of BioRoot RCS [63]. Superior dentinal tubule penetration
of Endoseal MTA compared to BioRoot RCS and AH Plus
was found [24]. Enhanced mineralization of the root dentin
beyond the sealer tags inside dentinal tubules was proven for
Endoseal MTA [65] and the presence of phosphate buffered
saline (PBS) even enhanced this mineralization effect [65].

Leakage/Sealing

Lesser dye leakage was reported for iRoot SP compared to
AH Plus [66, 67]. The combination of iRoot SP with CPoints
(polymer obturation cone with expanding ability after water
sorption) (Endodontic Innovations Ltd., St. Austell, UK)
resulted in lesser apical dye leakage than when combined
with conventional gutta-percha single cones [68]. No dif-
ference for apical leakage was found between iRoot SP and
AH Plus by fluid filtration methods in several studies [46,
69], whereas two studies reported higher apical leakage for
iRoot SP compared to AH Plus [70, 71]. Investigated by
fluid filtration method, iRoot SP provided a better sealing
ability than MTA Fillapex [72]. The sealing ability of iRoot
SP was stable over a 3-month period [72]. Even a better
sealing ability than MTA against bacterial leakage over a
3-month period was reported [73]. When using either con-
ventional or bioceramic impregnated gutta-percha points, a
similar bacterial leakage of Enterococcus faecalis was found
after obturation with iRoot SP compared to AH Plus [74].
Regarding endotoxine leakage, iRoot SP was associated with
a significantly higher leakage compared to AH 26 (Dentsply
Sirona) after a 21-day incubation period [75]. Similar bacte-
rial leakage of Endoseal MTA with single-cone obturation
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and AH Plus with warm vertical compaction was reported
[76]. Obturation using Endo CPM caused significantly
higher dye leakage compared to Sealapex (Kerr, Orange,
USA) [77], MTA Fillapex [77] or AH 26 [78] and was also
associated with significantly higher bacterial leakage of E.
faecalis compared to AH Plus [79, 80].

Filling quality

A lesser amount of void areas inside the sealer and less
gap regions at the root canal wall were found for iRoot SP
compared to the epoxy resin-based sealer AH Plus [57].
Contradictorily, other studies reported comparable amounts
of pores after obturation with iRoot SP compared to epoxy
resin-based sealers [81-84], or even more and greater gaps
in the apical third of the root canal [60, 85]. iRoot SP also
showed higher film thickness inside the root canal after obtu-
ration using the cold lateral compaction technique [85]. A
higher void volume was related to BioRoot RCS compared
to AH Plus in a micro-CT analysis [86] and via confocal
laser scanning microscopy [64]. A SEM analysis revealed
a poor adaption to the root canal wall for Endo CPM [42].

Regarding obturation of artificial lateral canals with the
single-cone technique, iRoot SP insufficiently filled these
accessory canals, whilst AH Plus sealed these canals well
[87]. When using the single-cone technique, the use of
bioceramic impregnated gutta-percha points resulted in
more gaps inside the iRoot SP sealer phase compared to
conventional gutta-percha cones [88]. A higher amount of
voids was found in Endoseal MTA used with single-cone
technique compared to AH Plus used with the warm vertical
compaction technique [89], which might be a consequence
of the different techniques used. Heating BioRoot RCS up
to 250 °C for 11 min to simulate the effect of warm vertical
compaction techniques resulted in a weight loss of 15% of
BioRoot RCS [32].

Push-out bond strength (POBS)

Higher POBS was reported for iRoot SP (Fig. 2) compared
to epoxy resin-based sealers [90-92] when used with single-
cone technique and the POBS of iRoot SP increased over a
3-month period at 37 °C and 100% humidity [93]. When
used in combination with the lateral compaction technique,
lower POBS of iRoot SP was found compared to AH Plus
[94] in one study, whereas no differences occurred in another
study [95]. After immersion in simulated body fluid [26] or
at 100% humidity [96] for 30 days, the POBS of iRoot SP
was lower than that of AH Plus. Moderate moist conditions
inside the root canal prior to obturation improved the POBS
of iRoot SP [90, 97-99] at incubation times of 7-30 days.
Contrarily, the POBS of iRoot SP was not influenced by
the degree of canal dryness in another study [100]. After
a 6-week period of incubation, remoistening the root canal
prior to obturation did not influence the POBS of iRoot
SP when used in combination with the lateral compaction
technique anymore [97]. The POBS of iRoot SP was com-
parable to those of AH Plus, either with the use of biocer-
amic-coated or conventional gutta-percha [93] points after
single-cone obturation. Also the obturation without a core
material resulted in the same POBS like the obturation of
iRoot SP with gutta-percha [101]. In another study, the use
of glass ionomer-impregnated gutta-percha (Activ GP, Bras-
seler) or experimental apatite phosphate-coated gutta-percha
points did not significantly improve the POBS of iRoot SP
compared to conventional gutta-percha [102]. Contrarily,
the use of CPoints and iRoot SP with single-cone obtura-
tion resulted in higher POBS in oval canals than AH Plus
and gutta-percha used according to the lateral compaction
technique [103].

A negative effect on the POBS was found for iRoot SP
when used according to the continuous wave technique com-
pared to the single-cone technique [104] or the cold lateral
compaction [21]. When used with warm vertical compac-
tion, the POBS of iRoot SP was significantly lower than
that of AH Plus after 30 days of incubation [105], which

Fig.2 Examples of specimens after push-out bond strength test of (a) iRoot SP, (b) BioRoot RCS and (¢) Endo CPM indicating strong connec-

tion of CSBS to radicular dentin
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was also the case when no core material was used for obtu-
ration [106, 107]. However, another study failed to show
any differences between iRoot SP and AH Plus when used
without a core material [108]. After immersion in PBS for
30 days, lower POBS of iRoot SP compared to AH Plus
after obturation without a core material was reported [109].
Irrigation with NaOCI [106] or EDTA [106] was reported to
increase the POBS of iRoot SP while another study reported
no such effect for EDTA [110]. The combination of differ-
ent neutralizing irrigation solutions (NaOCl, chlorhexidine,
saline) after EDTA did not affect the POBs of iRoot SP
compared to irrigation with EDTA only [111]. The removal
of smear layer with an Er:YAG laser increased POBS of
iRoot SP [106]. Calcium hydroxide remnants were reported
to lower the POBS of iRoot SP in one study [112], whereas
in another study temporary intracanal calcium hydroxide
dressing increased the POBS of iRoot SP [96]. In other
studies, intracanal dressing with either calcium hydroxide
or double antibiotic paste exerted no impact on the POBS of
iRoot SP [92, 113], whereas a dressing with triple antibiotic
paste increased the POBS of iRoot SP [113]. Chlorhexidine
(CHX) remnants reduced the POBS of iRoot SP [100].

The POBS of BioRoot RCS (Fig. 2) was inferior com-
pared to AH Plus when used according the single-cone tech-
nique [114, 115]. The use of EDTA as a final irrigant had an
adverse impact on the POBS of BioRoot RCS, whereas CHX
enhanced the dislodgement resistance [115].

Endoseal MTA was reported with lower POBS than AH
Plus [116]. The POBS of Endo CPM (Fig. 2) was lower
compared to AH Plus or BioRoot RCS after single-cone
obturation in one study [114], whereas in another study the
POBS of Endo CPM was higher than that of AH Plus when
lateral compaction was used for obturation [117].

Tooth discoloration

It is well known from hydraulic calcium silicate cements
that they may lead to discoloration of the hard tooth sub-
stance, which is of clinical relevance especially in anterior
teeth, e.g., after dental trauma [118]. Causal are containing
heavy metals such as bismuth oxide used as radiopacifier
[119, 120] oriron [121]. The oxidation of these metals after
contact with sodium hypochlorite or the uptake of blood
components may play a role [121-123].

Regarding calcium silicate-based sealers, there are only
few publications concerning tooth discoloration. In case
iRoot SP was used for obturation, tooth discoloration was
comparable to AH Plus in an in vitro study over a 6-month
period [124]. The same results were found for Endoseal
MTA in an in vitro study over a 2-month period [125]. It
may be speculated that sealers without bismuth oxide and
other heavy metals may show less tooth discoloration in
long-term observation.
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Post-endodontic characteristics

Root canal obturation with iRoot SP as sealer increased
the fracture resistance of canal-filled roots with compara-
ble fracture resistance like teeth obturated with AH Plus
[126-128]. The fracture resistance of iRoot SP-obturated
teeth was higher than the fracture resistance of iRoot canals
were only filled with a temporary calcium hydroxide dress-
ing [51]. Regarding the fracture resistance of human pre-
molars, no difference in the fracture resistance occurred
when the canals were filled with either AH Plus or iRoot SP
[129]. Several studies confirmed even higher fracture resist-
ance following canal obturation using iRoot SP compared to
AH Plus [130, 131], to the calcium hydroxide-based sealer
Apexit (Ivoclar Vivadent, Ellwangen, Germany) [131] or to
a glass ionomer-based sealer [132]. Contradictorily, accord-
ing to another study, roots filled with iRoot SP showed lower
fracture resistance than roots filled with a glass ionomer-
based sealer [133]. Dentin microhardness was not affected
by iRoot SP [134]. Different irrigation regimes exerted no
impact on the fracture resistance of roots obturated with
iRoot SP [135].

iRoot SP did not adversely affect the bond strength of
fiber posts inserted with a self-adhesive resin luting material
in one study [136]. Contrarily, lower push-out bond strength
of adhesively bonded fiber posts was reported twice after the
use of iRoot SP compared to AH Plus [137, 138]. Further-
more, the removal of iRoot SP was more difficult than that
of AH Plus during post-space preparation with or without
activation of the irrigants [139].

Retreatment

Higher amounts of residual filling material after retreat-
ment were found for iRoot SP compared to an epoxy resin-
based [140] or a zinc oxide—eugenol-based sealer [141].
In a micro-CT study, iRoot SP showed significantly more
sealer remnants than AH Plus regardless of whether or not
chloroform was used as a solvent during the retreatment
using engine-driven nickel-titanium (NiTi) instruments
[142]. No difference was found for AH Plus and iRoot SP
regarding remaining filling material after rotary or manual
retreatment in other studies [59, 143, 144]. The use of laser-
activated photon-induced photoacoustic streaming (PIPS)
improved the removal of iRoot SP [144]. Regarding the
time needed to regain working length during the retreatment
process, no differences were found between iRoot SP and
epoxy resin-based sealers in several studies [59, 140, 145],
whereas according to two studies more time was required to
remove iRoot SP than AH Plus [146, 147]. Similar results
were obtained in a further study in as far as the removal of
iRoot SP was more time consuming than removal of a zinc
oxide eugenol-based sealer when using NiTi files [141].
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Regarding the retreatment of BioRoot RCS and Endo
CPM, only one study has been published yet. Compared to
an epoxy resin-based sealer, less sealer remnants and less
retreatment time were reported both with manual or rotary
NiTi instrumentation [148].

Highlights of dentinal interaction

e CSBS mostly presented leakage compared to epoxy
resin-based sealers.

e No relevant tooth discoloration was reported for CSBS.

e Deeper dentinal tubule penetration, higher push-out bond
strength compared to other CSBS and higher resistance
to fracture compared to canal obturation using epoxy
resin-based sealers were published for iRoot SP.

e CSBS predominantly presented a higher void volume in
obturation compared to epoxy resin-based sealers.

e Retreatment of CSBS is possible, but impeded removal
of CSBS was reported in some studies.

Biological characteristics
Antibacterial effect

iRoot SP showed a more pronounced antibacterial effect than
an epoxy resin-based sealer and a comparable effect alike
MTA [149]. An antibacterial effect against E. faecalis [150],
Escherichia coli [151], Lactobacillus [151], Pseudomonas
aeruginosa [151], Staphylococcus aureus [150, 151] and
antifungal activity against Candida albicans [151, 152] have
been found for iRoot SP, but its antimicrobial effect against
Candida albicans and S. aureus was inferior compared to
AH Plus [150]. Even against E. faecalis, iRoot SP exerted
a pronounced antibacterial effect directly after mixing and
continued to be an antibacterial for a 7-day period [153],
whereas another study failed to corroborate the antibacterial
effect of iRoot SP against E. faecalis [154]. One hour after
mixing, the antibacterial effect of iRoot SP was inferior to
AH Plus, but reached the same level after 24 h [155]. In a
direct contact test, iRoot SP showed a pronounced antibac-
terial activity after 6, 15 and 60 min of contact time [48].
These findings are in accordance with another investiga-
tion that found similar antibacterial effects inside dentinal
tubules for iRoot SP and AH Plus [156].

Both BioRoot RCS and iRoot SP showed a more pro-
nounced antibacterial activity on E. faecalis than AH Plus
in a direct contact test [48]. However, compared to iRoot
SP, the antibacterial activity of BioRoot RCS was lower in
a direct contact test after 6 min but equal after 15 min and
60 min [48]. An inhibition zone was reported for BioRoot
RCS in agar diffusion test, whereas no such zone was found
for iRoot SP [48]. The antibacterial effect on E. faecalis

inside dentinal tubules was more pronounced for BioRoot
RCS than for AH Plus [157].

Endo CPM exerted an antimicrobial effect against E.
faecalis, S. aureus, P. aeruginosa, Micrococcus luteus and
Candida albicans in agar diffusion tests [158], while no anti-
bacterial effect against E. faecalis in a direct contact test was
detected [54].

Cytotoxicity and bioactivity

Good biocompatibility was reported for iRoot SP [159] with
a relatively high presence of macrophages after subcutane-
ous implantation in rats [160]. iRoot SP was found to be
non-cytotoxic on periodontal ligament (PDL) fibroblasts
[154, 161-164] and with an acceptable cytocompatibility
on human fibroblasts [48, 165-167]. Moreover, iRoot SP
did not exert marked toxic effect on mouse fibroblasts [168],
and its cytotoxicity was lower compared to AH Plus [169],
to MTA Fillapex [170, 171] or to a zinc oxide—eugenol-
based sealer [171, 172]. iRoot SP was associated with low
expression of pro-inflammatory mediators after contact with
human PDL cells and good osteogenic potential [161]. Also
the genotoxicity on PDL cells of iRoot SP was found to be
low [162]. After a direct contact with gingival fibroblasts,
the use of iRoot SP was associated with higher number of
viable cells and lesser micronucleus formation (genotox-
icity) compared to AH Plus [155], while on the contrary
another study reported comparable cytotoxicity of iRoot
SP and AH Plus on human tooth germ stem cells [173]. In
MTT assay, iRoot SP was found to be non-toxic on human
osteoblast-like cells [174] and showed only moderate cyto-
toxicity on mouse osteoblasts over a 6-week period [45].
Compared to AH Plus, lesser cytotoxicity of iRoot SP on
mouse fibroblasts [175] and on human bone marrow cells
was reported [176], which is in line with other investigations
in which iRoot SP caused a lesser toxic response [177], a
reduction of calcitonin gene-related peptide release [178]
and, therefore, lesser activation of nociceptors [178] in rat
trigeminal ganglion neurons than AH Plus.

iRoot SP showed good biocompatibility in contact with
macrophages, induced polarization of the macrophages [179]
and promoted the release of pro-inflammatory cytokines in
macrophages in the presence of lipopolysaccharide (LPS)
comparable to MTA [180]. After the contact of iRoot SP
with human tooth germ stem cells, differentiation into
odontoblast-like cells occurred [181]. Furthermore, in the
presence of iRoot SP, human osteoblast-like cells produced
more mineralized matrix gene and protein expression com-
pared to AH Plus [174]. In a dog study, significantly better
healing of periapical tissues was observed for iRoot SP after
a 3-month period compared to a calcium hydroxide-based
sealer [182].
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BioRoot RCS showed low toxicity and genotoxicity on
PDL cells [162, 163], and proved to be biocompatible on
human PDL cells [183] and gingival fibroblasts [48, 167].
In another study, however, BioRoot RCS was toxic on gingi-
val fibroblasts after 1 and 28 days of exposure [10]. On the
other hand, BioRoot RCS was less cytotoxic than an epoxy
resin-based sealer on fibroblasts [184] and less cytotoxic on
human PDL cells than a zinc oxide—eugenol-based sealer
[185]. Biocompatibility and bioactivity of BioRoot RCS on
human pulp stem cells have been reported [186], and the
cytotoxicity on human bone marrow cells of this sealer was
less pronounced compared to AH Plus [176]. This sealer
induced a higher secretion of angiogenic and osteogenic
growth factors compared to a zinc oxide-eugenol sealer
[185]. These findings are in agreement with the results of
other investigations in as far as BioRoot RCS was biocom-
patible on human osteoblast and positively influenced their
cell metabolism (bioactivity) [187].

Endoseal MTA exerted inferior biocompatibility com-
pared to BioRoot RCS on human PDL cells [188]. Endoseal
MTA did not promote the growth of gingival fibroblasts on
its surface, whereas this was observed for BioRoot RCS
[24]. Endoseal MTA showed stable cell activity of gingi-
val fibroblast after 1 day and 28 days of exposure [10], and
better biocompatibility than AH Plus on mouse osteoblast
precursor cells [39].

Subcutaneous implantation of Endo CPM in rats resulted
in similar tissue reactions as implantation of MTA after 30
days [189] and a stimulated mineralization [190]. Therefore,
this sealer was found to be biocompatible [190]. Endo CPM
was considered non-cytotoxic on mouse fibroblasts [191].
Perforation treatment with Endo CPM in rat molars showed
results similar to MTA after a 60-day period [192]. Contra-
rily, a histological study in dogs found only an incomplete
healing of periapical lesions after 6 months following root
canal obturation using Endo CPM [193].

The bioactive potential of CSBS is a consequence of the
slight solubility of these materials even after setting. The
leaching of calcium hydroxide and the alkalizing potential
cause antibacterial and anti-inflammatory effects inducing
apical healing [2], and allow the formation of bioactive sur-
faces on CSBS [27]. Thus, solubility of CSBS seems to be
a prerequisite for the positive biological characteristics of
these sealers, but on the other hand, solubility of the sealer
is compromising the quality of sealing a root canal against
regrowth of microorganisms and reinfection. The ISO speci-
fication, therefore, demands low solubility with less than 3%
of weight loss after immersion in water for 24 h to ensure a
durable seal of the root canal system. CSBS have to walk a
tightrope between bioactivity on the one and solubility on
the other hand. Clinical investigations are much-needed to
evaluate the clinical relevance of these factors.
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Highlights of biological characteristics

e CSBS were consistently reported to be biocompatible,
non-cytotoxic and non-genotoxic.

e CSBS display bioactivity with a stimulus to hard tissue
formation.

¢ Good antibacterial properties, predominantly superior to
epoxy resin sealers, were related to CSBS.

Clinical studies

Studies assessing the impact of CSBS on clinical outcome
are sparse. Only two studies are available yet (Fig. 3).

Postoperative pain

In a split-mouth randomized controlled trial including 114
teeth, no significant difference regarding postoperative pain
was found comparing root canal obturation with either the
epoxy resin-based sealer AH Plus or the CSBS iRoot SP
[194].

Clinical outcome

A retrospective cohort study investigated the clinical out-
come of non-surgical root canal treatment with single-cone
gutta-percha obturation and iRoot SP as a sealer. A total of
307 teeth were included with an average follow-up of 30.1
months. The overall success rate was 90.9% [195]. In the
same study, sealer extrusion of iRoot SP occurred in 47.4%
of the cases and did not significantly affect the treatment
outcome [195].

Conclusion and consequences for clinical
practice

Much promising in vitro data are currently available for the
CSBS iRoot SP, BioRoot RCS, Endo CPM and Endoseal
MTA. The majority of in vitro studies are dealing with iRoot
SP whilst lesser amount of data exists for the other CSBS.
The in vitro results for CSBS mostly display characteristics
comparable or in parts even superior to the gold standard
AH Plus. When considering the in vitro data, the concept
transformation from using endodontic sealers mainly to seal
the root canal as prevention against regrowth or reinfection
as known from epoxy resin sealers as the current gold stand-
ard to a more biological concept becomes clear. CSBS have
in addition to their sealing abilities the potential to provide
a bioactive surface with a stimulation of hard tissue forma-
tion, good antibacterial properties and perform well in the
yet-published clinical studies. Therefore, the use of CSBS
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Fig. 3 a Root canal obturation of teeth 47 and 46 in the same patient with iRoot SP; b The control radiograph 3 months after obturation confirms
a good healing tendency (Case M. Barchmann, Berlin)

can be recommended to clinicians and CSBS might display
the most important sealer class in the next years.

However, still relevant information for CSBS is missing
in the literature, for example, studies concerning the proper-
ties of CSBS in warm obturation techniques as the CSBS are
mostly recommended for cold obturation techniques by the
manufacturers. Furthermore, long-term assessment of phys-
icochemical properties and particularly long-term clinical
observations are necessary to evaluate the impact of CSBS
on the outcome of root canal treatment.
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