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Abstract: Microbes are prevalent in the root canals of necrotic teeth, and they are the cause of primary
and post-treatment apical periodontitis. Bacteria can dwell within the infected root canal system as
surface-adherent biofilm structures, which exhibit high resistance to antimicrobial agents. Bioceramic
materials, with their biocompatible nature and excellent physico-chemical properties, have been
widely used in dental applications, including endodontics. This review focuses on the application of
bioceramic technology in endodontic disinfection and the antibiofilm effects of endodontic bioceramic
materials. Different bioceramic materials have shown different levels of antibiofilm effects. New
supplements have emerged to potentially enhance the antibiofilm properties of bioceramics aiming
to achieve the goal of microbial elimination in the root canal system.
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1. Introduction

Microorganisms and their by-products are the main etiological factors responsible for
pulpal and periapical diseases [1]. Microorganisms found in the root canals are known
to form biofilms, which renders them more resistant to antimicrobial agents than bacteria
in the planktonic state [2]. The purpose of endodontic treatment is to prevent microbial
contamination of the root canal system and to eliminate the microbes from the infected root
canal in order to achieve clinical and radiographic success [3]. Although chemo-mechanical
preparation significantly reduces microorganisms inside the infected root canal system,
proportionally large areas of the main root canal wall remain untouched by the instruments,
and it is virtually impossible to completely remove 100% of the microbes by irrigation and
other methods [4]. Different methods of irrigant agitation have been introduced, including
pipetting, heating the irrigant [5], sonic and ultrasonic activation [6], and multisonic
activation [7]. These methods have been effective in promoting the movement of the
irrigant to clean areas that are beyond the reach of the instrumentation. Beyond the irrigant
agitation, the use of endodontic materials such as sealers, cements, pastes, putty, and
obturation materials with antibiofilm activity is considered beneficial in further reducing
the residual microorganisms and preventing leakage of a potential reinfection [8].

Bioceramics are inorganic, non-metallic, biocompatible materials that are used in
direct contact with living tissues in the medical and dental fields [9]. Since they are
chemically stable, non-corrosive, and interact well with organic tissues, more bioceramic
materials have been developed and successfully used in endodontic treatments, including
pulp capping, obturation, apical barrier formation, perforation repairs, and root-end
filling [10]. Some endodontic bioceramics are powder/liquid systems requiring manual
mixing, and some are premixed materials requiring moisture from surrounding tissues
to set. The setting process allows the bioceramics to achieve a superior seal with the
tooth structure [11].
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The antimicrobial and antibiofilm properties are exerted during the setting process
by increasing the pH and ion release from the material [12]. A high-quality seal and an-
timicrobial properties are both critical to achieving success in endodontic treatment [13].
Antibiofilm properties may continue to exist in a bioceramic-treated environment via fur-
ther physico-chemical reactions (e.g., biomineralization effect) with the surrounding dental
hard tissues [14]. Meanwhile, challenges remain in balancing the antibiofilm properties
with biocompatibility in the development of current bioceramics for endodontics. This
review takes a critical look at the antimicrobial and antibiofilm properties of currently avail-
able bioceramic materials used in endodontics and looks forward to embracing possible
new technologies that may facilitate the elimination of all microorganisms for long-term
endodontic success.

2. Endodontic Biofilm Formation

The formation of oral biofilms has a dynamic nature as a linear process that com-
mences when free-floating bacterial cells attach to the tooth surface [15]. This attachment is
followed by embedding in a self-produced matrix of extracellular polymeric substances
and exhibits an altered phenotype with respect to growth rate and gene transcription of the
biofilm bacteria compared with their planktonic counterparts [16]. These various phases of
microbial interactions with the surface require the production of extracellular polymers
that assist in initial adhesion, maintenance of the biofilm three-dimensional structure, and
detachment from matrix-enclosed aggregates [17]. Microorganisms in biofilms are more
resistant to elimination than those in planktonic form [18,19].

Most endodontic infections originate from plaque on the tooth surface and gingival
crevice/periodontal pocket [20]. In the anaerobic microenvironment of endodontically
infected teeth, the microorganisms colonize root canal space, bind to the root canal wall,
and grow as habitat-adapted multi-species endodontic biofilms (Figure 1) [16]. An ex-
traradicular biofilm formation could also be observed from the external root surface [21].
Regular scanning electron microscopy (SEM, Helios Nanolab 650, FEI, Eindhoven, The
Netherlands) shows bacterial aggregates on the biofilm surface. A focused ion beam scan-
ning electron microscope (FIB-SEM, Helios Nanolab 650, FEI, Eindhoven, The Netherlands)
has been introduced as a useful micromachining tool for biological samples [22]. The
FIB-SEM is capable of milling to remove sections for viewing of features below the readily
observable surface layer [23]. Dental plaque biofilm cell layers and the abundance of
extracellular polymeric substance matrix associated with bacterial cells are shown under
the FIB-SEM after sequential milling (Figure 2). It is known that certain bacteria can attach
to type I collagen in dentin through the expression of surface adhesins [24]. Dentinal
tubules are the tunnels for bacterial invasion from the main root canal towards the dentin
periphery to induce deep and persistent dentin infection [25]. Bacteria hiding in the dentin
tubules are difficult to reach and eliminate by traditional disinfecting strategies, such as
instrumentation and irrigation.

Bioceramic materials have been used in a variety of endodontic applications, including
vital pulp therapy, sealer-based obturation, root-end fillings, regenerative endodontics,
etc. Regardless of whether used alone or together with other materials, bioceramics play
an important role in adapting to the surrounding tissues and materials [14]. Innovations
have been continually developed in bioceramic materials with the goal of not only being
biocompatible, but also acting as a synergistic antimicrobial component against established
bioceramics and the potential future formation of new endodontic biofilms [10].
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Figure 1. Scanning electron microscope image of multi-species mature plaque biofilm grown on
collagen-coated hydroxyapatite disk.

Figure 2. FIB-SEM image of a milled mature plaque biofilm composed of bacterial cells (white arrows),
extracellular polymeric substances (yellow arrows) and micro water channels (green arrows).

3. Bioceramic Root Repair Material
3.1. MTA

Mineral trioxide aggregate (MTA) (Dentsply-Tulsa Dental, Johnson City, TN, USA)
is one of the most commonly used biomaterials in endodontics based on its excellent
biological, chemical, and physiological properties (Figure 3a). Mineral trioxide aggregate
contains a mixture of dicalcium silicate, tricalcium silicate, tricalcium aluminate, gypsum,
tetracalcium aluminoferrite, and bismuth oxide [11]. MTA has been widely used for vital
pulp therapy, apical barrier formation, repair of root perforations, and root-end filling.
The antibiofilm properties of MTA have been extensively evaluated using different strains
of microbes/biofilms that present in the oral cavity and using different microbiological
testing methods [11].



Materials 2021, 14, 7594 4 of 12

Figure 3. SEM image of cross-section of (a) MTA and (b) EndoSequence root repair material putty
exposed to butyric acid at pH 7.4 after 7 days of setting.

The reason why a tricalcium silicate-based cement, such as MTA, has antibiofilm
activity is mostly due to the pH increase during the setting process. The pH can increase
from the formation of calcium hydroxide during the hydration reaction of MTA. Torabinejad
et al. [26] showed that the pH of MTA is 10.5 at the time of mixing and can increase up to
12.9 after 3 h of setting. High pH affects the structure of the endodontic bacterial cells by
causing DNA degradation and cellular protein damage, resulting in the decrease of cellular
viability [27,28].

Enterococcus faecalis biofilm has been claimed to be unable to survive if the pH values
were set to higher than 11.5 [29]. MTA also exhibited antimicrobial activity on other types
of bacterial biofilms, including Staphylococcus aureus, Escherichia coli, Pseudomonas aeruginosa,
and Porphyromonas gingivalis [30]. As well, a recent study showed ProRoot MTA (Dentsply-
Tulsa Dental, Johnson City, TX, USA) had antimicrobial activity against Candida albicans [31].
Similar antifungal effects were reported in previous studies [32,33]. Dissimilar results from
different studies on the antibiofilm activities of MTA may be attributed to the composition
of the biofilms and the amount of material applied [11].

Recently, a “tooth-on-a-chip” model was developed to enable direct visualization
and analyses of bioceramic cement interactions with oral biofilms [34]. ProRoot MTA was
applied using S. mutans biofilm to simulate microbial infection at the biomaterial-dentin
interface. ProRoot MTA disrupted the integrity of the biofilm and over 90% of bacterial
cells within the biofilms were killed both at the biofilm’s outer and inner layers [35]. The
antibiofilm effect was likely due to the high pH microenvironment and calcium ions
released from ProRoot MTA [35].

In clinical reality, MTA commonly interacts with an environment of blood, tissue fluid,
and dentin structure. A recent study showed ProRoot MTA killed more bacteria when it
was in contact with water than when it was in contact with heparinized human blood [36].
Moreover, the antibiofilm activity of MTA was significantly reduced after aging for 7 days
in water and blood using a direct contact test and an intra-tubular infection test [36].

3.2. Other MTA-Based Cements

Numerous MTA-based cements have been developed, aiming to retain the excel-
lent physico-chemical and biological properties of MTA and overcome the limitations of
traditional MTA, e.g., long setting time, handling difficulty, and staining.

One example is NeoMTA Plus (NuSmile, Houston, TX, USA), which is a calcium
silicate cement developed based on the MTA formulation, containing tantalum oxide as a
radiopaque element. MTA Angelus (Angelus, Londrina, PR, Brazil) [37] and MTA Repair
HP (Angelus, Londrina, PR, Brazil) [38] are MTA-based cements from Brazil. MTA Angelus
was reported to have similar antimicrobial activity against E. faecalis, S. mutans, Micrococcus
luteus, S. aureus, P. aeruginosa, and C. albicans compared to regular MTA [11]. MTA Repair
HP was reported to have a short setting time and antimicrobial activity against planktonic
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E. faecalis [39]. A new bioceramic cement White-MTAFlow (Ultradent Products Inc., South
Jordan, UT, USA) showed similar antimicrobial properties to ProRoot MTA [30].

Jardine et al. [14] showed that MTA Angelus and NeoMTA Plus were not effective
against multi-species biofilm using an intraoral-infected dentin biofilm model. A more
recent study also showed MTA Angelus and NeoMTA Plus did not disrupt the multilayer
structure formed by dual-species biofilm (E. faecalis and C. albicans) [19]. The possible
reasons for their weak antibiofilm activity could be due to the methods used in these
studies. The endodontic cements used in this study were set before applying on the biofilm.
Heyder et al. [40] indicated that the antibacterial behavior of MTA could only be detected
when freshly mixed using a direct contact test. Therefore, it is possible that the antibiofilm
activity of MTA-based materials could be diminished after setting.

In addition, dentin block models were used in these recent studies, which mimics
the clinical reality by direct contact of the material with multi-species biofilm in human
dentin [25]. Multi-species biofilms grown in clinical-simulated conditions were more
difficult to kill than planktonic bacteria [41]. Moreover, the use of confocal laser scanning
microscopy and viability staining allows a three-dimensional evaluation of the viability of
the biofilm adhered to dentin [14,25].

3.3. Biodentine

The new generation of tricalcium silicate cements contains modifications aimed to
eliminate the limitations of MTA and enhance its physico-chemical properties [42]. Bio-
dentine (Septodont, Saint-Maur-des-Fosses, France) is a fast-setting calcium silicate-based
material and is recommended for use as a dentin substitute that can be used as a coronal
restoration material, perforation repair material, or pulp-capping material [43,44]. Bio-
dentine contains tricalcium silicate, calcium carbonate, zirconium oxide, and calcium
chloride [10]. Zirconium oxide has been used instead of bismuth oxide as a non-inducing
discoloration radiopacifier in Biodentine [45].

The antimicrobial activity of Biodentine has been shown to be dependent on calcium
ion release [46,47]. The setting process of Biodentine also allowed the increase of pH
values [30,48]. The alkaline and calcium release properties allowed Biodentine to kill
E. faecalis in a direct contact test [39]. Another recent study showed Biodentine had excellent
antimicrobial activity upon initial contact with the bacteria [49]. However, confocal laser
scanning microscopy results have shown Biodentine to lose its antimicrobial activity after
prolonged exposure to biofilms [49]. The reduction in pH value over time may contribute to
the loss of antibiofilm properties as time progresses [49]. Biodentine has also been reported
to be ineffective against multi-species biofilm [14]. Incorporating titanium tetrafluoride to
Bioodentine has been reported to enhance its antimicrobial properties [50].

3.4. EndoSequence Root Repair Material

EndoSequence root repair material (Brasseler USA, Savannah, GA, USA) is a pre-
mixed putty or syringeable paste mainly composed of calcium silicate, calcium phosphate,
zirconium oxide and tantalum oxide [10]. As an alternative to MTA, EndoSequence root
repair material has been considered bioactive, which is the ability of a material to form an
apatite-like precipitate on its surface when brought into contact with tissue fluids [51].

Antunes et al. [52] showed that MTA and EndoSequence root repair material putty
had similar sealing ability. Both materials had detectable viable bacteria in the root canals
in a bacterial (E. faecalis) nutrient leakage model after a 30-day incubation period [53].
EndoSequence root repair material demonstrates its antibacterial activity during its setting
reaction due to its highly alkaline pH and mineral ion release [5]. EndoSequence root repair
material putty (Figure 3b) was used as a retro-fill material in a clinical study using photody-
namic therapy to disinfect the cutting surface and root-end cavity in apicoectomy surgeries.
The 12–21-month success rate was reported to be up to 93% [49]. Liu et al. showed there
was no significant difference in terms of antimicrobial activity against E. faecalis between
iRoot BP Plus and MTA [54].
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EndoSequence root repair material has been available in two different consistencies,
including a fast-set putty and a regular-set paste. A direct contact test showed that EndoSe-
quence root repair material putty and paste possessed antimicrobial properties against
10 clinical strains of E. faecalis during their setting time [55]. Moreover, EndoSequence root
repair material and MTA had comparable antifungal activity against C. albicans biofilm [56].

4. Bioceramic Endodontic Sealers
4.1. Premixed Bioceramic Sealers

Three premixed calcium silicate-based sealers with similar chemical composition have
been developed, including iRoot SP (Innovative Bioceramics, Vancouver, BC, Canada),
EndoSequence BC sealer (Brasseler USA, Savannah, GA, USA) and EndoSequence BC
sealer HiFlow (Brasseler USA, Savannah, GA, USA) [57,58]. Calcium silicates, calcium
phosphate monobasic, zirconium oxide, tricalcium silicate, dicalcium silicate, and calcium
hydroxide are the main components [10]. These three premixed sealers have shown
biocompatibility, excellent sealing ability, and antimicrobial activity [59]. Bioceramic sealers
have the advantage of prolonged antimicrobial activity [60]. Other types of sealers (e.g.,
epoxy resin-based sealers) can lose antimicrobial activity after setting [61]. A bioceramic
sealer was reported to have long-lasting antimicrobial ability for up to 30 days due to the
biomineralization process induced by calcium silicates/phosphates from the sealer and
from the dentin minerals [62]. Moisture from dentin promotes the hydration reaction to
produce calcium silicate hydrogel and calcium hydroxide to elevate and maintain a high
pH in the root canal environment [60]. Silica dissolved in a high pH environment may
directly inhibit bacterial viability [63].

Fresh iRoot SP was reported to have the highest pH value in the experimental periods
among seven different sealers, and iRoot SP efficiently killed E. faecalis using a direct
contact test [60]. Confocal laser scanning microscopy also showed effective killing of E.
faecalis in dentinal tubules by freshly mixed EndoSequence BC sealer [64]. Another recent
study showed that EndoSequence BC sealer exhibited significant antimicrobial capacity
against an 8-week-old E. faecalis biofilm in a dentin infection model [65]. In contrast, a
previous study reported no antimicrobial effect from EndoSequence BC sealer to E. faecalis
under scanning electron microscopy [66]. The controversy from different studies may be
due to the different methodologies applied. Scanning electron microscopy is a qualitative
approach, which has limited field of view for the visualization of the overall biofilm
growth on the substrate in high magnification [66]. The evaluation of the killing effect may
then be limited to a small area when using SEM [66]. In contrast, confocal laser scanning
microscopy with viability staining in the previous study allowed multiple areas of scanning
on each sample in low magnification [64]. A more general assessment of the E. faecalis
biofilm killing effect could be applied [64]. Quantitative results could also be obtained
from confocal data using three-dimensional reconstruction software. EndoSequence BC
sealer was shown to have similar antibiofilm effect against E. faecalis in a dentin infection
model compared to AH-Plus sealer [62]. However, AH-Plus had higher antifungal activity
than iRoot SP against C. albicans.

Another premixed calcium silicate sealer, TotalFill BC (FKG Swiss Endo, La Chaux-
de-Fonds, Switzerland), killed over 40% of E. faecalis biofilm in dentin [67], and showed
effective antimicrobial properties against single-species [68] and multi-species endodontic
biofilm using a direct contact test [69,70] and confocal laser scanning microscopy [71]. One
recent study showed TotalFill BC had higher antimicrobial efficacy than AH-Plus sealer
using a modified direct contact test [70].

4.2. BioRoot RCS

BioRoot RCS (Septodont, Saint-Maur-des-Fosses, France) is a powder/liquid hydraulic
cements composed of tricalcium silicate, zirconium dioxide, and povidone in the powder.
The liquid contains aqueous solution of calcium chloride and polycarboxyl [72]. Possibly
due to calcium release and biomineralization properties, BioRoot RCS had average short-
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term but superior long-term antimicrobial and antibiofilm effects [72]. A recent confocal
laser scanning microscopy study showed BioRoot RCS had increased microbial killing
efficacy against multi-species biofilm compared to TotalFill BC sealer (FKG Dentaire SA,
Switzerland) [71]. This was probably because BioRoot RCS was able to sustain a high-
alkalinity environment for a longer time. BioRoot RCS was reported to kill both young and
old E. faecalis biofilms [47,67]. In studies using planktonic bacteria, BioRoot RCS exhibited
killing effects comparable to MTA Fillapex and Pulp Canal Sealer EWT (Kerr, Sybron Dental
Specialties, MI, USA) after 6 min of contact [69]. Its planktonic killing effect was lower
than TotalFill and AH-Plus (Dentsply-Tulsa Dental, Johnson City, TN, USA) after 7 days of
contact [67]. However, after a 30-day exposure, BioRoot RCS killed a higher percentage of
bacteria than AH-Plus or TotalFill [67].

4.3. MTA Fillapex

MTA Fillapex (Angelus Solucoes Odontologicas, Londrina, PR, Brazil) is a calcium
silicate-based sealer with a high pH and calcium ion release ability [5]. The composition
of MTA Fillapex after mixing includes mineral trioxide aggregate, salicylate resin, natural
resin, bismuth, silica, and lead. The ion release of lead from fresh samples of MTA Fillapex
has been reported to induce cytotoxicity to mammalian cells [10]. However, the cytotoxicity
can be significantly reduced after the material is set [10]. The most previous MTA Fillapex
studies have used E. faecalis to analyze its antimicrobial activity [72]. Due to the different
methodologies, different microbial strains and experimental settings, the conclusions about
the antimicrobial activity of MTA Fillapex have been heterogeneous. Some studies have
shown that MTA Fillapex had lower antimicrobial efficacy than BioRoot RCS or AH-Plus
against planktonic E. faecalis [47,69,73]. Other studies showed MTA Fillapex exhibited
higher antimicrobial and antibiofilm activities in comparison with other sealers [64,74].
Similar to other endodontic sealers, MTA Fillapex may lose some of its antimicrobial
activity over time. Morgental et al. [75] showed that freshly mixed MTA Fillapex did
not maintain antimicrobial activity after setting against E. faecalis using a direct contact
test. Cytotoxicity has been reported from previous biocompatibility studies on MTA
Fillapex [76]. The presence of salicylate resin in MTA Fillapex could explain its cytotoxicity
and the salicylate resin may also play a role in killing E. faecalis, which can survive in
alkaline environments [77,78].

5. Potential Supplements to Enhance Antimicrobial Properties of Bioceramics
5.1. Peptides

Antimicrobial peptides have recently received considerable attention for possible use
in a number of dental therapeutic applications against oral biofilms [79]. Many studies have
identified antimicrobial peptides as the potential next-generation alternative to traditional
antimicrobial therapy in the oral cavity [80]. Peptide 1018 and DJK-5 are examples of
antimicrobial peptides effective against oral biofilms (Figure 4) [81,82]. These two peptides
were reported to have strong performance in inhibiting biofilm development and eradicat-
ing pre-formed oral biofilms [82,83] not only on an open biofilm platform [84], but also for
single- and multi-species biofilms grown in dentinal tubules [80]. The mechanism of the
antimicrobial effect by Peptide 1018 and DJK-5 peptides was by binding to and stimulating
degradation the second messenger nucleotide (p)ppGpp that is involved in biofilm forma-
tion and maintenance [81,82]. Both peptides were able to bind onto the hydroxyapatite
surfaces [83]. In addition, DJK-5 was also protease-resistant with enhanced antibiofilm
activity [83]. Regular endodontic solutions (e.g., sodium hypochlorite, chlorhexidine, and
EDTA) were used in combination with these peptides without reported side effects [85,86].
However, peptides are difficult and expensive to manufacture in large quantities due to
the complex processes of their extraction, isolation, and purification [87]. The cost of using
peptides as disinfectants would be impractical in the everyday clinical practice. A modified
antimicrobial peptide 1018 has been reported to be able to bind to hydroxyapatite with high
affinity [88]. Such types of peptides exhibited high antimicrobial and antibiofilm activity
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against plaque biofilm with significant biofilm volume reduction [88]. Bioceramic materials
are calcium–silicate and calcium–phosphate based materials, which are biocompatible
and with similar properties to dental minerals. Given the previous evidence of successful
application of antimicrobial peptides on biofilms grown on hydroxyapatite and dentin,
peptides have great potential to be used as supplements to be incorporated in endodontic
bioceramic materials to enhance their antibiofilm properties.

Figure 4. Confocal image of viability-stained plaque biofilm treated with (a) peptide 1018 and
(b) peptide DJK-5. Red areas indicate killed bacteria, and green areas indicate live bacteria.

5.2. Nanoparticles

The addition of nanoparticles to endodontic materials [89] has been reported to im-
prove their direct and diffusible antimicrobial properties and antimicrobial activity in denti-
nal tubules [90]. A novel synthesis of high-loaded antimicrobial drug-silica co-assembled
particles (DSPs) were recently developed through co-assembly of silica and octenidine
dihydrochloride [91]. It has been reported to enhance the antimicrobial performance of
EndoSequence BC sealer [61].

Engineered bioactive chitosan nanoparticles have been shown to effectively inactivate
bacterial biofilm and disrupt its extracellular polymeric matrix [90]. They were reported to
eliminate mono-species and multi-species biofilms [92] in a time-dependent interaction
and present a potential antimicrobial/antibiofilm agent for root canal disinfection [93,94].
Carboxymethyl chitosan has been reported as a surface modifier of dentin matrix to en-
hance antibacterial efficacy [95]. Engineered chitosan-based nanoparticles, as a bioactive
biopolymer, might alter the host inflammatory response of macrophages and promote
healing [96]. Chitosan has been widely incorporated in biological scaffolds for bone regen-
eration [97,98] and tissue engineering [99,100]. DaSilva et al. [23] incorporated chitosan
nanoparticles into the zinc oxide-eugenol sealer and the mixer inhibited biofilm formation
within the sealer-dentin interface. Given their high biocompatibility and wide application
in bioengineering, chitosan nanoparticles should have further potential to be used as a
supplement to different endodontic bioceramics.

Other nanoparticles, including silver nanoparticles [101] and bismuth lipophilic
nanoparticles [102] were also used in endodontics and showed antimicrobial activities
against single-species biofilms. However, the contribution of their cytotoxicities to the
bioceramic materials is concerning and requires further investigation.

6. Outlook

The application of bioceramic technology has optimized endodontic disinfection, pro-
viding a promising direction for the preservation of patients’ teeth. The introduction of
different obturation techniques, from traditional cold lateral condensation, warm vertical
condensation, to the recently popular single-cone technique, allows for the sealer to be
the main component of the root filling. Efforts have been made to use core material as
the delivery device to allow hydraulic movement of the bioceramic sealer into all the
irregularities of the root canal system to achieve an ideal obturation. The biocompatibility,
bioactivity, and antimicrobial, and antibiofilm properties have made bioceramics a promis-
ing material used in endodontics. However, persistent and recurrent apical periodontitis
are still challenging enemies for current endodontic disinfection strategies. A higher level
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of evidence with randomized clinical trials is needed to prove the efficacy of bioceramic
materials in the long term.
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38. Çırakoğlu, S.; Baddal, B.; Islam, A. The effectiveness of laser-activated irrigation on the apical microleakage qualities of MTA
repair HP and NeoMTA plus in simulated immature teeth: A comparative study. Materials 2020, 13, 3287. [CrossRef]

39. Queiroz, M.B.; Torres, F.F.E.; Rodrigues, E.M.; Viola, K.S.; Bosso-Martelo, R.; Chavez-Andrade, G.M.; Guerreiro-Tanomaru, J.M.;
Tanomaru-Filho, M. Physicochemical, biological, and antibacterial evaluation of tricalcium silicate-based reparative cements with
different radiopacifiers. Dent. Mater. 2021, 37, 311–320. [CrossRef] [PubMed]

40. Heyder, M.; Kranz, S.; Völpel, A.; Pfister, W.; Watts, D.; Jandt, K.D.; Sigusch, B.W. Antibacterial effect of different root canal sealers
on three bacterial species. Dent. Mater. 2013, 29, 542–549. [CrossRef] [PubMed]

41. Shen, Y.; Qian, W.; Chung, C.; Olsen, I.; Haapasalo, M. Evaluation of the effect of two chlorhexidine preparations on biofilm
bacteria in vitro: A three-dimensional quantitative analysis. J. Endod. 2009, 35, 981–985. [CrossRef]

42. Camilleri, J. Investigation of Biodentine as dentine replacement material. J. Dent. 2013, 41, 600–610. [CrossRef]
43. Grech, L.; Mallia, B.; Camilleri, J. Investigation of the physical properties of tricalcium silicate cement-based root-end filling

materials. Dent. Mater. 2013, 29, e20–e28. [CrossRef]
44. Camilleri, J.; Sorrentino, F.; Damidot, D. Investigation of the hydration and bioactivity of radiopacified tricalcium silicate cement,

Biodentine and MTA Angelus. Dent. Mater. 2013, 29, 580–593. [CrossRef]
45. Grech, L.; Mallia, B.; Camilleri, J. Characterization of set Intermediate Restorative Material, Biodentine, Bioaggregate and a

prototype calcium silicate cement for use as root-end filling materials. Int. Endod. J. 2013, 46, 632–641. [CrossRef]
46. Koutroulis, A.; Kuehne, S.A.; Cooper, P.R.; Camilleri, J. The role of calcium ion release on biocompatibility and antimicrobial

properties of hydraulic cements. Sci. Rep. 2019, 9, 19019. [CrossRef] [PubMed]
47. Arias-Moliz, M.T.; Farrugia, C.; Lung, C.Y.; Schembri-Wismayer, P.; Camilleri, J. Antimicrobial and biological activity of leachate

from light curable pulp capping materials. J. Dent. 2017, 64, 45–51. [CrossRef]
48. Farrugia, C.; Haider, J.; Camilleri, L.; Camilleri, J. Clinical relevance of antimicrobial testing results for dental restorative materials.

J. Appl. Biomater. Funct. Mater. 2017, 15, e153–e161. [CrossRef]
49. Farrugia, C.; Lung, C.Y.K.; Wismayer, P.S.; Arias-Moliz, M.T.; Camilleri, J. The relationship of surface characteristics and

antimicrobial performance of pulp capping materials. J. Endod. 2018, 44, 1115–1120. [CrossRef] [PubMed]
50. Elsaka, S.E.; Elnaghy, A.M.; Mandorah, A.; Elshazli, A.H. Effect of titanium tetrafluoride addition on the physico-chemical and

antibacterial properties of Biodentine as intraorfice barrier. Dent. Mater. 2019, 35, 185–193. [CrossRef] [PubMed]

http://doi.org/10.1016/0109-5641(95)80039-5
http://doi.org/10.1016/j.joen.2012.11.008
http://doi.org/10.1016/j.joen.2012.03.004
http://doi.org/10.1016/j.joen.2011.06.018
http://www.ncbi.nlm.nih.gov/pubmed/21924186
http://doi.org/10.1016/S0099-2399(06)80967-2
http://doi.org/10.1111/adj.12582
http://www.ncbi.nlm.nih.gov/pubmed/29327470
http://doi.org/10.1128/JB.00995-13
http://doi.org/10.1097/00004770-200404000-00008
http://doi.org/10.1007/s00784-020-03543-7
http://doi.org/10.1186/s12903-019-0817-2
http://doi.org/10.1097/01.don.0000157983.12835.e0
http://doi.org/10.1016/j.joen.2005.08.014
http://doi.org/10.1177/0022034519854685
http://www.ncbi.nlm.nih.gov/pubmed/31173560
http://doi.org/10.1177/00220345211016429
http://doi.org/10.1038/srep41359
http://www.ncbi.nlm.nih.gov/pubmed/28128328
http://doi.org/10.1067/moe.2003.12
http://doi.org/10.3390/ma13153287
http://doi.org/10.1016/j.dental.2020.11.014
http://www.ncbi.nlm.nih.gov/pubmed/33323301
http://doi.org/10.1016/j.dental.2013.02.007
http://www.ncbi.nlm.nih.gov/pubmed/23523285
http://doi.org/10.1016/j.joen.2009.04.030
http://doi.org/10.1016/j.jdent.2013.05.003
http://doi.org/10.1016/j.dental.2012.11.007
http://doi.org/10.1016/j.dental.2013.03.007
http://doi.org/10.1111/iej.12039
http://doi.org/10.1038/s41598-019-55288-3
http://www.ncbi.nlm.nih.gov/pubmed/31836731
http://doi.org/10.1016/j.jdent.2017.06.006
http://doi.org/10.5301/jabfm.5000337
http://doi.org/10.1016/j.joen.2018.04.002
http://www.ncbi.nlm.nih.gov/pubmed/29861063
http://doi.org/10.1016/j.dental.2018.11.019
http://www.ncbi.nlm.nih.gov/pubmed/30509482


Materials 2021, 14, 7594 11 of 12

51. Abu Zeid, S.T.; Alamoudi, R.A.; Neel, E.A.A.; Saleh, A.A.M. Morphological and spectroscopic study of an apatite layer induced
by fast-set versus regular-set EndoSequence root repair materials. Materials 2019, 12, 3678. [CrossRef]

52. Antunes, H.S.; Gominho, L.F.; Andrade-Junior, C.V.; Dessaune-Neto, N.; Alves, F.R.F.; Rôças, I.N.; Siqueira, J.F. Sealing ability of
two root-end filling materials in a bacterial nutrient leakage model. Int. Endod. J. 2016, 49, 960–965. [CrossRef] [PubMed]

53. Vieira, G.C.S.; Antunes, H.S.; Pérez, A.R.; Gonçalves, L.S.; Antunes, F.E.; Siqueira, J.F., Jr.; Rôças, I.N. Molecular analysis of the
antibacterial effects of photodynamic therapy in endodontic surgery: A case series. J. Endod. 2018, 44, 1593–1597. [CrossRef]
[PubMed]

54. Liu, M.; He, L.; Wang, H.; Su, W.; Li, H. Comparison of in vitro biocompatibility and antibacterial activity of two calcium
silicate-based materials. J. Mater. Sci. Mater. Med. 2021, 32, 52. [CrossRef]

55. Lovato, K.F.; Sedgley, C.M. Antibacterial activity of EndoSequence Root Repair Material and ProRoot MTA against clinical isolates
of Enterococcus faecalis. J. Endod. 2011, 37, 1542–1546. [CrossRef]

56. Alsalleeh, F.; Chung, N.; Stephenson, L. Antifungal activity of Endosequence Root Repair Material and mineral trioxide aggregate.
J. Endod. 2014, 40, 1815–1819. [CrossRef]

57. Ko, S.-Y.; Choi, H.W.; Jeong, E.-D.; Rosa, V.; Hwang, Y.-C.; Yu, M.-K.; Min, K.-S. Main and accessory canal filling quality of a
premixed calcium silicate endodontic sealer according to different obturation techniques. Materials 2020, 13, 4389. [CrossRef]

58. Almeida, L.H.S.; Moraes, R.R.; Morgental, R.; Pappen, F.G. Are premixed calcium silicate–based endodontic sealers comparable
to conventional materials? A systematic review of in vitro studies. J. Endod. 2017, 43, 527–535. [CrossRef]

59. Zhang, H.; Shen, Y.; Ruse, N.D.; Haapasalo, M. Antibacterial activity of endodontic sealers by modified direct contact test against
Enterococcus faecalis. J. Endod. 2009, 35, 1051–1055. [CrossRef] [PubMed]

60. Marashdeh, M.; Stewart, C.; Kishen, A.; Levesque, C.; Finer, Y. Drug-silica coassembled particles improve antimicrobial properties
of endodontic sealers. J. Endod. 2021, 47, 793–799. [CrossRef]

61. Wang, Z.; Shen, Y.; Haapasalo, M. Dentin extends the antibacterial effect of endodontic sealers against Enterococcus faecalis biofilms.
J. Endod. 2014, 40, 505–508. [CrossRef] [PubMed]

62. Komabayashi, T.; Colmenar, D.; Cvach, N.; Bhat, A.; Primus, C.; Imai, Y. Comprehensive review of current endodontic sealers.
Dent. Mater. J. 2020, 39, 703–720. [CrossRef] [PubMed]

63. Zehnder, M.; Waltimo, T.; Sener, B.; Söderling, E. Dentin enhances the effectiveness of bioactive glass S53P4 against a strain of
Enterococcus faecalis. Oral Surg. Oral Med. Oral Pathol. Oral Radiol. Endod. 2006, 101, 530–535. [CrossRef] [PubMed]

64. Du, T.; Wang, Z.; Shen, Y.; Ma, J.; Cao, Y.; Haapasalo, M. Combined antibacterial effect of sodium hypochlorite and root canal
sealers against Enterococcus faecalis biofilms in dentin canals. J. Endod. 2015, 41, 1294–1298. [CrossRef]

65. Bukhari, S.; Karabucak, B. The antimicrobial effect of bioceramic sealer on an 8-week matured Enterococcus faecalis biofilm attached
to root canal dentinal surface. J. Endod. 2019, 45, 1047–1052. [CrossRef]

66. Willershausen, I.; Callaway, A.; Briseño, B.; Willershausen, B. In vitro analysis of the cytotoxicity and the antimicrobial effect of
four endodontic sealers. Head Face Med. 2011, 7, 15. [CrossRef]

67. Alsubait, S.; Albader, S.; Alajlan, N.; Alkhunaini, N.; Niazy, A.; Almahdy, A. Comparison of the antibacterial activity of calcium
silicate- and epoxy resin-based endodontic sealers against Enterococcus faecalis biofilms: A confocal laser-scanning microscopy
analysis. Odontology 2019, 107, 513–520. [CrossRef]

68. Kapralos, V.; Koutroulis, A.; Ørstavik, D.; Sunde, P.T.; Rukke, H.V. Antibacterial activity of endodontic sealers against planktonic
bacteria and bacteria in biofilms. J. Endod. 2018, 44, 149–154. [CrossRef]

69. Colombo, M.; Poggio, C.; Dagna, A.; Meravini, M.V.; Riva, P.; Trovati, F.; Pietrocola, G. Biological and physico-chemical properties
of new root canal sealers. J. Clin. Exp. Dent. 2018, 10, e120–e126. [CrossRef]

70. Zordan-Bronzel, C.L.; Tanomaru-Filho, M.; Rodrigues, E.M.; Chavez-Andrade, G.M.; Faria, G.; Guerreiro-Tanomaru, J.M.
Cytocompatibility, bioactive potential and antimicrobial activity of an experimental calcium silicate-based endodontic sealer. Int.
Endod. J. 2019, 52, 979–986. [CrossRef]

71. Bose, R.; Ioannidis, K.; Foschi, F.; Bakhsh, A.; Kelly, R.D.; Deb, S.; Mannocci, F.; Niazi, S.A. Antimicrobial effectiveness of calcium
silicate sealers against a nutrient-stressed multispecies biofilm. J. Clin. Med. 2020, 9, 2722. [CrossRef]

72. Simundić Munitić, M.; Poklepović Peričić, T.; Utrobičić, A.; Bago, I.; Puljak, L. Antimicrobial efficacy of commercially available
endodontic bioceramic root canal sealers: A systematic review. PLoS ONE 2019, 14, e0223575. [CrossRef]

73. Del Carpio-Perochena, A.; Kishen, A.; Shrestha, A.; Bramante, C. Antibacterial properties associated with chitosan nanoparticle
treatment on root dentin and 2 types of endodontic sealers. J. Endod. 2015, 41, 1353–1358. [CrossRef] [PubMed]

74. Faria-Junior, N.B.; Tanomaru-Filho, M.; Berbert, F.L.; Guerreiro-Tanomaru, J.M. Antibiofilm activity, pH and solubility of
endodontic sealers. Int. Endod. J. 2013, 46, 755–762. [CrossRef] [PubMed]

75. Morgental, R.D.; Vier-Pelisser, F.V.; Oliveira, S.; Antunes, F.C.; Cogo, D.M.; Kopper, P.M.P. Antibacterial activity of two MTA-based
root canal sealers. Int. Endod. J. 2011, 44, 1128–1133. [CrossRef] [PubMed]

76. Zhou, H.M.; Du, T.F.; Shen, Y.; Wang, Z.J.; Zheng, Y.F.; Haapasalo, M. In vitro cytotoxicity of calcium silicate-containing
endodontic sealers. J. Endod. 2015, 41, 56–61. [CrossRef]

77. Bin, C.V.; Valera, M.C.; Camargo, S.; Rabelo, S.B.; Silva, G.O.; Balducci, I.; Camargo, C.H.R. Cytotoxicity and genotoxicity of root
canal sealers based on mineral trioxide aggregate. J. Endod. 2012, 38, 495–500. [CrossRef]

78. Evans, M.; Davies, J.K.; Sundqvist, G.; Figdor, D. Mechanisms involved in the resistance of Enterococcus faecalis to calcium
hydroxide. Int. Endod. J. 2002, 35, 221–228. [CrossRef]

http://doi.org/10.3390/ma12223678
http://doi.org/10.1111/iej.12543
http://www.ncbi.nlm.nih.gov/pubmed/26334201
http://doi.org/10.1016/j.joen.2018.06.012
http://www.ncbi.nlm.nih.gov/pubmed/30170846
http://doi.org/10.1007/s10856-021-06523-9
http://doi.org/10.1016/j.joen.2011.06.022
http://doi.org/10.1016/j.joen.2014.08.002
http://doi.org/10.3390/ma13194389
http://doi.org/10.1016/j.joen.2016.11.019
http://doi.org/10.1016/j.joen.2009.04.022
http://www.ncbi.nlm.nih.gov/pubmed/19567333
http://doi.org/10.1016/j.joen.2021.02.003
http://doi.org/10.1016/j.joen.2013.10.042
http://www.ncbi.nlm.nih.gov/pubmed/24666900
http://doi.org/10.4012/dmj.2019-288
http://www.ncbi.nlm.nih.gov/pubmed/32213767
http://doi.org/10.1016/j.tripleo.2005.03.014
http://www.ncbi.nlm.nih.gov/pubmed/16545719
http://doi.org/10.1016/j.joen.2015.04.023
http://doi.org/10.1016/j.joen.2019.04.004
http://doi.org/10.1186/1746-160X-7-15
http://doi.org/10.1007/s10266-019-00425-7
http://doi.org/10.1016/j.joen.2017.08.023
http://doi.org/10.4317/jced.54548
http://doi.org/10.1111/iej.13086
http://doi.org/10.3390/jcm9092722
http://doi.org/10.1371/journal.pone.0223575
http://doi.org/10.1016/j.joen.2015.03.020
http://www.ncbi.nlm.nih.gov/pubmed/25958178
http://doi.org/10.1111/iej.12055
http://www.ncbi.nlm.nih.gov/pubmed/23441819
http://doi.org/10.1111/j.1365-2591.2011.01931.x
http://www.ncbi.nlm.nih.gov/pubmed/21895702
http://doi.org/10.1016/j.joen.2014.09.012
http://doi.org/10.1016/j.joen.2011.11.003
http://doi.org/10.1046/j.1365-2591.2002.00504.x


Materials 2021, 14, 7594 12 of 12

79. Leung, K.-P.; Crowe, T.; Abercrombie, J.; Molina, C.; Bradshaw, C.; Jensen, C.; Luo, Q.; Thompson, G. Control of oral biofilm
formation by an antimicrobial decapeptide. J. Dent. Res. 2005, 84, 1172–1177. [CrossRef]

80. Gorr, S.-U. Antimicrobial peptides of the oral cavity. Periodontology 2000 2009, 51, 152–180. [CrossRef]
81. Wang, Z.; De La Fuente-Núñez, C.; Shen, Y.; Haapasalo, M.; Hancock, R. Treatment of oral multispecies biofilms by an anti-biofilm

peptide. PLoS ONE 2015, 10, e0132512. [CrossRef]
82. Zhang, T.; Wang, Z.; Hancock, R.; De La Fuente-Núñez, C.; Haapasalo, M. Treatment of oral biofilms by a D-enantiomeric peptide.

PLoS ONE 2016, 11, e0166997. [CrossRef] [PubMed]
83. Zhang, T.; Xia, L.; Wang, Z.; Hancock, R.E.; Haapasalo, M. Recovery of oral in vitro biofilms after exposure to peptides and

chlorhexidine. J. Endod. 2021, 47, 466–471. [CrossRef]
84. Wang, D.; Haapasalo, M.; Gao, Y.; Ma, J.; Shen, Y. Antibiofilm peptides against biofilms on titanium and hydroxy-apatite surfaces.

Bioact. Mater. 2018, 3, 418–425. [CrossRef]
85. Wang, D.; Shen, Y.; Hancock, R.; Ma, J.; Haapasalo, M. Antimicrobial effect of peptide DJK-5 used alone or mixed with EDTA on

mono- and multispecies biofilms in dentin canals. J. Endod. 2018, 44, 1709–1713. [CrossRef]
86. Wang, D.; Shen, Y.; Ma, J.; Hancock, R.; Haapasalo, M. Antibiofilm effect of D-enantiomeric peptide alone and combined with

EDTA in vitro. J. Endod. 2017, 43, 1862–1867. [CrossRef] [PubMed]
87. Beckloff, N.; Laube, D.; Castro, T.; Furgang, D.; Park, S.; Perlin, D.; Clements, D.; Tang, H.; Scott, R.W.; Tew, G.N.; et al. Activity of

an antimicrobial peptide mimetic against planktonic and biofilm cultures of oral pathogens. Antimicrob. Agents Chemother. 2007,
51, 4125–4132. [CrossRef] [PubMed]

88. Yang, Y.; Xia, L.; Haapasalo, M.; Wei, W.; Zhang, D.; Ma, J.; Shen, Y. A novel hydroxyapatite-binding antimicrobial peptide against
oral biofilms. Clin. Oral Investig. 2019, 23, 2705–2712. [CrossRef]

89. Shrestha, A.; Kishen, A. Antibacterial nanoparticles in endodontics: A review. J. Endod. 2016, 42, 1417–1426. [CrossRef]
90. Kishen, A.; Shi, Z.; Shrestha, A.; Neoh, K.G. An investigation on the antibacterial and antibiofilm efficacy of cationic nanoparticu-

lates for root canal disinfection. J. Endod. 2008, 34, 1515–1520. [CrossRef] [PubMed]
91. Stewart, C.A.; Finer, Y.; Hatton, B.D. Drug self-assembly for synthesis of highly-loaded antimicrobial drug-silica particles. Sci.

Rep. 2018, 8, 895. [CrossRef] [PubMed]
92. Del Carpio-Perochena, A.; Kishen, A.; Felitti, R.; Bhagirath, A.Y.; Medapati, M.R.; Lai, C.; Cunha, R.S. Antibacterial properties of

chitosan nanoparticles and propolis associated with calcium hydroxide against single- and multispecies biofilms: An in vitro and
in situ study. J. Endod. 2017, 43, 1332–1336. [CrossRef] [PubMed]

93. Shrestha, A.; Shi, Z.; Neoh, K.G.; Kishen, A. Nanoparticulates for antibiofilm treatment and effect of aging on its antibacterial
activity. J. Endod. 2010, 36, 1030–1035. [CrossRef]

94. Shrestha, A.; Kishen, A. Antibiofilm efficacy of photosensitizer-functionalized bioactive nanoparticles on multi-species biofilm. J.
Endod. 2014, 40, 1604–1610. [CrossRef]

95. Hussein, H.; Kishen, A. Antibiofilm and immune response of engineered bioactive nanoparticles for endodontic disinfection. J.
Clin. Med. 2020, 9, 730. [CrossRef] [PubMed]

96. Hussein, H.; Kishen, A. Engineered chitosan-based nanoparticles modulate macrophage-periodontal ligament fibroblast interac-
tions in biofilm-mediated inflammation. J. Endod. 2021, 47, 1435–1444. [CrossRef] [PubMed]

97. Liu, G.; Sun, J.; Gong, M.; Xing, F.; Wu, S.; Xiang, Z. Urine-derived stem cells loaded onto a chitosan-optimized biphasic
calcium-phosphate scaffold for repairing large segmental bone defects in rabbits. J. Biomed. Mater. Res. Part B Appl. Biomater. 2021,
109, 2014–2029. [CrossRef]

98. Xu, H.; Zou, X.; Xia, P.; Huang, H.; Liu, F.; Ramesh, T. Osteoblast cell viability over ultra-long tricalcium phosphate nanocrystal-
based methacrylate chitosan composite for bone regeneration. Biomed. Mater. 2021, 16, 045006. [CrossRef]

99. Ghasemi, S.; Ghomi, H. Investigation of applying chitosan coating on antibacterial and biocompatibility properties of bredig-
ite/titanium dioxide composite scaffolds. J. Biomater. Appl. 2021, 36, 406–418. [CrossRef]

100. Liu, H.; Lu, J.; Jiang, Q.; Haapasalo, M.; Qian, J.; Tay, F.R.; Shen, Y. Biomaterial scaffolds for clinical procedures in endodontic
regeneration. Bioact. Mater. 2021, in press. [CrossRef]

101. Wu, D.; Fan, W.; Kishen, A.; Gutmann, J.L.; Fan, B. Evaluation of the antibacterial efficacy of silver nanoparticles against
Enterococcus faecalis biofilm. J. Endod. 2014, 40, 285–290. [CrossRef] [PubMed]

102. Hernandez-Delgadillo, R.; Del Angel-Mosqueda, C.; Solís-Soto, J.M.; Munguia-Moreno, S.; Pineda-Aguilar, N.; Sánchez-Nájera,
R.I.; Chellam, S.; Cabral-Romero, C. Antimicrobial and antibiofilm activities of MTA supplemented with bismuth lipophilic
nanoparticles. Dent. Mater. J. 2017, 36, 503–510. [CrossRef] [PubMed]

http://doi.org/10.1177/154405910508401215
http://doi.org/10.1111/j.1600-0757.2009.00310.x
http://doi.org/10.1371/journal.pone.0132512
http://doi.org/10.1371/journal.pone.0166997
http://www.ncbi.nlm.nih.gov/pubmed/27880799
http://doi.org/10.1016/j.joen.2020.11.020
http://doi.org/10.1016/j.bioactmat.2018.06.002
http://doi.org/10.1016/j.joen.2018.07.018
http://doi.org/10.1016/j.joen.2017.06.037
http://www.ncbi.nlm.nih.gov/pubmed/28951034
http://doi.org/10.1128/AAC.00208-07
http://www.ncbi.nlm.nih.gov/pubmed/17785509
http://doi.org/10.1007/s00784-018-2701-x
http://doi.org/10.1016/j.joen.2016.05.021
http://doi.org/10.1016/j.joen.2008.08.035
http://www.ncbi.nlm.nih.gov/pubmed/19026885
http://doi.org/10.1038/s41598-018-19166-8
http://www.ncbi.nlm.nih.gov/pubmed/29343729
http://doi.org/10.1016/j.joen.2017.03.017
http://www.ncbi.nlm.nih.gov/pubmed/28578886
http://doi.org/10.1016/j.joen.2010.02.008
http://doi.org/10.1016/j.joen.2014.03.009
http://doi.org/10.3390/jcm9030730
http://www.ncbi.nlm.nih.gov/pubmed/32182743
http://doi.org/10.1016/j.joen.2021.06.017
http://www.ncbi.nlm.nih.gov/pubmed/34214497
http://doi.org/10.1002/jbm.b.34850
http://doi.org/10.1088/1748-605X/abe8ac
http://doi.org/10.1177/0885328221994290
http://doi.org/10.1016/j.bioactmat.2021.10.008
http://doi.org/10.1016/j.joen.2013.08.022
http://www.ncbi.nlm.nih.gov/pubmed/24461420
http://doi.org/10.4012/dmj.2016-259
http://www.ncbi.nlm.nih.gov/pubmed/28420830

	Introduction 
	Endodontic Biofilm Formation 
	Bioceramic Root Repair Material 
	MTA 
	Other MTA-Based Cements 
	Biodentine 
	EndoSequence Root Repair Material 

	Bioceramic Endodontic Sealers 
	Premixed Bioceramic Sealers 
	BioRoot RCS 
	MTA Fillapex 

	Potential Supplements to Enhance Antimicrobial Properties of Bioceramics 
	Peptides 
	Nanoparticles 

	Outlook 
	References

