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| 1. Applications for Nanotechnology in Endodontics

Nanotechnology has been utilized in several different parts of dentistry X, Nanomaterial studies have resulted in the
development of novel materials which improved the clinical outcomes significantly 2. The scope and applications of
nanotechnology in endodontics have been described in a number of studies in the literature 2IEBI4IEI6]

Successful endodontic treatment involves some major procedures such as biomechanical steps, disinfection, 3D sealing,
and obturation of the root canal system &l Fajlure might occur owing to the insufficiency of biomechanical steps related
with the root canal system anatomy, also the microleakage of sealing materials, in spite of the many successful root canal
treatment applications. The microleakage arises mostly due to the probable deficiencies in the quality 219, The irrigant
activation and cleaning plays an important role in the success and failure of endodontic treatment. It was reported that
irrigant activation promoted better pulp tissue dissolution in comparison to syringe/needle protocol, and pulp tissue
dissolution was significantly higher when heating was followed by sonic/ultrasonic activation 1112l Some materials used
in endodontics might have specific shortcomings such as shrinkage, moisture sensitivity, and dissolution in the oral
medium 3. Progress in the synthesis of novel materials having better quality sealing and biomechanical features will
enable the endurance of the success of endodontic treatment [,

Research related to the nano-applications in endodontics has been inaugurated in several treatment fields. Nanomaterials
having superior resistance toward wear and fatigue are proposed for the surface modification of rotary nickel-titanium (Ni-
Ti) files presently used in root canal treatment. Nanoparticles (NPs) would be effective for the improvement of the
medicament, irrigant, sealers, and obturating materials, and drug elutions would help for the improvement of sealing and
disinfection of root canal systems. Regenerative endodontics applications are currently in progress, generating enhanced
scaffolds [,

There are a considerable amount of successful research activities progressing in the field of endodontics which attempt to
amend several clinical directions such as files and filling constituents. Some NPs show better antimicrobial characteristics,
which can improve the efficacy of endodontic materials, intracanal medicaments and irrigation solutions, because of their
capability to spread better into the complex anatomical parts of the root canal systems owing to their particle size [2[14]15]
Most studies have continuously concentrated on the synthesis and utilization of nanocomposites obtained by the
modification of nanomaterials. These NPs could fortify the sealing characteristics during obturation, which could be
applied as root repair and root-end filling materials [ZLSI[161117]

| 2. Nanomaterials in Endodontics

Nanomaterials can be employed as irrigation, intracanal medicament, obturation materials and sealers . The functional
applications of nanomaterials in endodontics are shown in Figure 1. The types of nanomaterials in endodontic
applications can be mainly classified as organic NPs and inorganic NPs. Graphene, chitosan, and poly (lactic) co-glycolic
acid are among the organic nanomaterials that are used. Inorganic nanomaterials involve bioactive glass, calcium silicate
(CaySiO,4 or 2Ca0-Si0,), hydroxyapatite (Cas(PO4)3(0OH)), silver compounds, and metal oxides. Bioactive glass can be
composed of silicon dioxide (SiO,), sodium oxide (Na,O), and phosphorus pentoxide (P,Os). Metal oxides may involve
the oxides of iron (FeOx), zirconium (ZrO5), titanium (TiO,), calcium (CaO), magnesium (MgO), copper (CuO), and silicon
(SiO,). Such nanomaterials have shown promising results in endodontics I8, Figure 2 shows the main types of



nanomaterials employed in endodontic applications. However, it should be noted that the materials might somehow be
subject to long-term degradation. Thus, the issues related with the problems of deterioration that might occur
simultaneously need to be taken into consideration. In addition, the problems of aging or long-term degradation due to

either radiation degradation manifesting during radiation treatments or surface degradation might also be significant 12!
[20]
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Figure 1. Functional applications of nanotechnology in endodontics.
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Figure 2. Types of nanomaterials employed in endodontic applications.

It has been confirmed that the most efficient disinfection of root canals could be through the use of NPs owing to their
broad-spectrum antibacterial activities BI1821 The nanomaterials evaluated for disinfection in endodontics practice
include zinc oxide, silver chloride and chitosan nanoparticles (8. The efficacy of zinc oxide and chitosan
against Enterococcus faecalis (E. faecalis) was owing to their capability to break up the cell wall. Additionally, these have
the ability to break down the biofilms within the root canals 2122123 Sjlyver NPs are effective as root canal disinfection
agents. It was indicated that a silver NP (0.02%) gel was able to disrupt and kill the E. faecalis biofilm [241[25],

A kind of hioactive glass NPs have been employed efficiently as an antimicrobial agent for root canal disinfection [28127],
Its antimicrobial effect is owing to its capability to sustain the alkaline environment for a longer time. Studies have shown



that an increase in silica release and pH level was possible via the employment of a specific type of a nanometric
bioactive suspension and micrometric hybrid material 28], Fioretti et al. [22 reported the use of multilayered functional
groups involving nanostructured films which contain a melanocortin peptide as a novel biomaterial for endodontic
regeneration.

Mineral trioxide aggregate (MTA) has been utilized commonly in most endodontics applications. Some studies concerned
the nano-modification of this material. For example, Saghiri et al. B9 investigated the nano-modification of MTA and
investigated the enhancement of its physiochemical properties. They analyzed the properties of WMTA (white) and
NWMTA (nano white) and made a comparison. After preparation, WMTA and NWMTA were mixed together. The specific
surface area before hydration, setting time, X-ray crystallography (XRD) and microhardness at different pH conditions
were evaluated by BET, ISO 6876, Vickers hardness and EDS analysis techniques, respectively, for both materials.
Significant differences in specific surface area, surface hardness and setting time were observed for the two materials. It
was reported that an increase in specific surface area resulted in reduced setting time and increased microhardness even
at lower pH conditions 9. In another study, the changes of material physical properties and setting time were studied by
Akbari et al. B when nano-SiO, was added to WMTA. It was observed that nano-SiO,, which acted as a filler in cement,
improved the microstructure and accelerated the process of hydration. The influence of a nano-BG (58S) for the
odontogenic differentiation and mineralization of human dental pulp cells (hDPCs) was investigated by Gong et al. 22
using an in vitro analysis. Their study involved the preparation of extractions from the incubation of various particulates
(58S, 45S5, nano-58S BG) in Dulbecco modified Eagle medium. They used the BG extractions in which the hDPCs were
cultured as supernatants, and they studied the proliferation of hDPCs and the odontogenic differentiation depending on
the polymerase chain reaction of genes related with differentiation and mineralization (ALP, collagen type I, DSPP, dentin
matrix protein 1). They examined the gene expressions through ALP activity evaluation, osteocalcin and DSPP
immunocytochemistry staining, and mineralization assay. They reported that the nano-bioactive glass induced the
differentiation and mineralization of hDPCs more effectively, and it could be proposed as a potential candidate for the
regeneration of the dentin—pulp complex 32,

Saghiri et al. 33 evaluated the impact of bismuth oxide as a radiopaque additive, investigating the influence of particle
size and radiopacity of some type of cements based on tricalcium silicate (CSC). Different CSC kinds were used in their
study (CSC, CSC + 10% bismuth oxide (10 pm), CSC + 20% bismuth oxide, CSC + 10% nano-bismuth oxide (50-80 nm),
CSC + 20% nano-bismuth oxide, nano-WMTA (40-100 nm)). The radiopacity, compressive strength and surface
microhardness analysis were carried out on the samples. It was reported that the 20% nano-bismuth oxide addition
improved the physical properties without any considerable change of radiopacity, and lower values of physical properties
were observed with the 10 ym sized bismuth oxide-containing CSC material. In another study, the biocompatibility of the
NPs based on active CS and hydroxyapatite (HA-CS) systems was studied by Petrovi¢ et al. 24, in which the in
vitro cytotoxic and in vivo inflammatory responses to the materials were evaluated. In the followed methodology, the
cytotoxicity of the eluates of the materials was examined employing the MTT assay on MRC-5 cells. Test samples
involving polyethylene tubes were implanted in the subcutaneous tissue of Wistar rats, and histopathological evaluation
was carried out. According to the results, HA-CS caused rather thick capsules, while MTA (control) resulted in thin capsule
formation. Cytotoxic and inflammatory response evaluations showed the more effective biocompatibility of CS and HA-CS
as compared to MTA B4, According to the literature reports, the outcome of HA NPs indeed depends on their resistance to
aging, including radiation (12129,

The evaluation of the angiogenic properties of some vital pulp therapy materials such as WMTA, calcium hydroxide (CH),
Geristore, and nano-WMTA was investigated in a study conducted by Saghiri et al. B2, In their study, materials were
prepared in the form of disks dispersed into water; then, they were centrifuged for obtaining supernatant elution. Mice
molar endothelial cells (ECs) were left on the prepared hydrogel arrays. For the evaluation of the investigations according
to the choroidal neovascularization (CNV) model, female mice (6 weeks old) were laser treated, and elution from samples
were taken by injection on the laser running day and after 1 week. It was reported that the results indicated minimum
antiangiogenic activity, while Geristore and nano-WMTA confirmed more significant proangiogenic activities 52!,

Naseri et al. 28 evaluated the microhardness and superficial chemical structure of radicular dentin by the addition of
nano-CH by an in vitro work. It was reported that CH and NCH were effective in intracanal medicaments on the chemical
and physical features of dentin. In the trial, a number of dentin discs were prepared as control and treatment groups using
pastes of CH and NCH. Dentin microhardness was assessed after a certain period of time using the Vickers test, and the
Fourier transform infrared (FTIR) analysis was used for chemical characterization. The use of CH in intracanal
medicament reduced the microhardness of dentin (4 weeks), while NCH did not cause any change; on the other hand, a
chemical structure change was observed 1 week later for both materials 28],



In a study, Yang et al. B4 investigated the antibiofilm effect of an auxiliary irrigant solution (proanthocyanidin PA) on E.
faecalis along with the effects on the biodegradation and mechanical resistance properties of demineralized root dentine.
In their followed method, E. faecalis was added into human root dentine tubules applying a series of centrifugation
procedures and then left to grow for a period of 1 week. Dentine blocks affected by E. faecalis were processed with
various irrigant solutions such as sterile water, chlorhexidine (CHX), and PA. Then, the bacteria within E. faecalis biofilms
(live, dead) were identified using a confocal laser scanning microscope. The hydroxyproline release and elastic modulus
of human dentine were characterized for the evaluation of the biostability. The demineralized dentine collagen was
analyzed by X-ray photoelectron spectroscopy (XPS) for surface chemical characterization. According to the results, PA
was effective at killing E. faecalis within biofilms and improved the biostability of the demineralized root dentine collagen
matrix. It was proposed that PA could be applied effectively as an auxiliary endodontic irrigant for antibiofilm and collagen
stabilizing BZ. In another study, the regeneration of copper—calcium hydroxide (Cupral)-endodontically treated teeth with
apical periodontitis was evaluated via the employment of an electrophoresis technique by Meto et al. 8. It was reported
that the Cupral-electrophoresis methodology was effective in treating destructive periodontitis of teeth with problematic
canals up to 18 months allowing teeth preservation.

| 3. Nano-Testing of Structures in Endodontic Applications

The Ni-Ti endodontic rotary file is one of the widely utilized instruments in dental applications. The alloys employed have
many advantages such as high resistance to corrosion and superelasticity that grant them with good shape memory. So,
exploring the complicated anatomy of the root canal for a suitable endodontic treatment would be possible. It was reported
that cobalt coatings of a Ni-Ti file with fullerene-like WS2 impregnation on NPs resulted in considerable improvements in
the breakage time and fatigue resistance 2.

External cervical resorption (ECR), which is the dental hard tissue loss due to the action of odontoclasts, associates
dental, periodontal and pulpal tissues in the following phases and involves a dynamic mechanism. Over the recent years,
ECR has drawn increased attention, owing to the advanced micro-CT, histopathological and radiographic CBCT detection
techniques. However, it is reported that further work is necessary for the confirmation of the causes and effects of some
possible influencing factors. The maxillary central incisor, maxillary canine, maxillary lateral incisor, mandibular first molar
and maxillary first molar teeth are mostly affected, respectively. The corresponding steps in the ECR process involve
initiation, following progression and resorption, then reparative phases. Resorption, repair or remodeling might develop
concurrently at varying parts of the infected tooth. The improved accuracy of CBCT analysis leads to the more accurate
identification and evaluation of ECR along with determination of the best treatment procedure 4,

In a study conducted by Zinelis et al. 4%, a nano-indentation technique was used for the evaluation of the in-depth
hardness profiles of Ni-Ti and stainless steel (SS) instrument cross-sections, utilizing three instruments of each kind.
Hardness profiles were determined toward the center (2000 nm) by an MTS XP nanoindenter. According to the results, a
drop in hardness was observed as moving to the center for the endodontic instruments, which implied that the surface
hardness was considerably improved depending on the applied techniques. The cyclic fatigue effect on Ni-Ti endodontic
instruments was investigated by Jamleh et al. 4 using a nano-indentation analysis. In the investigation, several numbers
of fractured and new Ni-Ti rotary instruments were analyzed, and they reported that the technique could be utilized for the
determination of the performance along with the failure mechanism of the instruments. The fatigue analysis indicated a
considerable decrease in the elastic modulus and hardness of the instruments.

A methodology composed of a combination of techniques for the investigation of a central incisor with a large ECR case
was introduced in a study by Mavridou et al. ¥2. The diagnosis was based on clinical inspection, cone-beam computed
tomography (CBCT) and digital radiography. The tooth was examined by micro-CT, nano-CT and hard tissue histology
after extraction. It was reported that the nano-CT was more efficient than the other techniques. The reparative tissue, pulp
tissue reactions, pericanalar resorption-resistant sheet, resorbed canals and their interconnection with the periodontal
ligament space were determined by nano-CT technique. The methodology was proposed as a fast and minimal invasive
method to study the ex vivo evaluation of ECR together with the hard tissue histology. The approach of combining clinical
and CBCT along with the nano-CT and histological mapping analysis was proposed as an ideal method for ECR
identification. Mavridou et al. 43! studied the mechanisms and properties of ECR patterns in endodontically treated teeth
and teeth with vital pulps (seven cases of each). The diagnosis depended on clinical and radiographic CBCT analysis
results. The extracted teeth were also examined by scanning electron microscopy (SEM), hard-tissue histology and nano-
CT. They observed similar ECR patterns consisting of initiation, resorption, and then reparative steps in all the teeth, while
some differences were observed in the resorption and reparative stages between the two types of teeth. The resorption
stage in root canal-filled teeth was more intense than the repair stage due to the clastic cells and the presence of



granulation tissues as well as the absence of the pulp and protective PRRS layer and due to the chemical composition
change of the root dentine after root canal treatment 43!,

A study was conducted by lacono et al. 24 for the comparison of the phase transformation behavior, microstructure, nano-
hardness, elasticity modulus and the surface chemistry of HyFlex EDM and conventional HyFlex CM instruments, using
analysis techniques such as XRD, DSC, Raman spectroscopy and FE-SEM. Considerable differences in measurement
results of elasticity modulus and nano-hardness were determined between the two files. HyFlex EDM revealed enhanced
phase transformation temperatures and hardness. Analysis results confirmed the enhanced mechanical behavior of the
instruments 441,

A study was carried out by Petitiean et al. #2 on the assessment of a calcified extraradicular deposit on the apical root
surfaces of both roots by the application of a multimodular approach involving a combination of multiple investigation
methods. The root contained an apical periodontitis lesion, and a sinus tract was the only connection with the oral cavity.
The related diagnosis and treatment were achieved using clinical, ultrasound and radiographic (2, 3D) examinations.
Microscopic imaging, electron probe microanalysis (EPMA), hard/soft tissue histology and nano-CT were also used for the
analysis of the structure and composition of the extraradicular deposit “2. In a review paper presented by Patel et al. 2
on the histopathology and distribution of ECR, it was emphasized that CBCT appeared as a better technique because of
the limited performance of regular periapical radiography in the detection and assessment of ECR.

Contrast-enhanced nano-CT was used by Hildebrand et al. 28] to investigate the dental ultrastructures (soft dental tissues,
cellular layers) utilizing phosphotungstic acid (PTA) as an agent. In the method, sound third molars from healthy adults
were put in paraformaldehyde buffered solutions, and the influence of PTA concentration on dental hard and soft tissues
for CT identification was evaluated. The samples were also analyzed using a high-resolution nano-CT for the examination
of the cementum and pulpal sections. A 3D investigation along with quantitative analysis of the dentine composition was
obtained via the segmentation of the sigmoidal dentinal tubules and the surrounding dentine. It was reported that the
staining protocol allowed the visualization of hard and soft tissues along with cellular layers in teeth using nano-CT
imaging, and the protocol depended on the tissue type and size. The method offered an improved opportunity for the
concomitant visualization of hard and soft dental tissues 48!,

In a study, nano-CT analysis was utilized in the evaluation of the total obturation volumes and voids for various obturation
techniques by Holmes et al. 2. Their study was based on the consideration that the material and the technique used did
not have any effect on the total obturation volume or voids. Using maxillary left central incisor 3D-printed replicas and
different obturation groups in the investigation, nano-CT along with volumetric analysis were performed after obturation. It
was reported that the materials and the obturation technique considerably affected the voids and the total volume of
obturation material 4. The disinfecting and shaping characteristics of some preparation protocols in C-shaped root
canals were evaluated by Gazzaneo et al. 48 employing a correlative microcomputed tomographic and molecular
microbiology work. The BioRaCe and XP-endo Shaper systems were reported to have similar disinfection and shaping
properties in mandibular molars having C-shaped canals. In addition, the supplementary steps with the Hedstrém file and
the XP-endo Finisher promoted similar decreases in the unprepared canal surfaces, whereas the effects were not
sufficient to have significant improvements in bacterial elimination; thus, the development of more effective strategies
would be needed for the disinfection of the mentioned canals 48],
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