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Abstract: The impact of nano-based technologies in endodontics for the identification and treatment
of various dental infections is showing fast progress. Studies show that nanoparticles could serve as
useful agents with many beneficial results and continue to be promising in the field of endodontics.
To ensure progress and improvements on novel nanomaterials in relation to their physicochemical
and biological properties, nano-identification methods for the detection and evaluation of diseases
need to be further highlighted. This study aims to review the current technological progress and
recent research outcomes as well as possible prospective applications of nano-based technologies
in endodontics. A comprehensive literature survey has been carried out on the utilizations of
nanomaterials and nano-characterization techniques in endodontics. The current status and recent
applications in endodontics are discussed with illustrative examples. The results have shown that the
progress and improved accuracy of nano-identification techniques enabled a better characterization,
evaluation and selection of appropriate treatment plans for endodontics-related diseases. The results
have been inspiring for further clinical investigations. Nano-endodontics is still a developing field
with a strong potential for revolutions of novel materials and techniques in the diagnosis and
treatment of dental diseases. Further improvements in nanoparticles properties will pave the way for
the development of many beneficial endodontic therapeutic agents. The future looks encouraging for
sustainable products and testing methods for clinical endodontic applications.

Keywords: nanotechnology; nanomaterials; nano-characterization techniques; nano-dentistry;
endodontics; nano-endodontology

1. Introduction

The term nanotechnology involves the science, technology and engineering studies
at nanoscale dimensions, corresponding to a range of 1–100 nm, and it covers a diverse
application range in almost every field [1–4]. It is concerned with using particles by
governing their size and shape at a scale of a billionth of a meter [1,4]. A much simpler
interpretation is the generation of 100 nm or lower size functional structures [5,6]. Materials
might indicate dissimilar characteristics at nanoscale dimensions; some might be better
conductors of heat or electricity, some might have better stability, while the others possess
distinct magnetic properties or better-reflecting light or color-changing properties in relation
to their size [3]. Nanomaterials have much higher specific surface areas, making them ideal
for a wide application range requiring large surface areas, including biocatalysis, molecular
interactions of biomolecules in drug-delivery systems or energy-related applications.

The fast growth of nano-based technologies has led to the widespread utilization
of nanomaterials in a wide variety of fields related to the chemical industry, materials
science, electronics, aerospace industry, energy, environment, food, mechanics, robotics,
quantum mechanics, protein engineering, tissue engineering, photonics, textile, cosmetics,
sporting goods, including also medicine, biomedicine, and dental applications [7–11].
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Nanotechnology has been regarded as the state-of-the-art technology of the recent era.
According to the European Commission’s recommendation, the concept and the definition
of nanomaterial have been revealed in relation to the material’s origin, formation, form,
particle size, and size distribution [9,12,13].

1.1. History and Progress of Nanotechnology

The conception of nanotechnology was originally introduced by Feynman [14], who
has been regarded as the ancestor of modern nanotechnology [12]. Taniguchi et al. [15]
defined nanotechnology as the treatment of materials consisting of consolidation, separation
and deformation caused by an atom or a molecule [4]. The famous form of carbon, which
would find widespread applications in the following years called the carbon nanotubes,
was for the first time introduced by Iijima in 1991 [12,16,17]. Bayda et al. [4] presented a
comprehensive review on the historical development, progress, chemical, physical, and
nanomedical applications of nanosciences. The methods developed for nanostructures can
be considered as top–down and bottom–up methods. There are differences between these
two methods in terms of rapidity of the process, product quality, and expenses. In the
bottom–up approach, the nanostructures are built from the bottom via the manipulation
of self-assembly of atoms/molecules in nanoscale dimensions in a controlled manner by
chemical and physical methods. The top–down method refers to the decomposition of
bulk materials into nanostructured particles by the employment of recently developed
techniques such as lithography or precision engineering [4,18].

Drexler [19] interpreted the building up of complex machines from singular atoms that
can independently regulate atoms and molecules producing self-assembly nanostructured
particles, hence contributing to the development of molecular engineering theory. Drexler
et al. [20] employed nanobots or assemblers concepts for nano-based processes in the
medicinal field, which led to the usage of the nanomedicine term [4].

Nanotechnology has shown rapid development due to its auspicious potential. The
addition of nanoparticles (NPs) significantly promotes the enhancement of the physical
and mechanical characteristics of a material [21]. Kumar and Kumbhat [22] described the
unique properties of nanomaterials in their study, while Jeevanandam et al. [23] presented
the historical development, sources, toxic properties and regulations related to NPs and
nanostructured materials. They discussed the classifications and sources of NPs along with
nanostructured materials and their toxicological influences over cells and tissue.

In the past few years, nanostructured materials have captured increasing attention
owing to their promising applications in various fields involving diagnostics and therapeu-
tics in medicine. This potential results from their unique chemical, biological and physical
characteristics associated with their high specific surface area along with the quantum
phenomena of the NPs. They are in a similar size range to most of the biological molecules
such as proteins and membrane receptors. The interactions between these biomolecules
and the NPs can be controlled by the proper adjustment of the surface property and the
composition of the particles [9]. Figure 1 illustrates the unique properties of nanomaterials.
Their behavior is significantly different from bulk materials due to the lower stability of
atoms available on the surface. This is due to the fewer neighbors of the surface atoms,
which will lead to lower coordination and unsatisfied bonds. The other reason is the
quantum confinement effects due to the delocalization of electrons [9,24,25].
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Figure 1. Unique properties of nanoparticles.

1.2. Nano-Dentistry and Contribution of Nanotechnology to Dental Applications

In the past few years, nanotechnology principles have contributed to the medical
field for the improvement of treatment procedures [21]. NPs can be utilized efficiently
as imaging, diagnostic and therapeutic agents [9]. Primary oral care and clinical dental
sciences will continue experiencing considerable developments and progress at various
levels of dentistry, which are of considerable benefits to both patients and dentists owing to
the significant developments in the chemical, biological and physical sciences [6].

The nano-dentistry term was invented by Freitas [26], who contributed to developing
nanorobots and nanomaterials. He conducted work on the regeneration of dentition and
the development of dentifrobots in dentrifices, which are widely recognized by clinicians
today [12,26,27]. Nanotechnology has contributed to the dental sciences with a diverse
range of novel biomaterials, dental tissue regeneration templates, oral fluid nanodiagnostics,
and lost dental hard tissue replacement NPs [6].

The most influential contribution of nano-based technologies to the field of conserva-
tive dental sciences is the utilization of various nanocomposites for the more improved
restoration of tooth structure. In the near future, most of the procedures in dentistry
are expected to be performed using types of equipment based on nanotechnology [28].
Markan et al. [28] presented a review on the progress of nanotechnological applications in
endodontics, preventive and conservative dental sciences. In nano-dentistry, the object is
maintaining ideal oral health by the use of nanomaterials, nanorobotics and tissue engi-
neering [29]. Nanomaterials which are manufactured by either top–down or bottom–up
approaches provide a novel insight in preventing and treating dental diseases [28,30,31].
The positively charged ions and the improved specific surface area enable the interaction
of NPs with the bacterial cells carrying a negative charge, thus leading to a much higher
antibacterial activity [32]. Moreover, NPs in the form of combined polymers or coatings
onto biomaterial surfaces exhibit improved antimicrobial property [12,33].

1.3. Nanomaterial Characterization

The action and functioning of the NPs within their in vivo environment are greatly
influenced by their physicochemical characteristics. NPs, in the biological medium, will
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soon encounter blood that would lead to agglomeration and segregation [34]. The optimum
particle size for NPs is the 10–100 nm range for in vivo delivery, considering that the tiny
particles are quickly sequestered by the reticuloendothelial system (RES) [35]. While NPs
can assist as being beneficial diagnostic, imaging and therapeutic agents, they might cause
some cytotoxic consequences. Therefore, the detailed characterization of NPs, especially
for those designed for medicinal applications, is necessary to predict their behavior in
biological systems [9].

The important current techniques that are useful for the characterization of nanomate-
rials have been described in various publications [9,36,37]. Surface characteristics, along
with the particle size, is a significant factor for determining the life period and destruction
of NPs during circulation. A hydrophilic surface of NPs would be favorable for the preven-
tion of their interactions with the plasma proteins and inhibiting capture by RES [38,39].
It is necessary to predict and highlight the potential side effects along with their planned
influence of NPs upon cell and tissues. Hence, the characterization and impact of NPs are
crucial issues in their analysis [9].

Many techniques can be used for the structural, size and quantitative characteriza-
tion of nanomaterials. Structural analysis techniques involve Fourier transform infrared
(FTIR) spectroscopy, nuclear magnetic resonance (NMR), X-ray crystallography (XRD),
Raman spectroscopy (RS), circular dichroism (CD) spectroscopy, site-directed spin label-
ing (SDSL), electron paramagnetic resonance (EPR), mass spectrometry (MS), dynamic
light scattering (DLS), time of flight-secondary ion mass spectrometry (ToF-SIMS), flu-
orescence spectroscopy (FS), surface plasmon resonance sensor (SPR), fluorescence (FL)
techniques, isothermal microcalorimetry (ITC), ultraviolet-visible spectroscopy (UV-VIS),
and zeta potential (ZP). The size of NPs can be analyzed using techniques such as dif-
ferential centrifugal sedimentation (DCS), ultracentrifugation (UC), asymmetrical flow
field fractionation (AF4), differential light scattering (DLS), small-angle X-ray scattering
(SAXS), scanning electron microscopy (SEM), small-angle neutron scattering (SANS), trans-
mission electron microscopy (TEM), field-flow fractionation (FFF), sedimentation–velocity
analytical ultracentrifugation (SV-AUC), and 2D analytical ultracentrifugation (2D AUC).
Quantitative techniques involve MS, inductively coupled plasma-MS instrument (ICP-MS),
MS-coupled with chemical, crosslinking (XL-MS), X-ray photoelectron spectroscopy (XPS),
liquid chromatography-MS (LC-MS), fluorescence correlation spectroscopy (FCS), and
fluorescence spectroscopy/tryptophan fluorescence (FS-TRP) [9,36,37].

1.4. Motivations and Aim of the Present Contribution

As pointed out, nanomaterials have gained importance lately in various fields owing
to their unique properties, which yielded much improved performances. The impact of
NPs in dentistry, as well as endodontics for the treatment of various dental infections, is
showing fast progress. Studies have shown that NPs could serve as useful agents for many
significant functions in endodontics, achieving beneficial results and having shown great
promise in the field. Nanotechnology is expected to impact the diagnosis and materials
in dental applications [40]. The results have been inspiring enough for more clinical
investigations, which will enable the therapeutical importance of nano-structural particles
to be verified. On the other hand, the literature studies have shown that the significance of
nanotechnological improvements on endodontics is yet to be recognized. There is a need
to highlight the progress and improvements in endodontic applications, such as the type
of novel nanomaterials that would be prepared for the further progression of endodontic
therapeutic agents; nano-testing methods that would enable the more precise detection
and evaluation of diseases with choosing the most applicable therapeutics, and the role
of NPs in imaging, diagnostics and therapeutics, in relation to the physicochemical and
biological properties of NPs characterization. In addition, most studies are related with
NPs’ in vitro environment, and a significant knowledge gap exists regarding predicting
their behavior within an in vivo environment. Hence, there is a need to further address the
detailed characteristics of NPs intended for medical applications, challenges in relation to
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the cytotoxic effects, and the issues related with the future development of nano-approaches
in endodontics. In this context, this study aims to review the current technological progress
and recent research outcomes as well as possible prospective applications of nanomaterials
and nanotechnology in the area of endodontics.

In this study, recent progress and studies on nano-dentistry applications in endodontics
have been investigated and presented in two parts. In the first part, nanoapplications in-
cluding nanomaterials or the nano-improvement of materials in endodontics are discussed,
while the second part involved the nanoapplications related to nano-testing of structures.

2. Materials and Methods

In the existing study, an extensive literature survey is carried out on the utilization of
nanotechnology in endodontics, and the current status and applications of nanotechnol-
ogy in endodontics are discussed with illustrative examples. On that account, a manual
electronic survey was carried out through the electronic databases such as Web of Science,
Google Scholar, and PubMed, using keywords “nano-dentistry”, “dental nanomaterials
+ endodontics”, “nanotechnology + endodontics”, “nano-identification techniques + en-
dodontics”, “nano-characterization techniques + endodontics”. Relevant articles published
between 2008 and 2022 were retrieved, and a preliminary analysis was performed among
the publications by screening the titles and abstracts of the published articles. The inclu-
sion criteria for the search involved the original data available including original articles
published in English at peer-reviewed indexed journals. The exclusion criteria were non-
English studies, letters, and articles not involving data. Full texts of the articles were
retrieved, then with an additional manual search, we added publications on the topic
on recent studies including literature reviews. A comprehensive literature survey was
achieved to determine the current and possible future applications of nanotechnology
in endodontic treatments. The methods that are useful for the characterization of nano-
materials as well as recent applications of nanomaterials in endodontics, nano-testing of
dental structures in endodontic instruments, conclusions and challenges in the field on the
selected representative articles are described.

3. Applications for Nanotechnology in Endodontics

Nanotechnology has been utilized in several different parts of dentistry [41]. Nano-
material studies have resulted in the development of novel materials which improved
the clinical outcomes significantly [6]. The scope and applications of nanotechnology in
endodontics have been described in a number of studies in the literature [2,6,12,21,28,41].

Successful endodontic treatment involves some major procedures such as biomechani-
cal steps, disinfection, 3D sealing, and obturation of the root canal system [42,43]. Failure
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 defi-
ciencies in the quality [44,45]. 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 [46,47]. Some materials used in endodontics might have specific shortcomings
such as shrinkage, moisture sensitivity, and dissolution in the oral medium [48]. Progress
in the synthesis of novel materials having better quality sealing and biomechanical features
will enable the endurance of the success of endodontic treatment [6].

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. NPs would be effective for the improvement of
the medicament, irrigant, sealers, and obturating materials, and drug elutions would
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help for the improvement of sealing and disinfection of root canal systems. Regenerative
endodontics applications are currently in progress, generating enhanced scaffolds [41].

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 im-
prove 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 [6,49,50]. Most studies have continuously concen-
trated 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 [6,50–52].

3.1. Nanomaterials in Endodontics

Nanomaterials can be employed as irrigation, intracanal medicament, obturation
materials and sealers [12]. The functional applications of nanomaterials in endodontics
are shown in Figure 2. 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 nanoma-
terials involve bioactive glass, calcium silicate (Ca2SiO4 or 2CaO·SiO2), hydroxyapatite
(Ca5(PO4)3(OH)), silver compounds, and metal oxides. Bioactive glass can be composed
of silicon dioxide (SiO2), sodium oxide (Na2O), and phosphorus pentoxide (P2O5). Metal
oxides may involve the oxides of iron (FeOx), zirconium (ZrO2), titanium (TiO2), calcium
(CaO), magnesium (MgO), copper (CuO), and silicon (SiO2). Such nanomaterials have
shown promising results in endodontics [12,53]. Figure 3 shows the main types of nano-
materials 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 [54,55].

Figure 2. Functional applications of nanotechnology in endodontics.



Materials 2022, 15, 5109 7 of 22

Figure 3. 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 [2,53,56]. The nanomate-
rials evaluated for disinfection in endodontics practice include zinc oxide, silver chloride and
chitosan nanoparticles [53]. 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 [56–58]. Silver 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 [59,60].

A kind of bioactive glass NPs have been employed efficiently as an antimicrobial agent
for root canal disinfection [61,62]. 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 [28,63]. Fioretti et al. [64] reported
the use of multilayered functional groups involving nanostructured films which contain a
melanocortin peptide as a novel biomaterial for endodontic regeneration.

Recent progress and some selected studies that investigated applications of nano-
materials in endodontics are presented in Table 1. The topic of the study, the type of
nanomaterials used, and the methods followed related with each specific study are indi-
cated with the corresponding references. Table 2 presents the results and achievements on
the application of nanomaterials in endodontics with respect to the targeted objectives of
each study.
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Table 1. Nanotechnology applications in endodontics: nano-improvement of materials.

Study Nanomaterials/Methods Reference

• nano-modification of MTA for
enhanced physicochemical
properties

• preparing WMTA, nano-WMTA and mixing
• powder surface area (BET), setting time (ISO-6876),

micro-hardness (Vickers), XRD measurements
Saghiri et al. [65]

• effect of nano-silica on setting time
and physical properties of MTA

• adding nano-silica to WMTA, mixing with water
• setting time, compressive strength, flexural strength

measurements
• comparing with pure MTA

Akbari et al. [66]

• effect of nano-BG on differentiation
and mineralization of hDPCs

• investigating the effect of nano-BG (58S) on the
odontogenic differentiation and mineralization of
hDPCs in vitro.

• preparing BG (nano-58S, 45S5, 58S) extractions by
incubation in Dulbecco modified Eagle medium (1%
w/v, 24 h), filtrating (0.22 µm)

• culturing hDPCs in BG extractions
• evaluating proliferation of hDPCs using methylthiazol

tetrazolium assay
• evaluating odontogenic differentiation and

mineralization
• ALP activity assessment, immunocytochemistry

staining, mineralization assay

Gong et al. [67]

• effect of radiopacifier particle size
on the physical properties of CSC

• impact of nano-bismuth oxide on the physical
properties and radiopacity of CSC

• preparing CSC types

� CSC
� CSC + 10% bismuth oxide (10 µm)
� CSC + 20% bismuth oxide
� CSC + 10% nano-bismuth oxide (50–80 nm)
� CSC + 20% nano-bismuth oxide
� nano WMTA (40–100 nm)

• surface microhardness, radiopacity, compressive
strength tests

Saghiri et al. [68]

• biocompatibility of nanomaterials:
in vitro and in vivo study

• nanomaterials (CS, HA-CS, MTA)
• testing cytotoxicity of nanomaterial eluates using MTT

assay on MRC-5 cells
• implanting test materials in subcutaneous tissue of

Wistar rats
• histopathological examinations

Petrović et al. [69]

• hydrogel arrays and CNV model for
angiogenic activity of vital pulp
therapy biomaterials

• angiogenic properties of vital pulp therapy materials
(WMTA, CH, Geristore, nano-WMTA)

• preparation of material (WMTA, CH, Geristore,
nano-WMTA) disks, obtain supernatant elution.

• preparation wells of polyethylene glycol hydrogel
arrays, placing mice molar ECs

• sample elutions added to hydrogel arrays
• 6-week-old female mice (35) lasered, elution from each

sample/saline delivered by intravitreal injection on
laser treatment day and after 1 week

• CNV model evaluation

Saghiri et al. [70]
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Table 1. Cont.

Study Nanomaterials/Methods Reference

• effect of nano–CH on microhardness
and superficial chemical structure of
root canal dentin: ex vivo study

• effect NCH on the microhardness and superficial
chemical structure of radicular dentin, in vitro trial

• 80 dentin discs assigned into control and
treatment groups

• CH and NCH pastes used in groups
• samples were washed with saline/sodium

hypochlorite
• after 1 and 4 weeks, Vickers test for dentin

microhardness, FTIR for phosphate/amide I

Naseri et al. [71]

• antibiofilm and collagen-stabilizing
effects of PA as an auxiliary
endodontic irrigant

• introducing E. faecalis into human root dentine tubules
by centrifugation

• treating dentine blocks infected with 1-week-old E.
faecalis biofilms with irrigants (sterile water, CHX, PA).

• analyzing bacteria (live/dead) within E. faecalis
biofilms (confocal laser-scanning microscopy)

• evaluating biostability of fully demineralized dentine
treated by irrigants

• testing elastic modulus and hydroxyproline release of
human dentine incubated in collagenase solution (at
baseline, after irrigant treatment, biodegradation)

• XPS characterization of demineralized dentine
collagen treated by irrigants

Yang et al. [72]

Table 2. Achievements related to nanotechnology applications in endodontics: nano-improvement
of materials.

Aim Results and Achievements Reference

• analyzing physicochemical
properties of nano-NWMTA

• increasing surface area of powder can reduce setting time
and increase microhardness even at lower pH values after
hydration

Saghiri et al. [65]

• evaluating the effect of nano-silica
to MTA on setting time and physical
properties

• addition of nano-silica to MTA accelerated the hydration
process, reduced the setting time, and had no adverse
effect on the compressive and flexural strength of MTA

Akbari et al. [66]

• investigating the effects of nano-BG
on hDPCs in vitro.

• Nano-BG (58S) can induce the differentiation and
mineralization of hDPCs more efficiently, potential
candidate for hDPCs regeneration

Gong et al. [67]

• evaluating effect of nano-bismuth
oxide as radiopaque additive,
particle size on the physical
properties, and radiopacity of CSC

• addition of 20% nano-bismuth oxide enhanced physical
properties of CSC, no significant radiopacity change

• regular particle-size bismuth oxide reduced the physical
properties of CSC

Saghiri et al. [68]

• evaluating in vitro cytotoxicity and
in vivo inflammatory response to
nanomaterials

• materials significantly reduced cell viability
• CS, HA-CS significantly less toxic than MTA
• cytotoxicity could be partially attributed to pH kinetics

over time
• dilution of eluates of materials resulted in better cell

survival
• histopathological examination indicated similar

inflammatory reaction, vascular congestion, connective
tissue integrity (CS, HA-CS, MTA)

• HA-CS induced moderately thick capsules, MTA resulted
in thin capsule formation

• better biocompatibility of CS, HA-CS as compared to MTA

Petrović et al. [69]
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Table 2. Cont.

Aim Results and Achievements Reference

• evaluating angiogenic properties of
vital pulp therapy biomaterials,
hydrogel arrays and CNV models

• all materials showed minimal antiangiogenic activity
• Geristore and nano-WMTA showed higher proangiogenic

activity
Saghiri et al. [70]

• evaluating effect of nano–CH on
microhardness and superficial
chemical structure of radicular
dentin

• CH as an intracanal medicament for 4 weeks reduced
dentin microhardness

• no change in microhardness with nano-CH
• change in the superficial chemical structure observed

earlier after 1 week for both CH, nano-CH groups

Naseri et al. [71]

• evaluating antibiofilm effect of PA
solution as an irrigant against E.
faecalis

• evaluating influence on mechanical
properties, biodegradation
resistance of demineralized root
dentine

• dead E. faecalis volume significantly higher in PA, CHX
groups

• PA irrigation significantly increased mechanical properties
of demineralized dentine, effect was enhanced with
increasing PA concentration

• CHX, PA groups had significantly less elasticity loss and
hydroxyproline release

• dentine collagen biomodification by PA verified by XPS
• PA killed E. faecalis within biofilms and enhanced

biostability of the collagen matrix of demineralized root
dentine.

• PA might be used as an auxiliary endodontic irrigant with
antibiofilm and collagen-stabilizing effects

Yang et al. [72]

Mineral trioxide aggregate (MTA) has been utilized commonly in most endodontics
applications. Some studies concerned the nano-modification of this material. For exam-
ple, Saghiri et al. [65] 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, 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 [65]. In
another study, the changes of material physical properties and setting time were studied by
Akbari et al. [66] when nano-SiO2 was added to WMTA. It was observed that nano-SiO2,
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. [67]
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 dif-
ferentiation and mineralization of hDPCs more effectively, and it could be proposed as a
potential candidate for the regeneration of the dentin–pulp complex [67].

Saghiri et al. [68] 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 the study (CSC, CSC +
10% bismuth oxide (10 µm), CSC + 20% bismuth oxide, CSC + 10% nano-bismuth oxide
(50–80 nm), CSC + 20% nano-bismuth oxide, nano-WMTA (40–100 nm)). The radiopacity,
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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 µm 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 Petrović et al. [69], 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 [69]. According to the literature
reports, the outcome of HA NPs indeed depends on their resistance to aging, including
radiation [54,55].

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. [70]. In the 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 [70].

Naseri et al. [71] 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 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 [71].

In a study, Yang et al. [72] investigated the antibiofilm effect of an auxiliary irrigant so-
lution (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 dem-
ineralized dentine collagen was analyzed by 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 [72]. In another study, the regeneration of copper–calcium hydrox-
ide (Cupral)-endodontically treated teeth with apical periodontitis was evaluated via the
employment of an electrophoresis technique by Meto et al. [73]. 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.
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3.2. 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 [6].

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 atten-
tion, 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 im-
proved accuracy of CBCT analysis leads to the more accurate identification and evaluation
of ECR along with determination of the best treatment procedure [74].

Recent progress and some selected studies investigated on applications of nano-testing
methods in endodontics are presented in Table 3. The topic of the study, the type of nano-
testing method employed, and the procedures related with each specific study are indicated
in the table with the references. Table 4 shows the results and achievements on the application
of nano-testing methods in endodontics with respect to the targeted aims of each study.

Table 3. Nanotechnology applications in endodontics: nano-testing of structures.

Study Methods Reference

• in-depth hardness profiles of
SS/Ni-Ti endodontic instrument
cross-sections by
nano-indentation

• studying SS/Ni-Ti instruments
• measuring in-depth hardness profiles after

embedding/metallographic preparation using MTS XP
nanoindenter (Berkovich diamond)

Zinelis et al. [75]

• nano-indentation testing of new
and fractured Ni-Ti endodontic
instruments

• testing Ni-Ti rotary instruments using a cyclic fatigue
set-up until fracture

• using fractured and new Ni-Ti instruments for
nano-indentation test

Jamleh et al. [76]

• a multimodular methodology
for investigating ECR

• selecting one case of a central incisor (extensive ECR) to
demonstrate the potential of methodology

• ECR diagnosis based on clinical inspection/digital
radiography/CBCT

• investigating tooth using micro-CT/nano-CT/hard- tissue
histology (after extraction)

• comparison of techniques

Mavridou et al. [77]

• understanding ECR patterns in
endodontically treated teeth

• investigating cases of endodontically treated permanent
teeth displaying ECR

• ECR diagnosis based on clinical findings/radiographic
examination with CBCT

• further analysis of extracted teeth by nano-CT/hard-tissue
histology/SEM

Mavridou et al. [78]
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Table 3. Cont.

Study Methods Reference

• structural analysis of HyFlex
EDM instruments

• examining new and laboratory used HyFlex EDM by
XRD/DSC

• investigating nano-hardness/elasticity modulus
• using RS, FE-SEM to assess the surface chemistry of

HyFlex EDM
• investigations with HyFlex CM for comparison

Iacono et al. [79]

• multimodular assessment of a
calcified extraradicular deposit
on the root surfaces of a
mandibular molar

• a mandibular first molar with a calcified extraradicular
deposit on the apical root surfaces of both roots

• an apical periodontitis lesion/a sinus tract serving as the
only communication with the oral cavity

• diagnosis/treatment based on clinical/radiographic
(2–3D)/ultrasound examination

• further analyzing the tooth using microscopic imaging,
nano-CT, hard and soft tissue histology, electron probe
microanalysis after extraction

Petitjean et al. [80]

• ECR: histopathology,
distribution, presentation

• novel micro-CT, histopathological techniques,
radiographic detection using CBCT

• review covering the etiology, potential predisposing
factors, histopathology, diagnosis of ECR

Patel et al. [74]

• contrast-enhanced nano-CT
revealing soft dental tissues and
cellular layers

• collecting sound third molars from healthy human adults
(buffered paraformaldehyde)

• evaluating impact of PTA on dental soft/hard tissues for
CT imaging

• cementum/dentine-pulp sections cut, dehydrated, stained
(12, 24 h; 2, 5 days)

• scanning samples by nano-CT to examine
cementum/pulpal regions

Hildebrand et al. [81]

• volumetric evaluation of root
canal obturation methods in
truetooth 3D-printed tooth
replicas using nano-CT

• evaluating the volumes of total obturation and voids in
different obturation techniques using nano-CT imaging

• fifty maxillary left central incisor 3D-printed replicas
(truetooth) instrumented, assigned to 5 different
obturation groups:

� single cone with EndoSequence Gutta-Percha Points
and Ribbon Sealer

� single cone with BC 150 Series Gutta-Percha Points
and EndoSequence BC Sealer

� continuous wave with EndoSequence Gutta-Percha
Points and Ribbon Sealer

� GuttaCore carrier obturation and Ribbon Sealer
� cold lateral condensation with EndoSequence

Gutta-Percha Points and Ribbon Sealer

• after obturation, obtaining nano-CT images, performing
volumetric analysis

Holmes et al. [82]
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Table 4. Achievements related to nanotechnology applications in endodontics: nano-testing of structures.

Aim Results and Achievements Reference

• evaluating in-depth hardness
profiles of SS/Ni-Ti endodontic
instrument cross-sections using
a nano-indentation technique

• for all instrument cross-sections, maximum hardness
obtained at the outer surface

• hardness classification of instruments, for both outer and
innermost locations, in decreasing order: Reamer > K >
Hedström > Profile > NRT shank (without thermal
treatment) > NRT tip (with thermal treatment) > Liberator

• maximal hardness, at the outer surface of instruments
attributed to residual stresses developed due to cutting
and thermal effects during manufacturing

• increased outer layer hardness may have a beneficial effect
on cutting ability and wear resistance of instruments

• all endodontic instruments had a decrease in hardness
toward their center, implying that the surface hardness of
contemporary instruments was significantly enhanced by
the consequences of manufacturing processes

Zinelis et al. [75]

• investigating effect of cyclic
fatigue on Ni-Ti endodontic
instruments using a
nano-indentation test

• significant differences in terms of hardness/elastic
modulus for groups

• nano-indentation technique can be applied to determine
the performance/failure mechanism of Ni-Ti instruments

• fatigue process revealed a significant decrease in
hardness/elastic modulus of Ni-Ti instrument

• fatigue process did not result in work hardening but rather
work softening

Jamleh et al. [76]

• introducing a multimodular
combination of techniques as a
novel minimal invasive
approach

• efficient and accurate
investigation of ECR

• nano-CT is a fast and minimal invasive technique for ex
vivo analysis and understanding ECR, complementary
with hard tissue histology

• a combined approach of clinical/CBCT examination, with
nano-CT and histological mapping measurements, can
provide an ideal platform for ECR imaging and
exploration

Mavridou et al. [77]

• understanding ECR patterns in
endodontically treated teeth

• comparing
characteristics/mechanisms of
ECR in root filled teeth with
those established in teeth with
vital pulps

• all endodontically treated teeth had similar ECR patterns
• patterns as an initiation, a resorption and a reparative

stage
• differences between endodontically treated and teeth with

vital pulps, mainly in the resorption and reparative stages
• resorption stage in root filled teeth more intense than

repair stage, due to clastic cells and abundant granulation
tissues

• possibly due to absence of pulp and protective PRRS layer
and/or to altered chemical composition of root dentine
after root canal treatment

• at repair stage, formation of reparative bonelike tissue
took place to a lesser extent in root filled teeth

Mavridou et al. [78]

• comparing phase transformation
behavior, microstructure,
nano-hardness, surface
chemistry of HyFlex EDM
instruments with conventional
HyFlex CM

• XRD analysis on HyFlex EDM revealed presence of
martensite/rhombohedral R-phase, while
martensite/austenite identified in HyFlex CM

• DSC analysis disclosed higher austenite finish
temperatures for EDM instruments

• significant differences in nano-hardness/elasticity
modulus between EDM/CM files

• FE-SEM and EDS analyses confirmed both EDM/CM files
covered by an oxide layer

• rutile-TiO2 presence by micro-Raman spectroscopy
• HyFlex EDM revealed peculiar structural properties

(increased phase transformation temperatures, hardness)
• enhanced mechanical behavior of instruments

Iacono et al. [79]
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Table 4. Cont.

Aim Results and Achievements Reference

• achieving a better
understanding of a calcified
extraradicular deposit on apical
root surfaces of a mandibular
first molar (radicular cyst/sinus
tract)

• application of multimodular
approach using a combination of
multiple investigation methods

• calcified extraradicular deposit can develop on the apical
root surfaces of teeth with apical periodontitis in
association with a radicular cyst/sinus tract

• sinus tract serves as the only communication between the
apical lesion and the oral cavity whilst no periodontal
defects present

• intra-oral radiography, high-resolution CBCT, nano-CT,
hard tissue histology, EPMA can reveal calculus-like
appearance and composition of extraradicular deposit

• calcified extraradicular deposits appear hyperechoic on
ultrasound imaging and lead to occurrence of twinkling
artefacts due to their rough mineralized surface

Petitjean et al. [80]

• review of aetiology, potential
predisposing factors,
histopathology, diagnosis of
ECR

• several potential predisposing factors identified for ECR;
certain combinations of factors result in a higher frequency
of ECR

• more research required to confirm the cause and effect
relationship

• most commonly affected teeth appear as maxillary incisor,
canine, first molar and mandibular first molar teeth

• three stages in the process of ECR; initiation,
progression/resorption and reparative phase. Resorption
and repair/remodeling progress in parallel at different
areas of affected tooth

• increased accuracy of CBCT results in more accurate
detection, assessment of ECR, selection of the most
appropriate treatment plan

Patel et al. [74]

• introducing a methodology to
simultaneously visualize dental
ultrastructures (cellular/soft
tissue components) by utilizing
PTA as a contrast-enhancement
agent

• dental cementum/periodontium/odontoblasts/
predentine made visible by PTA staining in
high-resolution 3D nano-CT scans

• different segments of tooth required different staining
protocols

• thickness of cementum computed over length of tooth
making visible by PTA-enhanced contrast, attached soft
tissue components of the interior tooth shown on the
dentine–pulp interface in greater detail

• 3D illustrations allowed a histology-like visualization of
sections in all orientations with a single scan/easy sample
preparation

• 3D and quantitative analysis of dentine composition
(tubular lumen, ratio of tubular lumen area to the dentinal
surface) by segmentation of sigmoidal dentinal tubules
and surrounding dentine

• visualization of hard tissues along with cellular
layers/soft tissues in teeth using a laboratory-based
nano-CT technique by staining protocol

• the protocol depended on tissue type/size
• methodology offered enhanced possibilities for

concomitant visualization of soft/hard dental tissues

Hildebrand et al. [81]

• evaluating volumes of total
obturation and voids in different
obturation techniques using
nano-CT imaging

• obturation technique and materials used significantly
affect total volume of obturation material and voids Holmes et al. [82]
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In a study conducted by Zinelis et al. [75], 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. [76] 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. [77].
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. [78] 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 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 [78].

A study was conducted by Iacono et al. [79] for the comparison of the phase transforma-
tion 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 measure-
ment 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 [79].

A study was carried out by Petitjean et al. [80] on the assessment of a calcified ex-
traradicular deposit on the apical root surfaces of both roots by the application of a multi-
modular 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 [80]. In a review paper presented
by Patel et al. [74] 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. [81] 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



Materials 2022, 15, 5109 17 of 22

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 ob-
tained 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 [81].

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. [82]. The 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 [82]. The disinfecting and shaping characteristics of some preparation protocols
in C-shaped root canals were evaluated by Gazzaneo et al. [83] 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 Hedström 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 [83].

4. Discussion of Literature Work

The impact of the development of novel NPs, their surface modifications, enhanced
biofunctional and tribomechanical behaviors, clinical performances, along with various
nano-characterization methodologies in the dental field involving endodontics has been
emphasized in a number of recent contributions as well [84–91]. Studies have shown that
the impact of nanomaterials for the treatment of various oral diseases in endodontics is
showing fast progress. Nanomaterials can perform as beneficial imaging, diagnostic and
therapeutic agents [9,12]. They can be employed as fillers, irrigants and photodynamic
therapy for the achievement of useful results [21]. NPs have shown considerable potential in
the reduction in biofilm formation, remineralization enhancement of the tooth structure by
the inhibition of demineralization and counteract of caries and endodontic microorganisms.
The results have been inspirational for further clinical research for nano-based materials
to be authenticated [12]. Antibacterial NPs can be employed for disinfection and have
indicated better efficacy in avoiding bacterial cells. Additionally, nanomaterials can be
applied to sealers required in endodontics. Nanomaterials can enhance the anti-leakage
property of the sealer. Nanotechnology can also be applied in photodynamic therapy in
endodontics, with possible enhancements in the efficacy of the method [21].

The literature studies have shown that the significance and consequences of nanotech-
nology on endodontics applications still need to be appreciated. Nanoapplications are
appropriate to root canal therapy in many aspects, such as canal irrigation, obturation,
instrumentation, canal sealers, endodontic regeneration, and pulp repair. The improve-
ments and applications are encouraging for sustainable novel materials for clinical dental
applications [6].

The employment of nanocomposites can accelerate the hydration process, thus re-
ducing the setting time without any significant influence on the flexural and compressive
strength of materials. Furthermore, adding nanomaterials to regular dental materials and
the formation of nanocomposites enhance the physical features of materials, with no re-
markable radiopacity changes. An increased specific surface area can lower setting time and
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increase microhardness. Nano-BG materials can induce the differentiation and mineraliza-
tion of human dental pulp cells more efficiently as compared to regular ones. Nano WMTA
show better proangiogenic activity. Proanthocyanidin was effective in killing E. faecalis
within biofilms and in enhancing the biostability of the collagen matrix of demineralized
root dentine. Its usage as an auxiliary endodontic irrigant with collagen-stabilizing and
antibiofilm effects was recommended [65–68,70–72]. Nanomaterials were proposed as
potential candidates for the regeneration of dentin–pulp complexes.

The nano-indentation technique can be employed for the determination of the perfor-
mance of Ni-Ti devices [76]. Nano-CT has been shown to be a rapid and minimal invasive
technique for the analysis of ECR ex vivo, which can be complementarily employed with
hard tissue histology. Clinical and CBCT analysis, nano-CT along with histological mapping
are ideal methods for ECR identification [77]. The materials and the obturation techniques
considerably affect the voids and the total volume of obturation material [81]. The use of
HyFlex EDM revealed the enhanced mechanical behavior of these instruments [79]. The
progress and improved accuracy of CBT techniques led to the better identification, evalua-
tion and selection of the most appropriate treatment plans for ECR [74]. High-resolution
CBCT, nano-CT, intra-oral radiography, hard tissue histology and electron probe micro-
analysis can enable better characterization of the extraradicular deposit formation [80].
By following a staining protocol which depends on tissue type and size, the detection of
hard and soft tissues along with cellular layers in teeth could be possible, making use of a
nano-CT technique. Enhanced possibilities for the concomitant visualization of soft and
hard dental tissues would be possible [81].

5. Conclusions and Outlook

Nanotechnology has introduced many novel materials and techniques in the dental
field involving the endodontics. NPs can be effectively used in endodontic applications,
while the physicochemical and biological properties have to be well characterized. Studies
have shown that the significance and consequences of nanotechnology on endodontics
applications still need to be appreciated. NPs, with their great specific surface areas, might
be sensitive to contamination during processing conditions. The behavior of NPs in vivo is
rather different than in an in vitro environment. The cytotoxicity of NPs in vivo needs to
be explored. Consequently, it is necessary to perform a detailed characterization of NPs,
specifically those planned for medical applications for the prediction of their behavior in
the in vivo environment. Although NPs have shown considerable potential in endodontic
applications, there still exist some issues such as biocompatibility, human safety, ethical
and economical-related problems that need to be addressed. Nanodentistry is a developing
field with a strong potential by new techniques in the diagnosis and treatment of dental
diseases; thus, the future of dentistry and endodontics is open to further progress and
changes with developments in nanotechnology.

Author Contributions: O.Ö.: conceptualization, methodology, validation, investigation, data cura-
tion, writing—original draft preparation. T.K.: methodology, software, validation, formal analysis,
data curation, visualization, supervision, writing—review and editing. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Allhoff, F. On the Autonomy and Justification of Nanoethics. NanoEthics 2007, 1, 185–210. [CrossRef]
2. Kishen, A.; Shrestha, A. Nanoparticles for Endodontic Disinfection. In Nanotechnology in Endodontics: Current and Potential Clinical

Applications; Kishen, A., Ed.; Springer International Publishing Switzerland: Cham, Switzerland, 2015; pp. 97–119.
3. National Nanotechnology Initiative (NNI). Nanotechnology: Big Things from a Tiny World. 2018. Available online: https://www.

nano.gov/sites/default/files/pub_resource/Nanotechnology_Big_Things_Brochure_web_0.pdf (accessed on 29 October 2021).

http://doi.org/10.1007/s11569-007-0018-3
https://www.nano.gov/sites/default/files/pub_resource/Nanotechnology_Big_Things_Brochure_web_0.pdf
https://www.nano.gov/sites/default/files/pub_resource/Nanotechnology_Big_Things_Brochure_web_0.pdf


Materials 2022, 15, 5109 19 of 22

4. Bayda, S.; Adeel, M.; Tuccinardi, T.; Cordani, M.; Rizzolio, F. The History of Nanoscience and Nanotechnology: From Chemical–
Physical Applications to Nanomedicine. Molecules 2020, 25, 112. [CrossRef] [PubMed]

5. Khan, I.; Saeed, K.; Khan, I. Nanoparticles: Properties, applications and toxicities. Arab. J. Chem. 2019, 12, 908–931. [CrossRef]
6. Alenazy, M.S.; Mosadomi, H.A.; Al-Nazhan, S.; Rayyan, M.R. Clinical considerations of nanobiomaterials in endodontics: A

systematic review. Saudi Endod. J. 2018, 8, 163–169. [CrossRef]
7. Kopac, T.; Karaaslan, T. H2, He and Ar sorption on arc-produced cathode deposit consisting of multiwalled carbon

nanotubes—graphitic and diamond-like carbon. Int. J. Hydrog. Energy 2007, 32, 3990–3997. [CrossRef]
8. Kopac, T.; Erdogan, F.O. Temperature and alkaline hydroxide treatment effects on hydrogen sorption characteristics of multi-

walled carbon nanotube–graphite mixture. J. Ind. Eng. Chem. 2009, 15, 730–735. [CrossRef]
9. Neoh, G.K.; Li, M.; Kang, E.T. Characterization of nanomaterials/nanoparticles. In Nanotechnology in Endodontics: Current and

Potential Clinical Applications; Kishen, A., Ed.; Springer International Publishing Switzerland: Cham, Switzerland, 2015; pp. 23–44.
[CrossRef]

10. Bozgeyik, K.; Kopac, T. Adsorption Properties of Arc Produced Multi Walled Carbon Nanotubes for Bovine Serum Albumin. Int.
J. Chem. React. Eng. 2016, 14, 549–558. [CrossRef]

11. Kopac, T.; Bozgeyik, K.; Flahaut, E. Adsorption and interactions of the bovine serum albumin-double walled carbon nanotube
system. J. Mol. Liq. 2018, 252, 1–8. [CrossRef]

12. Raura, N.; Garg, A.; Arora, A.; Roma, M. Nanoparticle technology and its implications in endodontics: A review. Biomater. Res.
2020, 24, 21. [CrossRef]

13. European Commission (EU). Commission Recommendation of 18 October 2011 on the Definition of Nanomaterial (2011/696/EU).
Off J. 2011, 275, 38–40. Available online: https://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2011:275:0038:0040:en:
PDF (accessed on 29 October 2021).

14. Feynman, R.P. There’s Plenty of Room at the Bottom. Eng. Sci. Mag. 1960, 23, 22–36. Available online: https://resolver.caltech.
edu/CaltechES:23.5.1960Bottom (accessed on 1 February 2022).

15. Taniguchi, N.; Arakawa, C.; Kobayashi, T. On the basic concept of nanotechnology. In Proceedings of the International Conference
on Production Engineering, Japan Society of Precision Engineering, Tokyo, Japan, 26–29 August 1974; pp. 26–29.

16. Iijima, S. Helical microtubules of graphitic carbon. Nature 1991, 354, 56–58. [CrossRef]
17. Kocabas, S.; Kopac, T.; Dogu, G.; Dogu, T. Effect of thermal treatments and palladium loading on hydrogen sorption characteristics

of single-walled carbon nanotubes. Int. J. Hydrog. Energy 2008, 33, 1693–1699. [CrossRef]
18. Iqbal, P.; Preece, J.A.; Mendes, P.M. Nanotechnology: The “Top-Down” and “Bottom-Up” Approaches. Supramolar Chemistry: From

Molecules to Nanomaterials; John Wiley & Sons Ltd: Hoboken, NJ, USA, 2012. [CrossRef]
19. Drexler, E.K. Engines of Creation: The Coming Era of Nanotechnology; Anchor Press: Garden City, NY, USA, 1986.
20. Drexler, E.K.; Peterson, C.; Pergamit, G. Unbounding the Future: The Nanotechnology Revolution; William Morrow and Company

Inc.: New York, NY, USA, 1991.
21. Akbarianrad, N.; Mohammadian, F.; Nazari, M.A.; Nobar, B.R. Applications of nanotechnology in endodontic: A Review.

Nanomed. J. 2018, 5, 121–126. [CrossRef]
22. Kumar, N.; Kumbhat, S. Unique Properties. Essentials in Nanoscience and Nanotechnology; John Wiley & Sons Ltd.: Hoboken, NJ,

USA, 2016; pp. 326–360. [CrossRef]
23. Jeevanandam, J.; Barhoum, A.; Chan, Y.S.; Dufresne, A.; Danquah, M.K. Review on nanoparticles and nanostructured materials:

History, sources, toxicity and regulations. Beilstein J. Nanotechnol. 2018, 9, 1050–1074. [CrossRef]
24. Buzea, C.; Pacheco, I.I.; Robbie, K. Nanomaterials and nanoparticles: Sources and toxicity. Biointerphases 2007, 2, MR17–MR71.

[CrossRef]
25. Roduner, E. Size matters: Why nanomaterials are different. Chem. Soc. Rev. 2006, 35, 583–592. [CrossRef]
26. Freitas, R.A., Jr. Nanodentistry. J. Am. Dent. Assoc. 2000, 131, 1559–1565. [CrossRef]
27. Aeran, H.; Kumar, V.; Uniyal, S.; Tanwer, P. Nanodentistry: Is just a fiction or future. J. Oral Biol. Craniofac. Res. 2015, 5, 207–211.

[CrossRef]
28. Markan, S.; Lehl, G.; Kapoor, S. Recent Advances of Nanotechnology in Endodontics, Conservative and Preventive Dentistry-A

Review. J. Dent. Oral Biol. 2017, 2, 1067.
29. Gupta, J. Nanotechnology applications in medicine and dentistry. J. Investig. Clin. Dent. 2011, 2, 81–88. [CrossRef] [PubMed]
30. Chandki, R.; Kala, M.; Kumar, K.N.; Brigit, B.; Banthia, P.; Kumar, K.N.; Banthia, R. NANODENTISTRY: Exploring the beauty of

miniature. J. Clin. Exp. Dent. 2012, 4, e119–e124. [CrossRef] [PubMed]
31. Mouli, P.E.C.; Kumar, S.M.; Parthiban, S. Nanotechnology in dentistry—A review. IJBMR 2012, 3, 1550–1553.
32. Cao, W.; Zhang, Y.; Wang, X.; Li, Q.; Xiao, Y.; Li, P.; Wang, L.; Ye, Z.; Xing, X. Novel resin-based dental material with anti-biofilm

activity and improved mechanical property by incorporating hydrophilic cationic copolymer functionalized nanodiamond. J.
Mater. Sci. Mater. Med. 2018, 29, 162. [CrossRef] [PubMed]

33. Saafan, A.; Zaazou, M.H.; Sallam, M.K.; Mosallam, O.; El Danaf, H.A. Assessment of Photodynamic Therapy and Nanoparticles
Effects on Caries Models. Open Access Maced. J. Med. Sci. 2018, 6, 1289–1295. [CrossRef] [PubMed]

34. Veiseh, O.; Gunn, J.W.; Zhang, M. Design and fabrication of magnetic nanoparticles for targeted drug delivery and imaging. Adv.
Drug Deliv. Rev. 2010, 62, 284–304. [CrossRef]

35. Shubayev, V.I.; Pisanic, T.R.; Jin, S. Magnetic nanoparticles for theragnostics. Adv. Drug Deliv. Rev. 2009, 61, 467–477. [CrossRef]

http://doi.org/10.3390/molecules25010112
http://www.ncbi.nlm.nih.gov/pubmed/31892180
http://doi.org/10.1016/j.arabjc.2017.05.011
http://doi.org/10.4103/sej.sej_67_16
http://doi.org/10.1016/j.ijhydene.2007.03.032
http://doi.org/10.1016/j.jiec.2009.09.054
http://doi.org/10.1007/978-3-319-13575-5_3
http://doi.org/10.1515/ijcre-2015-0160
http://doi.org/10.1016/j.molliq.2017.12.100
http://doi.org/10.1186/s40824-020-00198-z
https://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2011:275:0038:0040:en:PDF
https://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2011:275:0038:0040:en:PDF
https://resolver.caltech.edu/CaltechES:23.5.1960Bottom
https://resolver.caltech.edu/CaltechES:23.5.1960Bottom
http://doi.org/10.1038/354056a0
http://doi.org/10.1016/j.ijhydene.2008.01.004
http://doi.org/10.1002/9780470661345.smc195
http://doi.org/10.22038/nmj.2018.005.0001
http://doi.org/10.1002/9781119096122.ch8
http://doi.org/10.3762/bjnano.9.98
http://doi.org/10.1116/1.2815690
http://doi.org/10.1039/b502142c
http://doi.org/10.14219/jada.archive.2000.0084
http://doi.org/10.1016/j.jobcr.2015.06.012
http://doi.org/10.1111/j.2041-1626.2011.00046.x
http://www.ncbi.nlm.nih.gov/pubmed/25426600
http://doi.org/10.4317/jced.50720
http://www.ncbi.nlm.nih.gov/pubmed/24558536
http://doi.org/10.1007/s10856-018-6172-z
http://www.ncbi.nlm.nih.gov/pubmed/30357538
http://doi.org/10.3889/oamjms.2018.241
http://www.ncbi.nlm.nih.gov/pubmed/30087739
http://doi.org/10.1016/j.addr.2009.11.002
http://doi.org/10.1016/j.addr.2009.03.007


Materials 2022, 15, 5109 20 of 22

36. Kopac, T. Protein corona, understanding the nanoparticle–protein interactions and future perspectives: A critical review. Int. J.
Biol. Macromol. 2021, 169, 290–301. [CrossRef]

37. Mourdikoudis, S.; Pallares, R.M.; Thanh, N.T.K. Characterization techniques for nanoparticles: Comparison and complementarity
upon studying nanoparticle properties. Nanoscale 2018, 10, 12871–12934. [CrossRef]

38. Moghimi, S.; Szebeni, J. Stealth liposomes and long circulating nanoparticles: Critical issues in pharmacokinetics, opsonization
and protein-binding properties. Prog. Lipid Res. 2003, 42, 463–478. [CrossRef]

39. Xie, J.; Xu, C.; Kohler, N.; Hou, Y.; Sun, S. Controlled PEGylation of Monodisperse Fe3O4 Nanoparticles for Reduced Non-Specific
Uptake by Macrophage Cells. Adv. Mater. 2007, 19, 3163–3166. [CrossRef]

40. Accioni, F.; Vázquez, J.; Merinero, M.; Begines, B.; Alcudia, A. Latest Trends in Surface Modification for Dental Implantology:
Innovative Developments and Analytical Applications. Pharmaceutics 2022, 14, 455. [CrossRef] [PubMed]

41. Chogle, S.M.A.; Kinaia, B.M.; Goodis, H.E. Scope of nanotechnology in endodontics. In Nanobiomaterials in Clinical Dentistry, 2nd
ed.; Subramani, K., Ahmed, W., Eds.; Elsevier: Amsterdam, The Netherlands, 2019; pp. 517–539. [CrossRef]

42. Sjögren, U.; Hägglund, B.; Sundqvist, G.; Wing, K. Factors affecting the long-term results of endodontic treatment. J. Endod. 1990,
16, 498–504. [CrossRef]

43. Carrotte, P.V. Endodontics: Part 8 Filling the root canal system. Br. Dent. J. 2004, 197, 667–672. [CrossRef]
44. Lin, L.M.; Skribner, J.E.; Gaengler, P. Factors associated with endodontic treatment failures. J. Endod. 1992, 18, 625–627. [CrossRef]
45. Ray, H.A.; Trope, M. Periapical status of endodontically treated teeth in relation to the technical quality of the root filling and the

coronal restoration. Int. Endod. J. 1995, 28, 12–18. [CrossRef]
46. Iandolo, A.; Simeone, M.; Orefice, S.; Rengo, S. 3D cleaning, a perfected technique: Thermal profile assessment of heated NaOCl.

Detersione 3D, una tecnica perfezionata: Valutazione dei profili termici dell’NaOCl riscaldato. G. Ital. Endod. 2017, 31, 58–61.
[CrossRef]

47. Iandolo, A.; Amato, M.; Abdellatif, D.; Barbosa, A.F.A.; Pantaleo, G.; Blasi, A.; Franco, V.; Silva, E.J.N.L. Effect of different final
irrigation protocols on pulp tissue dissolution from an isthmus model. Aust. Endod. J. 2021, 47, 538–543. [CrossRef]

48. Gandolfi, M.G.; Spagnuolo, G.; Siboni, F.; Procino, A.; Rivieccio, V.; Pelliccioni, G.A.; Prati, C.; Rengo, S. Calcium silicate/calcium
phosphate biphasic cements for vital pulp therapy: Chemical-physical properties and human pulp cells response. Clin. Oral
Investig. 2015, 19, 2075–2089. [CrossRef]

49. Shrestha, A.; Fong, S.-W.; Khoo, B.-C.; Kishen, A. Delivery of Antibacterial Nanoparticles into Dentinal Tubules Using High-
intensity Focused Ultrasound. J. Endod. 2009, 35, 1028–1033. [CrossRef]

50. Damas, B.A.; Wheater, M.A.; Bringas, J.S.; Hoen, M.M. Cytotoxicity Comparison of Mineral Trioxide Aggregates and EndoSe-
quence Bioceramic Root Repair Materials. J. Endod. 2011, 37, 372–375. [CrossRef] [PubMed]

51. Özdemir, O.; Kopac, T. Cytotoxicity and biocompatibility of root canal sealers: A review on recent studies. J. Appl. Biomater. Funct.
Mater. 2022, 20, 1–9. [CrossRef]

52. Al-Haddad, A.; Ab Aziz, Z.A.C. Bioceramic-Based Root Canal Sealers: A Review. Int. J. Biomater. 2016, 2016, 9753210. [CrossRef]
[PubMed]

53. Rai, M.K.; Deshmukh, S.D.; Ingle, A.P.; Gade, A.K. Silver nanoparticles: The powerful nanoweapon against multidrug-resistant
bacteria. J. Appl. Microbiol. 2012, 112, 841–852. [CrossRef] [PubMed]

54. Hübner, W.; Blume, A.; Pushnjakova, R.; Dekhtyar, Y.; Hein, H.-J. The Influence of X-ray Radiation on the Mineral/Organic
Matrix Interaction of Bone Tissue: An FT-IR Microscopic Investigation. Int. J. Artif. Organs 2005, 28, 66–73. [CrossRef]

55. Bystrova, A.V.; Dekhtyar, Y.D.; Popov, A.I.; Coutinho, J.; Bystrov, V.S. Modified Hydroxyapatite Structure and Properties:
Modeling and Synchrotron Data Analysis of Modified Hydroxyapatite Structure. Ferroelectrics 2015, 475, 135–147. [CrossRef]

56. Rabea, E.I.; Badawy, M.E.-T.; Stevens, C.V.; Smagghe, G.; Steurbaut, W. Chitosan as Antimicrobial Agent: Applications and Mode
of Action. Biomacromolecules 2003, 4, 1457–1465. [CrossRef]

57. Sawai, J. Quantitative evaluation of antibacterial activities of metallic oxide powders (ZnO, MgO and CaO) by conductimetric
assay. J. Microbiol. Methods 2003, 54, 177–182. [CrossRef]

58. Shrestha, A.; Zhilong, S.; Gee, N.K.; Kishen, A. Nanoparticulates for Antibiofilm Treatment and Effect of Aging on Its Antibacterial
Activity. J. Endod. 2010, 36, 1030–1035. [CrossRef]

59. Morones, J.R.; Elechiguerra, J.L.; Camacho, A.; Holt, K.; Kouri, J.B.; Ramírez, J.T.; Yacaman, M.J. The bactericidal effect of silver
nanoparticles. Nanotechnology 2005, 16, 2346–2353. [CrossRef]

60. 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]

61. Sepulveda, P.; Jones, J.R.; Hench, L.L. In vitro dissolution of melt-derived 45S5 and sol-gel derived 58S bioactive glasses. J. Biomed.
Mater. Res. 2002, 61, 301–311. [CrossRef] [PubMed]

62. Waltimo, T.; Brunner, T.; Vollenweider, M.; Stark, W.; Zehnder, M. Antimicrobial Effect of Nanometric Bioactive Glass 45S5. J.
Dent. Res. 2007, 86, 754–757. [CrossRef]

63. Waltimo, T.; Möhn, D.; Paqué, F.; Brunner, T.J.; Stark, W.J.; Imfeld, T.; Schätzle, M.; Zehnder, M. Fine-tuning of Bioactive Glass for
Root Canal Disinfection. J. Dent. Res. 2009, 88, 235–238. [CrossRef]

64. Fioretti, F.; Mendoza-Palomares, C.; Helms, M.; Al Alam, D.; Richert, L.; Arntz, Y.; Rinckenbach, S.; Garnier, F.; Haïkel, Y.;
Gangloff, S.C.; et al. Nanostructured Assemblies for Dental Application. ACS Nano 2010, 4, 3277–3287. [CrossRef]

http://doi.org/10.1016/j.ijbiomac.2020.12.108
http://doi.org/10.1039/C8NR02278J
http://doi.org/10.1016/S0163-7827(03)00033-X
http://doi.org/10.1002/adma.200701975
http://doi.org/10.3390/pharmaceutics14020455
http://www.ncbi.nlm.nih.gov/pubmed/35214186
http://doi.org/10.1016/B978-0-12-815886-9.00021-8
http://doi.org/10.1016/S0099-2399(07)80180-4
http://doi.org/10.1038/sj.bdj.4811855
http://doi.org/10.1016/S0099-2399(06)81335-X
http://doi.org/10.1111/j.1365-2591.1995.tb00150.x
http://doi.org/10.1016/j.gien.2017.02.001
http://doi.org/10.1111/aej.12518
http://doi.org/10.1007/s00784-015-1443-2
http://doi.org/10.1016/j.joen.2009.04.015
http://doi.org/10.1016/j.joen.2010.11.027
http://www.ncbi.nlm.nih.gov/pubmed/21329824
http://doi.org/10.1177/22808000221076325
http://doi.org/10.1155/2016/9753210
http://www.ncbi.nlm.nih.gov/pubmed/27242904
http://doi.org/10.1111/j.1365-2672.2012.05253.x
http://www.ncbi.nlm.nih.gov/pubmed/22324439
http://doi.org/10.1177/039139880502800111
http://doi.org/10.1080/00150193.2015.995580
http://doi.org/10.1021/bm034130m
http://doi.org/10.1016/S0167-7012(03)00037-X
http://doi.org/10.1016/j.joen.2010.02.008
http://doi.org/10.1088/0957-4484/16/10/059
http://doi.org/10.1016/j.joen.2013.08.022
http://www.ncbi.nlm.nih.gov/pubmed/24461420
http://doi.org/10.1002/jbm.10207
http://www.ncbi.nlm.nih.gov/pubmed/12007211
http://doi.org/10.1177/154405910708600813
http://doi.org/10.1177/0022034508330315
http://doi.org/10.1021/nn100713m


Materials 2022, 15, 5109 21 of 22

65. Saghiri, M.A.; Asgar, K.; Lotfi, M.; Garcia-Godoy, F. Nanomodification of mineral trioxide aggregate for enhanced physiochemical
properties. Int. Endod. J. 2012, 45, 979–988. [CrossRef] [PubMed]

66. Akbari, M.; Zebarjad, S.M.; Nategh, B.; Rouhani, A. Effect of Nano Silica on Setting Time and Physical Properties of Mineral
Trioxide Aggregate. J. Endod. 2013, 39, 1448–1451. [CrossRef]

67. Gong, W.; Huang, Z.; Dong, Y.; Gan, Y.; Li, S.; Gao, X.; Chen, X. Ionic Extraction of a Novel Nano-sized Bioactive Glass Enhances
Differentiation and Mineralization of Human Dental Pulp Cells. J. Endod. 2013, 40, 83–88. [CrossRef]

68. Saghiri, M.A.; Gutmann, J.L.; Orangi, J.; Asatourian, A.; Sheibani, N. Radiopacifier Particle Size Impacts the Physical Properties of
Tricalcium Silicate–based Cements. J. Endod. 2014, 41, 225–230. [CrossRef]
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