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Abstract: Natural processes such as mineralization, natural disasters, and geological recycling of
matter result in the constant formation of nanoparticles, which are found throughout the environment.
In recent years, there has been a lot of interest in nanoparticles and their applications. Because of their
unique physicochemical properties, nanoparticles provide promising new avenues for the prevention
and treatment of dental infections. With potential applications of nanoparticles in clinical endodontics
in the near future, robust research initiatives backed by collaborations between academia and industry
are critical. These nanoparticles show a number of characteristics that may improve the way
endodontic infections are treated, such as increased reactivity, improved antibacterial efficacy, and the
capacity to functionalize with other reactive substances.
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1. Introduction

Within the area of dentistry, endodontics is a specialized field that focuses on the morphology
and physiology of the endodontium, which comprises the surrounding tissues and pulp. Numerous
topics are covered in this field, such as prevention, epidemiology, aetiology, pathology, and, most
importantly, the treatment of endodontic and periapical illnesses [1]. Remarkably, data from the
American Association of Endodontists (AAE) indicates that, just in the US, almost 15 million root
canal procedures are carried out each year [2]. The World Health Organization (WHO) also
underscores the importance of endodontic care in global dental health initiatives [1]. A crucial element
of successful endodontic therapy involves thoroughly disinfecting the root canal system [3].
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The technique usually entails mechanical instrumentation to accomplish effective microbial
reduction. An inert filler substance is then used to plug the canal. Still, getting rid of the bacterial
biofilms that are present in the complex structure of the root canal system is a significant issue in root
canal therapy [4]. The roots of nanoscience stretch back to ancient times, with early philosophical
inquiries by Greek scholars like Democritus in the 5th century BC pondering the fundamental nature
of matter—whether it consists of continuous, infinitely divisible substances or small, indivisible
particles known as atoms. Even during the Roman era in the 4th century AD, humans already utilized
nanoparticles and nanostructures. However, nanoscience was not recognized as a separate research
branch until the 20th century. An important lecture given in 1959 titled “There’s Plenty of Room at
the Bottom” by Richard Feynman set the stage for future research into nanotechnology. Feynman laid
the groundwork for contemporary nanotechnology by envisioning the direct manipulation of
individual atoms and molecules to produce new materials and gadgets [5]. Since then, nanoscience has
developed rapidly, with significant progress in materials synthesis, characterization techniques, and
applications across diverse disciplines. In 1974, Norio Taniguchi defined “nanotechnology” as the
manipulation and fabrication of materials at the scale of individual atoms or molecules, encompassing
processes such as processing, separation, consolidation, and formation [6]. Following Feynman’s
seminal paper, “There’s Plenty of Room at the Bottom”, which was published in Engineering and
Science in 1960 [7] and sparked significant interest among scientists, two distinct approaches have
emerged to describe the various possibilities for synthesizing nanostructures. These approaches are
categorized as top-down and bottom-up, differing in quality, speed, and cost [8,9].

The number of nanoparticle studies has significantly increased in the last several years. These
particles, characterized by their size falling within the 1-100 nm range, possess an elevated surface-
to-volume ratio due to their reduced dimensions. This attribute makes them highly effective in
interactions with microbes [4]. Nanoparticles are increasingly integrated into various dental materials,
serving as additives or coatings in applications ranging from implants to cement. The versatility of
nanomaterials is prominently demonstrated in dental clinics, where they enable a diverse array of
endodontic procedures. Applications include root restoration, obturation, medication delivery, pulp
regeneration, and channel filling. In addition to the benefits of dental materials, such as their durability,
ability to regenerate tissue, and bactericidal properties, a growing range of nanoparticles shows great
promise for future development. These include bioactive glass, zirconia, chitosan, hydroxyapatite,
silver particles, and zinc oxide [10]. Nanomaterials come in various shapes, encompassing nanotubes,
nanorods, and nanowires, each offering versatile applications across various medical fields. In
endodontics, nanotechnology is extensively utilized in sealers, obturating materials, composites, root
repair materials, and disinfectants [11]. Functionalization is a crucial aspect of nanoparticle design,
involving linker molecules with reactive groups at both ends. These molecules aid in binding several
substances to the nanoparticle core, including antibodies, fluorophores, and biocompatible materials
like dextran. The core nanoparticle can also offer a platform for building particles composed of both
inorganic and organic components [11]. One of the primary functions of nanoparticles is to act as
carriers for active ingredients used in imaging and therapeutic agents. Nanoparticles can be produced
using a variety of approaches, including physical, chemical, and biological techniques. Among these,
chemical reduction and green synthesis are widely adopted. In chemical methods, metal ions are
reduced to nanoparticles using agents like sodium borohydride, citrate, or natural plant extracts.
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Stabilizing agents—such as polyethylene glycol, polyvinylpyrrolidone, or biological molecules—
prevent particle clumping and maintain stability. These substances also play a critical role in
determining nanoparticle toxicity. While residues from chemical reagents can pose cytotoxic risks,
biologically derived stabilizers used in green synthesis are typically more biocompatible. Furthermore,
nanoparticle size, shape, surface charge, and solubility—shaped by the synthesis process—govern
their interactions within biological environments. This underscores the importance of developing safe
and precisely controlled fabrication methods [12]. Nanoparticles have several benefits, including
biocompatibility, specificity, and targeting ability. Lipids, metals, silicon, silica, polymers, proteins,
and carbon are just a few of the components that are used in nanoparticles [12,13]. Unlike bulk
materials, nanoparticles have unique physical and chemical characteristics [1,14]. Furthermore, the
adaptability of nanotechnology makes it possible to construct imaging, therapeutic, and diagnostic
procedures that are safer and more successful [15,16]. In endodontics, various types of nanoparticles
are employed. Biodegradable nanoparticles, such as polylactic acid, and inorganic nanoparticles like
silica and metals like gold are among the most commonly utilized [17].

2. Materials and methods

We searched the Cochrane Central Register of Controlled Trials (CENTRAL) database, accessi-
ble through the Cochrane Library and Medline via PubMed, to conduct our research. A variety of

9% ¢¢ 29 ¢¢

keywords were employed, such as “nanoparticles”, “dentistry”, “antimicrobial”, “applications”, “root
canal therapy”, “endodontics”, “and”, and “or”. The inclusion criteria were useful literature not older
than 1974. A preference for recent articles was given. To find any other research, we also carefully
examined the reference lists of papers that might be pertinent. Studies retrieved from these computer-
ized searches were included in our review, along with pertinent references located in the study bibli-

ographies.
3. Literature review

Nanoparticles have garnered increasing attention in the field of endodontics due to their unique
physicochemical properties, including a high surface area-to-volume ratio, enhanced reactivity, and
nanoscale dimensions. These characteristics allow them to interact efficiently with biological tissues
and microorganisms, making them ideal for applications such as root canal disinfection, sealing en-
hancement, drug delivery, and tissue regeneration. Several methods are employed for the synthesis of
nanoparticles used in endodontics, each chosen based on the desired composition and application.
Chemical reduction is a common method for synthesizing metal nanoparticles, particularly silver
(AgNPs) and gold (AuNPs). In this process, metal salts such as silver nitrate (AgNOs) are reduced
using agents like sodium borohydride (NaBHa) or natural plant extracts, often stabilized with polymers
like polyvinylpyrrolidone (PVP) to control particle size and prevent agglomeration [16]. The sol-gel
method is widely used to produce ceramic-based nanoparticles like zinc oxide (ZnO), silica, and hy-
droxyapatite (nHAp). This involves the hydrolysis and condensation of metal alkoxides to form a gel,
which is then dried and calcined to obtain nanoparticles. Co-precipitation is frequently employed for
the synthesis of magnetic nanoparticles such as iron oxide (FesOa). This technique involves the simul-
taneous precipitation of ferrous and ferric ions in an alkaline medium, yielding uniform and crystalline
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nanoparticles [15]. Ionotropic gelation is typically used for synthesizing biopolymer-based nanoparti-
cles like chitosan, where positively charged chitosan interacts with a polyanion such as tripolyphos-
phate (TPP), leading to spontaneous nanoparticle formation. In recent years, green synthesis ap-
proaches have gained popularity due to their environmental friendliness and biocompatibility. These
methods use biological agents such as plant extracts or microbial cultures to reduce metal salts into
nanoparticles without toxic byproducts [17].

3.1 Classification of nanoparticles in endodontic/periodontal applications

Nanoparticles can be classified based on various factors, including origin, dimension, and struc-
tural configuration. Origin is a primary factor in nanoparticle classification, dividing them into two
main groups. Natural nanoparticles are composed of substances used as nanoparticles in recent decades,
and whose medicinal qualities have long been known. These substances include different polysaccha-
rides, such as pullulan, and natural polymers, such as cellulose, gelatine, gliadin, copper, silver, and
chitosan. These polymers, derived from fungi, bacteria, plants, and animals, are frequently separated
into protein-based polymers and polysaccharides [18]. On the other hand, polyesters are the source of
synthetic or artificial nanoparticles [19,20]. These synthetic polymers offer tailored properties and
controlled release characteristics, contributing to their wide-ranging applications in various fields, in-
cluding medicine and biotechnology. Among the relatively recent artificially formed nanoparticles is
graphene, which can be synthesized using the arc discharge method in the presence of an H2 atmos-
phere. The resulting graphene typically consists of two to three layers with a flake size ranging
from 100 to 200 nm [21,22]. Additionally, rapid heating through arc discharge in an air atmosphere
has been shown to produce graphene nanosheets primarily with two layers and a width of approxi-
mately 100-200 nm [23,24].

3.1.1. Silver nanoparticle

In a 2014 study by Samiei et al. [25] titled “Antibacterial Efficacy of Silver-Crosslinked Hydrogel
Nanocomposite Versus Sodium Hypochlorite and Chlorhexidine on Enterococcus faecalis for Use in
Root Canal Infection”, the researchers looked at the in vitro efficacy of the silver-crosslinked hydrogel
nanocomposite (SCHNC) against Enterococcus faecalis that had been seeded into root canals. The
findings showed that SCHNC retained its antibacterial activity and did not show substantial
antimicrobial efficacy in irrigation. In a 2014 study by Daming Wu et al., “Evaluation of the
Antibacterial Efficacy of Silver Nanoparticles Against Enterococcus faecalis Biofilm”, the
effectiveness of silver nanoparticles against Enterococcus faecalis biofilms generated on root canals
was investigated in vitro [26]. The results demonstrated that although silver nanoparticles did not
exhibit strong antibacterial qualities when used as an irrigant, they could be helpful as a medication to
target bacterial biofilms after root canal cleaning. In 2000, K. Kawahara and colleagues conducted a
study titled “Antibacterial Effect of Silver-Zeolite (SZ) on Oral Bacteria Under Anaerobic Conditions”,
which looked at the effectiveness of silver-zeolite against different oral bacteria in anaerobic
circumstances in vitro. According to their research, SZ may be helpful in providing dental materials
with antibacterial activity, especially in anaerobic settings like deep periodontal pockets [27].
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3.1.2.  Zinc nanoparticles

The adhesion of Enterococcus faecalis to dentin, as well as the prevention of bacterial
recolonization and biofilm formation, were assessed in vitro in a study led by Anil Kishen in 2008 and
titled “An Investigation on the Antibacterial and Antibiofilm Efficacy of Cationic Nanoparticulates for
Root Canal Disinfection”. The outcomes demonstrated the possible benefits of applying zinc oxide
nanoparticles and chitosan nanoparticles to enhance the antibacterial efficacy of endodontic sealers
and prevent bacterial recolonization in root canals [28]. According to the study “Polymeric Zinc-
Doped Nanoparticles for High Performance in Restorative Dentistry”, effective bioactive materials in
restorative dentistry should promote both intrafibrillar and interfibrillar remineralization. This dual
approach is essential for restoring the structural integrity and function of dentin by enabling mineral
deposition both within and between collagen fibrils [29].

3.1.3. Chitosan nanoparticles

In a 2009 study by Annie Shrestha titled “Delivery of Antibacterial Nanoparticles into Dentinal
Tubules Using High-Intensity Focused Ultrasound”, researchers conducted in vitro experiments to
evaluate the effectiveness of delivering antibacterial nanoparticles into dentinal tubules. The study
explored the use of high-intensity focused ultrasound (HIFU) as a method to enhance root canal
cleaning by facilitating deeper and more efficient penetration of nanoparticles into the tubules.
According to the results, HIFU significantly facilitated the entry of antimicrobial nanoparticles in
tubules [30]. In endodontics, chitosan nanoparticles are employed primarily for their antimicrobial
properties and drug delivery potential. CNPs have demonstrated significant efficacy against common
endodontic pathogens, including Enterococcus faecalis, a bacterium often associated with persistent
root canal infections. When incorporated into root canal irrigants or intracanal medicaments, chitosan
nanoparticles can penetrate dentinal tubules and eliminate bacterial biofilms more effectively than
conventional solutions such as sodium hypochlorite or chlorhexidine. Furthermore, their ability to
carry and release antimicrobial agents in a controlled manner makes them an ideal vehicle for local
drug delivery within the root canal system. Studies have also shown that chitosan nanoparticles can be
integrated into endodontic sealers, enhancing their antibacterial activity and improving the sealing
quality by reducing microleakage.

3.1.4.  Rose Bengal chitosan nanoparticles

Rose Bengal (RB) combined with green laser light has shown effectiveness against nail infections
caused by Trichophyton rubrum, but its application is limited due to poor penetration and dilution. To
address this, researchers developed RB-encapsulated chitosan nanoparticles (~200 nm) that enhance
tissue penetration and generate high levels of reactive oxygen species (ROS). These nanoparticles
achieved over 99% fungal spore kill for major onychomycosis pathogens (7. rubrum, T.
mentagrophytes, and T. interdigitale) and were found to be non-toxic to human fibroblasts, supporting
their potential for safe clinical use [31]. In an investigation headed “Antibacterial Efficacy of
Photosensitizer Functionalized Biopolymeric Nanoparticles in the Presence of Tissue Inhibitors in
Root Canal”, carried out by Annie Shrestha in 2014, scientists conducted in vitro tests to evaluate the
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efficacy against planktonic Enterococcus faecalis in the presence of various inhibitory agents.
According to the findings, in the presence of tissue inhibitors, Rose Bengal-functionalized chitosan
nanoparticles showed a persistent antibacterial action following photodynamic therapy [32].

3.1.5.  Triclosan-loaded poly(lactic-co-glycolic acid) (PLGA) nanoparticles

In a study conducted in 2005, titled “Preparation and Characterization of Triclosan Nanoparticles
for Periodontal Treatment”, studies were conducted to evaluate the in vitro release profile of triclosan
from nanoparticles for early in vivo research. Two noteworthy results were identified: Due to the large
surface area of the nanoparticles, there is 1) a rapid release of triclosan and 2) a reduction in gingival
inflammation [33]. Potential changes to enhance endodontic treatments’ sealing and therapeutic
benefits include nanosilver particles and nanodiamonds. Silver nanoparticle-coated gutta-percha has
shown antibacterial activity and antiseptic qualities against various pathogens, including
Staphylococcus aureus, Escherichia coli, Candida albicans, and Enterococcus faecalis, frequently
linked to root canal infections [34].

3.1.6. Graphene nanoparticles

Graphene nanoplates demonstrate antimicrobial characteristics attributed to the sharp edges of
graphene nanoplate flakes, which penetrate the delicate cell wall of bacteria, resulting in entrapment
and reduction in size [35]. These findings propose a potential strategy for combating Streptococcus
mutans, the culprit behind human dental caries. When applied as a coating on titanium implants,
graphene holds promise in enhancing osseointegration properties, expediting tissue healing, and
restraining microbial proliferation [36]. Investigations have revealed that graphene, when combined
with silver nanoparticles, exhibits robust antibacterial qualities with diminished cytotoxic effects on
soft tissues and bones in contrast to 3% sodium hypochlorite [37]. Such attributes position graphene
as a prospective material for future use as an irrigant in infected root canals.

3.1.7.  Zirconia nanoparticles

In their study, Tanamaru et al. discovered that zirconia nanoparticles could serve as an efficient
radiopacifier when added as a supplement to Portland cement without detrimentally affecting its
biocompatibility. The study examined two groups of zirconia oxide particles, one micro-sized and the
other nano-sized, demonstrating enhanced radiopacity properties consistent with ISO/ADA standards
of 3 mm Al [38]. In endodontics, zirconia nanoparticles are mainly incorporated into endodontic
sealers, obturation materials, and posts to improve physical properties such as strength, durability, and
radiopacity. Zirconia has been used as a radiopacifier in calcium silicate-based sealers, providing an
alternative to bismuth oxide with fewer concerns regarding discoloration or cytotoxicity [39]. In
periodontal therapy, zirconia nanoparticles demonstrate potential in bone grafting and coating
applications due to their osteoconductive behavior and ability to support cell proliferation and
differentiation. Their use in periodontal scaffolds and membranes has been investigated to promote
hard tissue regeneration [29]. Furthermore, recent studies suggest that zirconia nanoparticles may
exhibit antibacterial activity, especially when doped with other elements (e.g., silver or copper) or
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when combined with antimicrobial agents. This property enhances their potential to reduce bacterial
colonization around implants or within periodontal pockets [40].

3.1.8. Titanium oxide nanoparticles

In his study titled “Effect of Nano-Titanium Dioxide with Different Antibiotics against
Methicillin-Resistant Staphylococcus Aureus” [29], Aashis S. Roy examined various concentrations
of nano-scale TiOz2 to determine the optimal concentration with the most potent antibacterial activity
against methicillin-resistant Staphylococcus aureus cultures. The results indicate that TiO2
nanoparticles enhance the antimicrobial efficacy of beta-lactams, cephalosporins, aminoglycosides,
glycopeptides, macrolides, lincosamides, and tetracycline, suggesting a potential for utilizing nano
compounds in combination therapy against methicillin-resistant Staphylococcus aureus [41]. In
endodontics, TiO2 nanoparticles are often incorporated into root canal sealers, composites, and
irrigants to enhance their antimicrobial properties. Studies have demonstrated that TiO2 NPs can inhibit
the growth of Enterococcus faecalis, a resilient pathogen frequently involved in persistent root canal
infections. When exposed to light, especially UV or near-UV, TiO: exhibits photocatalytic
antimicrobial action, making it a potential additive in light-activated disinfection systems for root
canals. In periodontal applications, titanium dioxide nanoparticles are widely studied for their anti-
inflammatory, antimicrobial, and osteoconductive properties. TiO2 NPs can be incorporated into
periodontal gels, scaffolds, and membranes to aid in the regeneration of alveolar bone and periodontal
ligament. They help inhibit the colonization of pathogens such as Porphyromonas gingivalis and
promote the proliferation of fibroblasts and osteoblasts, which are critical for tissue regeneration.

3.1.9. Copper oxide nanoparticles

Numerous studies have explored the antibacterial properties of copper nanoparticles, but
comparatively fewer have investigated their antiviral effects. These studies have revealed that copper
nanoparticles specifically target the viral genome, particularly the genes responsible for viral
infections [42,43]. Additionally, some research has illustrated a similar mechanism involving reactive
oxygen species within the viral envelope or capsid, akin to antibacterial activity [42]. Viruses are
particularly susceptible to damage inflicted by copper nanoparticles due to their lack of a repair
mechanism, unlike bacteria and fungi, resulting in rapid cell death [44]. This phenomenon, where
microbes are instantly inactivated upon contact, is called “contact killing” [45]. In numerous studies,
researchers have used this “contact killing” attribute to develop antiviral surfaces functionalized with
copper nanoparticles.

3.1.10.  Iron nanoparticles

Iron oxide nanoparticles have demonstrated peroxidase-like activity when incorporated into an
irrigating solution and hydrogen peroxide, leading to antibiofilm and bactericidal effects against
Enterococcus faecalis [46]. Nonetheless, like silver nanoparticles, metal and metal oxide nanoparticles
may carry some level of cytotoxicity. Therefore, conducting risk assessments and biocompatibility
studies is crucial before advancing to in vivo research [47].
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3.1.11.  Hydroxyapatite nanoparticles

Nanohydroxyapatite molecules have been shown by Benita Wiatrak et al. [48] to be able to
stimulate nerve regeneration. A relationship has been seen between the onset of nerve inflammation
and increased mitochondrial activity in neurons treated with hydroxyapatite nanoparticles. Because it
remineralizes teeth, nano-hydroxyapatite is important in dentistry. Hydroxyapatite facilitates the
precipitation of calcium and phosphate ions, which leads to remineralization, particularly during partial
demineralization of the collagen matrix [49-51]. Allaker et al. and Rana S. Al-Hamdan et al.
demonstrated how adding nano-hydroxyapatite particles to adhesive resins enhances the materials’
biomechanical qualities. Additionally, the tooth’s lifetime and structural integrity are improved by this
combination [49,52].

3.1.12.  Calcium hydroxide nanoparticles

Compared to their traditional counterparts, calcium hydroxide nanoparticles have several
advantages, such as greater antibacterial activity, higher solubility, increased surface area contact with
pathogens, and deeper penetration [53—55]. Compared to conventional calcium hydroxide, numerous
investigations have shown nano-calcium hydroxide to exhibit higher antibacterial effectiveness against
Enterococcus faecalis and deeper penetration into dentinal tubules [53—56]. Furthermore, compared to
traditional calcium hydroxide dressing, nano-calcium hydroxide results in a smaller decrease in dentine
microhardness [57]. Conventional calcium hydroxide treatment causes a larger reduction in fracture
resistance than its nanosized equivalents [54]. Although this difference was not statistically significant,
it was shown that nano-calcium hydroxide had somewhat higher cytotoxicity levels than ordinary
calcium hydroxide [58]. Figure 1 shows the nanoparticles used frequently in endodontics.

SILVER

ZINC IRON

NANOSCIENCE IN

CHITOSAN GRAPHENE
ENDODONTICS
CALCIUM HYDROXY-
HYDROXIDE APATITE

TRICLOSAN

Figure 1. Nanoparticles frequently used in endodontics. Other nanoparticles are still being
explored.
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4. Discussion

Three dimensions can be used to group nanoparticles: zero dimension, which is associated with
nanostructures; one dimension, which is associated with nanorods; and two dimensions, which is
associated with thin films. Furthermore, nanoparticles can be classified based on their structural
configuration, including carbon-based nanoparticles like graphene and metals like iron oxide, silver,
and dendrimers. Because of their unique physical, electrical, magnetic, and optical qualities and their
magnetic, radioactive, and plasmonic capabilities, metal nanoparticles are desirable for imaging,
photothermal therapy, and diagnostics [59]. Nanoparticles can be further classified based on their
composition as either organic or inorganic. In terms of shape, they exhibit diversity, ranging from
particles and spheres to tubes, rods, plates, and other geometries. Among the primary inorganic
materials used for nanoparticle synthesis are silicon, graphene, and silica [60]. Inorganic materials
offer exceptional properties such as high chemical, thermal, and mechanical resistance, rendering them
well-suited for various applications. Among these materials, silica nanoparticles are particularly
noteworthy due to their distinctive attributes. Silica nanoparticles have the capacity to degrade into
silicic acid or smaller silica species in specific aqueous environments, endowing them with
biocompatibility and versatility for a wide array of applications [61]. The top-down and bottom-up
approaches represent two fundamental strategies for fabricating and synthesizing nanoparticles, each
offering distinct advantages and applications.

4.1. Top-down approach

This method involves reducing bulk materials to obtain nano-sized particles. Advanced
techniques like precision engineering and lithography are utilized for this purpose. Precision
engineering, refined by industry over decades, supports the microelectronics industry by enabling the
production of high-performance components. Through precise manipulation, top-down techniques
fabricate nanostructures with tailored properties and dimensions [62].

4.2. Bottom-up approach

Bottom-up techniques use controlled self-assembly processes of atoms and molecules to build
nanostructures with intricate architectures and functionalities. The field of bottom-up nanotechnology
gained momentum in the 1980s, driven by advancements in cluster science and the development of
powerful tools like the scanning tunnelling microscope [62].

Eric Drexler’s influential book, Engines of Creation: The Coming Era of Nanotechnology, pub-
lished in 1986, further popularized the concept of nanotechnology and its potential applications [63].
Nanoparticles exert their effects through diverse mechanisms, each contributing to their wide-ranging
applications in medicine, agriculture, and environmental science. Understanding these mechanisms is
crucial for maximizing their potential. Some key mechanisms of nanoparticle action are as follows: A)
Reactive oxygen species (ROS) and toxicity. Nanoparticles can induce ROS; elevated ROS levels,
triggered by nanoparticles, can lead to cytotoxic effects in plants and other organisms. B) Electrostatic
interactions. Nanoparticles interact with cell membranes via electrostatic interactions, particularly
through positive-negative charge attractions. This interaction disrupts the cell membrane structure,
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increasing permeability and potentially compromising vital cellular functions like respiration, division,
and DNA replication. These mechanisms highlight how nanoparticles can impact biological systems,
underscoring the importance of understanding their interactions and effects for various applications.
Furthermore, the imbalance in metal ion homeostasis, crucial for metabolic functions in microbes, can
be disrupted by excess metal nanoparticles. This disruption can result in irreversible damage, growth
retardation, or microbial death. Researchers have shown great interest in biodegradable nanoparticles
because of their advantageous characteristics and fewer adverse effects. Of them, chitosan—also
known as poly[1,4-B-D-glucopyranosamine]—emerges as the most frequently used polymer in endo-
dontics. Derived from deacetylated chitin, chitosan shares structural similarities with components
found in the extracellular matrix, enabling it to strengthen collagen structures [64]. Its outstanding
antibacterial, antiviral, and antifungal characteristics, demonstrated in various forms and functions,
demonstrate its adaptability and have generated a great deal of attention in the field of
biomedicine [65].

A study by Ke Zhang et al. in 2013, titled “Effects of Dual Antibacterial Agents 12-methacrylo-
yloxydodecylpyridinium bromide (MDPB) and Nano-Silver in Primer on Microcosm Biofilm, Cyto-
toxicity, and Dentine Bond Properties”, included evaluating in vitro the production of lactic acid [66].
Daming Wu et al. established the MDPB-NAG primer’s antibacterial efficiency by demonstrating its
capacity to prevent oral biofilms and secondary caries while preserving dentin bond strength and bio-
compatibility. Comparable results were documented by L. Cheng et al. in their 2012 work, “Anti-
Biofilm Dentin Primer with Quaternary Ammonium and Silver Nanoparticles” [67]. In 2012, Mogha-
das et al. looked into the antibacterial activity of a brand-new endodontic irrigation solution based on
nanotechnology [68]. According to their findings, it is as effective as NaOCl at stopping the growth of
common root canal bacteria such as Staphylococcus aureus and Enterococcus faecalis. In “Develop-
ment of Intracanal Formulation Containing Silver Nanoparticles”, a study published in 2014 [69] by
Jodo Felipe Bonatto Bruniera et al., silver nanoparticles showed antibacterial activity against all spe-
cies examined. Moreover, silver nanoparticles integrated into hydroxyethylcellulose polymer gel
demonstrated appropriate homogeneity and fluidity for their intended purpose. In an additional 2010
study by Tom C. Pagonis titled “Nanoparticle-Based Endodontic Antimicrobial Photodynamic Ther-
apy”, scientists tested the efficacy of treatment against Enterococcus faecalis biofilm-infected root
canals using in vitro studies. The uptake and dispersion of nanoparticles in the Enterococcus faecalis
suspension were investigated using transmission electron microscopy. The outcomes showed that light
and methylene blue-loaded nanoparticles significantly lowered the number of bacteria in the plank-
tonic phase and inside the root canals [70]. As the by-product of chitin’s deacetylation, chitosan is the
second most prevalent naturally occurring biopolymer. Its versatility has drawn much interest in bio-
medicine since it may be employed in many forms, such as powder (including micro- and nanoparti-
cles), capsules, films, scaffolds, hydrogels, beads, and bandages [71]. Chitosan is an ideal reinforce-
ment material for collagen structures because of its structural similarity to extracellular matrix com-
ponents [72]. The preparation of chitosan nanoparticles can be achieved through several methods out-
lined in the literature. Emulsification and crosslinking are two frequently used techniques that use the
amino groups in chitosan and the aldehyde groups in a crosslinking agent [73]. Additional approaches,
such as reversed micelles (microemulsion) and precipitation methods, rely on covalent crosslinking to
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make chitosan nanoparticles. These diverse approaches offer flexibility in tailoring chitosan nanopar-
ticles for various biomedical applications [72].

Yazdan et al.’s in vitro research [34] revealed that gutta-percha coated with nanosilver might have
better antibacterial properties than regular gutta-percha when used in endodontic procedures. However,
utilizing dye and bacterial leakage methods, a 60-day comparison of conventional gutta-percha and
nanosilver-coated gutta-percha indicated no statistically significant difference in the dye or bacterial
leakage results between the two fillers. Furthermore, by improving mechanical qualities with a
suggested nanodiamond-gutta-percha composite functionalized with amoxicillin, Lee et al. [ 74] sought
to reduce the incidence of root canal reinfection. This innovative approach aims to improve the efficacy
of root canal treatment by incorporating nanodiamonds and antibiotics into the gutta-percha composite,
potentially enhancing antimicrobial properties and treatment outcomes. Incorporating nanodiamonds
with an antibiotic could potentially enhance the eradication of residual bacteria following endodontic
treatment. The study also demonstrated broad bactericidal properties against pathogens in lateral or
additional canals. Nanodiamond-gutta-percha has been suggested to improve treatment efficacy and
complement conventional endodontic therapy procedures.

Moreover, ZrO: nanoparticles enhance the compressive strength and sealing ability of these
materials, which are critical in preventing microleakage and reinfection. Due to their bioinert and non-
toxic nature, zirconia nanoparticles have also shown good cytocompatibility with periodontal ligament
fibroblasts and osteoblasts, making them suitable for regenerative endodontic materials. Additionally,
zirconia nanoparticle-coated implants have demonstrated reduced biofilm formation and improved
gingival tissue response, which is essential for the long-term success of dental implants in
periodontally compromised patients. Furthermore, the inclusion of TiO2 nanoparticles in bioceramic
sealers has been shown to improve their compressive strength, reduce setting time, and enhance
antibacterial activity without compromising biocompatibility [39]. Additionally, TiO: coatings on
dental implants have been shown to improve osseointegration, reduce biofilm formation, and enhance
surface hydrophilicity—factors essential for the long-term success of implants in periodontally
compromised patients [75].

Chlorhexidine, which has demonstrated significant efficacy in eliminating bacteria and biofilms
linked to specific oral illnesses, is one of the active chemicals that chitosan can transport [75]. Because
of its positive charge, chitosan interacts electrostatically with negatively charged bacterial cell
membranes. This contact may disrupt permeability in the cell wall, which could result in cell rupture,
intracellular protein and component leakage, and, ultimately, microbial death [76]. Chitosan
nanoparticles have demonstrated the potential to access the dentinal tubules of infected root canals and
enhance root canal disinfection despite the challenging anatomical hurdles involved. Furthermore,
chitosan nanoparticles remain beneficial when combined with efflux pump inhibitors, which mitigate
the effects of biofilm resistance to antimicrobial medications [76]. Moreover, it has been shown that
chitosan nanoparticles are still effective in the presence of inhibitors that target the efflux pump, a
mechanism by which biofilms evade antibiotics [77].

Some commonly utilized biological models for toxicity studies include (1) cell cultures, where
cultured cells are exposed to nanomaterials to monitor responses such as cell viability, proliferation,
apoptosis, and oxidative stress; (2) aquatic organisms like embryonic zebrafish (Danio rerio),
frequently used due to their sensitivity, optical transparency, rapid development, and genetic similarity
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to humans, making them suitable for developmental toxicity evaluations; and (3) whole-animal tests
with rodents, including mice and rats, which assess systemic effects such as organ toxicity,
immunotoxicity, neurotoxicity, and reproductive toxicity following nanomaterial exposure. By
employing diverse biological models, toxicity studies can provide comprehensive insights into the
potential adverse effects of nanomaterials on various physiological systems. These findings are crucial
for informing regulatory decisions and ensuring nanotechnology’s safe development and application.

In urban environments, particulate matter from diesel- and gasoline-fueled vehicles and stationary
combustion sources contains nanomaterials. Ongoing research into the toxic effects of these particles
is essential, with regulatory focus shifting toward finer-sized particles. Nanotechnology encompasses
various products classified into compound classes, including metals, metal oxides, carbon-based
materials, and semiconductor nanomaterials [25].

Nanoparticles can harm biological systems through several mechanisms, including the induction
of carbonyl formation. They have been shown to catalyze the oxidative modification of amino acid
chains, resulting in the formation of carbonyl groups. These carbonyl groups can bind to proteins,
leading to protein degradation, enzyme inactivation, and disruption of catalytic activity. This process
compromises the function of essential cellular proteins and enzymes, contributing to cellular
dysfunction and oxidative stress [78,79].

Additionally, nanoparticles possess electrical properties that allow them to interact with nucleic
acids, such as chromosomal and plasmid DNA. These interactions can adversely affect DNA
replication by disrupting the normal structure and function of DNA molecules. Consequently,
nanoparticles may inhibit DNA-mediated signal transduction processes, impairing critical cellular
functions including gene expression, cell proliferation, and differentiation. Such interference with
DNA replication can have profound effects on cellular homeostasis and genomic stability [80,81].

Overall, the ability of nanoparticles to induce carbonyl formation and interact with nucleic acids
highlights their potential to disrupt fundamental cellular processes and cause adverse biological effects.
Understanding these mechanisms is crucial for accurately assessing the safety and risks associated
with nanoparticle use across various applications.

The potential toxic effects of nanomaterials depend on several factors, including their base
material, size, shape, and surface coatings. Interpreting these effects requires careful consideration of
experimental conditions, as differences in methodologies across studies can make comparisons
challenging. Therefore, toxicity studies employing diverse biological models are essential to
comprehensively evaluate the harmful effects of nanomaterials on living organisms.

5. Conclusion

The advancement of nanotechnology has the potential to revolutionize endodontic therapy.
Recent research highlights a broad range of applications for nanoparticles in endodontics, including
obturation materials, photodynamic therapy, disinfection methods, and tissue regeneration. However,
it is essential to tailor nanoparticle-based approaches to specific clinical needs, as different materials,
formulations, and combinations exhibit unique properties that can be both beneficial and potentially
harmful. While the promise of nanoparticles in endodontics is significant, further research and clinical
validation are necessary to fully realize their potential benefits.
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