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Introduction
The success of endodontic therapy largely depends on 
the effective elimination of microorganisms and their 
biofilms from the root canal system. Microbial biofilms, 
composed of complex communities encased in a protective 
extracellular matrix, exhibit high resistance to conventional 
antimicrobial agents and mechanical instrumentation. 
Despite the widespread use of irrigants such as sodium 
hypochlorite (NaOCl), ethylenediaminetetraacetic acid 
(EDTA), and chlorhexidine (CHX), complete eradication 
of these biofilms remains a persistent clinical challenge 
(Singh, 2020). The anatomical complexities of the root 
canal, including lateral canals, fins, and dentinal tubules, 
further hinder the penetration and efficacy of these 
irrigating solutions.

Recent advances in nanotechnology have provided 
new perspectives for enhancing disinfection efficiency 
in endodontics. Nanopart icles possess unique 
physicochemical properties, such as high surface area-
to-volume ratio, increased reactivity, and superior 
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The persistent challenge of biofilm removal in root canal therapy has driven the search for more 
effective disinfection strategies. Conventional irrigants such as sodium hypochlorite, chlorhexidine, 
and EDTA exhibit limitations in completely eliminating resistant microbial communities embedded 
within dentinal tubules. In recent years, nano-modified irrigants have emerged as a novel and promising 
approach in endodontic disinfection. Owing to their nanoscale dimensions and unique physicochemical 
properties, nanoparticles such as silver, zinc oxide, titanium dioxide, and chitosan demonstrate enhanced 
penetration, surface reactivity, and antimicrobial efficiency. These nanoparticles, when integrated with 
traditional irrigants, disrupt biofilm architecture through mechanisms including reactive oxygen species 
generation, cell membrane damage, and sustained antimicrobial release. Comparative studies reveal 
superior biofilm disruption and canal cleanliness achieved by nano-modified formulations compared 
to conventional solutions. Despite these advantages, concerns regarding cytotoxicity, stability, and 
clinical safety remain significant barriers to routine clinical adoption. Continued research focusing 
on biocompatibility optimization, controlled nanoparticle release, and long-term effects is essential 
for clinical translation. Overall, nano-modified irrigants represent a significant advancement toward 
achieving thorough canal disinfection and long-term endodontic success.
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penetration capabilities, which make them effective 
against resistant biofilms (Verma et al., 2021). When 
integrated into traditional irrigants, these nano-
modified solutions exhibit enhanced antimicrobial 
activity and deeper infiltration into dentinal structures. 
Nanoparticles such as silver (Ag), zinc oxide (ZnO), 
titanium dioxide (TiO₂), and chitosan have demonstrated 
broad-spectrum antibacterial and antifungal properties, 
disrupting biofilm integrity and promoting superior 
canal cleanliness (Abou El Nasr & Akbulut, 2018).

The principle behind the application of nanotechnology 
in endodontic irrigation lies in its ability to manipulate 
matter at the molecular level, thereby improving 
the interaction between disinfectants and microbial 
surfaces (Dasgupta et al., 2016). Moreover, nanomaterials 
facilitate controlled release and sustained antimicrobial 
effects, addressing the limitations of short-lived 
traditional irrigants. In dental and oral tissue therapy, 
nanotechnology has shown promising potential in 
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regenerative applications, biofilm management, and 
enhanced tissue compatibility (Yang et al., 2020; 
Matichescu et al., 2020).

Therefore, the integration of nano-modified irrigants 
represents a novel and emerging strategy in root 
canal disinfection. This approach aims to overcome 
the limitations of conventional irrigation systems and 
achieve improved microbial eradication and canal 
decontamination. As highlighted by Kalyvas (2021), the 
continuous evolution of nanomaterial-based techniques 
in dentistry could redefine the standards of endodontic 
disinfection, leading to higher success rates and more 
predictable clinical outcomes.

Mechanism of Action of Nano-Modified Irrigants 
Nano-modified irrigants exhibit a multifaceted 
mechanism of action that enhances their ability to 
penetrate, disrupt, and eradicate biofilms within the 
complex root canal system. The fundamental advantage 
of these irrigants lies in their nanoscale dimensions, 
which enable deeper infiltration into dentinal tubules 
and irregular canal spaces that are often inaccessible 
to conventional irrigants (Singh, 2020). Nanoparticles 
such as silver, zinc oxide, titanium dioxide, and chitosan 
possess unique physicochemical and surface properties 
that allow for effective interaction with bacterial cell 
membranes, leading to structural disintegration and 
leakage of intracellular contents (Verma et al., 2021).

The antibacterial activity of nano-irrigants is 
primarily attributed to two key mechanisms: direct 
cell wall disruption and reactive oxygen species (ROS) 
generation. Upon contact, metallic nanoparticles release 
ions that bind to the negatively charged bacterial cell wall, 
altering membrane permeability and causing cellular 
collapse (Dasgupta et al., 2016). Simultaneously, ROS 
generation induces oxidative stress, damaging proteins, 
lipids, and nucleic acids, ultimately resulting in bacterial 
death (Yang et al., 2020). In the case of silver nanoparticles, 
the continuous release of Ag⁺ ions ensures a prolonged 
antimicrobial effect, maintaining canal disinfection even 
after irrigation procedures are completed (Abou El Nasr 
& Akbulut, 2018).

Additionally, chitosan-based nanoparticles exhibit a 
chelating and bioadhesive capacity that enhances their 
interaction with dentin surfaces, improving smear layer 
removal and facilitating deeper irrigant penetration 
(Matichescu et al., 2020). Titanium dioxide and zinc 
oxide nanoparticles, under light activation, further 
enhance disinfection through photocatalytic reactions 
that generate hydroxyl radicals, intensifying biofilm 

degradation (Kalyvas, 2021). These combined actions 
create a synergistic antimicrobial environment within 
the root canal, reducing microbial load and preventing 
biofilm reformation.

Overall, nano-modified irrigants integrate physical, 
chemical, and biological mechanisms to achieve superior 
biofilm disruption and canal disinfection compared to 
traditional irrigants. Their ability to deliver sustained 
antimicrobial activity while interacting effectively with 
dentinal structures marks a significant step toward more 
predictable and long-lasting endodontic outcomes (Verma 
et al., 2021; Singh, 2020).

Comparative Efficacy in Biofilm Removal
The efficacy of nano-modified irrigants in disrupting and 
removing endodontic biofilms has been demonstrated 
through both in vitro and in vivo studies. Conventional 
irrigants such as sodium hypochlorite and chlorhexidine 
often show limited penetration into the complex structure 
of mature biofilms, resulting in residual microbial 
activity within the dentinal tubules (Singh, 2020). The 
incorporation of nanoparticles into these irrigants 
enhances their surface reactivity, allowing for deeper 
penetration and improved mechanical disruption of 
biofilm matrices. Silver nanoparticles, for example, have 
shown superior antibacterial efficacy against Enterococcus 
faecalis due to their ability to bind bacterial cell walls, 
alter membrane permeability, and induce reactive oxygen 
species formation (Verma et al., 2021).

Comparative studies have revealed that nano-
modified irrigants exhibit significantly higher biofilm 
eradication rates than traditional solutions. Chitosan-
based nano-irrigants enhance chelation and mechanical 
removal of biofilms while maintaining biocompatibility 
with periapical tissues (Abou El Nasr & Akbulut, 2018). 
Similarly, zinc oxide and titanium dioxide nanoparticles 
incorporated into irrigants have demonstrated enhanced 
photo-catalytic and antimicrobial properties, leading 
to improved canal disinfection (Yang et al., 2020). The 
nanoscale dimensions of these materials facilitate 
penetration into inaccessible canal irregularities, where 
conventional irrigants are less effective (Dasgupta et al., 
2016).

Moreover, studies have reported that the size, 
concentration, and surface functionalization of 
nanoparticles significantly influence their antimicrobial 
performance. Stable dispersion and controlled release of 
nanoparticles improve sustained antibacterial activity 
and prevent reformation of biofilms (Matichescu et al., 
2020). The enhanced surface area of nano-irrigants also 
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allows for more effective contact with microbial colonies, 
contributing to superior cleaning efficacy and reduced 
bacterial regrowth.

Overall, the comparative evidence supports that 
nano-modified irrigants outperform traditional irrigation 
systems in biofilm disruption and canal disinfection, 
offering a more efficient approach to managing persistent 
endodontic infections (Kalyvas, 2021).

Biocompatibility and Safety Considerations
The biocompatibility and safety of nano-modified 
irrigants are critical determinants for their potential 
clinical application in endodontics. While these agents 
offer superior antimicrobial and biofilm-disruptive 
capabilities, their nanoscale properties introduce 
new biological interactions that demand careful 
evaluation. Nanoparticles possess a high surface area-
to-volume ratio, which enhances reactivity but may also 
increase the risk of cytotoxicity and oxidative stress in 
periapical tissues (Singh, 2020). The extent of toxicity 
is influenced by particle type, size, concentration, and 
surface modification. For instance, silver and zinc oxide 
nanoparticles exhibit potent antibacterial effects but 
may interfere with host cell metabolism and induce 
inflammatory responses if used at high concentrations 
(Verma et al., 2021).

Surface functionalization and controlled release 
mechanisms have been developed to improve safety 
and reduce direct tissue irritation. Chitosan-based nano-
irrigants demonstrate favorable cytocompatibility due 
to their natural origin and biodegradability, providing 
a safer alternative to metallic nanoparticles (Abou El 
Nasr & Akbulut, 2018). Moreover, polymer coatings and 
bio-responsive nanocarriers enhance stability and allow 
gradual ion release, minimizing potential tissue damage 
(Yang et al., 2020).

Biomaterial studies indicate that integrating 
nanoparticles into biocompatible matrices can maintain 
antimicrobial efficacy while reducing adverse cellular 
effects (Matichescu et al., 2020). However, incomplete 
characterization of nanoparticle behavior in dynamic 
biological environments such as their interaction with 
dentin, pulp remnants, and periapical cells remains a 
significant limitation (Dasgupta et al., 2016). Regulatory 
frameworks and standardized toxicity assessments are 
still evolving, highlighting the need for extensive in vivo 
and long-term studies to ensure patient safety (Kalyvas, 
2021).

While nano-modified irrigants show promising 
clinical potential, optimizing concentration, particle 

stability, and delivery systems is essential to balance 
antimicrobial efficiency with biological safety. Future 
research should prioritize comprehensive cytotoxicity 
evaluation and standardized clinical protocols to 
facilitate safe and effective integration into endodontic 
practice.

Conclusion
Nano-modified irrigants represent a promising 
advancement in endodontic disinfection, offering 
enhanced biofilm disruption and improved canal 
cleanliness compared to conventional solutions. The 
incorporation of nanoparticles such as silver, zinc oxide, 
titanium dioxide, and chitosan improves penetration into 
dentinal tubules, disrupts biofilm structure, and enhances 
antimicrobial efficacy through mechanisms including 
reactive oxygen species generation and sustained 
antimicrobial release (Verma et al., 2021; Abou El Nasr 
& Akbulut, 2018). Studies demonstrate that these nano-
irrigants can overcome some limitations of traditional 
irrigants, addressing persistent microbial challenges 
in root canal therapy (Singh, 2020; Yang et al., 2020). 
However, considerations regarding cytotoxicity, stability, 
and clinical safety remain critical for translation into 
routine practice (Matichescu et al., 2020; Kalyvas, 2021). 
Future research focusing on optimizing biocompatibility, 
controlled nanoparticle release, and long-term outcomes 
is essential to establish standardized protocols for 
clinical application (Dasgupta et al., 2016; Verma et al., 
2021). Overall, nano-modified irrigants offer a novel and 
effective approach to enhancing root canal disinfection 
and represent a significant step toward improved 
endodontic treatment outcomes.
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