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Abstract

Background: Persistent root canal infections, especially those caused by Enterococcus faecalis, pose a
significant challenge in endodontic therapy. Traditional medicaments like calcium hydroxide (CH) have shown
limited efficacy against resistant strains. Recently, iron oxide nanoparticles (IONPs) have emerged as promising
antimicrobial agents.

Aim: This study aimed to compare the minimum bactericidal concentration (MBC) and minimum inhibitory
concentration (MIC) of IONPs and CH, both alone and in combination, against E. faecalis.

Methods: Medications were divided into three groups: IONPs alone, CH alone, a combination of IONPs and CH.
MIC and MBC were determined using standard dilution and culture methods. The zone of inhibition was evaluated
using agar well diffusion. Statistical analysis was performed using ANOVA and Tukey s post hoc test.

Results: The combination of IONPs and CH demonstrated the highest antibacterial efficacy, with significant
inhibition of E. faecalis growth at a lower concentration (2.5 mg/mL). CH showed MIC at 5 mg/mL, while IONPs
required 10 mg/mL. The combination group also produced the largest inhibition zones across all concentrations
tested.

Conclusion: IONPs in combination with CH offer enhanced antibacterial efficacy against E. faecalis and may
be a superior alternative to CH alone in endodontic disinfection protocols.
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I.  Introduction

Dental caries is a widespread condition affecting populations worldwide and a primary contributor to
endodontic pathologies.! When carious lesions progress deeply into the dentin, they allow bacterial infiltration
into the pulp, potentially resulting in pulpitis, necrosis, and apical periodontitis.? One of the key bacterial agents
identified in persistent endodontic infections is Enterococcus faecalis, known for its resistance to conventional
treatment methods and its ability to thrive in nutrient-deprived environments.3

Successful endodontic therapy hinges on the thorough elimination of microbial flora from the root canal
system.* This is primarily achieved through mechanical debridement and chemical irrigation, often supplemented
with intracanal medicaments that serve to neutralize residual bacteria.’ An ideal medicament should provide long-
lasting antimicrobial action. At the same time, it should minimise irritation to the apical periodontium. This
property is particularly important during multi-visit treatments, where the medicament must penetrate the dentinal
tubules and eliminate any persistent microorganisms. The most commonly used intracanal medicament is calcium
hydroxide. However, calcium hydroxide shows limited effectiveness against resistant species like Enterococcus
faecalis and Candida albicans. Tts high pH can cause dentin brittleness and weaken the tooth structure with
prolonged use. Residues left in the canal may interfere with sealing and cause crown discolouration, especially in
anterior teeth.®
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Nanotechnology offers new avenues in the fight against persistent endodontic pathogens. Due to their
small size and large surface area-to-volume ratio, nanoparticles possess unique chemical and physical properties
that enhance their antimicrobial capabilities.” Among these, iron oxide nanoparticles (IONPs) have gained
attention due to their ability to generate reactive oxygen species (ROS), penetrate biofilms, and maintain a
favorable safety profile.?

Only a limited number of studies have explored the application of iron oxide nanoparticles in the medical
and dental fields. This is particularly relevant in paediatric dentistry, where persistent infections in immature
permanent teeth compromise root development. This study was designed to assess and compare the antibacterial
efficacy of IONPs, CH, and their combination against E. faecalis, focusing on determining MIC, MBC, and zones
of inhibition to establish their potential for clinical use.

II.  Materials And Methods
Study Design
This was an in vitro experimental study conducted to evaluate the antimicrobial activity of different
intracanal medicaments such as iron oxide nanoparticles, calcium hydroxide, and their combination against E.
faecalis.

Preparation of Suspensions

IONPs were prepared by mixing 400 mg in 10 mL of deionized water and homogenized with an
ultrasonic homogenizer. A calcium hydroxide suspension was prepared in a similar manner. For combination
groups, equal volumes of IONP and CH suspensions were mixed.

Preparation of Bacterial Suspension
Bacterial cultures were incubated in BHI broth at 37°C for 24 hours. A 0.5 McFarland standard
(equivalent to 1-1.5 x 1078 CFU/mL) was used.

Minimum inhibitory concentration and Minimum bactericidal concentration Testing

Serial dilutions (40 mg/mL to 2.5 mg/mL) were prepared in test tubes. Three main concentrations for
this study were 2.5 mg/mL, 5 mg/mL, and 10 mg/mL. Each tube received 0.1mL of bacterial suspension and was
incubated at 37°C for 24 hours. MIC was determined based on turbidity. The MIC was determined by observing
turbidity in bacterial suspensions after 24 hours of incubation. To determine MBC, samples from the MIC assay
that exhibited no turbidity were sub-cultured onto Enterococcus-selective agar and incubated. Bactericidal activity
was confirmed by the absence of colony growth. To avoid any false results, five tests were done for each
concentration of each group of medication.

Ethical clearance:
This study was approved by the Institutional Ethics Committee [XXX], and all procedures were
conducted in accordance with the Declaration of Helsinki.

Statistical Analysis
Data were analysed using SPSS version 28.0 (IBM Corp., Armonk, NY, USA). One-way ANOVA and
Tukey’s post hoc test were used for group comparisons, with significance set at p <0.05.

III.  Results
Minimum Inhibitory Concentration (MIC)

The combination group (IONPs + CH) demonstrated the greatest antimicrobial activity, achieved
complete inhibition of E. faecalis at the lowest tested concentration of 2.5 mg/mL. Calcium hydroxide alone
showed inhibitory activity starting at 5 mg/mL, while IONPs alone required a concentration of 10 mg/mL to
achieve complete inhibition. These findings suggest a synergistic antibacterial effect when IONPs and CH are
combined. One-way ANOVA revealed statistically significant differences in MIC among the three groups (p <
0.05). (Figure 1-3)
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FIGURE 1: Test-tubes with IONPs showing no turbidity only at 10 mg/mL concentration

FIGURE 2: Test-tubes with combination of IONPs and CH showmg no turbidity at all three concentrations

CRSRLER LA R e f" W Ay A

Minimum Bactericidal Concentration (MBC)

IONPs + CH demonstrated bactericidal effects at all three concentrations (2.5, 5, and 10 mg/mL),
whereas CH alone demonstrated this effect at 5 and 10 mg/mL. IONPs alone showed bactericidal action at 10
mg/mL, indicating reduced bactericidal efficiency compared to the combination.

Zone of Inhibition

At 2.5 mg/mL, the combination group exhibited the highest inhibition zone, followed by CH and IONPs.
At 5 mg/mL, zones were IONPs + CH > IONPs > CH. At the highest concentration of 10 mg/mL, the combination
group again showed the largest zone of inhibition, followed by CH and IONPs. Statistically significant differences
were observed among all groups at each concentration (p < 0.05).

Intergroup Comparisons

Tukey’s post hoc test revealed significant differences between 10 mg/mL and 2.5 mg/mL in all three
groups. The IONPs + CH group showed a statistically significant improvement in zone of inhibition compared to
CH or IONPs alone, particularly at lower concentrations. These results reinforce the enhanced efficacy of the
combined formulation. (Table 1-2)
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Table 1: Intergroup comparison of inhibition zones of test materials against E. faecalis at different

concentrations
Concentrations IONPs IONPs + CH CH p value
mg/mL Mean (mm) Mean (mm) Mean (mm)
2.5 4.86 £ 0.00 5.96 £ 0.00 5.06 £ 0.00 0.001
5 7.6 +0.58 9.6 +0.60 7.36+£0.36 0.002
10 9.96+1.12 13.76 £ 1.00 11.06 +1.10 0.010

One-way ANOVA test; indicates significant difference at p<0.05

Table 2: Pairwise intergroup comparison of inhibition zones of test materials against E. faecalis at

different concentrations

Concentrations IONPs IONPs + CH CH
mg/mL p value p value p value
2.5vs5 0.078 (NS) 0.028 0.07 (NS)

2.5vs 10 0.03 0.04 0.016
Svs 10 0.067 (NS) 0.060 (NS) 0.020

Tukey’s post hoc test; indicates significant difference at p<0.05; NS - Nonsignificant

IV.  Discussion

Untreated dental caries provides a niche for microbial invasion, leading to pulpal damage and the need
for endodontic treatment. The predominant microorganisms responsible for such infections are anaerobic bacteria,
with Enterococcus faecalis recognized as the most persistent species. Other commonly implicated pathogens
include Streptococcus mitis, Streptococcus sanguinis, various Actinomyces species, Fusobacterium, Spirochetes,
and Prevotella species.’

In paediatric patients, these infections present an additional challenge. Necrotic pulps in immature
permanent teeth often compromise root development, leaving thin dentinal walls that are prone to fracture.
Effective intracanal medicaments are therefore critical in children, not only to eradicate resistant microorganisms
such as E. faecalis but also to promote an environment conducive to continued root maturation (apexogenesis and
apexification).

Calcium hydroxide (Ca(OH):) is commonly employed as an intracanal medicament in endodontics due
to its ability to release hydroxyl ions and raise the pH of the root canal environment. This disrupts bacterial
membranes, enzymes, and DNA, thereby exerting antimicrobial effects. However, its effectiveness against
resistant organisms such as E. faecalis and Candida albicans remains debated. Mattigatti et al.'® reported lower
antimicrobial efficacy compared with chlorhexidine, and Chen et al.'! also found Ca(OH). ineffective against E.
faecalis biofilms.

Nanoparticulate compounds are increasingly explored for their antibacterial potential.'? They act mainly
by disrupting bacterial membranes, altering electrochemical gradients, and interfering with essential cellular
functions, ultimately leading to cell death.'® Iron oxide nanoparticles, in particular, have shown potential in
disrupting biofilms and modulating bacterial activity. '?

Al-Mallah et al.'* in 2021 found that IONPs alone enhanced bacterial growth at high concentrations and
showed bacteriostatic effects at lower concentrations. Similarly, Torres-Gomez et al.'® reported low antibacterial
activity of [ONPs at concentrations above 0.07 mg/mL. In contrast, the present study demonstrated that combining
IONPs with calcium hydroxide enhanced antibacterial activity against E. faecalis, indicating a synergistic effect.
This may be explained by the high pH created by calcium hydroxide, which facilitates ROS-mediated bacterial
killing by IONPs.

Previous studies have shown E. faecalis to be resistant to high pH environments and capable of surviving
calcium hydroxide exposure.'s,'” In contrast, the addition of nanoparticles enhances penetration into dentinal
tubules and disrupts biofilms, mechanisms that are critical for eliminating persistent infections. '3

Additionally, the zone of inhibition data reinforces the superior efficacy of the combination, particularly
at lower concentrations. The results align with Bukhari et al.'®, who observed enhanced efficacy of IONPs when
combined with oxidizing agents like hydrogen peroxide.

An ideal endodontic medicament should combine strong antimicrobial properties with selective toxicity,
ensuring minimal harmful effects on periradicular tissues.!” The concentration of nanoparticles is a key
determinant of their cytotoxic effects on cells.?’ At lower concentrations, cells can efficiently eliminate
nanoparticles through the normal phagocytosis process. However, at higher concentrations, this clearance
mechanism becomes impaired, leading to potential adverse health effects over time.?! IONPs may have relatively
weak antimicrobial activity against certain strains and limited biocompatibility with eukaryotic cells.?? Although
concerns exist regarding the cytotoxicity of nanoparticles, studies have shown IONPs to have acceptable
biocompatibility at lower concentrations.'* Nonetheless, further in vivo research is necessary before clinical
translation.
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V.  Conclusion
The combination of iron oxide nanoparticles and calcium hydroxide demonstrated superior antibacterial

efficacy against Enterococcus faecalis compared with either agent alone. This synergistic effect supports its
potential as an intracanal medicament, warranting further in vivo and clinical evaluation.
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References
Jin LJ, Lamster IB, Greenspan JS, Pitts NB, Scully C, Warnakulasuriya S. Global Burden Of Oral Diseases: Emerging Concepts,
Management, And Interplay With Systemic Health. Oral Dis. 2016;22(7):609-619.
Bjerndal L. Caries Pathology And Management In Deep Stages Of Lesion Formation. In: Bergenholtz G, Horsted-Bindslev P, Reit
C, Eds. Textbook Of Endodontology. 3rd Ed. Wiley Blackwell; 2018:61-78.
Dioguardi M, Di Gioia G, Illuzzi G, Et Al. Inspection Of The Microbiota In Endodontic Lesions. Dent J (Basel). 2019;7(2):47.
Marton 1J, Kiss C. Protective And Destructive Immune Reactions In Apical Periodontitis. Oral Microbiol Immunol. 2000;15(3):139-
150.
Almyroudi A, Mackenzie D, Mchugh S, Saunders WP. The Effectiveness Of Various Disinfectants Used As Endodontic Intracanal
Medications: An In Vitro Study. J Endod. 2002;28(3):163-167.
Relan K, Chandak M, Chaudhari SS, Et Al. Clinical Evaluation And Comparison Of Effectiveness Of Three Different Endodontic
Irrigation Systems For Irrigant Delivery To Working Length Of Single-Rooted Teeth Using Radiopaque Dye: An Interventional Study.
Int J Pharm Res. 2019;11(4):1840-1843.
Shrestha A, Kishen A. Antibacterial Nanoparticles In Endodontics: A Review. J Endod. 2016;42(10):1417-1426.
Gao L, Liu Y, Kim D, Et Al. Nanocatalysts Promote Streptococcus Mutans Biofilm Matrix Degradation And Enhance Bacterial
Killing To Suppress Dental Caries In Vivo. Biomaterials. 2016;101:272-284.
Narayanan LL, Vaishnavi C. Endodontic Microbiology. J Conserv Dent. 2010;13(4):233-239.
Mattigatti S, Ratnakar P, Moturi S, Et Al. Antimicrobial Effect Of Conventional Root Canal Medicaments Vs Propolis Against
Enterococcus Faecalis, Staphylococcus Aureus, And Candida Albicans. J Contemp Dent Pract. 2012;13(3):305-309.
Chen EW, Carey AJ, Ulett GC, Et Al. Characterisation Of The Efficacy Of Endodontic Medications Using A Three-Dimensional
Fluorescent Tooth Model: An Ex Vivo Study. Aust Endod J. 2015;41(2):88-96.
Istrate CM, Holban AM, Grumezescu AM, Et Al. Iron Oxide Nanoparticles Modulate The Interaction Of Different Antibiotics With
Cellular Membranes. Rom J Morphol Embryol. 2014;55(3):849-856.
Ibrahim Al Petrik L, Moodley DS, Patel N. Use Of Antibacterial Nanoparticles In Endodontics. SADJ. 2017;72(3):105-112.
Al-Mallah S, Al-Naimi A. Minimum Inhibitory Concentration Of Iron Oxide Nanoparticles With Hydrogen Peroxide Against
Endodontic Enterococcus Faecalis. Al-Rafidain Dent J. 2021;21(2):158-164.
Torres-Gomez N, Nava O, Argueta-Figueroa L, Garcia-Contreras R, Baeza-Barrera A, Vilchis-Nesto A. Shape Tuning Of Magnetite
Nanoparticles Obtained By Hydrothermal Synthesis: Effect Of Temperature. J Nanomater. 2019;2019:1-15.
Siqueira JF Jr, Rog¢as IN. Polymerase Chain Reaction—Based Analysis Of Microorganisms Associated With Failed Endodontic
Treatment. Oral Surg Oral Med Oral Pathol Oral Radiol Endod. 2004;97(1):85-94.
Tanriverdi F, Esener T, Erganis O, Belli S. An In Vitro Test Model For Investigation Of Disinfection Of Dentinal Tubules Infected
With Enterococcus Faecalis. Braz Dent J. 1997;8(2):67-72.
Bukhari S, Kim D, Liu Y, Karabucak B, Koo H. Novel Endodontic Disinfection Approach Using Catalytic Nanoparticles. J Endod.
2018;44(5):806-812.
Karkehabadi H, Yousefifakhr H, Zadsirjan S. Cytotoxicity Of Endodontic Irrigants On Human Periodontal Ligament Cells. Iran
Endod J. 2018;13(3):390-394.
Fatemi M, Mollania N, Momeni Moghaddam M, Sadeghifar F. Extracellular Biosynthesis Of Magnetic Iron Oxide Nanoparticles By
Bacillus Cereus Strain HMH1: Characterization And In Vitro Cytotoxicity Analysis On MCF-7 And 3T3 Cell Lines. J Biotechnol.
2018;270:1-11.
Jennifer M, Maciej W. Nanoparticle Technology As A Double-Edged Sword: Cytotoxic, Genotoxic, And Epigenetic Effects On Living
Cells. J Biomater Nanobiotechnol. 2013;4(1):53-63.
Azam A, Ahmed A, Oves M, Khan M, Habib S, Memic A. Antimicrobial Activity Of Metal Oxide Nanoparticles Against Gram-
Positive And Gram-Negative Bacteria: A Comparative Study. Int J Nanomedicine. 2012;7:6003-6009.

DOI: 10.9790/0853-2409032428 www.iosrjournals.org 28 | Page



