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Microbial Biofilms in Persistent Endodontic Infections: Challenges, Novel Disinfection Strategies, 
and Future Perspectives
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Abstract

Persistent endodontic infections represent one of the most clinically challenging scenarios in modern dentistry, primarily 

attributed to the formation of complex microbial biofilms within the root canal system. These biofilms demonstrate remarkable 

resistance to conventional chemomechanical instrumentation and irrigant-based disinfection protocols, thereby compromising 

treatment outcomes. This review comprehensively examines the microbiological basis of biofilm-mediated persistence in root 

canal infections, with particular emphasis on key pathogenic species such as Enterococcus faecalis, Candida albicans, and 

Treponema denticola. The structural architecture of endodontic biofilms, the extracellular polymeric substance (EPS) matrix, 

quorum sensing mechanisms, and phenotypic switching are discussed in depth. Contemporary challenges posed by biofilm 

communities are critically analyzed alongside novel disinfection strategies including photodynamic therapy (PDT), 

nanoparticle-based delivery systems, ozone therapy, laser-activated irrigation, and herbal antimicrobials. Future research 

directions focusing on biofilm-targeted therapeutics, microbiome modulation, and immunological adjuncts are outlined.
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Introduction

Endodontic treatment aims to eliminate microorganisms 

from the infected root canal system and prevent reinfection, 

enabling periapical tissue healing. Despite advances in 

endodontic instruments, irrigants, and obturation materials, 

treatment failure persists in approximately 15-25% of cases, 

predominantly due to the tenacious nature of microbial 
(1)biofilms that resist conventional disinfection strategies .

Biofilms are structured communities of microorganisms 

enclosed within a self-produced extracellular polymeric 

substance (EPS) matrix, adhering to surfaces within the root 

canal system. Within these communities, microbial cells 

exhibit dramatically altered gene expression, metabolic 

activity, and phenotypic characteristics compared to their 

planktonic counterparts. This physiological transformation 

confers profound resistance to host immune defenses and 

antimicrobial agents, often 100 to 1,000 times greater than 
(2)free-floating bacteria .

The complex anatomy of the root canal system, 

encompassing lateral canals, isthmuses, apical deltas, and 

dentinal tubules, creates ecological niches that shelter 

microbial communities from mechanical and chemical 
(3)debridement . Understanding the biology, ecology, and 

resistance mechanisms of endodontic biofilms is therefore 

essential for developing effective therapeutic strategies and 

improving clinical outcomes.

Microbiology of Endodontic Biofilms

Polymicrobial Nature of Endodontic Infections

Primary endodontic infections are polymicrobial in nature, 

typically involving 10-30 bacterial species per canal. The 

microbial community is dominated by obligate anaerobes 

such as Fusobacterium nucleatum, Prevotella intermedia, 

Porphyromonas endodontalis, Peptostreptococcus micros, 

and Treponema denticola. These organisms interact 

synergistically, forming metabolic networks where the by-

products of one species serve as substrates for another, a 
(4)phenomenon known as syntrophism .

Molecular techniques including 16S rRNA gene sequencing 

and next-generation sequencing (NGS) have dramatically 

expanded our understanding of endodontic microbial 

diversity, revealing previously unculturable taxa belonging 

to the phyla Firmicutes, Bacteroidetes, Fusobacteria, 
(4)Proteobacteria, Spirochaetes, and Synergistetes .

Key Pathogens in Persistent Infections

Enterococcus faecalis

Enterococcus faecalis is the most clinically significant 

organism in post-treatment endodontic disease, isolated in 

24-77% of failed root canal cases. Its remarkable persistence 

is attributed to the ability to invade dentinal tubules up to 

1,000 μm, survive in alkaline environments (pH 11), endure 

nutrient starvation, and adhere to dentin collagen via surface 
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adhesins (Ace, Esp). Its lytic enzymes, including gelatinase, 

hyaluronidase, and cytolysin, contribute to tissue destruction 
(5)and immune evasion .

Candida Albicans

Candida albicans, a dimorphic fungus, is detected in 

approximately 7-18% of failed endodontic cases. Its 

pathogenicity is linked to the yeast-to-hypha transition, 

penetration of dentinal tubules, co-aggregation with bacteria, 

and formation of robust biofilms with a thick polysaccharide 

matrix. The hyphal form enables deeper tissue penetration 

and greater antifungal resistance, with clinical significance 
(6)heightened in immunocompromised patients .

Treponema denticola and Porphyromonas gingivalis

These obligate anaerobes are critical components of the 'red 

complex,' frequently associated with periapical abscesses. T. 

denticola produces proteolytic enzymes (dentilisin, CTLP) 

and surface lipoproteins that modulate host immune 

responses, while P. gingivalis secretes gingipains with 

profound immunomodulatory capacity. Both demonstrate 

strong synergism within polymicrobial biofilms, enhancing 
(4)overall virulence of the community .

Biofilm Architecture and Development

Biofilm formation is a sequential, highly regulated process 

occurring in five stages: (1) initial reversible adhesion of 

planktonic cells, (2) irreversible attachment mediated by 

adhesin-receptor interactions, (3) microcolony formation 

through cell proliferation and EPS production, (4) biofilm 

maturation into a three-dimensional structure with water 

channels enabling nutrient transport, and (5) dispersal of 
(2)sessile cells to colonize new sites .

The mature biofilm exhibits a characteristic mushroom-like 

architecture with heterogeneous cell populations embedded 

in an EPS matrix composed of polysaccharides, proteins, 

extracellular DNA (eDNA), and lipids. Water channels 

traversing the matrix facilitate distribution of nutrients and 

removal of metabolic waste, sustaining deep biofilm layers.

Resistance Mechanisms of Endodontic Biofilms

Extracellular Polymeric Substance (EPS) Matrix

The EPS matrix constitutes 75-90% of biofilm biomass and 

acts as the primary barrier to antimicrobial penetration. It 

impedes diffusion of irrigants such as sodium hypochlorite 

(NaOCl) and chlorhexidine (CHX), binds and inactivates 

cationic antimicrobials through electrostatic interactions, 

deactivates reactive oxygen species via enzymatic 

components (catalase, superoxide dismutase), and provides 
(7)structural integrity to the community .

Quorum Sensing

Quorum sensing (QS) is a cell density-dependent 

communication system through which bacteria coordinate 

gene expression via chemical signal molecules called 

autoinducers (AIs). In endodontic biofilms, QS regulates 

biofilm initiation and maturation, EPS production, virulence 

factor secretion, antibiotic resistance gene expression, and 

biofilm dispersal. Disruption of QS, termed quorum 
(8)quenching, represents a promising therapeutic target .

Persister Cells

Persister cells are a small subpopulation (0.001-1%) of 

metabolically dormant, phenotypically tolerant bacteria that 

survive antibiotic exposure without harboring genetic 

resistance mutations. Upon cessation of antimicrobial 

treatment, these cells resume normal growth and repopulate 

the biofilm, contributing to treatment recalcitrance and 

relapse. E. faecalis is particularly notable for its high persister 
(5)frequency within endodontic biofilms .

Horizontal Gene Transfer

Biofilms provide optimal conditions for horizontal gene 

transfer (HGT) through transformation, transduction, and 

conjugation. The close physical proximity of cells and 

availability of eDNA in the EPS matrix promote exchange of 

mobile genetic elements including plasmids, transposons, 

and integrons carrying antibiotic resistance genes, 
(2)facilitating rapid dissemination of resistance traits .

Clinical Challenges in Biofilm Elimination

Root Canal Anatomical Complexity

The root canal system is an intricate anatomical labyrinth 

comprising lateral canals, apical ramifications, isthmuses, 

fins, and accessory foramina. Studies employing micro-CT 

imaging have demonstrated that conventional nickel-

titanium rotary instruments leave 35-53% of the root canal 

surface area untouched during instrumentation, providing 
(3)protected niches for biofilm communities .

Irrigant Limitations

Sodium hypochlorite (NaOCl) at 1-5.25% remains the gold 

standard endodontic irrigant due to its broad-spectrum 

antimicrobial activity and tissue-dissolving capacity. 

However, its efficacy against established biofilms is 

significantly limited by smear layer obstruction, inactivation 

by organic matter, inability to penetrate deeply into dentinal 

tubules, and concentration-dependent cytotoxicity. 

Chlorhexidine (CHX) at 2% exhibits excellent substantivity 
(9)but lacks tissue-dissolving ability .

Dentinal Tubule Invasion

Bacterial penetration into dentinal tubules is a significant 

clinical challenge, as organisms such as E. faecalis, 

Fusobacterium nucleatum, and Actinomyces israelii can 

invade tubules to depths of 150-1,000 μm. Conventional 

irrigants, even under agitation, penetrate tubules to a 

maximum of only 130 μm under clinical conditions, leaving a 
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substantial zone of bacterial colonization beyond the reach of 
(5)chemical disinfection .

Novel Disinfection Strategies

Photodynamic Therapy (PDT)

Photodynamic therapy (PDT), also termed photoactivated 

disinfection (PAD), employs a photosensitizer compound, 

visible light of appropriate wavelength, and molecular 

oxygen to generate cytotoxic reactive oxygen species (ROS), 

including singlet oxygen, superoxide radicals, and hydroxyl 

radicals. These ROS cause irreversible oxidative damage to 

bacterial cell membranes, proteins, and nucleic acids, 

resulting in cell death without inducing antimicrobial 
(10)resistance .

Commonly employed photosensitizers in endodontics 

include toluidine blue O (TBO), methylene blue, 

chlorophyllin, and curcumin. PDT achieves significant 

bacterial reduction (2-4 log₁ ₀ CFU reduction) against E. 

faecalis biofilms in root canals and can be delivered via thin 

fiber-optic cables. Limitations include inadequate tissue 

penetration depth and requirement for specialized 

equipment.

Nanoparticle-Based Delivery Systems

Nanoparticles offer unique advantages for endodontic 

disinfection due to their nanoscale dimensions (1-100 nm), 

high surface-area-to-volume ratio, ability to penetrate 
(7)dentinal tubules, and capacity for sustained drug release . 

Key nanoparticle systems include:

Silver nanoparticles (AgNPs): Broad-spectrum 

antimicrobial activity through membrane disruption, 

ROS generation, and inhibition of bacterial enzyme 

systems. AgNPs at 10-50 μg/mL demonstrate significant 

reduction of E. faecalis biofilms.

Zinc oxide nanoparticles (ZnO NPs): Photocatalytic 

ROS generation with additional anti-biofilm activity 

independent of light activation, with enhanced efficacy 

compared to conventional zinc oxide.

Chitosan nanoparticles: Biopolymer-based cationic 

nanoparticles with inherent antimicrobial properties 

capable of encapsulating and delivering antibiotics with 

controlled release kinetics.

Calcium hydroxide nanoparticles: Enhanced alkaline 

antimicrobial activity with improved penetration into 

dentinal tubules compared to conventional calcium 

hydroxide pastes.

Ozone Therapy

Ozone (O₃ ) is a powerful oxidizing agent with broad-

spectrum antimicrobial activity achieved through oxidative 

destruction of bacterial cell membrane lipids, proteins, and 

l 

l 

l

l

DNA. Ozonated water at 4-8 μg/mL has demonstrated 

equivalent or superior antimicrobial efficacy to 2.5% NaOCl 

against E. faecalis in root canals in several in vitro studies. 

Advantages include absence of toxic residues, rapid 

decomposition into oxygen and water, and non-
(8)mutagenicity .

Laser-Activated Irrigation (LAI)

Laser-activated irrigation (LAI) enhances the efficacy of 

conventional irrigants through acoustic streaming and 

cavitation effects. Photon-Induced Photoacoustic Streaming 

(PIPS) utilizing sub-ablative Er:YAG laser energy generates 

powerful acoustic streaming that efficiently distributes 

irrigant throughout the canal system, including lateral canals 

and isthmuses, achieving significantly higher bacterial 
(10)reduction than conventional needle irrigation .

Herbal and Plant-Derived Antimicrobials

The emergence of antimicrobial resistance has intensified 

interest in plant-derived bioactive compounds as alternative 

or adjunctive endodontic antimicrobials:

Curcumin: A polyphenol from Curcuma longa with 

broad-spectrum antimicrobial and anti-biofilm 

properties; when combined with PDT, achieves superior 

bactericidal effects against endodontic pathogens.

Propolis: Contains flavonoids, phenolic acids, and 

terpenes with significant antimicrobial activity against 

E. faecalis and Candida albicans.

Neem (Azadirachta indica): Contains nimbidin and 

azadirachtin with demonstrated activity against root 

canal pathogens; 25% neem extract shows efficacy 

comparable to 2.5% NaOCl in some studies.

Morinda citrifolia (Noni) juice: Demonstrated efficacy 

against E. faecalis biofilms in root dentinal tubules.

Passive Ultrasonic Irrigation (PUI)

Passive Ultrasonic Irrigation (PUI) employs ultrasonically 

activated files or wires to generate acoustic streaming and 

cavitation in the irrigant within the root canal. The acoustic 

microstreaming disrupts biofilm architecture, dislodges 

debris, and enhances irrigant penetration into lateral canals 

and isthmuses. Studies consistently demonstrate that PUI 

achieves superior bacterial reduction compared to 
(9)conventional syringe-needle irrigation .

Emerging and Experimental Approaches

Bacteriophage Therapy

Bacteriophages are viruses that specifically infect and lyse 

bacteria without affecting human cells. Phage therapy offers 

exquisite bacterial specificity and the capacity to penetrate 

biofilms through depolymerization of EPS matrices by 

phage-encoded depolymerases. Phage-antibiotic synergy 

l 
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l 
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(PAS), whereby sub-inhibitory antibiotic concentrations 

enhance phage infection efficacy, represents a particularly 

promising therapeutic concept for endodontic biofilm 

elimination.

Enzyme-Based Biofilm Disruption

Biofilm-dispersing enzymes that degrade EPS matrix 

components represent targeted anti-biofilm strategies. 

Deoxyribonuclease I (DNase I) disrupts the eDNA scaffold 

of the EPS matrix, dispersing established biofilms and 

enhancing antibiotic penetration. Dispersin B (DspB) 

degrades poly-N-acetylglucosamine (PNAG), a key EPS 

component, while proteinase K degrades EPS structural 

proteins. These enzymes can be incorporated into irrigant 

solutions or sustained-release intracanal dressings.

Quorum Sensing Inhibitors (QSIs)

Quorum sensing inhibitors represent a paradigm-shifting 

approach: rather than killing bacteria outright, QSIs disarm 

them by interfering with intercellular communication, 

attenuating virulence without imposing selective pressure 

that drives resistance development. Natural QSIs include 

furanones (from marine red algae), ajoene from garlic, 

curcumin, and quercetin. Synthetic QSIs targeting specific 

autoinducer receptors are under active investigation for 

endodontic applications.

Future Perspectives

The future management of endodontic biofilm infections is 

likely to be shaped by several converging scientific and 

technological developments:

Personalized endodontics: Metagenomic sequencing 

may enable individualized antimicrobial regimens 

tailored to the specific microbial community profile of 

each patient's infection, moving beyond empirical 

broad-spectrum treatment.

Smart nanotechnology: Biofilm-triggered drug release 

nanoparticles responding to local pH changes, quorum 

sensing signals, or enzymatic activity will enable 

precise, on-demand delivery of antimicrobials directly 

at the infection site.

Artificial intelligence: Machine learning algorithms 

integrating CBCT imaging, microbiological data, and 

clinical parameters may predict treatment outcomes and 

guide individualized irrigant selection and procedural 

protocols.

Anti-biofilm biomaterials: Development of root canal 

sealers and obturation materials with inherent anti-

biofilm surface properties, incorporating antimicrobial 

peptides or bioactive glass, will reduce post-treatment 

re-infection risk.

l 

l 

l

l

l CRISPR-Cas systems: Programmable DNA-editing 

technologies offer the potential to specifically target and 

disrupt virulence genes or antimicrobial resistance 

determinants within endodontic pathogens without 

broad-spectrum bactericidal effects.

Conclusion

Microbial biofilms represent the central pathological entity in 

persistent endodontic infections, conferring extraordinary 

resistance to conventional chemomechanical disinfection 

through EPS matrix protection, quorum sensing-mediated 

community behavior, persister cell formation, and horizontal 

gene transfer of resistance determinants.

While no single disinfection strategy currently achieves 

complete biofilm elimination, a multi-modality approach 

combining thorough chemomechanical preparation with 

adjunctive techniques such as PDT, laser-activated irrigation, 

nanoparticle delivery, and ultrasonic agitation represents the 

most rational clinical strategy. The advancing fields of 

nanomedicine, synthetic biology, phage therapy, and quorum 

sensing inhibition offer exciting therapeutic avenues that may 

fundamentally transform endodontic practice.

A thorough understanding of endodontic biofilm biology is 

not merely an academic pursuit but an essential foundation 

for clinical excellence in endodontics. As postgraduate 

students and future specialists, integration of scientific 

advances into evidence-based clinical practice is imperative 

for improving outcomes in patients with persistent 

endodontic infections.
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