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ABSTRACT.
Background:
The aim of the study is to review and summarize the current evidence on the applications, mechanisms, advantages, and limitations of plasma in dentistry. Plasma, the fourth state of matter, is composed of ions, electrons, and reactive species with unique physical and chemical properties. In dentistry, non-thermal plasma (NTP), also known as cold atmospheric plasma (CAP), has gained attention for its antimicrobial, decontaminating, and tissue-modifying effects, offering a minimally invasive alternative to conventional treatments.

Methods:
A comprehensive search was conducted in the PubMed database for studies published between January 2000 and December 2024. Search terms included “cold atmospheric plasma,” “non-thermal plasma,” “plasma in dentistry,” and related MeSH terms. Inclusion criteria were full-text, peer-reviewed research articles reporting primary data on plasma applications in dentistry. Fourteen studies meeting the criteria were selected and analyzed.
Results:
NTP demonstrated potent antimicrobial and biofilm-disrupting activity, making it effective for instrument sterilization, cavity disinfection, root canal treatment, and implant surface modification. It improved dentin–composite bonding, enhanced periodontal regeneration, accelerated wound healing, and aided in tooth bleaching without damaging enamel. Additionally, NTP showed antifungal efficacy against Candida albicans.
Conclusion:
Non-thermal plasma presents a safe, effective, and eco-friendly advancement in dental care. Continued research is essential to optimize device design, improve accessibility, and establish standardized clinical guidelines for its routine application in modern and pediatric dentistry.
Keywords: Plasma, Non-Thermal Plasma, Dentistry, Painless Dentistry, Recent Advances in plasma, cold atmospheric plasma.
















INTRODUCTION.
“Plasma heals without cuts.” — Mounir Laroussi.
Matter exists as solid, liquid, and gas. There is also an exciting fourth state called plasma that often goes unnoticed. It is a gaseous state composed of free electrons, ions, and reactive radicals such as hydroxyl (OH⁻), along with photons including ultraviolet (UV) light, and transient electric fields.  During pulse discharge, the reduced electric field helps break bonds and generate reactive species.1 It is a mixture of particles that occurs due to removal of electrons from atoms and molecules, so, its energy basically comes from the continuous energy that is required for it to maintain ionization.  Studies indicate that plasma is the most abundant state of matter, comprising nearly 99% of the visible universe. It is found in the auroras, the core of stars and throughout the entire cosmo in various forms.2

METHODLOGY
The selection of articles to discuss plasma and its application in dentistry, was conducted through a comprehensive search utilizing the PubMed database. The search encompassed a period from January 2000 to December 2024. Key terms, Medical Subject Headings (MeSH) terms, and Boolean operators (‘AND’ and ‘OR’) were used across each database to refine our search. Search terms included ‘cold atmospheric plasma’, non-thermal plasma’, ‘atmospheric pressure plasma’, ‘bacterial disinfection’, ‘bacterial sterilization’, ‘plasma in dentistry’, ‘plasma in pediatric dentistry’, ‘osseointegration’ and ‘implants’. Inclusion criteria for this review encompassed full-text, peer-reviewed research articles that reported primary data about plasma and its application in dentistry. Studies were included if they involved in vitro or in vivo models, with clear methodological descriptions. Exclusion criteria were non-peer-reviewed articles, studies not reporting specific outcomes, and those not utilizing plasma as the primary intervention. Commentaries, editorials, and reviews without original data were also excluded. Forty studies were identified through the database search, of which zero were duplicates. Remaining articles titles and abstracts were screened based upon the inclusion and exclusion criteria. Ten of these studies were excluded due to the following reasons: (1) the study did not include plasma as treatment or (2) was a review article. Five of the remaining thirty studies were not included due to inaccessibility. Following a full-text review of the selected studies, an additional eleven studies were excluded: those that (1) did not include dental treatment with plasma or (2) did not measure relevant treatment outcomes. Ultimately, fourteen studies qualified for inclusion and are subsequently elaborated.
Identification of studies via PubMed database.

Identification
Duplicate records removed. (n = 0)
Articles identified through database search (n = 40)


Records excluded (n = 10)
· Review articles ( n = 7)
· Did not include plasma as treatment ( n = 3)

Records screened (n = 40)



Screening
Reports sought for retrieval
 (n = 30)

Reports not retrieved (n = 5)


Reports excluded following full text review. (n = 11)
· Did not include dental treatment with plasma. (n = 8)
· Did not measure relevant treatment outcome. (n = 3)
Reports assessed for eligibility
 (n = 25)



Included

Studies included in the review (n = 14)





HISTORY
In the late 1850s, Siemens first demonstrated the use of plasma discharge to generate ozone, which proved effective in removing contaminants and toxins from water. However, at that time, very little attention was given to investigating the interaction between plasma and biological cells. Later, plasma was described by the British Physicist, Sir William Crookes in 1879, and he called it the fourth state of matter. He also coined the term “plasma”. This was subsequently confirmed by Irving Langmuir in 1929.3  Plasma discharge was first used in the 1850s to produce ozone for water decontamination. In the 1970s, its use extended to biological sterilization. With significant advancements in research, the mid-1990s saw the development of artificial plasma technology, allowing scientists to harness the unique characteristics of plasma for a wide range of applications.4 By 1997, the application of plasma in decontamination and sterilization had greatly expanded across various fields.
In dentistry, extensive research has been conducted on the use of plasma as a powerful antimicrobial agent, especially for its ability to eliminate dental biofilms effectively. The earliest use of plasma in dentistry likely involved the production or disinfection of dental instruments. However, Eva Stoffel is credited with conducting the first study that explored plasma’s potential therapeutic and medical applications specifically within the field of dentistry.5
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Plasma is found in two forms: natural and artificial. Artificial plasma can be further divided in to Thermal and Non-thermal plasma. The classification depends on the difference of temperature among electrons and ions. Non-thermal plasma is also known as Non-thermal Atmospheric Pressure Plasma (NTAPP) or cold atmospheric pressure plasma (CAP) or radiofrequency atmospheric pressure glow discharge plasma (RF APGD).6

MECHANISM OF PRODUCTION OF ARTIFICIAL PLASMA
Cold atmospheric plasma (CAP) can be generated using radio frequency, microwave, high-voltage alternating current, or direct current sources. The setup includes a needle electrode connected to a high-voltage pulsed direct current (DC) power supply (≈10 kV, 10 kHz, 200 ns) through a 60 kΩ ballast resistor and 50 pF capacitor, along with a medical syringe (≈6 mm diameter, 0.7 mm nozzle) directing the gas flow. These components regulate voltage and discharge current to ensure safe operation. Helium, argon, or their mixtures with oxygen are commonly used, with gas flow controlled via a mass-flow controller.7 A stable plasma plume forms as a He/O₂ (20%) mixture flowing at the rate of 0.4 L/min when voltage is applied to the needle, producing a non-thermal, non-shocking discharge, safe for direct contact and suitable for root canal disinfection. CAP-generated reactive species interact with biological surfaces and are effective for sterilization, implant treatment, disinfection, and blood coagulation.8



The various different kinds of Plasma devices are as follows: -
· Dielectric barrier discharge
· Atmospheric plasma pressure jet
· Plasma needle
· Plasma pencil

Dielectrtic barrier discharge (DBD)
Siemens introduced Dielectric Barrier Discharge (DBD) in 1857. In its classical configuration, DBD consists of two metal electrodes separated by a dielectric layer—one connected to a high-voltage source and the other grounded. When gas flows between the electrodes, ionization occurs, leading to plasma formation. Typically, an alternating high voltage supply is required, with power consumption ranging from 10–100 W. Reports also describe DBD devices operating in the watt-level power range for biomedical applications.9
Multiple electrode configurations have since been developed. For example, in some designs only one electrode is coated with a dielectric, while others employ cylindrical instead of flat electrodes. An important advancement is the floating electrode dielectric barrier discharge (FE-DBD), introduced by Fridman and colleagues.10 In this setup, one electrode is powered, while the second “active” electrode can be a biological surface such as human skin or internal organs. Plasma is generated when the powered electrode is positioned in close proximity (<3 mm) to the biological surface.
DBD has been extensively studied for multiple applications, such as sterilization of living tissues, stimulation of angiogenesis, surface modification, and microbial inactivation —for instance, against Bacillus stratosphericus.11 More recently, its potential has also been explored in melanoma treatment.

Atmospheric plasma pressure jet (APPJ)
Atmospheric Pressure Plasma Jets (APPJs) function at gaseous temperatures of approximately 25°C –200°C, where the density of the charged-particle are around 10¹¹–10¹² cm⁻³, and reactive species concentrations in the range of 10–100 ppm.12 These devices can be controlled through various configurations, generally involving a rapid flow of a gas mixture—commonly helium, oxygen, or their combinations—between two electrodes. A typical setup uses a 13.56 MHz radiofrequency power supply, operating at 50–100 W. In this arrangement, the central cathode electrode (often tungsten or stainless steel with a diameter of ~1 mm) is energized, while the outer electrode serves as the grounded anode.13
Beyond MHz-driven systems, APPJs have also been developed using DBD reactors powered by high-voltage pulses with nanosecond or microsecond rise times.14 These variations expand the versatility of plasma jet devices for biomedical and industrial use.
APPJs are widely studied for their antibacterial properties and are particularly effective in microbial inactivation. In 1992, Koinuma and associates announced the first radio frequency cold plasma jet11, marking a milestone in the development of APPJ technology.

Plasma needle
In 2002, Stoffels et al.15 introduced a miniature atmospheric plasma device known as the plasma needle. A modified version was later developed in 2004.16 The device consists of a 0.3 mm diameter metallic electrode housed within a Perspex tube that narrows to a sharp tip. The element helium is commonly used as working gas because of its low voltage breakdown and its capacity to maintain a stable, homogeneous discharge, making it ideal for this setup.
When the power of radiofrequency is around 10 mW and even greater watts is applied at 13.56 MHz, the device produces a stable microplasma. This microplasma is especially valuable for precision applications, such as targeting small treatment areas in dentistry.17 In addition to clinical potential, the plasma needle has demonstrated strong antimicrobial activity, including the inactivation of Escherichia coli.18

Plasma pencil
Laroussi et al.19 presented the plasma pencil, which consists of two electrodes with a 0.3–1.0 cm distance between them and an equal radius of 1.25 mm. The apparatus is made up of a thin copper ring connected to a dielectric disc. The electrodes are subjected to high-voltage sub-microsecond pulses, while gas passes through a central electrode orifice. When the discharge is initiated, a plasma plume forms in the gap between the electrodes. The plume has a low temperature of approximately 290 K and can extend up to 5 cm, making it safe to touch.
The plasma pencil has shown promising biomedical applications. It has been reported to effectively inactivate Porphyromonas gingivalis and Escherichia coli, both of which are associated with biofilm formation leading to dental caries. Beyond disrupting planktonic bacteria and inhibiting biofilm development, the plasma pencil has also been explored as a potential therapeutic tool in leukemia treatment.20

APPLICATIONS IN DENTISTRY
Instrument Sterilization
Sterilization eliminates all microorganisms, including bacteria, fungi, viruses, and spores. Conventional methods like steam autoclaving (121 °C for 20 min or 134 °C for 3 min at 15 psi), dry heat, and chemical vapor systems are effective but may damage heat-sensitive materials. Non-thermal plasma (NTP) offers a rapid, low-temperature alternative, producing reactive oxygen species, UV radiation, and charged particles that disrupt microbial membranes and metabolic processes.21  Devices such as Sterlink (Germany) have shown clinical promise, with studies by Whittaker et al., Li et al., and Sung et al. confirming its speed, safety, and superior efficacy against E. coli and other microbes.22 Further research by Socransky et al. demonstrated broad-spectrum action against Pseudomonas aeruginosa, Staphylococcus aureus, Escherichia coli, and Enterococcus faecalis. Thus, NTAPP provides a fast, effective, and material-safe sterilization method for diverse dental instruments. Table 1 shows the bacteria that can be inactivated by plasmas.

Dental caries excavation
Conventional mechanical and laser-based disinfection methods generate heat, vibration, and noise, potentially damaging healthy tissues and causing discomfort. Cold atmospheric plasma (CAP) offers a minimally invasive, drill-free alternative that disinfects cavities through reactive species capable of penetrating dentinal tubules (Figure 1).23 When applied after caries removal, CAP ensures effective sterilization while reducing pain and anxiety, especially in children. Studies by Raymond et al. and Stoffels confirmed plasma’s strong antimicrobial action against E. coli,24 while Goree et al. and Yang et al. demonstrated rapid inactivation of Streptococcus mutans and Lactobacillus acidophilus.26 Overall, CAP provides efficient, tissue-preserving, and patient-friendly cavity disinfection.

Tooth cleansing
Pierdzioch et al. reported that including cold atmospheric plasma (CAP) after scaling and root planing significantly enhances the reduction of bacteria such as Streptococcus mitis compared to scaling and root planing alone.

Root canal disinfection
Effective root canal disinfection is critical for endodontic success, as residual microbes often cause treatment failure. Conventional irrigants like sodium hypochlorite (NaOCl), EDTA, and citric acid aid in smear layer removal, but NaOCl shows limited action against resistant Enterococcus faecalis and can damage periapical tissues.28 NTAPP provides a safer, deeper disinfecting alternative (Figure 2). Lu et al. developed a compact plasma jet that achieved complete E. faecalis inactivation within minutes under He/O₂ (20%) conditions, while Li et al. and Pan et al. confirmed its strong antimicrobial efficacy.29 With superior diffusion into complex canal areas, NTAPP shows great promise as an advanced, minimally invasive root canal disinfection method.

Tooth bleaching
Tooth bleaching, practiced since 1864 using agents like sodium perborate and hydrogen peroxide, often damages enamel by increasing porosity and altering mineral composition. Plasma-assisted bleaching (Figure 3) offers a safer, more effective alternative. Lee et al. showed that non-thermal plasma (NTP) with hydrogen peroxide produces OH radicals that remove stains efficiently,30 while other studies confirmed similar results using plasma jets and low-frequency plasma sources. Kim et al. achieved whitening in 8 minutes with a radiofrequency plasma system, and Nam et al. found that CAP with carbamide peroxide produced superior results without enamel damage, supported by Claiborne et al. using 36% hydrogen peroxide.31 Jamali et al. and Zhu et al. reported enhanced bleaching and unaffected resin–enamel bond strength.32 Overall, CAP effectively enhances whitening outcomes while minimizing enamel damage and toxicity.

Clinical removal of biofilms
Bacterial biofilms—microbial communities encased in an extracellular matrix—cause major oral diseases like caries, periodontitis, and gingivitis and are highly resistant to conventional antimicrobials. Non-thermal plasma (NTP) effectively disrupts biofilms while preserving surrounding tissues.33 Rupf et al. showed plasma removed biofilms from implants.34 Koban et al. demonstrated greater efficacy than chlorhexidine against Streptococcus mutans,35 and Jiang et al. reported superior root canal decontamination.36 Schaudinn et al. noted sodium hypochlorite slightly outperformed plasma needles in extracted teeth.37 NTP thus offers a promising strategy for biofilm control and improved oral treatment outcomes. Figure 4 demonstrates the use of non-thermal plasma in disrupting biofilms on tooth surfaces.

Adhesive restorations
Plasma therapy enhances dentin–composite bonding by up to 60%, improving restoration durability. Smear layers hinder adhesive penetration, leaving collagen vulnerable to degradation. NTP removes the smear layer, modifies dentin surfaces, and strengthens adhesive interactions. Studies by Dong, Kong, and Ritts show improved interfacial bond strength, while plasma also creates super-hydrophilic surfaces and increases tensile strength of composites.38 NTP thus boosts bond stability, retention, and reduces secondary caries risk.

Plasma in Post and core
Yavirach et al. showed that plasma treatment significantly improves shear bond strength between resin composites and fiber-reinforced posts, while Costa Dantas et al. reported enhanced fiber post wettability, promoting better resin interaction.39 Plasma type affects outcomes: argon has minimal impact, whereas ethylenediamine creates rougher surfaces, improving bonding. NTP also exhibits anti-aging effects, as Ye et al. found bond strength increased when posts were exposed to air for ≥1-hour post-treatment 40 Effectiveness is technique- and time-dependent, indicating that while promising, further research is needed to optimize protocols and confirm long-term clinical viability.

Periodontal diseases
Koban et al. showed that NTAPP lowers the contact angle on dentin, promoting osteoblast proliferation, suggesting potential for periodontal regeneration.41 Miletic et al. found NTAPP on periodontal ligament, mesenchymal stem cells maintained viability, reduced proliferation, and enhanced osteogenic differentiation.42 These results indicate cold plasma may support periodontal therapy by aiding pocket reduction, stabilizing mobile teeth, and managing periodontitis.

Wound healing
Oral wound healing follows the typical phases of inflammation, proliferation, and remodeling, involving multiple cell types and signaling molecules.43 Chronic wounds remain challenging, prompting exploration of new therapies. Atmospheric pressure plasma has emerged as a promising approach, producing reactive oxygen and nitrogen species (ROS, RNS), UV radiation, and electric fields that enhance cytokine production and accelerate tissue repair.44 In vitro studies show dose-dependent effects: short exposures support cell growth, while prolonged treatments may induce apoptosis. Plasma therapy thus promotes faster cell turnover, potentially reducing complications like dry socket or post-surgical infections, though further clinical validation is needed.

Intraoral diseases
Candida albicans contributes to oral conditions such as denture stomatitis, angular cheilitis, median rhomboid glossitis, and gingival erythema. Studies by Koban and Yamazaki demonstrated that plasma jet therapy effectively controls C. albicans infections.45 These results indicate that NTP is a promising therapeutic tool for intraoral diseases, though further research is needed to define its broader clinical applications.


Discussion
Since plasma exists as a gaseous medium, it can penetrate into complex anatomical areas such as pits, fissures, and crevices that files or burs cannot access. Compared with laser beams, plasma offers distinct advantages in the treatment of oral tissues. Its high target specificity allows selective destruction of bacterial plaque while sparing surrounding tissues. Another notable benefit is the absence of pain, as plasma avoids thermal injury. In addition, it leaves no toxic residues, carries minimal risk of side effects, and demonstrates excellent biocompatibility.
The development of plasma delivery systems tailored for dental tissues is viewed as a promising future opportunity.46 Considering its physical and biological properties, numerous potential dental applications of plasma can be envisioned; however, further research is required to elucidate the precise cellular mechanisms underlying its effects. Considering these unique features, the use of plasma in dentistry represents an innovative approach to oral healthcare.47 However, its clinical integration is still in its early stages. Continued research is essential to design plasma sources that are safe, efficient, and environmentally sustainable.

Future of plasma in pediatric dentistry
Plasma technology is gaining more importance in pediatric dentistry. Use of plasma torch systems may remove plaque and biofilm while taking care of the safety of young patients. Integrating cold atmospheric plasma with conventional oral hygiene practices could make cleaning more efficent and help prevent plaque accumulation in young ones. Cold Atmospheric Plasma’s targeted action against pathogens associated with early childhood caries and gingivitis highlights its potential as a promising area for further research. Incorporating antimicrobial plasma applications into everyday tools like toothbrushes could help reduce bacterial load and lower the risk of oral infections. Future research should prioritize affordability and accessibility, particularly for low-income families, while ensuring that innovations remain non-invasive and gentle on sensitive pediatric tissues. Furthermore, providing resources for education to the parents and specialized training for dental professionals is essential for the successful implementation of these technologies.48

Limitations
Like most emerging technologies, NTP faces several challenges that limit its clinical adoption in dentistry. Beyond high costs and limited availability, issues with marketing, maintenance, and device complexity hinder widespread use. Although its antimicrobial efficacy is well established in laboratory studies, clinical translation remains difficult due to restricted plasma access to bacteria within porous enamel or carious lesions. Device design limitations, ozone generation, patient discomfort from electric discharges, and the need for controlled humidity further constrain practical use. While reactive oxygen species (ROS) produced during treatment contribute to antimicrobial and bleaching effects, they may also damage healthy or previously restored tissues. Variability in results—such as reduced efficacy with amalgam restorations—and insufficient data on effects in healthy cells underscore the need for caution. Overall, the absence of affordable, standardized, and clinically adaptable plasma systems remains the main barrier, emphasizing the need for continued research to develop safe, eco-friendly, and predictable NTP technologies for routine dental practice49.

Conclusion
The biological effects of NTP on human and animal cells remain insufficiently understood, highlighting the need for further investigation. This knowledge gap largely exists because the application of plasma in dentistry is still in the developmental stage. With continued advancements in plasma-based dental technology, greater clarity is expected in the near future. The introduction of portable, hand-held devices tailored for clinical use is likely to enhance its accessibility and popularity. A deeper understanding of the underlying cellular and molecular mechanisms will not only improve clinical outcomes but also provide valuable insights for both researchers and practitioners.
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[image: ]Table 1 : Bacteria inactivated by plasma.


[image: ]

Figure 1: Dental Caries excavation.
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Figure 2: Root canal disinfection
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Figure 3:  Plasma Assisted bleaching.
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Figure 4: Biofilm Disruption
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