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Abstract 

Purpose: In Endodontics, in order to complete a root canal treatment, the use of guttapercha to 

completely seal the root apex must be coupled with endodontic cements known as sealers to 

improve the adhesion with dentine, despite their cytotoxicity and solubility. The present study 

investigates the effect of enhancement of adhesion between these materials and Cold Atmospheric 

Plasma (CAP)-treated dentine of the apical region of ex-vivo teeth as a first step towards the 

reduction on the use of cytotoxic materials and the use of CAP in-vivo at a clinical stage.  

Methods: A dielectric barrier discharge (DBD) helium plasma jet was used to treat for 180 sec the 

shaped root canal dentin. Pushout tests and confocal microscopy analysis have been performed to 

evaluate the effect of cold plasma treatment in terms of adhesion performances and interaction 

between filling materials and dentin respectively. 

Results: The pushout test results highlight how a CAP treatment of dentin promotes an 

enhancement of bonding strength between filling materials and dentine in all investigated cases. In 

particular, the use of guttapercha in the case of a CAP pre-treatment of dentine achieves results 

comparable with the conventional procedure, avoiding the use of sealers. Moreover, confocal 

images reveal how the filling materials penetrate deeper in the CAP treated dentin.  

Conclusion: CAP treatment of dentin increases the adhesion performances and paves the way for a 

sealer-free and safer procedure for apical restoration. 

 



Keywords: cold atmospheric plasma, endodontic procedures, apical restoration, adhesion 

enhancement, guttapercha, biological safety.  

 

1. Introduction 

The three dimensional (3D)-obturation of the apical system is the final phase of the Endodontic 

Triad consisting of shaping, cleaning and filling. Generally, it has been recognized as the most 

critical phase of endodontic treatment with the final goal of apex sealing and avoiding any residual 

holes into the filled canal space [1–4]. Manifold materials have been used for this procedure but 

among all conventional fillers, guttapercha has established itself as the Gold Standard in apical 

obturation. Specifically, it is characterized by cold and thermal plasticity, high stability after 

polymerization, inert and biocompatible and low thermal conductivity [5–9]. Although filling 

materials used in the apical obturation, such as the mentioned guttapercha, present important sealing 

properties, they are recognized to have lower adhesive features in respect to the restorative 

materials used in the coronal region of root canal [10–12]. For this reason, a conventional filling 

material system often consists of guttapercha associated with an endodontic sealer (liquid cement). 

The sealer serves as a lubricant when inserting the guttapercha point, as a filling material to fill the 

irregularities of the preparation, and as adhesive component between dentine and guttapercha 

[10,13,14]. Thus, to enhance the adhesion performances, an endodontic sealer is usually spread in 

the root canal system before sealing, even though their toxicity and mutagenicity [15–18]. Due to 

their importance in the 3D-obturation, in recent years, numerous efforts have been made to improve 

the biocompatibility of cutting-edge sealers such as bioceramic-based sealers. Despite this 

characteristic, several problems like retreatability and solubility continue to persist [19,20]. In spite 

of the recent advancement in sealers biocompatibility, there is still a growing need for safer 

endodontic treatment and characterized by enhanced adhesive performances has prompted the 

research of innovative materials and therapies [21]. Atmospheric pressure non-equilibrium plasmas, 

also known as CAPs, thanks to the production of charged particles, reactive species, radiation and 

electro-magnetic fields at close-to-environmental temperature [22], leading to the application of a 

CAP treatment directly on living tissues, have shown great potential as innovative and 

multifunctional technology for dental applications [22–25]. For example, CAP have shown high 

efficiency in killing planktonic bacteria without damaging human tissues [22,26], and not affect the 

viability of mesenchymal cells, not inducing morphologic alteration to mucosa and periodontal 

tissues [27–30]. As a gaseous medium, CAP has the appealing capability to penetrate irregular 

cavities/fissures, such as dentinal tubules or apical regions and inactivate bacteria, actively fighting 

bacterial infections [27]. Of particular interest for dental applications is the ability of plasma to 



induce surface modification on artificial and biological materials. CAP can activate (bio-)surfaces, 

such as zirconia/titanium, for a higher biocompatibility of dental implants [31] or enamel/dentin for 

the enhancement of the adhesive restoration [24,32] achieving also a higher spreading capacity of 

osteoblasts [33]. 

Moreover, in the research field of CAP-assisted dental restoration, preliminary data has shown that 

plasma treatment effectively increases the bonding strength at the dentin/composite interface [23]; 

Ritts and colleagues showed how CAP treatment of dentin before the application of the adhesive 

system could significantly enhance the adhesion performances [34]. Different studies have shown 

that, after the chelant/etching phase for the cleaning of dentinal tubules from smear layer, the CAP 

treatment induced an increase of dentin wettability, and facilitated the adhesive penetration into 

dentin collagen, promoting a thicker hybrid layer and, consequently, better bonding performance 

[24,27,32]. By means of scanning electron microscope images, longer and more tortuous resin tags, 

with lateral projections were observed in the case of plasma pre-treatment of dentin [32,35]. 

EDX/XPS studies affirmed significant increase in oxygen content on CAP treated dental surfaces, 

reflecting the introduction of oxygen-containing groups to the substrates which increase dentin 

wettability [33,36–39]. 

It is worth mentioning that the long-term stability of plasma-assisted restorations remains an open 

question, with a limited number of papers dealing with this subject [24,40]. As reported in the study 

of Hirata and co-workers, after 1 year of aging in water, the improvement in bonding strength 

provided by CAP treatment of dentin was lost and there was no appreciable difference compared 

with untreated samples [22].  

Supported by literature and our promising results obtained in the frame of coronal restoration 

assisted by a CAP treatment [41], the present work aims at studying the improvement of adhesion in 

the apical region of the root canal system through pushout tests, that are generally adopted  to 

evaluate the bonding strength of dentine-adhesive system interface in standardized tooth specimens 

[42]. The effects of plasma treatment were evaluated in the case of a direct apical filling with 

guttapercha and in the case of pre-application of an endodontic sealer over the dentin surface. A 

DBD helium plasma jet, properly designed as lab-prototype to be then exploitable in real 

endodontic procedures, was used for the experiments, as well as in the previous studies [43] and 

[41] . By means of a confocal laser microscope analysis, the penetration of restorative materials into 

dentinal tubules and dentin substrate was qualitatively evaluated. 

2. Materials & Methods 

2.1. Plasma source  



The plasma source employed in the present work, based on DBD plasma jet configuration, was 

specifically designed (with a relevant contribution by AlmaPlasma s.r.l.) for dental applications and 

might belong to the same family of the ones for which claims have been defined in patents EP 

patent 2208404B1 (6 December 2016) and US patent 8482206B2 (9 July 2013) by Pouvesle et al 

[44,45]. The schematic of the source is shown in Fig. 1 and a detailed description of the plasma 

source is reported in [41,43]. Helium was used as working gas with a flow rate of 3 slpm. The 

plasma source was driven by a micropulsed generator producing high-voltage sinusoidal pulses 

operating at peak voltage V=15 kV, frequency f = 22 kHz, with duty cycle DC = 7.5%.  

 
Fig. 1. a) schematic of the DBD-jet plasma source; b) plasma plume, produced by the DBD-jet 

plasma source and propagating inside a molar model [41]. 

The safety of the plasma source was assessed as recommended by the DIN-specification 91315  and 

the standard “DIN EN 60601-1 – Medical electrical equipment”  [46,47]. Even though tooth 

materials are not soft tissues, in this study was adopted as a reference value the limit imposed for 

soft tissue (100 µA of leakage current) to be on the conservative side. An investigation of leakage 

current was carried out following the standard’s requirements in the specific cases shown in Fig. 2, 

when interfacing the source with a human finger at 2, 5 and 12 mm of distance from the source 

outlet, respectively. The Authors volunteered as samples for these measurements. 



 
Fig. 2. Schematics of leakage current measurements. 1) plasma source, 2) plasma plume, 3) patient, 

A1) current probe 1, A2) current probe 2. To show the electrical connection between the plasma 

plume and the patient, as examples, the photo (a) and photo (b) of the setup for measurement of 

leakage currents (A1 probe) are given in the cases of floating and grounded-to-source patient, 

respectively.  

 

As well know, in its expansion in the surrounding air the plasma plume  produces ozone, a molecule 

with recognized important antimicrobial properties that is commonly exploited in the field of 

dentistry [48–51]. On the other hand, since long exposures at high-concentrated ozone atmosphere 

could cause hazardous toxic effects to the patient [52], different standards, such as those described 

by ANNEX XII of Directive 2008/50/EC of the European Parliament and of the European Council 

of 21 May 2008, impose thresholds for ozone (e.g. O3 concentration lower than 240 µg/m3 for 1 

hour of exposure). In light of these considerations, a simplified setup for measurement of the 

concentration of ozone by means of ozone strips (Ozone Test strip 90736, Macherey-Nagel) placed 

at the bottom of a chamber with one open boundary (with the almost the same shape and volume of 



an oral cavity ~ 70 ml, Fig. 3) as a consequence of 1, 3 and 5 min of CAP treatment, defined, 

placing the end of the capillary 10 mm and 30 mm inside the plastic container. 

 
Fig. 3. Photo of ozone concentration measurement inside a chamber with one open boundary by 

means of ozone strips posed on the bottom of the chamber. 

 

Finally, the UV irradiance produced by the plasma plume was evaluated using the UV power meter 

Hamamatsu C9536/H9535-222 (measurement range of 0.001–200 mW/cm2, high spectral response 

in the range 150–350 nm). As proposed by the DIN-specification 91315, the radiant exposure 

should not exceed 30 J/m2 or 3 mJ/cm2 as a daily dose [46]. The sensor was posed 2 mm far away 

from the end of capillary of the plasma source. 

2.2. Tooth sample preparation and treatment procedures 

The procedure adopted for the preparation of teeth sample follows the protocol described in [41] . 

Forty-four maxillary and mandibular monoradicular human teeth, extracted for periodontal, 

prosthetic or orthodontic diseases, with straight roots and regular single canals were selected for this 

study. Teeth were stored in 0,1% thymol solution at 4°C to serve their structural properties and 

ensure good hydration. The crown was sectioned off at the cemento-enamel junction using a water-

cooled diamond blade on a cutting machine (Isomet, Buhler, Lake Bluff, NY, USA) to expose the 

root canal. 

Although guttapercha is used for sealing apical foramen with diameter lower than 1 mm, to 

standardize the study, the first 8 mm of the root canal were shaped to a regular diameter of 1,6 mm 

by means of a cylindrical diamond bur (Komet 837/016, Brasseler, Lemgo, D). Teeth were then 

embedded in epoxy resin cylinders (Enamel Temp Plus, Micerium) using the innovative custom 

molding procedure proposed in [41] (described in Fig. 4 and Fig. 5) ensuring an accurate position of 

the specimens for pushout tests. After curing of the epoxy resin (few minutes), the tooth results as 



perfectly embedded in the mold. The embedded tooth were stored again in thymol solution before 

further treatment. 

 

Fig. 4. Molding procedure before (a) and after (b) resin casting. 

 

Fig. 5. Molding procedure to ensure the alignment of the root canal along the resin cylinder axis 

[41]. 

A solution of EDTA 17% was rinsed for 1 min for the cleaning of each root canal and for the 

removal of smear layer. Then, teeth were dried with paper points to eliminate any residuals of 

chelating agent. As reported in Tab. 1, the samples were randomly distributed into four groups and 

conditioned with different type of dentine pre-treatment: two control groups subjected to standard 

procedures (C1, C2) and two experimental groups including the pretreatment of dentine by 180 

seconds of plasma exposure (P1, P2). CAP treatment was carried out by means of the DBD-jet 



plasma source (described in paragraph 2.1) at a fixed distance between the source outlet and the 

root canal opening of 2 mm. More specifically, group C1 included the teeth subjected to no dentine 

surface conditioning and directly filled with guttapercha (Calamus Dual System – Calamus Flow, 

Dentsply, Maillefer). Back-packing procedure was used for the application of guttapercha for a 

better 3D polymerization [53] by means of manual plugger. The group P1 comprised a plasma 

treatment of the root canal before guttapercha sealing. The group C2 was characterized by the 

application of an epoxy resin sealer (Top Seal, Dentsply, Maillefer), conventionally used as 

adhesive material to bond guttapercha with apical dentine. P2 provided a plasma pre-treatment of 

dentine surface before sealer application.  

Group Filling procedure 

C1 Guttapercha 

P1 CAP + Guttapercha 

C2 Sealer + Guttapercha 

P2 CAP + Sealer + Guttapercha 

Tab. 1. Sealing protocol applied to each group after root canal shaping. 

Photos of single steps of the procedure were collected in Fig. 6. Finally, the specimens were stored 

for 1 week at 37°C in saturated environment.  



 

Fig. 6. Different steps of experimental procedures: 1) EDTA rinsing; 2) drying with paper points; 3) 

CAP treatment; 4) sealer preparation; 5) guttapercha obturation with Calamus Flow; 6) manual 

compaction/compression of guttapercha. 

 

2.3. Pushout test 

According to the procedure reported in [42] for teeth not embedded in resin, after water storage, the 

samples were sectioned transversally to the long axis of the tooth by means of a diamond saw 

(Isomet) irrigated with water. Tooth sections 1,6 mm-thick were obtained from coronal and apical 

portions of the root canal as schematically described in Fig. 7. The coronal and apical sections were 

respectively cut 4 and 1 mm above the apical terminal. Through the molding system procedure, the 

accurate positioning of the specimens in the pushout testing machine was guaranteed. Images of 

sample slices preparation and collection are reported in Fig. 8 and Fig. 9. 

 



 

Fig. 7. Tooth coronal and apical section specimens for pushout test. 

 

Fig. 8. Isomet diamond saw for the samples section cutting. 



 

Fig. 9. Specimens prepared for pushout test. 

Tests were performed using a universal testing machine (Instron model 5848, load cell HBM U2A 

200 kg, Micro Tester MTS electronic Test Star IIs). Specimens were axially loaded on the luting 

material section (Ø 1,6 mm) with a cylindrical metallic plunger (Ø 1,4 mm) at a cross-head speed of 

1 mm/min. When dislodgement occurred, the maximum failure load was recorded and converted 

into MPa considering the real dimensions of each specimen. Statistical analysis was performed 

applying one-variable analysis of variance (ANOVA) as post-hoc comparison at a significance level 

set at p<0,05.  

2.4. CLSM analysis 

Confocal analysis was carried out using a colourant with eosin 0,1%, a red-fluorescent molecule 

(Eosin Yellowish 1B 425, Chroma-Gesellschaft, red emission around 532 nm). Teeth specimens 

were prepared as described in paragraph 2.2. Since sealer was applied in liquid state, a mixture of 

colourant-sealer was prepared and then used for C2 and P2 groups. On the other hand, being 

guttapercha plugger in plastic-solid phase, for the case C1 and P1, the colourant was spread in the 

root canal before guttapercha filling. Thus, in the confocal images, the red fluorescence represents 

the sealer penetration in the cases C2 and P2, while in the C1 and P1 groups the red signal shows 

the colourant itself pushed into dentinal tubules by the guttapercha penetration. The confocal 

analysis was performed by means of confocal microscope (510 META, Zeiss, ) with a 40x lens and 

an additional zoom of 3x as magnification factor. Pinhole was keep open at 100 µm for all 

acquisitions (512x512 px). 

3. Results 

3.1. Measurements of leakage currents, ozone production and UV irradiance 



In Tab. 2, the recorded values of maximum current are reported for the investigated cases and 

distances, as described in paragraph 2.1. As clearly shown by the results, the highest values of 

leakage current are observed in the case of floating patient for which in two conditions the 

measured current overcomes the threshold value of 100 µA. the safest condition was individuated 

when the patient is grounded-to-source: all the recorded values of Irms are under the threshold limit. 

The distance between the source outlet and the soft tissue (the human finger in the present study) 

relevantly affects the leakage current in the case of not-grounded patient. 

 

 Gap 
[mm] 

A1_Irms 
[µA] 

A2_Irms 
[µA]  Gap 

[mm] 
A1_Irms 

[µA] 
A2_Irms 

[µA] 

 

2 140 30 

 

2 90 110 

5 120 <10 5 20 40 

12 100 30 12 <10 230 

 

2 87 70 

 

2 80 50 

5 38 10 5 100 100 

12 130 40 12 80 50 

Tab. 2. Recorded values of Irms for three different distances between human finger and the source 

outlet: 2, 5 and 12 mm. 

In Tab. 3 the values of O3 concentration are reported. Considering 5 min of CAP treatment as the 

maximum exposure time envisaged for the entire clinical procedure, the O3 density does not exceed 

the threshold of 240 μg/m3; even so, a suction hose might be used in the future during plasma 

treatment to be sure to operate the plasma in fully safe conditions for the patient. 

D [mm] Time [min] Ozone concentration  
[μg/m3] 

10 
1 

< 90 

30 90 – 150 

10 
3 

90 - 150 

30 150 – 210 

10 5 150 – 210 

 



Tab. 3. Measured concentration of ozone for 1, 3 and 5 minutes of CAP treatment. D is the distance 

from the edge of plastic container and the end of capillary. 

As far as the UV irradiance is concerned, the UV radiation produced by the DBD Helium plasma jet 

is always under the instrument sensitivity (<1μW/cm2) and, in turn, under the imposed limit. 

3.2. Pushout tests 

Tab. 4 shows the mean bonding strength obtained by pushout tests for coronal and apical sections. 

Results clearly show a statistically significant enhancement, around three times (~ +200% with a 

p<<0,05) compared to control, of the bonding strength along the whole axial length of the root 

canal when plasma is applied on dentine before the direct application of guttapercha. Relevant 

increase of adhesion performances, around +50% (p<<0,05) is observed for P2 group both in 

coronal and apical sections, where sealer was used as in conventional treatment. The comparison of 

P1 and C2 groups, highlights how a plasma treatment of the dentine could replace the application of 

endodontic sealer because the values of achieved bonding strength are similar to each other. 

 
Average bonding strength 

[MPa] 
Increase 

[+%] 

C1 – Coronal 1,05 ± 0,36 
+ 238,1% 

P1 (plasma) – Coronal 3,56 ± 1,04 

C1 – Apical 1,25 ± 0,40 
+ 194,1% 

P1 (plasma) – Apical 3,69 ± 1,21 

C2 – Coronal 3,10 ± 0,61 
+ 58,6% 

P2 (plasma) – Coronal 4,92 ± 0,85 

C2 – Apical 3,49 ± 0,78 
+ 47,6% 

P2 (plasma) – Apical 5,15 ± 0,71 

Tab. 4. Mean bonding strength ± standard deviation of sealing system (guttapercha or 

sealer+guttapercha) to dentine evaluated through pushout test. Last column reports the average % 



improvement in bonding strength due to plasma treatment of dentin with respect to untreated 

control. 

3.3. CLSM analysis 

In Fig. 11 the confocal acquisitions are reported for the case C1, P1, C2 and P2. Comparing the 

control groups C1 and C2, a higher penetration is observed in the case in which guttapercha was 

directly posed in contact with the dentine substrate, with no relevant difference between coronal and 

apical regions. For both cases (P1 and P2), characterized by a CAP pre-treatment of dentine, the 

penetration of guttapercha (P1) and of endodontic sealer (P2) is extremely amplified for the whole 

length of the root canal. 

 
Fig. 10. Collection of CLSM images divided for each investigated group (C1, C2, P1 and P2) and 

for different regions of root canal: coronal and apical. 

4. Discussion of results 

As far as the endodontic materials used in root canal restoration, it is well know that the adhesion 

properties depend on the surface energy of the involved materials (dentine or guttapercha), the 

surface tension of the adhesive (sealer), the adhesive’s quality to be spread over the surfaces [54]. 

Moreover, an effective bonding, based both on chemical and micromechanical mechanisms [54], 

requires a dentinal surface that is free of debris and pulp residues from an imperfect mechanical and 

chemical treatment of the canal [12]. The control groups (C1 and C2) report pushout values in 

accordance with literature, highlighting the low bonding strength of guttapercha with the dentine 



substrate [13,14], while the application of an endodontic sealer before guttapercha filling leads to 

values of mean adhesion strength around 3 MPa, as also found by Lee et al. [10].  

Pushout results clearly show a relevant enhancement of the mean bonding strength between the 

plasma treated dentine and the filling materials used in these experiments, guttapercha or 

endodontic sealer as well. P2, that represents the conventional apical sealing procedure supported 

by a plasma pre-treatment of dentine surface, shows an improvement around +50% underlining an 

enhanced interaction of endodontic sealer with the dentine. Generally, a substrate exposed to a CAP 

produced in air (or generally O2/N2 mixture gases) is functionalized and grafted by the insertion of 

carbonyl and amine functional groups, resulting in an increased amount of O and N content in the 

surface [34,37,55,56], leading to an increase of surface wettability. The epoxy resin-based sealer 

used in this work should be able to react with any exposed amino groups in collagen to form 

covalent bonds with dentine collagen when the epoxide ring opens [10]. Moreover, as Topseal 

operates in fluid state characterized by a polar component (amine paste), it could be spread better in 

a plasma-activated surface with higher hydrophilicity resulting in deeper sealer infiltration into the 

demineralized dentine and, thus, in a thicker hybrid layer [12].  

CLSM acquisitions are focused on the infiltration of filling material essentially in dentinal tubules 

and support the hypothesis of an enhanced penetration of sealer into dentine substrate along the 

whole length of root canal. It is worth mentioning that the formation of resin tags in lateral tubules 

contributes only for a percentage <15% to the total adhesion strength [12,57,58], while 

hybridization, with the resulted hybrid layer, is considered the primary process involved in resin-

based restoration [12].   

Surprisingly, the adhesion performances of group P1 show an unexpected increase (+238%, 

p<<0,05), revealing how guttapercha was able to “self-bond” directly with the dentine substrate 

without any sealer application. The guttapercha used in this work does not present any chemical 

characteristic that can promote an adhesive restoration; and, in light of this consideration, the 

pushout results appear even more interesting. As demonstrated in [41], CAP treatment induces an 

improvement of the wettability of dentine surface, that may support the spreading of guttapercha in 

viscous state during the filling procedure. Compared to the resin tags formed by sealers or adhesive 

systems, which are characterized by high rigidity, guttapercha tags could probably play a major role 

of anchor of the sealed block to the dentine for their higher flexibility. As a matter of fact, CLSM 

images show the increased penetration of guttapercha in lateral tubules both in coronal and apical 

region, and pushout results of P1 group highlight that the achieved adhesion performances are 

comparable to ones obtained with the application of endodontic sealer before guttapercha filling. 

180 sec of CAP treatment increase the adhesion by an enhanced mechanical anchorage of 



guttapercha into dentine substrate, as well as endodontic sealer can favour the formation of hybrid 

layer promoting, chemically and micromechanically, the adhesion of a monoblock to dentine. 

However, the highest value of adhesion of sealed monoblock and dentine is achieved performing 

the conventional procedure (sealer + guttapercha) with a CAP pre-treatment of the cleaned root 

canal (P2). 

It is worth considering that the primary function of the guttapercha is to seal the apical region 

avoiding gaps, which can provide pathways for bacteria and toxins to the periapex and apical 

connective tissues [59]. Even if CLSM acquisitions cannot confirm the absence of gaps in the whole 

coronal-apical perimeter, confocal images of group P1 and P2 clearly show a higher infiltration and 

spreading of both materials (sealer and guttapercha) into dentine substrate because of plasma 

treatment, that may result in an enhancement of apical sealing. Moreover, the results of P1 group 

gain interest and importance in the context of biological safety.  

As anticipated above, the possibility to cause an apical extrusion during the endodontic treatment 

may result into hazardous risk for patient related to the toxicity and mutagenicity of conventional 

resin-based sealers [15–18,60]. Although Topseal is recognized to be one of the most biocompatible 

sealers on the market, it was demonstrated that its cytotoxicity can be related to the contained small 

amount of formaldehyde and to the release of the amine and epoxy resin components from this 

material [18]. Thus, CAP can reduce the cytotoxic risk favouring an apical 3D obturation performed 

with the use of only guttapercha characterized by adhesion and sealing performances comparable to 

the ones achieved in conventional procedures (sealer + guttapercha). 

Although the electrical characterization, the measurements of ozone concentration and UV 

irradiance have shown how the plasma source can operate in safety conditions, to assess the 

potentialities of a CAP treatment in the restoration of root canals, future studies are required to 

investigate the long-term stability of adherent monoblock to dentine surface and to evaluate the 

sealing performances by means of dye filtration tests or total-canal scanning imaging. 

5. Conclusions 

This work, based on the study of the CAP effects in the field of dental composite restoration, was 

focused on the CAP-induced enhancement of adhesive performances of apical sealing. The acquired 

data, through pushout tests on ex-vivo teeth, show how the simple addition of a 180s plasma 

treatment to the conventional procedures can lead to a statistically relevant improvement of the 

mean bonding strength along the entire root canal length. Moreover, considering the results 

obtained in a previous study [41], positive effects of DBD-jet plasma treatment were observed for 

both sets of materials used in the coronal-medial and apical restoration of the root canal (self-etch 

adhesive systems and sealer + guttapercha, respectively). In particular, the study highlighted the 



possibility to avoid the use of cytotoxic endodontic sealers in the apical sealing in terms of adhesion 

performances between the guttapercha and the plasma treated dentine. Confocal images confirmed 

the higher spreading and penetration of both guttapercha and sealer into dentinal tubules. 

The experimental results, combined with ones obtained in the field of root canal disinfection [43], 

demonstrated the efficacy of CAP treatment, performed with a DBD-jet plasma source operating in 

the same conditions, in the phases of both disinfection and restoration of the root canal. Even if 

future clinical in vivo studies are still required, the potential for a future success of a CAP-assisted 

endodontic procedure appears day by day more certain. 

A. Appendices 

Further efforts were undertaken by AlmaPlasma s.r.l. to improve the ergonomics of the device 

shown in Fig. 1. More specifically, to comply with the dimensions of devices commonly used in the 

dental field, the geometry of each component of the first prototype of DBD-jet plasma source (Fig. 

A.1a) was optimized and adapted to an external housing design having a diameter of 21.5 mm (Fig 

A.1b). In addition, the need to minimise the weight of the device resulted in changes of the external 

housing material: instead of aluminium, it was realized in polymethylmethacrylate (PMMA), a 

transparent material of low density that also allows the operator to monitor the discharge zone 

during operation of the plasma source (Fig. A.1c).   

 



Fig. A.1.  a) first prototype of the DBD-jet plasma source designed by AlmaPlasma s.r.l.; b) second 

prototype of the DBD-jet plasma source designed by AlmaPlasma s.r.l.; c) plasma plume, produced 

by the second prototype of DBD-jet plasma source. 

Fig. A.2. shows the section view of both prototypes; even if the number of components was 

unchanged, electrical and gas connections were improved to take up as little space as possible. 

More in detail, the axial inlet of helium gas through the upper part of high voltage electrode has 

allowed a considerable reduction of the plasma source diameter (from 31.7 mm to 21.5 mm).  

The design changes envolved only the geometry of the support elements necessary to encase the 

electrodes and the dielectric capillary and to fix gas and electrical connections. Therefore, the 

relative position between high voltage and ground electrode has remained unchanged. As a 

consequence of this, no significative differences of plasma propagation have been identified; tests 

will be performed in the future to confirm the efficacy and the safety levels of this new prototype of 

DBD-jet plasma source.  

 

 

Fig. A.2.  Section view of the a) first prototype and the b) second prototype of the DBD-jet plasma 

source, by AlmaPlasma s.r.l. 
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