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ABSTRACT: We perform in vitro validation of two plasma systems to determine whether bacteria inactivation occurs in a root canal abscess during root canal dental surgery. Results indicate
WKDW SODVPD PD\ EH D YHU\ H൵HFWLYH WRRO IRU PLQLPDOO\ LQYDVLYH LQDFWLYDWLRQ RI EDFWHULD GHHS
LQVLGHWKHWRRWKZLWKRXWFDXVLQJH[FHVVLYHGDPDJHWRWKHWRRWKVXUIDFH:HVKRZH൵HFWLYHLQactivation of ~ 104 colony forming units of Enterococcus faecalis following 10-s treatment by
QDQRVHFRQGSXOVHGFRURQDGLVFKDUJHWKDWLVLJQLWHGXVLQJDVWDQGDUGGHQWDOWRRO 3DWK¿QGHU®) as
the plasma guide.
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I. INTRODUCTION
Root canal therapy is used to eliminate the infected pulp of a tooth and protect the decontaminated tooth from future microbial invasion. Each year, more than 25 million root
canal treatments are performed globally.1–4 During this procedure, sodium hypochlorite
(NaClO) is routinely used as an antimicrobial agent to irrigate the infected tooth. However, retreatment may be needed due to the occasional persistent infection that may be
FDXVHG E\ LQH൶FLHQW GLVLQIHFWLRQ 3UHYLRXV VWXGLHV KDYH UHSRUWHG WKDW FRPSOLFDWLRQV
and long-term neurologic injuries can be caused by the NaClO irrigant solution.5 Other
innovative disinfection methods, such as laser and ozone, have also been studied to
sterilize a contaminated tooth, but these results were debatable.6 Therefore, we proposed
atmospheric-pressure nonthermal plasma sterilization to be a potential tool for use in
dentistry.7–9 Previous studies have evaluated the application of a plasma jet in tooth root
canal disinfection.9–11 In this article, two novel nonthermal plasma systems, pin-to-hole
spark discharge (PHD) and corona discharge, are proposed and their potential use in root
canal sterilization validated.
To increase the success rate of root canal therapy, endodontic pathology has been
studied. Research has shown that various microorganism species have a role in intraradicular and extraradicular infection. Although most microorganisms can be deactivated
with traditional antimicrobial treatments, certain species are resistant to treatment, including some Gram-negative bacteria (e.g., Fusobacterium nucleatum, Campylobacter
rectus, etc.) and various Gram-positive species (e.g., Streptococcus mitis, Olsenella
uli, etc.). Such bacteria can survive and cause persistent infection. Among these micro1947-5764/18/$35.00 © 2018 by Begell House, Inc. www.begellhouse.com
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organisms, Enterococcus faecalis has been repeatedly reported as the most commonly
LGHQWL¿HGVSHFLHVLQUHLQIHFWHGURRWFDQDOV12 Although its prevalence in endodontic infection is debatable,13 E. faecalis is one of the common enteric Gram-positive bacteria
and normally inhabits the intestine and oral cavity. Some of its characteristics, such
DV UHVLVWDQFH WR VHYHUDO LUULJDQWV HJ 1D&O2  DELOLW\ WR IRUP ELR¿OPV LQ PHGLFDWHG
canals, and resistance to extreme environments, enable it to survive and proliferate in
a treated root canal.12 Jain et al. showed that E. faecalis is able to produce the required
proteins to receive multidrug resistance genes from the donor,14 which makes treatment
even more arduous. We thus selected E. faecalis as the subject of decontamination to
evaluate the two plasma systems more accurately.
II. METHODS AND MATERIALS
A. Root Canal Simulation Block
Figure 1(a) shows a root canal simulation block, where the inactivation of microorganisms is performed through a thin opening at the bottom of the tooth that is marked “area

FIG. 1: (a) Schematic of root canal simulation block. Decontamination is performed through the
thin opening that is labeled “Area of interest”; (b) a packaged bag of root canal simulation block
provides information about the block.
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of interest” in the image. More information about the root canal simulation block is
displayed in Fig. 1(b).
B. Plasma System I: PHD with MicroProbes
We used a MicroProbes® (Gaithersburg, MD) concentric electrode with a metal shield
to deliver plasma into the tooth. It is worth mentioning that for this study, we used a
500-μm electrode, but electrodes as small as 325 μm are also available for use in future
experiments. To generate the plasma spark, a high-voltage pulse was delivered to the
center electrode, and the outside electrode was grounded. We delivered plasma treatment by inserting the electrode into the root canal cavity. To verify the delivery of acWLYHVSHFLHVLQWKHURRWFDQDODEVFHVVFDYLW\WKHFDYLW\ZDV¿OOHGZLWK¿QHSRZGHUDVLV
demonstrated in Fig. 2, and its movement during the discharge operation was recorded
(see Fig. 3).
The PHD electrode and power supply were previously described in detail elsewhere.15 Discharge was ignited by applying high positive potential to the central
electrode and grounding the outer electrode. To provide high-discharge energy while
keeping average gas temperature low, we powered the electrode system with a capacitor. This resulted in the formation of a dense energetic spark that lasted for ~ 3.5 μs.
Due to the low repetition frequency of ~ 7 Hz and the short pulse duration, average gas
temperature did not exceed room temperature. PHD plasma characteristics included
peak voltage of 3.2 kV, pulse duration of 3.5 μs, frequency of 7 Hz, and energy per
pulse of 0.1 J.
Although average gas temperature is low, plasma temperature itself is expected to
EHUHODWLYHO\KLJKHQRXJKWRFDXVHSURGXFWLRQRIDVLJQL¿FDQWDPRXQWRI12DQGRWKHU

FIG. 2:$FWLYHVSHFLHVGHOLYHU\YHUL¿FDWLRQV\VWHP
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FIG. 3: Photographs of the electrode inserted into the root canal block in (a) lighted room. Spark
discharge in the root canal block without (b) and with (c) room lights. (d) Frame from a reFRUGHGYLGHRVKRZLQJ¿QHSRZGHU³MXPSLQJ´7KLVLQGLFDWHVWKDWDFWLYHVSHFLHV±FRQWDLQHGÀRZ
of plasma afterglow was delivered to the root canal abscess.

UHDFWLYHVSHFLHVWKDWKDYHEHHQUHSRUWHGWRH൵HFWLYHO\LQDFWLYDWHSDWKRJHQV15,16 As can
be seen from the spectrum of radiation reported previously,15 this discharge radiates
intensely in the ultraviolet (UV) range. We measured the total amount of UV light irradiated by plasma using a IL1700 photometer (International Light Technologies; Peabody,
MA) to be 5 ± 1 μW/cm2ZKLFKLVTXLWHVLJQL¿FDQWIRUEDFWHULDOLQDFWLYDWLRQHVSHFLDOO\
in combination with reactive species that were produced in the plasma.16
&3ODVPD6\VWHP,,&RURQD'LVFKDUJHZLWK3DWKÀQGHU3UREH
To reach the abscess and generate plasma at the desired location, we used a standard
GHQWDO3DWK¿QGHU® probe (shown in Fig. 4) that is available in dental supply stores. To
generate plasma, probes were coated with a thin layer of dielectric material (spray-on
acrylic, typically used to coat circuit boards), and then the acrylic from the tip of the
3DWK¿QGHUSUREH aPP ZDVZDVKHGDZD\ZLWKDFHWRQH$IWHUWKHSURFHVVSUREHV
ZHUHDOORZHGWRGU\IRUK7KHFRDWHG3DWK¿QGHUSUREHZDVWKHQLQVHUWHGLQWRWKHURRW
canal until the probe tip reached the root canal abscess cavity, as shown in Fig. 5(a) and
E %\DSSO\LQJKLJKYROWDJHRQWKHFRDWHG3DWK¿QGHUSUREHVDQGJURXQGLQJWKHVXUIDFH
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FIG. 4: D 6WDQGDUGGHQWDOSDWK¿QGHUSUREHZLWKUHODWHGLQIRUPDWLRQ E VWDQGDUGGHQWDOSDWK¿QGHUSUREHFRDWHGZLWKDWKLQOD\HURIGLHOHFWULFPDWHULDO

that was touched by the bottom of the simulation block, corona plasma discharge was
generated, as shown in Fig. 5(c).
7RLQLWLDWHWKHGLVFKDUJHZHXVHGSXOVHVZLWKN9DPSOLWXGHLQ coaxial
FDEOH N9RQWKHKLJKYROWDJHHOHFWURGHWLSFDXVHGE\SXOVHUHÀHFWLRQ ZLWKQV
pulse duration (90% amplitude), 0.3-ns rise time, and 3-ns fall time. Maximum pulse
frequency was 5 kHz. The generator that we used, purchased from FID GmbH (Burbach,

FIG. 5:3KRWRVVKRZ D URRWFDQDOEORFNZLWKLQVHUWHGVWDQGDUGGHQWDOSDWK¿QGHUSUREH E URRW
FDQDODEVFHVVZLWKSDWK¿QGHUSUREHWLSLQGLFDWLQJSRVLWLRQRIWKHLQVHUWHGSDWK¿QGHUSUREH F FRrona plasma discharge in root canal abscess cavity. The background shows a grounded metal plate.
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Germany), is based on solid-state switches; we have previously reported on the analysis
of this discharge system elsewhere.17,18
'9DOLGDWLRQ6\VWHP6HWXS
In both systems, we used bacteria-inoculated blood agar plates and a root canal simulation block to mimic the infected pulp and tooth. We applied PHD and corona discharge plasma for various time spans to investigate their potential application in root
canal therapy. E. faecalis was inoculated in brain heart infusion broth and incubated
overnight. The fresh cultured E. faecalis broth was then diluted to 1.5 × 106 colony
IRUPLQJXQLWV &)8 P/ZLWKSKRVSKDWHEX൵HUHGVDOLQHWRSUHSDUHWKHZRUNLQJEDFWHria solution. Next, 100 ȝL of working bacteria solution (1.5 × 106 CFU/mL) was added
onto the blood agar plate (5%) and evenly spread using a sterile cell spreader. When
the added bacteria solution was totally absorbed by the agar, the contaminated plates
were ready to use.
We carefully placed the root canal simulation block onto the surface of the prepared
agar plate, and then the MicroProbes® concentric electrode was gently inserted into the
simulation block through the opening. This setup is shown in Fig. 6. For corona discharge, the simulation block with the probe inserted was carefully placed onto the inoculated blood agar with its abscess facing downward, which created a cavity connected to
the outside only through the opening of the block. This simulated the infected root canal
cavity (Fig. 7). By applying high positive potential on the probe and grounding the agar,
corona discharge was generated.
(7UHDWPHQWDQG,QFXEDWLRQ
For both systems, except for treatment time, treatment conditions among groups remained the same as were described above, and each experiment is repeated in triplicate.
For the PHD plasma system, treatment time for each group was 1, 3, 9, 30, and 90 s.

FIG. 6: (a) PHD plasma system setup. Here, a trypticase soy agar plate (TSA) was used to better
demonstrate the position of each unit. (b) Photo of spark discharge in the root canal block shows
the concentric electrode tip.
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FIG. 7: (a) Corona discharge system setup, in which the TSA plate was used to show the position
of each unit; (b) validation setup of corona discharge

For the corona discharge system, treatment time was set as 4, 8, 16, 32, and 110 s, again
LQWULSOLFDWH,QERWKYDOLGDWLRQV\VWHPVDIWHUWUHDWPHQWZDV¿QLVKHGWKHEORFNZDVUHmoved carefully to avoid recontamination of the treated area. All plates were incubated
for 16 h at 37°C.
III. RESULTS
A. Results of PHD treatment
We observed generation of plasma bullets and movement of plasma afterglow gas going through the root canal cavity. We measured bacterial inactivation and observed only
~ 80% inactivation in the cavity following 30 s of treatment, an amount that is insuf¿FLHQWIRUDQH൵HFWLYHPHGLFDOSURFHGXUH
B. Results of Corona Discharge Treatment
Results and observations of E. faecalis treatment with pulsed corona discharge for
4–32 s are discussed below. As can be clearly seen in Fig. 8, bacterial inactivation is
observed, with minimal damage to the agar.
IV. DISCUSSION AND CONCLUSIONS
Application of nonthermal plasma in dentistry has been considered previously. Numerous studies have investigated the potential use of a plasma jet in root canal disinfection.
In 2004, Sladek et al. studied the feasibility of a He/O2 plasma jet and showed that Escherichia coli (~ 108 U/mL) that is spread on agar plates can be reduced by ~ 2 log after
60 s of treatment.11 A later study by Jiang et al. reported that after 60 s of He/O2 plasma
jet treatment, Bacillus atrophaeus (~ 5 × 107 cells/plates), that was spread onto an agar
plate, was completely disinfected. The feasibility of the plasma jet has also investigated
in an extracted tooth.19 Lu et al. concluded that after a 10-min treatment of He/O2 (20%)
plasma jet on an extracted tooth, colony count was reduced by 2 log, compared to the
XQWUHDWHGJURXSDQGGLVLQIHFWLRQH൵HFWLYHQHVVRIERWK+H22 and Ar/O2 plasma jets was
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FIG. 8.
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e
FIG. 8: Results of E. faecalis on blood agar plates (1.5 × 105 CFU/plate) after (a) 4-s corona discharge treatment (some bacteria survived, and agar was slightly dried in the treated area); (b) 8-s
corona discharge treatment (a few bacteria survived and agar was slightly damaged in the treated
DUHD  F VFRURQDGLVFKDUJHWUHDWPHQW QREDFWHULDVXUYLYHGDQGDJDUZDVVLJQL¿FDQWO\GULHG
and damaged in the treated area); (d) 32-s corona discharge treatment (complete bacteria inDFWLYDWLRQZDVDFKLHYHGDQGDJDUZDVVLJQL¿FDQWO\GULHGDQGGDPDJHG  H WKUHHVFRURQD
GLVFKDUJH WUHDWPHQWV FRPSOHWH EDFWHULD LQDFWLYDWLRQ ZDV DFKLHYHG DQG DJDU ZDV VLJQL¿FDQWO\
dried and damaged).

evaluated to be similar.20/DWHU:DQJHWDODQG3DQHWDOVWXGLHGWKHGHDFWLYDWLRQH൵HFW
of an Ar/O2  SODVPDMHWRQELR¿OPLQDQH[WUDFWHGWRRWKDQGUHSRUWHGWKDWFRPSOHWH
disinfection could be achieved in 30 and 10 min, respectively.9,10 Compared to previous
studies, we proposed that a corona discharge system can achieve complete inactivation
of E. faecalis in 16 s by delivering short-pulsed discharge to the inside of a root canal
GXULQJDGHQWDOSURFHGXUH7KHSRVVLEOHH[SODQDWLRQRIWKLVH൵HFWLYHQHVVPLJKWEHGLVolume 8, Issue 3, 2018
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rect plasma exposure of bacteria, which allows the short-life active species to reach the
bacterial cell, whereas a plasma jet can only deliver long-life molecules. Direct plasma
disinfection was already shown to achieve inactivation more quickly than indirect treatment by jet or otherwise.21 The presented in vitro validation is promising, but further
ex vivo and in vivo validations in an animal model are required, especially considering
SUHYLRXV VWXGLHV WKDW LPSO\ WKDW ELR¿OP IRUPHG LQVLGH RI WKH WRRWK FDYLW\ PLJKW WDNH
longer to completely inactivate.
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