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Figure 3: SEM. (a) Uniformly distributed E. faecalis biofilms on HA discs after the treatment of gas flow (He/(1%)O,, 1 SLPM, 5 min) (the
negative control). (b) Biofilms in the negative control group at higher magnification (20,000x): bacteria were adsorbed onto the HA surface
and embedded in a self-produced extracellular matrix, as in a typical biofilm. (c) HA surface after direct plasma exposure (He/(1%)O,
plasma, 5 SLPM, 5min). (d) An area of the plasma-treated HA surface at higher magnification (20.000x ): debris and fused cell bodies
(arrow 1) were predominantly observed. Morphologically intact bacteria (arrow 2) were rarely spotted. (e) HA surface after treatment of
5.25% NaOCl for 5 min (the positive control). (f) Same biofilms of the positive control group at higher magnification (20.000x ): most of
the remaining bacteria appear morphologically intact (arrow 3). Deformed or fused cell bodies (arrow 4) were discernible but few.

was used in this study. The percentage kill of E. faecalis
(90%) after 5-min exposure of 5.25% NaOCI was slightly
less than the reported results (>99%) [26, 27]. The difference
in the reported percentage kills may be due to the different
methodology details that it involved. The biofilms used for
this study were grown on HA discs for a longer period of
time (6 days) compared to those used in the studies by
Dunavant et al. (grown on porcelain coupons for one day)
[27] or Giardino et al. (grown on membrane filters for 2
days) [26]. The physiological state of the bacteria and the
stage of the E. faecalis-substrate interactions may influence
the susceptibility of E. faecalis biofilms to the medicament
[11, 28]. After all, treatment of the E. faecalis biofilms with

5.25% NaOCl is to provide a reference and to help evaluate
the antimicrobial effect of the cold plasma.

The CFU analysis showed that the cold plasma has
comparable antimicrobial activity against E. faecalis biofilms
as 5.25% NaOCl for the same time of contact. In the present
proof-of-principle study, while NaOCI had free access to
all over the surface distributed by bacteria, the needle-like
plasma plume was only applied to a narrow area in the
center of the HA disk. Under SEM, most of the surface
except near the edge was cleared from the bacterial biofilms
throughout the plasma-treated HA samples. Diffusion of the
reactive plasma species over a larger surface when the plasma
plume came in contact with the dielectric substrate may
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explain the extended antimicrobial action. Viable bacteria
were mostly detected in areas near the edge of the disc or
sufficiently far away (e.g., >6.5 mm) from the plasma plume.
This demonstrated that the plasma was most effective for
surfaces directly under exposure, and the bactericidal effects
weakened or diminished for farther distance. Additional
to the reduction rate, it must be noted that the plasma
demonstrated its potential to remove bacteria from the HA
substrate, while the NaOCI left living and dead bacteria at
their place. To improve and eventually achieve complete
biofilm removal, it is possible to scan the plasma plume over
the whole surface area, for example, applying the plasma
plume at one spot for 5min, then move to another 5mm
in-distance spot for another 5min exposure, and so forth.
For endodontic treatment, the accessibility of the plasma
plume to complex root canal surfaces must be evaluated and
the bactericidal effects against bacterial biofilms under clinic
conditions have to be reassessed. Nevertheless, this in vitro
study is the first step to help optimize the plasma device and
evaluate the plasma-mediated bactericidal effect.

5. Conclusion

In this proof-of-principle study, the room temperature
plasma jet showed comparable antimicrobial effect as 5.25%
NaOCl against E. faecalis biofilms on HA discs. Better
disinfection results may be achieved with scanning of the
plasma jet to cover the entire HA surface under treatment.
In addition to the demonstrated biofilm-removing effect, the
cold plasma may be safer than the conventional medicament
irrigation as the enhanced oxidation provided by reactive
plasma species is more localized. Nevertheless, more studies
are needed to assess the feasibility and effectiveness of the
cold plasma-based technology for root canal disinfection.
The team is in the process of investigating the bactericidal
effect of the plasma jet in the root canal system grown
with multispecies endodontic biofilms. The results will be
reported in the near future.
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