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ABSTRACT: The aim of this study was to assess the bactericidal efficacy of cold atmospheric
plasmas (CAPs), chlorhexidine (CHX), and silver diamine fluoride (SDF) in root caries le-
sions (RCLs). Artificial RCLs were created in 50 human dentin samples using a computer-
controlled continuous-culture biofilm model. Subsequently, CAPs (created using a plasma jet,
CAP I, or a dielectric barrier discharge source, CAP II,CHX, and SDF varnishes were used
in antibacterial treatment, and the number of viable bacteria was determined. To compare the
different plasma sources, filament quantification was performed using an oscilloscope. All ap-
plied agents led to significantly lower counts of colony-forming units (CFUs) compared to the
control (p <0.01; Mann-Whitney U test). The obtained logarithmic reduction factors of CAP I,
CAP I, CHX, and SDF were 1.18, 0.61, 0.81, and 1.95, respectively. Only the results for SDF
and CAP II differed significantly (p = 0.004). Filamentation imaging revealed approximately
3 x 107 filaments for CAP I and 3 x 10° for CAP Il within 60 s. Compared to the control, all
investigated agents significantly reduced CFU numbers in artificial RCLs. Among those, the
effect of SDF was superior to that of CAP II. All investigated agents provided antibacterial ef-
fects and may therefore be used for the noninvasive treatment of RCLs.

KEYWORDS: root caries lesion, cold atmospheric plasma, dielectric barrier discharge, tissue-
tolerable plasma, silver diamine fluoride, chlorhexidine, continuous-culture biofilm model

I. INTRODUCTION

While the caries experience is continually decreasing among children and younger
adults in developed countries,* the prevalence of root caries is increasing because of the
aging population.? Clinicians face a variety of challenges: the detection of carious le-
sions on root surfaces is difficult because they are often situated far cervically from pres-
ent restoration margins and covered by plaque or gingiva.® Once detected, the restorative
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treatment of these lesions is challenging because the adhesive bond is not moisture toler-
ant* and alternative restoration materials, such as glass ionomer cements, often fail be-
cause of insufficient macroretention.® As a result of marginal leakage, secondary caries
is likely to appear.® The concept of treating initial root caries lesions (RCLs) includes the
application of varnishes, such as chlorhexidine (CHX) or silver diamine fluoride (SDF),’
to arrest progression. Recently, it was reported that cold atmospheric plasma (CAP)
might be promising in RCL treatment.®

Cold atmospheric plasma is primarily used in dermatology to treat chronically
infected wounds,® but it is also used to stimulate healing mechanisms after surgery.*
Even though different methods to generate cold atmospheric plasma for medical ap-
plications exist, all result in the creation of a unique mixture of potential antimicrobial
agents, such as reactive oxygen and nitrogen species, as well as ultraviolet radiation.™
The composition depends on the type of plasma generation and on the tuning of the
operational parameters. Two core technologies have so far been emphasized: plasma jet
technology, which generates plasma in the form of a jet in an inert gas; and dielectric
barrier discharge (DBD) systems, which ignite plasma on top of a dielectric barrier
or between a dielectric barrier and the targeted surface.'? The potential use of CAP in
dentistry has been investigated in in vitro, ex vivo, and in vivo studies for the treatment
of periimplantitis,**1¢ infected dentin including curved root canals,'’*® infected bone,%%
oral candidiasis,? and enhancement of adhesive bond strength.?

A. Aims

Focusing on conservative therapy for RCLs, the intent of the present study was to evalu-
ate the bactericidal efficacy of CAPs (test groups) and CHX and SDF varnishes (posi-
tive control groups) in artificial RCLs. Furthermore, the aim was to compare the bac-
tericidity of a plasma jet device with that of a dielectric barrier discharge source. The
primary hypothesis was that all applied agents would result in significantly lower counts
of CFUs in Lactobacillus rhamnosus compared to the negative control (brushing with
no agent). The secondary hypothesis was that CAP irradiation would result in a signifi-
cantly greater reduction in CFU numbers compared to CHX and SDF, regardless of the
applied plasma source.

Il. MATERIALS AND METHODS

A. Sample Preparation

Selected for sample preparation were 50 caries-free human upper canines that had
been stored in 0.5% chloramine-t (Carl Roth, Karlsruhe, Germany) after extraction.
The crowns and 3.0 mm of the apices were cut off using a 0.2-mm bandsaw (EXAKT
300 CL, EXAKT, Advanced Technologies, Norderstedt, Germany). Subsequently, one
block-shaped dentin specimen from each obtained root fragment was prepared and
trimmed to dimensions of 6.0 x 4.0 x 2.0 mm using a grinding machine (Labo Pol 25,
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Struers, Willich, Germany) and SiC P1000 sandpaper (Buehler, Diisseldorf, Germany).
In total, 50 blocks were created and embedded in acrylic resin (Technovit 4071, Heraeus
Kulzer, Wehrheim, Germany). Of the upper surface, 6.0 x 4.0 mm remained exposed.
The resin blocks were then polished using SiC P2500 and P4000 sandpapers (Buehler,
Diisseldorf, Germany). The same resin was used subsequently to create a standardized
basin-shaped repository of 20-mL capacity above the exposed dentin.

B. Bacteria Cultivation

L. rhamnosus (DSM strain 20021, Leibniz Institute DSMZ-German Collection of Mi-
croorganisms and Cell Cultures, Braunschweig, Germany) was cultivated in de Man,
Rogosa and Sharpe (MRS) broth (Carl Roth, Karlsruhe, Germany) containing 10.0 g/L
peptone, 4.0 g/L yeast extract, 8.0 g/L beef extract, 20.0 g/L glucose, 2.0 g/L dipotas-
sium phosphate, 5.0 g/L sodium acetate, 2.0 g/L ammonium citrate, 0.2 g/L magnesium
sulfate, 0.05 g/L manganese sulfate, and 1.0 g/L polysorbate 80 with a pH of 6.2, and
stored in an incubator (Type 6420, Thermo Electron, Langselbold, Germany) for 24 h at
37°C under aerobic conditions.

C. Artificial Root Caries Lesions

For demineralization, the dentin specimens were transferred to a buffered acidic solu-
tion containing 2.205-g CaCl, x 2H,0, 2.041-g KH,PO,, 10.0-mL 100% methylene
diphosphonic acid, and 14.3-mL 100% CH,COOH added to 4.5 L of distilled water and
supplemented with 10 M KOH (Merck, Darmstadt, Germany). When a pH of 5.0 was
reached, the solution was stored for 48 h in an incubator at 37°C shaken at 50 rpm (ES-
20 Orbital Shaker-Incubator, Biosan, Riga, Latvia). Following this, the samples were
autoclaved for 15 min at 121°C and 2.1 bar (3870 ELV, Tuttnauer, Breda, Netherlands).
Subsequently, biofilms were created in a computer-controlled continuous-culture bio-
film model?-?® within five days at 37°C and 100% humidity to simulate the environ-
mental conditions of the oral cavity. Initially, each sample was statically incubated with
20.0 mL of 24-h-old L. rhamnosus broth for 15 min. Within the following 15 min, 20.0
mL of fresh bacteria broth was continuously pumped (Ismatec MCP Standard, Cole-
Parmer, Wertheim, Germany) over the dentin samples. This procedure was repeated
four times, with a static interval of 225 min between cycles. After the fifth pump cycle,
static incubation was maintained for 9 h. Excessive broth was constantly removed from
the mouth model using a peristaltic pump (Type PR1, Seko, Rieti, Italy). Every 24 h,
the procedure was repeated, beginning with 15 min of exposure to fresh 24-hour-old
bacterial cultures.

D. Antibacterial Treatment

After five days, the dentin specimens were harvested from the mouth model, the MRS
broth was completely removed, and each sample was rinsed with 1.0 mL of 0.9% sterile
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NaCl (B. Braun Melsungen, Melsungen, Germany). The artificial RCLs were randomly
divided into five groups, each containing ten specimens, and treated accordingly.

1. Negative Control (C)

Negative control samples were treated using a blank microbrush to remove nonadherent
biofilm (Appli-Tip, Medirel, Agno, Switzerland).

2. Test | (CAP I)

Cold atmospheric plasma irradiation was applied for 60 s by constantly moving the plas-
ma jet (kINPen MED, Neoplas Tools GmbH, Greifswald, Germany), fed with 4.3-sL/
min~'argon, in a perpendicular position and within a distance of 8.0 mm to the specimen
surface. An engine-driven movable laboratory bench was used to ensure homogeneous
irradiation and a constant feed of 10.0 mm/s™!, as recommended by the manufacturer.

3. Test Il (CAP II)

Plasma emitted by the DBD source (PlasmaDerm, Cinogy, Duderstadt, Germany) was
applied for 60 s, whereby the electrode was kept in close contact with the sample sur-
face. Again, an engine-driven movable laboratory bench was used to constantly move
the plasma source at 5.0 mm/s ™! above the RCL.

4. Positive Control | (CHX)

For 5 min, 0.1 g of a 40% CHX varnish (EC40, Biodent, Nijmegen, Netherlands) per
RCL was evenly spread using a microbrush.

5. Positive Control Il (SDF)

Both components of the 38% SDF/potassium iodide (KI) (Riva Star, SDI Dental, Dub-
lin, Ireland) were subsequently applied to the RCLs according to the manufacturer’s
instructions. Application times were 5 s for both solutions (silver-labeled and green-
labeled).

E. CFU Counts

Following treatment, each sample was rewetted with 5.0 pL of NaCl using a microbrush,
and dentin chips were harvested from the lesions in a standardized manner using a scal-
pel (No. 15, Aesculap, Tuttlingen, Germany) mounted on a movable laboratory bench at
a 45° contact angle and at 0.7-N contact pressure. The sampling procedure consisted of
five cycles of linear removal of dentin from the center of the specimens. The obtained
dentin chips were subsequently transferred into sterile 2.0-mL jars (Eppendorf, Ham-
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burg, Germany), each containing 1.0 mL of NaCl, and vortexed for 10 s (Mortex Genie 2,
Bender & Hobein, Ziirich, Switzerland). After serial dilution and vortexing for 3 s, 100.0
uL of each dilution was dispersed onto MRS agar plates (Oxoid, Wesel, Germany). After
48 h of cultivation at 37°C under aerobic conditions, the CFUs were enumerated.

F. Statistical Analysis

Statistical analysis was performed using the Mann-Whitney U test (IBM SPSS 24.0,
IBM, Armonk, IL). The significance threshold was defined as p = 0.05.

G. Scanning Electron Microscopy

After treatment, the surfaces of the artificial RCLs were comparatively examined us-
ing a scanning electron microscope (SEM) (CamScan Maxim 2040S, CamScan Elec-
tron Optics, Cambridgeshire, U.K.). At a magnification of up to 2000%, secondary and
backscatter electron images (SEI/BEI) were recorded applying acceleration voltages of
10-20 kV.

H. Comparative Filament Quantification

In order to compare the CAP | and CAP Il plasma devices, fast and sensitive electrical
discharge analysis was performed to quantify the number of discharges within a time
frame. A fast oscilloscope (Waverunner 640Zi, Teledyne LeCroy, Chestnut Ridge, NY)
at 4.0-GHz resolution was used in combination with a current probe (CT-1, Tektronix,
Beaverton, OR) at 1.0-GHz resolution connected to a conducting surface representing the
sample at the respective distance (8.0 mm for CAP | and 1.0 mm for CAP I1) and connect-
ed to the HV line for CAP | (CAP Il had no measurement access). In addition, for CAP
I a high-voltage probe (1:1000 Tektronix P6015 A, Tektronix, Beaverton, OR) was used
to measure the HV signal, whereas for CAP 1l a 1:100 voltage probe (P008, Teledyne
LeCroy, Chestnut Ridge, NY) was used as an antenna to assess the relative voltage slope.

I1l. RESULTS
A. CFU Counts

After applying CAP I, CAP II, CHX, and SDF, the median logCFU/mL were 6.18, 6.74,
6.54, and 5.40, respectively. The obtained CFU counts of all groups were significantly
lower compared to the control samples (7.35 logCFU/mL; p CAP | vs. C < 0.0001, CAP
I vs. C =0.007, CHX vs. C = 0.002, SDF vs. C < 0.0001). The resulting logarithmic
reduction factors for CAP I, CAP II, CHX, and SDF were calculated (Fig. 1).

Comparison of the investigated antibacterial agents revealed that CFU counts were
significantly more reduced by SDF compared to CAP II (p = 0.004). No significant dif-
ferences were found between all other groups (p > 0.05).
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log RF log CFU/mL

FIG. 1: Logarithmic reduction factors and logCFU/ml of CAP I, CAP II, CHX, and SDF (*p <
0.05)

B. Scanning Electron Microscopy

Scanning electron microscopic (SEM) imaging revealed that all specimens were cov-
ered with dense biofilms, including rod-shaped bacteria, regardless of the applied treat-
ment (Fig. 2). Different from the control and both CAP groups, the surfaces were ad-
ditionally covered with an amorphous coating after applying CHX and with granules of
two different sizes after using SDF.

FIG. 2: Backscatter scanning electron images (2,000x). C = control group sample; CAP | =
sample after treatment with CAP I; CAP Il = sample after treatment with CAP 1I; CHX = sample
after treatment with CHX; SDF = sample after treatment with SDF
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C. Filamentation Imaging

CAP | showed a periodically applied high voltage of 2-3 kV peak to peak together with
the measured displacement current of the high-voltage electrode (Fig. 3). In each period, a
discharge current peak was observed, indicated by a black arrow in the enlargement (Fig.
3). It was previously shown that each period is indeed a single filament/streamer leaving
the orifice of the device and entering the surrounding air.® With an operation frequency
of approximately 1 MHz and a 50% duty cycle, a total of 5 x 10° filaments per second or 3
x 107 filaments per 60 s of treatment were generated with CAP 1. The characteristic elec-
trical signals of CAP II discharge are different, given that each microdischarge (MD) can
be identified by fast current oscillations (black arrows in Fig. 3). For a source similar to
CAP II, there have as yet been no single-shot investigations of the filaments for one igni-
tion phase; rather, only time-averaged pictures have been published.? Because DBD dis-
charges are known to have a statistical distribution of discharge peaks,? 1,000 discharge
cycles were analyzed with respect to discharge currents. The resulting average number of
MDs was approximately 15 per cycle for CAP II, which corresponds to 5,000 MDs/s. For
the treatment time of 60 s, the total number of MDs was approximately 3 x 10°.

IV.DISCUSSION

The aim of the present study was to assess the antibacterial efficacy of two cold atmo-
spheric plasma systems, CHX, and SDF in artificial RCLs. The primary hypothesis was
confirmed in that the application of all investigated agents led to significantly lower
CFU numbers compared to the negative control. However, the detected logarithmic re-
duction factors were limited to > 1 to <2 (CAP I and SDF) and > 0 to <1 (CAP II and
CHX); also, disinfection quality, which requires logarithmic reduction factors > 5, was
not found in any group. In this regard, findings from other studies indicate that CAP
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FIG. 3: Electrical measurement of discharge current and voltage of CAP | and CAP Il. CAP I:
current measured on supply line; CAP II: current measured on treated surface. Middle: single
shot acquisition of a filament exiting a jet device similar to CAP I
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might be more efficient in combination with additional antimicrobial agents and/or the
mechanical removal of biofilms.®'%2¢ Despite cold plasma being a promising approach
to conservatively treating RCLs, its adjuvant use may be considered in addition to me-
chanical debridement. Moreover, the kinetics of the antimicrobial effects of CAP remain
unknown. It may be assumed that the long-term effects might be inferior or even absent
compared to varnishes, which provide both slow drug release and resistance regarding
oral clearance. This issue may be taken up in future research.

The secondary hypothesis was not confirmed given that the obtained CFU numbers
after CAP II treatment were significantly higher, at least when compared to the numbers
after SDF treatment. Although the plasma jet generated up to 3 x 107 filaments in the
direction of the specimen surface, the DBD source created up to 3 x 10° MDs in con-
nection with the specimen surface—in the case of CAP Il acting as the second active
electrode. It must be pointed out that the applied plasma jet uses inert argon as the oper-
ating gas, which is mixed with the surrounding ambient air to generate a broad spectrum
of reactive components. In contrast, the investigated DBD device operates directly in
ambient air and therefore provides a more nitrogen-based gas chemistry triggered by
the MDs.?® As a result, a direct comparison of the number of filaments and MDs can be
seen as a first insight into the various antimicrobial potentials of the different systems.
However, these facts must be discussed with respect to the triggered chemistry in the re-
spective gas phase. So far, the results show that the type and the operating parameters of
the applied plasma source may influence its therapeutic potential. Future studies might
focus on the differences in plasma ignition techniques and compare their respective
impact on relevant parameters, especially in vivo.

Compared to the negative control, CAP I, CAP II, CHX, and SDF significantly
reduced CFU numbers in artificial RCLs. Among these agents, the effect size of SDF
was superior to that of CAP II. Within the limitations of the present study, it can be con-
cluded that all applied antibacterial agents provide antibacterial effects and can therefore
be used in conservative treatment of RCLs.
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