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Abstract
Objectives To prevent oral candidiasis, it is crucial to inacti-
vate Candida-based biofilms on dentures. Common denture
cleansing solutions cannot sufficiently inactivate Candida
albicans. Therefore, we investigated the anticandidal efficacy
of a physical plasma against C. albicans biofilms in vitro.
Materials and methods Argon or argon plasma with 1 % ox-
ygen admixture was applied on C. albicans biofilms grown
for 2, 7, or 16 days on polymethylmethacrylate discs; 0.1 %
chlorhexidine digluconate (CHX) and 0.6 % sodium hypo-
chlorite (NaOCl) solutions served as positive treatment con-
trols. In addition, these two solutions were applied in combi-
nation with plasma for 30 min to assess potential synergistic
effects. The anticandidal efficacy was determined by the num-
ber of colony forming units (CFU) in log10 and expressed as
reduction factor (RF, the difference between control and treat-
ed specimen).
Results On 2-day-biofilms, plasma treatment alone or com-
bined with 30 min CHX treatment led to significant differ-
ences of means of CFU (RF=4.2 and RF=4.3), clearly supe-
rior to CHX treatment alone (RF=0.6). Plasma treatment of 7-

day-or 16-day-old biofilms revealed no significant CFU re-
duction. The treatment of 7-day-old (RF=1.7) and 16-day-
old (RF=1.3) biofilms was slightly more effective with
NaOCl alone than with the combined treatment of NaOCl
and plasma (RF=1.6/RF=1.9). The combination of CHX
and plasma increased the RF immaterially.
Conclusion The use of plasma alone and in combination with
antiseptics is promising anticandidal regimens for daily use on
dentures when biofilms are not older than 2 days.
Clinical relevance Plasma could help to reduce denture-
associated candidiasis.
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Introduction

Oral candidiasis is the most common human fungal infection,
which can be caused by an overgrowth of opportunistic
Candida species on dentures [1]. Since 1936, the yeast has
been associated with denture-related stomatitis, often termed
Candida-associated denture stomatitis [2]. The oral cavity of
75 % of people wearing dentures is colonized by Candida
albicans [3], which originates more often and in higher num-
bers from the denture surface covering the mucosa than from
the mucosa itself, indicating that the denture acts as a reservoir
of infection [4]. Additionally, the denture’s surface area corre-
lates with the risk of contracting denture stomatitis [5]. The
initial adhesion of commensal yeast cells of the genus
Candida on dentures results in biofilm formation [2]. The
basis for the biofilm matrix is extracellular polysaccharides
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secreted byC. albicans after adhesion [6]. This matrix protects
the cells from different environmental influences and makes
biofilms as opposed to planktonic C. albicans cells more re-
sistant to antifungal agents [7].

To prevent denture stomatitis and maintain healthy
supporting tissues, proper routine cleansing of dentures is nec-
essary. Effective plaque removal requires a degree of manual
dexterity that is often lacking, especially among the elderly
[8]. Antimicrobial coatings of dentures help to decrease the
risk of stomatitis, but cannot prevent biofilm development, so
that a cleansing process is still necessary [1]. The conventional
methods of denture plaque control, such as chemical cleansing
baths with peroxides, hypochlorites, or chlorhexidine
digluconate, are the first choice, but can cause discoloring of
the denture [9, 10]. Furthermore, their ability to inactivate
matured biofilms – especially those of Candida – is not suffi-
ciently effective [11, 12]. Therefore, an alternative treatment
to chemical disinfectant procedures is highly desirable.

Recently, cold atmospheric pressure plasmas have emerged
as a promising technique in medicine [13, 14]. Among them,
the volume dielectric barrier discharge (VDBD) method has
been studied with respect to antimicrobial effects on
C. albicans biofilms [15]. Different argon plasma sources
were compared on C. albicans biofilms grown for 2 days on
titanium discs, where the VDBD plasma source showed the
highest anticandidal effect, but it was not investigated with an
additional oxygen admixture [15].

In the present study, we investigated the antimicrobial po-
tential of the VDBD plasma with argon or argon plus 1 %
oxygen as the working gas on C. albicans biofilms grown
for 2, 7, or 16 days on polymethylmethacrylate (PMMA)
discs. With the admixture of oxygen, an increased ratio of
antimicrobial active oxygen species in the plasma-gas-
compound is expected. PMMA is the dominant material for
the fabrication of denture bases.

Materials and methods

Biofilm formation

Biofilms were cultivated on PMMA discs with a diameter of
13mm and a thickness of 3 mm. These discs were produced in
the dental laboratory at the dental school of the University
Medicine Greifswald, according to the manufacturer’s recom-
mendations (SR Ivocap® Plus clear, Ivoclar Vivadent,
Ellwangen, Jagst, Germany). The discs were washed in dis-
tilled water to remove any possible residues and steam-
sterilized in a Varioclav (H+P Labortechnik GmbH,
Hackermoos, Germany) for 2 h. For biofilm cultivation, the
strongly biofilm-forming strain C. albicans ATCC (American
Type Culture Collection, Rockville, MD, USA) 10,231 was
used [16]. Before biofilm culturing, the discs were

conditioned with dithiothreitol (DTT) saliva. For this purpose,
10 ml of saliva were collected from healthy individuals (ap-
proved by the ethics committee of University Medicine
Greifswald, pooled and treated with 5 ml 1 M DL-
dithiothreitol solution (DTT, Sigma-Aldrich, Steinheim,
Germany) to reduce salivary protein aggregation and 5 ml
distilled water. This DTT saliva mixture was then centrifuged
(Mini Spin, Eppendorf, Hamburg Germany), and the superna-
tant was filtered through a 0.2-μm pore filter (HVM
Filtramed, Rotenburg an der Fulda, Germany) and frozen at
−20 °C until use [17]. C. albicans was suspended in YPD
Broth (Yeast Extract Peptone Dextrose, Sigma-Aldrich,
Steinheim, Germany). The sterile PMMA specimens were
placed in 24-well microtiter plates (Techno Plastic Products
AG, Trasadingen, Switzerland), covered with 500 μl DTT
saliva, and incubated for 2 h at 37 °C. Afterwards, the DTT
saliva was carefully removed, and 1 ml of microorganism
suspension (concentration 106 cells/ml) was added and incu-
bated aerobically at 37 °C. The medium was replaced every
24 h. After 2, 7, or 16 days, the medium was drawn off, the
PMMA discs were washed with 0.9 % sodium chloride
(NaCl) solution and transferred into a new, sterile microtiter
plate.

After anticandidal treatment, the PMMA discs were placed
in wells with 1 ml of 0.9 % NaCl solution; the biofilm was
removed using an ultrasonic bath (Branson 2510, 130 W,
42 kHz, Dietzenbach, Germany) for 20 min and thereafter
manually resuspended with a pipette to make serial dilutions
of the resuspended biofilms. Subsequently, an aliquot portion
of 0.1 ml from each dilution was plated on Sabouraud glucose
(4 %) agar plates (Carl Roth, Karlsruhe, Germany) and incu-
bated at 37 °C for 48 h. The colonies were counted and
expressed as colony forming units (CFU)/ml in log10.

Plasma treatment

AVDBD plasma source, developed by the Leibniz Institute
for Plasma Science and Technology e.V. (INP Greifswald,
Germany), was used for biofilm treatment [15]. The VDBD
source (Fig. 1) consisted of two flat, round metal electrodes.
High voltage (40 kHz, 10 kV) was applied between the two
electrodes to generate the plasma. A Peltier element was used
for cooling. The electrodes were 15 mm apart, and the space
between them was sealed air tight. Pure argon (Ar) was ap-
plied as the working gas for maintaining the discharge and
flowed through the system at a rate of 50 standard cm3 per
minute (sccm). In order to enable flow-through, the gas com-
pound could escape through an exhaust tube (not shown in
Fig. 1B). Additionally, 1 % of oxygen (0.5 sccm) was
admixed to Ar. Accordingly, plasma treatments were termed
BAr plasma^ and BAr+1 % O2 plasma.^

To distinguish the effect of plasma treatment from that of
gas blowing, the biofilms were exposed to Ar gas and Ar+1%
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O2 gas flow without plasma ignition. These air-blowing treat-
ments were termed BAr gas^ and BAr+1 % O2 gas.^

For biofilm treatment, a Petri dish (Techno Plastic Products
AG, Trasadingen, Switzerland) with the biofilm-covered
PMMA discs was located between the electrodes (without
the cover plate). The plasma was applied on both sides of
the discs. Up to four discs were treated simultaneously.

Antiseptic treatment

Chlorhexidine digluconate (CHX, Fagron GmbH & Co KG,
Barsbüttel, Germany) as a 0.1 % aqueous solution was used
for trials 2 and 3, and sodium hypochlorite (NaOCl,
ApplyChemGmbH, Darmstadt, Germany) as a 0.6% aqueous
solution was additionally used for trial 3. The PMMA discs
with the C. albicans biofilm were covered with 1 ml of the
antiseptic solution and incubated for 30 min at room temper-
ature. Then, the antiseptic solution was removed from each
well.

For the combined treatment with plasma or gas in trials 2
and 3, the CHX- or NaOCl-covered biofilms were incubated
for 10 min at room temperature. After removal of the solution,
the antimicrobial effect of the remaining antiseptic was not
neutralized by an inactivator until the plasma or gas treatment
was finished, with a duration of 10 min per disc side. Hence,
the biofilm was in contact with the residual antiseptic for
30 min, comparable with the sole CHX or NaOCl treatment.

The antiseptic effect of CHX was neutralized by adding
1 ml of inactivator, consisting of 40 g/l Tween 80, 30 g/l
saponin, 4 g/l lecithin, 10 g/l SDS, and 1 g/l sodium
thioglycolate, for 20 min at room temperature. An inactivator

consisting of 30 g/l Tween 80, 3 g/l lecithin, 1 g/l histidine,
and 5 g/l sodium thiosulfate was used to neutralize the anti-
fungal effect of NaOCl. Neutralization was confirmed by the
quantitative suspension test according to DIN EN 1040 (Ger-
man Institute for Standardization) [18].

Experimental structure

Three different treatments were executed for stepwise evalu-
ation of suitable parameters for treatment of strong biofilms on
denture material with plasma:

First (trial 1), the anticandidal effects of argon plasma or
argon gas with and without oxygen admixture were tested
against 2-day-old biofilms. Each side of the disc was
treated with plasma or gas for 1, 5, or 10 min (n=8).
Second (trial 2), the interaction between argon plasma or
argon gas with and without oxygen admixture combined
with CHX solution was tested. The biofilms were treated
for 10 min with plasma (n=6). Treatment with CHX
alone for 10 min served as the positive control.
Third (trial 3), the efficacy of argon plasma or argon gas
against 7- and 16-day-old biofilms was investigated,
alone and in combination with CHX or NaOCl. The
biofilms were treated with plasma for 10 min (n=6).
Treatment with CHX or NaOCl alone served as positive
controls.

After treatment, the antiseptically active residues were neu-
tralized for 20 min by the respective inactivator solution. As a
negative control, 0.9 % NaCl solution was used for all three
trials.

Statistical analysis

Means and standard deviations (SD) were determined. To
compare multiple groups, the unpaired t test with a subsequent
Bonferroni correction of the calculated p values was used
(GraphPad Prism® 4.02, La Jolla, CA, USA). Differences of
means were considered statistically significant at p<0.05.

The calculated reduction factor (RF) was the difference
between the mean log10 (CFU/ml) values of the control spec-
imen minus the mean log10 (CFU/ml) values of treated
specimen.

Results

Anticandidal treatments

Trial 1
Two-day-old biofilms were treated with Ar plasma

and Ar+1 % O2 plasma for 1, 5, or 10 min (Table 1).

Fig. 1 a Volume dielectric barrier discharge in action (VDBD). b
Schematic representation of VDBD plasma source
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The RF increased with longer treatment times. For
each treatment time, Ar plasma achieved the highest re-
duction of the mean CFU values, which were significant-
ly different compared to the control (RF1min=1.27,
p<0.05; RF5min =2.84, p<0.001; RF10min =4.12,
p<0.001). By comparison, Ar+1 % O2 plasma treatment
showed less reduction of mean CFU values vs the control
(RF1min=0.61; RF5min=0.64, RF10min=0.92), which
were statistically significant after 5 (p<0.01) and
10 min (p<0.005) of treatment. The means of the results
after Ar plasma were statistically significantly different
compared to the means after Ar+1 % O2 plasma after 5
(p<0.001) and 10 min (p<0.005) treatment time.

To distinguish plasma treatment effects from that of
gas blowing, the biofilms were exposed to Ar gas and
Ar+1 % O2 gas flow for the different treatment periods

without plasma ignition. The gas flow of Ar gas and Ar+
1 % O2 gas reduced means of CFUs, which were statis-
tically significantly different from the control only for Ar
gas after 10-min treatment time (p<0.005) (Ar gas:
RF1min=0.31, RF5min=0.48, RF10min=1.53; Ar+1 % O2

gas: RF1min=0.05, RF5min=0.46, RF10min=0.35).
Trial 2

Two-day-old biofilms were treated with CHX alone
and in combination with Ar plasma, Ar+1 % O2 plasma,
and Ar gas (Table 2). The results of all antiseptic treat-
ments were statistically significantly different from those
of the control (p<0.05), except after Ar gas and CHX+Ar
gas treatment (p>0.05).

The means after treatment with Ar plasma (4.39 log10
CFU/ml) and CHX+Ar plasma (4.24 log10CFU/ml)
showed the strongest decrease in CFU values compared

Table 1 Logarithm of the CFU/ml means (±standard deviation, SD)
and the reduction factors (RF) of Candida albicans biofilms after 1, 5, or
10 min treatment with argon (Ar) or argon with 1 % oxygen admixture
(Ar+1 % O2) plasma as well as after the respective gas treatment without

plasma ignition according to trial 1. The gray background marks the
value, which reached the threshold of 4 log10 reduction steps for yeast
disinfectants
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to the control with 8.56 log10CFU/ml (RF=4.17 and
RF=4.32), and also differed statistically significantly
from the treatment results after using Ar gas (8.26 log10
CFU/ml) and CHX+Ar gas (7.99 log10CFU/ml) as well
as Ar+1 % O2 plasma (7.41 log10CFU/ml) and CHX+
Ar+1 % O2 plasma (7.83 log10CFU/ml).
Trial 3

Seven- and 16-day-old biofilms were treated with
CHX or NaOCl separately and in combination with Ar
plasma (Table 2).

For 7-day-old biofilms, the mean value of 7.89 log10
CFU/ml after Ar plasma treatment was not significantly
different from the control mean of 8.03 log10CFU/ml
(RF=0.15). Significant differences compared to the con-
trol were found after treatment with CHX+Ar plasma
(mean = 6.77) and NaOCl +Ar plasma (mean =
6.36 log10CFU/ml, p<0.01) as well as after treatment
using Ar gas (p<0.05) and CHX+Ar gas (p<0.01). The
mean value of 7.73 log10CFU/ml after 30min CHX treat-
ment was not significantly different from the negative
control (RF=0.30). The mean value of NaOCl treatment

alone (6.41 log10CFU/ml) was significantly lower than
not only the control but also than values after treatment
using Ar plasma and CHX (p<0.01). The means after Ar
gas treatment decreased significantly with additional
CHX pre-treatment from a value of 7.52 to 6.61 log10
CFU/ml (p<0.01).

For 16-day-old biofilms, the lowest means were
shown after treatment with Ar plasma in combination
with NaOCl pre-treatment (6.42 log10CFU/ml) as well
as after NaOCl treatment alone (5.85 log10CFU/ml)
(RF=1.30 and 1.88), which were significantly differ-
ent compared to the control (7.72 log10CFU/ml)
(p< 0.005). Treatment with Ar plasma alone
(7.98 log10CFU/ml) and Ar plasma after CHX pre-
treatment (7.41 log10CFU/ml) showed no significant
effect against biofilms after 16 days of cultivation
compared to the control. CHX treatment alone
showed no significant difference on 16-day-old
biofilms (RF −0.03), but in combination with Ar
gas, the mean value decreased significantly (RF=
0.47) compared to the control.

Table 2 Logarithm of the CFU/ml means (±standard deviation, SD)
and the reduction factor (RF) of Candida albicans biofilms after treat-
ment with the antiseptics CHX or NaOCl and after 10 min treatment with
argon gas (Ar gas), argon plasma (Ar plasma), and argon with 1 %

oxygen admixture plasma (Ar+1 % O2 plasma) alone or in combination
with the antiseptics according to trials 2 and 3. The gray background
marks the values, which reached the threshold of 4 log10 reduction steps
for yeast disinfectants
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Discussion

The main reservoir of C. albicans is the surface of the upper
and lower dentures covering the mucosa, which can cause
stomatitis [19]. Brushing is insufficient for plaque control on
dentures [20, 21]. The routine use of chemical denture
cleansers may lead to color changes of the denture base and
denture teeth or increase the roughness [10, 20, 22, 23], which
increases the ability for microorganisms to adhere and form
biofilms. New and highly effective treatment regimens for
inactivating C. albicans embedded in biofilms on dentures
are warranted. Cold plasma at atmospheric pressure is highly
effective against C. albicans biofilms [15] and could be an
alternative denture-cleaning approach that minimizes the risk
to the denture wearer of contracting candidiasis.

We investigated the anticandidal effect of a VDBD plasma
device onC. albicans biofilms using argon as the working gas
with and without 1 % oxygen admixed and examined the
interaction with the antiseptics CHX and NaOCl. CHX and
NaOCl served as positive controls. CHX solution is a standard
antiseptic to inactivate or prevent dental plaque formation [24]
and is used as a disinfectant in denture-cleaning solutions [25].
In commercial denture cleansers, a CHX concentration of
0.1 % is used [26], and NaOCl is used in concentrations be-
tween 0.05 and 2 %. These concentrations are also employed
in cleanser research [1, 27–30]. To distinguish statistically
significant differences from clinically meaningful reduction
rates, we regarded an RF of 4 log10 as the threshold in accor-
dance with EN 1275 [31], which requires an RF of 4 log10 in
the quantitative suspension test within 15min for fungicidal or
basic yeasticidal activity of chemical disinfectants.

Since all intra-oral surfaces become coated with salivary
proteins within minutes, it is important to generate a pellicle
for biologically inert surfaces such as PMMA to simulate
in vivo conditions. A salivary coating increases the adhesion,
influences the early colonization of C. albicans, and serves as
a source of nutrients for the microorganisms [2]. Because sa-
liva is a highly complex fluid, we used sterile filtered saliva
collected and pooled from different healthy individuals for our
experiments instead of artificial saliva.

In trial 1 with 2-day-old biofilms, we focused on the effect of
both an additional admixture of 1% oxygen to argon for plasma
generation and different exposure times. Oxygen was added,
because it can increase the concentration of free oxygen radicals
in the plasma-gas compound [32, 33] and thus promote biofilm
removal [34]. Contrary to our expectations, the oxygen admix-
ture in Ar plasma did not lead to a reduction of C. albicans
superior to that after Ar plasma treatment and did not reach our
predefined threshold of clinical relevance. The use of Ar plasma
alone led to significant decreases of CFU depending on
exposure time, and achieved an RF of 4 log10 after 10 min of
exposure (Tables 1 and 2). Therefore, only 10 min of plasma
treatment was further used in trail 2 and 3.

In trial 2 with 2-day-old biofilms, we focused on the ad-
junctive effect of CHX, the gold standard of dental plaque
control by antiseptics. A synergistic effect for Ar plasma or
Ar+1 % O2 plasma by pre-treatment with CHX solution was
not shown. These results are in agreement with Koban et al.
[35], where no adjunctive effects of CHX combined with Ar
plasma on different oral biofilms were demonstrated. Ar plas-
ma alone and CHX+Ar plasma were significantly more effec-
tive than CHX alone or Ar+1 % O2 plasma and reached our
threshold of an RF at 4 log10 (Table 2). Based on these results,
Ar+1 % O2 plasma was not investigated further. The repeat-
edly unexpectedly low anticandidal efficacy of oxygen admix-
ture could be explained by quenching of argon-excited species
[36], with a loss of reactive oxygen species generated in con-
tact with O2 [37], because the excitation energy required to
ionize the O2 in the gas stream was presumably too low.

For trial 3, NaOCl solution was additionally used as sole
treatment or as an adjunctive pre-treatment with Ar plasma to
cause rapid formation of active oxygen species on 7- or 16-day-
old biofilms. NaOCl is used worldwide to inactivate microor-
ganisms in root canals [38] and on dentures [1], and shows high
antimicrobial efficacy [39]. An anticandidal effect on 7-day-old
biofilms was found after Ar plasma treatment in combination
with CHX or NaOCl or after NaOCl treatment alone. For 16-
day-old biofilms, only treatment with Ar plasma with NaOCl as
well as NaOCl alone showed anticandidal effects. Because the
difference between the efficacy of plasma alone and in combi-
nationwithNaOCl is very small, and on 16-day-old-biofilms the
efficacy of the combination was even smaller, it may be as-
sumed that NaOCl was inactivated by plasma. All RFs were
under the threshold of 4 log10 and are too low to eradicate strong
biofilms on dentures. Interestingly, the anticandidal effect of Ar
plasma decreased dramatically for older biofilm. Only NaOCl
treatment alone showed a consistent reduction of CFU on 7- and
16-day-old biofilms after 30 min incubation time (RF=1.62 and
1.88, respectively) (n) as well as on 2-day-old biofilms, present-
ed in a previous study, with an RF of 1.5 [15]. The reduced
efficacy of CHX may be caused by impaired penetration into
the mature biofilm matrix [40]. The reduced efficacy of the Ar
plasma may be caused by a dense layer of damaged microor-
ganisms and degraded matrix compounds produced after reac-
tions of the reactive plasma species with the superficial organic
biofilm compounds covering the biofilm surface [41].

Against 2-day-old biofilms, VDBD-ignited Ar plasma was
highly effective and superior to 1 % CHX and, in view of the
results of Koban et al. [15], presumably also superior to 0.6 %
NaOCl treatment. However, the effects on 7- and 16-day-old
biofilms were clinically irrelevant. In everyday life, a daily Ar
plasma treatment would result in better anticandidal effects
than rinsing in 1%CHX solution. Dentures with thick, mature
biofilms should be additionally pre-treated with mechanical
methods like a brush or ultrasound to reduce the organic bur-
den and to enhance disinfection processes.
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A device incorporating both a plasma unit and a denture
cleaner working with ultrasound technology is conceivable.
To simplify its construction, air could replace argon as the
working gas, because air plasma also exhibits high antimicro-
bial [41] and anticandidal effects [42] on biofilms. Even a
strong plasma effect will act on topic surface areas; the gener-
ated air plasma atmosphere in the cleaner chamber will show
slight antimicrobial effects too caused by ozone for example
[43, 44]. An interesting additional benefit of plasma treatment
of dentures might be a decreased initial adhesion of
C. albicans on denture surfaces, as was described by
Zamperini et al. [45, 46]. Those results and the present study’s
findings both indicate that plasma could not only improve
daily denture cleaning but may also prevent colonization of
dentures by Candida and thus offer two mechanisms to pre-
vent candidiasis.

Conclusion

The VDBD argon plasma treatment showed a high
anticandidal effect on biofilms grown for 2 days that was
superior to CHX treatment and which increased with increas-
ing treatment time. No clinically relevant effect was shown
against C. albicans biofilms cultivated for 7 or 16 days. These
trials showed no increased antimicrobial effects after the com-
bined treatment with CHX or NaOCl solutions and plasma. A
daily treatment regimen of dentures with plasma is a promis-
ing alternative disinfection method. For treatment of dentures
with older biofilms, a mechanical pre-treatment is recom-
mended to enhance disinfection effects.
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