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Featured Application: Development of a new non-thermal O2 plasma process for future dentures
sterilization related to denture stomatitis.

Abstract: Denture stomatitis is a disease involving C. albicans, which can affect elderly and immuno-
compromised people. To avoid any recurrence of this pathology, it is necessary to treat patients
regularly and disinfect dentures. However, the denture cleansers’ efficacy is not optimal and often
leads to adverse color effects on the denture base resins. The aim of this study was to investigate
the efficacy of a low-pressure non-thermal O2 plasma (NTP) treatment on C. albicans seeded on
ProBase®Hot resin (Ivoclar Vivadent). The viability reduction of C. albicans was assessed by colony
forming units (CFU) analysis and by scanning electron microscopy (SEM). The effect of repeated
treatments on the resin color was evaluated by spectrophotometry. The resin samples were placed
in a sealed bag in which O2 plasma was generated in low-pressure conditions. The results showed
that a 120-min O2 NTP treatment led to a 6-log reduction of C. albicans viability (p < 0.05) and to
yeasts’ major alterations observed by SEM. Furthermore, significant slight color changes of the resin
(∆E00 = 1.33) were noted only after six plasma treatments (p < 0.05). However, the denture aesthetic
was preserved, as the color changes were not perceptible and remained below the acceptability
threshold (∆E00 < 4).

Keywords: Candida albicans; denture base; acrylic resins; non-thermal plasma; sterilization; antifungal
activity; resin color; adverse effects

1. Introduction

The human oral microbiota includes hundreds of microorganisms that contribute to a
well-balanced buccal environment [1]. Candida albicans figures among the most common
yeasts identified in approximately 50% of healthy adults [2]. This microorganism is an
opportunistic pathogen that can lead to different forms of oral fungal infections especially
denture stomatitis (DS) [3,4].

DS is a common disorder that can affect a variable number of denture wearers, ranging
from 11% up to 75% of them [5,6]. The characteristics of this disease are essentially an
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inflammatory process and erythema of the palatal oral mucosa associated with Candida
species, especially C. albicans, which adhere and form biofilms on the oral mucosa and
denture surfaces [7,8]. Its common symptoms are “bleeding, swelling, burning or other
painful sensations, halitosis, unpleasant taste and dryness in the mouth” [9]. Moreover,
this disorder could potentially enhance the risk of systemic infections, particularly in
elderly subjects [10,11]. This disease involves different etiologies such as autoimmune
disorders, systemic diseases, salivary dysfunctions, trauma, poor denture hygiene and
wearing denture overnight [3,7,8]. The DS therapeutic strategies to overcome this fungal
infection must therefore take into consideration both patients and dentures. Thus, a topical
and/or systemic antifungal treatment must be administered to patients who must also im-
prove their oral and dental hygiene [8,11,12]. However, an increase in antifungal-resistant
Candida strains has been reported in recent years [12–14]. This can lead to poorer clinical
outcomes for patients and create a higher risk of systemic infections [15]. Consequently,
regular maintenance of dentures is essential. Nowadays, there are many guidelines all
over the world which usually recommend to daily brush dentures and to remove them at
night [16,17]. In addition, many disinfectants are proposed to clean dentures regularly in
order to reduce or prevent the formation of Candida biofilm on them. These disinfectant
solutions include a wide variety of chemicals such as sodium hypochlorite, alkaline perox-
ides, chlorhexidine, plant extracts, etc. [18–22] However, prolonged use of these molecules
is necessary to avoid any recurrence of DS [6,12]. However, numerous studies reveal
that these disinfection methods can alter the properties of dentures base resins such as
flexural strength [19,23,24], hardness [20,25,26], surface roughness [25–30] and especially
the color stability [18,19,21,24,25,27,29,31,32]. Indeed, the main color change results in
resin bleaching [16,19,21,24,25,27,29–31]. Those adverse effects can have consequences on
denture wearers’ aesthetics and comfort, and therefore on their social life.

To overcome those issues, many alternative disinfection methods have been proposed
such as microwaves [33,34] or ultraviolet (UV) radiation [35]. Cold plasma, or non-thermal
process, has been developed as a new disinfection method in the medical field for the
last decade. Plasma is an ionized gas consisting of ions, electrons, UVs, photons, neutral
species and reactive oxygen and nitrogen species (RONS) that have shown their efficacy to
inactivate various micro-organisms such as bacteria, spores, yeasts or viruses [36–40]. Many
techniques using non-thermal plasma [41–44] differ from one another in terms of operating
pressure (low or atmospheric pressure), and operating conditions (electrical current, gas
nature and flow rate). A few years ago, a low-pressure plasma process was developed,
which could preserve the sterile state of items after the end of treatment [37,38]. In dentistry,
this process could be used by dentists or by care home staff for denture maintenance.

The aim of this study was to assess whether a non-thermal O2 plasma process could
inactivate a C. albicans strain on a heat-cured polymethyl methacrylate (PMMA) resin for
denture base without significantly modifying its color. The null hypotheses were that this
non-thermal plasma process would not affect C. albicans viability and not alter the resin
color.

2. Material and Methods
2.1. Samples Preparation
2.1.1. Microbiological Assay

• 55× 25 mm glass microscope slides (Ghäasel, Rogo-Sampaic, Wissous, France) (n = 27)
were sterilized by high-pressure saturated steam at 134 ◦C for 18 min.

• 55 × 25 × 1.8 mm polymethyl methacrylate (PMMA) resin samples (ProBase®Hot
36 P-V, Ivoclar Vivadent, Saint-Jorioz, France) (n = 27) were prepared following the
manufacturer’s instructions, cleaned by exposure to 70% alcohol and by mechanical
agitation in distilled water with a soft sonication for 5 min, then dried.

Glass and resin samples were distributed into three groups (n = 9 per group): (1)
control (C): untreated samples; (2) 120-min low-pressure exposure (LP); (3) 120-min non-
thermal O2 plasma cycle (P1).
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2.1.2. Visual and Spectrophotometry Assay

A total of 48 resin samples of 64× 10× 1.8 mm (ProBase®Hot 36 P-V, Ivoclar Vivadent)
were produced. After the polymerization, one side of the samples was polished by brushing
with decreasing the size of pumice particles. The samples distribution and the associated
treatment is summarized in Table 1. The samples were distributed in four groups (n = 12
per group): (1) Group C: control (untreated samples); (2) Group LP: 120-min low-pressure
exposure; (3) Group P1: one 120-min non-thermal O2 plasma exposure; (4) Group P6:
six successive 120-min non-thermal plasma O2 exposures. Regarding this last group, the
samples were kept in distilled water for 48 h then dried between each plasma exposure.
For each group, each sample was observed by three qualified observers and analyzed by
spectrophotometry.

Table 1. Samples distribution for visual and spectrophotometry assay.

Group Treatment Number of Samples

C Control Untreated samples (resin natural aging) n = 12
LP Low-pressure 120 min n = 12
P1 O2 NTP 120 min n = 12

P6 O2 NTP
120 min × 6

(between each treatment, the samples were
immerged in distilled water for 48 h)

n = 12

C: control, LP: 120-min low-pressure exposure; P1: 120-min non-thermal O2 plasma (O2 NTP) treatment; P6: six
120-min non-thermal O2 plasma treatments.

2.2. Efficacy of Non-Thermal O2 Plasma against C. albicans
2.2.1. Candida albicans Growth Conditions

Candida albicans ATCC® 10231TM was provided from American Type Culture Collec-
tion (Manassas, VA, USA). The strain was sequentially subcultured three times in specific
Sabouraud medium. The final suspension was made by transferring C. albicans colonies
from Sabouraud Dextrose Agar (SDA) to a fresh Sabouraud solution (300 mL) for 6 h at
37 ◦C. Yeasts from the exponential phase were centrifuged at 5000× g for 10 min at 20 ◦C,
and washed in phosphate-buffered saline (PBS) at pH 7 to achieve a concentration of ap-
proximately 1010 colony forming units (CFU)/mL. Forty microliters of this yeast suspension
were spread on glass or resin samples and then dried for 15 min before plasma exposure.

2.2.2. Sterilization by Non-Thermal O2 Plasma

The prototype consisted of a 35-L stainless-steel vacuum chamber and enabled to
generate a non-thermal O2 plasma (O2 NTP) inside a sealed bag (SüdPack®, Medica,
Germany) under low-pressure as previously described [38,45]. Three contaminated glass
or resin samples (P1) were placed inside the bag which was sealed and then set on the
radio-frequency (RF) polarization plate. When the low-pressure reached 8 × 10−5 mbar
(8 × 10−3 Pa), O2 gas was injected (1 sccm) through the first Tyvek® membrane of the bag
and the excess gas was released through the second Tyvek® membrane into the vacuum
chamber. Then, the discharge was induced by the RF polarization (100 W), and the plasma
was densified inside the bag by the magnetic field (10 Gauss) for 120 min. At the end
of the process, the vacuum chamber was returned to atmospheric pressure. Untreated
samples (group C) were used as controls. Each experiment was independently performed
three times.

2.2.3. Counts on Sabouraud Dextrose Agar

Glass and resin samples were submitted to mechanical agitation in 50 mL phosphate-
buffer saline (PBS) (30 s of vortex, 12 min in an ultrasonic bath (VWR TH USC 300 THD,
45 KHz), then 30 s of vortex) to remove yeasts and obtain homogenous suspensions. Yeasts
dilutions were seeded on SDA. After a 48-h incubation at 37 ◦C, the colonies were counted
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with the Scan R 1200 (Interscience, Saint-Nom-la-Bretèche, France). The results were
expressed in log CFU/mL.

2.2.4. Scanning Electron Microscopy

Contaminated glass and resin samples before or after low-pressure or NTP treatments
were fixed with 2.5% glutaraldehyde (Sigma-Aldrich, St. Louis, MO, USA) in PBS for
1 h at room temperature, and rinsed twice with PBS for 10 min. The samples were than
dehydrated in graded series of ethanol/water solutions at 50%, 70%, 90%, and 100%
(twice) and covered with hexamethyldisilazane solution (Sigma-Aldrich, St. Louis, MO,
USA) [46]. The samples were desiccated overnight at room temperature then coated with
gold/paladium on a Jeol Ion Sputter JFC-1100 and observed on a Jeol JSM-7900F Scanning
Electron Microscope (PICT URCA Platform, Reims, France). Images were acquired from
secondary electrons at a primary beam energy of 2 kV.

2.3. Non-Thermal O2 Plasma Effects on Resin Color
2.3.1. Visual Inspection

Three observers qualified as having superior color discrimination competency evalu-
ated the homogeneity of whole samples. They were selected by a color vision deficiency
test (Farnsworth-Munsell 100 hue test) (ISO/TR 28642:2016). Visual inspection of samples
of all groups (C, LP, P1 and P6) was performed in a dark room in a standard viewing cabinet
illuminated with D65 standard artificial daylight (color temperature: 6500 K) (ISO/TR
28642:2016). The samples were positioned on the floor of the cabinet which was painted
neutral gray, with 0◦ illuminating geometry. All observers’ heads were fixed at a 45◦ angle
superior to the horizontal plane at a distance of 30 cm (ISO/TR 28642:2016) [47,48]. Each
observer determined the perceptibility threshold (“Can I see a difference in color?”) and
then the acceptability threshold of the color change for each group (“Is this difference in
color acceptable?”).

2.3.2. Spectrophotometry

The resin color change (∆E) was evaluated and analyzed with the CIELab color system
by the formula ∆E00 (ISO 11664-6) [47,48].

∆E00 =

√(
∆L′

kLSL

)2
+

(
∆C′

kCSC

)2
+

(
∆H′

kHSH

)2
+ RT

(
∆C′

kCSC

) (
∆H′

kHSH

)
A black silicon mold was used to accurately reposition the resin samples. Measure-

ments were performed on the polished side, using a spectrophotometer (eXactTM Standard,
X-Rite PANTONE®) which set-up was: standard illuminant D65, 45/0◦ optical geometry,
CIE 1964 10◦ observer, and 2-mm2 surface measurement (Color iControl software, X-Rite).

Beforehand, the color acceptability threshold was experimentally evaluated. Regard-
ing each sample (n = 48), a first point was defined as the sample color standard (Figure 1).
From this standard point, eleven measurements were taken every 0.5 mm and were each
compared to the standard point to determine ∆E. The results met the color acceptability
threshold for acrylic denture base resins recently determined by Ren et al. (∆E00 < 4.00) [47].

Then, for each group, twelve measurements per sample were performed before and
after 3 weeks of resin natural aging (group C) or after each treatment (LP, P1 and P6), deter-
mining the values of the CIELab color coordinates (L* (lightness), a* (redness-greenness)
and b* (yellowness-blueness)). ∆E00 was determined using the sample color standard
previously measured.
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Figure 1. Evaluation of ∆E in accordance with the acceptability threshold determined by Ren
et al. [47]. The sample was placed on a black silicon mold for repositioning. The first measurement
was defined as the sample color standard. From this standard point, eleven measurements were
taken every 0.5 mm and were each compared to the standard point to determine ∆E.

2.4. Statistical Analysis

Regarding the microbiological assay, the Shapiro-Wilk test revealed a non-normal
distribution for CFU counts. Then, a pair-wise comparison was performed between
the independent groups using the non-parametric Wilcoxon-Mann-Whitney test (Prism5,
GraphPad Software, San Diego, CA, USA). A P value less than 0.05 was considered to be
“statistically significant”.

As for the spectrophotometry assay, the Shapiro-Wilk test revealed a non-normal
distribution. The independent groups were compared with a Kruskall-Wallis test followed
by a Wilcoxon rank sum test (Rstudio Software, 1.41717, 2021, RStudio, Inc., Boston, MA,
USA). A P value less than 0.05 was considered to be “statistically significant”.

3. Results
3.1. Efficacy of Non-Thermal O2 Plasma against C. albicans

The antifungal efficacy of non-thermal O2 plasma (O2 NTP) treatment was evaluated on
C. albicans while considering the potential impact of low-pressure (LP) on C. albicans viability.

3.1.1. Low-Pressure Effect on C. albicans Viability

During the process, the samples were subjected to low pressure prior to O2 NTP
treatment. To differentiate the low-pressure efficacy from O2 NTP, some contaminated
samples were subjected only to the low pressure without injection of gas for a 120-min
period. At the end of the treatment, the vacuum level decreased up to 2 × 10−5 mbar in
120 min. When glass samples were contaminated with C. albicans, the viability decreased up
to 5.97 log compared to the control (9.09 log) (p < 0.0001) (Figure 2A). When resin samples
were contaminated with C. albicans, the viability decreased by up to 7.43 log compared to
the control (9.21 log) (p < 0.0001) (Figure 2B).
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(B) Contaminated resin samples. C: Control (untreated samples); LP: 120-min low-pressure exposure;
P1: 120-min non-thermal O2 plasma (O2 NTP) exposure.

3.1.2. Efficacy of O2 NTP Treatment on C. albicans Viability

During the process of sterilization, the samples were subjected to O2 NTP for 120 min.
When glass slides were contaminated with C. albicans, the viability decreased up to 2.50
log compared to the control (9.09 log) (p < 0.0001) (Figure 2A). This viability decreased up
to 2.68 log when C. albicans was seeded on resin samples (p < 0.0001) (Figure 2B). Thus,
the O2 NTP treatment had antifungal efficacy (≥6-log reduction). A significant reduction
was observed between the low pressure and the O2 NTP treatments, whatever the material
(glass or resin) (p < 0.0001).

3.1.3. Effects of O2 NTP Treatment on C. albicans Morphology Determined by SEM

Figure 3 shows C. albicans adhesion on glass and unpolished resin samples before
O2 NTP treatments. A homogeneous spread of C. albicans was observed on the glass
slide (Figure 3A) while it was heterogeneous on the resin sample (Figure 3B). Indeed, we
observed yeast monolayers sometimes located in depressions, and multilayers clusters
on resin sample (Figure 3B,C). These clusters included different forms of yeasts: mainly
blastospores that appeared as smooth ovoid or spherical cells, some pseudohyphae and
hyphae forms exhibiting elongated shape (Figure 3D).

Figure 4 shows the effect of low-pressure and 120-min O2 NTP treatments on C. albicans
seeded on resin sample. Low-pressure treatment did not seem to lead to major alterations
of yeasts morphology (Figure 4A,B). Only a few cells were damaged, characterized by a
rough surface (Figure 4B). A 120-min O2 NTP exposure led to major alterations of a large
proportion of yeasts with a disruption of membranes and loss of intracellular components
(Figure 4C,D). However, some yeasts located in the deepest layers of cluster seemed to be
preserved and undamaged (Figure 4C).
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Figure 3. Scanning electron microscopic (SEM) images of C. albicans on glass and resin samples
before O2 NTP treatment. (A) C. albicans repartition on glass slide (G × 100; scale bar = 100 µm);
(B) C. albicans repartition on resin sample (G × 100; scale bar = 10 µm); (C) C. albicans clusters on
resin sample (G × 500; scale bar = 10 µm); (D) Blastospores, pseudohyphae and hyphae at the top of
the clusters were embedded in extracellular polymeric matrix (G × 5000; scale bar = 1 µm).
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Figure 4. SEM images of C. albicans seeded on resin samples after 120-min LP and O2 NTP treatments.
(A,B) C. albicans exposed to low-pressure: (A) Most of the yeasts seemed to be preserved (G × 2500;
scale bar = 10 µm); (B) Some alterations such as a rough surface could be observed (G × 5000; scale
bar = 1 µm); (C,D) C. albicans exposed to O2 NTP treatment: (C) Most of the yeasts were damaged
and only some yeasts appearing deeper in the cluster seemed to remain intact (G × 2500; scale
bar = 10 µm). (D) Rupture of the yeasts membrane with exposed intracellular components (G × 5000;
scale bar = 1 µm).

3.2. Low-Pressure and O2 NTP Treatments Effect on the Resin COLOR
3.2.1. Visual Aspect

Each observer determined the perceptibility and acceptability thresholds of the color
changes for all samples after the different treatments. No perceptible color modifications
were noted after LP, P1 and P6 treatments compared to the control (group C).
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3.2.2. Spectrophotometry

Table 2 summarizes the resin color change (∆E) after each treatment. ∆E of group C
represented the resin natural aging, and consequently was determined after the evaluation
of the other groups (LP, P1 and P6). Then, after three weeks the median value of ∆E was
0.70 with a maximum value of 2.07. After a 120-min LP treatment, the median ∆E value
was 0.63 with a maximum of 2.22. Similarly, after one 120-min O2 NTP (P1) the ∆E was
0.71 with a maximum value of 1.62. No significant modification of ∆E was noted in groups
LP and P1 compared to group C (p > 0.05) (Figure 5). Concerning group P6, a significant
increase of ∆E up to 1.33 with a maximum value of 2.88 was observed (p < 0.05) (Figure 5).
However, all the results remained under the acceptability threshold (∆E < 4.00) [47].

Table 2. Resin color changes (∆E00) in the evaluated groups.

∆E00 Min 1st Qu. Median Mean 3st Qu. Max

C 0.13 0.49 0.70 0.75 0.97 2.07
LP 0.14 0.38 0.63 0.73 0.99 2.22
P1 0.06 0.45 0.71 0.75 0.98 1.62
P6 0.27 1.01 1.33 * 1.40 1.77 2.88

C: resin natural aging; LP: 120-min low-pressure (LP) treatment; P1: one 120-min O2 NTP treatment; P6: six
120-min O2 NTP treatments: * significant difference according to Kruskall-Wallis and Wilcoxon rank sum tests
(p < 0.05).
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Table 3 summarizes the values of the CIELab color coordinates (L* (lightness), a*
(redness-greenness) and b* (yellowness-blueness)) evaluated before and after each treat-
ment. Concerning group C, the median lightness value (L*) slightly increased from 34.77
(±0.98) to 35.10 (±1.10) after 3 weeks of natural aging. On the opposite, a slight decrease
was observed regarding the color coordinate a* (from 8.36 (±0.65) to 8.25 (±0.66)) and
the color coordinate b* (from 1.55 (±0.40) to 1.46 (±0.44)) (p > 0.05). Similarly, after LP
and one O2 NTP treatments (P1), no significant variation of lightness and of a* and b*
color coordinates were noted (p > 0.05). Regarding group P6, the increase of lightness was
significant (from 32.95 (±1.02) to 35.31 (±1.27) (p < 0.05). In contrast to groups C, LP and
P1, a significant increase of the color coordinate a* (from 8.23 (±0.60) to 8.80 (±0.65)) and
the color coordinate b* (from 0.98 (±0.30) to 1.45 (±0.43)) were noted (p < 0.05).
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Table 3. Color coordinates changes of resin in the evaluated groups.

L* a* b*

Groups Measurement Median
(±SD) min max Median

(±SD) min max Median
(±SD) min max

C initial 34.77 (±0.98) 32.43 37.29 8.36 (±0.65) 6.85 10.05 1.55 (±0.40) 0.78 2.96
at 3 weeks 35.10 (±1.10) 32.81 37.55 8.25 (±0.66) 6.65 9.73 1.46 (±0.44) 0.63 2.98

LP before 34.26 (±0.82) 32.51 36.44 8.22 (±0.60) 7.13 10.04 1.39 (±0.28) 0.58 2.29
after 34.97 (±0.79) 33.08 38.08 8.12 (±0.56) 6.87 9.58 1.32 (±0.26) 0.72 2.26

P1 before 32.74 (±1.07) 30.55 35.75 8.03 (±0.59) 6.02 9.97 0.91 (±0.22) 0.29 1.62
after 33.58 (±1.23) 31.06 36.99 7.98 (±0.61) 6.22 9.71 0.82 (±0.29) 0.00 1.51

P6 before 32.95 (±1.02) 30.70 36.03 8.23 (±0.60) 7.07 9.49 0.98 (±0.30) 0.38 1.78
after 35.31 (±1.27) * 31.75 39.94 8.80 (±0.65) * 7.13 10.31 1.45 (±0.43) * 0.33 2.48

L* (lightness), a* (redness-greenness), and b* (yellowness-blueness) values before and after LP exposure and 120-min O2 NTP treatments
(P1 and P6). C represented the resin natural aging; (n = 12 samples per group, n = 12 measurements per resin samples); P6 showed a
significant increase of lightness and a significant decrease of a* and b* color coordinates; * significant difference according to Kruskall-Wallis
and Wilcoxon rank sum tests (p < 0.05).

4. Discussion

The aim of this study was to evaluate the efficacy of a non-thermal O2 plasma (O2
NTP) as an alternative method for the disinfection or sterilization of denture base resin.
The null hypotheses were rejected since O2 NTP reduced C. albicans viability and slightly
altered the color stability of the resin for denture base.

DS is a common disease in elderly and immuno-depressed people, and mainly
occurs under imbalance of the oral microbiota entailing local factors such as wearing
dentures [2–6,12]. The focus in the treatment of denture stomatitis is to eliminate the
source of pathogens which contaminate dentures [3,8,11,12]. However, it is essential to
obtain a safe disinfection or sterilization protocol without any harmful effect on the physical
and mechanical properties of resins for denture base [16].

Nowadays, there are different mechanical or chemical techniques to decontaminate
dentures [12,16,49,50]. Alkaline peroxide is the most common molecule among chemical
cleansers [22]. However, Uludamar et al. [51] highlighted that the 15-min treatment recom-
mended in some manufacturer’s instructions (Fittydent, Polident, Corega) is not sufficient
for denture in vivo decontamination. They noted that only Fittydent brand allows an anti-
fungal activity after a 60-min immersion. Moreover, these cleansers must be used correctly
due to their possible toxicity on oral and oropharyngeal tissues as the degradation of the
different agents leads to hydrogen peroxide [16,22]. Many other molecules or cleansers
have been tested or recommended in guidelines, such as chlorhexidine, chlorine dioxide,
sodium hypochloride, and plant extracts [17,50,51]. However, if some agents reduce C.
albicans viability, other molecules are not efficient [22]. Therefore, the development of new
techniques could be an alternative to those chemical antiseptics. Hence, plasma processes
have been tested for one decade on resin for denture base. Some studies dealt with the effect
of atmospheric plasma on C. albicans biofilms developed on PMMA [52,53]. They evaluated
atmospheric plasma using argon (Ar) or Ar/O2 mixture as working gas. Matthes et al. [52]
obtained a 4.12-log reduction of C. albicans viability over 10 min using a dielectric barrier
discharge whereas Wang et al. [53] reached a 6-log reduction over 8 min using a plasma
jet. These results vary due to the different plasma sources and the different methodologies
used for evaluation. In previous studies [37,38,46], we have developed a low-pressure NTP
process that treats prepackaged items. This process has already proved efficacy against
S. aureus, P. aeruginosa and B. subtilis spores. In this study, this approach was completed
by investigating C. albicans inactivation using O2 as the working gas. We demonstrated
that low pressure without plasma generated only a small decrease of C. albicans viability
(glass: 3.12-log reduction, resin: 1.78-log reduction). Thus, the direct effect of low pressure
could not solely be responsible for the C. albicans inactivation. Moreover, when low pres-
sure was applied without plasma, the pressure in the vacuum chamber decreased up to
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2 × 10−5 mbar over 120 min. This pressure is lower compared to the pressure during O2
plasma treatment (2.50 × 10−4 mbar). Hence, the results of low pressure on C. albicans were
probably overstated. Regarding O2 NTP treatment in low pressure condition, a 120-min
treatment led to a significant reduction (>6 log) of C. albicans viability. Consequently, the
antifungal activity was essentially due to the plasma process.

The efficacy of the different atmospheric- and low-pressure plasma devices highlights
the role of the various generated species during the plasma process. Different hypotheses
involve essentially UVs, reactive oxygen and nitrogen species (RONS), ion and electron
species [41,42,44,54]. These species have enough energy to break covalent bonds and
initiate various chemical reactions in C. albicans cells. Thus, UVs are well known to damage
DNA cells by dimerization of the thymine base [55,56]. RONS cause photodesorption or
etching of the cell wall, peroxidation of lipids and ergosterol, the latter being a critical
sterol of the cell membrane [57]. This leads to an increase in membrane permeability favor-
ing leakage of cytoplasm and intracellular components, and ultimately to lethal cellular
damage [40,53,58,59]. Our SEM images highlighted the rupture of the cell membrane and
the leakage of intracellular components after a 120-min O2 NTP, which is in accordance
with the previous hypotheses.

After NTP O2 treatment, the reduction of C. albicans viability was similar whatever the
sample material. However, the results were less reproducible when C. albicans was seeded
on resin samples, which was probably due to the different affinity of C. albicans for the
two materials. Indeed, the SEM analyses highlighted that the contaminated glass surface
was characterized by large areas of yeast monolayers and small clusters. Conversely, the
yeasts’ repartition was heterogeneous on resin samples, with many thick clusters and
some non-contaminated areas (Figure 3). The resin hydrophobicity and surface roughness
could explain this specific adhesion of C. albicans [6,7,60]. Indeed, destroying those clusters
was more difficult due to their thickness and the presence of an extracellular matrix.
Hence, the deeper yeast layers were better protected from NTP [37,40,61]. According to
many authors [38,40,53], increasing the treatment time or producing intracellular ROS
in biofilm [62] would favor the destructuration of those clusters. Despite the clusters on
resin surface, our NTP plasma led to a significant 6-log viability reduction after a 120-min
treatment in low working pressure. This efficacy could be explained by the generation of
vacuum ultraviolet (VUV) photons in low-pressure plasma conditions only [54,63]. These
VUV photons are highly energetic due to their short wavelength (from 100 to 200 nm). Thus,
VUV photons and previously described species may act together and have a considerable
impact on biofilms. However, a better comprehension of the mechanism of active plasma
species could help to optimize the treatment.

Concerning the resin color stability, chemical cleansers used to decontaminate den-
tures lead to adverse effects when repeated or prolonged treatments are applied [18,19,
21,24,25,27,29,31,32]. The most frequent resin color changes are bleaching using sodium
hypochlorite [16,19,21,27,29] and alkaline peroxides [19,24,25,27,30,31]. In the same way,
one in vitro study highlighted resin staining after prolonged treatment using lemongrass
extract [18].

The evaluation of color change is related to ISO technical report (TR) 28642:2016,
which defined two color distance metrics ∆E*ab and ∆E00. It only defines a perceptibility
threshold (PT) of ∆E*ab = 1.2 and an acceptability threshold (AT) of ∆E*ab = 2.7. This
technical report does not concern the color change of resins for denture base, but only
dental ceramics, dental resins or silicone elastomers. The previous authors mainly used
∆E*ab to evaluate the effect of the different cleansers on resin color. However, those studies
presented many discrepancies with respect to devices and methodologies, which led to
disagreements upon PT and AT values [48]. Hence, Ren et al. [47,48] carried out a study
using ∆E00 to specifically determine the PT and the AT of color changes, after accelerated
aging of an acrylic denture base resin: PT value was 1.71∆E00 and AT value was 4.00∆E00.
Like Ren et al., we investigated the possible adverse effects of our O2 NTP process on the
color of ProBase®Hot 36 P-V resin (Ivoclar Vivadent), using ∆E00. The spectrophotometry
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and the visual analyses showed a slight variation of the resin color within each sample
in all groups. This could involve the presence of red fibers in the resin that mimic blood
vessels within the mucosa, improving the denture aesthetics. As a result, biases may exist
during spectrophotometric measurements when repositioning the sample before and after
treatments. The spectrophotometry analysis showed no significant color change (∆E) of
the resin when exposed to 120-min low-pressure or one O2 NTP treatment. However,
a significant increase of ∆E occurred after six repeated treatments (1.33, p < 0.05). This
significant color change involved a significant increase of the lightness (L*) and a higher
proportion of red and yellow color components (a* and b*), which slightly increased
the color chroma. However, ∆E value was under the acceptability threshold for acrylic
denture base resins (<4.00) recently determined by Ren et al. [47,48]. Moreover, this color
modification was not perceptible by any of the three qualified observers. Hence, our
process would not have unacceptable adverse effects on the resin color and would preserve
its aesthetic appearance for patients.

This study shows promising results; nevertheless, there are still some limitations
concerning the shape of the samples, which is not representative of dentures, and the
non-evaluation of all resin properties. Consequently, further investigations should take
into account the possible adverse effects of this process on different physical (dimensional
stability, wettability) and mechanical (roughness, hardness and toughness) resin properties
after repeated treatments. Moreover, future assays would assess the efficacy of this process
on contaminated dentures.

5. Conclusions

In our study, we evaluated a low-pressure O2 NTP as a method to clean a denture-base
resin contaminated with C. albicans. Our microbial investigation showed an antifungal
efficacy. Therefore, a daily brush supplemented with a regular plasma treatment would
reduce the risk of recurrent denture stomatitis by complete elimination of candida on the
denture surfaces. Furthermore, our process could maintain the sterile state of dentures
until delivery to patients without needing desorption time. This repeated treatment would
not cause any perceptible adverse effects on the resin color, thus preserving the denture
wearers’ aesthetics and social life.

6. Patents/Brevets

“Device for cold plasma sterilization of an object, such as a medical device, particularly
an implant, and method using this device.” Popot J.M., Gelle M.P. EP2618851B1.
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