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Abstract

This study aimed to investigate the effect of ozone ultrafine bubble water (OUFBW) on the

formation and growth of Candida albicans (C. albicans) biofilms and surface properties of

denture base resins. OUFBWs were prepared under concentrations of 6 (OUFBW6), 9

(OUFBW9), and 11 ppm (OUFBW11). Phosphate buffered saline and ozone-free electrolyte

aqueous solutions (OFEAS) were used as controls. Acrylic resin discs were made according

to manufacturer instructions, and C. albicans was initially cultured on the discs for 1.5 h. A

colony forming unit (CFU) assay was performed by soaking the discs in OUFBW for 5 min

after forming a 24-h C. albicans biofilm. The discs after initial attachment for 1.5 h were

immersed in OUFBW and then cultured for 0, 3, and 5 h. CFUs were subsequently evalu-

ated at each time point. Moreover, a viability assay, scanning electron microscopy (SEM),

Alamar Blue assay, and quantitative real-time polymerase chain reaction (qRT-PCR) test

were performed. To investigate the long-term effects of OUFBW on acrylic resin surface

properties, Vickers hardness (VH) and surface roughness (Ra) were measured. We found

that OUFBW9 and OUFBW11 significantly degraded the formed 24-h biofilm. The time point

CFU assay showed that C. albicans biofilm formation was significantly inhibited due to

OUFBW11 exposure. Interestingly, fluorescence microscopy revealed that almost living

cells were observed in all groups. In SEM images, the OUFBW group had lesser number of

fungi and the amount of non-three-dimensional biofilm than the control group. In the Alamar

Blue assay, OUFBW11 was found to suppress Candida metabolic function. The qRT-PCR

test showed that OUFBW down-regulated ALS1 and ALS3 expression regarding cell-cell,

cell-material adhesion, and biofilm formation. Additionally, VH and Ra were not significantly

different between the two groups. Overall, our data suggest that OUFBW suppressed C.

albicans growth and biofilm formation on polymethyl methacrylate without impairing surface

properties.
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Introduction

Oral candidiasis is one of the most common oral infections in patients receiving immuno-

therapy and in older individuals with weak immunity [1]. Oral candidiasis related to wear-

ing dentures is called denture stomatitis (DS) [2, 3]. Candida albicans (C. albicans), a

pathogenic fungus abundant in denture plaque, is highly associated with DS [4, 5]. C. albi-
cans on the denture surface adheres to other bacteria and acts as a scaffold for biofilms [6].

Consequently, the adherence and subsequent increase of C. albicans on the denture surface

accelerate biofilm formation [7]. Additionally, biofilms have a stronger drug resistance

than free-floating microorganisms [8]. Therefore, preventing the adherence and increase

of C. albicans on dentures and suppressing denture biofilm formation early is the first step

in preventing DS.

Various therapeutic strategies have been developed for DS, but none have been clearly

established. Oral antifungal agents, such as amphotericin B, nystatin, and miconazole, as

well as systemic antifungal drugs, have been used for DS treatment [9]. However, the evi-

dence on their effects is limited, and antifungal agents may confer resistance [10]. More-

over, brushing, preservatives, and disinfectants have occasionally been used to remove

plaque on denture surfaces [11, 12]. However, these methods cannot completely remove C.

albicans and may immediately increase the concentration of the remaining C. albicans on

denture base resin.

Ozone ultrafine bubble water (OUFBW) contains very small ozone particles (< 200 nm in

diameter) to overcome unstable ozonated water [13], which has a half-life of about only 20

min and will degrade back into oxygen. Owing to microbubble characteristics, the gas-water

interface of nanobubbles contains OH- ions distributed on H+ ions and functions as a shell to

prevent gas dispersion [14]. The ozone in OUFBW remains stable for more than 6 months and

protects against exposure to ultraviolet light. In mucosal disease models, OUFBW induces an

oxidative stress response and consequently enhances healing [15]. OUFBW can suppress peri-

odontal pathogens and clinically improve periodontal status [16]. Additionally, OUFBW has

been reported to induce cellular reactions that generate reactive oxygen species in regenerative

periodontal tissue [17]. In contrast, ozone can suppress the pathogenicity and hyphal growth

of C. albicans [18], indicating that OUFBW may inhibit the progression of C. albicans on den-

ture base resin. Before implementing a clinical trial, the potential antifungal effects of OUFBW

on denture base resin and the ozone appropriate concentration should be clarified through an

in vitro study. Accordingly, this study aimed to investigate the influence of OUFBW on C. albi-
cans adherence and early biofilm formation in denture base resin.

Materials and methods

Preparation of OUFBW solutions

OUFBW was supplied by Nippon Beatty Lease Co., Ltd. Nanosui Company (Tokyo, Japan). It

requires electrolytes, including sodium, calcium, magnesium, and potassium to stabilize nano-

bubbles [19]. Accordingly, OUFBWs were prepared by adding 6 (OUFBW6), 9 (OUFBW9),

and 11 (OUFBW11) ppm ozone ultrafine bubbles to water containing electrolytes. The ozone

concentration of each solution was measured using an ozone meter (AOM-05, Sato Shoji Co.,

Ltd., Japan) and immediately used for subsequent investigations. Ozone-free electrolyte aque-

ous solution of OUFBW11, which had the highest ozone concentration among all OUFBWs,

was referred to as OFEAS since the electrolyte concentration increases proportionally with the

ozone concentration [19]. OFEAS and phosphate buffered saline (PBS; pH 7.2) were used as

controls.
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Sample preparation

A total of 119 square-shaped specimens (10 × 10 × 2 mm3) were prepared from polymethyl

methacrylate (PMMA) denture base resin (ACRON, GC, Tokyo, Japan) by sectioning three

cuboid PMMA samples (10 × 10 × 80 mm3) into disks [20]. The upper and lower surfaces of

each denture base resin disc was polished using a 320-grit abrasive paper under dry conditions.

The surface roughness (Ra) of each specimen was determined by a profilometer (Surfcom

Flex, Seimitsu, Tokyo, Japan), and the mean value of two measurements was 1.24 ± 0.15 μm.

All denture base resin specimens used in the Candida experiment were sterilized using ethyl-

ene oxide gas (EOG), stored in a sterilization chamber at 40˚C for 24 h to remove residual

EOG, and immediately used for testing.

Candida growth conditions

Cryopreserved C. albicans specimens (ATCC 18804) were seeded on a Sabouraud glucose agar

plate (Kanto Chemical Co., Inc., Tokyo) until C. albicans colonies formed. Colonies were

picked using an inoculation loop, seeded into Tryptic soy broth supplemented with 5% dex-

trose (TSBD; Becton, Dickinson and Company, New Jersey, USA), and aerobically cultured on

a shaker at 75 rpm and 30˚C for 5 h same as the previous reports [21, 22]. Yeast cells in the

mid-log phase were standardized at 106 cells/mL in a TSBD medium using a OneCell Counter

(Bio Chemical Science, Tokyo, Japan).

Cell adhesion on denture base materials

Each specimen was placed in one of the wells of a 24-well plate comprising 500 μL of artificial

saliva containing 1.25 mM of Ca(NO3)24H2O, 0.90 mM of KH2PO4, 129.91 of mM KCl, 59.93

of mM Tris buffer, and 2.2 g/L of porcine gastric mucin (pH 7.4) [22]. Plates were incubated

for 60 min on a shaker at 37˚C and 75 rpm and washed twice with 1 mL of PBS (pH 7.2). A

Candida cell suspension (1 mL) was added to each well containing a disc, and specimens were

aerobically maintained for 1.5 h at 37˚C during cell adhesion [23]. Subsequently, each speci-

men was washed twice with 1 mL of PBS to remove non-adhered cells.

Colony forming unit assay

The Yeast Nitrogen Base (YNB) medium (1 mL) was added to each well containing an initial

cell adhesion disc and aerobically incubated for 24 h at 37˚C. After washing the specimens

twice with PBS, the discs were immersed in a 24-well plate containing 1 mL of each solution of

OUFBW6, 9, 11, OFEAS, and control for 5 min. After cleaning, the discs were washed twice

with PBS. Cells were scraped using a cell scraper, and the attached cells were dissociated by

pipetting. Fungal suspension was serially diluted and spread on a Sabouraud glucose agar

plate. CFUs were counted after aerobically culturing the plates for 24 h at 37˚C.

Candida growth assay

To investigate whether OUFBW inhibits Candida proliferation, the initial cell adhesion disc

was immersed in 1 mL of each solution of OUFBW6, 9, 11, OFEAS, and control for 5 min.

After treatment, the specimens were washed twice with PBS and cultured in a YNB medium

for 0, 3, and 5 h. The Candida cells on the sample were stamped to Sabouraud glucose agar

plates [24]. After 12 h of incubation at 37˚C, the number of colonies on plates was counted.
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Viability assay

In this assay, the initial cell adhesion discs were immersed in 1 mL of each solution of

OUFBW6, 9, 11, OFEAS and control for 5 min, and immediately washed twice with PBS. Each

disc was placed in one of the wells of a 24-well plate. Subsequently, the specimens were stained

using the LIVE/DEAD1 Fungal Light™ Yeast Viability kit (Molecular Probes, Oregon, USA).

The kit contained solutions of SYTO19 green-fluorescent nucleic acid and propidium iodide

(PI) red-fluorescent nucleic acid stains. Five hundred microliters of PBS, 1 μL of SYTO9, and

1 μL of PI were added to the 24-well plate and incubated at 30˚C in darkness. The sample was

observed using a fluorescent microscope (BZ-X710; Keyence, Osaka, Japan).

Scanning electron microscopy (SEM)

For validation of ozone on the morphological change of C. albicans and the biofilm, the initial

cell adhesion discs were washed with OUFBW11 and the control solution, and the specimens

were cultured in the YNB medium for 0, 3, and 5 h. After washing the discs twice with PBS

and fixing them with 2.5% glutaraldehyde at 4˚C for 24 h, each disc was dehydrated in graded

concentrations of ethanol (i.e., 50%, 60%, 70%, 80%, and 90%; absolute ethanol), transferred to

liquid t-butyl alcohol mediums, and stored in a freezer at −20˚C until butyl alcohol froze. Sub-

sequently, the sample was transferred to a freeze drying device (ID-2; Eiko Engineering,

Tokyo, Japan) to sublimate t-butyl alcohol. The specimens were attached to an aluminum stub

and observed using SEM (JCM-6000 NeoScope; JEOL Ltd., Tokyo, Japan). Gold was coated

using an ion sputter coater (SC-701AT; Sanyu Denshi, Tokyo, Japan) [25].

Alamar Blue assay

The Alamar Blue assay uses a redox indicator assay (alamarBlue1; Bio-Rad Laboratories, Cali-

fornia, USA) to measure cell metabolism based on the enzymatic reduction of indicator pig-

ments by viable cells [24]. C. albicans colonies were aerobically cultured in a TSBD medium

for 5 h at 30˚C. The Candida suspension was confirmed to be standardized at 108 cells/mL,

and 100 μL of the prepared Candida solution was added to 10 mL of OUFBW11. Moreover, a

10 mL PBS solution was used as a control. Following reaction for 5 min, 10 μL of the acquired

solution was placed in a 96-well plate with 10 μL of 10% of the redox indicator assay and 90 μL

of the TSBD medium. Following incubation at 37˚C for 24 h, absorbance was measured using

a multidetection reader (LabSystems Multiskan1; MultiSoft, Helsinki, Finland) at a 570-nm

wavelength. According to the manufacturer’s instructions, the Alamar Blue values of each

sample were compared by absorbance.

Quantitative real-time polymerase chain reaction (qRT-PCR) analysis

C. albicans colonies were cultured in the TSBD medium at 75 rpm and 30˚C for 5 h. C. albicans
cells were standardized at 106 cells/mL and centrifuged at 4,000 rpm for 10 min to collect fun-

gal cells. The supernatant was discarded, and the precipitate was mixed with 10 mL of the

acquired solution. OUFBW11 was used for cleaning, and PBS was used as a control. Thereaf-

ter, after centrifuging at 10,000 rpm for 2 min, the recovered fungus was cultured in a YNB

medium for 5 h. Total RNA was extracted using the NucleoSpin RNA Kit (Takara Bio Inc,

Tokyo, Japan). Candida was washed and recovered by centrifugation, and the yeast cell wall

was degraded by the Processing Enzyme Solution and Yeast Processing Buffer to extract RNA

and stored at -80˚C. The quantity and quality of the extracted total RNA was analyzed by

determining absorbance (A260/A280) using a spectrophotometer (NanoDrop 2000; Thermo

Fisher Scientific, Massachusetts, USA). RNA samples with a 260/280 ratio of 1.9:2.1 were used.
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The High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific, Massachu-

setts, USA) was used for cDNA synthesis, and the prepared cDNA was diluted 10 times before

its usage for RT-PCR. The obtained cDNA was amplified by PCR testing, and product specific-

ity was confirmed by sequencing.

Real-time PCR primers are shown in Table 1, and 18-S rRNA was used as a house-keeping

gene for reference. Five primers were selected to elucidate the mechanisms of OUFBW on C.

albicans. ALS1 and ALS3 were selected as the primers related to cell adhesion and biofilm forma-

tion, and RAS1, CPH1, and EFG1 were selected as the primers related to hyphal growth [26, 27].

The RT-PCR mixture (25 μL) was freshly prepared and comprised 12.5 μL of SYBR green fluo-

rescent dyes, 1 μL of PCR forward primer, 1 μL of PCR reverse primer, 0.5 μL of cDNA, and

10 μL of RNase-free water. RT-PCR was performed using the StepOnePlus Real Time PCR Sys-

tem (Applied Biosystems, California, USA). Cycling conditions consisted of an initial denatur-

ation step at 95˚C for 30 s, followed by 40 cycles at 95˚C for 3 s and 60˚C for 30 s, and a final

dissociation step at 95˚C for 15 s and 60˚C for 60 s, with a heating rate of 0.3˚C/s. All data were

normalized to the house-keeping gene 18-S rRNA, which was considered as the internal refer-

ence gene. Relative target-gene expression was calculated as a fold change of 2–ΔΔCt, where ΔCt

is the Ct target gene−Ct internal reference genes. All experiments were performed on ice.

Hardness and surface roughness

Discs were immersed in each solution for 7 days (five discs for each group). Solutions were

freshly prepared and changed daily. If the denture at the time of mouthwash reacted to this

solution for 1 min daily, the total immersion time for 7 days was equal to approximately 5.5

years. After immersion, all specimens were stored at room temperature. One week after, five

specimens from each group were measured using a profilometer (Ra) (Surfcom Flex; Tokyo

Seimitsu, Tokyo, Japan) and Vickers hardness (VH) test, which comprised a diamond hard-

ness indenter (AVK-AII; Akashi Seisakusho, Tokyo, Japan) under a load of 300 g for 15 s.

Each sample was calculated at two different time points, and the means of both measurements

for individual specimens were calculated.

Statistical analyses

CFU and proliferation assay data were analyzed using the Kruskal-Wallis test, and significant

differences between experimental groups were confirmed using the Mann–Whitney U-test

Table 1. Primers used for qRT-PCR.

Primer Sequence (5’-3’)

RAS1f CCCAACTATTGAGGATTCTTATCGTAAA

RAS1r TCTCATGGCCAGATATTCTTCTTG

EFG1f CCAGGGTGGTGCTGCTAATAG

EFG1r GGGTGAAGGGTGAACTGAACC

CPH1f AACCCGGCATTAGCAGTAGATG

CPH1r CAGAGTGCTAATGGTGGAGAAGAA

ALS1f CCCAACTTGGAA TGCTGTTT

ALS1r TTTCAAAGCGTCGTTCACAG

ALS3f AATGGTCCTTATGAATCACCATCTACT

ALS3r GAGTTTTCATCCATACTTGATTTCACA

18srRNAf CACGACGGAGTTTCACAAGA

18srRNAr CGATGGAAGTTTGAGGCAAT

https://doi.org/10.1371/journal.pone.0261180.t001
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and Bonferroni correction test. qRT-PCR results were evaluated by a one-way ANOVA test.

The Ra and VH results of each specimen were analyzed using a one-way analysis of variance,

followed by Tukey’s significant difference multiple comparison test. A p-value < 0.05 was con-

sidered statistically significant. Statistical analyses were performed using SPSS version 24.0

(IBM, NY, USA).

Results

CFU assay results showed decreased biofilm quantities on the disc surface in association with

increased ozone concentrations. The number of CFUs was significantly lower in the OUFBW9

and OUFBW11 groups than in the control group (Fig 1). There were no significant differences

in the number of CFUs between the control and OFEAS groups.

The Candida growth assay indicated that the CFUs increased at each time point in all

groups based on culture time. There were no significant differences in the number of colonies

between groups directly after immersion. However, the CFU of C. albicans was significantly

lower in the OUFBW11 group than in the control group 3 h following immersion. Moreover,

the CFUs were significantly lower in the OUFBW9 and OUFBW11 groups than in the control

group 5 h after immersion (Fig 2).

Fig 1. 24-h Biofilm quantification of C. albicans using the CFU assay. Black bars represent the mean colony count detected from specimens with C. albicans
(n = 10 in each group), and the asterisk (�) indicates significant between-group differences (p< 0.05).

https://doi.org/10.1371/journal.pone.0261180.g001
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Fluorescence microscopy, in which green and red fluorescence indicate live cells and dead

cells respectively, revealed C. albicans cell viability in the biofilm. All cells of C. albicans cells

were stained green, and a minimal no number of cells was stained red in all groups (Fig 3).

SEM images showed morphological changes in Candida biofilm on the denture surface at

all time points (0, 3, and 5 h) in both control and OUFBW groups. C. albicans cells adhered to

the denture surface, proliferated, and transformed into a hyphae shape. C. albicans then

increased in number and transformed into three-dimensional morphological biofilms.

OUFBW11 treatment inhibited the growth and accumulation of C. albicans (Fig 4).

Fig 5 demonstrated that the activity in the control group rapidly increased between 2 to 6 h

of incubation and seemingly reached a plateau 7 h after incubation. However, activity in the

OUFBW11 group remained low until 9 h of incubation, and activity at 12 h of incubation was

still lower than that in the control group.

The gene expressions of C. albicans related to biofilm formation and hyphal growth were

evaluated to elucidate the effect of OUFBW (Fig 6). Expressions of biofilm formation-related

genes (ALS1, ALS3) were significantly down-regulated; on the other hand, expressions of

hyphal-related genes (RAS1, EFG1, CPH1) were significantly up-regulated.

Fig 2. Candida growth assay after immersion of samples. After soaking in the cleaning solution, the samples were cultured in a YNB medium for 0, 3, and 5

h and stamped on Sabouraud agar plates. The number of colonies formed on plates were counted (n = 8 at each time point and, in each group). (�: p< 0.05).

https://doi.org/10.1371/journal.pone.0261180.g002
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Fig 3. Fluorescence microscope image of Candida on PMMA. Green fluorescence indicates live cells, and red fluorescence indicates dead cells. No dead cells

were observed in all samples regardless of the increase of ozone concentration.

https://doi.org/10.1371/journal.pone.0261180.g003

Fig 4. SEM images of C. albicans biofilms formed on the surface of each group of resin discs. The OUFBW group had fewer fungi and non-three-

dimensional biofilms than the control group.

https://doi.org/10.1371/journal.pone.0261180.g004
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Table 2 shows the average ± standard deviation Ra and VH values of the sample immersed

in OUFBW solutions. In all groups, Ra and VH ranged from 0.1567–0.1584 μm and 19.25–

19.74 Hv, respectively. There were no significant differences in either Ra or VH between

groups.

Discussion

The biofilms recovered from discs treated with OUFBW11 and OUFBW9 showed significantly

reduced viable counts of C. albicans compared with the biofilms in the control group. How-

ever, the biofilms formed within 24-hour were not removed completely. As shown in the

results of the Candida growth and Alamar Blue assay, this reducing effect might be due to

growth inhibitory of C. albicans. The results of the Candida growth assay showed the effect of

OUFBW on the growth rate at 0, 3, and 5 h of incubation, and biofilm growth was suppressed

in a concentration-dependent manner. This result was supported by SEM observation. More-

over, the control values of the Alamar Blue absorbance increased 8.75-times fold at 8 h of incu-

bation, whereas OUFBW values increased 1.17-fold at 8 h of incubation, showing almost no

changes between pre- and post-incubation values. These results indicate that OUFBW might

Fig 5. Alamar Blue assay of C. albicans after exposure to OUFBW. Candida metabolic activity was determined by incubating specimens in a TSBD medium

containing Alamar Blue and measuring absorbance. (�: p< 0.05).

https://doi.org/10.1371/journal.pone.0261180.g005
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inhibit biofilm formation by suppressing the growth of C. albicans that initially adhered to the

denture surface.

The mechanisms underlying the inhibitory effect of OUFBW on C. albicans growth may be

explained by previous reports. Ozone is generally known as a powerful oxidant [28]; it is

believed that ozone promotes the oxidation of lipids and proteins in the cell wall and cell mem-

branes, and may deactivate fungi by altering its permeability [29]. However, the results of fluo-

rescence microscopy revealed that most of the C. albicans cells remain alive, even when

exposed to high concentration of OUFBW11. PI containing in the LIVE/DEAD kit penetrates

through Candida cells by damaged cell walls/membranes and emits red fluorescence when PI

is bound to DNA [30], suggesting that Candida cell walls and membranes were not damaged

Fig 6. qRT-PCR analysis of the expressions of biofilm formation and hyphal growth. The experiments were repeated three times. (�: p< 0.05).

https://doi.org/10.1371/journal.pone.0261180.g006

Table 2. Average ± standard deviation values of surface roughness and Vickers hardness.

Control OUFBW6 OUFBW9 OUFBW11 OFEAS

Ra (μm) 0.1567 ± 0.006 0.1577 ± 0.006 0.1571 ± 0.009 0.1584 ± 0.009 0.1568 ± 0.007

VH (Hv) 19.49 ± 0.876 19.74 ± 0.664 19.25 ± 0.857 19.35 ± 0.937 19.58 ± 1.042

There were no significant differences among the groups in each analysis (Ra: n = 5, VH: n = 5, p> 0.05). OFEAS refers to ozone-free electrolyte aqueous solution of

OUFBW11. OUFBW, ozone ultrafine bubble water; Ra, surface roughness; VH, Vickers hardness.

https://doi.org/10.1371/journal.pone.0261180.t002
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by OUFBW. On the other hand, it has been reported that periodontal pathogens are sterilized

by OUFBW [16]. In addition, a previous study demonstrated that oxidation by ozone is more

likely to affect gram-negative anaerobic bacteria Porphyromonas endodontalis and Porphyro-
monas gingivalis than fungi [31], and one study found that microorganisms may exhibit bacte-

riostatic activity when treated with ozonated water in early stages [32]. This difference

between C. albicans and these pathogens may be related to the fact that Candida, unlike bacte-

ria, is a fungus and has a cell wall. The fungal cell wall plays an important role in protection

against environmental stresses, such as exposure to various agents [33]. Although the reason

why OUFBW showed fungistatic effect on C. albicans cannot be explained within the design of

this study, the existence of the cell walls might be one of the factors. In addition, the degree of

cell denaturation by ozone oxidation has been reported to be dependent on the amount of

ozone, operating time, proteins exposed to ozone, and environmental conditions [34]. Thus,

we suggest that the OUFBW conditions used in this study might not be enough to damage the

cell walls and membranes of C. albicans but had a fungistatic effect on C. albicans.
The result of the real-time PCR supports the reason why OUFBW inhibits the growth of C.

albicans. OUFBW suppressed ALS1 and ALS3 gene expression in C. albicans. The ALS family

consists of at least eight members which encode glycoproteins in the cell wall [26, 35]. Of these

members, ALS1 and ALS3 have been shown to exhibit adhesive activity and are essential dur-

ing the adhesion stage of C. albicans [36]. ALS1 helps to enhance adhesion to endothelial cells

and encode proteins producing reproductive tracts that grow in host tissues [37]. ALS1 also

has the ability to co-aggregate with bacteria and other fungi, which are essential to pathogene-

sis and infection [38, 39]. ALS3 is thought to encode a multifunctional protein involved in host

cell attachment, biofilm formation, host cell infiltration, and iron acquisition [40–42]. As just

described, various studies have reported that the expression of these genes is required to form

biofilms, suggesting that OUFBW reduces not only C. albicans adhesion to dentures but also

the biofilm formation by suppressing ALS1 and ALS3.

The yeast-to-hyphal switch is one of important factors of forming Candida biofilm [43].

The genes involved in morphogenetic conversion to morphogenic hyphae (i.e., EFG1, CPH1,

and RAS1) were upregulated, suggesting that the growth of Candida biofilm could be pro-

moted. However, our data overall showed the inhibitory effect on C. albicans growth. Although

we cannot completely explain why the upregulation of these genes is caused after immersing

in OUFBW in this study, there is the possibility that the response to environmental stress in C.

albicans is associated with these reactions. It has been reported that the transformation to

hyphae of C. albicans is caused to protect the Candida cell from various extracellular stresses,

such as elevated pH, hypoxia, and high CO2 and GlcNAc levels [44]. In addition, EFG1 is a

central regulator in the formation of C. albicans biofilms and upregulated along with ALS3
during hyphal development [45, 46], which suggest that these genes involved in morphoge-

netic conversion and adhesive activity might make a complex network and be associated with

biofilms formation. Therefore, the down regulation of ALS1 and ALS3 might have a potent

influence on the inhibition of C. albicans growth in this study. Further research is needed on

the mechanism underlying the influences of OUFBW on genes involved in hyphal growth and

adhesion.

Ozone does not damage skin cells unlike other powerful disinfectants [16, 47]. Moreover,

since it decomposes into oxygen, it does not leave harmful residues after use. Therefore, ozone

can be safely used in humans, and research has identified its potential applications in dentistry

[27]. However, half-life of dissolved ozone is about 20 minutes [48]. Furthermore, sufficient

care must be taken during the usage of an ozone generator because gaseous ozone is usually

used. On the other hand, OUFBW is superior to common ozonated water because we need

not to frequently use an ozone generator in that it can be stored for an extended period of time
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by creating an ion cloud around the bubble. Additionally, OUFBW can be stored in polyethyl-

ene terephthalate (PET) plastic bottles and is suitable for home use [49].

The ozone concentrations of OUFBW used in this study were 6 ppm, 9 ppm, and 11 ppm.

Previous studies on ozonated water suggest that approximately 2 ppm can kill microorganisms

in vitro [50, 51]. In contrast, the bactericidal activity of ozone may decrease in the presence of

proteins present in saliva and bacterial biofilms [16]. Another study has shown that approxi-

mately 10 ppm of ozone water can effectively reduce bacterial viability even with proteins [52].

A study using ozone water for C. albicans has also shown that C. albicans decreased to 10%

after soaking in about 10 ppm ozone water [53]. Therefore, we prepared the concentration to

6 ppm, 9 ppm, and 11 ppm assuming that the actual environment in the oral cavity is complex.

Conventionally, ozone decomposes polymers [54], suggesting that using OUFBW may

inhibit biofilm formation without damaging the surface of PMMA. Further verification is

needed to determine whether OUFBW can be used after denture cleansers as an auxiliary stor-

age solution for C. albicans growth and biofilm inhibition.

Conclusion

In conclusion, we demonstrated that OUFBW containing 11 ppm of ozone significantly sup-

pressed the growth and biofilm formation of C. albicans on the denture base resin. In addition,

immersion in OUFBW for 7 days did not cause the deterioration of denture base resin. Our

data also suggested that OUFBW has an inhibitory effect on the metabolic function of C. albi-
cans. Further investigations are required to elucidate details of the mechanism underlying the

fungistatic effect of OUFBW on C. albicans and to analyze the clinical effect of OUFBW on

denture wearers.
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