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Abstract

This study aimed to investigate the cleansing effects of grapefruit seed extract (GSE) on biofilms of
Candida albicans (C. albicans) formed on denture-base resin and the influence of GSE on the
mechanical and surface characteristics of the resin. GSE solution diluted with distilled water to 0.1%
(0.1% GSE) and 1% (1% GSE) and solutions with Polident® denture cleansing tablet dissolved in
distilled water (Polident) or in 0.1% GSE solution (0.1% G+P) were prepared as cleansing solutions.
Discs of acrylic resin were prepared, and the biofilm of C. albicans was formed on the discs. The discs
with the biofilm were treated with each solution for 5 min at 25°C. After the treatment, the biofilm on
the discs was analyzed using a colony forming unit (CFU) assay, fluorescence microscopy, and
scanning electron microscopy (SEM). In order to assess the persistent cleansing effect, the discs treated
with each solution for 5 min were aerobically incubated in Yeast Nitrogen Base medium for another 24
h. After incubation, the persistent effect was assessed by CFU assay. Some specimens of acrylic resin
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were immersed in each solution for 7 days, and changes in surface roughness (Ra), Vickers hardness
(VH), flexural strength (FS), and flexural modulus (FM) were evaluated. As a result, the treatment with
1% GSE for 5 min almost completely eliminated the biofilm formed on the resin; whereas, the
treatment with 0.1% GSE, Polident, and 0.1% G+P for 5 min showed a statistically significant
inhibitory effect on biofilms. In addition, 0.1% GSE and 0.1% G+P exerted a persistent inhibitory effect
on biofilms. Fluorescence microscopy indicated that Polident mainly induced the death of yeast, while
the cleansing solutions containing at least 0.1% GSE induced the death of hyphae as well as yeast. SEM
also revealed that Polident caused wrinkles, shrinkage, and some deep craters predominantly on the cell
surfaces of yeast, while the solutions containing at least 0.1% GSE induced wrinkles, shrinkage, and
some damage on cell surfaces of not only yeasts but also hyphae. No significant changes in Ra, VH, FS,
or FM were observed after immersion in any of the solutions. Taken together, GSE solution is capable
of cleansing C. albicans biofilms on denture-base resin and has a persistent inhibitory effect on biofilm
development, without any deteriorations of resin surface.

Introduction

Candida albicans (C. albicans), which is frequently isolated from denture plaque, is the main
microorganism involved in the pathogenesis of denture stomatitis (DS) [1]. As C. albicans has a high
affinity to acrylic resin denture-base material, it adheres easily to and forms a dense biofilm on denture
surfaces [2, 3]. Therefore, one of the most effective methods of treating and preventing DS is the
removal of this fungus from the denture surfaces by efficient cleansing.

The most commonly recommended method for cleaning dentures is a combination of brushing and
immersion in a chemical cleanser [4]. However, it is difficult for patients with limited motor capacity to
sufficiently clean the dentures with brushing [5, 6]; therefore, a large amount of plaque can remain on
denture surfaces. In these cases, a long-term immersion in chemical cleansers would be necessary for
removal of the residual plaque. Although chemical cleansers can reduce microbial viability and biomass
volume on denture surfaces, viable microorganisms remain, which may cause DS [7, 8]. In addition,
many studies have shown that long-term immersion in some cleansers causes degradation of the
physical/mechanical properties and color of denture-base resin and metal alloy [9, 10]. For these
reasons, a new cleanser that can remove denture plaque more effectively and in a shorter time than
conventional cleansers should be developed.

Grapefruit seed extract (GSE), which contains large quantities of polyphenolic compounds, is a natural
extract derived from plants [11, 12]. Flavonoids are a class of polyphenols, and they account for
approximately 80% of polyphenolic compounds in GSE [11]. It has been reported that flavonoids have
an inhibitory effect on gram-positive and gram-negative bacteria and some Candida species by various
mechanisms [13–17]. Indeed, GSE is reported to have powerful antibacterial and antifungal properties
[12, 18, 19], and it has been studied extensively as a natural preservative of food [20–23]. These studies
suggest that GSE has the potential to cleanse C. albicans attached to denture. However, no studies have
investigated the effect of GSE for cleansing C. albicans biofilm formed on the denture-base resin.

This study aimed to investigate the cleansing effect of GSE on C. albicans biofilms formed on denture-
base resin and the effects of GSE on the mechanical and surface characteristics of the resin.

Materials and methods

Preparation of cleansing solutions

An original (100%) solution of GSE (Will Tool, Biochemical Technical Laboratory Co., Ltd., Niigata,
Japan) was supplied by EID Inc. (Tokyo, Japan). GSE was diluted to 0.1% and 1% with distilled water,
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and the solutions were referred to as “0.1% GSE” and “1% GSE,” respectively. A Polident denture
cleansing tablet (GlaxoSmithKline, Weybridge, UK) was dissolved in 150 mL distilled water or 150 mL
0.1% GSE, and the solutions were referred to as “Polident” and “0.1% G+P,” respectively.

Specimen preparation and biofilm production

A set of 250 polymethyl methacrylate (PMMA) denture-base resin discs (10 mm in diameter and 2 mm
in thickness) (ACRON, GC, Tokyo, Japan) was prepared using the method reported in our previous
study [24], and the upper and lower surfaces of each disc were polished with abrasive paper (320 grit)
under dry conditions. The surface roughness (Ra) of all discs was determined by a profilometer
(Surfcom Flex, Tokyo Seimitsu, Tokyo, Japan), where the mean value calculated from two
measurements was 1.12 ± 0.15 μm. All discs were sterilized with ethylene oxide gas (EOG), stored in a
sterilization chamber at 40°C for 24 h to remove residual EOG, then immediately used for the following
investigations.

Each disc was placed in one of the wells of a 24-well plate with artificial saliva [500 μL; 1.25 mM
Ca(NO ) ∙4H O, 0.90 mM KH PO , 129.91 mM KCl, 59.93 mM Tris buffer, and 2.2 g/L porcine

gastric mucin; pH 7.4] [24, 25]. The plates were incubated for 60 min (37°C on a shaker at 75 rpm) and
washed twice with 1 mL of phosphate-buffered saline (PBS; pH 7.2). C. albicans (ATCC18804) was
grown in Tryptic Soy Broth supplemented with 5% dextrose (TSBD; Becton, Dickinson and Company,
NJ, the USA) on a shaker at 75 rpm for 5 h at 30°C. The yeast-like cells were standardized at 10

cells/mL in TSBD medium using a counting chamber (One cell counter, Biochemical Science, Tokyo,
Japan). The Candida cell suspension (1 mL) was added to each disc-containing well. All well plates
were aerobically maintained for 1.5 h at 37°C during the cell adhesion phase [25], after which all
specimens were washed twice with 1 mL of PBS to remove the non-adhered cells. Then, the Yeast
Nitrogen Base (YNB) medium (1 mL) was added to each well, and all the plates were aerobically
incubated for 72 h at 37°C with changing the medium every 24 h. After the incubation, all specimens
were washed twice with PBS.

Biofilm analyses

The discs with a biofilm formed by C. albicans were treated with 1 mL of each cleansing solution or
distilled water (as a control) for 5 min. The treatment time of the discs to each cleansing solution was
determined based on the time (5 min) stated on the pack instructions of Polident denture cleansing
tablet. After the treatment, the cleansing effect of each solution was assessed by colony forming unit
(CFU) assay, and the discs treated with each solution were examined by fluorescence microscopy and
scanning electron microscopy (SEM). In order to assess the persistent cleansing effect, the discs treated
with each solution for 5 min were aerobically incubated again in one of the wells of a 24-well plate with
the YNB medium (1 mL) for 24 h at 37°C. After the incubation, the persistent effect of each solution
was assessed by CFU assay, and colony counts were compared before and after the 24-h incubation.

CFU assay

The discs treated with each solution for 5 min were placed in one of the wells of a 24-well plate, and 1
mL of PBS was added to each well. The biofilm was scraped from each disc using a cell scraper (Iwaki
Co., Tokyo, Japan), and the dissociated cells were suspended by pipetting up and down [24, 25]. The
fungal suspensions were serially diluted with PBS, and 100-μL aliquot of each suspension was
inoculated on Sabouraud glucose agar plates. After aerobic incubation for 48 h at 37°C, the CFUs were
counted. Regarding the discs incubated for 24 h after the treatment, CFU assay was also conducted in
the same way. Twenty discs from each group were used for this assay.
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Fluorescence microscopy

The discs treated with each solution for 5 min were placed in the wells of a 24-well plate, and 500 μL of
physiological saline (Otsuka Pharmaceutical Co., Tokyo, Japan) was added to each well. Thereafter, the
biofilms on the discs were stained using the Live/Dead FungaLight yeast viability kit, which was
composed of SYTO-9 and propidium iodide (PI). In brief, 1 μL of SYTO9 and 1 μL of PI were added
into each well, and the discs were incubated for 20 min in the dark at 30°C. The stained discs were
observed using a fluorescence microscope (BZ-X710; Keyence, Osaka, Japan). Five discs from each
group were used for this assay.

Scanning electron microscopy (SEM)

The discs treated with each solution for 5 min were fixed overnight with 2.5% glutaraldehyde at 4°C.
After fixation, each disc was dehydrated with graded concentrations of ethanol (50%, 60%, 70%, 80%,
90%, and absolute ethanol), transferred into liquidized t-butyl alcohol, and maintained in a freezer
(-20°C) until the butyl alcohol froze. Thereafter, the specimens were transferred into a freeze-drying
apparatus (ID-2; Eiko Engineering, Tokyo, Japan), and the frozen t-butyl alcohol was completely
sublimated. Then, the specimens were mounted on aluminum stubs, sputter-coated with gold in an ion
sputter coater (SC-701AT, Sanyu Denshi, Tokyo, Japan), and assessed using SEM (JCM-6000
NeoScope, Jeol Ltd., Tokyo, Japan). The morphological changes of the yeast and hyphal forms treated
with each solution were observed. Five discs from each group were used for this assay.

Characterization of denture-base resin after treatment with each cleansing solution

Fifty rectangular parallelepiped specimens (64×10×3.3 mm) were prepared using ACRON. The
specimens were polished with 1000-grit abrasive paper under running water using a polishing device
(ML-150P; MARUTO INSTRUMENT CO., LTD., Tokyo, Japan.). The specimens were immersed in
each solution for 7 days (n = 10 in each group). Each solution was freshly prepared and changed every
day. Given that the denture was immersed in these solutions for 5 min a day, the immersion time of 7
days was equal to about 5 and a half years. After the immersion, all specimens were stored at 25°C for
one week, and the Ra of five specimens which were selected randomly was measured. Five specimens
of each group were used for the Vickers hardness (VH) test, which was performed with a diamond
hardness indenter (AVK-AII, Akashi Seisakusho, Tokyo, Japan) under a 300 g load for 15 s. Five
indentations were made at different points for each specimen, and the means of individual specimens
were calculated. Then, the remaining five specimens of each group were stored in deionized water for
50 h at 37°C. A three-point bending test was performed according to ISO 1567 with a universal testing
machine (AG-5kNX plus, Shimadzu, Kyoto, Japan) at a crosshead speed of 1 mm/min to investigate
flexural strength (FS) and modulus (FM). FM was calculated from the linear portion of the load-time
curve up to the proportional limit obtained by the bending test.

Statistical analysis

In order to confirm significant differences among the experimental groups, CFU assay results were
analyzed using the Kruskal–Wallis test, and significant differences among the experimental groups were
confirmed using the Mann–Whitney U test and the Bonferroni correction. Results for Ra, VH, FS, and
FM of each specimen were subjected to one-way analysis of variance, followed by Tukey's significant
difference multiple comparison test. The significance level was set at 0.05. All analyses were performed
using SPSS ver. 24.0 for Windows (IBM, NY, USA).

Results
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The CFU assays showed significantly lower quantities of biofilm on the discs from the 1% GSE,
Polident, and 0.1% G+P groups than the control group. That is, the colony formation was inhibited by
57%, 98%, 80%, and 85% after treatment with 0.1% GSE, 1% GSE, Poldent and 0.1% G+P solutions,
respectively. Among the cleansing solution groups, 1% GSE almost completely diminished the biofilm
formed on disc surfaces compared with 0.1% GSE, Polident, and 0.1% G+P, among which no
significant differences were noted (Fig 1). Another CFU assay to examine the persistent effect of each
solution showed significantly lower quantities of biofilm on the discs from the 0.1% GSE, 1% GSE, and
0.1% G+P groups than the control group. That is, the colony formation was inhibited by 70%, 100%,
47%, and 76% after treatment with 0.1% GSE, 1% GSE, Poldent and 0.1% G+P solutions, respectively.
Among the cleansing solution groups, the discs treated with the 1% GSE were significantly lower in
biofilm content than those treated with 0.1% GSE, Polident, and 0.1% G+P. Interestingly, the addition
of 0.1% GSE to Polident (0.1% G+P group) significantly inhibited biofilm formation compared with
Polident alone. There were no significant differences among the 0.1% GSE, Polident, and 0.1% G+P
groups (Fig 2). The comparison among the CFU assays for the discs treated with each solution followed
by another 24-h incubation clearly revealed that treatment with 0.1% GSE and 1% GSE maintained the
effectiveness of inhibition against biofilm formation even 24 h after a 5-min treatment. Importantly, the
treatment with 1% GSE for 5 min almost eliminated the biofilm formed by C. albicans on the resins and
inhibited the biofilm formation for at least 24 h after the initial treatment. Interestingly, the addition of
0.1% GSE to Polident (0.1% G+P) showed a more persistent effectiveness of inhibition of biofilm
formation (Fig 3).

Fig 1

C. albicans biofilm quantification by CFU assay after treatment with each solution for 5 min.

The black bars represent the mean colony count detected from specimens with C. albicans (n = 20 in each

group). The asterisk (*) indicates a significant difference between groups (p < 0.05).
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Fig 2

Quantification by CFU assay of C. albicans biofilm incubated for 24 h after treatment with each

solution for 5 min.

The black bars represent the mean colony count detected from specimens with C. albicans (n = 20 in each

group). The asterisk (*) indicates a significant difference between groups (p < 0.05).
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Fig 3

Comparison of C. albicans biofilm quantification by CFU assay after treatment for 5 min (n = 20 in

each group) and after incubation for 24 h (n = 20 in each group).

The results of 5 min in the control, Polident, and 0.1% G+P groups exhibited significantly lower average

level of biofilm compared with those incubated for 24 h. The asterisk (*) indicates a significant difference

between groups (p < 0.05).

Fluorescence microscopy, in which green fluorescence indicated living cells and red fluorescence
indicated dead cells, revealed the viability of C. albicans cells inside the biofilms. Regardless of
morphology (either yeasts or hyphae), the majority of fungus appeared green in the control group;
whereas, in the 1% GSE group, almost every fungus appeared red in both yeasts and hyphae. In the
other three groups (0.1% GSE, Polident, and 0.1% G+P), a mixture of red and green fluorescence with a
different tendency among groups was observed. In detail, in the 0.1% GSE group, dead cells were
observed in both yeast and hyphal forms; whereas, in the Polident group, cell death was noted
predominantly in hyphal forms rather than yeast forms. In the 0.1% G+P group, more dead cells,
regardless of the morphology, were observed (Fig 4).
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Open in a separate window
Fig 4

Biofilm on denture-base resin disc surface viewed using fluorescence microscopy to obtain a

representative sample from each group.

Green fluorescence showed living cells, and red fluorescence showed dead cells. The vast majority of

fungus in the control groups appeared green; whereas, 1% GSE induced high mortality in the two

morphogenetic forms, yeast and hyphae (increased red color). In the 0.1% GSE groups, dead cells were

mainly observed in hyphal forms. The Polident groups showed cell death in yeast forms, but the vast

majority of hyphal forms were alive (green). The 0.1% G+P groups showed many dead cells of the yeast

and hyphal form.

The SEM images of C. albicans treated with each cleansing solution showed a variety of cell damage.
Fig 5 shows the morphological changes of yeast forms of C. albicans, where wrinkles, shrinkage, and
some deep craters were noted on the cell surfaces in all cleansing groups. In contrast, the evident signs
of cell damages such as wrinkles and shrinkage on the surfaces of hyphae were observed only in the
0.1% GSE, 1% GSE, and 0.1%G+P groups. There was no notable difference in the hyphal surfaces
between the Polident and control group (Fig 6).
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Open in a separate window
Fig 5

SEM images of the yeast forms inside C. albicans biofilms formed on representative denture-base

resin disc surfaces from each group.

White arrows indicate cell body shrinkage and deep craters on cell surfaces, which are not seen in the

control.
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Open in a separate window
Fig 6

SEM images of the hyphae forms inside C. albicans biofilms formed on representative denture-base

resin disc surfaces from each group.

White arrows indicate shrinkage and damage on cell surfaces, which were not seen in the control and

Polident.

Table 1 shows the mean values and standard deviation in Ra, VH, FS, and FM of the specimens after
immersion in each solution. The values of Ra (n = 5), VH (n = 5), FS (n = 5), and FM (n = 5) were 0.28
to 0.39 μm, 21.25 to 22.51 Hv, 89.93 to 102.71 MPa, and 2.90 to 3.15 GPa, respectively, with no
significant differences among the groups.

Grapefruit seed extract effectively inhibits the Candida albicans biofilms... https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6538181/

10 of 17 5/18/2021, 11:21 AM



Table 1

Mean (SD) values of surface roughness (Ra), Vickers hardness (VH), flexural strength (FS),
and flexural modulus (FM).

Ra (μm) VH (Hv) FS (Mpa) FM (Gpa)

Control 0.33 (0.13) 21.25 (1.37) 101.98 (7.00) 3.15 (0.02)

0.1% GSE 0.33 (0.16) 21.75 (0.93) 102.71 (5.07) 3.12 (0.08)

1% GSE 0.39 (0.17) 21.42 (1.82) 89.93 (7.42) 2.90 (0.27)

Polident 0.37 (0.10) 22.51 (3.02) 99.24 (7.07) 3.05 (0.14)

0.1% G+P 0.28 (0.16) 21.31 (0.69) 94.80 (7.13) 2.90 (0.26)

There were no significant differences among the groups in each analysis. (Ra: n = 5, VH: n = 5, FS and FM: n = 5,
p > 0.05).

Discussion

C. albicans biofilms recovered from discs treated with 0.1% GSE, 1% GSE, Polident, or 0.1% G+P for
5 min contained significantly much fewer vital C. albicans cells compared with those from the control
group. Particularly, 1% GSE was proven to almost completely eliminate the vital cells from the
biofilms. In addition, 0.1% GSE was nearly equally efficacious as Polident in the elimination of vital
cells from biofilms. Microscopic images of 5-min treated C. albicans showed that this effect of GSE
might be due to the cell death of C. albicans. Fluorescence microscopy observations showed that 1%
GSE induced the death of C. albicans cells in both yeast and hyphal forms. Judging from the
mechanism of the Live/Dead® FungaLight yeast viability kit, in which PI penetrates dead cells through
the damaged cell wall/membrane and yields red fluorescence when it binds to DNA [26, 27], 1% GSE
might have the potential to damage the Candida cell wall or membrane. Consistently, the SEM images
of the 1% GSE-treated C. albicans showed shrinkage and surface damages in both yeasts and hyphae.
The cell wall and cell membrane play important roles in cell viability, morphogenesis, response to
environmental stressors, and pathogenesis [28]. Thus, these morphological changes are thought to
reflect the breakdown of cell homeostasis, resulting in cell death. In contrast, in the 0.1% GSE,
Polident, and 0.1% G+P groups, only a portion of yeast and hyphal forms of C. albicans were affected
by each solution.

The antifungal mechanism of GSE has been studied using the yeast Saccharomyces cerevisiae. It has
been reported that GSE induces apoptosis in the yeast cells by the destruction of the mitochondria [19],
suggesting that the effect of GSE on C. albicans may be associated with cell apoptosis. Although a
complete explanation for the antifungal mechanism of GSE on C. albicans is not feasible within the
design of this study, the constituents that are responsible for the inhibitory effect of GSE on C. albicans
may be inferred based on previous research. GSE contains flavonoids, tocopherol, ascorbic acid, citric
acid, and a minute amount of other compounds [29]. Several studies have reported that flavonoids
possess an antifungal property [13, 14, 30]. Flavonoids are a class of polyphenols, and they are
subdivided into subclasses such as flavones, flavanols, isoflavones, and chalcones [31]. The
mechanisms of action associated with the antifungal effects of flavonoids differ depending on these
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subclasses [16]. Flavones and isoflavones induce apoptosis via the inhibition of the efflux pump [32,
33]. Flavanols trigger cell wall damage [34], and chalcones induce cytoplasmic membrane disruption
[35]. Other studies have also reported that phenolics induce alterations in cell membrane permeability
because they compromise the cell membrane bilayers due to their lipophilic nature [36]. The change in
membrane permeability causes an imbalance in the intracellular electrochemical gradients and
subsequent depolarization, leading to the loss of membrane functions and cell death [37]. These studies
suggest that several kinds of flavonoids in GSE could have additive/synergistic inhibitory effects on the
cell wall and cell membrane of C. albicans. Further investigations are needed to clarify anti-fungal
ingredients of GSE.

Next, we examined the persistent inhibitory effect of GSE on C. albicans biofilm development by using
CFU assay of discs 24 h after the initial treatment with each solution. As a result, 1% GSE was proven
to effectively inhibit the biofilm formation for at least 24 h after the initial treatment. The 0.1% GSE
also exerted a persistent inhibitory effect. Interestingly, the addition of 0.1% GSE to Polident
significantly inhibited biofilm formation compared with Polident alone. This effect of GSE on C.
albicans may be assessed based on the fluorescence microscopic and SEM images in this study. The
results of the fluorescence microscopy indicated that the Polident mainly induced the death of yeast,
while the cleansing solutions contained at least 0.1% GSE induced the death of hyphae. In addition,
SEM images of the yeast form treated with each solution showed wrinkles, shrinkage, and some deep
craters on the surfaces, while the hyphae form treated with the solution containing at least 0.1% GSE
showed wrinkles, shrinkage, and some damage on the surfaces. These microscopic images indicate that
GSE inhibits the hyphae of C. albicans by an unknown mechanism. The hyphal growth plays an
important role in biofilm maturation, so the inhibition of hyphal formation inhibits biofilm development
[38]. Although hyphal development and growth are involved in several hyphae-specific genes, the
inhibition of these genes induces the inhibition of hyphal development and biofilm formation [39, 40].
It has been reported that catechin, which is a subclass of flavonoids, inhibits hyphal formation by
reducing mRNA expression levels of all hyphae-specific genes [39], suggesting that some types of
flavonoids from GSE may persistently inhibit C. albicans growth by affecting some hyphae-specific
genes. Therefore, the persistent inhibitory effect of GSE on C. albicans biofilm may be caused by the
inhibition of both developed hyphae and new hyphal development.

In this study, the discs were treated with each solution for 5 min, and 1% GSE could almost completely
inhibit C. albicans biofilm within the treatment time. This fact strongly suggests that treatment with 1%
GSE for 5 min can exert an inhibitory effect even on the deepest layer; that is, the portion of the biofilm
(consisting of multiple cell layers) closest to the surface of the discs. Although the reason underlying
this phenomenon is not clear, one possibility is that some types of constituents contained in 1% GSE
may induce the destruction of cell-cell/cell-matrix adhesion, which is important in forming the biofilm
[41], at a higher speed than the other solutions. The continuous destruction of cell-cell/cell-matrix
adhesion may be repeated as deep as the surface of discs, eventually resulting in the total inhibition of
biofilms.

According to ISO 1567, the minimum FS of heat-polymerizing acrylic resin should be 65 MPa or more,
and the minimum FM should be 2 GPa or more. In this study, FS was more than 89.93 MPa, and FM
was more than 2.90 GPa after immersion for 7 days. Therefore, we complied with the requirement of
ISO 1567 regarding both parameters. For VH and Ra, there were no significant changes before and after
immersion. The VH test can represent the resistance of the surface of base materials against cleansing
solutions, and surface alterations may be quantitatively measured with these tests [42]. It has been
reported that surface degradation increases Ra [43]. Therefore, it is also evident that the immersion in
each solution induces no surface deterioration.
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Taken together, the present study clearly indicates the possibility that GSE may be an effective
alternative measure for cleansing biofilms from denture surfaces. Although C. albicans is the most
commonly isolated organism in denture plaque, denture plaque is composed of many types of bacteria
and yeasts [44]. These microorganisms are considered to contribute to not only DS, oral malodor,
caries, and periodontitis, but also to bacterial endocarditis, aspiration pneumonia, gastrointestinal
infection, and chronic obstructive pulmonary disease [45]. Further investigations are needed to verify
the inhibitory effect of GSE on the other microorganisms contained in denture plaque.

Conclusion

The results of the present study strongly suggest that GSE can be very useful for the disinfection of
denture surfaces. Our data also suggest that a denture treated with GSE for 5 min has the potential to
have a persistent inhibitory effect on the biofilm development of C. albicans. In addition, immersion in
the solution containing GSE does not cause surface deterioration of denture-base resin. Therefore, GSE
has great potential as a new component of denture cleanser.

Supporting information

S1 File

CFU data overview.

The data shows viable C. albicans cell numbers on the discs after treatment with each solution
for 5 min.

(PDF)

Click here for additional data file.

S2 File

CFU data overview.

The data shows viable C. albicans cell numbers on the discs 24 h after the initial treatment with
each solution.

(PDF)

Click here for additional data file.

Acknowledgments

The authors thank Hidekazu Takahashi (Oral Biomaterials Engineering, Graduate School of Medical
and Dental Sciences, Tokyo Medical and Dental University) for his help with Vickers hardness test.

Funding Statement

This work was supported by the JSPS KAKENHI, Grant numbers: 17K17156 (https://www.jsps.go.jp/j-
grantsinaid/) to CT. The funder had no role in study design, data collection and analysis, decision to
publish, or preparation of the manuscript.

Data Availability

(96K, pdf)

(97K, pdf)

Grapefruit seed extract effectively inhibits the Candida albicans biofilms... https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6538181/

13 of 17 5/18/2021, 11:21 AM



All relevant data are within the manuscript and its Supporting Information files.

References

1. Gleiznys A, Zdanaviciene E, Zilinskas J. Candida albicans importance to denture wearers. A
literature review. Stomatologija. 2015;17(2):54–66. [PubMed] [Google Scholar]

2. Jackson S, Coulthwaite L, Loewy Z, Scallan A, Verran J. Biofilm development by blastospores and
hyphae of Candida albicans on abraded denture acrylic resin surfaces. J Prosthet Dent.
2014;112(4):988–93. 10.1016/j.prosdent.2014.02.003 [PubMed] [CrossRef] [Google Scholar]

3. Mayahara M, Kataoka R, Arimoto T, Tamaki Y, Yamaguchi N, Watanabe Y, et al. Effects of surface
roughness and dimorphism on the adhesion of Candida albicans to the surface of resins: scanning
electron microscope analyses of mode and number of adhesions. J Investig Clin Dent.
2014;5(4):307–12. 10.1111/jicd.12055 [PubMed] [CrossRef] [Google Scholar]

4. Paranhos HF, Silva-Lovato CH, Souza RF, Cruz PC, Freitas KM, Peracini A. Effects of mechanical
and chemical methods on denture biofilm accumulation. J Oral Rehabil. 2007;34(8):606–12.
10.1111/j.1365-2842.2007.01753.x [PubMed] [CrossRef] [Google Scholar]

5. Jagger DC, Harrison A. Denture cleansing—the best approach. Br Dent J. 1995;178(11):413–7.
[PubMed] [Google Scholar]

6. Kammers AC, Zanetti AL, Lacerda TE, Aroca JP, Camilotti V, Mendonca MJ. Toothbrush Handles
Individually Adapted for Use by Elderly Patients to Reduce Biofilm on Complete Dentures: A Pilot
Study. J Clin Diagn Res. 2015;9(5):Zc94–7. 10.7860/JCDR/2015/11261.5975 [PMC free article]
[PubMed] [CrossRef] [Google Scholar]

7. Freitas-Fernandes FS, Cavalcanti YW, Ricomini Filho AP, Silva WJ, Del Bel Cury AA, Bertolini
MM. Effect of daily use of an enzymatic denture cleanser on Candida albicans biofilms formed on
polyamide and poly(methyl methacrylate) resins: an in vitro study. J Prosthet Dent.
2014;112(6):1349–55. 10.1016/j.prosdent.2014.07.004 [PubMed] [CrossRef] [Google Scholar]

8. Moussa AR, Dehis WM, Elboraey AN, ElGabry HS. A Comparative Clinical Study of the Effect of
Denture Cleansing on the Surface Roughness and Hardness of Two Denture Base Materials. Open
Access Maced J Med Sci. 2016;4(3):476–81. 10.3889/oamjms.2016.089 [PMC free article] [PubMed]
[CrossRef] [Google Scholar]

9. Felipucci DN, Davi LR, Paranhos HF, Bezzon OL, Silva RF, Barbosa Junior F, et al. Effect of
different cleansers on the weight and ion release of removable partial denture: an in vitro study. J Appl
Oral Sci. 2011;19(5):483–7. 10.1590/S1678-77572011000500008 [PMC free article] [PubMed]
[CrossRef] [Google Scholar]

10. Felton D, Cooper L, Duqum I, Minsley G, Guckes A, Haug S, et al. Evidence-based guidelines for
the care and maintenance of complete dentures: a publication of the American College of
Prosthodontists. J Prosthodont. 2011;20 Suppl 1:S1–s12. 10.1111/j.1532-849X.2010.00683.x [PubMed]
[CrossRef] [Google Scholar]

11. Kang ST, Son HK, Lee HJ, Choi JS, Choi YI, Lee JJ. Effects of Grapefruit Seed Extract on
Oxidative Stability and Quality Properties of Cured Chicken Breast. Korean J Food Sci Anim Resour.
2017;37(3):429–39. 10.5851/kosfa.2017.37.3.429 [PMC free article] [PubMed] [CrossRef]
[Google Scholar]

12. Reagor L, Gusman J, McCoy L, Carino E, Heggers JP. The effectiveness of processed grapefruit-

Grapefruit seed extract effectively inhibits the Candida albicans biofilms... https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6538181/

14 of 17 5/18/2021, 11:21 AM



seed extract as an antibacterial agent: I. An in vitro agar assay. J Altern Complement Med.
2002;8(3):325–32. 10.1089/10755530260128014 [PubMed] [CrossRef] [Google Scholar]

13. Bahrin LG, Apostu MO, Birsa LM, Stefan M. The antibacterial properties of sulfur containing
flavonoids. Bioorg Med Chem Lett. 2014;24(10):2315–8. 10.1016/j.bmcl.2014.03.071 [PubMed]
[CrossRef] [Google Scholar]

14. Chen M, Zhai L, Arendrup MC. In vitro activity of 23 tea extractions and epigallocatechin gallate
against Candida species. Med Mycol. 2015;53(2):194–8. 10.1093/mmy/myu073 [PubMed] [CrossRef]
[Google Scholar]

15. Hariri BM, McMahon DB, Chen B, Adappa ND, Palmer JN, Kennedy DW, et al. Plant flavones
enhance antimicrobial activity of respiratory epithelial cell secretions against Pseudomonas aeruginosa.
PLoS ONE. 2017;12(9):e0185203 10.1371/journal.pone.0185203 [PMC free article] [PubMed]
[CrossRef] [Google Scholar]

16. Seleem D, Pardi V, Murata RM. Review of flavonoids: A diverse group of natural compounds with
anti-Candida albicans activity in vitro. Arch Oral Biol. 2017;76:76–83.
10.1016/j.archoralbio.2016.08.030 [PubMed] [CrossRef] [Google Scholar]

17. Xie Y, Yang W, Tang F, Chen X, Ren L. Antibacterial activities of flavonoids: structure-activity
relationship and mechanism. Curr Med Chem. 2015;22(1):132–49. [PubMed] [Google Scholar]

18. Heggers JP, Cottingham J, Gusman J, Reagor L, McCoy L, Carino E, et al. The effectiveness of
processed grapefruit-seed extract as an antibacterial agent: II. Mechanism of action and in vitro toxicity.
J Altern Complement Med. 2002;8(3):333–40. 10.1089/10755530260128023 [PubMed] [CrossRef]
[Google Scholar]

19. Cao S, Xu W, Zhang N, Wang Y, Luo Y, He X, et al. A mitochondria-dependent pathway mediates
the apoptosis of GSE-induced yeast. PLoS ONE. 2012;7(3):e32943 10.1371/journal.pone.0032943
[PMC free article] [PubMed] [CrossRef] [Google Scholar]

20. Choi JS, Lee YR, Ha YM, Seo HJ, Kim YH, Park SM, et al. Antibacterial effect of grapefruit seed
extract (GSE) on Makgeolli-brewing microorganisms and its application in the preservation of fresh
Makgeolli. J Food Sci. 2014;79(6):M1159–67. 10.1111/1750-3841.12469 [PubMed] [CrossRef]
[Google Scholar]

21. Shankar S, Rhim JW. Antimicrobial wrapping paper coated with a ternary blend of carbohydrates
(alginate, carboxymethyl cellulose, carrageenan) and grapefruit seed extract. Carbohydr Polym.
2018;196:92–101. 10.1016/j.carbpol.2018.04.128 [PubMed] [CrossRef] [Google Scholar]

22. Kim JH, Hong WS, Oh SW. Effect of layer-by-layer antimicrobial edible coating of alginate and
chitosan with grapefruit seed extract for shelf-life extension of shrimp (Litopenaeus vannamei) stored at
4°C. Int J Biol Macromol. 2018;120(Pt B):1468–73. 10.1016/j.ijbiomac.2018.09.160 [PubMed]
[CrossRef] [Google Scholar]

23. Shankar S, Rhim JW. Preparation of antibacterial poly(lactide)/poly(butylene adipate-co-
terephthalate) composite films incorporated with grapefruit seed extract. Int J Biol Macromol.
2018;120(Pt A):846–52. 10.1016/j.ijbiomac.2018.09.004 [PubMed] [CrossRef] [Google Scholar]

24. Tsutsumi C, Takakuda K, Wakabayashi N. Reduction of Candida biofilm adhesion by incorporation
of prereacted glass ionomer filler in denture base resin. J Dent. 2016;44:37–43.
10.1016/j.jdent.2015.11.010 [PubMed] [CrossRef] [Google Scholar]

25. Hirasawa M, Tsutsumi-Arai C, Takakusaki K, Oya T, Fueki K, Wakabayashi N. Superhydrophilic

Grapefruit seed extract effectively inhibits the Candida albicans biofilms... https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6538181/

15 of 17 5/18/2021, 11:21 AM



co-polymer coatings on denture surfaces reduce Candida albicans adhesion-An in vitro study. Arch
Oral Biol. 2018;87:143–150. 10.1016/j.archoralbio.2017.12.024 [PubMed] [CrossRef]
[Google Scholar]

26. Sharma A, Srivastava S. Anti-Candida activity of two-peptide bacteriocins, plantaricins (Pln E/F
and J/K) and their mode of action. Fungal Biol. 2014;118(2):264–75. 10.1016/j.funbio.2013.12.006
[PubMed] [CrossRef] [Google Scholar]

27. Zhou S, Cui Z, Urban J. Dead cell counts during serum cultivation are underestimated by the
fluorescent live/dead assay. Biotechnol J. 2011;6(5):513–8. 10.1002/biot.201000254 [PubMed]
[CrossRef] [Google Scholar]

28. Zoric N, Kosalec I, Tomic S, Bobnjaric I, Jug M, Vlainic T, et al. Membrane of Candida albicans as
a target of berberine. BMC Complement Altern Med. 2017;17(1):268 10.1186/s12906-017-1773-5
[PMC free article] [PubMed] [CrossRef] [Google Scholar]

29. Jung S, Ko BS, Jang HJ, Park HJ, Oh SW. Effects of slightly acidic electrolyzed water ice and
grapefruit seed extract ice on shelf life of brown sole (Pleuronectes herzensteini). Food Sci Biotechnol.
2018;27(1):261–7. 10.1007/s10068-017-0198-8 [PMC free article] [PubMed] [CrossRef]
[Google Scholar]

30. Liu W, Li LP, Zhang JD, Li Q, Shen H, Chen SM, et al. Synergistic antifungal effect of glabridin
and fluconazole. PLoS ONE. 2014;9(7):e103442 10.1371/journal.pone.0103442 [PMC free article]
[PubMed] [CrossRef] [Google Scholar]

31. Andrae-Marobela K, Ghislain FW, Okatch H, Majinda RR. Polyphenols: a diverse class of multi-
target anti-HIV-1 agents. Curr Drug Metab. 2013;14(4):392–413. [PubMed] [Google Scholar]

32. Belofsky G, Kolaczkowski M, Adams E, Schreiber J, Eisenberg V, Coleman CM, et al. Fungal ABC
transporter-associated activity of isoflavonoids from the root extract of Dalea formosa. J Nat Prod.
2013;76(5):915–25. 10.1021/np4000763 [PubMed] [CrossRef] [Google Scholar]

33. Serpa R, Franca EJ, Furlaneto-Maia L, Andrade CG, Diniz A, Furlaneto MC. In vitro antifungal
activity of the flavonoid baicalein against Candida species. J Med Microbiol. 2012;61(Pt 12):1704–8.
10.1099/jmm.0.047852-0 [PubMed] [CrossRef] [Google Scholar]

34. Sitheeque MA, Panagoda GJ, Yau J, Amarakoon AM, Udagama UR, Samaranayake LP. Antifungal
activity of black tea polyphenols (catechins and theaflavins) against Candida species. Chemotherapy.
2009;55(3):189–96. 10.1159/000216836 [PubMed] [CrossRef] [Google Scholar]

35. Zuzarte M, Vale-Silva L, Goncalves MJ, Cavaleiro C, Vaz S, Canhoto J, et al. Antifungal activity of
phenolic-rich Lavandula multifida L. essential oil. Eur J Clin Microbiol Infect Dis.
2012;31(7):1359–66. 10.1007/s10096-011-1450-4 [PubMed] [CrossRef] [Google Scholar]

36. Ali I, Satti NK, Dutt P, Prasad R, Khan IA. Hydroxychavicol: A phytochemical targeting cutaneous
fungal infections. Sci Rep. 2016;6:37867 10.1038/srep37867 [PMC free article] [PubMed] [CrossRef]
[Google Scholar]

37. Lee H, Hwang JS, Lee J, Kim JI, Lee DG. Scolopendin 2, a cationic antimicrobial peptide from
centipede, and its membrane-active mechanism. Biochim Biophys Acta. 2015;1848(2):634–42.
10.1016/j.bbamem.2014.11.016 [PubMed] [CrossRef] [Google Scholar]

38. Manoharan RK, Lee JH, Lee J. Efficacy of 7-benzyloxyindole and other halogenated indoles to
inhibit Candida albicans biofilm and hyphal formation. Microb Biotechnol. 2018;11(6):1060–9.
10.1111/1751-7915.13268 [PMC free article] [PubMed] [CrossRef] [Google Scholar]

Grapefruit seed extract effectively inhibits the Candida albicans biofilms... https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6538181/

16 of 17 5/18/2021, 11:21 AM



39. Saito H, Tamura M, Imai K, Ishigami T, Ochiai K. Catechin inhibits Candida albicans dimorphism
by disrupting Cek1 phosphorylation and cAMP synthesis. Microb Pathog. 2013;56:16–20.
10.1016/j.micpath.2013.01.002 [PubMed] [CrossRef] [Google Scholar]

40. Tsang PW, Bandara HM, Fong WP. Purpurin suppresses Candida albicans biofilm formation and
hyphal development. PLoS ONE. 2012;7(11):e50866 10.1371/journal.pone.0050866 [PMC free article]
[PubMed] [CrossRef] [Google Scholar]

41. Alsteens D, Van Dijck P, Lipke PN, Dufrene YF. Quantifying the forces driving cell-cell adhesion in
a fungal pathogen. Langmuir. 2013;29(44):13473–80. 10.1021/la403237f [PMC free article] [PubMed]
[CrossRef] [Google Scholar]

42. Kurt A, Erkose-Genc G, Uzun M, Sari T, Isik-Ozkol G. The Effect of Cleaning Solutions on a
Denture Base Material: Elimination of Candida albicans and Alteration of Physical Properties. J
Prosthodont. 2018;27(6):577–83. 10.1111/jopr.12539 [PubMed] [CrossRef] [Google Scholar]

43. Tripathi P, Phukela SS, Yadav B, Malhotra P. An in vitro study to evaluate and compare the surface
roughness in heat-cured denture-based resin and injection-molded resin system as affected by two
commercially available denture cleansers. J Indian Prosthodont Soc. 2018;18(4):291–8.
10.4103/jips.jips_335_17 [PMC free article] [PubMed] [CrossRef] [Google Scholar]

44. Radford DR, Radford JR. A SEM study of denture plaque and oral mucosa of denture-related
stomatitis. J Dent. 1993;21(2):87–93. [PubMed] [Google Scholar]

45. Coulthwaite L, Verran J. Potential pathogenic aspects of denture plaque. Br J Biomed Sci.
2007;64(4):180–9. [PubMed] [Google Scholar]

Articles from PLoS ONE are provided here courtesy of Public Library of Science

Grapefruit seed extract effectively inhibits the Candida albicans biofilms... https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6538181/

17 of 17 5/18/2021, 11:21 AM


