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Abstract
Objectives This study investigated the surface characteristics of denture base resin coatings prepared using a novel silica-
based film containing hinokitiol and assessed the effect of this coating on Candida albicans adhesion and growth.
Methods Silica-based coating solutions (control solution; CS) and CS containing hinokitiol (CS-H) were prepared. C. 
albicans biofilm formed on denture base specimens coated with each solution and these uncoated specimens (control) were 
analyzed using colony-forming unit (CFU) assay, fluorescence microscopy, and scanning electron microscopy (SEM). Speci-
men surfaces were analyzed by measuring the surface roughness and wettability and with Fourier-transform infrared (FT-IR) 
and proton nuclear magnetic resonance (1H NMR). Stability of coated specimens was assessed via immersion in water for 
1 week for each group (control-1w, CS-1w, and CS-H-1w) followed by CFU assay, measurement of surface roughness and 
wettability, and FT-IR.
Results CS-H and CS-H-1w contained significantly lower CFUs than those present in the control and control-1w, which was 
also confirmed via SEM. Fluorescence microscopy from the CS-H group identified several dead cells. The values of surface 
roughness from coating groups were significantly less than those from the control and control-1w. The surface wettability 
from all coating groups exhibited high hydrophobicity. FT-IR analyses demonstrated that specimens were successfully coated, 
and 1H NMR analyses showed that hinokitiol was incorporated inside CS-H.
Conclusions A silica-based denture coating that incorporates hinokitiol inhibits C. albicans growth on denture.
Clinical relevance We provide a novel antifungal denture coating which can be helpful for the treatment of denture stomatitis.
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Introduction

The fungus Candida albicans is a common component of 
denture plaque that adheres to denture surfaces [1, 2], and 
a pathogenic overgrowth of C. albicans is a main factor in 
denture stomatitis [1–3]. Thus, the removal of C. albicans 
from denture surfaces has been assumed to be effective for 
the treatment and prevention of denture stomatitis [1, 2]. C. 
albicans can switch from the yeast to hyphal growth form 
in response to environmental cues, and this ability is con-
sidered the key element of virulence [4]. C. albicans yeast 
easily adheres to the fitting surfaces of dentures and develops 
into the hyphal form by thigmotropism [5, 6]. The hyphae 
invade microcracks and irregularities on the denture surface 
to form deeply embedded biofilms [3, 5, 7, 8]. Although 
antifungal therapy and mechanical/chemical cleaning have 
been investigated for disinfecting and removing C. albicans 
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on denture surface, these methods cannot reach biofilms 
embedded in cracks and irregularities [3, 7, 8]. Therefore, 
a new approach is required to reduce the adhesion of C. 
albicans and inhibit formation of the associated biofilm on 
the denture surface.

It has been reported that the denture surface modification 
such as a coating is one of the ways to prevent C. albicans 
adhesion and growth on dentures [9, 10]. Several studies 
showed some denture coatings have the potential to con-
tribute to prevent the fungus adhesion and growth because 
the surface roughness, surface energies, and surface hydro-
phobicity were modified [9, 10]. On the other hands, the 
methods incorporated antimicrobial/antifungal agents within 
the denture base resin have been also reported to inhibit 
Candida growth [11]. Although the use mechanical den-
ture cleansing methods such as brushing becomes easy to 
peel coatings, these techniques can be applied to dentures 
repeatedly unlike the methods incorporated antimicrobial/
antifungal agents within the denture base resin. Therefore, 
to develop the denture coating, incorporated antimicrobial/
antifungal agents can be effective to inhibit Candida adhe-
sion and growth.

Silica, also known as silicon dioxide  (SiO2), is the most 
common inorganic material on earth and has been used as a 
coating material to protect various reactive materials from 
environmental degradation because it is chemically stable 
and harmless to organisms [12, 13]. Silica coating forms a 
glass film with strong siloxane bonding of Si − O − Si and is 
hard and brittle. Thus, this coating is not suitable as a den-
ture base resin because it may easily peel off from a flexible 
substrate. However, a recent report described that a novel sil-
ica-based coating technique [14] does not form a rigid silica 
glass with four siloxane bonds in the  SiO2 composition but 
rather forms a silica glass containing numerous alkyl groups 
that remain inside a loose three-dimensional glass network 
made of siloxane bonds. This film, which was formed on the 
surface of cellulose fibers by newly formed covalent bonds 
between hydroxy groups (OH groups) of cellulose and meth-
yltrimethoxysilane (MTMS), was flexible and did not peel 
off when paper coated with the film was folded or crumpled 
[14]. In addition, the MTMS alkyl groups, which do not need 
to be specific, may create spaces within the glass network, 
suggesting that various types of antifungal substances can 
be incorporated into this network.

Hinokitiol is a natural antibacterial and antifungal com-
pound isolated from trees in the cypress family, such as hiba 
[15] that has antimicrobial activity against several antibiotic-
resistant pathogens [16–18]. We considered that the small 
molecular size of hinokitiol would enable it to be incorpo-
rated into spaces inside the three-dimensional glass network 
within the silica-based coating [19]. The resulting silica-
based coating incorporating hinokitiol could then be used 
to cover cracks and irregularities on denture and thereby 

inhibit the adhesion and growth of C. albicans via antifungal 
activity.

Therefore, this study investigated the surface character-
istics of denture base resin coatings prepared with a novel 
silica-based film containing hinokitiol and the effect of this 
on C. albicans adhesion and growth. The null hypothesis 
was that the novel silica-based coating including hinokitiol 
on denture base resin had no significant effect on antifungal 
activity.

Materials and methods

Specimen preparation

The coating agent was a solution of oligomers (with 
a degree of polymerization of approximately three) 
of methyltrimethoxysilane (MTMS;  CH3Si(OCH3)3), 
poly(methylphenylsiloxane) (PMPS; [Si(CH3)(C6H5)O]n), 
and isopropyl alcohol (IPA). After adding a small amount 
of tetraisopropyl titanate (TPT, [(CH3)2CHO]4Ti), the solu-
tion was mixed for 1 h at room temperature. TPT triggers the 
hydrolysis reaction between an oligomer of an alkoxysilane 
in the solution and OH group which presents on the denture 
or atmosphere. A solution with a weight ratio of MTMS/
PMPS/IPA/TPT = 36.5:13.35:50:0.15 was the control solu-
tion (CS). Hinokitiol solution (Aomori Hiba oil containing 
0.2% hinokitiol; CHOETSU KAKEN Co., Ltd., Yokohama, 
Japan) was mixed with CS using a vortexer (CS-H); the CS-
to-hinokitiol solution ratio was 8:1 (vol%).

A total of 135 square-shaped specimens (10 × 10 × 2 mm) 
were prepared from polymethyl methacrylate (PMMA) den-
ture base resin (ACRON, GC, Tokyo, Japan) by sectioning 
cuboid samples (10 × 10 × 80 mm) which were made using 
heat polymerizing [11, 20]. The upper and lower surfaces of 
each denture base resin specimen were polished with 320-
grit abrasive paper under dry conditions to simulate the very 
rough fitting surface of dentures [20]. After ultrasonic clean-
ing using ultrapure water, all specimens were immersed in 
water at 37℃ for 24 h to reduce the residual monomer [21] 
and sterilized under ethylene oxide gas. The specimens were 
then treated with 100% ethanol for a few seconds and were 
immersed in each coating solution (CS and CS-H) for 5 min. 
After wiping the extra solution, surfaces were dried and 
cured for 30 min at 37℃ by evaporating a volatile isopropyl 
alcohol in the coating solution, and then immediately used 
for testing; specimens without these coatings were termed 
control. In addition, to assess the stability of the coating 
under water, specimens from each group were immersed in 
ultrapure water for 1 week (control-1w, CS-1w, and CS-H-
1w, respectively) at room temperature. Data for these groups 
were compared before and after the 1-week immersion in 
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water via CFU assay, measurement of surface roughness and 
wettability, and FT-IR spectroscopy.

Candida growth conditions

C. albicans (ATCC 18,804) was inoculated from frozen 
stock onto Sabouraud dextrose agar, and a resulting colony 
was transferred into tryptic soy broth supplemented with 
5% dextrose (TSBD; Becton, Dickinson and Company, 
NJ, USA). The cell suspension was cultured aerobically at 
75 rpm at 30 °C for 5 h and then centrifuged. The super-
natant was replaced with the yeast nitrogen base (YNB) 
medium, and a standard suspension of C. albicans  (104 cells/
mL) was prepared. Denture specimens were placed into the 
wells of a 24-well plate, and artificial saliva (500 µL) [9] 
was added to each well. Plates were incubated at 37 °C with 
shaking at 60 rpm for 60 min; a pellicle was observed to 
form on all specimens. Each specimen was washed twice 
with 1 mL of phosphate-buffered saline (PBS). The standard 
cell suspension (1 mL) was added to each well, and all plates 
were then aerobically incubated at 37 °C for 1.5 h (adhesion 
phase) [9]. Specimens were washed twice with PBS and then 
transferred to a well of a new 24-well plate containing fresh 
YNB medium. To form C. albicans biofilm, the well plates 
were allowed to incubate for 24 h at 37 °C under aerobic 
conditions. Specimens were washed twice with 1 mL PBS 
to remove loosely attached cells before all biofilm analyses.

CFU assay

Specimens from the control, CS, CS-H, control-1w, CS-1w, 
and CS-H-1w groups were each placed into wells in a 
24-well plate, and 1 mL of PBS is added per well. The Can-
dida biofilm was then scraped off each specimen using a cell 
scraper and suspended via repeated pipetting [9, 11]. These 
suspensions were serially diluted with PBS and then inocu-
lated onto Sabouraud glucose agar plates. Plates were incu-
bated for 48 h at 37 °C, and the total CFUs were enumerated. 
Six specimens from each group (total 36 specimens) were 
used for this assay.

Fluorescence microscopy

The Live/Dead® BacLight™ Bacterial Viability Kit 
(Thermo Fisher Scientific) was used to label live and dead 
bacteria with two nucleic acid dyes SYTO 9 and propid-
ium iodide (PI, respectively. The specimens with Candida 
biofilm from the control, CS, and CS-H groups were trans-
ferred to wells of a fresh 24-well plate containing 500 
μL of physiological saline. SYTO9 (1 μL) and PI (1 μL) 
were added to each well, and the biofilm on each specimen 
was stained for 20 min in the dark at 30 °C. Candida bio-
film on the specimens was assessed using a fluorescence 

microscope (BZ-X710; Keyence, Osaka, Japan). Six speci-
mens from each group (total 18 specimens) were used for 
this assay.

Scanning electron microscopy (SEM)

Specimens with Candida biofilm from the control, SC, 
and CS-H groups were placed in fixative (2.5% glutaralde-
hyde) at 4 °C overnight and then dehydrated in increasing 
concentrations of ethanol (50%, 60%, 70%, 80%, 90%, and 
absolute ethanol). Each specimen was immersed in t-butyl 
alcohol and frozen in a freezer. Samples were completely 
dried after the frozen alcohol had sublimated in a freeze-
drying apparatus (ID-2; Eiko Engineering, Tokyo, Japan). 
Finally, the specimens were sputtered with gold using an 
ion sputter coater (SC-701AT; Sanyu Denshi, Tokyo, Japan) 
and assessed using SEM (JCM-6000 NeoScope™; Jeol Ltd., 
Tokyo, Japan). Six specimens from each group (total 18 
specimens) were used for this assay.

Surface roughness and wettability

The surface roughness (Ra) and water contact angle were 
measured to characterize the surfaces of each group using 
three specimens of each group (total 36 specimens). In addi-
tion, specimen surfaces were observed using a phase-con-
trast microscope (BZ-X710; Keyence, Osaka, Japan). Sur-
face roughness was measured using a profilometer (Surfcom 
Flex, Seimitsu, Tokyo, Japan), and surface wettability was 
determined by measuring the water contact angle. Drops of 
purified water on the specimen surfaces were measured with 
a contact angle meter (P50, Meiwafosis Co., Ltd., Tokyo, 
Japan). Images of the drops on the surfaces were recorded 
using a CCD camera.

Fourier‑transform infrared (FT‑IR) spectroscopy 
analysis

FT-IR spectroscopy analysis was performed by measuring 
the surface of PMMA specimens prepared for the biofilm 
analysis using an attenuated total reflectance (ATR) system. 
The FT-IR spectra were measured with an FT/IR-4100ST 
(Nihon Bunko Co. Ltd., Tokyo, Japan) equipped with ATR 
spectroscopic unit (PRO670H-S, Nihon Bunko Co. Ltd., 
Tokyo, Japan). The wavenumber range of the FT-IR spectra 
was 600–4000  cm−1, and the resolution was 4  cm−1. Each 
spectrum was determined from an average of 16 scans. All 
measurements were performed at room temperature. Three 
specimens from each group (total 18 specimens) were used 
for this assay.
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Proton nuclear magnetic resonance (1H NMR) 
spectroscopy analysis

The presence of hinokitiol was determined via 1H NMR 
spectroscopy analyses using acetone-d6 as a solvent of 
NMR measurements. Samples for the 1H NMR spectroscopy 
analysis were prepared by removing  SiO2 powder from the 
surface of PMMA specimen and suspending this in 700 μL 
of acetone-d6. Each sample was placed in a 5-mm NMR tube 
and the 1H spectra recorded on a JEOL JMTC-400/54/JJ/
YH spectrometer (1H: 400 MHz, JEOL Ltd., Japan). Three 
specimens from each group (total 9 specimens) were used 
for this assay.

Statistical analysis

CFU assay results were analyzed using the Kruskal–Wal-
lis test. Significant differences among the groups were 
confirmed using the Mann–Whitney U test and Bonferroni 
correction. Results of the surface roughness and wettabil-
ity were assessed using one-way analysis of variance fol-
lowed by Tukey’s honestly significant difference multiple 
comparison test. Student’s t tests were performed for results 
from specimens before and after 1-week immersion; the sig-
nificance level was set to 0.05. All analyses were performed 
using SPSS ver. 24.0 for Windows (IBM, NY, USA).

Results

We found that specimens from CS-H and CS-H-1w groups 
contained significantly lower quantities of biofilm (CFU 
assay) than that in the control and control-1w groups, 
respectively (p < 0.05, Fig. 1a, b); however, no significant 
differences were observed between the other groups. Fol-
lowing 1-week immersion in water, specimens from control 
and CS groups had significantly lower biofilm content than 
that from control-1w and CS-1w, respectively (p < 0.05, 
Fig. 1c), while there were no significant differences between 
the CS-H and CS-H-1w groups. Fluorescence microscopy 
was used to assess the quantities and viability of the Candida 
biofilm on each specimen with live cells fluorescing green 
with SYTO9 and dead cells fluoresced red with PI. The 
quantities of the biofilm visually indicated a greater amount 
of biofilm in the control group than that in the CS and CS-H 
groups (Fig. 2a). Most Candida cells in the control and CS 
groups appeared green, whereas several cells in CS-H group 
fluoresced red, indicating that CS-H coating had induced 
a degree of cell death (Fig. 2a). Low-magnification SEM 
images (× 500) showed the microstructure of the Candida 
biofilm (Fig. 2b). A complex three-dimensional structure 
with long hyphae arranged in a multilayered network was 
observed in the control group. Although the image in the 

CS group showed the biofilm development, this lacked a 
complex three-dimensional structure and there were fewer 
hyphae than those in the control group. Candida adhesion 
and growth were poorly represented on the surface of the 
specimen from the CS-H group. As shown in high-magni-
fication SEM images (× 2000), there was no notable dam-
age or change to Candida cell surfaces in any of the groups 
(Fig. 2b).

The values of surface roughness from CS and CS-H 
groups were significantly less than those from the control 
group (p < 0.05), and there were no significant differences 
between the CS and CS-H groups (Table 1). This outcome 
did not change even when each specimen was immersed 
in water for 1 week (CS-1w, CS-H-1w, and control-1w). 
There were no significant differences between the groups in 
surface roughness before and after the 1-week immersion 
in water. The microscopic images of representative speci-
men show smooth surfaces for all coating groups; however, 
many scratches are observed on surfaces from the control 
and control-1w groups (Fig. 3). The mean water contact 
angles from the control, CS, and CS-H groups were more 
than 90°, and all specimens exhibited high hydrophobic-
ity; there were no significant differences among the groups. 
However, specimens from the CS-H-1w group had signifi-
cantly higher water contact angles (the highest hydrophobic-
ity) than those from CS-1w group (p < 0.05), with no sig-
nificant differences between the others. The water contact 
angles before and after 1-week immersion in water in the 
control-1w group were significantly different from those 
in the control group (with a decrease in hydrophobicity in 
the control-1w group) (p < 0.05), while there were no sig-
nificant differences between the other groups. The surface-
drop images of specimens from the control, CS, and CS-H 
groups showed low wettability (Fig. 4). The specimens from 
the control-1w and CS-1w groups were more wettable than 
those from the control and CS groups, respectively. How-
ever, the specimens from the CS-H-1w group were as wet-
table as those from CS-H, indicating that the specimens from 
the CS-H-1w group maintained a high hydrophobicity.

The microscopic structure of the  SiO2 thin-layer sam-
ples that were synthesized from CS and CS-H solutions was 
investigated using FT-IR spectroscopy analyses at room tem-
perature. The FT-IR spectra of the  SiO2 thin-layer samples 
between 700 and 4000  cm−1 are shown in Fig. 5. The absorp-
tion peaks for C-H rocking (752  cm−1), C-O stretching (1143 
and 1238  cm−1), C-H bending (1434  cm−1), C = O stretching 
(1723  cm−1), and C-O stretching (2849–3012  cm−1), which 
were attributed to the PMMA molecule, were observed in 
the spectra of a PMMA specimen. However, in addition to 
the PMMA-assigned peaks, the spectrum of the CS sam-
ple contains Si–C stretching (773   cm−1), O–H (Si–OH) 
stretching (920  cm−1), Si–O-Si stretching (1010  cm−1), and 
C-H (Si-CH3) bending (1267  cm−1) peaks. This indicates 
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that a certain amount of a glass layer is present on the sur-
face of the PMMA specimen. Moreover, in addition to the 
peaks assigned to the PMMA and glass layer, the spectrum 
of the CS-H sample contains O–H stretching (at around 
3400  cm−1), indicating that the Si–OH group of silica-based 
coating and/or the OH group of hinokitiol are present in the 
glass layer of the CS-H sample. We also measured the FT-IR 
spectra of the control-1w, CS-1w, and CS-H-1w samples. 
However, there was no large difference between the dry and 
wet samples. Therefore, we concluded that the structure of 
the thin-layer samples immersed for 1 week in water is mac-
roscopically identical to the dry one.

In addition, the presence of hinokitiol in the glass thin 
layer was determined using 1H NMR spectroscopy analyses 
(Fig. 6). In the 1H NMR spectrum of hinokitiol, aromatic 
proton signals appeared between 6.98 and 7.46 ppm. The 1H 
NMR spectrum of the CS sample showed a peak at 0.1 ppm 

that can be assigned to Si-CH3. However, the 1H NMR 
spectrum of CS-H sample showed three peaks between 0 
and 0.2 ppm (Si-CH3) and at 7.30 and 7.67 ppm. The latter 
peaks could be assigned to aromatic proton signals from 
hinokitiol when considering these results together with the 
FT-IR analyses, although the peak position of hinokitiol in 
the CS-H sample had shifted.

Discussion

Our results show that less biofilm was formed on specimens 
coated with CS-H than those of the control group indicat-
ing that the denture base resin coated with CS-H can reduce 
adhesion or growth of C. albicans. We believe that there 
are two reasons for this observation. First, CS-H exerts 
an excellent antifungal and growth inhibitory effect on C. 

Fig. 1  C. albicans biofilm quantification via CFU assay. a Compari-
son among all experiment groups before 1-week immersion in water. 
b Comparison among all experiment groups after 1-week immersion 
in water. c Comparison before and after the 1-week immersion in 

water in each experiment group. Black bars represent the mean CFU 
(n = 6 in each group). The asterisk (*) indicates a significant differ-
ence between groups (p < 0.05)
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albicans. The fluorescence microscopy images show that the 
CS-H samples contained several dead cells and were lower 
in biofilm content than that in the CS and control groups. 
The SEM of CS-H shows less Candida adhesion than that 
in the CS and control groups and supports this result. The 
antifungal and growth inhibitory effect of CS-H is probably 
associated with hinokitiol. Hinokitiol has been reported to 
inhibit the growth and virulence factors of Candida species 
by regulating various factors associated with hyphal forma-
tion [17] and has antifungal activity caused by interference 
with iron homeostasis [22]. In this study, we used FT-IR 
analysis to demonstrate the presence of the Si peak in den-
ture base specimens and confirm that these were coated with 

Fig. 2  Fluorescence microscopy and SEM images of C. albicans 
biofilm formed on representative denture base specimen from each 
group. a Fluorescence microscopy images. Live cells are green and 
dead cells are red. Most of the cells in both the control and CS groups 
fluoresced green, whereas several cells in the CS-H group fluoresced 
red, indicating that CS-H coating induced some cell death. b SEM 

images. Low-magnification image (× 500) from control group shows 
a complex three-dimensional structure with long hyphae arranged in 
a multilayered network, while adhesion and growth of C. albicans 
are almost absent in the CS-H group. High-magnification images 
(× 2000) show no notable damage and change on the cell surfaces 
from all groups

Table 1  Surface roughness and water contact angle

Different lowercase letters in the same row represent statistically sig-
nificant results (n = 3, p < 0.05). Regarding the comparison before and 
after 1-week immersion in water, the mean values in water contact 
angle from control-1w group were significantly lower than those from 
control group (p < 0.05), with no significant differences between the 
other groups in surface roughness and water contact angle

Control CS CS-H
Roughness (µm) 1.14 (0.03)a 0.56 (0.01)b 0.70 (0.03)b

Water contact angle (°) 99.86 (0.76) 92.31 (2.91) 95.60 (3.77)
Control-1w CS-1w CS-H-1w

Roughness (µm) 1.03 (0.08)a 0.65 (0.04)b 0.80 (0.05)b

Water contact angle (°) 89.60 (0.52)ab 86.66 (2.98)a 93.29 (1.86)b
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CS or CS-H. In addition, 1H NMR analysis demonstrated 
that CS-H contained hinokitiol. Therefore, we suggest that 
SC-H has antifungal activity and can inhibit the growth of 
C. albicans.

It has been reported that the factors, surface roughness 
(Ra) and hydrophobicity of denture surface, contribute to 
Candida adhesion to dentures [23], so surface roughness 
may be associated with adhesion and growth of C. albicans. 
The values of surface roughness in CS and CS-H groups 
were significantly lower than those in the control group. Pre-
vious reports indicate that surface roughness above an Ra 

of 0.2 μm has an impact on biofilm formation and bacteria 
adhesion [24–26], and in this study, the values of Ra from 
all groups were greater than 0.56 µm. We think the coat-
ing might mimic the surface cracks or roughness of den-
tures because it is so thin. In addition, an increase in surface 
roughness above an Ra of 0.2 μm is well known to facilitate 
biofilm formation on various materials [26, 27]. Although 
there were no significant differences, the specimens coated 
with CS tended to have less biofilm quantities in the CFU, 
fluorescence microscopy, and SEM analysis than those 
from the control group. This suggests that the differences 

Fig. 3  Microscopic images of a representative denture base specimen from each group. The surfaces from all coating groups are smooth; how-
ever, many scratches are observed on surfaces from control and control-1w groups

Fig. 4  Surface-drop images of a representative denture base specimen from each group. The surfaces from the control, CS, and CS-H groups 
exhibit high hydrophobicity, while CS-H-1w maintains high hydrophobicity
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of surface roughness between these groups may impact the 
adhesion or growth of C. albicans on denture base resin.

Specimens immersed for 1 week in water had signifi-
cantly lower quantities of biofilm in the CS-H-1w group 
than those in the control-1w group. In addition, the speci-
mens from the CS-1w group tended to show lower quantities 
of biofilm than those from the control group. These results 
showed the same tendency as those from specimens without 
immersion (control, CS, and CS-H groups); i.e., antifungal 
activity was maintained by CS-H for 1 week, while the sur-
face roughness of specimens was maintained by both CS and 
CS-H. Indeed, the immersion in water for 1 week had little 
effect on the surface roughness in each group. In addition, 
the FT-IR analysis also showed the Si peak in specimens 
from both the CS-1w and CS-H-1w groups, indicating the 

persistence of the coatings on denture base specimens during 
immersion. However, the biofilm quantities recovered from 
the specimens in the CS-1w and control-1w groups were sig-
nificantly greater than those from the CS and control groups, 
respectively, although there were no significant differences 
between the CS-H and CS-H-1w groups. This indicates that 
hinokitiol helps maintain the quality of the coating after 
immersion in water for 1 week. We believe that this may be 
due to the differences in the surface wettability. The values 
of the water contact angles from the CS and control groups 
decreased but stayed approximately the same in the CS-H 
group stayed after immersion in water for 1 week. Reversible 
initial adhesion phase of oral bacteria and fungus depends 
on the hydrophobic interactions [14, 28–31], and the wet-
tability of the denture surface is an important factor for the 

Fig. 5  FT-IR spectra of control 
(PMMA specimen _Dry), 
control-1w (PMMA specimen 
_Wet), CS (CS_Dry), CS-1w 
(CS_Wet), CS-H (CS-H_Dry), 
and CS-H-1w (CS-H_Wet). The 
inset is an enlarged profile of 
the O–H stretching absorption 
peak
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initial adhesion of C. albicans [32, 33]. Therefore, several 
studies have reported that one method for preventing adhe-
sion of oral bacteria and fungus to dentures is to alter the 
hydrophobic or hydrophilic surfaces to higher than that of 
conventional surfaces [14, 29, 31]. Although the relationship 
between the wettability of specimens from control-1w and 
CS-1w groups and the adhesion of C. albicans to the speci-
mens cannot be completely explained within the design of 
this study, the decrease in hydrophobicity of specimens from 
both groups may promote the hydrophobic interactions with 
C. albicans. Thus, the surfaces of specimens from control-
1w and CS-1w groups may affect the wettability to promote 
the adhesion of C. albicans.

The decrease in hydrophobicity in the control-1w and 
CS-1w groups may be due to water absorption of denture 
base resin and the CS coating. Acrylic resin dentures are 
known to absorb water [34, 35]. The CS coating is a silica-
based glass consisting of a loose three-dimensional glass 
network that contains a large degree of available space inside 
the network [14], and as a result of the long-term immersion 
in water, water molecules could be incorporated into these 
spaces. The water absorption of materials influences the sur-
face free energy (SFE), which is indicative of the surface 
wettability [36, 37]. In general, the SFE of polymeric mate-
rials increases when these materials absorb water because 
the SFE of water is higher than that of polymeric materi-
als [38]. Thus, the increase in SFE indicates the decrease 
in hydrophobicity [36–38]. Therefore, the specimens from 

control-1w and CS-1w groups may demonstrate a decrease 
in hydrophobicity due to their water absorption.

The 1H NMR analysis showed the peak associated with 
hinokitiol on the specimens from the CS-H groups. How-
ever, we did not obtain any data to indicate how hinokitiol 
was incorporated into the CS. Spaces within the loose three-
dimensional glass network of CS may be useful for incorpo-
rating hinokitiol. Further experiments are needed to clarify 
these mechanisms.

The silica glass coating has been shown to react with 
OH bonds that were originally present on the surfaces of 
materials to form a covalent bond, resulting in the strong 
adhesion of the coating to the materials [14]. Although the 
CS and CS-H coating may adhere to OH bonds on surfaces 
of denture base resin, the adherence strength and mechani-
cal stability of this remain unclear. Therefore, these proper-
ties of the coatings require further investigation prior to any 
clinical application.

Our coating might be applied on new dentures or when 
constant maintenance of dentures is performed. By using a 
brush, we can also coat on only the fitting surface of den-
tures where microorganisms easily adhere. The technique 
is so easy because we just coat the solution on the denture 
and dry it at room temperature. Therefore, we aim to real-
ize self-coating by patients in the future. In addition, the 
coating thickness has been reported to be 3 µm [14]. It has 
been reported that the physiological tooth mobility is about 
200 µm [39], suggesting that the thickness, namely 3 µm 

Fig. 6.  1H NMR spectra of CS powder, CS-H powder, and hinokitiol
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might not be too thick as a denture coating. However, the 
biological safety and mechanical stability of the coating 
need to be investigated before any clinical application.

Conclusion

We demonstrated that a silica-based denture coating that 
incorporates hinokitiol inhibits C. albicans growth on den-
ture. Our data also showed antifungal activity of the coating 
was maintained in water for 1 week. The biological safety 
of the coating needs to be investigated before any clinical 
application. Additionally, further experiments are needed to 
analyze the mechanical stability of the coating. This technol-
ogy has the potential to contribute to not only the preven-
tion of mucosal diseases such as Candida stomatitis but also 
aspiration pneumonia.

Acknowledgements FT-IR spectra measurements and direct deutera-
tion reactions were conducted at the User Experiment Preparation Lab 
III (CROSS). 1H NMR spectroscopy experiments were conducted at 
the Deuteration Laboratory in J-PARC MLF.

Author contribution Chiaki Tsutsumi-Arai wrote the main manuscript 
text and prepared Figs. 1, 2, 3 and 4. Kazuhiro Akutsu-Suyama pre-
pared Figs. 5 and 6. All authors reviewed the manuscript.

Conceptualization: Chiaki Tsutsumi-Arai, Zenji Hiroi, Mitsuhiro 
Shibayama, Kazuhito Satomura; methodology: Chiaki Tsutsumi-Arai, 
Kazuhiro Akutsu-Suyama; formal analysis and investigation: Chiaki 
Tsutsumi-Arai, Chika Terada-Ito, Kazuhiro Akutsu-Suyama; writing—
original draft preparation: Chiaki Tsutsumi-Arai; writing—review and 
editing: Kazuhito Satomura, Mitsuhiro Shibayama; funding acquisi-
tion: Chiaki Tsutsumi-Arai, Chika Terada-Ito; resources: Yoko Iwa-
miya; supervision: Kazuhito Satomura.

Funding This work was supported by JSPS KAKENHI, grant numbers 
20K18649 and 20K18742.

Declarations 

Ethics approval This study has no need for prior approval by an ethics 
committee.

Conflict of interest The authors declare no competing interests.

References

 1. Nikawa H, Hamada T, Yamamoto T (1998) Denture plaque–past 
and recent concerns. J Dent 26:299–304. https:// doi. org/ 10. 1016/ 
s0300- 5712(97) 00026-2

 2. Salerno C, Pascale M, Contaldo M, Esposito V, Busciolano M, 
Milillo L et al (2011) Candida-associated denture stomatitis. Med 
Oral Patol Oral Cir Bucal 16:e139–e143. https:// doi. org/ 10. 4317/ 
medor al. 16. e139

 3. Ramage G, Tomsett K, Wickes BL, López-Ribot JL, Redding SW 
(2004) Denture stomatitis: a role for Candida biofilms. Oral Surg 
Oral Med Oral Pathol Oral Rad Endod 98:53–59. https:// doi. org/ 
10. 1016/j. tripl eo. 2003. 04. 002

 4. Sudbery PE (2011) Growth of Candida albicans hyphae. Nat 
Rev Microbiol 9:737–748. https:// doi. org/ 10. 1038/ nrmic ro2636

 5. Jackson S, Coulthwaite L, Loewy Z, Scallan A, Verran J (2014) 
Biofilm development by blastospores and hyphae of Candida 
albicans on abraded denture acrylic resin surfaces. J Prosthet 
Dent 112:988–993. https:// doi. org/ 10. 1016/j. prosd ent. 2014. 02. 
003

 6. Mayahara M, Kataoka R, Arimoto T, Tamaki Y, Yamaguchi N, 
Watanabe Y et al (2014) Effects of surface roughness and dimor-
phism on the adhesion of Candida albicans to the surface of res-
ins: scanning electron microscope analyses of mode and number 
of adhesions. J Investig Clin Dent 5:307–312. https:// doi. org/ 10. 
1111/ jicd. 12055

 7. Gendreau L, Loewy ZG (2011) Epidemiology and etiology of 
denture stomatitis. J Prosthodont 20:251–260. https:// doi. org/ 10. 
1111/j. 1532- 849X. 2011. 00698.x

 8. Walczak K, Schierz G, Basche S, Petto C, Boening K, Wieckie-
wicz M (2020) Antifungal and surface properties of chitosan-salts 
modified PMMA denture base material. Molecules 25. https:// doi. 
org/ 10. 3390/ molec ules2 52458 99

 9. Hirasawa M, Tsutsumi-Arai C, Takakusaki K, Oya T, Fueki K, 
Wakabayashi N (2018) Superhydrophilic co-polymer coatings on 
denture surfaces reduce Candida albicans adhesion-An in vitro 
study. Arch Oral Biol 87:143–150. https:// doi. org/ 10. 1016/j. archo 
ralbio. 2017. 12. 024

 10. AlBin-Ameer MA, Alsrheed MY, Aldukhi IA, Matin A, Khan 
SQ, Abualsaud R, Gad MM (2020) Effect of protective coating on 
surface properties and Candida albicans adhesion to denture base 
materials. J Prosthodont 29(1):80–86. https:// doi. org/ 10. 1111/ 
jopr. 13118

 11. Tsutsumi C, Takakuda K, Wakabayashi N (2016) Reduction of 
Candida biofilm adhesion by incorporation of prereacted glass 
ionomer filler in denture base resin. J Dent 44:37–43. https:// doi. 
org/ 10. 1016/j. jdent. 2015. 11. 010

 12 Faustini M, Nicole L, Ruiz-Hitzky E, Sanchez C (2018) History of 
organic–inorganic hybrid materials: prehistory, art, science, and 
advanced applications. Adv Funct Mater 28:1704158. https:// doi. 
org/ 10. 1002/ adfm. 20170 4158

 13. Lu Y, Yin Y, Li Z-Y, Xia Y (2002) Synthesis and self-assembly 
of Au@SiO2 core−shell colloids. Nano Lett 2:785–788. https:// 
doi. org/ 10. 1021/ nl025 598i

 14. Iwamiya Y, Kawai M, Nishio-Hamane D, Shibayama M, Hiroi Z 
(2021) Modern alchemy: making “Plastics” from paper. Ind Eng 
Chem Res 60:355–360. https:// doi. org/ 10. 1021/ acs. iecr. 0c051 73

 15. Syahmina A, Usuki T (2020) Ionic liquid-assisted extraction 
of essential oils from thujopsis dolobrata (Hiba). ACS Omega 
5:29618–29622. https:// doi. org/ 10. 1021/ acsom ega. 0c048 60

 16. Domon H, Hiyoshi T, Maekawa T, Yonezawa D, Tamura H, Kawa-
bata S et al (2019) Antibacterial activity of hinokitiol against both 
antibiotic-resistant and -susceptible pathogenic bacteria that pre-
dominate in the oral cavity and upper airways. Microbiol Immunol 
63:213–222. https:// doi. org/ 10. 1111/ 1348- 0421. 12688

 17 Kim DJ, Lee MW, Choi JS, Lee SG, Park JY, Kim SW (2017) 
Inhibitory activity of hinokitiol against biofilm formation in 
fluconazole-resistant Candida species. PloS One 12:e0171244. 
https:// doi. org/ 10. 1371/ journ al. pone. 01712 44

 18. Komaki N, Watanabe T, Ogasawara A, Sato N, Mikami T, Matsu-
moto T (2008) Antifungal mechanism of hinokitiol against Can-
dida albicans. Biol Pharm Bull 31:735–737. https:// doi. org/ 10. 
1248/ bpb. 31. 735

 19. Magori N, Fujita T, Kumamoto E (2018) Hinokitiol inhibits com-
pound action potentials in the frog sciatic nerve. Eur J Pharmacol 
819:254–260. https:// doi. org/ 10. 1016/j. ejphar. 2017. 12. 014

 20. Samaranayake YH, Cheung BP, Parahitiyawa N, Seneviratne CJ, 
Yau JY, Yeung KW et al (2009) Synergistic activity of lysozyme 
and antifungal agents against Candida albicans biofilms on 

https://doi.org/10.1016/s0300-5712(97)00026-2
https://doi.org/10.1016/s0300-5712(97)00026-2
https://doi.org/10.4317/medoral.16.e139
https://doi.org/10.4317/medoral.16.e139
https://doi.org/10.1016/j.tripleo.2003.04.002
https://doi.org/10.1016/j.tripleo.2003.04.002
https://doi.org/10.1038/nrmicro2636
https://doi.org/10.1016/j.prosdent.2014.02.003
https://doi.org/10.1016/j.prosdent.2014.02.003
https://doi.org/10.1111/jicd.12055
https://doi.org/10.1111/jicd.12055
https://doi.org/10.1111/j.1532-849X.2011.00698.x
https://doi.org/10.1111/j.1532-849X.2011.00698.x
https://doi.org/10.3390/molecules25245899
https://doi.org/10.3390/molecules25245899
https://doi.org/10.1016/j.archoralbio.2017.12.024
https://doi.org/10.1016/j.archoralbio.2017.12.024
https://doi.org/10.1111/jopr.13118
https://doi.org/10.1111/jopr.13118
https://doi.org/10.1016/j.jdent.2015.11.010
https://doi.org/10.1016/j.jdent.2015.11.010
https://doi.org/10.1002/adfm.201704158
https://doi.org/10.1002/adfm.201704158
https://doi.org/10.1021/nl025598i
https://doi.org/10.1021/nl025598i
https://doi.org/10.1021/acs.iecr.0c05173
https://doi.org/10.1021/acsomega.0c04860
https://doi.org/10.1111/1348-0421.12688
https://doi.org/10.1371/journal.pone.0171244
https://doi.org/10.1248/bpb.31.735
https://doi.org/10.1248/bpb.31.735
https://doi.org/10.1016/j.ejphar.2017.12.014


Clinical Oral Investigations 

1 3

denture acrylic surfaces. Arch Oral Biol 54(2):115–26. https:// 
doi. org/ 10. 1016/j. archo ralbio. 2008. 09. 015

 21. Vallittu PK, Miettinen V, Alakuijala P (1995) Residual monomer 
content and its release into water from denture base materials. 
Dent Mater 11(6):338–42. https:// doi. org/ 10. 1016/ 0109- 5641(95) 
80031-X

 22. Jin X, Zhang M, Lu J, Duan X, Chen J, Liu Y et al (2021) Hinok-
itiol chelates intracellular iron to retard fungal growth by dis-
turbing mitochondrial respiration. J Adv Res. https:// doi. org/ 10. 
1016/j. jare. 2021. 06. 016

 23 Gad Mohammed M, Abualsaud Reem, Khan Soban Q (2022) 
Hydrophobicity of denture base resins: a systematic review and 
meta-analysis. J Int Soc Prev Community Dent 12(2):139–159. 
https:// doi. org/ 10. 4103/ jispcd. jispcd_ 213_ 21

 24. Susewind S, Lang R, Hahnel S (2015) Biofilm formation and Can-
dida albicans morphology on the surface of denture base materi-
als. Mycoses 58:719–727. https:// doi. org/ 10. 1111/ myc. 12420

 25. Teughels W, Van Assche N, Sliepen I, Quirynen M (2006) Effect 
of material characteristics and/or surface topography on biofilm 
development. Clin Oral Implants Res 17:68–81. https:// doi. org/ 
10. 1111/j. 1600- 0501. 2006. 01353.x

 26. Mitik-Dineva N, Wang J, Mocanasu RC, Stoddart PR, Crawford 
RJ, Ivanova EP (2008) Impact of nano-topography on bacterial 
attachment. Biotechnol J 3:536–544. https:// doi. org/ 10. 1002/ biot. 
20070 0244

 27 Yu P, Wang C, Zhou J, Jiang L, Xue J, Li W (2016) Influ-
ence of surface properties on adhesion forces and attachment 
of streptococcus mutans to zirconia In Vitro. BioMed Res Int 
2016:8901253. https:// doi. org/ 10. 1155/ 2016/ 89012 53

 28. Nagay BE, Bitencourt SB, Commar BC, da Silva EVF, Dos Santos 
DM, Rangel EC et al (2020) Antimicrobial and protective effects 
of non-thermal plasma treatments on the performance of a resin-
ous liner. Arch Oral Biol 117:104822. https:// doi. org/ 10. 1016/j. 
archo ralbio. 2020. 104822

 29. Cheng Q, Cao D, Liu X, Zheng Y, Shi Z, Zhu S et al (2019) 
Superhydrophobic coatings with self-cleaning and antibacterial 
adhesion properties for denture base. J Mech Behav Biomed Mater 
98:148–156. https:// doi. org/ 10. 1016/j. jmbbm. 2019. 06. 006

 30. Yoshijima Y, Murakami K, Kayama S, Liu D, Hirota K, Ichikawa 
T et al (2010) Effect of substrate surface hydrophobicity on the 
adherence of yeast and hyphal Candida. Mycoses 53:221–226. 
https:// doi. org/ 10. 1111/j. 1439- 0507. 2009. 01694.x

 31. Fujiwara N, Murakami K, Yoshida K, Sakurai S, Kudo Y, Ozaki 
K et al (2020) Suppressive effects of 2-methacryloyloxyethyl 
phosphorylcholine (MPC)-polymer on the adherence of Candida 

species and MRSA to acrylic denture resin. Heliyon 6:e04211. 
https:// doi. org/ 10. 1016/j. heliy on. 2020. e04211

 32. Hatsuno K, Mukohyama H, Horiuchi S, Iwasaki Y, Yamamoto N, 
Akiyoshi K et al (2006) Poly(MPC-co-BMA) Coating reduces the 
adhesion of Candida albicans to poly(methyl methacrylate) sur-
faces. Prosthodontic Res Pract 5:21–25. https:// doi. org/ 10. 2186/ 
prp.5. 21

 33. Lazarin AA, Zamperini CA, Vergani CE, Wady AF, Giampaolo 
ET, Machado AL (2014) Candida albicans adherence to an 
acrylic resin modified by experimental photopolymerised coat-
ings: an in vitro study. Gerodontology 31:25–33. https:// doi. org/ 
10. 1111/j. 1741- 2358. 2012. 00688.x

 34. Shetty P, Chhapdia L, Verma P, Sahu A, Kushwaha NS, Chatur-
vedi R, Manna S (2017) Comparative analysis of the water sorp-
tion and cytotoxicity of two different denture base systems: an 
in vitro study. 18(9):771–774. https:// doi. org/ 10. 5005/ jp- journ 
als- 10024- 2124

 35. Polat TN, Karacaer O, Tezvergil A, Lassila LV, Vallittu PK (2003) 
Water sorption, solubility and dimensional changes of denture 
base polymers reinforced with short glass fibers. J Biomater Appl 
17:321–335. https:// doi. org/ 10. 1177/ 08853 28203 01700 4006

 36. Peyvandi A, Abideen SU, Huang Y, Lee I, Soroushian P, Lu J 
(2014) Surface treatment of polymer microfibrillar structures 
for improved surface wettability and adhesion. Appl Surf Sci 
289:586–591. https:// doi. org/ 10. 1016/j. apsusc. 2013. 11. 048

 37 Terpiłowski K (2017) Apparent surface free energy of polymer/
paper composite material treated by air plasma. Int J Polym Sci 
2017:9023197. https:// doi. org/ 10. 1155/ 2017/ 90231 97

 38. Wang C-F, Ejeta DD, Wu J-Y, Kuo S-W, Lin C-H, Lai J-Y 
(2020) Tuning the wettability and surface free energy of 
poly(vinylphenol)thin films by modulating hydrogen-bonding 
interactions. Polymers 12:523. https:// doi. org/ 10. 3390/ polym 
12030 523

 39 Lang NP, Bartold PM (2018) Periodontal health. J Clin Periodon-
tol 45(Suppl 20):S9–S16. https:// doi. org/ 10. 1111/ jcpe. 12936

Publisher's note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor holds exclusive rights to this article under 
a publishing agreement with the author(s) or other rightsholder(s); 
author self-archiving of the accepted manuscript version of this article 
is solely governed by the terms of such publishing agreement and 
applicable law.

https://doi.org/10.1016/j.archoralbio.2008.09.015
https://doi.org/10.1016/j.archoralbio.2008.09.015
https://doi.org/10.1016/0109-5641(95)80031-X
https://doi.org/10.1016/0109-5641(95)80031-X
https://doi.org/10.1016/j.jare.2021.06.016
https://doi.org/10.1016/j.jare.2021.06.016
https://doi.org/10.4103/jispcd.jispcd_213_21
https://doi.org/10.1111/myc.12420
https://doi.org/10.1111/j.1600-0501.2006.01353.x
https://doi.org/10.1111/j.1600-0501.2006.01353.x
https://doi.org/10.1002/biot.200700244
https://doi.org/10.1002/biot.200700244
https://doi.org/10.1155/2016/8901253
https://doi.org/10.1016/j.archoralbio.2020.104822
https://doi.org/10.1016/j.archoralbio.2020.104822
https://doi.org/10.1016/j.jmbbm.2019.06.006
https://doi.org/10.1111/j.1439-0507.2009.01694.x
https://doi.org/10.1016/j.heliyon.2020.e04211
https://doi.org/10.2186/prp.5.21
https://doi.org/10.2186/prp.5.21
https://doi.org/10.1111/j.1741-2358.2012.00688.x
https://doi.org/10.1111/j.1741-2358.2012.00688.x
https://doi.org/10.5005/jp-journals-10024-2124
https://doi.org/10.5005/jp-journals-10024-2124
https://doi.org/10.1177/0885328203017004006
https://doi.org/10.1016/j.apsusc.2013.11.048
https://doi.org/10.1155/2017/9023197
https://doi.org/10.3390/polym12030523
https://doi.org/10.3390/polym12030523
https://doi.org/10.1111/jcpe.12936

	Antimicrobial surface processing of polymethyl methacrylate denture base resin using a novel silica-based coating technology
	Abstract
	Objectives 
	Methods 
	Results 
	Conclusions 
	Clinical relevance 

	Introduction
	Materials and methods
	Specimen preparation
	Candida growth conditions
	CFU assay
	Fluorescence microscopy
	Scanning electron microscopy (SEM)
	Surface roughness and wettability
	Fourier-transform infrared (FT-IR) spectroscopy analysis
	Proton nuclear magnetic resonance (1H NMR) spectroscopy analysis
	Statistical analysis

	Results
	Discussion
	Conclusion
	Acknowledgements 
	References


