
Received 8 April 2022, Accepted 1 September 2022, Available online 27 October 2022

1. Introduction

Polymethyl methacrylate (PMMA), or acrylic resin, is commonly 
used in medical and dental devices, including dentures[1,2]. This 
material possesses certain advantages, such as easy manipulation 
and low manufacturing costs. However, it also has several proper-
ties such as porosity, hydrophobicity, and high water absorption that 
contribute to microbial adhesion[3–5]. Microbial adhesion results in 
biofilm formation, in which the extracellular polymeric substances 
produced by microorganisms act as barriers that prevent antiseptics 
from penetrating the cells[6]. These phenomena are often observed 
in resin devices that interact with external environments.

Candidiasis is a typical opportunistic infection caused by abnor-

malities in the local or systemic defense mechanisms of older people, 
which tends to recur and become intractable owing to the weakened 
immune system of the older people[7]. Candida spp. co-aggregate 
with other pathogenic bacteria and cause systemic diseases. They 
form a strong biofilm; hence, its removal from resin materials, such as 
dentures, ureteral catheters, and gastrotomy tubes, is important[8]. 
Furthermore, Candida albicans is recognized as a major opportunis-
tic oral pathogen that causes the most common infection of denture 
wearers, denture stomatitis, owing to its affinity for acrylic resin and 
dimorphic features[3]. Countermeasures have been implemented 
through two strategies: irrigating devices with appropriate antisep-
tic drugs or improving the anti-biofouling properties of the material 
surface[9]. Various methods have been introduced to improve the 
anti-biofouling properties of acrylic resins, such as incorporation of 
nanoparticles into the matrix, antifungal thin-film polymers, surface 
property modification, and 2-methacryloyloxyethyl phosphorylcho-
line (MPC) coating[2,3,10].

MPC is a highly hydrophilic material used to coat medical de-
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vices; it can substantially prevent cell adhesion by reducing protein 
absorption[11]. Additionally, MPC as a coating material is highly bio-
compatible and completely harmless and has already been approved 
by the Food and Drug Administration in the United States and the 
Ministry of Health and Labor Welfare in Japan[10,12]. It has been 
widely used as a coating material in cardiovascular devices, ophthal-
mic devices, and artificial hip joints[10]. MPC possesses anti-inflam-
matory properties and protects oral epithelial cells[13], clinical trial 
have been performed evaluating its efficacy as a mouthwash[14]. Ad-
ditionally, MPC polymers have been used to modify PMMA[11,15–20].

However, MPC polymers do not form strong bonds with PMMA. 
A new method, photocurable co-polymerization with n-butyl 
methacrylate (BMA) and 2-methacryloyloxyethyl-4-azidobenzoate 
(MPAz) formed poly (MPC-co-BMA-co-MPAz) (PMBPAz), resulting in 
the formation of a stronger bond with the PMMA surface than MPC 
polymers formed with PMMA [15]. Further improvement resulted in 
pre-mixed PMBPAz in a sprayable solution, easing the MPC coating 
process in chairside treatment settings without complicated arma-
mentarium. Previous studies have evaluated the efficacy of MPC 
coating on PMMA in preventing protein absorption[11], Streptococ-
cus mutans[16], clinical denture plaque at 2 weeks[15,17], C. albicans 
at the initial adhesion phase[18], and in reducing bacterial quantity 
while maintaining homeostasis[19]. No studies till date have report-
ed the efficacy of the innovative MPC coating on acrylic resin in pre-
venting mature C. albicans biofilm formation and the durability of 
PMBPAz coating developed using this method.

When a denture is placed in the oral cavity, its surface imme-
diately contacts the saliva in the surrounding environment, which 

further covers the denture surface to form a pellicle. Mucin, one of 
the major components found in denture pellicles, possesses several 
biological properties in terms of interaction with microorganisms, 
which may promote adhesion of certain microorganisms[20], con-
versely, reduce adhesion by agglomerating cells for easier clearance, 
or suppress virulence, such as hyphae formation of C. albicans[21,22]. 
Currently, the mucin feature that would be exhibited when this MPC 
coating is applied on the PMMA surface has not yet been identified.

This study aimed to evaluate the effectiveness of a simple spray 
and cure system for PMBPAz coating by observing C. albicans biofilm 
formation on PMMA. In addition, we analyzed the interaction of this 
coating material with salivary mucin and its resistance to tempera-
ture changes under intraoral conditions to assess its durability.

2. Materials and Methods

The research flow diagram of this study is briefly illustrated in 
Figure 1, with the following procedural details:

2.1. Specimen preparation
2.1.1. Base specimen and MPC coating

The base specimens were made of heat-cured PMMA dentures 
(ACRON®, GC Corporation, Tokyo, Japan) according to the manu-
facturer’s instructions. The specimens were 2 mm thick discs with a 
diameter of 12 mm. Following heat polymerization, the discs were 
manually polished using waterproof sandpapers (#1200 and #2400). 
Base specimens without any treatment were assigned to the control 
group.

Fig. 1. Research flow diagram of this study. Sample classifications into five groups are coded with a, b, c, d, and e to further describe the comparisons con-
ducted in various evaluations. PMMA: polymethyl methacrylate, MPC: 2-methacryloyloxyethyl phosphorylcholine, XPS: X-ray photoelectron spectroscopy, 
SEM: scanning electron microscope, CFU: colony-forming unit.
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The base specimens were coated with MPC using the follow-
ing procedure: a photoreactive PMBPAz polymer (Fig. 2) dissolved 
in ethanol in the form of a liquid spray (Kirei Keep®, Sun Medical 
Company, Moriyama, Japan) was applied to the specimen surface, 
followed by air-drying for 30 s. Polymerization was performed us-
ing 260–280 nm UV light inside a curing box (Kirei Keep®, Sun Medi-
cal Company, Moriyama, Japan) for 3 min. Finally, specimens were 
washed with distilled water and stored in a desiccator.

2.1.2. Durability test

The MPC-coated specimens were soaked overnight in distilled 
water and then transferred to a thermal cycling machine (K178; To-
kyo Giken Inc., Tokyo, Japan). The thermal cycling procedure was 
performed between 5°C and 55°C for 1000 cycles (MT1000 group), 
2500 cycles (MT2500 group), and 5000 cycles (MT5000 group) to 
simulate temperature changes inside the oral cavity. Henceforth, the 
term MPC-treated specimens is referred to as MPC treatment (MT), 
followed by four digits (e.g., MT0000 = without thermal cycle) repre-
senting the number of thermal cycles that has been used to treat it.

The number of thermal cycles applied herein was based on a 
previous study suggesting that 10,000 cycles represent 1 year of in-
traoral thermal changes[23].

2.2. Surface evaluation
2.2.1. Mucin adsorption

The control, MPC-treated, and thermal cycled specimens were 
immersed in 0.5 mg/mL mucin (Type I Bovine Submaxillary Mucin, 
Sigma Aldrich, Missouri, USA) in phosphate-buffered saline (PBS) for 
4 h on a 70 rpm shaker at 37°C, followed by washing with PBS twice. 
The amount of mucin adsorbed by each group was evaluated using 
a mucin adsorption assay. It was performed by applying 2.5% Alcian 
blue solution (Wako, Fujifilm, Osaka, Japan) for 10 min, washing with 
PBS three times, and collecting with 1 ml of 30% H2O2 to be scanned 
using a plate reader (Bio-Rad iMarkTM, California, USA) at an optical 
density (OD) of 595 nm.

2.2.2. Captive bubble contact angle

The captive bubble contact angles of the specimens were mea-

sured in a glass vessel filled with distilled water. Each specimen was 
inverted in a glass vessel such that the upper surface faced the base 
of the glass vessel. After 5 min, a 1 mL air bubble was deployed below 
the surface of the specimens using a U-shaped needle. Images of the 
interface between the air bubble and specimen surface were cap-
tured using a microscope (USB microscope M2, Scalar Corporation, 
Tokyo, Japan). Contact angle measurements were performed using 
the ImageJ software (National Institutes of Health, Maryland, USA). A 
high contact angle indicates a hydrophilic surface in this test.

2.2.3. X-ray photoelectron spectrophotometer (XPS)

The surface elemental composition of the PMMA coated with 
MPC was analyzed using XPS (PHI5000 VersaProbe II, ULVAC-PHI Inc., 
Kanagawa, Japan) equipped with a 15 kV, Al Kα monochromatic ra-
diation source at the anode. The photoelectron releasing source en-
ergy was 1486.6 eV, with a 100 µm beam diameter and 45° inclination 
toward the analyzer. The signals of the characteristic elements phos-
phorus and nitrogen were evaluated at 134 and 403 eV, respectively.

2.3. Evaluation of C. albicans biofilm formation
2.3.1. Biofilm formation

A clinical isolate of C. albicans from a denture plaque suspension 
was obtained by centrifugation of C. albicans cultured in Sabouraud 
dextrose medium aerobically at 37°C for 48 h. After coating with 0.5 
mg/mL mucin, the specimens were placed in a 24-well plate. A drop 
of C. albicans suspension (20 µL) was placed on the resin disc for 5 
min, followed by the addition of 2 mL YNBNP (yeast nitrogen base, 
N-acetylglucosamine, phosphate) medium supplemented with 10% 
fetal bovine serum (Gibco, Thermo Fischer Scientific, Massachusetts, 
USA). The biofilm was incubated aerobically at 37°C for 72 h.

2.3.2. Observation of C. albicans biofilm

After incubation, the specimens were washed twice with PBS, 
followed by fixation in 2.5% glutaraldehyde solution for 15 min. Se-
rial dehydration was performed after fixation with 40, 75, and 99% 
ethanol. Gold coating was applied to the specimens using an ion 
coater (IB-3, Eiko Corporation, Tokyo, Japan) at 3 mA for 5 min. Fi-
nally, biofilm morphology was observed using a low-vacuum scan-
ning electron microscope (SEM) (Miniscope TM1000®, Hitachi, Japan).

To observe the biofilm thickness, specimens with biofilm un-
derwent fixation and dehydration, as mentioned above, and were 
subsequently soaked in a 2-hydroxyethyl methacrylate solution 
(Technovit®7100, Kulzer Technik, Wehrheim, Germany) for 30 min 
before conditioning. The specimens were then placed in a mold and 
embedded in histological cold-curing resin (Technovit®7100, Kulzer 
Technik, Wehrheim, Germany). Embedded specimens were cut in the 
sagittal plane using a microtome, followed by overnight polymeriza-
tion. Before cross-sectional SEM examination, the specimens were 
coated with the electron conductive medium, TI Blue (3% platinum 
blue; Nissin EM, Tokyo, Japan), for 20 min at room temperature (22 
± 2°C), rinsed with distilled water, and air dried. Biofilm thickness 
was measured by determining the lowest point of the biofilm sur-
face to obtain a horizontal line parallel to the PMMA surface. Finally, 
micrometer-scale thickness measurement was performed using a 
digital stereomicroscope software (VHX-F, Keyence, Osaka, Japan).

Fig. 2. Structure of photopolymerized MPC-co-BMA-co-MPAz (PMBPAz) poly-
mer used in this study. MPC: 2-methacryloyloxyethyl phosphorylcholine, BMA: 
n-butyl methacrylate, MPAz: 2-methacryloyloxyethyl-4-azidobenzoate.
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2.3.3. Quantification of biofilm cells

The resin specimens were removed from the biofilm growth me-
dium and washed twice with PBS to remove any unattached cells. 
The attached cells on the resin surface were dissolved in 1 mL of 
0.25% trypsin in saline solution by pipetting for 2 min. A 10,000 × 
serial dilution of the solution was prepared and plated on Sabouraud 
dextrose agar. After 24 h of incubation, the viable cell numbers of the 
biofilms were quantified based on colony forming units (CFU).

2.4. Statistical analysis

The SPSS software (version 25, SPSS Japan Inc., Tokyo, Japan) 
was used for statistical analyses. The data collected for each vari-
able were analyzed using one-way analysis of variance (ANOVA) with 
Tukey’s multiple comparison test at a P-value of 0.05. In addition, a 
two-way ANOVA was performed to observe the interaction between 
mucin adsorbance and MPC coating based on the contact angle and 
CFU values.

3. Results

3.1. Mucin adsorption

The amount of mucin adsorbed on each specimen surface 
was determined by the OD of Alcian Blue (Fig. 3). The value for the 
MT0000 group before thermal cycling was significantly high, ap-
proximately twice that of the control group. The values gradually de-
creased with repeated thermal cycles, and the value for the MT5000 
group was close to that of the control.

3.2. Contact angle

Figure 4 shows the captive bubble contact angles of the five 
groups with and without mucin treatment. The contact angle of the 
control group without mucin treatment was only 105.8 ± 2.2°, while 
those of the MT0000, MT1000, MT2500, and MT5000 groups were 
146.2 ± 2.8°, 145.0 ± 1.9°, 143.6 ± 2.7°, and 142.73 ± 2.5°, respectively. 
The surface hydrophilicity of all MPC treatment groups improved sig-
nificantly (P< 0.05). Thermal cycling did not affect the contact angle.

The contact angles of the specimens with mucin treatment 
were significantly higher than those of the specimens without mucin 
treatment under all conditions (P < 0.05). However, there was also 
a significant reduction in the contact angle values in the thermally 
cycled groups compared to those in the MT0000 group. A significant 
interaction was observed between mucin and MPC treatment with 
respect to contact angle values (P < 0.05).

3.3. XPS

Surface elemental composition analysis was performed to con-
firm the presence of the PMBPAz coating on the PMMA surface and 
evaluate the coating layer changes following the thermal cycling 
procedure. The XPS signals for phosphorus (phosphate group–P–
O) and nitrogen (ammonium group–N+(CH3)3), which represent the 
PMBPAz molecules, were evaluated (Fig. 5). The ammonium and 
phosphate group profiles were similar in the MT0000, MT1000, and 
MT2500 groups, whereas an approximately half peak height reduc-
tion was observed in the MT5000 group, and no peak was observed 
in the control group. The MPC component concentrations on the 
PMMA surface were stable after 2500 thermal cycles; however, a no-
table reduction was observed after 5000 thermal cycles.

3.4. Scanning electron micrograph

Figure 6 shows the comparison of C. albicans biofilm morphol-
ogy between the control and MT0000, with and without mucin, 
based on 2000× magnification SEM images. The dominant cell type 
observed in the biofilm SEM images was round yeast cells along with 
hyphae and pseudo-hyphae. Furthermore, a notable difference was 
observed in the MPC treated resin with mucin, where the biofilm was 
thin and the PMMA surface was visible.

Figure 7 displays sagittal section images of the biofilm to com-
prehensively confirm the influence of MPC treatment on biofilm 
morphology thickness. The biofilm thickness of the control group (65 
± 20 µm) was approximately twice of that of the MT0000 group (34 ± 

Fig. 3. Comparison of adsorbed mucin amounts on the polymethyl methac-
rylate surface in the five groups. * Different alphabets on the bar represents a 
significant difference. MT: 2-methacryloyloxyethyl phosphorylcholine treat-
ment.

Fig. 4. Captive bubble contact angles of the five groups without mucin 
treatment (a) and with mucin treatment (b); and the image of contact inter-
face between air bubble and polymethyl methacrylate surface inside water 
(c). MT: 2-methacryloyloxyethyl phosphorylcholine treatment *Different al-
phabets on the bar represents a significant difference. **High contact angle 
represents hydrophilic properties in captive bubble test.
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7 µm) with a statistical difference (P<0.05).

Figure 8 shows SEM images of the biofilm morphology before 
and after thermal cycling. As shown in Figure 6, a thick stratified bio-
film, which presented mostly round yeast cells, including pseudo-hy-
phae and hyphae cells, was observed on the control specimen. A thin 
Candida biofilm, in which the resin surface area was directly visible, 
was found in the MPC group before thermal cycling (MT0000). The 
Candida biofilms on MT1000 and MT2500 were similar to those on 
MT0000, whereas the surface area covered with the Candida biofilm 

gradually increased with repeated thermal cycles. Candida biofilms 
on MT5000 were thick and similar to those of the control.

3.5. Colony-forming units

Figure 9 shows the CFUs of C. albicans biofilms formed on the 
specimens before and after MPC treatment. The CFUs of the MPC-
coated specimens were significantly lower than those of the non-
coated specimens. Mucin treatment improved the reduction rate 
to 60.3%, whereas only a 39.9% CFU reduction was observed for the 
MPC-treated specimens without mucin compared to that of the con-
trol. In addition, there was a significant interaction between mucin 
and MPC treatment with regard to CFU values.

Figure 10 illustrates the changes in CFU before and after thermal 
cycling in specimens with mucin-treated surfaces. The control speci-
men had the highest CFU (3.64 ± 0.35 × 107), which was significantly 
higher (P < 0.05) than that of the other groups. No significant differ-
ence in CFU was found among MT0000 (1.44 ± 0.38 × 107), MT1000 
(1.52 ± 0.19 × 107), and MT2500 group (1.81 ± 0.35 × 107). However, 
the CFU was significantly higher (P< 0.05) in the MT5000 group (2.77 
± 0.47 × 107) than that in the other groups.

4. Discussion

The efficacy of MPC in preventing microbial adherence has been 
tested to explain the hypothesis that MPC coating does not inhibit 
cell proliferation but increases surface hydrophilicity[18,24]. PMBPAz, 
a new photopolymerized form of MPC that forms a stronger covalent 
bond with the PMMA surface than MPC and has improved durability 
over time, has been developed[15]. The efficacy of PMBPAz against 
streptococci has been evaluated[16]; however, there have been no 
reports on its efficacy against Candida spp. In addition, the durabil-
ity of PMBPAz coatings has not yet been studied. When microorgan-
isms adhere to various medical/dental devices, they also adhere to 

Fig. 5. Results of X-ray Photoelectron Spectroscopy confirming the availability of 2-methacryloyloxyethyl phosphorylcholine (MPC) components on the poly-
methyl methacrylate surface. MT: MPC treatment.

Fig. 6. Scanning electron micrograph images of C. albicans biofilms on the 
specimens with/without mucin and 2-methacryloyloxyethyl phosphorylcho-
line treatments (before thermal cycling)
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glycoproteins on their surfaces. Salivary components, such as mucin, 
are typical examples of glycoprotein sources in the oral cavity[20]. 
Microorganism adhesion begins by securing a foothold, producing 
extracellular polysaccharides, and finally forming biofilms composed 
of microbial cell aggregates[6]. In this study, we evaluated the sur-
face properties of the PMBPAz coating based on the contact angle, 
which represents the hydrophilicity and amount of mucin adsorp-
tion. These variables aided in predicting the efficacy of the PMBPAz 
coating properties in a clinical setting.

The MPC coating increased the number of surface functional 
groups and enhanced the hydrophilicity of the PMMA surface. In 
addition, with MPC treatment the amount of adsorbed mucin was 
higher than that without MPC treatment, which further increased the 
degree of hydrophilicity. Observation of biofilm morphology using 

SEM images revealed that the thickness and stratification of the bio-
film decreased with MPC treatment, with a corresponding decrease 
in the number of CFUs. Mucin treatment increased the ability to in-
hibit biofilm formation in the MPC treatment group, and a significant 
interaction between mucin and MPC coating was observed in the 
two-way ANOVA analysis. The SEM morphology suggested that C. 
albicans biofilm formation was suppressed by MPC and mucin treat-
ments. The interaction may be owing to the fact that hydrophilicity 
is enhanced by MPC and mucin treatment as well as by the microbial 
effect of the mucin itself. Although salivary mucin initially provides 
a glycoprotein for C. albicans attachment, it also prevents microbial 
adhesion by preventing normal flora from becoming opportunistic 
pathogens[21]. Yoshijima et al. reported that increasing the surface 
hydrophilicity effectively prevents yeast and hyphae adherence[25]. 
The mucin used in this study possesses a structure similar to that of 

Fig. 7. Sagittal section images of C. albicans biofilm on the specimens with/without 2-methacryloyloxyethyl phosphorylcholine 
treatments (with mucin treatment and before thermal cycling). Yellow line represents the border of histological resin as a fixation 
media, while orange line defines the polymethyl methacrylate (PMMA) border.

Fig. 8. Scanning Electron Micrograph images of C. albicans biofilm on the specimens before and after thermal cycling (with 
mucin treatment). MT: 2-methacryloyloxyethyl phosphorylcholine treatment.
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the MUC5B protein[26], which reduces C. albicans hyphae and biofilm 
formation without killing it[22]. Tsukahara et al.[19] also reported that 
MPC is able to reduce bacterial quantity while maintaining homeo-
stasis without changing the bacterial composition in the oral cavity, 
which is similar to the salivary mucin features mentioned above.

There are no reports on the durability of PMBPAz coatings dur-
ing temperature changes. The number of thermal cycles herein was 
based on a previous study suggesting that 10,000 cycles represent 1 
year of intraoral thermal changes[24]. Thermal cycling was conduct-
ed at 1000, 2500, and 5000 cycles, as the manufacturer suggested 
re-application of the MPC coating every 3 months. There was no sig-
nificant reduction in the MPC coating efficacy in inhibiting biofilm 
formation morphologically and quantitatively after 1000 and 2500 
thermal cycles; however, a significant reduction was observed in the 
MT5000 group. This result indicates that the efficacy of the PMBPAz 
coating was sustained for approximately 3 months. This could be ex-
plained by the reduction in the MPC components on the surface, as 
shown in the XPS data, and reduced mucin adsorption as opposed to 
surface hydrophilicity alone.

This study has three limitations. First, the efficacy of the PMBPAz 
coating was evaluated only at a single time point, that is, at 3 days, 
which is the incubation period to determine the ability of C. albicans 
to form a mature biofilm. We speculated that the initial adhesion in 
the preliminary experiment and in our previous reports[18,22] was 
almost proportional to our present results. Second, the mechanism 
of biofilm formation prevention cannot be explained solely based 
on surface hydrophilicity and mucin adsorption. However, we found 
that the reduction in Candida biofilm was sustained by the PMBPAz 
coating for approximately 3 months compared to that of the un-
coated PMMA surface. The interaction between the surface proper-
ties and the biological origin of glycoproteins needs to be explored. 
Third, these results might not always reflect the clinical situation, as 
there are various types of microorganisms constituting the biofilm in 
vivo, unlike this specific species in the in vitro biofilm. Furthermore, 
additional clinical durability aspects should be considered, such as 
mechanical and chemical cleaning and friction with foods. Further 
studies should investigate the involvement of mucin in enhancing 
the efficacy of PMBPAz coatings to validate the results of this study.

5. Conclusions

Photoreactive MPC polymer (PMBPAz) treatment of PMMA ef-
fectively prevents C. albicans biofilm formation. This efficacy might 
depend on the increased hydrophilic surface properties and the high 
mucin adsorption rate. In addition, during temperature changes, the 
PMBPAz coating was stable for approximately 3 months.
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