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Hydrophilic surface modification of acrylic denture base material by silica
coating and its influence on Candida albicans adherence

Akinobu Azuma, Norihisa Akiba and Shunsuke Minakuchi

Complete Denture Prosthodontics, Department of Masticatory Function Rehabilitation, Division of Oral Health
Sciences, Graduate School of Medical and Dental Sciences, Tokyo Medical and Dental University, 1-5-45,

Yushima, Bunkyo-ku, Tokyo, 113-8510, Japan

Silica coating modifies hydrophobic denture base
materials to have a hydrophilic surface. The
purpose of this study was to evaluate the effect of
silica coating to a denture base material on
resistance to Candida albicans (C. albicans)
adherence. Specimens were prepared by
polymerizing an acrylic denture lining material and
polished using silicon carbide paper up an abrasive
grade of 1000. The specimens of a coated group
were treated three times by a silica coating agent
using a nonwoven cloth. The surface properties
were evaluated by contact angle measurement,
scanning electron microscopy (SEM), and energy
dispersive X-ray spectroscopy (EDS). A C. albicans
adherence assay was performed after 1.5, 6, and
24 h incubation. The mean contact angle of the
coated group showed significantly lower than that
of the non-coated group (p < 0.05). In the coated
group, the surface roughness decreased in SEM
images, and Si was continuously detected in EDS
analysis. At 24 h incubation time, the colony
forming unit of C. albicans on the coated group
was significantly reduced compared to the non-
coated group (p < 0.05). These results suggest
that hydrophilic surface modification by the silica
coating reduces C. albicans adherence and could
contribute to daily denture care.
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1. Introduction

Poor oral hygiene increases the risk of systemic
disease such as health-care associated pneumonia for
the elderly '2. Higher salivary microorganism counts are
found in denture wearers than in dentate individuals
because denture prostheses harbor large numbers of
oral microorganisms®. Therefore, it is important to
ensure that elderly denture wearers are provided with
adequate oral hygiene, and daily hygienic management
of the prosthetic surface is recommended“®. Poor
denture hygiene often occurs with elderly patients as a
result of their limited motor capacity. Consequently,
chemical cleansing by immersion in denture cleaning
solutions is an effective measure for reducing microbial
accumulation on removable prostheses. However,
residual microorganism retention has been observed
after immersion in some denture cleaning solutions’,
and this could lead to regrowth and colonization of
microorganisms on the denture. Thus, modifying denture
base materials to resist or decrease microbial
accumulation would be beneficial for daily oral hygienic
management.

C. albicans is the most common pathogenetic
microorganism found in denture wearers, and its
adherence to dentures is a crucial step in various
infectious diseases®®®. Hydrophobic interaction is an
important factor that affects adherence of C. albicans
to denture prostheses, because poly(methyl
methacrylate) (PMMA) is a hydrophobic material that is
widely used in dentures'®. Thus. hydrophilic surface
modification would be an effective method to inhibit
adherence of C. albicans. Several attempts have been
made to hydrophilically modify denture base
materials'"'". However, the incorporation of surfactants
resulted in undesirable changes of bulk properties such
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as an increase in the water absorption'® or a decrease
in mechanical properties'®. By contrast, coating would
be advantageous as the surface properties alone are
modified, and bulk properties are retained. With the
rapid development of nanotechnologies, biocompatible
silica nanoparticles have been used in biomedical
applications such as bioimaging, labeling, separation,
disease diagnosis, drug delivery systems, and therapy '°.
Furthermore, silica has been widely applied in a variety
of dental materials such as glass ionomer cements,
composite resins, dental ceramics, abrasives in
toothpastes, and so on?°. Silica has intrinsic
hydrophilicity because of its surface hydroxyl groups
(Si-OH)?". Thus, it can be used to coat and modify
hydrophobic materials such as PMMA to have a
hydrophilic surface. This hydrophilic surface
modification is a potentially useful approach to manage
biofilm development. However, few studies have
investigated the effect of reducing C. albicans
adherence to PMMA. The purpose of the present in
vitro study was to determine the effect of silica coating
on resistance to C. albicans adherence.

2. Materials and Methods

2.1 Preparation of acrylic denture specimens
Denture specimens were produced by polymerizing
an acrylic denture lining material (Tokuyama Rebase I
normal type, Tokuyama Dental Corp., Tokyo, Japan)
using a metal mold according to the manufacturer's
instructions. Each specimen was prepared to a uniform
size (@ 20 mm, 1 mm thick) and polished using silicon
carbide paper up an abrasive grade of 1000 under
running water. The specimens were divided into two
groups: a non-coated group and a coated group.

2.2 Coating procedure

A silica coating agent (PM-S, Japan Nano Coat Co.,
Ltd., Tokyo, Japan) used in this study consisted mainly
of several nano-sized SiO, particles and solvent
methanol. The largest particle size was in the range of
6-8 nm and the smallest was less than 2 nm. The
concentration of SiO, particles was 2 wt%. In the
coated group, the silica coating agent was applied in a
thin layer three times with a nonwoven cloth and stored
for 24 h at room temperature to remove any solvent
interferences.

2.3 Contact angle measurement
The contact angle (degree) was measured by
dispensing a droplet (2 uL) of distilled water onto the
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specimen surface. The contact angle was determined
by measuring the angle of the tangent to the surface of
a liquid droplet. The image of the droplet was captured
immediately and the angle was measured using a
contact angle meter (VCA Optima, AST Products, Inc.,
Billerica, MA, USA). The measurement for each
specimen was repeated three times on different areas
of the surface, and the average contact angle was
calculated. Measurements were performed for five
specimens from each group.

2.4. Surface ultra-structural observation

After completing the plasma coating processes, dried
specimens were sputter-coated with platinum. The
surface ultrastructure was observed using by a
scanning electron microscope (SEM) (S-4500, Hitachi
High-Technologies Corp., Tokyo, Japan). Surface
chemical analysis was carried out by energy dispersive
X-ray spectroscopy (EDS) (Emax-7000, HORIBA Ltd.,
Kyoto, Japan).

2.5. Yeast strain and growth condition

C. albicans strain (JCM 1542, Riken, Saitama, Japan)
was used for the adherence assay. The yeasts were
cultured in Sabouraud dextrose broth (Kanto Chemical
Co., Inc., Tokyo, Japan) for 24 h at 37°C. After
incubation, the yeasts were harvested by centrifugation
at 3000 rpm for 10 min and washed twice with
phosphate-buffered saline (PBS, pH 7.2). A standard
solution was made with a concentration of 10’ yeasts/
mL in Sabouraud dextrose broth.

2.6. C. albicans adherence assay

Five specimens from each group were placed on 12-
well plates and 2 mL of prepared yeast suspension was
added to each well, followed by incubation for 1.5, 6
and 24 h at 37°C (n=5). At the end of the each
incubation interval, the specimens were carefully
transferred to a new plate and gently washed twice
with 2 mL of PBS to remove unadhered cells. The
specimens were transferred to a new plate again, and
then 2 mL of PBS was added to each well. The plates
were sonicated at 40 kHz for 15 min to collect attached
C. albicans cells.

The number of adhered cells was evaluated using a
colorimetric microbial viability assay kit (Microbial
Viability Assay Kit-WST, Dojindo Molecular Technologies
Inc., Kumamoto, Japan). This kit provides colorimetric
detection of microbial metabolism. In the assay. a
tetrazolium salt, 2-(2-methoxy-4-nitrophenyl)-3-
(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium
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Figure 1 : SEM images of PMMA at 500 X magnification:

(WST-8) produces a water-soluble formazan dye. The
amount of the formazan dye is directly proportional to
the number of living microorganisms.

At first, 190 uL of the collected cell suspension was
inoculated in each well of the 96-well plates, and then
10 uL of coloring reagent was added, and the plates
were incubated for 2 h at 37°C. After incubation, the
absorbance at 450 nm was measured three times for
each suspension sample using a microplate reader
(VersaMax, Molecular Devices Japan, Tokyo, Japan).
Absorbance data were transformed into the numbers of
colony forming unit (CFU) by a standard curve, which
showed the relationship between the absorbance and
CFU of a standard solution inoculated on agar plates
(Candida GE agar, Eiken Chemical Co., Tokyo, Japan).

2.7. Statistical analysis

The statistical significance of the contact angle treated
with the silica coating agent was determined using a
Student’s t-test. After logarithmic conversion, the mean
CFU was analyzed using two-way ANOVA (factor 1,
surface treatment; factor 2, incubation time) and post
hoc Tukey's HSD test (UJMP 8, SAS Institute Japan,
Tokyo, Japan). For all analyses, statistical significance
was set at p<0.05.

3. Results
3.1 Contact angle

The mean contact angles (degree) of the coated
group and non-coated group were 19.26+£2.37° and

pB1414 15.8kV

388 EB.Brm

(a) non-coated specimen; (b) silica coated specimen.

87.31x£2.60°, respectively. Statistical analysis revealed
that the coated group had a significantly (p<0.05) lower
contact angle than non-coated group.

3.2 Surface ultra-structural observation

Parallel lines and cracks resulting from the polishing
procedure were found on the surface of all
experimental specimens. In the coated specimens,
several different sized particles were detected and the
surface roughness decreased in the SEM images
(Figure 1) compared to the non-coated specimens.
Excluding the sputter element (platinum) and the
constituent elements of denture base material (carbon
and oxygen), Si as the constituent element of silica was
the only element detected in the coated group in EDS
analysis (Figure 2). In EDS line analysis, Si was detected
continuously along the analyzed line and was
inhomogeneously distributed because peaks on the line
were observed (Figure 3).

3.3 C. albicans adherence assay

The mean numbers of viable cells (CFU/mL) in each
experimental condition (n=>5) are listed in Table 1. The
CFU of the non-coated group incubated for 24 h was
the highest and the CFU of the coated group incubated
for 1.5 h was the lowest. Two-way ANOVA suggested
that the coating condition and incubation time factors
had significantly effects on the mean numbers of CFU,
but not for their interaction. The CFU of the coated
group was significantly lower than that of non-coated
group. The CFU values increased significantly with
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Figure 2 : EDS spectra: (a) non-coated specimen; (b) silica coated specimen.

incubation time. Tukey's HSD test revealed that there
were no significant differences between the coated and
the non-coated group when they were incubated for
1.5 h and 6 h, respectively. The CFU of the coated
group incubated for 24 h was significantly lower than
that of the non-coated group.

4. Discussion

Dentures could act as a reservoir for microorganisms
especially when combined with poor denture hygiene.
One of the important factors affecting adherence of C.
albicans to dentures is hydrophobic interaction?.
Hydrophobic interaction occurs between cell surface
and the substratum that would enable the cell to

overcome the repulsive forces active within a certain
distance from the substratum surface?. Regardless of
the species, microbial adherence by hydrophobic
interaction depended on the surface hydrophobicity of
the microbes'®. Concerning other microorganisms, the
surface of a cariogenic pathogen Streptococcus
mutans (S. mutans) is moderate hydrophobic®*#® and
the surface of a representative periodontopathic
Porphyromonas gingivalis is hydrophobic?®?’. The
conversion from the yeast form to the hyphal form
made the candidal cell surface more hydrophobic and
enhanced its adherence to conventional acrylic
surfaces'®. Thus. hydrophilic surface modification
should be an effective method of inhibiting initial
adherence of C. albicans. We used a silica coating
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Table 1. C. albicans viable cells (CFU/mL) (x 107) in different phases of biofilm development (mean = SD)

Coating condition

Incubation time Silica coated Non-coated p-value
1.5 0.10+0.06" 0.28+0.17° 0.364
6 0.34+0.26" 0.74+0.74° 0.699
24 1.54+1.39* 9.75+3.61% 0.002

n=5, SD: standard deviation

Analysis of the statistical significances was performed after logarithmic conversion. (Tukey’s HSD test)

Within each column, the values with the same superscript letters are significantly different (p<0.05).

Within each row, only the values of 24 h incubation are significantly different between silica coated and non-coated

groups (p<0.05).
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Figure 3 : EDS line analysis : (a) analyzed line (arrow); (b) profile.
The spectrum indicated the relative elemental concentration for Si
versus position along the analyzed line.

agent as hydrophilic treatment. The agent included
various sizes of silica nanoparticles stably dispersed in
methanol solvent. The coated surface dried quickly at
room temperature. After solvent volatilization, the agent
formed an inorganic and non-toxic thin layer on the
solid surface.

By SEM, several micrometer-sized silica particles
were observed on the surface of the coated specimen,
although the primary particle size of silica dispersed in
the solvent was nano-sized. In EDS line mode analysis,
Si was detected throughout the analyzed area
regardless of the presence of silica particles in the
micrograph. In particular, a higher energy peak was
observed in the area where the large silica particles
were present. Thus, some of the silica particles on the
coated layer aggregated and the particle size
increased, although the coated surface was covered
completely with silica. Parallel lines and cracks
resulting from the polishing process in specimen
preparation were observed by SEM in both the
experimental groups. However, the surface of the
coated specimen was smoother than that of the non-
coated specimen. Considering the silica particle size,
silica would not fill in the polishing scratches
completely. Thus, this result suggests that the methanol
solvent could dissolve the surface of the PMMA, and
this could be a factor in the decrease of the surface
roughness. In a previous study, the contact angle
decreased as the surface roughness of PMMA
decreased and the contact angle of the most polished
(buff-polished) PMMA specimens was approximately
68.7°%%. Thus, the low contact angle of the coated
group in our study was not mainly because of the
influence of surface roughness, but from the existence
of silica on the surface.

In general, the development of biofilm on solid
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surfaces proceeds in the following four sequential
steps: 1) adhesion of the microorganisms to the
surfaces, 2) discrete colony formation, 3) secretion of
extracellular matrix, and 4) spatial arrangement into
three-dimensional structures®. C. albicans biofilm
formation has initially occurred from the adherence on
the surface of PMMA strips within O-2 h and proceeded
in three distinct phases: early (O to 11 h), intermediate
(12 to 30 h), and maturation (38 to 72 h)®. Initial
adhesion is important for the following biofilm
formation®®. Considering the importance of initial
adhesion and the development of C. albicans biofilm
formation, our incubation times corresponded to the
following phases: 1.5 h, initial phase; 6 h, early phase;
and 24 h, intermediate phase. Previous studies on
hydrophilic surface modification found that it decreased
the adherence of C. albicans in the initial phase'®'". In
the present study, statistically significant differences
were not observed between the experimental groups in
the initial and early phases. Cousins et al. reported that
silica particle size (4, 7, 14, and 21 nm) influenced the
attachment of C. albicans to polystyrene specimens
coated by immersion in colloidal silica suspension. The
attachment of C. albicans was significantly reduced by
7 and 14 nm silica particles compared to the other
particles®'. These results indicate that silica coatings
need to contain particles of an optimum size to reduce
adherence of microorganisms. In our study, silica
aggregation on the coated surface increased the
average particle size of the silica and resulted in
inhomogeneous distribution. The particle size and
inhomogeneity of the silica coating could influence data
variability, and no significant differences were found in
the CFU between the two experimental groups.

In the intermediate phase, noncellular matrix is
produced and the substances promote further
adherence of planktonic fungi in saliva. In the present
study, C. albicans adherence increased exponentially
with the incubation time and the biofilm covered the
surface of the specimens. The developed biofilm
surface would have little influence of the surface
hydrophilicity for further fungi adherence. However, the
CFU values of the coated group were significantly
lower than those of the non-coated group. A previous
study reported that surface roughness had no influence
on biofilm development®. Thus, this result suggested
that C. albicans adhered more loosely on the coated
surface than on the non-coated surface because of
surface hydrophilicity. Consequently, the fungi on the
coated surface were more easily removed than those
on the uncoated surface by gentle washing before the
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WST-8 reduction assay. The developed biofilms are
highly resistant to antifungal agents, and prevention of
biofilm growth by silica coating is very useful approach
for denture hygiene.

C. albicans biofilm formation is affected by several
factors such as surface roughness, salivary pellicle,
and the presence of other microorganisms. Adhesion of
C. albicans to acrylic surfaces was enhanced when the
yeast was incubated simultaneously with S. mutans®.
Another intriguing interaction is that occurring between
C. albicans and Staphylococcus aureus (S. aureus). It is
possible that C. albicans directly stimulates the growth
of S. aureus®. In addition, there are numerous reports
about the interactions between C. albicans and other
microorganisms®®. Further studies are needed on
multispecies biofilms, saliva-coating conditions,
synergistic effects with denture cleaning solutions, and
other denture base materials. The silica coating method
used in this study is simple, which allows for easy
recoating, and the coating dries quickly. Recoating
procedure only needs a nonwoven cloth that the silica
coating agent soaked in. After cleaning the denture,
recoating procedure will be achieved easily to coat the
denture with the nonwoven cloth by hand. The coating
procedure does not require special instruments or
pretreatment. These characteristics of the silica coating
agent will enable daily use. Although further
investigations are needed on the silica particle sizes,
type of solvents, and stability of the coating, these
initial results indicate that this coating method will be
beneficial for daily denture care.

5. Conclusions

Within the limitation of this study, coating of a denture
base material with silica nanoparticles was an effective
method of increasing surface hydrophilicity. Hydrophilic
surface modification with the silica coating agent
decreased C. albicans adherence to the denture base
material.
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