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Abstract

This study investigated antibacterial dentures fabricated by peening titanium apatite onto
a polymethyl methacrylate (PMMA) denture base resin using a peening device. The
effects of different peening mass flow rates and total peening masses on the deposition
and antibacterial properties of titanium apatite were investigated. Titanium apatite was
peened onto PMMA specimens at mass flow rates of 1, 2, and 5 g/s, with total peening
masses of 5, 10, and 15 g. The surface morphology, elemental distribution, and mass
changes were analyzed before and after peening and after immersion and water rinsing.
The antibacterial activity against Staphylococcus aureus was evaluated using a crystal violet
assay. The results showed that reducing the peening mass flow rate increased the amount
of titanium apatite transferred and enhanced the antibacterial properties, with the highest
deposition achieved at 1 g/s. Varying the total peening mass did not significantly affect the
deposition pattern or antibacterial activity. The arithmetic mean roughness of the denture
base remained unchanged after peening, indicating its clinical applicability. In conclusion,
peening titanium apatite onto PMMA at a lower mass flow rate enabled stronger bonding
and incorporation of antibacterial properties, potentially contributing to the development
of novel antibacterial denture base materials.

Keywords: titanium apatite; denture base resin; PMMA; antibacterial dentures; peening;
transfer; mass flow rate; surface roughness

1. Introduction
In recent years, oral frailty has become a significant concern as a super-aged society

emerges. Oral frailty leads to an imbalance in dietary habits and reduced social inter-
action, creating a vicious cycle that results in decreased physical strength and muscle
mass, impaired judgment, and cognitive decline [1–5]. One diagnostic criterion for oral
frailty is poor oral hygiene and unclean dentures, making oral cavity and denture care
a major challenge [1,6,7]. Poor oral hygiene and unclean dentures increase the number
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of pathogenic bacteria in the oral cavity [8–10]. Maintaining oral cleanliness—as well as
possible—and suppressing oral bacteria proliferation are crucial in preventing oral frailty.
Complete and partial dentures are the most common prosthetics used to improve oral
quality of life. However, denture plaque deposits adhering to dentures have reportedly
caused denture stomatitis, angular cheilitis, and glossitis [11–13]. Furthermore, in older
people—who generally have reduced oral function and systemic resistance—the use of
unclean dentures with accumulated debris poses the risk of systemic diseases such as
fungal infections of the digestive tract or lungs owing to aspiration or accidental ingestion
of the fungal flora in denture plaque [2,14,15]. Continuing to wear dentures with poor oral
hygiene promotes the accumulation of denture plaque, raising concerns of further oral
environment deterioration in the future. Therefore, maintaining oral cleanliness is essential
for preserving the quality of life of older people.

Our research team is working to elucidate the detailed mechanisms of stain adhesion
and detachment on the denture base surface [16–18]. Miyake et al. revealed that acrylic
resin—the primary material used for denture bases—is more prone to staining than dental
metal materials, not only because of their surface properties but also from the perspectives
of chemical composition and potential difference [16]. Therefore, maintaining oral hygiene
in elderly patients is difficult unless improvements are made to both cleaning methods
and denture base materials [12,19]. In recent years, the development of novel denture
materials based on antimicrobial substance coatings applied to the denture surface has
been advanced as an approach to establish simpler and safer denture cleaning methods for
denture wearers [2,19,20].

This material, termed a self-cleaning denture, is expected to become a self-cleaning
denture base material and has been reported in various studies [21–25]. However, increas-
ing the concentration of this material may reduce the mechanical properties of the denture
base material. For dentures to function effectively in the oral cavity, the denture material
must possess sufficient strength to withstand chewing forces. Fujitsu, in collaboration with
the Research Center for Advanced Science and Technology at the University of Tokyo,
has developed a novel photocatalyst, calcium hydroxide hydroxyapatite (TiHA), with
excellent adsorption properties. Direct incorporation of this material into resin report-
edly causes minimal degradation of the resin relining material, making it a promising
approach for applications in electronic devices and sanitary products. In this study, we
investigated whether incorporating TiHA into polymethyl methacrylate (PMMA) could
yield an antibacterial denture base material.

Our previous study demonstrated that incorporating TiHA into denture base materials
imparts antibacterial properties against Staphylococcus aureus and inhibits the adhesion
of salivary proteins involved in bacterial adhesion, without compromising mechanical
strength [17]. Furthermore, in vitro evaluations using epithelial cells demonstrated no
cytotoxicity, suggesting its potential as a clinically applicable material. However, concerns
remained regarding the lack of established long-term antimicrobial efficacy and potential
degradation of antimicrobial properties resulting from the deterioration of the denture base
material. Therefore, titanium apatite must be uniformly distributed on the denture base
surface to maintain long-term antimicrobial properties.

This study aimed to develop a denture base surface treatment method that firmly
deposits titanium apatite onto denture base materials via peening, thereby imparting
antibacterial properties without compromising mechanical properties.
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2. Materials and Methods
2.1. Effect of Peening Mass Flow Rate on Titanium Apatite Transfer
2.1.1. Peening Apparatus

Figure 1 shows a schematic of the peening apparatus. Using a compressor, air is
compressed and stored in a tank. A pressure-reducing valve is connected to this tank to
regulate the air to a constant pressure. Pressure-regulated air is fed through the nozzle to
perform peening. A shot-peening nozzle was used in this study.

Figure 1. Peening apparatus.

2.1.2. Particles and Test Specimens

For this study, we prepared TiHA powder (PHOTOHAP PCAP-100, Taihei Chemical
Industrial Co., Ltd., Osaka, Japan). Figure 2 shows the morphology of the TiHA par-
ticles, measured using a Morphologi 4 (Malvern Panalytical, Tokyo, Japan). The circle
evaluated diameter was determined to be 1.94 µm. The chemical formula of normal HA
is Ca10(OH)2(PO4)6. However, in TiHA, some Ca2+ is replaced by Ti4+. The TiHA had
a specific surface area of 30–70 m2/g. Experimental denture base resin test specimens
were prepared using a polymer powder of PMMA-based self-curing denture base resin
(ACRON MC, dupe pink, GC Co., Tokyo, Japan). Using waterproof abrasive paper (Riken
Corundum, Ltd., Konosu, Japan) in the order of #800, #1000, and #1500, all test specimens
were polished into cylindrical disk (diameters = 15 mm, thickness = 1 mm) or bar-shaped
(diameters = 9 mm, thicknesses = 10 mm) test specimens. Ultrasonic cleaning was per-
formed after polishing, after which the samples were stored in water. The disk-shaped test
specimens were used for surface observation and antibacterial activity evaluation.

Figure 2. Titanium hydroxyapatite (Automated particle image analysis) (automated particle
image analysis).
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2.1.3. Experimental Conditions and Evaluation Methods

The surface roughness of the denture base resin (PMMA) specimens was polished
by wet polishing with silicon carbide abrasive waterproof abrasive paper having grain
sizes ranging from #600 to #1200, thereby achieving an arithmetic mean roughness Ra of
0.14 ≤ Ra ≤ 0.20 µm. Subsequently, titanium apatite was sprayed onto the PMMA spec-
imens at a perpendicular projection angle using the aforementioned peening apparatus
under the peening conditions listed in Table 1.

Table 1. Peening conditions.

Pressure P MPa 0.6

Peening distance L1 mm 20

Total peening mass m g 10

Peening mass flow rate g/s 1, 2, 5

Number of peening n times 1

The specimens were then immersed in 100 mL of distilled water at approximately
36 ◦C for 10 d. Subsequently, tap water was flowed perpendicular to the transfer surface
of the specimens under the water flow conditions listed in Table 2. The masses of the
specimens after water flow were measured to determine the mass changes before and
after peening. The surface morphologies and elemental distributions of the specimens
were observed using scanning electron microscopy (Miniscope TM3000; Hitachi High-
Tech Corporation, Tokyo, Japan). In addition, the area ratio of the region where the
particles had transferred to were calculated using ImageJ (NIH, Bethesda, MD, USA,
https://imagej.nih.gov/ij/, accessed on 1 February 2026).

Table 2. Water flow conditions.

Distance Between the Tap and the Test Specimen L2 mm 200

Angle θ◦ 90

Flow rate Q m3/s 3.0 × 10−5

Water flow time min 40

2.1.4. Antimicrobial Evaluation

Staphylococcus aureus (ATCC 12600; American Type Culture Collection, Manassas, VA,
USA) was cultured in tryptic soy broth (TSB) and tryptic soy agar (TSA). A single colony
was selected and cultured overnight in 10 mL of TSB at 37 ◦C. The cells were then diluted in
fresh TSB to approximately 1 × 109 CFU/mL. To evaluate biofilm formation, Staphylococcus
aureus seed cultures were prepared and diluted to optical densities of 0.1 and 1.0. These
cultures were plated onto disks and incubated for 6–24 h. To evaluate biofilm formation, the
disks were washed with PBS, incubated at room temperature for 20 min with 2 mL of 0.05%
w/v crystal violet dye, washed three times with PBS to remove residual dye, transferred
to a new 12-well plate, and decolorized by rotating and agitating at room temperature for
20 min in 1 mL of 95% ethanol. After decolorization, 100 µL of ethanol was added to each
well, and the absorbance at 595 nm was measured using a SpectraMax M5 (Molecular
Devices, CA, USA) 96-well microplate reader.

https://doi.org/10.3390/bioengineering13020230

https://imagej.nih.gov/ij/
https://doi.org/10.3390/bioengineering13020230


Bioengineering 2026, 13, 230 5 of 17

2.2. Effect of Total Peening Mass on Titanium Apatite Transfer
2.2.1. Experimental Conditions and Evaluation Methods

The surface roughness of denture base resin (PMMA) specimens was polished by wet
polishing with silicon carbide abrasive waterproof abrasive paper having grain sizes from
#600 to #1200, thereby achieving an arithmetic mean roughness Ra within the range of
0.14 ≤ Ra ≤ 0.20 µm. Subsequently, titanium apatite was peened onto the PMMA specimens
at a perpendicular projection angle using the aforementioned peening apparatus under the
conditions listed in Table 3. The test specimens were then immersed in 100 mL of distilled
water at approximately 36 ◦C for 10 d. Subsequently, tap water was flowed perpendicular
to the transfer surface of the test specimens under the water flow conditions listed in
Table 2. The masses of the test specimens after water flow were measured to determine the
mass change between the pre- and post-peening states. In addition, surface morphologies
and element distributions of the test specimens were observed using scanning electron
microscopy (Miniscope TM3000, Hitachi High-Tech Corporation, Tokyo, Japan). Finally,
using ImageJ, the area ratio of the region where particles had transferred to were calculated.

Table 3. Peening conditions.

Pressure P MPa 0.6

Peening distance L1 mm 20

Total peening mass m g 5, 10, 15

Peening mass flow rate g/s 1

Number of peening n times 1

2.2.2. Antimicrobial Evaluation

Staphylococcus aureus (ATCC 12600; American Type Culture Collection, Manassas, VA,
USA) was cultured in TSB and TSA. A single colony was selected and cultured overnight
in 10 mL of TSB at 37 ◦C. The cells were then diluted in fresh TSB to approximately
1 × 109 CFU/mL. To evaluate biofilm formation, S. aureus seed cultures were prepared
and diluted to optical densities of 0.1 and 1.0. These cultures were plated onto disks and
incubated for 6–24 h. To evaluate biofilm formation, the disks were washed with PBS,
incubated at room temperature for 20 min with 2 mL of 0.05% w/v crystal violet dye,
washed three times with PBS to remove residual dye, transferred to a new 12-well plate,
and decolorized by rotating and agitating at room temperature for 20 min in 1 mL of 95%
ethanol. After decolorization, 100 µL of ethanol was added to each well, and the absorbance
at 595 nm was measured using a SpectraMax M5 96-well microplate reader.

2.3. Statistical Analysis

Each measurement was performed three times, and statistical analyses were performed
using one-way analysis of variance. The Mann–Whitney U Test was used to determine
significant differences. The significance level was set at <5%.

3. Results
3.1. Effect of Peening Mass Flow Rate on Titanium Apatite Transfer
3.1.1. Surface and Mass Analysis After Water Flow Testing

Figure 3A,B show optical microscopy images of the peened surface at different peening
mass flow rates as well as those of the peened specimen surfaces after immersion and
water flow. After peening, the specimen with a peening mass flow rate of 5 g/s exhibits the
highest titanium apatite transfer. However, after immersion and water flow, the particles
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peeled off. For peening mass flow rates of 1 and 2 g/s, little difference can be observed in
the transfer pattern.

(A) 

 
(B) 

 
Figure 3. Optical microscopy images. (A) 20× magnification image (B) 200× magnification image.

Figure 4 shows the surface analysis images before peening and after water flow. The
surface analysis image after water flow reveals the presence of P, Ca, and Ti, confirming the
transfer of titanium apatite onto the test specimen.

Figure 5 shows a binary image of the test specimen after water flow, processed in
ImageJ. Figure 6 shows the area ratio of the transferred portion calculated from a binarized
image. No significant difference can be observed between the peening mass flow rates of 1,
2, and 5 g/s. However, because this area fraction measurement reflects only the surface
condition, it is conceivable that reducing the peening mass flow rate increases the particle
transfer intensity, despite no significant observable difference.

https://doi.org/10.3390/bioengineering13020230
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Figure 4. Surface analysis images before peening and after water flow.

Figure 5. Binary image of the test specimen after water flow, processed in ImageJ.
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Figure 6. Area ratio of the transferred portion calculated from a binarized image.

Figure 7 shows the mass increase before and after peening and after water flow. After
peening, the 5 g/s condition exhibits the highest titanium apatite transfer. However,
the mass decreases significantly after immersion and water flow, reaching the lowest
value measured.

Figure 7. Mass increase before and after peening and after water flow.

Figure 8 shows a comparison of the arithmetic mean surface roughness Ra before
peening and that after ultrasonic cleaning following water flow. Regardless of the peening
conditions, no significant difference can be observed between the pre-peening and post-
ultrasonic cleaning conditions.

Figure 8. Comparison of the arithmetic mean surface roughness Ra before peening and that after
ultrasonic cleaning following water flow.
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3.1.2. Antimicrobial Evaluation

Figure 9 shows the relationship between the peening mass flow rate and absorbance.
As absorbance decreases, antibacterial activity is recognized; as absorbance increases,
antibacterial activity is not recognized. Significant differences can be observed between
the no peening condition and the titanium apatite peening mass flow rates of 1, 2, and
5 g/s. Furthermore, although no significant difference can be observed between 1 and
2 g/s, significant differences are found between 1 and 5 g/s and between 2 and 5 g/s.

Figure 9. Relationship between the peening mass flow rate and absorbance.

Figure 10 shows the relationship between the absorbance and area ratio of the trans-
ferred region. As the area ratio of the transferred region increases, the absorbance decreases
almost in proportion.

Figure 10. Relationship between the absorbance and area ratio of the transferred region.

Figure 11 shows the relationship between absorbance and mass increase after water
flow. As mass increased due to transfer, absorbance decreased.

Figure 11. Relationship between absorbance and mass increase after water flow.
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3.2. Effect of Total Peening Mass on Titanium Apatite Transfer
3.2.1. Experimental Conditions and Evaluation Methods

Figure 12A,B show optical microscopy images of the peened surface at different total
peening mass as well as those of the peened specimen surfaces after immersion and water
flow. Titanium apatite transferred to the surface, regardless of the total peening mass.
However, no differences in transfer patterns are observable.

(A) 

 
(B) 

 
Figure 12. Optical microscopy images. (A) 20× magnification image (B) 200× magnification image.

Figure 13 shows a binary image of the test specimen after water flow, processed in
Image J.

https://doi.org/10.3390/bioengineering13020230

https://doi.org/10.3390/bioengineering13020230


Bioengineering 2026, 13, 230 11 of 17

Figure 13. Binary image of the test specimen after water flow, processed in ImageJ.

Figure 14 shows the area ratio of the transferred portion calculated from a binarized
image. Among the three total peening masses (5, 10, and 15 g), 10 g exhibits the greatest
area ratio of transferred material.

Figure 14. Area ratio of the transferred portion calculated from a binarized image.
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Figure 15 shows the increase in mass before peening, after peening, and after water
flow. After peening and water flow, the 15 g total peening mass condition exhibits the
largest increase in mass.

Figure 15. Increase in mass before peening, after peening, and after water flow.

Figure 16 shows a comparison of the arithmetic mean surface roughness Ra before
peening and that after ultrasonic cleaning following water flow. Regardless of the peening
conditions, little change in the arithmetic mean surface roughness Ra can be observed
between ultrasonic cleaning without peening and ultrasonic cleaning after water flow.

Figure 16. Comparison of the arithmetic mean surface roughness Ra before peening and that after
ultrasonic cleaning following water flow.

3.2.2. Antimicrobial Evaluation

Figure 17 shows the relationship between the total peening mass and absorbance. A
decrease in absorbance indicates antibacterial activity. Absorbance can be observed to be
the highest when no peening is applied. As the total peening mass decreases, absorbance
also decreases.

Figure 18 shows the relationship between absorbance and mass increase. When
peening is applied, the absorbance increases as the mass increase became larger.

https://doi.org/10.3390/bioengineering13020230
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Figure 17. Relationship between the total peening mass and absorbance.

 
Figure 18. Relationship between absorbance and mass increase after water flow.

Figure 19 shows the relationship between absorbance and area ratio. No correlation
between the total peening mass and the area ratio is observable, nor one between the
absorbance and area ratio.

Figure 19. Relationship between absorbance and area ratio after water flow.

4. Discussion
PMMA—the primary component of the dentures used in this experiment—possesses

high strength and transparency, with a glass transition temperature of 110 ◦C [26–28]. The

https://doi.org/10.3390/bioengineering13020230

https://doi.org/10.3390/bioengineering13020230


Bioengineering 2026, 13, 230 14 of 17

resin base discolors with long-term use because of stains and plaque adhering to its surface,
necessitating regular cleaning. Acrylic resin is not capable of maintaining mechanical
or chemical cleanliness, nor can it sustain long-term mechanical properties [5,29,30]. To
maintain the cleanliness of these dentures, methods to impart or maintain antimicrobial
properties on the dentures must be explored. Therefore, we verified whether TiHA particles
could be transferred onto the surface of PMMA using a spray device developed at Tokyo
City University.

TiHA (Ca10(PO4)6(OH)2) used in this experiment is a novel photocatalyst material
in which a part of the Ca in HA is substituted with Ti [31–35]. HA is an adsorbent and
does not require an adsorbent layer such as titanium dioxide [36,37]. We investigated the
effects of biofilms formed on denture base resins. We demonstrated that TiHA incorporated
into denture base resins exhibits antibacterial activity against multiple bacteria, not just a
single strain. The antibacterial activity of HA is thought to be attributed to Ca2+, alkaline-
earth metal ions, or hydroxyl ions, which have been reported to act as active membrane
bactericides that stabilize and kill Staphylococcus aureus in the stationary phase [38–40].
Although hydroxyl ions are highly reactive oxidizing agents with lethal effects on bacterial
cells, the antibacterial activity of Ca and hydroxyl ions is limited. However, incorporating
titanium into HA enhances its photocatalytic properties by generating reactive oxygen
species under light irradiation, thereby enhancing antibacterial effects. This photocatalytic
activity disrupts bacterial cell membranes and inhibits biofilm formation on denture base
resin. Consequently, TiHA offers a promising approach for preventing denture-related
infections through sustained antibacterial activity. However, our previous studies have
shown that antibacterial activity is observed even in the absence of photocatalytic activity,
suggesting their potential for clinical application.

In this study, we first investigated the effect of changing the peening mass flow rate
of TiHA peening on the antibacterial properties of the denture material surface. After
peening, the 5 g/s sample exhibited the highest titanium apatite transfer. However, after
immersion and water flow, the mass decreased significantly, and the increase in mass
after water flow was minimal. These results indicate that increasing the peening mass
flow rate results in a significant increase in mass immediately after peening; however, the
adhesion strength was low, and particles detached upon water flow. Furthermore, although
the pattern of mass increase was nearly identical for 1 and 2 g/s, the mass increase after
water flow was most significant at 1 g/s. Therefore, the highest titanium apatite transfer
was achieved at a peening mass flow rate of 1 g/s. This indicates that, for a constant
total peening mass, reducing the peening mass flow rate increases the amount of titanium
apatite transferred, demonstrating its antibacterial properties. The results can be attributed
to the high peening mass flow rates and increased particle collisions and agglomeration
conditions in which particles are easily dislodged by immersion or water flow. In contrast,
at low peening mass flow rates, particles are dispersed more uniformly, allowing for more
even transfer on the surface and potentially stronger adhesion. These results indicate that
altering the peening mass flow rate during titanium apatite peening does not change the
surface roughness of the denture base, suggesting its clinical applicability. These findings
suggest that optimizing the peening mass flow rate is crucial for enhancing the antibacterial
efficacy of denture materials. In addition, maintaining a low peening mass flow rate can
improve the durability of titanium apatite peening under clinical conditions involving
exposure to saliva and cleaning fluids. Future studies should focus on evaluating the
long-term stability and antibacterial performance of coatings applied at different peening
mass flow rates in simulated oral environments.

Second, we examined the effect of different total peening masses of TiHA on the
antibacterial properties of the denture material surface. Although titanium apatite transfer
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was confirmed in all specimens with altered total peening mass, no differences in trans-
fer patterns were observed. Furthermore, when peening was performed with a constant
peening mass flow rate but varying total peening mass, the specimens exhibited more an-
tibacterial properties than those of the non-peened control. However, the results showed no
clear correlation—antibacterial activity peaked at a total peening mass of 5 g, area coverage
of the transferred portion was highest at 10 g, and mass increase was at a maximum at
15 g. The results for absorbance and transfer area ratio indicated that the adhesion strength
between titanium apatite and the denture base surface remained low even as the total
peening mass increased. In other words, even considering the first experiment, rather than
varying the total peening mass, transferring titanium apatite onto the denture base surface
at a lower peening mass flow rate clearly enabled stronger adhesion and antibacterial
properties. This suggests that optimizing the peening mass flow rate is more critical than
simply increasing the total peening mass for the effective transfer of titanium apatite. A
lower peening mass flow rate likely promotes better adhesion by enabling more controlled
particle impact and greater adhesion to the denture base surface. Future studies should
systematically evaluate the influence of peening parameters on both adhesion strength and
antibacterial efficacy to establish optimal application conditions.

This study has some limitations. These limitations may affect the generalizability of
our findings and should be considered when interpreting our results. In addition to those
already mentioned, future research should employ larger sample sizes and more diverse
populations. Furthermore, incorporating longitudinal designs would help to establish
causal relationships more effectively. Finally, in vivo studies confirming biocompatibility
would be advantageous to promote clinical application.

5. Conclusions
In this study, titanium apatite was peened and transferred onto PMMA—a resin

material for denture bases. Antibacterial properties were observed at peening mass flow
rates of 1, 2, and 5 g/s. Test specimens peened with total peening masses of 5, 10, and
15 g exhibited antibacterial properties comparative to those of non-peened specimens;
however, no difference in transfer amount was observed. In other words, maintaining
a constant total peening mass while reducing the peening mass flow rate increased the
transfer amount, thereby improving antibacterial properties. This finding is expected to
contribute to the development of novel denture base materials that can transfer titanium
apatite and maintain long-term antibacterial properties.
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