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Zirconia ceramics are widely used as dental prosthetics owing to their high biocompatibility, excellent

mechanical strength, and aesthetic properties similar to color tones of natural teeth. However, there

exists a growing demand for the facile attachment of antibacterial properties in long-term dental

restoration. Thus, in this study, we evaluated the adsorption ability of cetylpyridinium chloride (CPC) and

benzalkonium chloride (BKC)—quaternary amines widely used as antibacterial substances in commercial

toothpaste and other oral care products—onto zirconia surfaces with tetragonal and monoclinic crystal

structures. Although tetragonal zirconia has been widely used in dental prosthetic materials such as

crowns etc., monoclinic zirconia has also been used under oral conditions because of long-term

implantation. When antibacterial molecule loading on zirconia powders under simulated oral conditions,

it was revealed that monoclinic zirconia adsorbed approximately five times more CPC and BKC per unit

area compared with that of tetragonal zirconia. Moreover, in tetragonal zirconia, the adsorption amounts

of both CPC and BKC increased slightly with growing Y2O3 content as a stabilizer. This phenomenon

was attributable to the formation of complexes between rare earth elements (REE) such as Y2O3 in

zirconia and quaternary amines such as CPC and BKC. In this study, the antibacterial molecular

adsorption ability of dental zirconia was observed, and new advantages of zirconia in dental applications

were discovered.
Introduction

Dental caries remains one of the most prevalent oral health
issues. Thus, conservative restoration and prosthetic treatment
for dental caries are essential in dental care. Dental restoration
materials typically offer sufficient strength and aesthetic prop-
erties.1,2 Thus, recent research on dental medicine has been
focused on preventing marginal leakage of such materials as
well as secondary dental caries, along with achieving an
enhanced oral environment over the long term. Studies on the
loading of antibacterial agents in adhesive materials have
demonstrated that improved bonding between dentin and
dental restoration materials can help prevent marginal leakage
and secondary caries.3–5
dodontology, Graduate School of Medical

sity, 8-35-1 Sakuragaoka, Kagoshima,

te School of Medical and Dental Sciences,

Kagoshima, Kagoshima 890-8544, Japan.

ational Institute of Advanced Industrial

i, Tsukuba, Ibaraki 305-0035, Japan

tion (ESI) available. See DOI:

the Royal Society of Chemistry
However, the prolonged use of dental restorations typically
leads to the depletion of antibacterial substances within these
materials, causing a notable clinical problem. Despite
advancements in dental materials, the survival rate of restored
crowns aer 10 years is less than 70% at present.6 The need for
re-treatment of crown restorations owing to secondary caries
poses a signicant burden, especially to elderly patients.
Furthermore, depending on the depth of caries, tooth extraction
may be required.7 Given the global trend of an aging population
and the long-term use of dental restorations in oral cavities,
there is a growing need for developing sustainable and easy-to-
use antibacterial solutions that can be adsorbed onto dental
restorations for preventing caries and maintaining quality of
life (QOL).

Zirconia ceramics have emerged as an attractive solution in
dental applications owing to their aesthetic appeal, excellent
mechanical properties, and biocompatibility. Consequently,
these materials have been applied in anterior teeth and all-
ceramic crowns for dental prostheses.8–12 Pure zirconia (ZrO2)
exhibits three phases with different crystal systems depending
on the temperature: monoclinic (below 1170 °C), tetragonal
(1170–2370 °C), and cubic (above 2370 °C).13 Although at room
temperature, the monoclinic phase is stable, the additive of
oxides (several at%), such as CeO2, Y2O3, and CaO, enables the
stabilization of the tetragonal phase below phase transition
RSC Adv., 2024, 14, 26457–26463 | 26457
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temperatures (Fig. 1).8,14,15 Since, tetragonal zirconia, which is
partially stabilized by Y2O3, exhibits high strength and tough-
ness, it has been widely used for dental restorations.16 In
particular, the superior properties of tetragonal zirconia are due
to a unique process in which part of the energy of the impact is
used for facilitating the transition to the monoclinic phase and
subsequent expansion.17–19 However, neither zirconia nor its
stabilizing elements themselves possess any antibacterial
properties.

Attaching antibacterial properties, commercial toothpastes,
mouthwashes, and throat lozenges typically contain quaternary
amines (–NR3

+), such as cetylpyridinium chloride [CPC:
C5H5(N

+)–(CH2)15–CH3$Cl] and benzalkonium chloride [BKC:
C6H5CH2(N

+)(CH3)2R$Cl (R = C8H17–C18H37)] as antibacterial
agents, known for their broad-spectrum antibacterial
properties.20–22 These quaternary amines also form complexes
with numerous metal ions.23–25 Thus, the coordination of anti-
bacterial molecules with zirconium and other ions exposed on
the zirconia surface can potentially result in an antibacterial
lm that can be replenished through routine oral care.

Considering these aspects, this study aimed to examine the
adsorption of antibacterial quaternary amine molecules on the
surface of zirconia. We employed tetragonal zirconia as imme-
diately aer setting dental restorations in the oral cavity as and
monoclinic zirconia as aer long-term use, respectively. The
relationship between the crystal systems of zirconia and the
adsorption of antibacterial quaternary amine molecules was
evaluated.
Materials and methods
Preparation of zirconia powders with different crystal systems

ZrO2 powders with different contents of Y2O3 (TZ-PX-245, TZ-
PX-524, and TZ-PX-430) were obtained from Tosoh Co. (Tokyo,
Japan). All other reagents including ZrO2 (without Y2O3) were
purchased from FUJIFILM Wako Pure Chemical Co. (Osaka,
Fig. 1 Schematic illustrations of zirconia crystal structures.14 Green
and red denote zirconia and oxygen atoms, respectively. (a) Mono-
clinic zirconia, view toward the b-axis. (b) Monoclinic zirconia, view
toward the a-axis. (c) Tetragonal zirconia, view toward the c-axis. (d)
Tetragonal zirconia, view toward the a-axis.

26458 | RSC Adv., 2024, 14, 26457–26463
Japan). For ease of reference, based on their Y2O3 contents, TZ-
PX-245, TZ-PX-524, and TZ-PX-430 are denoted as 3Y-TZP, 4Y-
TZP, and 6Y-TZP, respectively. The ZrO2 powder was placed in
an alumina ring dish and burned at 600 °C for 10 h. While the
3Y-TZP, 4Y-TZP, and 6Y-TZP powders were burned at 1100 °C for
5 h to induce phase conversion and remove any residual organic
matter.

Evaluation of complex formation

Each zirconia sample (0.33 g) was immersed in 30 mL
phosphate-buffered saline (PBS) with or without 0.5 wt% CPC or
BKC. The sealed samples were placed in a shaking incubator
(BR-23FP, Taitek Corporation, Saitama, Japan) and agitated at
60 rpm for 24 h at 37 °C. The pH of the sample solutions was
measured using a pH electrode (LAQUA-PH-SE, HORIBA Ltd.,
Kyoto, Japan). Subsequently, the suspensions were centrifuged
at 9000 rpm in a centrifuge (AX-310, Tomy Seiko Co., Ltd.,
Tokyo, Japan). The supernatant uid was then removed, washed
several times with distilled water, and dried completely at 40 °C.

Characterization

The prepared samples were sputtered with Os using an Os
coating apparatus for electron microscopy (HPC-1SW, Vacuum
Device Inc., Ibaraki, Japan). The ne structures were observed
through eld-emission scanning electron microscopy (FE-SEM;
JEM6700z, JEOL Ltd., Tokyo, Japan) at an acceleration voltage of
3 kV and a current of 20 mA. Crystallographic properties were
assessed through analysis of the X-ray diffraction (XRD) pattern
(MiniFlex 600, Rigaku Corporation, Tokyo, Japan) measured in
the 2q range of 20° to 80° using Cu–Ka radiation, an accelera-
tion voltage of 40 kV, and a current of 15 mA, at a measurement
rate of 5° min−1. The chemical composition of the prepared
samples was determined through X-ray uorescence analysis
(XRF) (EDX-8100, Shimadzu Corporation, Kyoto, Japan) at an
acceleration voltage of 50 kV under vacuum conditions. The
specic surface area of the fabricated samples, known to
inuence the complexation ability, was measured using the
Brunauer–Emmett–Teller (BET) method (NOVA1200e, Anton
Paar Inc., Florida, USA).26 The samples were evacuated over-
night at room temperature, and nitrogen was introduced in
eleven pressure steps (P/P0 = 0.05–0.90) at −196 °C.

To evaluate the amount of CPC and BKC adsorbed, the
samples were subjected to carbon–hydrogen–nitrogen (CHN)
elemental analysis (CHN coder MT-6, Yanaco Analytical Indus-
tries, Kyoto, Japan) using Ar gas as a carrier.

The thermal stability of the samples was determined by
thermogravimetry–differential thermal analysis (TG-DTA:
Thermo-Plus, TG8210, Rigaku Co., Japan). The samples were
heated to 1000 °C at 10 °C min−1 using Al2O3 as the standard.

The surface potential of zirconia powder samples in PBS was
evaluated through zeta potential measurements. The mass of
5.00 mL of each of the prepared samples was measured, and the
mass of 50.0 mL of each sample was calculated from the
computed density. Subsequently, 50.0 mL of each sample was
ground in an alumina mortar with a small amount of PBS as
a lubricant to form a slurry. Each ground sample was immersed
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 XRD patterns of the zirconia samples for immersion test before
(a) and after (b) heat treatment. The peaks marked as C indicate the
monoclinic phase and peaks marked as B indicate the tetragonal
phase.
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in 50.0 mL of PBS diluted 10-fold with distilled water to prepare
a 0.1 vol% solution. Each solution was stirred using a vortex
mixer (VMX-3000V, As One Corporation, Osaka, Japan) for
1 min. The zeta potential of each solution was then measured
using a zeta potential measurement phase (ELSZ-2000, Otsuka
Electronics Co., Ltd., Osaka, Japan). A high-power semi-
conductor laser was used, and the measurement was performed
at a solvent temperature of 25 °C. A standard quartz cell unit
(ELSZ series, Otsuka Electronics Co., Ltd) was used as the cell.

Antibacterial test

We performed an antibacterial activity test with prior approval
from the AIST microbial experiment ethical committee
(approval number: B2019-0110-D, B2019-0113-E). We chose
Staphylococcus aureus (NBRC100910T) as the representative
Gram-positive bacteria. This antibacterial test was modied
from the standard methods of ISO 22196:2011. The bacteria
were cultured in the Bouillon medium (Pearl-core Heart Infu-
sion, Eiken Co., Tokyo, Japan) at 37 °C for 1 day.

Commercially available Ceramil HT+ (Amann Girrbach,
Koblach, Austria) made from 4Y-TZP was used as the zirconia
sample. Commercially available Ceramil zolid fx (Amann Girr-
bach, Koblach, Austria) made from 6Y-TZP was used as the
zirconia sample. Cylindrical-shaped zirconia blocks were cut
into discs by an automatic precision cutting machine (Isomet,
Buehler Ltd, IL, USA). The discs were sintered at 1450 °C for 2 h
(rate of increase = 8 °C min−1) in accordance with the specied
manufacturer's conditions. Aer sintering, the discs were
prepared to 10 mm in diameter and 0.6 mm thickness, and the
surfaces were automatically polished (Ecomet 250, Buehler Ltd,
IL, USA) with #400-1200 polishing paper for 5 min. Next, the
samples were mirror polished using a dental rubber polishing
bar (Zircoshine, Shofu Inc., Kyoto, Japan). The samples were
then autoclaved at 120 °C for 15 min and then immersed in
10 wt% BKC for 10 min. The samples that were not immersed
BKC but were immersed in 70% ethanol were used as control.
The samples were then washed several times with sterilized
PBS.

The samples were placed on a medium coated with each
bacterium and incubated at 37 °C for 24 h to evaluate the
inhibition circular formation ability.

Statistical analysis

All statistical analyses were performed using IBM SPSS Statistics
27, with a = 0.05. A two-way analysis of variance (ANOVA) was
performed to assess the carbon adsorption per unit area of the
samples aer the immersion test. Tukey's test was conducted to
examine the signicant p values. One-way ANOVA was per-
formed on the zeta potentials of the zirconia samples in PBS
aer the immersion test. Additionally, one-way ANOVA was
performed on the results of the antibacterial test.

Results and discussion

First, the crystal structures of the zirconia ceramic powder
samples used in the immersion experiments were evaluated.
© 2024 The Author(s). Published by the Royal Society of Chemistry
Fig. 2(a) and (b) show the XRD patterns of the zirconia ceramics
before and aer heat treatment, respectively. The XRD patterns
of monoclinic and tetragonal zirconia are also shown as ref. 14
Before heat treatment, the ZrO2 sample exhibited peaks at 27.6°
and 31.8°, corresponding to the monoclinic phase. Both 3Y-TZP
and 4Y-TZP exhibited the strongest peak at 30.0° and weaker
peaks at 27.6° and 31.8°, indicating a tetragonal phase with
mixed monoclinic phase. In contrast, 6Y-TZP presented the
strongest peak at 30.0°, with extremely weak peaks at 27.6° and
31.8° compared with those of 3Y-TZP and 4Y-TZP, indicating
a predominantly tetragonal phase with mixed monoclinic
phase. Aer heat treatment, ZrO2 exhibited peaks correspond-
ing only to the monoclinic phase at approximately 27.6° and
31.8°, as in the case before heat treatment. In contrast, 3Y-TZP,
4Y-TZP, and 6Y-TZP presented a strong peak at 30.0° and
weaker peaks at 35.0° and 50.0°. No peak corresponding to the
monoclinic phase was observed, indicating a single phase of
tetragonal zirconia. Thus, in the remaining paper, heat-treated
ZrO2 is referred to as monoclinic zirconia, and the Y-TZP series
is referred to as tetragonal zirconia. Heat treatment enabled the
preparation of both monoclinic and tetragonal zirconia
powders, and the composition of these samples was then
examined.

Table 1 summarizes the chemical composition of the
samples measured by XRF. No signicant difference in the
chemical composition was observed before and aer heat
treatment across all samples. The Y2O3 content obtained from
XRF measurements was compared with the manufacturer-
specied values, yielding an approximate curve. The plotted
values, both before and aer heat treatment, adhered to the
approximate curve, and the Y2O3 contents of samples measured
by the XRF instrument were consistent with those reported by
the manufacturer.16,27

Moreover, the ne structures of zirconia samples were eval-
uated. Fig. 3 shows SEM micrographs of the zirconia samples
post-immersion. All zirconia powders exhibited a secondary
particle structure with primary particles being smaller than
RSC Adv., 2024, 14, 26457–26463 | 26459
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Table 1 Elemental composition of the zirconia samples by XRF (mean ± SD, n = 3)

Sample

Elemental composition (wt%)

Before heat treatment Aer heat treatment

ZrO2 Y2O3 HfO2 ZrO2 Y2O3 HfO2

ZrO2 97.32 � 0.02 0.17 � 0.04 2.51 � 0.06 97.30 � 0.06 0.10 � 0.07 2.61 � 0.02
3Y-TZP 91.76 � 0.03 5.78 � 0.03 2.45 � 0.05 91.86 � 0.04 5.81 � 0.01 2.34 � 0.04
4Y-TZP 90.13 � 0.05 7.49 � 0.05 2.38 � 0.02 90.24 � 0.03 7.48 � 0.00 2.29 � 0.03
6Y-TZP 87.55 � 0.03 10.11 � 0.02 2.34 � 0.02 87.46 � 0.06 10.17 � 0.03 2.38 � 0.04

Fig. 3 SEM micrographs of the heat-treated zirconia samples. (a) and
(b) ZrO2 (monoclinic) after heat treated at 600 °C. (c) and (d) 3Y-TZP
after heat treated at 1100 °C. (e) and (f) 4Y-TZP after heat treated at
1100 °C. (g) and (h) 6Y-TZP after heat treated at 1100 °C.

Table 2 Specific surface area of the heat-treated zirconia samples
(mean, n = 2)

Sample
Specic surface
area (m2 g−1)

ZrO2 08.7
3Y-TZP 24.1
4Y-TZP 26.3
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500 nm. In the monoclinic zirconia sample, the secondary
particles were somewhat non-uniform in size and morphology.
In contrast, the secondary particles of tetragonal zirconia were
uniformly shaped and spherical.

The BET method was used to determine the specic surface
area of the samples, considering their microstructure and
particle size (Table 2). The specic surface areas of tetragonal
zirconia were 2–3 times larger than those of monoclinic
26460 | RSC Adv., 2024, 14, 26457–26463
zirconia. Among the tetragonal zirconia samples, 3Y-TZP and
4Y-TZP had larger specic surface areas compared with 6Y-TZP.

Table 3 lists the pH values for each solution before and aer
zirconia immersion. All solutions in which the zirconia powder
samples were immersed maintained a neutral pH range,
simulating physiological conditions in the oral cavity.

CHN analysis was indicated to evaluate the number of anti-
bacterial molecules adsorbed on the zirconia samples and the C
content was measured. Fig. 4(a) shows the C content adsorbed
per unit area of zirconia powder immersed in each solution. A
comparison of the results for monoclinic and tetragonal
zirconia in CPC- and BKC-containing PBS indicated that the
monoclinic zirconia sample adsorbed 5–6 times more C content
than the tetragonal zirconia samples. A two-way ANOVA (a =

0.05) showed that the monoclinic zirconia sample was signi-
cantly different from all tetragonal zirconia samples. Notably,
the monoclinic zirconia sample adsorbed approximately ve
times more antibacterial molecules per unit area than the
tetragonal zirconia samples.

By the way, we performed FT-IR measurements to evaluate
attached mode of CPC and BKC. However, we obtained only
little signals of antibacterial agents. Therefore, we placed the
measured results as ESI.†

Fig. 5 shows the DTA curves of the samples. For monoclinic
ZrO2, a clear peak indicating an exothermic change was
observed at approximately 300 °C for both CPC and BKC, and
similar peaks were observed in the tetragonal zirconia sample.
Overall, the desorption temperatures of tetragonal zirconia
samples were slightly lower than those of the monoclinic
samples. Several exothermic peaks were observed in the 3Y-TZP
sample with CPC. Therefore, the observed higher temperature
desorption of monoclinic zirconia compared to tetragonal
zirconia suggests that the antibacterial molecules are more
tightly adsorbed.
6Y-TZP 16.2

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 pH values of the PBS solutions with and without antibacterial
agents

Sample PBS alone
PBS with
CPC

PBS with
BKC

Control 7.12 7.17 6.98
ZrO2 7.34 7.40 7.14
3Y-TZP 7.27 7.35 7.14
4Y-TZP 7.28 7.32 7.13
6Y-TZP 7.28 7.33 7.09

Fig. 4 Amount of carbon adsorption per unit area on the monoclinic
and tetragonal samples (a) and the tetragonal samples (b) after
immersion test. Upper case letters are significantly different from
lower case letters (p < 0.05).

Fig. 6 Zeta potential of the zirconia samples in PBS after immersion
test (n = 3). Error bars denote standard deviation.
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Commercial dental zirconia, which is expected to exhibit
enough mechanical strength, is mostly tetragonal and is thus
doped with stabilizing elements such as Y2O3.16 Fig. 4(b) shows
the amount of C adsorbed per unit area on the tetragonal
zirconia powder. Interestingly, among the tetragonal zirconia
samples, the amount of C adsorption tended to increase slightly
as the Y2O3 content in the zirconia increased. Although 6Y-TZP
was signicantly different from 3Y-TZP and 4Y-TZP, no signi-
cant difference was observed between 3Y-TZP and 4Y-TZP. In
general, REE can form complexes with quaternary amines28

such as CPC and BKC. Thus, the increase in the Y2O3 content in
zirconia likely led to an increase in the amount of Y2O3

complexes formed with CPC and BKC.
Fig. 5 DTA curves of each zirconia sample immersed in PBS, CPC, and B
references are indicated by the dotted lines. The inverted triangular mar
BKC.

© 2024 The Author(s). Published by the Royal Society of Chemistry
Next, we examined the inuence of crystal structures of
zirconia on the adsorption of antibacterial materials. To this
end, we explored the effect of Y2O3 content in tetragonal
zirconia. Based on the C adsorption contents of 3Y-TZP, 4Y-TZP,
and 6Y-TZP tetragonal zirconia samples, theoretical values of C
adsorption contents for tetragonal zirconia without Y2O3 could
be determined through linear approximation. These theoretical
values for CPC- and BKC-containing PBS were 2.1 wt% m−2 and
0.5 wt% m−2, respectively. However, in our experiments,
monoclinic zirconia adsorbed 28.9 wt% m−2 and 25.7 wt% m−2

of C when immersed in CPC- and BKC-containing PBS,
respectively, approximately 11 and 26 times higher than the
predicted values for tetragonal zirconia. This outcome suggests
that monoclinic zirconia could adsorb signicantly more anti-
bacterial molecules than tetragonal zirconia in oral conditions,
even aer excluding the effect of stabilizing elements.

Surface properties, especially surface charge, signicantly
inuence the adsorption of substances onto solid materials.29,30

To examine the adsorption properties in solution, we focused
on the potential of the sample surface. Previously, the zeta
potential of the sample was measured.31,32 Fig. 6 shows the zeta
KC. (a) ZrO2, (b) 3Y-TZP, (c) 4Y-TZP, and (d) 6Y-TZP. The CPC and BKC
ks indicate the significant peaks of each sample immersed in CPC and

RSC Adv., 2024, 14, 26457–26463 | 26461
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potential of each zirconia in PBS solution. The values for
monoclinic zirconia, 3Y-TZP, 4Y-TZP, and 6Y-TZP in PBS were
−22.11 mV, −18.89 mV, −19.70 mV, and −19.25 mV, respec-
tively. The surfaces of all samples were negatively charged, and
the values for monoclinic and tetragonal zirconia were compa-
rable, and consistent with those reported previously.33,34

Although no signicant difference was observed in the bulk
zeta potential between monoclinic and tetragonal phases, the
exposed crystal planes in both zirconia crystals are inherently
different. The results can likely be explained by the fact that the
more negatively charged crystal faces exposed on the less
symmetrical monoclinic zirconia crystals contribute signi-
cantly to the adsorption of antibacterial molecules.

As shown in Fig. 7(a), the samples immersed in BKC showed
a zone of inhibition. In contrast, the samples without immer-
sion in BKC (70% ethanol immersion) showed no formation of
an inhibition zone. Fig. 7(b) shows that 6Y-TZP exhibited
a slightly larger inhibition zone than 4Y-TZP. However, the
difference was not signicant. These results suggest that
zirconia with adsorbed antibacterial molecules exhibits anti-
bacterial properties.

We observed that monoclinic zirconia adsorbed signicantly
more antibacterial molecules than tetragonal zirconia.
Although dental zirconia is primarily tetragonal, damaged areas
such as microcracks induced by aging can undergo phase
transformation and become monoclinic.35 Traditionally, resto-
rations that have been in the oral cavity for an extended period
require regular maintenance and remanufacturing, given the
signicant risk of secondary caries resulting from marginal
leakage caused by occlusal pressure, wear, and material degra-
dation.36,37 However, the results of this study suggest that the
monoclinic zirconia crystals in long-term zirconia restorations
adsorbed a greater number of antibacterial molecules, resulting
in improved antibacterial activity. Additionally, in highly
translucent zirconia, characterized by high Y2O3 contents, the
adsorption effect of stabilizing elements is further augmented.
This discovery holds signicant implications for the dental
materials and can promote the development of treatment
methods for patients experiencing oral-care challenges, espe-
cially elderly patients. Because it is difficult for elderly people to
Fig. 7 Results of the antibacterial activity test of 4Y-TZP and 6Y-TZP
absorbed with and without BKC against S. aureus (n = 3). (a) Inhibition
circular formation ability, (b) zone of inhibition in mm. The dotted line
on (b) denotes the disc diameter. *: p < 0.05.

26462 | RSC Adv., 2024, 14, 26457–26463
perform proper dental care, the interaction between Y2O3 and
its antibacterial effects, which was claried in this study, could
be applied to prevent dental caries, periodontal disease, and
aspiration pneumonia in the elderly.
Conclusion

This study was aimed at evaluating the ability of tetragonal and
monoclinic zirconia crystal systems to support antibacterial
molecules in simulated oral environments. Monoclinic zirconia
was noted to adsorb approximately ve times more antibacterial
molecules (CPC and BKC) compared with tetragonal zirconia.

In tetragonal zirconia, the amounts of CPC and BKC adsor-
bed slightly increased as the Y2O3 content in zirconia increased.
This phenomenon likely occurred because Y2O3 in zirconia
forms complexes with quaternary amines such as CPC and BKC.
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