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Objective: Mid-to-long term use of provisional crowns in the oral cavity is associated with bacterial adhesion and biofilm formation,
thus necessitating provisional crowns exhibiting antibacterial properties to prevent the occurrence of gingivitis and periodontal disease.
This study aimed to evaluate the antibacterial effect of zirconia nanoparticle-containing polyethyl methacrylate (PEMA) resin for
provisional restorations.

Methods: Zirconia nanoparticles were added to the monomer of PEMA resin for provisional restorations, and the mixture was stirred
for 2 h using a magnetic stirrer. Disk-shaped specimens were prepared by mixing the polymer with the nanoparticle solution. The
control group contained pure PEMA resin samples, and the experimental groups Group Z2, Group Z4, and Group Z8 included PEMA
resin specimens containing 2, 4, and 8% w/v zirconia nanoparticles, respectively. After analyzing the sample surfaces, the antibacterial
effect of the specimens was evaluated using Streptococcus mutans. Statistical analysis was performed using Tukey’s test and Mann—
Whitney U-test, according to the normality result in the Shapiro—Wilk test.

Results: FE-SEM and EDX analyses revealed the successful addition of zirconia nanoparticles. Results showed no significant
difference in the measured values for surface roughness and contact angle between the experimental and control groups; however,
adhesion and biofilm thickness of S. mutans were significantly decreased in Group Z2, Group Z4, and Group Z8 compared to the
control group (P < 0.05, P < 0.01, P < 0.01, respectively).

Conclusion: The addition of zirconia nanoparticles can lower the incidence of adhesion and biofilm thickness of S. mutans on PEMA
resin used for provisional crowns. Thus, incorporating zirconia nanoparticles in repair materials for provisional crowns and PEMA
resin can produce an antibacterial effect and prevent gingivitis, periodontal disease, and dental caries.

Keywords: provisional crowns, polyethyl methacrylate (PEMA) resin, zirconia nanoparticles, antibacterial effect, Streptococcus
mutans

Introduction

The purpose of a provisional crown is to ensure the preservation of tooth function, proper phonetics, dental esthetics, and
soft tissue health while maintaining tissue compatibility until the fabrication of definitive restorations.'* Mid-to-long
term use of provisional crowns often leads to denaturization, initiating plaque deposition on surfaces.® Plaque offers
habitats for bacteria, resulting in gingivitis, periodontal disease, and dental caries.* As provisional crowns have higher
surface roughness and lower marginal adaptability, they may accumulate more biofilms than permanent prostheses.’
Successful provisional crowns should be resistant to biofilm adhesion; however, most studies have focused on physical
aspects, including fracture strength and flexural strength (according to manufacturing methods),*’ and evaluating the
accuracy of 3D-printed provisional crowns fabricated using different materials.*’ Studies on antibacterial substances,
such as chlorhexidine and vancomycin, applied to provisional crowns have limitations owing to the risk of antibiotic
resistance, creating challenges in clinical practice.'®'? Therefore, research on developing provisional crowns resistant to
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biofilm adhesion is needed. Thus far, no study has attempted to incorporate antibacterial substances into resins used for
provisional crowns to suppress gingivitis, periodontal disease, and dental caries.

Nanoparticles are materials that occur in nature as minerals, clays, and microbial products. The reactivity between
nanoparticles and biomolecules is affected by several factors, including particle size and shape and manufacturing
methods.'? As a nanoplatform commonly studied in materials and medicine, nanoparticles can deliver various biomolecules,
including DNA, miRNA, siRNA, and ribonucleoprotein. These delivery systems are considered non-cytotoxic vectors with
biocompatibility.'* Recently, nanocomposites, including nano-biocomposites, nanoTiO,, and chitosan-nanocomposites, have
been widely studied and reported in various fields, such as medical science, pharmaceuticals, and food industries.'?

Besides excellent antimicrobial properties and biocompatibility, zirconia nanoparticles have high abrasion resistance
and strength with less ability to induce bone resorption or immune response in vivo. Therefore, they have been actively
studied as surface treatment materials.'®!” Since zirconia has acceptable esthetic properties and biocompatibility,'®'®
studies have focused on zirconia applications in dentistry.**?' Methods, such as blasting and dip coating, have been used
to process resins with zirconia nanocomposites.*> Dip coating is a method in which materials to be coated are vertically
immersed into slurries and then slowly lifted at a constant speed; the thickness of coating layers may depend on the
viscosity of slurries and lifting speed. However, highly viscous slurries do not run down smoothly, resulting in uneven
surfaces in the formed coating layer and defects due to residual droplets left behind at the lower edge of the coating
layer.”> Recently, the physical and mechanical properties of PMMA/zirconia nanoparticle composites used for dentures
have shown remarkable improvement with reduced adhesion of Candida albicans***> However, no experiments have
attempted to change the physical composition by adding antibacterial materials to resins for provisional crowns using
Streptococcus mutans, a Gram-positive aerobic bacterium that forms the initial biofilm.

This study aimed to evaluate the antibacterial effect of polyethyl methacrylate (PEMA) resin containing zirconia
nanoparticles for provisional restorations. The first null hypothesis was that adding zirconia nanoparticles does not affect
the antibacterial effect of PEMA resin used for provisional restorations. The second null hypothesis was that the
concentration of zirconia nanoparticles does not affect the antibacterial effect.

Materials and Methods

Experimental Materials

Samples

Zirconia nanoparticles (ZrO2 45~55 nm, 99% Uninano Ltd., Houston, USA) were added at a concentration of 2, 4, or 8%
w/v to the monomer of PEMA resin (Snap Parkell, Inc., NY, USA) for preparing monomer solutions with nanoparticles,
followed by stirring for 24 h using a magnetic stirrer (MS-300HS, AHN Lab Ltd).

Replicable disk-shaped specimens were prepared (diameter, 15 mm; thickness, 2.5 mm) by mixing the monomer
solutions with nanoparticles and then using a mold fabricated with polyvinyl siloxane putty material (CharmFlex,
Dentkist Ltd., Seongnam, Korea). Allowed to room temperature dry before specimens fabricated was removed in mold.

Subsequently, the specimens were polished under running water using a grinder (LaboPol-5, Struers Co., Rotherham,
UK) and #800 grit SIC paper to obtain a uniform surface. All specimen surfaces were washed with 70% ethanol.

The control group (Control) contained pure PEMA resin samples, whereas the experimental groups named Group Z2,
Group Z4, and Group Z8 contained PEMA resin specimens with 2, 4, and 8% w/v of zirconia nanoparticles, respectively
(Table 1).

Table | Treatment Groups in the Experiment

Group Condition WIV%
Control PEMA resin -
Z2 PEMA resin +Zirconia nanoparticles 2
Z4 PEMA resin +Zirconia nanoparticles 4
Z8 PEMA resin +Zirconia nanoparticles 8
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Assessment of Surface Characteristics
Zirconia nanoparticles was particle size analysis via transmission electron microscope (TEM, Tecnai-F20 ST, FEI). The
zirconia nanoparticle powder was dispersed in ethanol, sonicated for 5 min, and deposited onto the TEM grid film.

To confirm the addition of zirconia nanoparticles and their surface structure, platinum was coated on the surface using
a sputter coater (E-1030, Hitachi Co. Ltd, Tokyo, Japan) in a vacuum for 60s, and the surface was observed using field
emission scanning electron microscopy (FE-SEM; S-4700, Hitachi Co. Ltd, Tokyo, Japan). The elemental composition
was analyzed using energy-dispersive X-ray spectroscopy (EDX; S-4700, Hitachi Co. Ltd, Tokyo, Japan).

The shape and surface roughness of the specimens were observed using a nanosurface 3D optical profiler (3DOP;
NV-E1000, Nano System Inc, Daegu, Korea) (n = 3). The degree of surface hydrophilicity was measured using a contact
angle analyzer (video-based contact angle measuring device, Phoenix 300, SEO Co. Ltd, Suwon, Korea) (n = 3).

Assessment of Bacterial Activity

Bacterial Cultures

S. mutans (KCOM 1504, Korean Collection for Oral Microbiology, Gwangju, Korea), a gram-positive bacterium known
to be involved in the early stage of biofilm formation, was obtained from the Korean Collection for Oral Microbiology
(KCOM). The S. mutans strain in brain heart infusion medium (BHI; Becton, Dickinson and Company, Sparks, MD) was
cultured at 37 °C in a culture chamber (LIB-150M, Daihan Labtech Ltd. Namyangju, Korea).

Bacterial Inoculation

All specimens were inoculated with S. mutans at a concentration of 1.5 x 10’ CFU/mL and cultured for 24 h. After
culturing the bacteria, the culture medium floating on the specimens was removed and washed twice with phosphate-
buffered saline (SPL Life Sciences Co, Ltd, Incheon, Korea).

Bacterial Adhesion Assessment
Crystal Violet Staining Assay
Bacteria adhering to the specimens were stained using 500 pL of 0.3% crystal violet solution for 10 min. The specimens
were washed thrice with PBS to remove the crystal violet solution and dried for 15 min. Next, 500 uL of desalting
solution (80% ethyl alcohol + 20% acetone) was dispensed on each specimen, the plate was tightly sealed to prevent
volatilization of the solution, and then the solution was stirred for 1 h.

Subsequently, 200 pL of each sample was added to a 96-well plate (SPL Life Sciences Co, Ltd, Incheon, Korea), and
the absorbance was measured using a microplate reader (VersaMax ELISA Microplate Reader, Molecular Device, San
Jose, CA) at a wavelength of 595 nm (n = 10).

Fluorescent Nucleic Acid Staining Assessment

Bacterial adhesion was visualized using the LIVE/DEAD BacLight Bacterial Viability Kit (SYTO 9, Molecular Probes
Europe BV, Leiden, Netherlands). After culturing, bacteria floating in PBS and the remaining culture medium were
washed; 200 pL of fluorescence reagent (SYTO 9, dye: propidium iodide: dH,O = 1.5 pL:1.5 puL:1.0 mL) was dispensed
to each specimen at room temperature for 15 min, and the plate was covered with aluminum foil to block light for
staining the specimens. The remaining staining solution was washed again with PBS, and bacteria adhered to the
specimens were observed using a confocal laser scanning microscope (Leica TCS SP5 AOBS/tandem, Leica
Microsystems, Mannheim, Germany) (n = 3).

Statistical Analysis

Statistical analysis was performed using SPSS 21.0 (SPSS Inc., Chicago, USA) when normality was met in the Shapiro—
Wilk test. One-way ANOVA was used to test parameters, and Tukey’s test was used as a post hoc test. The Kruskal—
Wallis test, a non-parametric test, was used when normality was not met, and the Mann—Whitney U-test was used as
a post-hoc test (P < 0.05).
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Results

Surface Characteristics

The average particle size of zirconia nanoparticle powder measured using TEM was 55+3 nm (Figure 1). FE-SEM results
showed that zirconia nanoparticles were spread on the surface of the specimens of Group Z2 (Figure 1B), Group Z4
(Figure 1C), and Group Z8 (Figure 1D), unlike Control (Figure 1A) with an even polished surface (Figure 2). Elemental
composition analysis using EDX revealed that the zirconia ratio increased with increased concentration of added zirconia
nanoparticles (Figure 3). The surface roughness values, as determined using 3D-OP, for Control, Group Z2, Group Z4,
and Group Z8 were 0.29 +0.11, 0.24 £ 0.05, 0.11 + 0.12, and 0.08 + 0.03 um, respectively (Figure 4) (n=3). The contact
angle, measured using a contact angle analyzer, was 77.69° £ 0.9° for Control, 75.78° + 1.3° for Group Z2, 72.9° £ 1.2°
for Group Z4, and 70.85° + 1.4° for Group Z8 (Figure 5) (n=3).

Inhibition of Biofilm Formation

Antibacterial assay results showed that the adhesion of S. mutans was significantly reduced in Group Z2, Group Z4, and
Group Z8 compared to Control (P < 0.05, P <0.01, P <0.01, respectively) (Figure 6) (n=10). The biofilm thickness was
13.41 + 0.23 pm in Control and 10.90 £+ 0.07, 8.98 £+ 0.5, and 8.68 + 0.9 um in Group Z2, Group Z4, and Group Z8,
respectively, indicating that S. mutans adhesion significantly decreased in the experimental groups compared to Control
(P <0.05, P<0.01, P <0.01, respectively) (Figure 7) (n=3).

The LIVE/DEAD BacLight Bacterial Viability Kit was used to visualize live and dead bacteria indicated by green and
red color, respectively (Figure 8). Green fluorescence was observed on the surface of the Control specimen, indicating the
presence of numerous live bacteria (Figure 8A). In contrast, Group Z2, Group Z4, and Group Z8 specimens had only
a small number of adherent bacteria on the surface, with few live bacteria; their surfaces mostly showed red fluorescence,
indicating numerous dead bacteria (Figure 8B-D).

Discussion
This study found that the adhesion and biofilm thickness of S. mutans were significantly reduced in provisional crowns

fabricated using PEMA resin with zirconia nanoparticles. Therefore, the first null hypothesis was rejected. In Group Z4

e

Figure | Transmission electron microscope (TEM) images of zirconia nanoparticles.
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Figure 2 Field emission scanning electron microscopy (FE-SEM) images of polyethyl methacrylate (PEMA) resin samples in (A) Control group; (B) Group Z2; (C) Group Z4;
(D) Group Z8 (50,000 x FE-SEM mode). Control group, pure PEMA resin; Group Z2, PEMA resin with 2% wi/v zirconia nanoparticles; Group Z4, PEMA resin with 4% w/v
zirconia nanoparticles; Group Z8, PEMA resin with 8% w/v zirconia nanoparticles.

and Group Z8, the adhesion and biofilm thickness of S. mutans were significantly decreased compared to Control.
Therefore, the second null hypothesis was also rejected.

Although zirconia does not chemically bind with bones, it is widely used in dentistry owing to its high bioaffinity,
stress resistance, and biocompatibility. Zirconia does not cause corrosion, induce inflammatory responses, or trigger
allergies in vivo.”®?” Reports show that zirconia has an antibacterial effect even in the oral cavity.”® Bacterial adhesion in
the oral cavity involves four stages: bacterial movement to the surface, early reversible/irreversible adhesion events,
adhesion through specific interactions, and colony biofilm formation. In a healthy state, bacterial adhesion to and removal
from the oral surface exists in a dynamic equilibrium, but increased bacterial accumulation may cause disease. The major
factors related to the degree of adhesion include surface roughness and contact angle.”’ An increase in surface roughness
and contact angle significantly increases bacterial counts and binding strength, and interaction between these two factors
further increases these effects.® This study evaluated surface roughness, contact angle, and antibacterial effects of
provisional crowns fabricated using PEMA resin with zirconia nanoparticles.

The findings indicated that repaired PEMA resin reinforced with zirconia nanoparticles significantly reduced bacterial
adhesion. The addition of zirconia nanoparticles to repaired resin resulted in a significant decrease in S. mutans adhesion,
and the maximum reduction occurred with the addition of 8% of zirconia nanoparticles. This decrease in bacterial
adhesion may be attributed to the bacterial activity of zirconia nanoparticles or its potential effect in improving surface
properties. Reports show that zirconia nanoparticles exhibit an antibacterial effect by inhibiting biofilm formation and
preventing the cytoplasmic accumulation of bacteria.®' In agreement with the findings of Kumaresan et al,>* zirconia
nanoparticles in this study almost showed significant bacterial inhibition. Zirconia nanoparticles may actively inhibit the
growth of gram-positive bacteria by interfering with cell function and causing deformation in gram-positive bacterial
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Figure 3 Energy-dispersive X-ray spectroscopy images of polyethyl methacrylate resin samples in (A) Control group; (B) Group Z2; (C) Group Z4; (D) Group Z8. Maps
clearly show that added zirconia nanoparticles has of (Zr) to its surface (bar = 200 pm).
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Figure 4 Three-dimensional surface morphology and roughness of polyethyl methacrylate resin samples in (A) Control group; (B) Group Z2; (C) Group Z4; (D) Group Z8 (n = 3).
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Figure 5 Water contact angle measurements for polyethyl methacrylate resin samples in (A) Control group; (B) Group Z2; (C) Group Z4; (D) Group Z8 (n = 3).
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Figure 6 Results of one-way analysis of variance test to analyze the adhesion of Streptococcus mutans on polyethyl methacrylate resin in the control group and Z2, Z4, and
Z8 groups (n = 10). *Marginally significant at P <0.005; **Marginally significant at P <0.001.
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Figure 7 Results of one-way analysis of variance test to analyze the biofilm thickness of Streptococcus mutans on polyethyl methacrylate resin in the control group and Z2,
Z4, and Z8 groups (n = 10) *Marginally significant at P < 0.005; **Marginally significant at P < 0.001.
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Figure 8 Fluorescence staining images of Streptococcus mutans (64 % confocal laser scanning microscope mode). (A) Control group; (B) Group Z2; (C) Group Z4; (D)
Group Z8. Green fluorescence indicates viable cells, and red fluorescence indicates dead cells.

hyphae. Consistent with these findings, adding zirconia nanoparticles was associated with an increased antibacterial
effect in this study.

The present study indicated that bacterial adhesion was significantly reduced compared to the control group only in
Group Z4 and Group Z8. Antibacterial activity was significantly affected by surface roughness. An increase in surface
roughness increased bacterial adhesion by providing shelter within surface irregularities, and surface roughness less than
0.2 um showed an antibacterial effect.**** Gad et al*® reported that adding zirconia nanoparticles to various types of
PMMA resins reduced surface roughness. Compared to the control group, SEM analysis showed that adding zirconia
nanoparticles changed the surface of the tested specimens by filling the pores. Zirconia nanoparticles formed clusters on
the surface of specimens. The reduced surface roughness may have resulted from the small size of the particles, which
reduced the inter-particle distance, resulting in close contact between the nanoparticles at lower concentrations. Some
studies showed that zirconia nanoparticles filled polymeric chain spaces and spaces on the surface; proper bonding to the
polymer matrix resulted in smooth surfaces, preventing S. mutans adhesion.*® The present study also showed that a less
than 0.2 um reduction in surface roughness in Group Z4 and Group Z8 increased the antibacterial effect.

The addition of zirconia nanoparticles to PEMA resin showed a significant change in the contact angles of the
specimens containing zirconia nanoparticles compared to the control group. This result verges from several studies that
reported changes in the PEMA resin contact angle with the addition of nanofillers.?” Studies show that adding zirconia
nanoparticles to PEMA resin increases resin hydrophilicity and reduces the potential for bacterial adhesion.*® Several
studies tested the effect of the contact angle on S. mutans adhesion and reported varied findings.** Some authors found
that the contact angle significantly affected S. mutans adhesion to resin.*” One of the major factors affecting the adhesion
of S. mutans is the surface hydrophobicity of specimens.*' The surface of S. mutans is hydrophobic in nature,** and in
particular, more bacteria adhere to hydrophobic surfaces than hydrophilic surfaces.*® Therefore, increasing the hydro-
philicity of the dental restoration surface may be an effective way to reduce the adhesion of S. mutans. In this study, the
contact angle showed a tendency to decrease with the increased addition of zirconia nanoparticles to the specimens. It
seems that the addition of zirconia nanoparticles reduced the surface contact angle and increased surface hydrophilicity,
decreasing the adhesion of S. mutans. Thus, the present study showed that adding zirconia nanoparticles to PEMA resin
could reduce bacterial adhesion and biofilm thickness.
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A limitation of this study is that additional studies are needed to increase the antibacterial properties while
maintaining appropriate physical and mechanical properties for the clinical use of polyethyl methacrylate (PEMA)
resin with zirconia nanoparticles. Moreover, the specimens were tested under conditions that did not simulate the oral
environment. Therefore, the recommendations of this study require additional in vivo and clinical research on provisional
crowns with the addition of zirconia nanoparticles in a simulated oral environment.

Conclusions

Within the limitation of this study, polyethyl methacrylate (PEMA) resins modified with zirconia nanoparticles exhibited
an antibacterial effect on S. mutans by reducing surface roughness and contact angle and prevented the development of
gingivitis, periodontal disease, and dental caries. Therefore, adding zirconia nanoparticles to PEMA resins for provisional
prostheses can effectively reduce the adhesion of S. mutans to the surface of provisional crowns.
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