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This study aims to analyze the aesthetic, mechanical, and antibacterial properties of clear retainer 
materials with an antibacterial coating. Specifically, it evaluates whether the coating can retain its 
effectiveness after repeated toothbrushing by assessing material integrity, surface roughness, and 
bacterial adhesion in vitro. Four types of 1.0-mm thermoplastic sheets widely used in orthodontic 
clear retainers were tested: PUL (Magicfoil R, Osstem, Korea), PUC (Magicfoil R with a hydrophilic 
antibacterial coating), PUZ (Zendura, Bay Materials, USA), and PET (CA Retention Foil, Scheu-Dental, 
Germany). The PUL, PUC, and PUZ sheets were composed of polyurethane (PU), whereas the PET 
sheets were made of polyethylene terephthalate glycol (PETG). Flexural strength, tensile strength, 
and cyclic load tests were conducted to compare the mechanical properties of these four materials, 
and transparency was compared to evaluate aesthetic properties. The surface roughness of the 
specimens and the antibacterial ability against Streptococcus mutans were measured before and after 
toothbrushing. The antibacterial coating did not change the mechanical or aesthetic properties of the 
retainer material. After brushing, all types’ materials had similar surface roughness values as before 
brushing. Additionally, the antibacterial coating group (PUC) exhibited lower bacterial adhesion than 
the uncoated group (PUL), with reductions of 36% before and 40% after toothbrushing. The difference 
was statistically significant before toothbrushing (p < 0.05), but not after simulated toothbrushing. 
These results confirm that the hydrophilic coating has an antibacterial effect and that this effect can be 
maintained even after repeated toothbrushing.
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Clear retainers are highly favored for active orthodontic treatment and long-term retention in clinics due to their 
convenience, aesthetic appeal, and semi-transparent characteristics. However, these appliances have inherent 
shortcomings, such as low wear resistance in the oral environment and frequent fractures of the thermoplastic 
resin material. Moreover, their continuous intraoral use—up to 24 h a day for over a year1—inevitably leads to 
microbial and plaque accumulation2,3. This microbial colonization not only compromises oral hygiene but also 
poses a strong risk factor for bacteria-related diseases, including dental caries, gingivitis, and periodontitis. In 
particular, clear retainers can act as reservoirs for cariogenic bacteria such as Streptococcus mutans4, highlighting 
the need for effective antibacterial strategies to ensure hygienic and safe long-term use.

To address these challenges, various materials and surface modification techniques have been developed 
to alter surface properties and reduce bacterial adhesion. Among them, hydrophilic surface modification has 

1Department of Orthodontics, Institute of Craniofacial Deformity, Yonsei University College of Dentistry, 50-1 
Yonsei-ro, Seodaemun-gu, Seoul 03722, Republic of Korea. 2Department of Orthodontics, Section of Dentistry, 
Seoul National University Bundang Hospital, Seongnam, Republic of Korea. 3Department and Research Institute 
of Dental Biomaterials and Bioengineering, Yonsei University College of Dentistry, Seoul, Republic of Korea. 4BK21 
FOUR Project, Yonsei University College of Dentistry, Seoul, Republic of Korea. 5Institute for Innovation in Digital 
Healthcare, Yonsei University, Seoul, Republic of Korea. email: jungcha@yuhs.ac

OPEN

Scientific Reports |        (2025) 15:41541 1| https://doi.org/10.1038/s41598-025-25437-y

www.nature.com/scientificreports

http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-025-25437-y&domain=pdf&date_stamp=2025-11-12


gained attention for its ability to inhibit initial bacterial attachment and maintain cleanliness on medical device 
surfaces5–7. Hydrophilic coatings on medical devices create a thin film that disrupts interactions between the 
medical device surface and biofilms, inhibiting biofilm formation8–12. In an experimental study, polyethylene 
terephthalate glycol (PETG) sheets coated with polysilsesquioxane (PSQ) demonstrated a reduction in bacterial 
density for three different types of oral bacteria, leading to a reduction in bacterial growth of over 60% compared 
with the control group13.

In this study, materials were selected based on their physical and mechanical properties, as well as their 
clinical relevance. Commercially used products from both polyurethane (PU)-based (PUZ) and polyethylene 
terephthalate glycol-modified (PETG)-based (PET) groups were included to reflect materials widely adopted in 
clinical practice. In addition, a general PU material (PUL) and a PU material with a hydrophilic antibacterial 
coating (PUC) were incorporated for comparison. By evaluating PU and PETG materials with and without 
surface modifications, the study aimed to assess the effects of antibacterial coating on aesthetic, mechanical, and 
microbiological performance.

PEI (polyethylenimine) is a widely used germicidal ingredient in various formulations, ranging from 
detergents to packaging materials14. It contains primary, secondary, and tertiary amino groups, making it 
polycationic. This compound is formed through the cationic polymerization of aziridine15. The polycationic 
nature of PEI is crucial, because polycations have antibacterial properties owing to their ability to destroy 
bacterial cell membranes with a negative charge16. In particular, previous research has demonstrated that PEI 
nanoparticles exhibit potent antibacterial effects against Streptococcus mutans17, maintaining antibacterial 
properties for more than one month. Given its proven long-term antibacterial efficacy, hydrophilicity, and 
biocompatibility, PEI was recently applied as the coating material to develop a durable antibacterial surface for 
orthodontic retainers.

Because clear retainers are placed in the oral cavity for extended periods (ranging from 3 months to 1 year), 
the durability of coatings with antibacterial properties must be validated and research is needed to enhance 
the stability of antibacterial coatings. Changes in surface roughness caused by toothbrushing can impact 
bacterial colonization, and the removal of the coating may undermine its antibacterial capacity18–20. Therefore, 
maintaining antibacterial capacity even after repeated toothbrushing is necessary. However, previous studies 
on durability have primarily focused on chemical stability under various oral conditions such as pH level and 
enzymatic conditions, without replicating the mechanical conditions of toothbrushing. Therefore, this study 
aims to assess the aesthetic and mechanical properties of an antibacterial clear retainer in vitro and bacterial 
adhesion after repeated toothbrushing.

The null hypothesis assumes that antibacterial coating would not significantly affect the aesthetic, mechanical, 
or antibacterial properties of polyurethane-based clear retainers, and that toothbrushing does not result in a 
significant difference in the antibacterial performance of the coating.

Results
Comparison of transparency
The PET, PUL, and PUC groups had significantly higher transparencies than the PUZ group (p < 0.01) (Table 1).

Analysis of mechanical properties
Flexural strength
There were significant differences in the maximum flexural strengths among the four groups (p < 0.01). The mean 
maximum flexural strengths of the PUL, PUC, PUZ, and PET groups were 70.50, 64.38, 69.09, and 59.57 MPa, 
respectively. The PUL and PUZ groups had significantly higher mean maximum flexural strengths than the PET 
group (p < 0.01) (Table 2; Fig. 1A).

Tensile strength
There were significant differences in tensile strengths among the four groups (p < 0.01). The mean tensile 
strengths of the PUL, PUC, PUZ, and PET groups were 45.67, 44.97, 41.90, and 34.28 MPa, respectively. The 
PUL and PUC groups had significantly higher tensile strengths than the PET group (p < 0.01) (Table 2; Fig. 1B).

Cyclic load
The force was the lowest for the PET group after cyclic loading; however, there were no significant differences 
in the forces for each cycle among the four groups (p > 0.05) (Fig.  1C). After 400 cycles of cyclic loading 

Group Mean S.D. Median Min–max

PUL 96.49a 0.40 96.58 95.85–96.85

PUC 96.47a 0.29 96.37 96.23–96.96

PUZ 94.24b 1.52 93.74 92.55–95.85

PET 97.02a 0.31 96.94 96.70-97.47

Significance **

Table 1.  Transparency values of PUL, PUC, PUZ and PET (n = 5). p values were calculated using the Kruskal–
Wallis test for multiple comparisons, followed by post hoc comparisons using the Mann–Whitney U test with 
a Bonferroni adjustment of the alpha level. Superscript letters (a, b, c) indicate results of post hoc comparisons; 
groups sharing the same letter are not significantly different (p > 0.05). **p < 0.01.

 

Scientific Reports |        (2025) 15:41541 2| https://doi.org/10.1038/s41598-025-25437-y

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


(approximately 67 days of clinical use, assuming six insertions and removals per day), all groups showed an 
average force reduction of 18–22%. Although the PET group exhibited the lowest absolute force after loading, it 
had the smallest rate of force reduction compared to the other groups.

Examination of surfaces before and after toothbrushing
Examination of surface roughness using FE-SEM
After thermoforming, no marked changes were observed in the surface morphology of the four groups before 
and after toothbrushing under SEM examination. Figure 2 shows the SEM images of the surfaces before and after 
toothbrushing for each group. Before toothbrushing, indentation marks caused by the thermoforming process 
can be seen despite the differences in surface characteristics among the groups. The surface of the PUZ group 
showed increased roughness before toothbrushing because of greater fitting and consequent negative pressure. 
After repeated toothbrushing, all groups showed increased irregular pitting and indentation on the surfaces.

Fig. 1.  A Flexural strengths. B tensile strengths of the PUL, PUC, PUZ, and PET groups; and C, changes in 
force for the PUL, PUC, PUZ, and PET groups after cyclic load (**p < 0.01).

 

Group Mean S.D. Median Min–max

Flexural strengths

PUL 70.50a 4.05 68.27 67.72–77.27

PUC 64.38ab 2.94 64.84 59.64–67.12

PUZ 69.09a 4.31 68.54 64.61–75.21

PET 59.57b 3.93 57.47 56.21–64.32

Significance **

Tensile strengths

PUL 45.67a 2.78 68.27 40.78–47.30

PUC 44.97a 0.89 64.84 43.95–46.22

PUZ 41.90ab 2.72 68.54 37.59–44.30

PET 34.28bc 0.88 57.47 33.39–35.74

Significance **

Table 2.  Flexural strengths (MPa) and tensile strengths (MPa) of the PUL, PUC, PUZ, and PET groups (n = 5). 
Superscript letters (a, b, c) indicate results of post hoc comparisons; groups sharing the same letter are not 
significantly different (p > 0.05). **p < 0.01.
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Examination of surface roughness using a non-contact microscope
Significant differences were observed in the Ra of the groups before and after toothbrushing (p < 0.001). The 
Ra values for the PUL, PUC, and PUZ groups were significantly higher than those for the PET group both 
before and after toothbrushing (p < 0.001) (Table  3; Fig.  3A). The Ra values increased slightly after repeated 
toothbrushing for the PUL, PUC, and PET groups; however, the changes were not significant (p > 0.05).

Antibacterial testing
After toothbrushing, a significant difference in bacterial adhesion was observed among the groups (p < 0.05), 
with bacterial adhesion being lower for the PUC group than for the PUL group. The PUL, PUC, and PUZ groups 
exhibited slightly lower bacterial adhesion after toothbrushing than before toothbrushing, whereas the PET 

Fig. 2.  SEM images (× 100) of the PUL, PUC, PUZ, and PET groups at baseline and after repeated 
toothbrushing. Surface irregularities such as pitting (arrow) and indentation (arrowhead) are indicated.
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group demonstrated a slight increase in bacterial adhesion. However, none of the groups had significant changes 
in bacterial adhesion after toothbrushing compared to that before toothbrushing (p > 0.05) (Table 4).

Figure 3B shows the bacterial adhesion of each group before toothbrushing as a percentage of that for 
the PUL group. Compared to the other three groups, the PUC group exhibited reduced bacterial adhesion. 
Specifically, its coated surface showed a 36% reduction in bacterial adhesion compared to the uncoated control 
(PUL) before toothbrushing (p < 0.05), and a 40% reduction after toothbrushing, although the latter was not 
statistically significant.

Group

Baseline After repeated toothbrushing

Mean S.D. Median Min–max Mean S.D. Median Min–max

PUL 1.59a 0.28 1.66 1.21–1.96 1.48 0.33 1.37 1.26–2.06

PUC 1.03b 0.16 1.02 0.83–1.22 0.90 0.32 0.88 0.60–1.39

PUZ 1.46ab 0.35 1.37 1.19–2.06 1.41 0.39 1.24 1.12–2.06

PET 1.25ab 0.28 1.39 0.88–1.52 1.37 0.21 1.4 1.09–1.57

Significance * *

Table 4.  Streptococcus mutans adhesion for the PUL, PUC, PUZ, and PET groups at the baseline and after 
repeated toothbrushing (n = 5). Statistical significance at baseline was assessed using one-way ANOVA with 
Tukey’s post hoc test. After repeated toothbrushing, the Kruskal–Wallis test with Mann–Whitney U tests and 
Bonferroni correction was used for post hoc comparisons. Superscript letters (a, b, c) indicate results of post 
hoc comparisons; groups sharing the same letter are not significantly different (p > 0.05). *p < 0.05.

 

Fig. 3.  A Surface roughness values of the PUL, PUC, PUZ, and PET groups at the baseline and after repeated 
toothbrushing (***p < 0.001) and BStreptococcus mutans adhesion for the PUL, PUC, PUZ, and PET groups at 
the baseline and after repeated toothbrushing (*p < 0.05).

 

Group

Baseline After repeated toothbrushing

Mean S.D. Median Min–max Mean S.D. Median Min–max

PUL 1.69a 0.18 1.69 1.46–1.92 1.79a 0.16 1.88 1.59–1.95

PUC 1.65a 0.14 1.63 1.49–1.86 1.67a 0.08 1.68 1.58–1.77

PUZ 1.76a 0.27 1.81 1.37–2.02 1.71a 0.08 1.73 1.61–1.78

PET 0.94b 0.07 0.91 0.88–1.04 0.95b 0.16 0.89 0.82–1.22

Significance *** ***

Table 3.  Surface roughness values of the PUL, PUC, PUZ, and PET groups at baseline and after repeated 
toothbrushing (n = 5). Statistical significances were tested by ANOVA and multiple comparisons with 
the Tukey test at the significance level of p < 0.05. Superscript letters (a, b, c) indicate results of post hoc 
comparisons; groups sharing the same letter are not significantly different (p > 0.05). ***p < 0.001.
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Discussion
This study aimed to evaluate whether an antibacterial coating could reduce bacterial adhesion without 
causing significant changes in the aesthetic and mechanical properties of clear retainers, even after repeated 
toothbrushing. The null hypothesis assumes that the antibacterial coating would not significantly affect the 
aesthetic, mechanical, or antibacterial properties of polyurethane-based clear retainers, and that toothbrushing 
does not result in a significant difference in the antibacterial performance of the coating. Based on the results, 
the null hypothesis was not rejected. Hydrophilic surface coatings limit hydrophobic interactions and protein 
adsorption, thereby hindering bacterial colonization and subsequent biofilm formation21–23. This mechanism 
helps explain the consistently lower bacterial adhesion observed in the coated group compared with the uncoated 
control.

Transparency plays a crucial role in the clinical acceptability of clear retainers, as patients undergoing 
orthodontic treatment often prioritize aesthetic features such as material clarity and color stability24,25. Since 
even minor alterations in optical properties may impact patient compliance, preserving transparency is essential 
when developing functional surface modifications, including antibacterial coatings.

In this study, there was no significant difference in transparency between the PUL and PUC groups, indicating 
that the application of the antibacterial coating did not adversely affect the optical clarity of the material. 
Among all groups, PET showed the highest transparency, while PUZ exhibited the lowest, consistent with 
previous findings26. These differences may be attributed to variations in polymer composition and structural 
characteristics. PETG is an amorphous polymer known for its high light transmittance and minimal crystallinity, 
which contributes to its superior transparency27. In addition, previous studies have shown that thermoforming 
conditions and surface roughness can influence optical properties, with rougher surfaces reducing transparency 
through increased light scattering and haze. In line with these reports, our study demonstrated that PUZ had 
the highest surface roughness among the tested materials. We interpret this to mean that, beyond the intrinsic 
properties of polyurethane, the relatively rougher surface of PUZ likely intensified light scattering, thereby 
amplifying its lower transparency compared with other groups. On the other hand, the PUC group, despite 
also being polyurethane-based, showed relatively high transparency, which we attribute to its reduced surface 
irregularities that mitigated light scattering.

There were no changes in surface roughness due to toothbrushing in any of the groups. Regardless of whether 
toothbrushing was performed, all three groups in the PU series had higher roughness than the PET group. Since 
a difference in surface roughness already existed between the two materials before toothbrush abrasion, the 
difference in roughness can be considered to have occurred during specimen fabrication rather than due to the 
effect of toothbrushing. This study utilized a 3D printing model used in the actual production of transparent 
orthodontic devices during specimen preparation, and the changes in surface roughness at the part of the 
specimen in contact with the printed model were evaluated. In the thermal deformation process of the surface 
of the model printed in layers, the surface roughness can increase due to contact. In addition, the condition of 
the specimen’s surface can be affected by the heating temperature and pressure conditions of the thermoforming 
process for each material28. During the thermoforming process for specimen preparation, all groups were 
subjected to the same temperature (220 °C) and pressure (58 kPa). However, the polyurethane-based materials 
required a longer heating time (either 40–55 s) compared to the PET group (30 s), which may have contributed 
to the increased surface roughness observed in the PU specimens due to the extended thermal exposure.

In this experiment, no changes in surface roughness were observed following toothbrushing in any of 
the groups. A previous study reported a significant increase in the surface roughness of various PETG-based 
materials after a 30-day cumulative toothbrushing simulation, except for Erkodur A1, a commercially available 
PETG-based thermoplastic retainer material (Erkodent Erich Kopp GmbH, Pfalzgrafenweiler, Germany)29. 
These findings highlight variations in surface roughness changes among different materials. Even within the same 
material type (i.e., PETG), surface roughness following toothbrushing can vary depending on factors such as 
differences in the manufacturing process (molding), the material’s structure, and the duration of toothbrushing. 
Thus, further comparative studies with extended toothbrushing durations are needed to confirm these findings.

Although surface roughness varied among the groups, this study did not observe a corresponding difference 
in bacterial adhesion. This interpretation is based on the descriptive comparison of quantitative results (Tables 
3, 4), as no formal statistical correlation analysis was conducted. In contrast, previous studies on the surface 
roughness of clear orthodontic materials have reported that high surface roughness is associated with bacterial 
adhesion18–20. Differing results may be attributed to factors such as the type of bacteria, surface free energy, 
exposure time of bacteria, type of mold, and type of test surface. In this study, Streptococcus mutans cultured 
overnight was used for bacterial adhesion testing, whereas the culture conditions in previous studies may have 
varied. The specimens were fabricated using 3D-printed molds, which can introduce surface irregularities and 
layer patterns that affect surface free energy. Furthermore, bacterial adhesion was evaluated on the inner surface 
of the specimens—the area in direct contact with teeth—unlike many previous studies that assessed the outer 
or flat polished surfaces. These methodological differences may have contributed to the discrepancies in results. 
In this study, the surface roughness of the PET group was lower than that of the PU groups by more than 1.5 
times, which is a significant difference. However, no significant reduction in the number of bacterial colonies 
was observed for the PET group in comparison with the PU groups.

After the production process, all groups exhibited a high surface roughness exceeding 0.9  μm. Bollen, 
Lambrechts, and Quirynen investigated the correlation between surface roughness and bacterial adhesion in the 
dental field and reported that bacterial adhesion increased when the Ra value exceeded 0.2 µm30. However, various 
factors, such as surface free energy, types of bacteria, surface roughness patterns, and external environmental 
conditions, may also interact with each other and affect bacterial colonization; hence, it is difficult to definitively 
conclude that the relationship between surface roughness and bacterial adhesion is linear beyond the critical 
point. Therefore, if the surface roughness exceeds a certain level, the Ra value may not be the critical reason 
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for the increase in bacterial colonization. Furthermore, the initial and final Ra values in this study indicate that 
the environment is clinically conducive to bacterial colonization in terms of bacterial adhesion, as evidenced 
by previous studies. The final surface roughness values of the PETG material after exposure to thermocycling 
and brushing were all above 0.2 μm, which is clinically relevant in terms of bacterial adhesion. Therefore, an 
antibacterial effect on the surface is necessary, and this study aimed to evaluate the durability of the coating to 
determine if the antibacterial effect is retained. While the coating demonstrated significantly reduced bacterial 
adhesion compared to uncoated group, the consistently lower—but not statistically significant—adhesion 
compared to PET suggests a potential benefit that merits further investigation with a larger sample size.

To meet the rapidly increasing demand for clear retainers in the field of orthodontics, it is essential to 
improve the material itself, particularly in terms of enhancing its antibacterial activity and mechanical strength. 
This study successfully demonstrated the possibility of maintaining antibacterial effects over time without 
compromising transparency or physical properties of the material using the antibacterial coating. However, 
this study also has several limitations. First, the flat shape of the sample does not fully reflect the actual shape of 
a retainer. For the purpose of this study, a flat standard specimen with a uniform cross-section was necessary, 
providing standardized results that can be used in future research. Second, the experiment did not perfectly 
replicate the oral environment, including salivary secretion, temperature, and humidity conditions. Finally, the 
model conditions considered only a single tooth, without fully reproducing clinical situations. Therefore, further 
research is required to replicate the oral environment and clinical situations more accurately.

An antibacterial effect is necessary for retainers because the possibility of bacterial proliferation increases 
with surface roughness. This study confirmed the durability of the antibacterial coating. Such a durable coating 
is expected to reduce the growth of bacterial colonies to some extent in clear orthodontic devices. However, 
further studies focusing on long-term use are necessary since clear retainers can be worn for as long as 6 months.

Methods
Sample preparation
In this study, four 1.0-mm single-layer thermoplastic sheet for clear retainers, namely, uncoated Magicfoil R, 
hydrophilic antibacterial-coated Magicfoil R, Zendura, and CA Retention Foil, which are currently available 
in the market, were used. The specimens were divided into 4 groups based on the type of material used: PUL 
(uncoated Magicfoil R, Osstem, Seoul, Korea), PUC (antibacterial-coated Magicfoil R, Osstem, Seoul, Korea), 
PUZ (Zendura, Bay Materials, Fremont, CA, USA), and PET (CA Retention Foil, Scheu-Dental, Iserlohn, 
Germany). For PUC, the surface of polyurethane (PU) sheets was modified and coated with a polymer, 
polyethylenimine (PEI), which contains secondary amine groups, to form a hydrophilic and antibacterial layer 
by applying heat at 70–80 °C. PEI is a weakly basic, aliphatic, and non-toxic synthetic polymer. The PUL, PUC, 
and PUZ groups used PU sheets, whereas the PET group used a PETG sheet. Each experiment was conducted 
after thermoforming, and five specimens were prepared for each group.

The reference model, 3D printed with MED610 photopolymer resin (Stratasys, Eden Prairie, MN, USA), 
was placed in the center of a Biostar thermoforming machine (Scheu-Dental, Iserlohn, Germany). The machine 
settings (including pressure, temperature, and duration) were configured according to the manufacturer 
specifications (Supplementary Table 1). Subsequently, the thermoformable material was shaped to fit the model. 
The model was fabricated based on the existing model of maxillary occlusal morphology in Korean adults31, 
albeit with different dimensions. A rectangular specimen measuring 17 mm in width and 65 mm in length was 
created by cutting the side (Surface X) of the thermoformable material, which had been shaped to fit the model, 
using scissors (Fig. 4A). Inner surfaces that were in contact with the model were tested in all experiments.

Comparison of transparency
Transparency refers to the color difference in substances with a uniform thickness when placed against a black-
and-white background32. Five specimens, each measuring 12 mm in width and 60 mm in length, were prepared 
for each group. To calculate the transparency index, the specimens were placed on black-and-white backgrounds, 
and their colors were measured using a spectrophotometer (CM-3700 A, Konica Minolta, Tokyo, Japan) in the 
transmittance mode in the visible light range (400–700 nm). Transmittance (T) was expressed as transparency, 
calculated as the relative transmittance according to the following formula33:

	 T = Io/Is × 100

where Is is the energy reflected by the white calibration plate on the light source, and Io is the energy transmittance 
through the specimen from the light source reflected on the white calibration plate. The transparency index 
ranges from 0 (complete opacity) to 100 (complete transparency)34.

Testing of mechanical properties
The mechanical properties before and after coating were examined by assessing the flexural strength, tensile 
strength, and cyclic load. Only the PUC group received the hydrophilic antibacterial coating, while the PUL, 
PUZ, and PET groups were used as uncoated controls.

Flexural strength
A three-point bending test was performed using a universal testing machine (Model 3365, Instron, Norwood, 
MA, USA) (Fig. 4B). The crosshead speed was set at 5 mm/min, and the distance between the two ends of the jig 
was set to 24 mm, which reflected the distance between two upper central incisors and one lateral incisor. The 
prepared specimens (width: 12 mm; length: 60 mm) were placed at the center of the three-point bending test 
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apparatus, and the maximum flexural strength was measured. The mechanical test data were analyzed using the 
Bluehill software (Instron, USA).

Tensile strength
Tensile strength measurements were performed using a universal testing machine (Model 3365, Instron, 
Norwood, MA, USA) (Fig. 4C) by connecting the ends of clear retainer specimens to the testing machine and 
applying a load by pulling at both ends. Dumbbell-shaped specimens were prepared (width: 10 mm; length: 
60 mm), with the gauge length set at 20 mm and the remaining portions fixed in the jig. The specimens fixed to 
the jig were tested at a crosshead speed of 12 mm/min. The ultimate tensile strength (MPa), which is described 
as the maximum strength that could be withstood by the specimen before fracturing, was measured. The 
mechanical test data were analyzed using the Bluehill software (Instron, USA).

Cyclic load
Cyclic load measurements were obtained using a universal testing machine (Model 3365, Instron, Norwood, 
MA, USA) (Fig. 4D). The prepared specimens (width: 12 mm; length: 60 mm) were fixed with jigs, with the 
distance between the two jigs (one at either end) set to 24 mm. Cyclic load was ensured by compressing the 
specimens at a crosshead speed of 5 mm/min, with 3-mm increments, for a total of 400 cycles. The changes in 
load after 400 cycles were compared with the initial value. Load measurements were obtained after 1, 100, 200, 
300, and 400 cycles.

Examination of surfaces before and after toothbrushing
Examination of surface roughness using FE-SEM
The thermoformed thermoplastic material was cut into rectangular specimens (width: 17 mm; length: 65 mm) 
and punched using a Ø 12-mm mold. Subsequently, the surface of each specimen was brushed using a 
toothbrushing machine (Hangil Technics, Korea) (Fig. 4E). The toothbrushing machine was operated at a speed 
of 1.25 strokes per second to simulate brushing of clear retainers 10 times per day. FE-SEM images were obtained 
before brushing and after 3 months of simulated brushing (corresponding to 900 strokes). The same type of 
toothbrush was used across all groups. The soaking solution was prepared with distilled water, without specific 
control of temperature or humidity.

After the brush test, the specimens were coated with platinum and then observed through FE-SEM 
(JSM-7610 F Plus Jeol, USA) at 100× magnification to examine the surface microstructures before and after 
toothbrushing.

Examination of surface roughness using a non-contact microscope
The brush test specimens were observed using a non-contact 3D laser microscope (LEXT OLS 5000, Olympus 
Europa SE & Co. KG, Germany). The average Ra value, which is the most commonly used parameter for surface 
roughness measurement, was calculated35.

Fig. 4.  Experimental procedures for evaluating mechanical properties and toothbrush abrasion. A Schematic 
illustration of specimen preparation for mechanical testing; surface X was sectioned from the fabricated dental 
model for analysis. B Flexural strength test. C Tensile strength test. D Cyclic loading test, with snapshots of 
the procedure conducted using a universal testing machine (Model 3365, Instron, Norwood, MA, USA). E 
Standardized toothbrush abrasion test performed using a toothbrushing machine (Hangil Technics, Korea).
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Antibacterial testing
Streptococcus mutans was incubated overnight in a brain–heart infusion broth (Merck) at 37 °C under anaerobic 
conditions. Next, the bacterial culture was diluted to 1/400, a standardized optimal concentration determined 
through preliminary experiments for effectively assessing antibacterial effects, with reference to previous studies 
reporting effective dilution ranges between 1/100 and 1/200036,37. Both pre- and post-brushing specimens were 
sterilized under UV light for 30 min before being placed in 24-well plates for bacterial adhesion testing. Next, 
1 ml of the diluted bacterial culture was added to each well and incubated at 37 °C under anaerobic conditions 
for 16 h. The samples were placed in 2% formalin, washed with PBS, and stained with a 0.1% crystal violet 
solution (Junsei Chemical, Tokyo, Japan) for 10 min. Subsequently, the samples were rinsed twice with PBS to 
remove any residual dye and dried before immersing them in 500 µL of a 10% acetic acid solution for 20 min 
to dissolve the stained crystal violet dye. The optical density of the dissolved crystal violet dye was quantified 
at 595 nm using a spectrophotometer (SpectraMax iD3 Multi-Mode Microplate Reader, Molecular Devices). 
The relative bacterial adhesion was evaluated based on optical density (OD) measurements, rather than by 
performing absolute colony counts.

Statistical analysis
Statistical analyses were performed using SPSS software version 22.0 (IBM Corp., Armonk, New York, USA). To 
determine the general characteristics of the samples, all data were presented as means and standard deviations. 
Normality and equal variance tests were conducted for comparisons of results among groups. Data that met 
both normality and equal variance assumptions were analyzed using a one-way analysis of variance (ANOVA) 
followed by Tukey’s test. If the assumptions were not met, non-parametric tests such as the Kruskal–Wallis and 
Mann–Whitney U tests were used with Bonferroni’s correction. The Ra values and bacterial adhesion densities 
before toothbrushing and after repeated toothbrushing were compared using Student’s t test. Changes in load 
after 400 repeated-load cycles were analyzed using repeated ANOVA measurements. A p value of < 0.05 was 
deemed to be statistically significant.

Data availability
Data supporting the findings of this study are available from the corresponding author upon request.
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