www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Enhanced anti-microbial properties
of clear aligner resin containing
zwitterionic material
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This study evaluated the mechanical and anti-bacterial properties of photocurable clear aligner resin
(TC-85) incorporated with zwitterionic material, 2-methacryloyloxyethyl phosphorylcholine (MPC).
Three experimental solutions were synthesized using 2-methacryloyloxyethyl phosphorylcholine
(MPC) and clear aligner resin (TC-85). A group without any experimental solution served as a control.
Specimens were fabricated by adding mixture of solutions to customized mold followed by post-curing
procedure. Mechanical properties of the experimental groups were evaluated by tensile strength

test, three-point flexural test, stress relaxation and creep test. Biological properties were evaluated
through colony forming unit assay, MTT assay, and protein adsorption test. Incorporation of MPC into
clear aligner resin achieved protein repellent and anti-microbial capabilities without compromising
the mechanical properties. Tensile strength and three-point flexural test along with creep, stress
relaxation test did not show significant difference in the mechanical properties. Addition of 1%, 2%, or
3% MPC into clear aligner resin significantly reduced the amount of bovine serum albumin adsorbed
and proteins adsorbed from brain heart infusion medium by 1/3 ~ 1/4 that of a control (p<0.001).

The mixture of clear aligner resin with 3% MPC inhibited biofilm growth, reducing CFU counts by

40% compared to that of a control. Incorporating zwitterionic material with clear aligner resin TC-85
demonstrated an anti-biofouling activity while preserving its original mechanical properties, which
may be a promising strategy to overcome the limitation of current clear aligner treatment.
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Clear aligner treatment gained popularity among orthodontists and patients due to their advantages in aesthetics,
convenience, and improved oral hygiene compared to traditional orthodontic treatment!. Recently, physical
properties such as static mechanical properties and dynamic mechanical analysis (DMA) of a newly developed
direct printing clear aligner material, TC-85 were compared with conventional vacuum thermoforming material
PET-G**. It has been reported that directly 3D printed clear aligners generate more consistent and lighter
force which enable optimal force application for tooth movement than conventional thermoformed materials
(PET-G)°. Additionally, directly printed clear aligner allows easier integration of various design elements into
application, increasing its versatility. Nevertheless, during orthodontic treatment patients with orthodontic
appliances often struggle to maintain proper oral hygiene, leading some to develop early caries lesion or white
spot lesions (WSLs)”.

Proteins in saliva adhere to dental restorations leading to an initial step of biofilm formation, which
eventually changes the local balance of microbial community®-1°. Early lesions in enamel are initial sites for acid
penetration by lactic acid produced by bacterial biofilm. Accordingly, there is a great need to develop methods
that can repel proteins which could further inhibit bacterial adherence and enhance antibacterial property'2.
Various attempts have been made to develop antibacterial acrylate resins with sufficient mechanical strength,
protein-repellent and anti-microbial properties!!~1¢.

As a newly approached preventive strategy, incorporating zwitterions have demonstrated significant potential
as biocompatible antifouling material on various dental applications'”"!8. Zwitterionic materials contain both
cationic and anionic functional groups. Due to their molecular structure with phospholipid polar group in its
side chain, applying zwitterionic materials function as additives for protein adsorption and cell adhesion!®-23.
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These hydrophilic polymers reduce protein adsorption, resulting in reduced bacterial adhesion and dental
biofilm formation®.

Among zwitterionic materials, 2-methacryloyloxyethyl phosphorylcholine (MPC) is widely studied by
incorporating it with dental adhesives, orthodontic cements, and resin composites due to its protein repellent
and antibacterial property!”?*-28. Several studies on MPC showed excellent protein repellent activity and
bacterial adhesion prevention.

Previous studies have highlighted the impact on mechanical properties, noting its well-known biocompatibility
when incorporated with other materials!”?123%. Recently, a study demonstrated that mixing MPC with PMMA
3D printing dental resins provided similar antifouling effect and minimal compromise in mechanical integrity
from 3 to 5 wt%!3. Kwon et al. demonstrated that light curable fluoride varnish (LCFV) with MPC exhibited
significant antifouling effect on protein adsorption and bacterial adhesion, while preserving its original physical
properties®!. These results suggest the potential for developing a new protein-repellent direct 3D printing clear
aligner with antibacterial properties which can inhibit biofilm formation through mixing MPC and photocurable
printing clear aligner resin.

However, thus far, there are few reports to date on the incorporation of MPC polymer with newly approved
photocurable clear aligner resin TC-85.

This study is to evaluate the antibacterial properties as well as mechanical performances of TC-85, a newly
introduced photocurable resin intended for use in directly 3D printed clear aligners, incorporated with MPC
polymer. The incorporation of zwitterionic material, 2-methacryloyloxyethyl phosphorylcholine (MPC) was
intended to have biocompatible anti-fouling ability. For comparative evaluation, TC-85 was selected as control.
The null hypotheses were that there will be no significant differences between clear aligner resin with or without
MPC in terms of (i) physical and mechanical properties, and (ii) oral biofilm resistance.

Results

Mechanical properties

Tensile strength test

As summarized in Table 1, TC-85 control showed 33.80 MPa stress (strain of 1.35%), while MPC 1% showed
27.31 MPa (1.38% strain), MPC 2% showed 33.57 MPa (1.14% strain), and MPC 3% 44.20 MPa (1.35% strain)
respectively. TC-85 control fractured at an elongation of approximately 17.34%, while MPC 1% (9.31%), MPC
2% (2.26%), MPC 3% (4.51%) groups fractured at even lower elongations.

According to the elastic modulus (mean+standard deviation) results summarized in Fig. 1, control
(317.06£158.91 N/mm?) and MPC 1% (311.35+173.13 N/mm?) group showed statistically no significance.
MPC 2% (490.97 £96.76 N/mm?) and MPC 3% (438.61+73.56 N/mm?) groups showed significantly higher
results than control group (p<0.01). MPC 2% and MPC 3% group revealed no significance among comparison.
Meanwhile, MPC 2% showed the highest elastic modulus (p <0.001) indicating a significant increase in stiffness.

Three-point flexural test

The average flexural strength of each experimental groups is as follow: control group (31.26 +17.41) MPa, MPC
1% group (28.96+20.05) MPa, MPC 2% group (22.92+10.31) MPa, and MPC 3% group (46.85+32.47) MPa
in Fig. 2. The flexural strength showed significant differences among groups (P<0.001). The MPC 3% group
showed significance with control group (p <0.01), MPC 1% (p <0.001), and MPC 2% (p <0.001). There was no
significance among control, MPC 1%, and MPC 2% groups.

The flexural modulus showed significant differences among groups (P<0.01). MPC 1% group
(3280.68+2263.54 N/mm?) showed significantly higher value among all groups. The control group
(1084.42 +881.52 N/mm?) group revealed no significance with MPC 2% (943.37 +1259.05 N/mm?) and MPC
3% (1765.04 + 1462.43 N/mm?) group.

Thermo-mechanical cycle property test (stress relaxation and creep test)

Supplementary Fig. 1 shows stress relaxation curves for four experimental groups. Each graph plots stress (kPa)
against time (min), presenting the relaxation behavior of a material under constant strain. Initial stress values in
all groups were slightly above 1 MPa. All experimental groups showed a rapid decrease in stress within 20 min
with similar patterns. Stress level stabilized eventually. As concentration of MPC increased, final stabilization

Control MPC 1% MPC 2% MPC 3%
Yield stress (Mpa) 33.80+£5.89 |27.31%£5.53 | 33.57+7.02 | 44.20+8.27
Elongation at yield (%) 1.28+0.76 1.38+3.83 | 1.14+0.1 1.35+0.07
Tensile strength 33.61+1.89 |27.24+0.02 | 35.5+0.38 | 43.84+1.74

Elongation at strength (%) | 1.42+3.97 1.44+388 | 1.19+2.46 | 1.36+1.34
Failure stress (MPa) 40.53+10.33 | 23.32+9.42 | 20.55+10.4 | 33.14+£10.74
Elongation at failure (%) 17.34+3.85 9.31+3.84 | 2.26+2.45 | 4.51+1.36

Table 1. Mechanical properties from tensile test. Control Tera Harz TC-85 clear aligner resin (referred to
as ‘control’), 99% clear aligner resin + 1% MPC (referred to as ‘MPC 1%’), 98% clear aligner resin +2% MPC
(referred to as MPC 2%’), 97% clear aligner resin + 3% MPC (referred to as ‘MPC 3%’).
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Fig. 1. Elastic moduli (M/mm2, mean + SD) of the experimental groups (n=45). The horizontal line within
each box represents the mean value of the dataset. Data points outside the whiskers, representing statistical
outliers beyond the interquartile range, are shown as individual dots. Different lowercase letters above the
bars indicate significant differences by post-hoc Tukey’s test. ***p <0.001, **p <0.01, *p < 0.05 for comparisons
between control group with and without the zwitterion analyzed by one-way analysis of variance (ANOVA).
The results show a significant increase in elastic modulus in Group 2 and 3 (p<0.001).

stress decreased. However, the incorporation of MPC did not show significant difference in the viscoelastic
properties of the material in terms of stress relaxation.

As shown in supplementary Fig. 2, the creep value for all groups did not show significant difference, while
MPC 1%, 2%,3% showing slightly higher value compared to control. The addition of MPC resulted in a small
increase but not significant difference in creep value, suggesting that the material deformation under sustained
stress is slightly higher with MPC. All experimental groups exhibited similar creep behavior, which suggests that
the inclusion of MPC does not significantly alter creep properties.

Fourier-transform infrared spectroscopy (FTIR) analysis

Figure 3 illustrates a representative FT-IR spectrum of all experimental groups. The spectrum shows the
characteristic bands of OH (3380 cm™), NH(3330 and 1528 cm™!), CH (2937,2858,1456, 1369, 924, 775 cm™),
C=0 (1715 and 1695 cm™), CN (1528 and 1307 cm™!), C(O)OC (1235,1159, and 1102 cm™!) and COC
(1032 cm™) groups, which comply with polyester-urethane polymer structure as mentioned in previous study?.
Spectrum range of 1800-1550 cm™ represented ester groups in hydrogen bonded (amide C=0, 1690 cm™)
and freely vibrating states (C=0, 1720 cm™') with residual C=C (1640 cm™!). Aromatic groups were not
detected which indicate that TC-85 is an aliphatic vinyl functionalized polyester-urethane material, possibly
functionalized with methacrylate. The FTIR spectra of all experimental groups exhibited similar overall peak
patterns, with no distinct MPC specific peaks clearly distinguishable from the TC-85 resin matrix. This is likely
due to the relatively low MPC concentrations (1-3 wt%) and potential spectral overlap with the functional
groups of the polyester-urethane backbone of the TC-85 resin. Additionally, the relative intensity ratios of the
methacrylate C=C peak at 1634 cm™! and ester C=0 peak at 1720 cm™! was evaluated. A slight decrease in the
C=C peak intensity was observed with increasing MPC concentration, suggesting partial consumption of double
bonds and potential chemical integration of MPC into the polymer matrix.

Biological properties

Colony-forming unit assay

Quantitative analysis of CFU counts of all experimental groups is summarized in Fig. 4. The control group
(3.20x10°+2.87x 10°) showed significantly higher value compared to MPC included groups; MPC 1%
(279%105+6.21x10%), MPC 2% (2.24x105+3.67x10%), MPC 3% (1.32x105+1.67x10%). As MPC
concentration increased, the CFU counts gradually decreased, respectively. The results indicate less bacterial
attachment on MPC 3% group than on control. Statistically, there was significant difference between groups
(F-value: 12.49, p-value: 0.0022 <0.05).

MTT assay

The results of MTT assay in 100 pL solution are summarized in Fig. 5. One-way ANOVA revealed significant
variance in 100 pL solution (p<0.01). According to the post-hoc analysis, control group (0.36+0.07) showed
significantly higher absorbance at 540 nm compared to groups with MPC. The absorbance increased as MPC
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Fig. 2. Flexural moduli (N/mm2, mean +SD) of experimental groups (n=45). The horizontal line within each
box represents the mean value of the dataset. Different lowercase letters above the bars indicate significant
differences by post-hoc Tukey’s test. ***p <0.001, **p <0.01, *p <0.05 for comparisons between control group
with and without the zwitterion analyzed by one-way analysis of variance (ANOVA). The results showed a
significantly higher value in Group 2 among all groups (p <0.001).
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Fig. 3. Fourier transform infrared spectroscopy (FT-IR) spectra of control (TC-85), 1%, 2%, 3% MPC groups;
(A) 4000400~ cm (B) 180015501 cm.
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Fig. 4. Colony-forming unit (CFU) counts derived from S. mutans cells attached to the surfaces of control and
MPC group (n=24). The horizontal line within each box represents the mean value of the dataset. Different
lowercase letters above the bars indicate significant differences by post-hoc Tukey’s test. The CFU counts
gradually decreased as MPC concentration increased (p <0.05).

concentration increased (MPC 1% (0.17 +0.06), MPC 2% (0.18 £0.10), MPC 3% (0.19 +£0.06)), however showed
no significance among experimental groups.

Protein adsorption test

As shown in Fig. 6, significant reduction in the BSA adsorption on experimental groups was evident compared
to that of the control (p <0.001). Similar tendency was observed with protein from BHI medium, but there was
no significant difference between MPC 2% and MPC 3%.

Discussion

There have been several efforts to incorporate antibacterial and anti-biofouling features into dental
products!”7~19-21-2328-32 "The longevity of the additives introduced has often been in doubt, and the materials
demonstrated insufficient mechanical durability for extended use. Until now, MPC has largely been applied to
dental composites and in dentin bonding systems, mostly to prevent recurrent decay caused by leakage between
tooth and resin restoratives. This study, however, is one of the few that investigates the addition of zwitterionic
substances such as MPC to clear aligner polymers. Therefore, this study focused on creating a new formulation
for clear aligner materials that could inhibit the formation of biofilms from human saliva, while preserving the
mechanical characteristics of the original clear aligner resin.

The first null hypothesis proposed that applying MPC would not cause notable variations in the mechanical
properties of the clear aligner resin. This hypothesis was partially validated. The findings indicated no significant
variation in creep and stress relaxation following the addition of MPC. However, we did not observe a clear
correlation between the amount of MPC added to clear aligner resin and the mechanical strength or elastic
modulus. This non-linearity implies that beyond certain thresholds, additive dispersion, interfacial compatibility,
and polymer integration may play a more critical role than concentration alone.
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Fig. 5. MTT assay result of experimental groups in 100pL (n=24) solution. The horizontal line within each
box represents the mean value of the dataset. Different lowercase letters above the bars indicate significant
differences by post-hoc Tukey’s test. ***p <0.001, **p <0.01, *p <0.05 for comparisons between control group
with and without the zwitterion analyzed by one-way analysis of variance (ANOVA). Group 1 showed a
significantly higher absorbance compared to Group 2,3 and 4 (p<0.01).

Previous study has shown that applying a large amount of zwitterion can negatively impact mechanical
properties®. This may be due to the material gelation at higher zwitterion concentrations, which disrupts
the graft polymerization process between the zwitterions and clear aligner resin®***. Prior studies found that
concentrations above 5 wt% caused a decline in mechanical properties, while concentrations below 3 wt% were
less effective in providing protein-repellent and in biofilm resistance?®3!3>36, Zhang et al. emphasized that at MPC
concentrations up to 3 wt%, the mechanical properties were similar to that of the Bis-GMA control!”?. Similarly,
Lee et al. demonstrated that incorporating MPC with commercial surface pre-reacted glass ionomer filler (SPRG)
at concentrations between 1.5 and 5 wt% provided adequate anti-biofouling and mechanical properties, whereas
exceeding 5 wt% reduced flexural strength due to increased wettability and water solubility®. In a study that
incorporated MPC with mesoporous bioactive glass nanoparticles (MBN), MPC concentration exceeding 5 wt%
resulted in significant reduction in mechanical properties and protein repellent activity due to gelatinization of
polymer with increase in affinity to moisture?!. This again highlights that excessive hydrophilicity can destabilize
polymer networks, promoting water-induced degradation or plasticization. The results of our study partially
aligned with the previous study, which expected that applying MPC would result in a decline in its flexural
strength and elastic modulus!®. Although the overall trend matched prior observations, the degree of variation
across different MPC concentrations suggests a more complex interaction between composition and mechanical
outcomes. The average tensile strength and flexural strength showed a decline in its value with the addition of
MPC. However, the addition of 3 wt% of MPC showed the highest tensile strength and flexural strength among
all experimental groups. Also, elastic modulus showed significant difference in 2 and 3 wt% MPC compared to
control, while flexural modulus showed significance only with the addition of 3 wt% of MPC. The outcomes of
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Fig. 6. Comparison of optical density (OD) adsorbed bovine serum albumin (BSA) and protein adsorbed
from the brain heart infusion (BHI) medium of samples before (control) and after applying MPC (n=24).
Different lowercase letters above the bars indicate significant differences by post-hoc Turkey’s test. ***p <0.001,
**p<0.01, *p <0.05 for comparisons between TC-85 with and without zwitterion analyzed by one-way analysis
of variance (ANOVA).

the current flexural test come in agreement with a previous study®”. The low flexural force of TC-85, in contrast to
conventional thermoformed materials, is more compatible with orthodontic tooth movement, since orthodontic
forces ranging from 0.1 to 1.2 N are recommended. Moreover, due to shape memory characteristic of TC-85,
the aligners can consistently exert orthodontic forces on teeth with no force decay. It is known that compared to
conventional thermoforming materials, TC-85 shows significantly lower peak forces?-4C.

The mechanical properties were expected to decrease with the addition of MPC in a previous study's.
However, in this study, statistically no significance in mechanical properties was observed according to MPC
concentration, and no distinct linear or consistency was evident. The lack of clear dose-response correlation in
mechanical properties is presumed to result from a combination of several complex factors inherent to polymer-
additive interactions. First, despite standardized mixing protocols, achieving perfectly uniform distribution of
MPC within the polymer network remains challenging, particularly at higher concentrations where aggregation
may occur. If the homogeneity of the mixture between MPC and resin matrix is not sufficiently achieved,
agglomeration of gelation may partially occur, leading to an uneven internal structure within the specimens*"*2.
This potential heterogeneity in MPC distribution within the polymer network may increase the standard
deviation between individual specimens and contribute to unpredictable variations in physical properties. In
addition, the cationic and anionic functional groups of MPC molecules may interact with the polyurethane-
based resin matrix, potentially altering the local graft density. Such chemical interactions may not increase
proportionately according to concentration but may occur only above a certain threshold concentration or may
vary depending on the dispersion state, preventing the mechanical property changes from following a linear
pattern. Variations in the polymerization process may also be an important factor. The degree of conversion
of 3D printing photopolymer resin is influenced even by minor differences in UV exposure conditions such as
exposure time, wavelength, energy intensity and post-curing process®’. As the MPC concentration increases,
physical property changes are accompanied by increased viscosity or reduced light transmittance, potentially
leading to variations in the polymerization kinetics among specimens**. As a result, the measured mechanical
properties may be irregularly distributed even within the same concentration group. However, quantitative
degree of conversion measurements would be required to substantiate this hypothesis and establish definitive
relationships between MPC concentration, curing efficiency, and mechanical properties. Other factors, such as
thickness variations, surface defects arising from specimen fabrication process, the sensitivity of measurement
equipment, and the limitation in the number of specimens, may also influence as variables affecting the
experimental results. Ultimately, the absence of a clear correlation in mechanical strength according to MPC
concentration is presumed to be due to the combined interaction of multiple factors mentioned above. Despite
this variation, the primary objective of maintaining mechanical integrity while achieving significant antibacterial
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properties was successfully demonstrated, which showed balance between bioactivity and structural integrity.
These findings highlight the importance of optimizing zwitterionic additive concentration not only for bio-
functional performance but also for maintaining material consistency. Further studies should investigate the
phase behavior and dispersion dynamics of MPC within the resin matrix, particularly at higher loadings, to
elucidate the mechanisms underlying the observed mechanical variability. Additionally, in situ monitoring of
polymerization kinetics and network heterogeneity may provide valuable insights into how zwitterionic content
influences both structural and biological outcomes in advanced dental materials.

The second null hypothesis proposed that there would be no notable difference in the resistance to oral
biofilm formation between clear aligner resin with or without MPC. However, this hypothesis was rejected as
clear aligner resin containing MPC significantly reduced protein adsorption (Fig. 4)*°.

In this study, a significant reduction in the adsorption of BSA and proteins in BHI medium was observed
(Fig. 6). Prior study has shown that the attachment and adsorption of proteins derived from saliva is a crucial
first step in the interaction between oral biofilm and materials within oral cavities*. Zwitterionic materials,
which possess polar side chain groups, resemble the structure of cell membrane lipid bilayers with hydrophilic
heads and hydrophobic tails*’. In oral environment, interaction between water and zwitterionic molecules
results in an abundance of free water surrounding the zwitterions, which prevent protein adhesion from saliva®s.
In aqueous environments, phospholipids align themselves in a bilayer with their hydrophobic tails inward and
their hydrophilic heads facing outward, allowing interaction with water. Therefore, MPC polymers with highly
hydrophilic surfaces limit protein adsorption and reduce bacterial adhesion. The protein adsorption assay results
support that application of MPC significantly decreases protein binding.

It can be assumed that increasing the proportion of MPC in the resin would enhance its ability to repel
proteins. In fact, this study found that raising MPC concentration from 0 to 3 wt% in the resin composite
significantly lowered protein adsorption (Fig. 6). The protein repellent properties of the resin with MPC suggest
that it may also effectively reduce biofilm formation. Indeed, the results shown in Figs. 4 and 5 demonstrated that
applying 3 wt% MPC to clear aligner resin significantly decreased bacterial adhesion and lowered CFU counts.

Previous studies have shown that polymerizing MPC with resin polymers provides a durable and stable barrier
against protein attachment!”#’. However, in a study conducted by Kwon®!, using high concentration of MPC,
such as 20 wt%, significantly increased protein adsorption. It has been noted that higher MPC concentrations
improved protein repellent properties, while excessive amounts of MPC results in gelation, which disturbs
polymerization, leading to significant decrease in its protein-repelling performance?!*2,

In the issue of balance between mechanical and antibacterial characteristics, new protein-repellent resin
must also maintain sufficient mechanical strength. The optimal concentration for effective anti-biofouling while
preserving the mechanical characteristics of clear aligner resin was found to be 3 wt% of MPC?!. In this study,
the incorporation of up to 3 wt% MPC into clear aligner resin did not significantly weaken the resin strength.
This finding coincides with the prior literature which reported that MPC concentrations ranging from 0 to
3% resulted in beneficial protein-repellent property without compromising the mechanical characteristics 7.
Previous study showed that mechanical properties declined when MPC concentrations reached 4.5 and 6 wt%?”.
Further research should explore how water absorption carries with different MPC mass fractions and whether
the reduction in mechanical strength at concentrations below 4.5 wt% is due to increased water uptake by the
composite!’. Despite this, the current study demonstrated that using 3 wt% MPC concentration can maximize
protein repellent efficacy without substantially affecting mechanical strength. As examined in the previous study
of Zhang et al."”7, the strength and elastic modulus of composite resin containing 3 wt% MPC were comparable
to those of composites without MPC. This suggests that effective protein-repellent properties can be achieved
without comprising load-bearing capacity. Therefore, incorporation of MPC into clear aligner resin appears to be
a promising approach for developing new materials that resist both protein adsorption and bacterial attachment.

This study has several limitations. Certain mechanical properties such as water absorption and compressive
strength were not evaluated, making it difficult to fully verify long-term stability in the humid oral environment.
In addition, the study did not include a thermocycling process, therefore it could not sufficiently reflect the
changes in physical properties or antibacterial performance due to temperature and humidity variations during
actual usage. Furthermore, the in vitro experiments were conducted using a single bacterial strain, in which
conditions such as complex oral microbiota or salivary flow rates were not fully considered. As a result, the
evaluation of antibacterial durability or long-term maintenance effects according to MPC concentrations
were limited. Although the MPC only mixing approach may effectively enhance antibacterial and anti-protein
adhesion properties, it does not provide direct bactericidal effects or remineralization capabilities. Therefore,
future studies should comprehensively validate clinical efficacy and stability through aging tests such as
thermocycling, as well as in vivo and ex vivo models. Additionally, combining MPC with remineralizing agents
or antibacterial substances should be explored to enhance its functional properties.

A significant methodological limitation of this study is the lack of quantitative degree of conversion analysis,
which is critical for evaluating polymerization efficiency at various MPC concentrations. Although it was
hypothesized that higher MPC concentrations may influence light transmittance and polymerization kinetics,
direct quantitative evidence through spectroscopic measurements were not provided. Future studies should
incorporate comprehensive FTIR or Raman spectroscopy analysis to quantify polymerization efficiency and
correlate degree of conversion values with mechanical properties to determine optimal curing parameters.
Specifically, FTIR-based quantification of C=C bond reduction at 1634 cm™! relative to a stable internal
standard may allow a more precise evaluation of double bond conversion. Additionally, Raman spectroscopy
with its superior spectral resolution, could serve as an alternative to detect subtle changes in polymer chemistry.
Establishing standardized curing protocols and investigating the relationship between degree of conversion,
water absorption, and long-term material durability will be critical in optimizing clinical applicability.
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A major analytical limitation of this study is the inability to quantitatively confirm MPC incorporation
through FTIR spectroscopy. This limitation stems from several factors. The low MPC concentrations (1-3 wt%)
approach the detection threshold of conventional FTIR techniques. The characteristic MPC signals such as the
P=0 stretch (1200-1300 cm™!) and P-O stretch (1000-1100 cm™!) are likely obscured by overlapping peaks
from the polyester-urethane backbone of the TC-85 resin matrix. Additionally, quaternary ammonium group
vibrations (N*(CH,),) of MPC may be masked by intense C-H and N-H stretching vibrations present in the
resin matrix. To overcome these limitations, future studies should apply more sensitive analytical tools. Contact
angle measurements can provide indirect evidence of MPC incorporation by detecting changes in surface
hydrophilicity. X-ray photoelectron spectroscopy (XPS) may be employed for elemental detection of phosphorus
and nitrogen from MPC. Furthermore, 3!P nuclear magnetic resonance (NMR) spectroscopy could definitively
confirm the presence of phosphorylcholine groups within the polymer structure. These complementary
approaches would offer more conclusive evidence and enable quantitative assessment of MPC distribution.

Another critical limitation of this study is the absence of systematic biocompatibility evaluation using
relevant human oral epithelial cell models. While MPC has demonstrated excellent biocompatibility in prior
dental applications'”!*3!, direct cytotoxicity assessment of our specific MPC modified TC-85 formulations
would significantly strengthen the clinical applicability of our findings. While this study did not directly evaluate
cytocompatibility, several previous literatures consistently support the biocompatibility of MPC-containing
dental materials'®3!, with studies demonstrating favorable cellular response toward oral cells, supporting the
potential safety of our formulation!”!°. In a precious literature, the effect of MPC on human oral keratinocyte
RT-7 was investigated!”. MPC treatment significantly reduced the adherence of Porphyromonas gingivalis and
suppressed interleukin (IL)-8 production in a concentration dependent manner. Moreover, MPC protected oral
epithelial cells from chemical injuries induced by agents such as cetylpyridinium chloride (CPC). These results
suggest that MPC additives exhibit not only anti-inflammatory properties but also cytoprotective effects toward
oral epithelial cells, supporting its suitability for oral biomedical applications'®. MPC has been used in FDA
approved biomedical devices—including artificial blood vessels, contact lenses, artificial hearts and lungs—due
to its well-established biocompatibility'”. Based on this extensive clinical use, MPC has been recognized as a
cytocompatible and non-toxic polymeric material. To build upon this foundation, future studies should perform
in vitro cytotoxicity assays in accordance with ISO 10,993-5 guidelines using human oral epithelial cells and
gingival fibroblasts. Complementary tests such as live/dead cell staining, long-term proliferation assays, cytokine
response profiling, and cell adhesion/morphology imaging will be essential to thoroughly evaluate biological
safety. Moreover, in vivo and ex vivo models should be employed to validate long-term functional performance
under clinically relevant conditions.

Conclusion

This study is few to date to examine the effect of applying MPC on protein attachment and on mechanical
characteristics of clear aligner materials. In this study, incorporating zwitterionic material with clear aligner
resin TC-85 exhibited protein-repellent activity while preserving its mechanical properties. Utilizing a protein
repellent strategy holds great potential for creating dental resins that minimize bacterial adhesion, biofilm
formation, plaque accumulation and the risk of cavities during orthodontic treatment. Therefore, clear aligner
resin containing MPC could be applicable as a promising protein-repellent method during orthodontic treatment
due to decrease in biofilm formation and oral bacterial attachment inhibition.

Materials and methods

Formulation of experimental solutions: incorporation of zwitterionic materials into clear
aligner resin

To synthesize the experimental resins, Tera Harz TC-85 (Graphy Inc., Seoul, Republic of Korea) clear aligner
resin and zwitterionic material, 2-methacryloyloxyethyl phosphorylcholine (MPC, Sigma-Aldrich, St. Louis,
MO, USA), were used in this study. All mixing procedures were conducted at 25 °C and 45 + 5% relative humidity
to ensure consistent viscosity and to prevent premature gelation.

MPC powder was gradually incorporated into the TC-85 resin at concentrations of 1%, 2%, and 3% by
weight. To minimize local concentration gradients and reduce aggregation, MPC was added in small increments
(0.1 wt%) while stirring with a magnetic stirrer at 300 rpm for 15 min.

Following magnetic stirring, the mixture was subjected to ultrasonic bath treatment (40 kHz, 100W, 25 °C)
for 15 min to promote uniform dispersion and break up any micro-aggregates. After sonication, the mixture
was manually spatulated using a glass rod for 5 min to ensure complete mixing, followed by centrifugation at
1000 rpm for 2 min to remove entrapped air bubbles.

No phase separation or aggregation was observed upon visual inspection prior to curing. The mixture
remained homogeneous, and no in-homogeneity was noted in the cured samples. All samples were prepared
before light polymerization. All mixing steps were performed by a single operator to minimize procedural
variation, and the mixed resins were used within 30 min of preparation to prevent potential phase separation or
premature gelation.

Unmodified TC-85 clear aligner resin without any zwitterionic material was used as the control. The
experimental samples were fabricated by light polymerization, removal of residual resin, and post-curing
according to the manufacturer’s protocol.

Consequently, the following four groups were tested:

(1) Control Tera Harz TC-85 clear aligner resin (referred to as ‘control’)
(2) 99% clear aligner resin+ 1% MPC (referred to as ‘MPC 1%’)
(3) 98% clear aligner resin +2% MPC (referred to as ‘MPC 2%’)
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Fig. 7. Specimen dimensions for mechanical and biological testing. Dumbbell-shaped specimens for tensile
test according to ASTM D638-5; Rectangular specimens for flexural, stress relaxation, and creep test; Round
disc-shaped specimens for antibacterial assays.

(4) 97% clear aligner resin +3% MPC (referred to as ‘MPC 3%’)

Specimen fabrication

As illustrated in Fig. 7, to evaluate the anti-bacterial properties and mechanical properties, samples in different
sizes were fabricated. For the measurement of anti-bacterial test, round disc-shaped specimens in diameter of
8 mm and height of 0.5 mm were fabricated. Dumbbell shaped specimens (3.2x9.5 mm) were prepared for
static mechanical test according to ASTM D638-5. Specimens for stress relaxation, creep, and flexural test were
prepared in the form of a rectangular strip with a size of 10 x 50 mm*.

Sample size calculation

The sample size calculation was performed using G-power 3.1 software (Heinrich Heine University Diisseldorf,
Diisseldorf, Germany). Based on an effect size of f=0.25 (equivalent to Cohens d=0.5), a significance level (a)
of 0.05, a statistical power (1—p) of 0.90, and four experimental groups, a one-way ANOVA indicated that a
total of 44 participants would be required. Based on this sample size calculation, a minimum of 11 specimens
were allocated to each group. For mechanical testing, 45 specimens per group were allocated to ensure adequate
statistical power and account for potential specimen loss during testing, providing>95% statistical power to
detect clinically meaningful differences.

Mechanical properties

Yield stress test

Fourty five specimens per group were subjected to a static tensile test at 25 °C and 55% humidity using a
universal testing machine (Shimadzu Autograph AGS-X Series, 1kN load cell, Japan). The crosshead speed was
set at 1 mm/min, and the specimen was elongated at a constant speed until completely fractured. The static
mechanical properties of each material were evaluated by comparing strength and elastic modules.

Three-point flexural test
Fourty five specimens per group were subjected to a three-point flexural test at 25 °C and 55% humidity using
a universal testing machine (Shimadzu Autograph AGS-X Series, 1 kN load cell, Japan) with a three-point
bend fixture. The applied velocity of the bending load was 1 mm/min, and the distance between supports was
L=20 mm. Load—displacemg%; Blots were obtained for each test specimen. The strength (o) was calculated from
the following formula: & = 2bd>.

Where P isload during the test [N]; L is supporting span (mm); b is sample width (mm); d is sample thickness
(mm).

Stress relaxation and creep test

According to the previous study by Lee et al.%, creep and stress relaxation of each material were evaluated by
DMA (TA instrument DMA 850, USA) under the stress relaxation mode at 37 °C. Four specimens were tested
for each group. Stress relaxation was estimated whether the results showed a deviation within 2%. Creep behavior
was measured under 0.6 MPa stress.

Fourier-transform infrared spectroscopy (FTIR) analysis

The Fourier-transform infrared spectroscopy (FT-IR, Spectrum GX; PerkinElmer, Waltham, MA, USA) was
used to analyze the chemical structure of the experimental resins. Spectra were examined in the range of 4000-
650 cm™! with a resolution of 4 cm™! using 32 scans. For FTIR spectroscopic analysis, thin film specimens with
a thickness of 0.5+0.05 mm were prepared using the same polymerization protocol as the mechanical testing
specimens to ensure representative chemical characterization of the fully cured materials. The thickness of each
specimen was verified using digital calipers with a precision of £0.01 mm to maintain analytical consistency.
To determine the proportion of double bonds reacted through polymerization in each group, the absorbance
peak areas of methacrylate carbon double bond (aliphatic carbon double bond; peak at 1634 cm™!) and internal
standard (Aromatic carbon double bond; peak at 1608 cm™!) were measured.
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Biological properties

Conoly-forming unit assay

The protocol for colony-forming unit assay and MTT assay was referred from a previous study by Yan et al.’
The antibacterial evaluation was conducted in accordance with ISO standardization (ISO 22,196:2007, Plastics—
measurement of antibacterial activity on plastics surface)*?. The specimens were cut into 5.0 cm * 5.0 cm squares
and sterilized using ultraviolet irradiation for 30 min. Streptococcus mutans (S. mutans, UA159) were cultured
in brain heart infusion (BHI, Sigma, US) broth for 24 h at 37 °C micro-aerobic conditions and adjusted to a
concentration of 1x 10° CFU/ml with BHI broth. Each sample was placed in sterile culture dish, and 0.4 ml of
the 1x 106 CFU/mL S. mutans solution was dripped on the sample surface. A 4.0 cm * 4.0 cm polypropylene (PP)
plastic film was placed over the droplet to spread the S. mutans solution to the edge of the PP film. The culture
dish was incubated at 37 °C micro-aerobic condition for 24 h. After incubation, 10 ml of soya casein digest
lecithin polysorbate broth (SCDLP broth, Hopebiol, China) was added to the dish to wash off the bacteria. The
SCDLP broth was then diluted by PBS, and BHI solid agar medium (BHI with 1.5 wt% agar) was used to count
the S. mutans colonies. Each group included three replicates.

MTT assay

To further assess the anti-biofilm capability of each sample, the S. mutans biofilm was co-cultured with the
sample. S. mutans were cultured in a BHI medium containing 1% sucrose. Sterilized specimens were cut into
1.1 cm * 1.1 cm squares and placed into wells of a 24-well plate. Each sample surface was then inoculated with
100 pl of the S. mutans solution. The 24-well plate was incubated at 37 °C micro-aerobic conditions for 24 h.
After incubation, 1 mL of 0.5 mg/ml MTT solution (Beyotime, China) was dripped to each well to incubate with
the biofilm at 37 °C under micro-aerobic conditions for 1 h. The MTT solution was then replaced with 500 ul
of dimethyl sulfoxide (DMSO, Sigma, US). The 24-well plate was shaken on a table concentrator for 30 min,
after which 100 pl of the DMSO solution from each well was transferred to a 96-well plate. The absorbance at
540 nm was measured using a spectrophotometer (Bio-Tek Synergy HTX, Agilent). Each sample absorbance was
averaged from three repetitions. Five replicates were prepared for each group.

Protein adsorption test

The specimens were first immersed in fresh phosphate-buffered saline (PBS, Gibco, Grand Island, NY, USA) for
1 h at room temperature. They were then submerged in a protein solution of bovine serum albumin (BSA, Difco,
Sparks, MD, USA) and bovine heart infusion (BHI, Difco, Sparks, MD, USA) broth (100 pL; 2 mg/mL) in PBS.
After incubation at 37 °C for 1 h, the specimens were gently rinsed twice with fresh PBS. After 4 h of incubation
under sterile humid conditions at 37 °C with 5% CO,, any non-adhered protein was removed by washing twice
with PBS to evaluate initial protein adsorption on their surface. The amount of adsorbed protein was measured
by using 400 puL micro-bicinchoninic acid (Pierce Biotechnology Inc., IL, USA), followed by incubation at 37
°C at 30 min. The quantitative analysis of the adsorbed proteins on specimen surfaces were performed using the
Micro BCA™ Protein Assay Kit (Pierce Biotechnology, IL, USA). The optical density (OD) of each sample was
measured at 570 nm using a microplate reader (Epoch; BioTek Instruments, Winooski, VT, USA).

Statistical analysis

All statistical analyses were performed using SPSS 21.0 software program (IBM, Armonk, NY, USA). The values
were submitted to a one-way analysis of variance (ANOVA) to compare between experimental groups. Turkey’s
HSD test was performed for multiple comparison. The level of significance was set as P<0.05.

Data availability
All data associated with this study are presented in the paper.
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