u

) <

The University of Osaka
Institutional Knowledge Archive

Development of novel surface coating material
Title with dual functionality of antibacterial
activity and protein repellency

Author(s) |Thongthai, Pasiree

Citation | KPrKZE, 2021, {EtH

Version Type|VoR

URL https://doi.org/10.18910/82139

© 2022 The Japanese Society for Dental Materials

rights and Devices

Note

The University of Osaka Institutional Knowledge Archive : OUKA

https://ir. library. osaka-u. ac. jp/

The University of Osaka



Development of novel surface coating material with dual functionality

of antibacterial activity and protein repellency

Osaka University Graduate School of Dentistry
Course for Oral Science
(Department of Biomaterials Science)

Supervisor: Professor Satoshi Imazato

Pasiree Thongthai



ACKNOWLEDGEMENT

| would like to express my deepest appreciation to my supervisor, Professor Satoshi
Imazato, Chair of the Department of Biomaterials Science, Osaka University Graduate
School of Dentistry, for giving me the opportunity to gain research experience, along with
his warm and invaluable guidance and infinite encouragement. | received great support
from him, which made my time during these years both enjoyable and memorable.

I would like to express my special regards to Assistant Professor Haruaki
Kitagawa. This thesis would not have been successful without his extraordinary patience
and support. | learned how to work effectively and overcome obstacles by his advice.

| am particularly grateful for the advice given by Professor Yasuhiko Iwasaki,
Chair of the Department of Chemistry and Materials Engineering, Faculty of Chemistry,
Materials and Bioengineering, Kansai University. All his comments and feedback have
been a great help in achieving success.

| appreciate the feedback given by Professor Kazunori Ikebe, Associate Professor
Ryota Nomura, and Assistant Professor Tomoko Sumitomo, which has facilitated the
completion of my thesis.

| also would like to acknowledge the rich, supportive academic environment and
friendly interactions provided by all teachers and friends in my department. | spent a
wonderful time with all of them.

Last but not least, | am grateful to my family for their love, caring, understanding,

and support, even though we could not meet so often.

Pasiree Thongthai



INDEX
GENERAL INTRODUCTION 1
OBJECTIVES AND CONTENTS 5

EXPERIMENT 1: Synthesis of copolymers and coating of dental resins
1.1 Materials and methods
1.1.1 Synthesis of copolymers and preparation of surface coatings 6
1.1.2 Synthesis of florescence-conjugated copolymers and preparation of

surface coatings 7
1.1.3 Preparation of resin discs 8
1.1.4 Evaluation of surface coating ability 8
1.1.5 Contact angle measurements 9
1.2 Results
1.2.1 Surface coating ability 10
1.2.2 Contact angles 10
1.3 Discussion 11
1.4 Summary 14

EXPERIMENT 2: Evaluation of protein adsorption on the copolymer-coated resins

2.1 Materials and methods

2.1.1 Adsorption of bovine serum albumin 15

2.1.2 Adsorption of human saliva protein 16
2.2 Results

2.2.1 BSA protein adsorption 17

2.2.2 Salivary protein adsorption 18
2.3 Discussion 18
2.4 Summary 22

EXPERIMENT 3: Evaluation of antibacterial effects of the copolymer-coated resins
3.1. Materials and methods
3.1.1 On-disc culture assay 23

3.1.2 Evaluation of longevity of antibacterial effects 25



3.2 Results

3.2.1 Antibacterial effects by on-disc culture assay 25
3.2.2 Longevity of antibacterial effects 26
3.3 Discussion 27
3.4 Summary 30

EXPERIMENT 4: Evaluation of anti-biofilm effects of the copolymer-coated PMMA
surface

4.1 Materials and methods

4.1.1 Biofilm formation on copolymer-coated resin 31
4.1.2 Evaluation of biofilms formed on the copolymer-coated resin 32

4.2 Results
4.2.1 Bacteria adherence on the copolymer-coated disc 33
4.2.2 Viability of bacteria and thickness of biofilm 34
4.3 Discussion 36
4.4 Summary 38
GENERAL CONCLUSIONS 39
REFERENCES 41
TABLE AND FIGURE LEGENDS 58

TABLES AND FIGURES 63



GENERAL INTRODUCTION

Dental reconstructive/restorative materials with antibacterial effects can be used to treat

tissue defects, thereby preventing the occurrence of secondary diseases in the oral

environment because many of these diseases are caused by bacterial infections. Among

these materials, resin-based materials are the most frequently used for restorative and

prosthetic treatments. One of the effective techniques for incorporating antibacterial

properties into these dental resins is to immobilize an antibacterial component by using a

polymerizable bactericide [1]; in this approach, antibacterial components are stabilized

to a carrier material by various strong chemical bonds, such as covalent bonds, and inhibit

bacteria that come into contact with the material without leaching from the surface [2].

Imazato et al. [3] synthesized such a polymerizable bactericide—12-

methacryloyloxydodecylpyridinium bromide (MDPB; Figure la)—by combining a

quaternary ammonium compound (QAC) and methacryloyl group. The QAC group is

responsible for the antibacterial activity, while the methacrylate group can copolymerize

with other methacrylate monomers.

Unpolymerized MDPB shows strong bactericidal activity against oral

microorganisms, rapidly killing bacteria in biofilms within a short time period [4]. Owing
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to its rapid bactericidal activity at the unpolymerized stage, MDPB has been incorporated

into a self-etching primer to provide cavity-disinfecting effects [5]. Thus, the world’s first

self-etch adhesive system for composite restorations with antibacterial effects was

successfully commercialized in 2004. Recently, applications of MDPB have been

expanded to other resinous materials such as a root-canal sealer [6] and cavity disinfectant

[7]. Unpolymerized MDPB can penetrate deeply into dentinal tubules and exhibits strong

bactericidal activity, which is expected to lead to better clinical results in endodontic and

restorative treatments.

When MDPB is in a polymerized form, the antibacterial component immobilized

by the polymerization of MDPB inhibits bacteria without releasing the active component

from the polymer [8]. This advantage was observed in resin composite restoration both

directly and indirectly by addition into fillers [3,9,10]. However, because the antibacterial

effects exhibited by materials with immobilized bactericides depend on the contact

inhibition of bacteria, their effectiveness can be readily reduced by coverage with salivary

proteins. [11-14]. This limitation should be addressed for materials used in an oral

environment because they will be inevitably exposed to salivary protein in the oral cavity.

To this end, the utilization of 2-methacryloyloxyethyl phosphorylcholine (MPC), a

methacrylate monomer containing a phosphorylcholine group (Figure 1b) that can be

polymerized with other methacrylate monomers [15,16], was investigated as a potential



solution to this limitation. The synthesis of MPC was inspired by the structure of cell

membranes; phospholipid molecules were incorporated for superior biocompatibility

(Figure 2a). In addition, the MPC polymer can reduce the adsorption of proteins because

of its superhydrophilicity and the presence of water structures as a hydration layer on its

surface (Figure 2b) [17-19].

Protein adsorption is the first phenomenon that occurs when synthetic biomaterials

come into contact with a living organism and works as a trigger for foreign body reactions

with materials from a host. In the oral cavity, the adsorption of saliva-derived protein also

leads to the formation of a conditioning layer (called pellicle) prior to bacterial adhesion

[20-23]. Therefore, protein repellency is beneficial for the development of materials for

biomedical applications. Owing to the biocompatibility and anti-biofouling property of

MPC, surface modification with MPC polymer is of a great interest for various

biomedical materials, such as soft contact lenses [24], ventricular assist devices [25], and

hip joints [26]. It has been reported that a surface coating composed of MPC polymer

prevents microbial retention to biomedical devices [27] and also inhibits streptococcal

adherence to saliva-coated hydroxyapatite discs [28]. Therefore, the reduction of salivary

protein adsorption by MPC incorporation may facilitate the exposure of the antibacterial

component MDPB, allowing it to come into contact with bacteria in the oral environment

and enhancing the antimicrobial effects.



The water-soluble MPC can be combined with n-butyl methacrylate (BMA) (Figure
Ic) to form an insoluble copolymer coating, which can be applied to the surface of
resinous materials via hydrophobic interactions between the hydrophobic unit of BMA
and resin [29-31]. Therefore, copolymers composed of MDPB and MPC can be
synthesized by mixing with BMA. It is expected that copolymer coatings of MDPB and
MPC would demonstrate dual effects to inhibit bacterial adherence and activity on

resinous material surfaces.



OBJECTIVES AND CONTENTS

The purpose of this study was to fabricate a novel, dual-functional surface coating
composed of MDPB/MPC/BMA and evaluate its protein repellency and
antibacterial/anti-biofilm effects on dental resins.

In experiment 1, five copolymers containing MDPB, MPC, and BMA were
synthesized and coated on dental resins, followed by an assessment of surface coating
abilities. The evaluation of their inhibitory effects against protein adsorption is described
in experiment 2. In experiments 3 and 4, their antibacterial and anti-biofilm effects were
examined. In the latter two experiments, the longevity of the antibacterial/anti-biofilm
effects was tested; thus, the bio-functionalities of the surface coating materials in terms

of their antibacterial and anti-biofilm effects were examined.



EXPERIMENT 1

Synthesis of copolymers and coating of dental resins

1.1 Materials and methods

1.1.1 Synthesis of copolymers and preparation of surface coatings
MDPB was synthesized according to a previous report [32]. Briefly, 12-
methacryloyloxydodecyl bromide was synthesized by the reaction of 12-bromo-I-
dodecanol and methacrylic acid and then converted to MDPB by reaction with pyridine.
MPC was donated by NOF Co., Ltd. (Tokyo, Japan), and BMA was purchased from
FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan).

The copolymer was synthesized by radical polymerization of MDPB, MPC, and
BMA in ethanol using 2,2’-azobisisobutyronitrile (AIBN) as an initiator (Figure 3).
MDPB, MPC, and BMA at five different mole ratios of 0/30/70, 5/25/70, 15/15/70,
25/5/70, and 30/0/70 (weight ratios of 0/47/53, 11/38/51, 30/22/48, 47/7/46, and 55/0/45,
respectively) were dissolved in ethanol to prepare a polymerization solution of 1 mol/L
monomer concentration. Each copolymer and composition is described in Table 1. AIBN

(0.5 mol%) was added to the mixture of monomers in a solution reactor, and Ar gas was



passed through the reactor for 15 min to eliminate oxygen prior to use. The mixture of

monomers was stirred at 60°C for 15 h in a silicone oil bath. After diluting the

polymerization solution with ethanol, unreacted monomer and polymerization initiator

were removed by reprecipitation with a mixed solvent composed of diethyl

ether/chloroform in a ratio of 3:2 by volume. The copolymer was filtered and dried in a

desiccator overnight and obtained as the white crystalline powder (Figure 4a).

Five types of coating were prepared by dissolving each copolymer in ethanol and

adjusting their concentrations to 0.5 wt%. The powders of all five groups could be

dissolved thoroughly in ethanol (Figure 4b).

1.1.2  Synthesis of fluorescence-conjugated copolymers and preparation of surface

coatings

For the tests to evaluate coating ability, a fluorescent monomer unit was introduced into

copolymers according to a previous study [33]. MDPB, MPC, BMA, and fluorescein O-

methacrylate (Sigma-Aldrich, St. Louis, MO, USA) at five different mole ratios of

0/30/69.5/0.5 (f-DO/C30), 5/25/69.5/0.5 (£-D5/C25), 15/15/69.5/0.5 (£-D15/C15),

25/5/69.5/0.5 (f-D25/C5), and 30/0/69.5/0.5 (f-D30/C0) were dissolved in ethanol to

prepare a 1 mol/L polymerization solution. The fluorescein-conjugated copolymer (f-

copolymer) was synthesized by using a free-radical polymerization technique with AIBN



as described in section 1.1.1. Subsequently, f-copolymer solution was prepared by

dissolution in ethanol and adjusting the concentration to 0.5 wt% in a dark room.

1.1.3 Preparation of resin discs

A mixture of powder and liquid of PMMA (UNIFAST III clear, GC, Tokyo, Japan) at

powder/liquid ratio of 2 g/mL was placed in a silicone mold with a diameter of 10 mm

and thickness of 2 mm, which was pressed with a celluloid strip and a glass slide and

stored for 24 h at 25°C. The cured PMMA disc was polished with wet silicon carbide

paper grit 120/P120 and grit 320/P400 (CarbiMet, Buehler, Illinois, USA). Subsequently,

the specimen was sterilized by ethylene oxide at 40°C for 24 h.

To prepare the cured resin composite discs, a resin composite paste (Clearfil

Majesty ES Flow, Kuraray Noritake Dental, Tokyo, Japan) was placed in the silicone

mold with a diameter of 10 mm and thickness of 2 mm. The surface was covered with

celluloid strips and a glass slide, cured for 40 s with a light activation unit (Quick Light

VL-1, Morita, Kyoto, Japan), and polished as described above.

1.1.4 Evaluation of surface coating ability

To confirm the coating of the copolymer on the resins, the PMMA or resin composite disc

was immersed in 1 mL of each f-copolymer solution for 10 s and then dried for 30 min at



25°C in a dark room. These immersion and drying procedures were repeated twice. The

coated surface was visualized using a fluorescence microscope with 10x magnification

(TE2000 and Coolsnap cf, Nikon, Tokyo, Japan). The color images were converted to

white and black, and the gray values of each image (8-bit, 256 grays scales) were analyzed

using Imagel software (National Institutes of Health, Bethesda, MD, USA) to quantify

the fluorescence intensity.

1.15 Contact angle measurements

The PMMA disc was immersed in 1 mL of each copolymer solution for 10 s, and then the

coated disc was dried for 30 min at 25°C. These immersion and drying procedures were

repeated twice. The dynamic contact angles for the coated surface were recorded by an

FT-125 goniometer (First Ten Angstroms, USA) with Gilmont syringes using water

(deionized to 18.2 MQ) as the probe fluid. The advancing (8A) and receding (6R) contact

angles were measured by water drop addition and withdrawal, respectively. The

experiments were repeated five times. The statistical data was conducted by IBM SPSS

Statistics 25 (SPSS Inc, Chicago, IL, USA) using one-way analysis of variance (ANOVA)

and Tukey’s honestly significant difference (HSD) test with a significance level of p <.05.



1.2 Results

1.2.1  Surface coating ability

Figure 5a shows the fluorescence microscopy images with fluorescence intensity of the

PMMA surface coated with f-copolymers. The bare PMMA (control) surface exhibited

weak fluorescence (fluorescent intensity = 70.9) attributed to the autofluorescence of

PMMA. On the contrary, all coated specimens showed much brighter fluorescence

(fluorescent intensity = 162.1-162.8), indicating that each copolymer was successfully

coated on the PMMA surface.

For the resin composites (Figure 5b), the fluorescence of all coated surfaces

(fluorescent intensity = 99.9—131.2) was brighter than the bare resin composites surface

(control) (fluorescent intensity = 53.5), suggesting that the f-copolymers were

successfully coated. Although the fluorescence on the coated resin composites was

weaker than the coated PMMA surfaces, it was obvious compared to the bare resin

composites and similar among all groups.

1.2.2 Contact angles

Figure 6 shows the contact angle on the surface of the PMMA coated with copolymers.

For greater MPC ratios, a significantly smaller advancing contact angle was observed
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(Figure 6a), which confirmed the hydrophilicity of MPC. In addition, MPC-containing

groups (i.e., DO/C30, D5/C25, D15/C15, and D25/C5) demonstrated smaller receding

contact angles than that exhibited by non-MPC (i.e., D30/C0) and the control group (p

<.05, ANOVA and Tukey’s HSD test) (Figure 6b).

1.3 Discussion

Several studies have focused on the incorporation of MDPB in dental restorative

materials, such as a resin adhesive system and prepolymerized resin filler, which

demonstrated antibacterial effects after curing [9,10,34]. However, since the antibacterial

effects of resinous materials with immobilized MDPB depend on contact inhibition of

bacteria, their effectiveness in an oral environment can be reduced by coverage with

salivary protein [13]. On the other hand, the polymer surface coated with copolymer

composed of MPC and BMA has been reported to exhibit protein repellency and

inhibition of bacterial adherence [15]. In this study, MDPB was copolymerized with MPC

to provide a dual functionality of protein repellency and antimicrobial activity. Zhang et

al. [35-41] developed a dental adhesive, resin composite, and cement by simply mixing

MPC polymer with an antibacterial QAC-based monomer, which inhibited oral biofilms

on the surface. However, a copolymer coating composed of antibacterial monomer and

MPC has not yet been reported. The surface coating was preferred over the previous

11



procedure of direct mixing in order to increase the surface density of exposed functional

polymers. Here, a novel, dual-functional copolymer composed of MDPB and MPC was

fabricated and fully dissolved in ethanol to prepare the coating solution, which can be

applied to the surface of various methacrylate resins for restorative and prosthodontic

materials.

In the fluorescence microscopy images, clear fluorescence was observed on the

PMMA surface coated with fluorescein-conjugated D0/C30, which contained only MPC

and whose structure was similar to the coating reported in the previous study [42]. It was

revealed that although MPC is water soluble, when combined with BMA, insoluble

copolymer can be stably bound to the PMMA surface via hydrophobic interactions

between BMA moieties and PMMA [29-31]. In this study, the fluorescence observed on

the images was associated with copolymer obtained from the copolymerization process.

Our results indicated that PMMA coated with f-copolymers containing MDPB also

exhibited clear fluorescence, suggesting that the BMA unit contributed to the binding

interactions with PMMA even though MDPB was involved in the coated surfaces (Figure

7).

To confirm the coating ability of f-copolymers on the resin composites, a

commercial resin composite (Clearfil Majesty ES Flow, super low), which contains 68

vol% silica and barium glass fillers, was used. The fluorescence brightness of the f-

12



copolymer-coated composites was reduced as a result of the lower amount/surface area

of organic components compared to those in the PMMA resin without fillers. However,

the coated composites still exhibited brighter fluorescence than the bare resin composite.

This suggested that the binding ability of all surface coatings via hydrophobic interactions

was mainly effective for organic components. These hydrophobic interactions allow for

coating of the surface by a simple dipping method rather than other surface modification

methods such as plasma treatment and grafting by irradiation techniques. Compared with

plasma treatment or grafting techniques, this dipping approach is easier, repeatable, and

the desired properties can be reproduced [30,43].

MPC is known as a polymer that prevents protein adsorption on account of its

superhydrophilicity originating from the phospholipid layer [17,19,44]. Here, the

hydrophilicity of surface coatings was investigated by determining the contact angles. It

was found that the copolymer coatings with a greater ratio of MPC showed enhanced

hydrophilicity. In particular, the advancing contact angles decreased with increasing MPC

ratio. Since the copolymer coatings contained 70 mol% BMA, which would increase the

hydrophobicity of the coating surfaces, no significant difference in the advanced contact

angle was observed between D15/C15 and uncoated groups [45]. Nevertheless, the

receding contact angles of the surfaces coated with copolymers containing >15% MPC

were significantly decreased compared with the uncoated group. It can be inferred that

13



the decrease in contact angles arose from the high hydrophilicity of MPC, which would

cause a reduction in the adsorption of proteins.

1.4 Summary

Novel coatings composed of MDPB, MPC, and BMA were successfully fabricated in

various composition ratios. By simple dipping in the copolymer solution, it was

confirmed that these coatings could be effectively coated on the surface of dental resins

through hydrophobic interactions with the BMA units.
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EXPERIMENT 2

Evaluation of protein adsorption to the copolymer-coated resins

2.1 Materials and methods

2.1.1 Adsorption of bovine serum albumin

Bovine serum albumin (BSA; Thermo Fisher Scientific Inc., Kanagawa, Japan) was
dissolved in 0.01 mol/L phosphate buffer saline (PBS, pH 7.2-7.4, Wako Pure Chemical
Corporation, Osaka, Japan) and adjusted to 4.5 g/L. The copolymer-coated PMMA
specimen with a diameter of 10 mm and thickness of 2 mm, as prepared in section 1.1.3,
was immersed in 1 mL BSA solution for 2 h at 37°C, and then irrigated with 1.5 mL PBS
by centrifugation at 300 rpm for 5 min to remove loosely bound protein on the surface.
The irrigation was repeated three times. The specimen was ultrasonicated in 1% sodium
dodecyl sulfate (SDS) in PBS for 20 min to collect the adsorbed protein. The
concentration of BSA was determined by using a Micro BCA Protein Assay Kit (Thermo
Fisher Scientific Inc.). Briefly, 150 pL of protein solution was mixed with 150 uL of a
solution containing alkaline tartrate—carbonate buffer, bicinchonic acid, and copper
sulfate. After storing the specimen at 37°C for 2 h, the absorbance was measured by a

microplate reader (iMark Microplate Absorbance Reader, Bio-Rad, Hercules, CA, USA)

15



at 560 nm, and the amount of protein was determined by the equation of the line generated
in the BSA standard curve (Figure 8a). The experiments were repeated five times. A
statistical analysis of the data was conducted by IBM SPSS Statistics 25 using one-way
ANOVA and Tukey’s HSD test with a significance level of p < .05.

For visualization of protein adsorption, FITC-conjugated BSA (FITC-BSA;
Sigma-Aldrich) was used to evaluate the protein adsorption on the PMMA coated with
copolymer (D0/30, D15/C15, D30/CO0). FITC-BSA was dissolved in PBS and adjusted to
4.5 g/L. The specimen was immersed in 1 mL of FITC-BSA solution for 2 h at 37°C under
dark conditions, and then irrigated by shaking in 1.5 mL PBS. The surface of each disc
was observed with a fluorescence microscope (TE2000 and CoolSNAP cf) with 10x

magnification (Figure 8b).

2.1.2 Adsorption of human saliva protein

Unstimulated human saliva was collected from three healthy donors at 25-35 years of
age, as approved by the Ethics Review Committee of Osaka University Graduate School
of Dentistry and Osaka University Dental Hospital (approval number R1-E52), and was
filtered twice with a 0.22 um syringe filter. The copolymer-coated PMMA specimen was
immersed in 1 mL of filtered human saliva for 2 h at 37°C, and then irrigated with 1.5

mL PBS by centrifugation at 300 rpm for 5 min. The irrigation was repeated three times.
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The specimen was ultrasonicated in 1% SDS in PBS for 20 min to collect the adsorbed

protein. The concentration of salivary protein was determined by using a Micro BCA

Protein Assay Kit, as described in section 2.1.1 (Figure 8a). The experiments were

repeated five times. A statistical analysis of the data was conducted by IBM SPSS

Statistics 25 using one-way ANOVA and Tukey’s HSD test with a significance level of p

<.05.

2.2 Results

2.2.1 BSA protein adsorption

Figure 9a shows the amount of BSA adsorbed on the surface of each specimen. After

immersion in BSA solution for 2 h, the amount of BSA adsorbed on copolymers

containing >15% MPC (i.e.,, D0/C30, D5/C25, and D15/C15) was significantly smaller

than that on the control specimen. The protein adsorption of the copolymer coating

containing less than 15% MPC (i.e., D25/C5 and D30/C0) was not significantly different

from that of the control specimen (p < .05, ANOVA and Tukey’s HSD test).

Figure 9b reveals the FITC-BSA adsorbed on each copolymer coating. The

copolymer without MPC (i.e, D30/C0) and control groups exhibited bright fluorescence,

indicating more BSA protein adsorption than that of MPC-containing coatings (i.e.,

17



DO0/C30, D15/C15), which revealed darker fluorescence.

2.2.2  Salivary protein adsorption

Figure 9c¢ shows the adsorption of human salivary protein. The tendency of salivary
protein adsorbed on the surfaces was consistent with the BSA adsorption for the
copolymer containing >15% MPC (i.e., DO/C30, D5/C25, and D15/C15), which exhibited
a significantly smaller amount of adsorbed BSA protein, whereas D25/C5 and D30/C0O

were not significantly different from the control (p > .05, ANOVA and Tukey’s HSD test).

2.3 Discussion

The protein adsorption on materials for biomedical applications is the crucial factor in the
interaction between polymeric materials and body fluids. When a material comes into
contact with a fluid, nonspecific protein adsorption occurs on the material’s surface and
acts as a mediator for various cell responses. Therefore, the prevention of protein
adsorption is a promising strategy for improving their biocompatibility [46—49]. Many
studies investigating protein adsorption on biomaterial surfaces have been reported, and
some methods to reduce protein adsorption also have been discussed [50]. Among them,
reduced protein adsorption as a result of increasing the hydrophilicity of polymer surfaces

has been reported [51,52].
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Once a hydrophobic material surface like PMMA is surrounded by aqueous media

such as blood or saliva, water molecules bind to the hydrophobic part of the polymer

through van der Waals forces [53]. When a protein molecule is adsorbed on a polymer

surface, water molecules between the protein and polymer need to be replaced, and a

protein conformational change is induced to expose the hydrophobic part to the outside

[54-57]. Thus, the protein contacts the polymer surface directly via hydrophobic

interactions (Figure 10a). The protein behavior also depends on the structure of water

around the polymer surface in the hydration state. Ishihara ef al. [58] determined the

conformational change in proteins adsorbed on hydrated polymers. It was found that BSA

protein had no significant conformational change when it was adsorbed on MPC

copolymer, whereas the changes in the o-helix content were detected on poly(2-

hydroxyethyl methacrylate) (HEMA). The study on water state in the hydrated polymer

revealed that polymers with hydroxyl groups, like poly(HEMA), would form a network

structure of water molecules. This structure trapped a protein and prolonged the contact

of the protein to the absorbed surface, subsequently leading to a conformational change

in the protein [18]. On the contrary, a water-soluble MPC polymer did not disrupt

hydrogen-bond formation among the water molecules, so water molecules were almost

the same as pure liquid water, leading to highly mobile free water as the hydration layer

around the MPC polymer [59,60]. Thus, the MPC-coated surface is similar to an aqueous
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solution, so protein does not need to release bound water molecules, and the hydrophobic
interaction does not occur between proteins and the polymer surface [61] (Figure 10b).
In other words, the large amount of free water around the phosphorylcholine groups in
MPC causes the detachment of proteins and the reduction of their adsorption [62].

Protein adsorption on the surfaces can occur rapidly when the materials come into
contact with body fluids such as blood, synovial fluid, or tears. Therefore, the reduction
of protein adsorption by MPC has a great benefit on the design of biocompatible
interfaces for various biomedical materials. MPC is effective in suppressing platelet
adhesion and activation in cardiovascular and blood-contacting devices, such as
hemodialysis membranes [63], vascular prostheses [64], stents [65], cardio pulmonary
bypass devices [66], and ventricular assist devices [25]. MPC has also been used in
artificial hip joints to increase the surface lubrication in synovial fluid, which contains
proteins, lipids, and sugar [26]. Additionally, MPC was introduced into soft contact lenses
to improve oxygen permeability and wettability [24].

In this study, MPC was utilized to reduce protein adsorption on a surface
surrounded by human saliva, which contains various proteins. Here, BSA (67 kDa) was
selected as the model protein before using human saliva, which is more variable and
complicating [67]. BSA is suitable for adsorption studies because of its high stability,

availability, low cost, and high solubility in water. BSA has been widely used in studies
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of protein—surface interactions and protein adsorption on phosphorylcholine-based

surfaces [68—70]. The results indicated that PMMA coated by a copolymer containing

>15% MPC inhibited the adsorption of BSA compared with uncoated PMMA.

Copolymers with greater ratios of MPC (i.e., DO/C30 and D5/C25) showed less BSA

adsorption than that on D15/C15. It can be inferred that the high hydrophilicity of MPC,

confirmed by a decrease in the contact angles on the surface, can reduce the adsorption

of BSA in experiment 1.

Human saliva is a complex mixture of oral fluids, including secretions of the

major and minor salivary glands and constituents of non-salivary origin derived from

gingival crevicular fluid, serum and blood cells from oral wounds, oral bacteria, and

desquamated epithelial cells. In this study, unstimulated saliva collected from donors was

filtered with a 0.22 pm syringe filter to remove cells and bacteria. After filtration, a

complex hypotonic aqueous solution remained, which contained various salivary proteins.

More than 2000 proteins with different molecular weights (e.g., a-amylase, 58 kDa;

cystatin, 16-17 kDa; and lactotransferrin, 80 kDa [71]) and isoelectric points have been

identified in saliva collected from healthy donors [72—75]. Thus, the adsorption of various

proteins can be evaluated by the use of human saliva. The results of the salivary protein

adsorption test revealed that PMMA coated by copolymer containing >15% MPC showed

greater protein repellency than uncoated PMMA, similar to the case of BSA. Therefore,
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the copolymer coatings composed of >15% MPC could inhibit nonspecific protein
adsorptions on the surface of PMMA with no difference among D0/C30, D5/C25, and
D15/C15. For BSA adsorption, D15/C15 showed greater protein adsorption than the other
two groups. The isoelectric point of BSA is around pH 4.5-5. With raised pH, the amount
of negatively charged groups in BSA increases [76]. In this study, BSA was dissolved in
PBS at pH 7.2-7.4 and resulted in a negatively charged surface, which was attracted by

the positive charge of the cationic portion of MDPB through electrostatic affinity [77].

2.4 Summary
Due to the hydrophilicity of the MPC polymer, the copolymer composed of >15% MPC
could inhibit the adsorption of BSA and salivary protein on the hydrophobic surface of

PMMA.

22



EXPERIMENT 3

Evaluation of antibacterial effects of the copolymer-coated resins

3.1 Materials and methods

3.1.1 On-disc culture assay

Streptococcus mutans NTCT10449 was used to evaluate the antibacterial activity. Stock
culture was stored with Microbank vials (PRO-LAB Diagnostic, Richman Hill, ON,
Canada) and stored at —80°C. Bacteria was grown in Brain Heart Infusion (BHI; Becton
Dickinson, Sparks, MD, USA) broth with 1% sucrose for 24 h at 37°C and adjusted to
approximately 1 x 10 colony-forming units (CFU)/mL.

For this test, the PMMA disc was prepared using the same method described in
section 1.1.3. Then, a cylindrical cavity well (7 mm diameter and 1 mm depth) was drilled
into this PMMA disc using a cylindrically shaped carbide bur mounted in a low-speed
handpiece. The specimen was sterilized by ethylene oxide at 40°C for 24 h. The disc with
well was immersed in 1 mL of each coating solution for 10 s, and then the coated disc
was dried for 30 min at 25°C. These immersion and drying procedures were repeated
twice.

To evaluate the growth of bacteria on the surface of copolymer-coated PMMA,
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20 pL of S. mutans suspension was inoculated into the well of the five different coated

discs and the control. After incubation at 37°C for 24 h, the inoculated disc was

transferred to 9.98 mL BHI broth and vigorously shaken to collect the bacteria from the

surface. The suspension was serially diluted, and an aliquot of the suspension was spread

on a BHI agar plate (Becton Dickinson). After anaerobic incubation at 37°C for 48 h, the

number of colonies was calculated (Figure 11). The experiments were repeated five times.

Statistical analysis of the data was conducted by IBM SPSS Statistics 25 using one-way

ANOVA and Tukey’s HSD test with a significance level of p <.05.

To confirm whether the antibacterial effect of the coated specimen was derived

from elution of the MDPB monomer, each coated resin was immersed in 1 mL of distilled

water. After storage at 37°C for 24 h, a sample volume of 500 uL was collected, and the

concentration of MDPB was measured by a high-performance liquid chromatograph

(HPLC; Prominence; Shimadzu, Kyoto, Japan) using a reverse-phase column (Puresil 5p

C18; Waters, Millford, MA, USA). A mixture of acetonitrile and 5 mM PBS containing

100 mM sodium perchlorate (70:30, v/v) was used as the mobile phase at a flow rate of 1

mL/min. Absorbance readings were taken at 260 nm. The minimum detectable

concentration of MDPB was 0.5 pg/mL. The experiments were repeated three times.
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3.1.2 Evaluation of longevity of antibacterial effects

The longevity of the antibacterial effects was evaluated on three copolymer groups:
D0/C30, D15/C15, and D30/C0O. The copolymer-coated PMMA disc with well was
immersed in 500 pL of distilled water at 37°C for 28 days and subjected to the on-disc
assay described in section 3.1.1. The experiments were repeated five times. Statistical
analysis of the data among the groups was conducted by IBM SPSS Statistics 25 using
ANOVA and Tukey’s HSD test with a significance level of p < .05. The data within a
group between before and after ageing was analyzed using Student’s #-test with a

significance level of p <.05.

3.2 Results

3.2.1 Antibacterial effects by on-disc culture assay

The number of viable S. mutans after incubation for 24 h on copolymer-coated and control
specimens is shown in Figure 12. On the control specimen, the number of viable bacteria
increased during 24-hour incubation from the initial bacterial number (=2 x 10* CFU;
4.30 log10CFU) to 7.00 log10CFU. For the copolymer coatings containing <15% MDPB
(i.e., DO/C30 and D5/C25), the number of bacterial cells increased to 6.91 log10CFU and

6.90 log10CFU, respectively. In contrast, the copolymer coatings containing >15% MDPB
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(i.e., D15/C15, D25/C5, and D30/C0) reduced the number of bacteria to 3.25 10g10CFU,
3.93 10gi10CFU, and 3.39 10g10CFU, respectively (Figure 12a). The bacterial number of
the specimens coated by copolymers containing >15% MDPB exhibited a significantly
smaller number than those on the control specimen and specimens coated by copolymers
containing <15% MDPB (p < .05, ANOVA and Tukey’s HSD test).

The HPLC analysis confirmed no elution of MDPB for all coated specimens after

immersion in distilled water for 24 h.

3.2.2 Longevity of antibacterial effects
The number of viable S. mutans after 24-hour incubation of the specimens after 28-day
immersion in distilled water is shown in Figure 12b. The number of viable cells on the
specimen coated by D0/C30 increased to 6.88 logioCFU, whereas the bacterial numbers
of the specimens coated by D15/C15 and D30/CO were reduced from the initial bacterial
number (4.30 log10CFU) to 3.19 log10CFU and 3.11 log10CFU, respectively. The number
of viable bacteria on the specimens coated by copolymers containing >15% MDPB
exhibited a significantly smaller number than the control specimen and specimens coated
by D0/C30 without MDPB (p < .05, ANOVA and Tukey’s HSD test).

A comparison of the number of viable S. mutans after incubation between before

and after ageing is shown in Figure 12c. The antibacterial effect of the copolymer-coated
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disc was not attenuated after the aging process, which was shown by no significant

difference in the number of viable bacteria for both D15/C15 and D30/C0 between, before,

and after ageing (p > 0.05, Student’s #-test).

3.3 Discussion

The antibacterial activity of MDPB has been investigated in several studies. MDPB

rapidly kills bacteria before curing due to the free movement of its active component,

which comes into contact with bacteria. This active component is a quaternary

ammonium compound; it has been suggested in various studies that the mechanism of

antibacterial action is associated with the interaction between the positive charge of the

ammonium cation and negative charge of the bacterial membrane. Subsequently, the

electrical balance of the bacterial cell is disrupted, causing bacteriolysis [78,79]. As this

is a nonspecific action, a wide range of microbes are susceptible to QAC—not only

bacteria, but yeast and lipid-containing viruses [80—-82]. MDPB was also found to have

an antibacterial effect against various oral microbes, including cariogenic bacteria and

endodontic bacteria [83—85]. Thus, MDPB has been used in various types of dental

materials [6-8,86,87]. However, its antibacterial activity is reduced after curing due to

the limited molecular movement caused by immobilization [8].

In this study, the bacterial number of the specimens coated by copolymers
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containing >15% MDPB is smaller than the control specimen and specimens coated by

non-MDPB-containing copolymers. The log reduction of the S. mutans suspension

inoculated on these MDPB-coated specimens was more than 3.07-3.75 compared with

that of the control specimen. Moreover, the copolymer coatings containing >15% MDPB

reduced the bacterial number from its initial value of 4.30 logioCFU to 3.11-3.19

logi1oCFU (i.e., 1.11-1.19 log reduction), indicating bactericidal activity on the surface.

In addition, it was confirmed that no MDPB was detected in distilled water by the analysis

using HPLC, suggesting the antibacterial effect did not come from the elution of

unpolymerized MDPB but immobilized MDPB.

During the past two decades, Imazato et al. intensively investigated the

antibacterial effect of various resin-based dental materials incorporating MDPB, such as

adhesives and resin composites, which have been shown to demonstrate bacteriostatic

effects after curing [2]. A dentin primer containing 5 wt% MDPB for a self-etch adhesive

system can kill oral bacteria rapidly based on the antibacterial mechanism of action

employed by unpolymerized MDPB [3]. It also has the ability to inhibit S. mutans after

curing; however, the log reduction of S. mutans suspension inoculated on the cured

surface after 24-hour incubation was 0.21 compared to control primer without MDPB

[88]. In addition, the log reduction from the initial bacterial number was only 0.40,

indicating a lower bactericidal effect than the copolymer coatings containing >15%
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MDPB.

A resin composite containing MDPB-immobilized filler, in which the final

concentration of MDPB was 2.83 wt%, inhibited bacterial growth [9]. A cured adhesive

resin containing MDPB at 2.5 wt% also demonstrated a smaller number of recovered

bacteria compared to commercially available adhesive resin [89]. However, these

materials demonstrated a bacteriostatic rather than bactericidal effect, even though saliva

treatment on their surface was not conducted before antibacterial tests. In this study, the

stronger antibacterial activity can be attributed to the large concentration of MDPB in the

experimental coatings (D15/C15 and D30/CO incorporating MDPB at 30 wt% and 55

wt%, respectively). Additionally, the incorporation of MDPB directly into the materials

by polymerization of MDPB or MDPB-immobilized filler might prevent the exposure of

MDPB, whereas the coating on the materials was effectively exposed on its surface. Thus,

the surface coating composed of a high concentration of MDPB could efficiently expose

the antibacterial component on the material surface.

After aging in distilled water, the antibacterial activities of D15/C15 and D30/C0O

were at the same level as those before aging. This result indicated that the coating by

hydrophobic interactions was stable enough, even after aging. A previous study also

reported that a copolymer of BMA and MPC coating on polyvinylidene fluoride

membrane was durable after ultrasonic cleaning with SDS solution [29], thus it is possible
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to clean a coated restoration by ultrasonication. This dipping method is simple, repeatable,
and able to provide a prolonged period of antibacterial activity with durability, which are

benefits for improving oral cavity restoration.

3.4 Summary

The copolymer coating containing >15% MDPB exhibited bactericidal effects. The long-
lasting antibacterial effects were obtained when incubated on the specimens coated with
copolymer containing >15% MDPB, even after 28-day aging, due to its contact killing of

bacteria.
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EXPERIMENT 4

Evaluation of anti-biofilm effects of copolymer-coated PMMA surface

4.1 Materials and methods

4.1.1 Biofilm formation on copolymer-coated resin

A transparent PMMA disc with a diameter of 10 mm and thickness of 1 mm (Comoglas,
Kuraray, Tokyo, Japan) was purchased. The disc was coated with D0/C30, D15/C15, and
D30/C0 by immersion in 1 mL of each coating solution for 10 s, and then the coated disc
was dried for 30 min at 25°C. These immersion and drying procedures were repeated
twice. To prepare the specimen after aging, each copolymer-coated PMMA disc was
immersed in 500 pL of distilled water at 37°C for 28 days.

The copolymer-coated PMMA specimen was immersed in 1 mL of filtered human
saliva described in 2.1.2 for 2 h at 37°C and then irrigated with 1.5 mL PBS by
centrifugation at 300 rpm for 5 min. The irrigation was repeated three times. Subsequently,
each specimen was placed in a 1.5 mL suspension of S. mutans NCTC 10449 in BHI with
1% sucrose adjusted to approximately 1 x 105 CFU/mL in a 24-well microplate. After
anaerobic incubation at 37°C for 6 h with shaking at 100 rpm, the specimen was

transferred to a new well with 1.5 mL of fresh bacterial suspension with 1% sucrose
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(approximately 1 x 10® CFU/mL) and was anaerobically incubated. After 18 h, the
specimen was again transferred to a new well with fresh bacterial suspension with 1%

sucrose and further incubated for 24 h. (Figure 13)

4.1.2 Evaluation of biofilms formed on the copolymer-coated resin
To evaluate bacteria adhered on the copolymer-coated disc, the specimen with formed
biofilm was irrigated twice in 1 mL of PBS with gentle shaking. The fixation and
dehydration of biofilm on specimens were conducted by immersion in 0.2 M cacodylic
acid for 20 min, 0.1 M half-Karnovsky’s solution (glutaraldehyde and formaldehyde) for
30 min, 0.1 M cacodylic acid for 45 min, ethanol in increasing concentration (50%, 70%,
80%, 90%, and 96%) for 20 min in each concentration, and 99.5% ethanol for 90 min.
After freeze-drying (JFD-320 freeze dryer, JEOL, Tokyo, Japan) for 1 h, the upper surface
was sputter-coated with gold (SC-701CT, Sanyu electron, Tokyo, Japan) and observed
using a scanning electron microscope (SEM; JSM-6390BU, JEOL) at 1000x
magnification.

For evaluating the viability of bacteria in biofilm and the thickness of biofilm, the
specimen was irrigated twice by gentle shaking in 1 mL of PBS, and the biofilm on the
surface was stained using LIVE/DEAD BacLight bacterial viability kits (L7007,

Molecular Probes, Eugene, OR, USA) according to the manufacturer’s instruction.
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Briefly, 3 uL of component A (SYTO 9 dye, 1.67 mM/propidium iodide, 1.67 mM in

DMSO) and 3 pL of component B (SYTO 9 dye, 1.67 mM/ propidium iodide, 18.3 mM

in DMSO) were mixed in 1 mL of distilled water. Fifty uL of the mixed solution was

dropped on the specimen and incubated at 37°C for 15 min under dark conditions. After

gently irrigating with distilled water, the biofilm on the specimen was visualized by a

confocal laser scanning microscope (CLSM; LSM 700, Carl Zeiss, Oberkochen,

Germany) with 488 and 553 nm wavelengths for excitation, and 520 and 568 nm

wavelengths for emission. The image was analyzed by ZEN (Carl Zeiss, Oberkochen,

Germany) and Imaris software (Bitplane, Zurich, Switzerland) to determine the thickness

of biofilm and the percentage of dead cells, respectively. Statistical analysis of the data

was conducted by IBM SPSS Statistics 25. The ANOVA and Tukey’s HSD test were used

to analyze difference of the thickness and the percentage of dead bacteria among groups

with a significance level of p < .05. The thickness and the percentage of dead bacteria

within groups between before and after aging was analyzed by the Student’s #-test with a

significance level of p <.05.

4.2 Results

4.2.1 Bacteria adherence on the copolymer-coated disc
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Figure 14 shows the SEM images, which indicate the bacterial attachment on the coated

surface after 48-hour incubation. MPC-containing copolymers (i.e., DO/C30 and

D15/C15) exhibited a smaller number of adhered bacteria in the form of individualized

cells or small aggregations compared to that of the control and D30/C0, which showed a

greater number of bacteria arranged in large clumps.

4.2.2 Viability of bacteria and thickness of biofilm

Figure 15a shows the CLSM images of specimens coated by each copolymer group after

48-hour incubation. The copolymers containing MPC (i.e., DO/C30, D15/C15) exhibited

thinner biofilm formation compared to that exhibited by D30/CO and the control. By

imaging analysis using ZEN software, the copolymers containing MPC (i.e., DO/C30 and

D15/C15) exhibited significantly thinner biofilm than D30/C0 and the control (p <.05,

ANOVA and Tukey’s HSD test) (Figure 15b). CLSM images and the imaging analysis

using Imaris software shows that MDPB-containing copolymers (i.e., D15/C15 and

D30/C0) demonstrated stronger red color, which indicated the presence of dead bacteria.

On the DO/C30 coating, green color was observed, indicating that viable bacteria were

more prominent. The percentage of dead bacteria is shown in Figure 15c. The result

revealed that D15/C15 provided a greater percentage of dead bacteria in biofilm

compared to the control (p <.05, ANOVA and Tukey’s HSD test).
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The CLSM images of biofilm formation on coated specimens with aging are

shown in Figure 16a. The surface coated by copolymers containing MPC (i.e., DO/C30

and D15/C15) exhibited more dispersed and thinner biofilm compared with D30/C0 and

the control. The quantitative evaluation of biofilm thickness on the coated specimens after

aging is demonstrated in Figure 16b. The copolymers containing MPC (i.e., DO/C30 and

D15/C15) exhibited significantly thinner biofilm than D30/C0 and the control (p < .05,

ANOVA and Tukey’s HSD test). The percentage of dead bacteria was shown in Figure

16¢c. The result exhibited that D15/C15 increased the percentage of dead bacteria in

biofilm compared to the control (p <.05, ANOVA and Tukey’s HSD test). Among the four

groups, the D15/C15 coating exhibited sparser and thinner biofilm, in addition to a greater

percentage of dead bacteria, indicating that this group was the most effective in terms of

its anti-biofilm effect, even after ageing.

Figure 17 presents a comparison of the thickness of biofilm between before and

after immersion of the specimen in water for 28 days. No significant difference in biofilm

thickness was observed between before and after immersion in all groups (p > .05,

Student’s #-test). Figure 18 shows the percentage of dead bacteria before and after water

aging. No significant difference in the percentage of dead bacteria between before and

after immersion in all groups was observed (p > .05, Student’s z-test).
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4.3 Discussion

An attempt to provide the restorations with antibacterial properties to inhibit plaque

accumulation has been addressed in many studies. Previously, in vitro tests using S.

mutans indicated that the resin composites mixed with MDPB-containing prepolymerized

resin filler exhibit inhibitory effects against biofilm accumulation [9]. This antibacterial

activity arises from the inhibition of bacterial growth by contact with the MDPB-

containing filler [10]. In addition, it also depends on the suppression of bacterial

attachment and glucan synthesis by inactivation of glucosyltransferase [9]. However, the

anti-biofilm effect was attenuated by the treatment of saliva on the experimental resin

composites due to the reduced contact of bacteria with MDPB by protein adsorption,

although the saliva-treated polymers still exhibited bacterial adherence or growth

inhibitions on their surfaces compared with control materials without MDPB. [10,13].

The protein film was considered to be a barrier in diverse cationic antibacterial surfaces;

it was not only MDPB that was weakened the antibacterial and anti-biofilm effects [90—

93]. The attenuation of these antibacterial effects is thought to be due to the reduction in

the exposed area of the antibacterial component on the material surface.

MPC was also reported to inhibit oral biofilm formation by suppressing bacterial

adherence due to its inhibition of protein adsorption; subsequently, the initial interaction

between microorganisms and material surfaces was retarded [94]. This action of MPC
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has been studied in various pathogens, including general and oral microbes such as

Staphylococcus aureus, a most common pathogen, and opportunistic pathogens

Pseudomonas aeruginosa and Candida albicans [27,29]. Particularly, MPC reduced the

adherence of early colonizers (e.g., Streptococcus sanguinis) and co-aggregative bacteria

(e.g., Fusobacterium nucleatum) in oral biofilm formation [28]. Another advantage of the

MPC polymer is its excellent biocompatibility owing to its similarity with the cell-wall

structure [16]. However, the compatibility of phosphorylcholine groups with cells is

favorable for the viability of microorganisms [95], indicating that MPC polymer cannot

inhibit the proliferation of bacteria, which was proved in experiment 3. In this study, MPC

was combined with MDPB to facilitate protein repellency in the coating material.

Consequently, the formation of biofilm was hindered at the initial step, which requires

salivary protein adsorption prior to bacteria attachment (Figure 19) [96,97]. This effect

was supported by CLSM observation, which revealed sparser biofilm formation in the

copolymers containing MPC compared with those formed in D30/CO and the control.

Furthermore, MDPB exhibited bactericidal effects, and the percentage of dead bacteria

was small in the group containing both MDPB and MPC. The greater percentage of viable

bacteria causes tooth demineralization and enamel/dental caries because S. mutans can

produce acids via glucose metabolism [98—101]. Thus, a smaller percentage of living

bacteria is crucial to prevent oral diseases. With MPC, bacteria can be easily exposed to
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MDPB due to the non-protein-coated surface and be effectively killed under an

environment with plenty of saliva protein. In addition, it has been reported that MDPB

exhibits a bacteriolysis effect that suppresses the bacterial growth, leading to the

inhibition of extracellular-matrix synthesis to retard biofilm formation [9]. Eventually,

the inhibition of biofilm formation will prevent the occurrence of secondary caries, which

is caused by continual acid production beneath the biofilm [102,103]. The results obtained

by CLSM and SEM revealed the synergistic properties of protein-repellent MPC and

antibacterial MDPB on the surface coated with D15/C15, which caused thinner and

sparser biofilm containing more dead bacteria compared with those formed in other

specimens.

4.4 Summary

Due to the ability of the MPC polymer to inhibit protein adsorption, the coating composed

>15% MPC inhibited the adsorption of protein, which is required for the initial step of

biofilm formation. Additionally, >15% MDPB in the copolymer exhibited bactericidal

effects due to its contact killing of bacteria. Both functions resulted in the dual-functional

effects of protein repellency from MPC and antibacterial activity from MDPB.
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GENERAL CONCLUSION

Most oral diseases are caused by bacterial infection, and it is crucial to control bacteria

to maintain and promote oral health. Restorative and prosthodontic materials with

antimicrobial properties are promising to prevent secondary diseases that occur in the oral

cavity, which is full of bacteria. With the intention to develop useful antibacterial material

like polymerizable bactericide, a novel coating material that combined synergistic

functions from MDPB and MPC was developed.

Owing to the ability of MPC polymer, the coating composed of >15% MPC

inhibited the adsorption of protein, which is required for the initial step of biofilm

formation. Additionally, >15% MDPB in the copolymer exhibited bactericidal effects due

to its contact killing of bacteria. Eventually, the copolymer composed of 15% MDPB/15%

MPC effectively inhibited biofilm formation even after aging. Nevertheless, the oral

environment is indeed challenging, and multiple factors need to be considered. Although

hydrophobic interactions of the coating material are durable after aging, mechanical stress

from mastication and cleaning should be considered.

In this study, the fabrication of a copolymer coating composed of MDPB and MPC

that exhibited both protein repellency and bactericidal effects was achieved, leading to an

effective anti-biofilm property. This novel, dual-functional surface coating can be applied
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to a variety of dental resins for controlling bacteria in an oral environment. However, oral
microbes consist of diverse microorganisms that produce more complex and harsher oral
biofilm. Therefore, an assessment of the benefit of this coating for in situ experiments is

still required to determine its potential for clinical applications in the future.
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TABLE LEGEND

TABLE 1.  Experimentally synthesized copolymers.

FIGURE LEGENDS

Figure 1. Chemical structures of monomer.
a:12-methacryloyloxydodecylpyridinium bromide (MDPB)
b: 2-methacryloyloxyethyl phosphorylcholine (MPC)

c: n-butyl methacrylate (BMA)

Figure 2. MPC polymer and its characteristics.
a: Structure inspired by a cell membrane-like construction.

b: Superhydrophillic property of MPC.

Figure 3. Procedure of copolymer synthesis.

Figure 4. Copolymer and coating solution used

a: Copolymer powder (D15/C15)

b: Coating solution
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Figure 5. Fluorescence microscopy images with fluorescence intensity.

a: PMMA surface coated with FITC-labeled copolymers.

b: Resin composites surface-coated with FITC-labeled copolymers.

(i) Bare resin (control), (ii) f-D0/C30, (iii) f-D5/C25, (iv) f-D15/C15, (v) f-D25/C5, and
(vi) f-D30/CO.

The magnification of the fluorescence microscope is 10x.

Figure 6. Contact angles of each coating surface.

a: Advancing contact angles.

b: Receding contact angles.

The error bar represents the standard deviation. A, B, C, D, E: No significant difference
between the bars indicated with identical letters (ANOVA, Tukey’s HSD test, p > .05, n

= 5).

Figure 7. Scheme of coating on dental resins via hydrophobic interactions.

(i) Bare dental resins, (ii) D0O/C30, (iii) D15/C15, and (iv) D30/CO.

Figure 8. Protein adsorption test procedure.
a: Quantitative test of BSA or filtered human saliva.

b: Visualization of adsorption of FITC-BSA adsorption.

59



Figure 9. Protein adsorption on the surfaces after 2-hour immersion in protein
solution.

a: Amount of adsorbed BSA.

b: Fluorescence microscopy images of adsorbed FITC-conjugated BSA.

c¢: Amount of adsorbed salivary protein.

The error bar represents the standard deviation. (i) Control, (ii) DO/C30, (iii) D15/C15,
and (iv) D30/CO. A, B, C: No significant difference between the bars indicated with

identical letters (ANOVA, Tukey’s HSD test, p > .05, n =5).

Figure 10. Scheme of protein adsorption.
a: Protein adsorption on hydrophobic surface.

b: Protein adsorption on MPC-coated surface.

Figure 11. Procedure of on-disc culture assay.

Figure 12. Number of S. mutans after incubation on copolymer-coated disc with well
for 24 h.

a: Before 28-day immersion in water.

b: After 28-day immersion in water.

c: Comparison between before and after 28-day immersion in water.

Hatched bar represents the number of S.mutans on the coated disc after immersion. The

error bar represents the standard deviation. Asterisks represent statistically significant
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difference from control (ANOVA, Tukey’s HSD test, p < .05, n =5). ‘n.s.” denotes no

significant difference between two groups. (Student’s t-test, p > .05, n=5).

Figure 13. Procedure of biofilm formation test.

Figure 14. SEM images of S. mutans biofilm formed after 48-hour incubation on the
surface of coated specimen.

i) Control, i) DO/C30, iiii) D15/C15, and (iv) D30/CO.

Figure 15. S. mutans biofilm formation after 48-hour incubation on the surface of
coated specimen.

a: CLSM images i) Control, ii) DO/C30, iii) D15/C15, and iv) D30/CO.

b: Thickness of biofilm analyzed from CLSM images. Asterisks represent statistically
significant difference from control (ANOVA, Tukey’s HSD test, p < .05, n =5).

c. Percentage of dead bacteria analyzed from CLSM images. Hashtag represents
statistically significant increase from control (ANOVA, Tukey’s HSD test, p < .05, n =
3).

Figure 16. S. mutans biofilm formation after 48-hour incubation on the surface of
coated specimen with ageing.

a: CLSM images i) Control, ii) DO/C30, iii) D15/C15, and iv) D30/CO.

b: Thickness of biofilm analyzed from CLSM images. Asterisks represent statistically

significant difference from control (ANOVA, Tukey’s HSD test, p < .05, n =5).
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c. Percentage of dead bacteria analyzed from CLSM images. Hashtag represents
statistically significant increase from control (ANOVA, Tukey’s HSD test, p < .05, n =

3).

Figure 17. Comparison of the thickness of biofilm analyzed from CLSM images
before and after 28-day immersion of the specimen.

The error bar represents the standard deviation. Hatched bars with black border represent
the data after 28-day immersion. ‘n.s.” denotes no significant difference between two

groups. (Student’s t-test, p > .05, n = 5).

Figure 18. Comparison of the percentage of dead bacteria analyzed from CLSM
images before and after 28-day immersion of the specimen.

Plain bars represent dead bacteria. Hatched bars represent the data after 28-day immersion.
‘n.s.” denotes no significant difference between two groups. (Student’s t-test, p > .05, n =

3).

Figure 19. Scheme of dual functions of protein repellency and antibacterial effect.

(i) Dental resins with immobilized MDPB exhibit antibacterial effects, which depend on
the contact inhibition of bacteria. (ii) However, their effectiveness can be readily reduced
by coverage with salivary protein. (iii) The novel surface coating composed of MDPB

and MPC exhibits protein repellency and bactericidal effect.
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Table 1.

Experimentally synthesized copolymers.

Composition (mol%)

MDPB MPC BMA
DO/ C30 0 30 70
D5/C25 5 25 70
D15/C15 15 15 70
D25/C5 25 5 70
D30/CO 30 0 70
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Figure 1. Chemical structures of monomer.
a:12-methacryloyloxydodecylpyridinium bromide (MDPB)
b: 2-methacryloyloxyethyl phosphorylcholine (MPC)

c: n-butyl methacrylate (BMA)
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Figure 2. MPC polymer and its characteristics.
a: Structure inspired by a cell membrane-like construction.
b: Superhydrophillic property of MPC.
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Figure 3. Procedure of copolymer synthesis.
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Figure 4. Copolymer and coating solution used.
a: Copolymer powder (D15/C15)
b: Coating solution
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Figure 5. Fluorescence microscopy images with fluorescence intensity.

a: PMMA surface coated with FITC-labeled copolymers.

b: Resin composites surface-coated with FITC-labeled copolymers.

(i) Bare resin (control), (ii) f-D0/C30, (iii) f-D5/C25, (iv) f-D15/C15, (v) f-D25/C5, and
(vi) f-D30/CO.

The magnification of the fluorescence microscope is 10x.
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Figure 6. Contact angles of each coating surface.

a: Advancing contact angles.

b: Receding contact angles.

The error bar represents the standard deviation. A, B, C, D, E: No significant difference
between the bars indicated with identical letters (ANOVA, Tukey’s HSD test, p > .05, n

= 5),
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Figure 7. Scheme of coating on dental resins via hydrophobic interactions.
(1) Bare dental resins, (ii) DO/C30, (iii) DC15/C15, and (iv) D30/CO.
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Figure 8. Procedure of protein adsorption test.
a: Quantitative test of BSA or filtered human saliva.
b: Visualization of adsorption of FITC-BSA adsorption.
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Figure 9. Protein adsorption on the surfaces after 2-hour immersion in protein
solution.

a: Amount of adsorbed BSA.

b: Fluorescence microscopy images of adsorbed FITC-conjugated BSA.

c: Amount of adsorbed salivary protein.

The error bar represents the standard deviation. (i) Control, (ii) D0O/C30, (iii) D15/C15,
and (iv) D30/CO. A, B, C: No significant difference between the bars indicated with
identical letters (ANOVA, Tukey’s HSD test, p > .05, n =5).
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Figure 10. Scheme of protein adsorption.
a: Protein adsorption on hydrophobic surface.
b: Protein adsorption on MPC-coated surface.
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Figure 11. Procedure of on-disc culture assay.
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Figure 12. Number of S. mutans after incubation on copolymer coated disc with well
for 24 h.

a: Before 28-day immersion in water.

b: After 28-day immersion in water.

c: Comparison between before and after 28-day immersion in water.

Hatched bar represents the number of S. mutans on the coated disc after immersion. The
error bar represents the standard deviation. Asterisks represent statistically significant
difference from control (ANOVA, Tukey’s HSD test, p < .05, n =5). ‘n.s.” denotes no
significant difference between two groups. (Student’s t-test, p > .05, n=5).
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Figure 13. Procedure of biofilm formation test.
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Figure 14. SEM images of S. mutans biofilm formed after 48-hour incubation on the
surface of coated specimen.

i) Control, ii) DO/C30, iii) D15/C15, and (iv) D30/CO.
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Figure 15. S. mutans biofilm formation after 48-hour incubation on the surface of
coated specimen.

a: CLSM images i) Control, ii) D0/C30, iii) D15/C15, and iv) D30/CO0.

b: Thickness of biofilm analyzed from CLSM images. Asterisks represent statistically
significant difference from control (ANOVA, Tukey’s HSD test, p < .05, n =5).

c. Percentage of dead bacteria analyzed from CLSM images. Hashtag represents
statistically significant increase from control (ANOVA, Tukey’s HSD test, p < .05, n =
3).
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Figure 16. S. mutans biofilm formation after 48-hour incubation on the surface of
coated specimen with ageing.

a: CLSM images i) Control, ii) D0/C30, iii) D15/C15, and iv) D30/CO.

b: Thickness of biofilm analyzed from CLSM images. Asterisks represent statistically
significant difference from control (ANOVA, Tukey’s HSD test, p < .05, n =5).

c. Percentage of dead bacteria analyzed from CLSM images. Hashtag represents
statistically significant increase from control (ANOVA, Tukey’s HSD test, p < .05, n =
3).

79



n.s.

Thickness of biofilm (um)
(oe]

Control D0/C30 D15/C15 D30/C0

Figure 17. Comparison of the thickness of biofilm analyzed from CLSM images
before and after 28-day immersion of the specimen.

The error bar represents the standard deviation. Hatched bars represent the data after 28-
day immersion. ‘n.s.” denotes no significant difference between two groups. (Student’s t-
test, p > .05, n =5).
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Figure 18. Comparison of the percentage of dead bacteria analyzed from CLSM
images before and after 28-day immersion of the specimen.

Plain bars represent dead bacteria. Hatched bars represent the data after 28-day immersion.
‘n.s.” denotes no significant difference between two groups. (Student’s t-test, p > .05, n =
3).
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Figure 19. Scheme of dual functions of protein repellency and antibacterial effect.
(i) Dental resins with immobilized MDPB exhibit antibacterial effects, which depend on
the contact inhibition of bacteria. (ii) However, their effectiveness can be readily reduced
by coverage with salivary protein. (iii) The novel surface coating composed of MDPB
and MPC exhibits protein repellent ability and bactericidal effect.
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