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GENERAL INTRODUCTION

Oral diseases represent a significant proportion of the global disease burden, and
continue to pose challenges to oral health professionals and individuals despite
advancements in therapeutic strategies [ 1]. Most common oral infections, such as dental
caries and pulpitis, are attributed to the disequilibrium of the oral microbial community
[2]. Therefore, developing dental materials with antibacterial properties has become
crucial for the effective control of bacteria.

Recently, several attempts have been made to provide ion-releasing glasses with
antibacterial effects by incorporating zinc (Zn) [3-5]. Zn*" has multiple inhibitory
effects on the physiology of intact bacterial cells, including glycolysis, ATPase activity,
sugar phosphotransferase, and so on [6-8]. It can enhance proton permeability of
bacterial cell membranes, reduce acid tolerance, and disrupt cell metabolism [9, 10].
However, trials to control ion release from the glasses to make it clinically effective,
considering the usage conditions of dental materials, are limited.

In the engineering field, several technologies for soluble glasses are available [11-
13]. Among them, silicate-based glass is known to dissolve in acids while it is relatively
resistant to dissolution in neutral or slightly alkaline environments [14]. Tooth
demineralization and subsequent early caries are normally caused by acid attacks from
the acidogenic bacteria especially when there is plaque accumulation on the tooth

surface [15]. Meanwhile, several kinds of bacteria which are called early colonizers



play a crucial role in shaping the composition and dynamics of the oral biofilm and are
associated with maintaining homeostasis in the oral environment [16, 17]. Therefore, a
prolonged expression of the antibacterial effects is not preferable from the perspective
of maintaining oral health. Although antimicrobial properties are beneficial, there are
concerns that they may be overexpressed beyond a necessary period. Based on these, it
is expected that the acidity-responsive Zn**-releasing glass could achieve antimicrobial
effects through the controlled and targeted release of Zn** in response to pH fluctuation
in the dental biofilm. Once the supragingival plaque forms on the surface of dental
materials incorporating silicate-based glass containing Zn, it can be hypothesized that
the release of Zn*" from the glass would be promoted by acids produced from the
acidogenic bacteria, and thus inducing antimicrobial effects on demand in response to
acidity (Figure 1).

On the other hand, phosphate-based glass dissolves rapidly under wet conditions
regardless of the acidic/alkaline environment [18]. Delayed or inadequate treatment of
early caries may allow it to progress beyond the enamel and into the dentin and even
the pulp, increasing the likelihood of deep caries [19]. Selective (incomplete) caries
removal is widely recommended for the treatment of deep caries, which involves the
partial removal of carious dentin and leaving some affected dentin behind to avoid
exposing the pulp [20, 21]. In addition to less invasive technique, the application of
cavity liners or indirect pulp capping materials are often proposed to further protect the
dentin and promote healing [22, 23]. One of the most popular liners and pulp-capping

agents is calcium hydroxide (Ca(OH)>), which is believed to exert antibacterial effects



through creating the local alkaline pH after dissolution [24, 25]. However, several
studies have doubted the efficacy of Ca(OH),-based materials for the concern that the
antibacterial effects are not strong enough to exhibit bactericidal effects in dentin [26,
27]. Since the risk from the remaining bacteria after selective caries removal cannot be
ignored, it is necessary to strive for a sterile cavity. Therefore, in this study, it is
hypothesized that the rapidly soluble Zn**-releasing glass could quickly release high
concentration of Zn*" and exhibit cavity disinfecting effects (Figure 2).

Overall, by utilizing these glass technologies, it is considered possible to fabricate
Zn**-releasing glasses that enable dental resins to exhibit antibacterial effects on
demand in response to acidity or resin-based liners to exert immediate cavity

disinfecting effects.



OBJECTIVES AND CONTENTS

The purpose of this study was to develop two different types of glass particles; acidity-
responsive Zn**-releasing glass and rapidly soluble Zn**-releasing glass, and to evaluate
their ion releasing properties and antibacterial effects. Additionally, dental resins
incorporating each glass were fabricated and their effectiveness was investigated.

In experiment 1, the acidity-responsive Zn**-releasing glass was fabricated using
silicate glass technology, followed by assessments of physicochemical characteristics
and antibacterial properties in vitro. Then, it was incorporated into dental resins and the
antibacterial ability was examined.

In experiment 2, the rapidly soluble Zn**-releasing glass was fabricated using
phosphate glass technology and characterized, and its bactericidal effect against oral
bacteria was evaluated. Then, it was incorporated into dental resins and the antibacterial

ability against bacteria in dentinal tubules was examined.



EXPERIMENT 1
Fabrication of acidity-responsive Zn*"-releasing glass and

incorporation into dental resins

1.1 Materials and methods

1.1.1 Fabrication of acidity-responsive Zn*'-releasing glasses (AGs)

Three types of acidity-responsive silicate-based glasses containing Zn (AGs) were
fabricated by melt-quenching method [28] and coded as AG-1, AG-2, and AG-3 in
ascending order of Zn content. Briefly, silicon dioxide (SiO;), sodium carbonate
(Na2CO0:3), zinc oxide (Zn0O), zinc fluoride tetrahydrate (ZnF»-4H>0), purchased from
FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan), were mixed and melted
in a platinum crucible at 1300°C (AG-1 and AG-2) or 1350°C (AG-3) for 1 hour. The
melted glass was quenched in water bath at room temperature and pressed by an iron
plate to obtain glass cullet. After drying at 110°C for 5 hours, the glass cullet was ground
into particles with a planetary ball mill machine (PULVERISETTE 5/4, Fritsch,
Germany). The particles that were not sufficiently ground were excluded by passing
them through a stainless-steel sieve (250-pm mesh testing sieve, Nonaka Rikaki, Tokyo,
Japan). The mixing ratios of components for glass preparation are listed in Table 1. A
silicate-based glass powder (BioUnion filler) used for a commercially available glass-
ionomer cement (Caredyne Restore, GC corp., Tokyo, Japan) was used as the control

glass (Cont). All the glass particles were sterilized with ethylene oxide gas.



1.1.2 Characterization of AGs

High-resolution imaging of the AG surfaces and their elemental mapping were obtained
by field emission scanning electron microscopy (FE-SEM; JSM-F100, JEOL, Tokyo,
Japan) and energy dispersive spectroscopy (EDS; JSM-F100, JEOL). The glass

1'P, Malvern

structure was observed by an X-ray diffraction detector (XRD; PIXce
Panalytical Ltd., Worcestershire, UK). The size distribution of glass particles was
measured by a particle size analyzer (Partica LA-960V2, Horiba, Kyoto, Japan). Further,

the elemental composition of each glass was analyzed by X-ray fluorescence (XRF;

ZSX Primus IV4, Rigaku, Tokyo, Japan).

1.1.3 Evaluation of solubility and ion-releasing property of AGs
The solubility of AGs in the buffer solution at pH 7.0, 6.0, or 5.0 was evaluated. The
buffer solution was prepared by 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES; FUJIFILM Wako Pure Chemical) and acetate buffer (Kanto Chemical, Tokyo,
Japan). Fifty mg of each glass was immersed in 10 mL of each buffer solution. After
100-rpm gyratory shaking at 37°C for 24 hours, the suspensions were filtered through
a glass fiber filter with a pore size of 0.5 um (ADVANTEC, Tokyo, Japan) which was
weighed beforehand. The glass fiber filter with the undissolved glass was dried at 110°C
for 6 hours and the total weight was measured. The solubility was obtained by
calculation. The experiment was repeated three times.

Release of Zn** and F~ from each glass into pH-adjusted Brain Heart Infusion (BHI)

broth (Becton Dickinson, Maryland, USA) were evaluated. The pH of BHI broth was



adjusted by adding 1 mol/L hydrochloride acid (HCI; Kanto Chemical) until reaching
the value of 7.0, 6.0, or 5.0. Twenty mg of each glass was placed in a well of a 96-well
microplate, and 200 pL of pH-adjusted BHI broth was poured into the wells containing
glass particles. After 100-rpm gyratory shaking at 37°C for 24 hours, the suspensions
were passed through a 0.22 pm syringe filter (Merck Millipore Ltd., Carrigtwohill,
Ireland), and diluted with 9.8 mL of distilled water. The dilutions were used for
determining the concentration of Zn?" with an inductively coupled plasma-optical
emission spectrometer (ICP-OES; iCAP7200 ICP-OES Duo, Thermo Fisher Scientific,
Cambridge, UK), as well as the concentration of F~ with a fluoride ion electrode (FIE;

6561S-10C, Horiba). The experiment was repeated five times.

1.1.4 Bacteria used
Streptococcus mutans NCTC10449 from a stock culture was cultured in BHI broth and
on BHI agar (Becton Dickinson) plates at 37°C for 24 hours under an anaerobic

condition and used for the following experiments.

1.1.5 Measurements of MICs and MBCs of Zn?* and F~ against S. mutans

To evaluate the concentrations of Zn** and F~ that could effectively inhibit the growth
of S. mutans, the minimum inhibitory concentrations (MICs) and minimum bactericidal
concentrations (MBCs) of each ion were measured with a broth dilution method [29].
Zinc nitrate (Zn(NO3)2; FUJIFILM Wako Pure Chemical) and sodium fluoride (NaF;

FUJIFILM Wako Pure Chemical) were used for standard solutions of Zn*" and F-,



respectively. Fifty pL of standard solutions with a concentration of 32.5 — 1000 ppm
obtained after serial two-fold dilutions were poured into the wells of a 96-well
microplate. Fifty uL of S. mutans suspensions, adjusted to approximately 2 x 10°
CFU/mL in double-concentration BHI broth, were poured into each well containing the
standard solutions to prepare 16.25 — 500 ppm of Zn solutions with 1 x 10° CFU/mL of
bacterial suspensions. After anaerobic incubation at 37°C for 24 hours, the turbidity of
the suspensions was observed visually, and the MIC, which is the lowest concentration
that prevents visible bacterial growth, was determined. Twenty pL of the samples with
no visible turbidity were inoculated on BHI agar plates. After anaerobic incubation at
37°C for 48 hours, the MBC, which is the lowest concentration of the agent that kills
the bacterium, was determined using the agar plates with no bacterial colonies. The

experiment was repeated five times.

1.1.6 Evaluation of antibacterial activity of AGs

The S. mutans suspension was adjusted to approximately 1 x 10° CFU/mL in BHI broth,
and the pH of the bacterial suspension was adjusted to the value of 7.0, 6.0, or 5.0 by
adding 1 mol/L HCI. A total of 20 mg of each glass was placed in a well of a 96-well
microplate, and 200 pL of pH-adjusted S. mutans suspension was poured into the wells
containing glass particles. After anaerobic incubation at 37°C for 24 hours with
gyratory shaking at 100 rpm, 100 pL of the suspension was collected and diluted with
9.9 mL of BHI broth. The suspension was serially diluted with BHI broth and 100 puL

of the dilutions were inoculated on BHI agar plates. The plates were incubated



anaerobically at 37°C for 48 hours, after which the number of forming colonies was

counted. The experiment was repeated five times.

1.1.7 Evaluation of on-demand ion-releasing property of AGs

A total of 20 mg of Cont, AG-2, or AG-3 was placed in a well of a 96-well plate and
immersed in 200 pL of acetate buffer (pH 5.0) at 37°C for 1 day. Then, the solution
was replaced by 200 pL of HEPES (pH 7.0) for 3 days while being exchanged every
24 hours. This procedure was repeated until Day 9, so that the third exposure of glass
to acetate buffer was completed. That is, the glasses were immersed in acetate buffer
on Days 0 — 1, 4 — 5 and 8 — 9 and in HEPES on Days 1 — 4 and 5 — 8. During this
period, 100 pL of the eluates were collected every 24 hours and diluted with 9.9 mL of
distilled water. The concentrations of Zn?" in the dilutions were measured by using ICP-

OES. The experiment was repeated three times (Figure 3).

1.1.8 Evaluation of on-demand antibacterial activity of AGs

The particles of Cont, AG-2, or AG-3 were collected on Day 8 (after two-cycle
exposures to acetate buffer and HEPES) using the same method as described in 1.1.7.
The concentration and pH value of S. mutans suspension were adjusted to
approximately 1 x 10° CFU/mL, and pH 7.0 or 5.0, respectively. The glass particles
were immersed in 200 pL of pH-adjusted S. mutans suspension. After anaerobic
incubation at 37°C for 24 hours with gyratory shaking at 100 rpm, 100 pL of the

suspension was collected and diluted with 9.9 mL of BHI broth. The suspension was



serially diluted with BHI broth, and 100 pL of the dilutions were inoculated on BHI
agar plates. The plates were incubated anaerobically at 37°C for 48 hours, after which
the number of forming colonies was counted. The bacterial suspension without any

glass was used for comparison. The experiment was repeated three times (Figure 4).

1.1.9 Fabrication of dental resins incorporating AG

The experimental resin was prepared by mixing AG-3 with triethylene glycol
dimethacrylate (TEGDMA), 2-hydroxyethyl methacrylate (HEMA), camphorquinone
(CQ), ethyl p-dimethylaminobenzoate (EPA), and 2,6-di-tert-butyl-p-benzoyl (BHT)
(Table 2). The particles of AG-3 and the liquid of uncured resin were mixed in a ratio
of 1:9, 2:8, or 3:7 (w/w), providing 10, 20, or 30 (wt)% AG-3 in the experimental resins.
The mixture was dropped into a polytetrafluoroethylene circular ring mold (7 mm
diameter, 1 mm thickness), pressed with a celluloid strip and glass slide, and followed
by 60-second light-curing (Pencure 2000, Morita, Kyoto, Japan) with the light intensity
of 2,000 mW/cm?. The specimens were polished using silicate carbide grinding papers
(#120 to #2000; Buehler, Lake Bluff, IL, USA) and sterilized by ethylene oxide gas.

The cured resin without AG-3 was used as a control (Cont).

1.1.10 Evaluation of antibacterial activity of dental resins incorporating AG
On-disc culture assay was conducted to evaluate the antibacterial activity of the
experimental resins incorporating 10, 20, and 30 (wt)% AG-3. Twenty pL of the pH-

adjusted S. mutans suspension (pH 7.0, 6.0, or 5.0) with a concentration of

10



approximately 1 x 10® CFU/mL was inoculated on the surface of each specimen. After
anaerobic incubation at 37°C for 24 hours, 10 pL of the suspension was collected and
poured into 990 uL. of BHI broth. The suspension was serially diluted with BHI broth,
and 100 pL of the dilutions were inoculated on the BHI agar plates. The plates were
incubated anaerobically at 37°C for 48 hours, after which the number of forming

colonies was counted. The experiment was repeated three times.

1.1.11 Evaluation of on-demand ion-releasing property of dental resin
incorporating AG

The experimental resin incorporating 30 (wt)% AG-3 was exposed to acetate buffer and
HEPES using the same method as described in 1.1.7. During the experiment, 100 pL of
the eluates were collected every 24 hours and diluted with 4.9 mL of distilled water.
The concentrations of Zn?" in the dilutions were measured by using ICP-OES. The
experiment was repeated three times.

The surface of the experimental resin before exposure to buffer solution (Day 0)
and after the third exposure to acetate buffer (Day 9) was observed by SEM (JSM-

6510LV, JEOL) at 30 kV and magnifications of X200 or x1000.

1.1.12 Evaluation of on-demand antibacterial activity of dental resin
incorporating AG
The experimental resin incorporating 30 (wt)% AG-3 was exposed to acetate buffer and

HEPES using the same method as described in 1.1.7. On Day 8 (after two-cycle

11



exposures to acetate buffer and HEPES), the specimens were rinsed in distilled water
and placed in a sterile environment until dried. Twenty pL of the pH-adjusted S. mutans
suspension (pH 7.0, or 5.0) with a concentration of approximately 1 x 10®* CFU/mL was
inoculated on the specimen surface. After anaerobic incubation at 37°C for 24 hours,
10 pL of the suspension was collected and poured into 990 puL of BHI broth. The
suspension was serially diluted with BHI broth and 100 pL of the dilutions were
inoculated on the BHI agar plates. The plates were incubated anaerobically at 37°C for
48 hours, after which the number of viable bacteria was counted (Figure 5). The

experiment was repeated three times.

1.1.13 Evaluation of anti-biofilm effects of dental resin incorporating AG
Human unstimulated saliva was collected from 4 healthy subjects (2 male and 2 female)
aged 25 — 35 years (mean 30.0 + 4.4 years). No clinical signs of caries, gingivitis, or
periodontitis were detected, and no systemic disease was observed in any of the subjects.
This experiment was approved by the Ethics Review Committee of Osaka University
Graduate School of Dentistry and Osaka University Dental Hospital (Approval number:
R1-E52). The collected saliva was filtered twice with a 0.22 um syringe filter (Merck
Millipore Ltd.).

The experimental resin incorporating 30 (wt)% AG-3 was exposed to acetate
buffer and HEPES using the same method as described in 1.1.7. On Day 9, after the
third exposure to acetate buffer, the specimens were collected and immersed in 1 mL of

filtered saliva for 2 hours. Then, the specimens were transferred to the wells containing

12



200 pL of S. mutans suspension (1 x 10® CFU/mL) in a 48-well microplate. After 12
hours, the specimens were transferred into new wells containing 200 pL of BHI broth
supplemented with 2% sucrose (FUJIFILM Wako Pure Chemical) for 20 minutes,
followed by 6-hour immersion in BHI broth. The alternate immersion into BHI broth
with or without sucrose was conducted again. After the third 20-minute immersion in
BHI broth with 2% sucrose, the specimens were gently rinsed in 200 pL of phosphate
buffered saline (PBS; FUJIFILM Wako Pure Chemical). All the procedures were
conducted at 37°C under an anaerobic condition (Figure 6). The cured resin without
AG-3 was used as a control.

To observe the morphological feature of biofilm adhered to the specimens, the
cellular structures were fixed by sequentially storing them in 0.1 M cacodylic acid
(FUJIFILM Wako Pure Chemical) for 20 minutes, 0.1 M half-karnovsky solution
(FUJIFILM Wako Pure Chemical) for 30 minutes, and 0.1 M cacodylic acid for 45
minutes at 4°C. The specimens were gradually dehydrated through sequentially being
immersed in ethanol for 20 minutes with increasing concentrations: 50%, 70%, 80%,
90%, 96%, and 99.5%, followed by freeze-drying for 60 minutes in the freeze-drying
machine (JFD-320, JEOL). After dehydration, the specimens were coated with gold
(QUICK COATER SC-701, Sanyu Electron, Tokyo, Japan) and observed by SEM
(JSM-6510LV, JEOL) at 30 kV and %2000 magnification.

The biofilm formed on the specimen surface was stained using LIVE/DEAD™
BacLight™ bacterial viability kits (L7007, Molecular Probes, Eugene, OR, USA)

according to the manufacturer’s instructions. Briefly, 2 pL of component A (SYTO 9

13



dye, 1.67 mM/ propidium iodide, 1.67 mM solution in DMSO) and 2 pL of component
B (SYTO 9 dye, 1.67 mM/ propidium iodide, 18.3 mM solution in DMSO) were mixed
in 1 mL of distilled water. A hundred pL of the mixed solution was dropped on the
specimens and incubated at 37°C for 15 minutes under the dark condition. After gently
irrigating with distilled water, the specimens were visualized using a confocal laser
scanning microscope (CLSM; LSM 700, Carl Zeiss, Oberkochen, Germany) at 488 and
555 nm for excitation, and 500 and 635 nm for emission. The images were obtained
using a ZEN Imaging Software (Carl Zeiss). A preliminary image was taken to
determine the acquisition parameters and the setting was kept constantly for all images.
Scans were taken in 12 bits at a resolution of 1024 by 1024 with the following setting:
Speed = 8; Pinhole size = 34 um; Digital offset = 0; Master gain (Chl, SYTO 9) =493;
Master gain (Ch2, propidium iodide) = 706. Three images were obtained from one
sample, and the images were analyzed by Imaris software (Bitplane, Zurich,
Switzerland) to determine the thickness of biofilm and the percentage of membrane-

compromised cells. The experiment was repeated three times.

1.1.14 Statistical analysis

Statistical analyses were performed using SPSS Statistics 25 (IBM, Chicago, IL, USA).
The homogeneity of variances was confirmed initially. The results of solubility, cc
release, bacterial growth, on-demand bacterial growth, bacterial growth on the
experimental resin were statistically analyzed by the analysis of variance (ANOVA)

and Tukey’s honestly significant difference (HSD) test. p < 0.05 was considered to

14



indicate significance in this study. The results of on-demand bacterial growth inoculated
on the experimental resin, the thickness of biofilm and the percentage of membrane-
compromised cells in the biofilm were analyzed by student’s #-test with a significance

level of p < 0.05.

1.2 Results

1.2.1 Characteristics of AGs
The FE-SEM images of the experimental glass particles are shown in Figure 7. All
glasses were in irregular shapes and confirmed to be amorphous based on the XRD
patterns shown in Figure 8. The size distribution of each glass particle is shown in
Figure 9. The median diameter of AG-1, AG-2, and AG-3 was approximately 11.3, 10.9,
and 11.3 pm, respectively. No remarkable difference was observed in the particle size
range and distribution amongst the three glasses.

By XRF analysis, Si02, ZnO, Na;O and F were detected in AG-1 with 42.9, 25.3,
7.1, and 17.0%, in AG-2 with 33.4, 34.6, 7.8, and 16.0%, and in AG-3 with 29.2,42.7,
9.2, and 10.5%, respectively (Table 3). No remarkable difference in composition was
observed between the preparation and the results of XRF analysis.

The elemental mapping images revealed that the elements were evenly dispersed
in the glass particles, and the concentration of Zn>" increased from AG-1 to AG-3

(Figure 10).

15



1.2.2  Solubility and ion-releasing property of AGs
Figure 11 shows the solubility of each glass particle in the pH-adjusted buffer solution
(pH 7.0, 6.0, or 5.0). When the pH value decreased, the solubility of each glass
significantly increased (p < 0.05, ANOVA, Tukey’s HSD test). Across all the pH
conditions, AG-3 showed the greatest solubility while Cont showed the lowest
solubility.

The concentrations of Zn** and F~ released from each glass into the pH-adjusted
BHI broth (pH 7.0, 6.0, or 5.0) are shown in Figure 12. With a decrease in pH values,
the release of Zn?" from Cont, AG-1, AG-2, and AG-3 increased significantly (p < 0.05,
ANOVA, Tukey’s HSD test). When the pH condition was at 5.0, the release of Zn*"
significantly increased in the order of Cont, AG-1, AG-2, and AG-3. The release of F~
from Cont significantly increased (p < 0.05, ANOVA, Tukey’s HSD test) with pH
decrease. AG-2 and AG-3 released less F~ under acidic conditions (pH 6.0, 5.0) than
under the neutral condition (pH 7.0) while AG-1 released more F~ under acidic
conditions than under the neutral condition. Under each pH condition, AG-3 released

the least F~ while Cont released the most F~.

1.2.3 MICs and MBCs of Zn?** and F- against S. mutans
For Zn?*, the MIC and MBC against S. mutans were 125 and 250 ppm, respectively.
For F, the MIC against S. mutans was 125 ppm, whereas the MBC was greater than

500 ppm.

16



1.2.4 Antibacterial activity of AGs

Figure 13 shows the number of viable bacteria after incubating the pH-adjusted S.
mutans suspension in the presence of Cont, AG-1, AG-2, and AG-3. The colony counts
of viable S. mutans demonstrated a significant decrease with the pH decrease for all the
groups (p < 0.05, ANOVA, Tukey’s HSD test). No significant difference was found in
the number of surviving cells between Cont and without glass particles when the pH
value was at 7.0 or 6.0, neither was between AG-1 and AG-2. Except for Cont, the
viable bacterial number after incubating with AG-1, AG-2, and AG-3 was significantly
smaller than that without any glass particles under each pH condition. When the pH
value was at 5.0, the bacterial number significantly decreased with the increased content
of Zn in the glasses. Among all the groups, the number of bacteria in the presence of
AG-3 was the lowest under all conditions. The number of viable cells in the presence
of AG-2 (pH 5.0) and AG-3 (pH 6.0 and 5.0) was significantly smaller than the initial
number of bacteria (approximately 1 x 10® CFU/mL), indicating that AG-2 and AG-3

exhibited bactericidal effects at the corresponding pH values.

1.2.5 On-demand ion-releasing property of AGs

Figure 14 shows the concentration of Zn”" released from Cont, AG-2, and AG-3 with
repeated exposures to acetate buffer and HEPES. On Day 1, the concentration of Zn**
released from Cont, AG-2, and AG-3 was 205.8 £ 10.5,359.6 £ 12.5, and 408.2 + 17.7
ppm, respectively. The amount of released Zn*" under the neutral condition on Days 2

— 4 and 6 — 8 decreased dramatically, which was less than 80 ppm. When the tested

17



glasses were again immersed in acetate buffer on Days 5 and 9, the amounts of released

Zn*" increased accordingly and reached the same levels as that on Day 1.

1.2.6 On-demand antibacterial activity of AGs

Figure 15 shows the number of viable S. mutans after incubating in the presence of
Cont, AG-2, and AG-3 before and after two-time exposures to acetate buffer and
HEPES. No significant differences were observed for the number of bacteria in the
presence of AG-2 and AG-3 before and after exposures at pH 5.0 (p > 0.05, ANOVA,
Tukey’s HSD test). Further, the number of viable cells in the presence of AG-2 and AG-
3 at pH 5.0 after repeated exposures was significantly smaller than those in the presence
of Cont and the initial number of bacteria (p < 0.05, ANOVA, Tukey’s HSD test).
Compared with the number of bacteria in the presence of AG-2, AG-3 exhibited greater

inhibition of S. mutans at pH 5.0 (p < 0.05, ANOVA, Tukey’s HSD test).

1.2.7 Antibacterial activity of dental resins incorporating AG

Figure 16 shows the number of viable S. mutans after incubation on the surface of dental
resins incorporating 10, 20, or 30 (wt)% AG-3. At pH 5.0 and 6.0, the number of viable
cells on the experimental resin incorporating 30 (wt)% AG-3 was significantly smaller
than those on both the control and the experimental resins incorporating 10 and 20
(wWt)% AG-3 (p <0.05, ANOVA, Tukey’s HSD test). This reduction was also significant
compared to the initial amount of bacteria, indicating that the experimental resin

incorporating 30% AG-3 exhibited bactericidal effects under acidic conditions.
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1.2.8 On-demand ion-releasing property of dental resin incorporating AG
The concentration of Zn** released from dental resin incorporating 30 (wt)% AG-3 with
repeated exposures to acetate buffer and HEPES is shown in Figure 17. The
concentrations of Zn?" released increased repeatedly in response to exposure to acids.
On Day 1, the concentration of Zn?" released from the specimens was 354.0 + 27.4 ppm.
The amount of released Zn?" under neutral condition on Days 2 — 4 and 6 — 8 decreased
dramatically, to 16.5 + 4.3 and 9.1 + 2.2 ppm (mean + S.D.), respectively. When the
experimental resin was again immersed in acetate buffer, the amount of Zn** released
on Days 5 and 9 increased to 317.8 + 23.2 and 345.8 + 81.8 ppm, respectively. There
was no significant difference among the released Zn** amount when the specimen was
exposed to acidic conditions on Days 1, 5 and 9 (p > 0.05, ANOVA, Tukey’s HSD test).
SEM observation confirmed that the AG-3 particles remained well-integrated in
the experimental resin, with no substantial alterations in the surface morphology even

after repeated acidic exposures (Figure 18).

1.2.9 On-demand antibacterial activity of dental resin incorporating AG

Figure 19 shows the number of viable S. mutans after incubation on the surface of dental
resin incorporating 30 (wt)% AG-3 before and after two-time exposures to acetate
buffer and HEPES. After exposures, the amount of viable S. mutans on the resin
incorporating 30 (wt)% AG-3 at pH 5.0 was significantly smaller than that at pH 7.0 (p
< 0.05, student’s z-test). The viable bacterial amount at pH 5.0 was smaller than the

initial amount, indicating that killing effects of the experimental resin were maintained.
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1.2.10 Evaluation of anti-biofilm effects of dental resin incorporating AG
Figure 20 shows the representative SEM images of the biofilms formed on the control
resin without AG-3 and the dental resin incorporating 30 (wt)% AG-3 after repeated
exposures to acetate buffer and HEPES. In the biofilm adhered to the experimental resin,
less density of bacteria and extracellular matrix were observed compared with the
control resin. On the experimental resin, the morphology of the bacteria was observed
to be disrupted (arrow).

Figure 21 displays the thickness of biofilm (A) and the percentage of membrane-
compromised bacteria (B) analyzed from the CLSM images of S. mutans biofilm
formed on the control resin without AG-3 and the dental resin incorporating 30 (wt)%
AG-3 after repeated exposures to acetate buffer and HEPES. In comparison with the
control resin, the surface of the experimental resin exhibited a significantly thinner
biofilm (p < 0.05, student’s #-test). A higher percentage of membrane-compromised cell
was observed on the experimental resin as compared with the control resin (p < 0.05,

student’s z-test).

1.3 Discussion

Recently, several attempts have been made to provide ion-releasing glasses with
antibacterial effects by replacing certain components with metals such as silver (Ag),
copper (Cu), or Zn, thereby exhibiting strong antibacterial properties [30-33]. Among

them, Ag- and Cu-doped silicate-based glasses have been extensively studied because
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of their ability to inhibit the microorganisms [34-36]. However, one of the major issues
in incorporating Ag- and Cu-doped glasses into dental resins is discoloration [37, 38].
To overcome this issue, the potential of usage of Zn to minimize the discoloration has
been investigated [39-41]. In addition, as an essential trace element for human body,
the usage of Zn is more advantageous than Ag and Cu due to the superior
biocompatibility of Zn, whose cytotoxicity was proved to be the least among the three
metal ions [42, 43].

BioUnion filler used for a commercially available glass-ionomer cement
(Caredyne Restore) is a silicate-based glass powder composing of SiO2, ZnO, CaO, and
F that is capable of releasing Zn**, Ca**, and F~ [44]. Liu et al. [45] reported that the
release of Zn** from BioUnion filler was accelerated under acidic conditions. Such
acidity-induced release of Zn** from BioUnion filler effectively inhibited S. mutans.
This technology enables the on-demand release of antimicrobial components from
dental materials. However, the effects of BioUnion filler were not bactericidal effects
even when the initial bacterial amount was at a relatively low level. On this basis, in
this study, three types of experimental silicate-based glasses containing Zn were
designed without the addition of Ca, replacing Ca in BioUnion filler with Zn to enhance
antibacterial activity. Therefore, BioUnion filler was used as the control glass (Cont) in
this study, consistently comparing the result of these new glasses and BioUnion filler
to evaluate the enhancement in antibacterial properties.

Dental caries is a disease caused by a dental plaque (syn. an oral biofilm) formed

on tooth surfaces and a pH-decrease in the plaque with an intake of carbohydrate. In
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the supragingival plaque, the pH is normally maintained in the range of 6.7-7.3 by a
perfusion of saliva with the capacity of pH-buffering [46]. A critical pH at which
enamel demineralization occurs is 5.2-5.5 [47]. Due to the gingival recession and root
surface exposure, caries frequently occurs on the root surface especially in the elderly.
Since the cementum and dentin exposed on the root surface have lower acid resistance
than enamel, the critical pH of cementum has been reported to be in the range of 6.2-
6.7 [48, 49]. Therefore, in this study, the solubility and ion release of the glasses were
tested in buffers/medium with pH 5.0, 6.0, or 7.0, and the pH of bacterial suspensions
was also adjusted to the same levels.

Due to the field strength falling between the network modifier and intermediate
oxide, Zn*" behaves either as a modifier or network former in glasses [50]. As a
modifier, Zn?* exists as charged single ions among the cross-linked glass network [51].
It disrupts the regular bonding between the glass-forming components and oxygen
through non-bridging oxygen (NBO; Si-O-M", where M" is a modifier ion). This
decreases the relative quantity of strong bonds in the glass. As a network-former, Zn**
enters the silicate network by forming Si-O-Zn bonds. The mechanism of glass
dissolution involves the ion exchange (protons for modifier ions) and acid hydrolysis
of Si-O-Zn bonds. It has been confirmed that Zn?**-releasing silicate-based glasses were
stable at physiological pH but showed accelerated dissolution under acidic conditions
[52]. This suggested that Zn enters the silicate network to a much greater extent, with a
majority or potentially all of Zn forming Si-O-Zn bonds [51]. By comparing these

findings with previous studies, it is evident that adding ZnO to silicate-based glasses
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can modify ion-releasing behavior in response to changes in the pH environment.
Consequently, the glasses are more stable at neutral pH levels but quickly dissolve
under acidic conditions. In this study, the solubility of glass particles in acids and the
release of Zn*" increased with an increase in the Zn content. Additionally, all glasses
dissolved more greatly and released a greater amount of Zn>" with a decrease in pH.
These results can be attributed to the degradation mechanisms discussed above, where
a higher amount of Zn content is related to higher NBO and Si-O-Zn bonds in the glass
structure, thus releasing a larger amount of Zn** in aqueous solution, particularly under
acidic conditions.

BioUnion filler (Cont) showed the greatest amount of F~ release among the four
groups despite the equivalent preparation of F. With the increase of Zn in the glass
(Cont < AG-1 < AG-2 < AG-3), the release of F~ from the glass decreased (Cont > AG-
1> AG-2> AG-3). While the Zn?" release increased with pH decrease, F~ release under
acidic conditions from each AG was significantly lower than under the neutral pH
condition. This may be explained by the complexing reaction: Zn** + HF — ZnF" + H"
which occurred in the aqueous solution [53]. It has been determined that most of the
fluoride released from model glass-ionomer cements is in complexed form rather than
as "free" F~ [54]. Therefore, it can be assumed that the presence of Zn in glass particles
interferes with the release of F~. As a result, AG glasses that release greater amounts of
Zn** than BioUnion filler (Cont) demonstrated less release of F~ across all three pH
conditions. Overall, AGs are more suitable than BioUnion filler for applications where

the greater release of Zn*" is desired.
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The result of antibacterial testing indicated that the inhibition of S. mutans by AGs
was significantly greater with the decrease in the pH of the bacterial suspension. Further,
BioUnion filler did not exhibit significant inhibition of S. mutans at pH 7.0 and 6.0
despite the release of Zn**, while AGs exhibited significant inhibition across all pH
conditions. The mechanistic insights provided by this study highlight the role of Zn in
enhancing antibacterial activity, as AGs released greater amounts of Zn?** than
BioUnion filler. To determine the inhibitory effect of the components Zn** and F-, the
MICs and MBCs against S. mutans were measured via a microdilution assay. An MBC
of 4.8 mg/ml (480 ppm) for NaF against S. mutans has been reported [55]. Our previous
study reported an MIC of 128 ppm and MBC of 2048 ppm for F~ against S. mutans [56].
The MIC of NaF against S. mutans in this study was 125 ppm, while the MBC was over
500 ppm. All the concentrations of F~ released from the four groups were smaller than
the MIC of F~. Therefore, the antibacterial activity of these glasses was found to be due
to the release of Zn?>". Hernandez-Sierra et al. [57] reported an MIC range of
500 £306.18 pg/ml (500 +306.18 ppm) and MBC of 500 pg/mL (500 ppm) for ZnO-
nanoparticles against S. mutans. Yu et al. [58] reported an MIC of 0.156 mg/mL (156
ppm) and MBC of 0.312 mg/mL (312 ppm) for ZnO-nanoparticles against S. mutans.
Salts (zinc chloride, zinc gluconate) and ZnO-nanoparticles are the most common forms
used in the evaluation of MICs and MBCs [59], while zinc nitrate (Zn(NO3)2) was rarely
reported. In this study, the MIC of Zn(NOs) for S. mutans was 125 ppm, while the
MBC was 250 ppm. The concentrations of Zn** released at pH 5.0 and 6.0 from AG-1,

AG-2, and AG-3 were greater than the MIC (125 ppm) against S. mutans, while the

24



concentrations of Zn?* released from AG-2 at pH 5.0 and AG-3 at pH 5.0 and 6.0 were
greater than the MBC (250 ppm) against S. mutans. Liu et al. [45] reported that the
concentration of Zn?" released from BioUnion filler (Cont) in acetic acid at pH 5.5 was
166.9 + 11.2 ppm. In this study, the concentration of Zn** released from AG-3 in the
medium adjusted to pH 6.0 was 278.7 + 11.0 ppm, greater than that of Zn*" released
from BioUnion filler at pH 5.5. These quantitative results demonstrate the enhanced
antibacterial activity of the new glasses, particularly under acidic conditions, and
support the hypothesis that replacing Ca with Zn in the BioUnion filler improves
antibacterial effectiveness. As supported by these results, AG-3 demonstrated
bactericidal effects (the number of bacteria was smaller than the initial concentration of
bacteria) at pH of 5.0 as well as 6.0, due to the effective release of Zn*".

While the pH of supragingival plaque typically ranges from approximately 6.7 to
7.3 as described above, the pH of the plaque decreases below 5.5 when acidogenic
bacteria in supragingival plaque metabolize carbohydrates and produce acids [60, 61].
Nonetheless, the buffering capacity of saliva facilitates the gradual return of plaque pH
to a neutral state over time. Therefore, the experiments in this study that evaluated on-
demand Zn?*'-releasing properties and antibacterial effects of AG glasses involves
immersing the materials in an acidic solution at pH 5.0 for 1 day to simulate the brief
acidic exposure, followed by 3 days in a neutral solution at pH 7.0 to mimic neutral
environments. During the experiment’s period, the amounts of Zn** released from AG-
2 and AG-3 into acids were continuously greater than the MBC of Zn?" against S.

mutans, which explained that AG-2 and AG-3 maintained killing effects against S.
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mutans under the acidic condition after two-time exposures to acid. Furthermore, AG-
3 exhibited the strongest bactericidal effects amongst all glasses; thereby, it was chosen
to be incorporated into resins and used for the further experiments.

Several attempts have been made to incorporate Zn-containing glasses into dental
resins to achieve antibacterial effects against oral bacteria through the release of Zn*"
from the glasses. Lee et al. [39] incorporated Zn-doped silicate-based glass into a
TEGDMA-based orthodontic adhesive. They investigated inhibitory effect against S.
mutans by measuring the turbidity of the bacterial suspension after incubation for 24 or
48 hours in the presence of the experimental adhesive. However, it was found that there
was no significant difference between the control adhesive incorporating silicate-based
glass without Zn and the experimental adhesive incorporating silicate-based glass
containing 5 (wt)% Zn. Lee et al. [62] fabricated phosphate-based glass containing 16
mol% Zn and incorporated it into a commercial flowable resin composite (G-aenial
Universal Flo, GC), whose primary component in the matrix resin is urethane
dimethacrylate (UDMA). In agar diffusion tests and bacterial adhesion tests, the
experimental resins incorporating 3.8% and 5.4% phosphate-based Zn-containing glass
produced greater inhibition zones against S. mutans and decreased the number of
bacteria adhering to the resin composites compared with the control resin without glass.
However, these approaches typically employ a simple design to exhibit the release of
Zn** under non-controlled manners. In this study, the acidity-responsive Zn>*-releasing
silicate-based glass (AG-3) was incorporated into dental resins to achieve antimicrobial

effects through the controlled release of Zn** in response to pH decrease in the dental
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biofilm. Additionally, AG-3 was incorporated into dental resins and designed to
dissolve in the acidic wet environment. Therefore, 10 (wt)% of the hydrophilic
monomer HEMA was added to the experimental resin composition to enhance the
hydrophilicity of the TEGDMA-based dimethacrylate resin. By the on-disc culture
assay, the number of viable S. mutans on all experimental resins incorporating AG-3 at
10, 20, and 30 (wt)% decreased at pH 5.0 and 6.0 compared with pH 7.0. Furthermore,
at pH 5.0 and 6.0, the experimental resin incorporating 30 (wt)% AG-3 demonstrated a
significantly smaller number of viable cells compared with both the control resin and
the experimental resins incorporating 10 and 20 (wt)% AG-3. This decrease was also
notable when compared with the initial bacterial amount, suggesting that the
experimental resin incorporating 30 (wt)% AG-3 exhibited effective bactericidal
properties under acidic conditions. Therefore, the experimental resin incorporating 30
(wt)% AG-3 was selected for further evaluation.

The on-demand Zn?" release of experimental resin incorporating 30 (wt)% AG-3
was confirmed using the same method that examined the Zn?* release of AGs. The
results indicated that the concentrations of Zn>" released from the experimental resin
incorporating 30 (wt)% AG-3 increased repeatedly in response to exposure to acids.
The average weight of the experimental resin disc incorporating 30 (wt)% AG-3 used
in this experiment was around 35.0 mg, indicating there was 10.5 mg of AG-3 in the
experimental resin. According to the 42.2 (mol)% of ZnO content in AG-3, the weight
percentage of ZnO in AG-3 is 39.8%. Accordingly, there was around 3.4 mg of Zn in

AG-3 incorporated in the experimental resin. Given that about 350 ppm of Zn** leached
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out in 200 pL of acetate buffer, around 0.07 mg of Zn was determined. Therefore, the
release rate of Zn** from AG-3 in the experimental resin into acetate buffer was around
2%. If all Zn incorporated in the resin were released, it would be capable of releasing
Zn** with 48 times exposures to acid over 144 days. Although it is not possible to
precisely determine the duration of Zn** release in clinical settings based on the results
of this study, long-term on-demand release of Zn>" from dental resins incorporating
AG-3 can be expected. SEM observation confirmed that particles of AG-3 remained
well-integrated in the experimental resin even after repeated exposures to acid. The
result suggested that the addition of AG-3 had minimal impact on the physical
properties of the resin, even under acidic conditions. In the on-disc culture assay, the
antibacterial effect of the dental resin incorporating AG-3 under the acidic condition
remained at the same level before and after repeated exposures to acid. The result
indicated that the killing effects of the dental resin incorporating 30 (wt)% AG-3 against
S. mutans were maintained under acidic conditions, even after repeated exposures to
acid. This suggests that the long-term on-demand release of Zn>" from the dental resin
incorporating 30 (wt)% AG-3 would lead to long-lasting antimicrobial effects.

To evaluate the anti-biofilm effect of the dental resin incorporating 30 (wt)% AG-
3 after repeated exposures to acetate buffer and HEPES, an in vitro assessment
simulating oral biofilm formation process was conducted. Initially, the specimens were
immersed in saliva to form an initial conditioning layer on the surface, as saliva contains
proteins and other components that facilitate bacterial adhesion [63]. Following this,

the 12-hour immersion in S. mutans suspension provided the time for bacteria to adhere
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and begin forming microcolonies. Further, the experimental resin was immersed in BHI
medium supplemented with sucrose three times during a 24-hour incubation to simulate
three meals to produce extracellular polysaccharides that strengthen the biofilm's
structural integrity [64]. The SEM and CLSM observations indicated that the dental
resin incorporating 30 (wt)% AG-3 exhibited a greater percentage of membrane-
compromised bacteria, which are likely dead, with a reduced biofilm thickness when
compared with the control resin without AG-3. By immersion in the 2% sucrose-
supplemented medium three times for total 60 minutes, the pH of biofilm formed on
specimens would be decreased by the acid production from S. mutans. This condition
might be preferable for the experimental resin incorporating AG-3 that can release Zn>"
under acidic conditions and kill the bacteria in S. mutans biofilm. However, oral
microbes consist of diverse microorganisms that produce more complex and harsher
biofilms. Therefore, an assessment of the benefits of experimental resin by using
multispecies biofilm is required to determine its potential for clinical applications in the
future.

Despite the antibacterial property of dental resin incorporating AG-3 was proven
by this study, the experiments were primarily conducted under laboratory conditions,
lacking evaluation of long-term effects in clinical applications. Therefore, future
research should focus on validating the antibacterial performance and stability in situ.
Besides, this study did not thoroughly explore the potential impact of incorporating
AG-3 into resins on physical properties, such as strength, wear resistance, and bond

strength. Future research needs to comprehensively assess the effects of composition
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optimization on these performance metrics to ensure clinical feasibility. In addition, the
current study focused on the antibacterial property of the resin without considering the
issue of bacterial resistance development. With the widespread use of antibacterial
materials, bacteria may develop resistance; thus, future research should address the
impact of the novel material on bacterial resistance and explore potential solutions.
Moreover, future research should systematically explore the effects of different
compositions and process parameters on the antibacterial properties and physical
characteristics of resin composition to determine the specific approach, such as coating

resins, restorative resins, or adhesive resins.

1.4 Summary

The acidity-responsive Zn**-releasing glass was successfully fabricated, which

effectively released Zn?" under acidic conditions, achieving exhibition of on-demand

killing effects against bacteria in the dental plaque when incorporated into dental resins.
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EXPERIMENT 2
Fabrication of rapidly soluble Zn**-releasing glass and incorporation

into dental resin

2.1 Materials and methods

2.1.1 Fabrication of rapidly soluble Zn*"-releasing glass (RG)

The rapidly soluble phosphate-based glass containing Zn (RG) was fabricated by the
melt-quenching method. Briefly, phosphoric acid (H3PO4), sodium carbonate (Na,CO3),
calcium carbonate (CaCQ3), and zinc oxide (ZnO), purchased from FUJIFILM Wako
Pure Chemical Corporation, were mixed and melted in the furnace at 1100°C for 1 hour.
The melted glass was quenched at room temperature and pressed by an iron plate to
obtain a glass cullet. The glass cullet was ground to particles with ethyl alcohol by a
rotating ball mill machine (Pot Mill Rotary Stand, Nitto Kagaku, Nagoya, Japan). The
ground particles were passed through a stainless-steel sieve (250-pm mesh testing sieve,
Nonaka Rikaki) to exclude the particles that were not sufficiently ground. The mixing
ratio of the components was 42.0 P>Os, 40.0 Na;O, 4.0 CaO, and 12.0 ZnO in the mol

fraction. The glass particles were sterilized with ethylene oxide gas.

2.1.2 Characterization of RG
High-resolution imaging of the RG surface and its elemental mapping was obtained by

field emission scanning electron microscopy (FE-SEM; JSM-F100, JEOL) and energy
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dispersive spectroscopy (EDS; JSM-F100, JEOL). The glass structure was confirmed
by an X-ray diffraction detector (XRD; PIXcel'®, Malvern Panalytical Ltd.). The size
distribution of glass particles was measured by a particle size analyzer (Partica LA-
960V2, Horiba). The elemental composition of each glass was analyzed by X-ray

fluorescence (XRF; ZSX Primus V4, Rigaku).

2.1.3 Evaluation of solubility and ion-releasing property of RG

The solubility of RG in the buffer solution with different pH values was evaluated. The
buffer solution was prepared by 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES; FUJIFILM Wako Pure Chemical) at pH 7.0 and acetate buffer (Kanto
Chemical) at pH 6.0 or 5.0. Fifty mg of RG was immersed in 10 mL of each buffer
solution. After 100-rpm gyratory shaking at 37°C for 24 hours, the suspensions were
filtered through a 55 mm glass fiber filter with a pore size of 0.5 um (ADVANTEC)
which was weighed beforehand. The glass fiber filter was dried at 110°C for 6 hours.
The total weight of the undissolved glass and the glass fiber filter was measured, and
the solubility of RG was calculated. The experiment was repeated five times.

The concentration of Zn** released from RG into pH-adjusted BHI broth was
evaluated. The pH of BHI broth was adjusted by adding hydrochloride acid (HCI; Kanto
Chemical) until reaching the value of 7.0, 6.0, or 5.0. Twenty mg of RG was placed in
a well of a 96-well microplate, and 200 pL of pH-adjusted BHI broth was poured into
the wells containing glass particles. After 100-rpm gyratory shaking at 37°C for 24

hours, the suspensions were passed through a 0.22 um syringe filter (Merck Millipore
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Ltd.) and diluted with 9.8 mL distilled water. The dilutions were used for determining
the concentration of Zn?>" with an inductively coupled plasma-optical emission
spectrometer (ICP-OES; iCAP7200 ICP-OES Duo, Thermo Fisher Scientific). The

experiment was repeated five times.

2.1.4 Bacteria used
Lactobacillus casei ATCC4646, Actinomyces naeslundii ATCC19246, Enterococcus
faecalis SS497, Fusobacterium nucleatum 1436, and Parvimonas micra GIFU7745,
were selected as ones detected in the deep caries (Table 4). Streptococcus mutans
NCTC10449 was used as a reference.

Before being used in the following experiments, each bacterium was anaerobically
cultured from a stock culture at 37°C using the medium described in Table 4. E. faecalis
was cultured for 12 hours, 4. naeslundii was cultured for 48 hours, L. casei, F.

nucleatum, P. micra, and S. mutans were cultured for 24 hours.

2.1.5 Measurements of MICs and MBCs of Zn?* against oral bacteria

The values of MICs and MBCs of Zn?* against L. casei, A. naeslundii, E. faecalis, F.
nucleatum and P. micra were measured with the broth dilution method. The Zn standard
solutions were obtained by dissolving zinc nitrate hexahydrate (Zn(NOs3); - 6H>O;
Kanto Chemical) into distilled water. Fifty pL of standard solutions with a concentration
of 32.5 — 32000 ppm obtained after serial two-fold dilutions were poured into the wells

of a 96-well microplate. Fifty pL of each bacterial suspension, adjusted to
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approximately 2.0 x 10® CFU/mL in double-concentration broth, was poured into each
well containing the standard solutions to prepare 16.25 — 16000 ppm of Zn solutions
with 1 x 10° CFU/mL of bacterial suspension. After anaerobic incubation at 37°C for
24 hours, the turbidity of the suspensions was observed visually, and the MIC, which is
the lowest concentration that prevents visible bacterial growth, was determined. Twenty
of the samples with no visible turbidity were inoculated on agar plates. After anaerobic
incubation at 37°C for 48 hours, the MBC, which is the lowest concentration of the
agent that kills the bacterium, was determined using the agar plates with no bacterial

colonies. The experiment was repeated five times.

2.1.6 Evaluation of antibacterial activity of RG against oral bacteria

The antibacterial activity of RG against L. casei, A. naeslundii, E. faecalis, F. nucleatum,
P micra and S. mutans was evaluated. Each bacterial suspension was adjusted to
approximately 1 x 10° CFU/mL in respective broth listed in Table 4. A total of 20 mg
of RG was placed in a well of a 96-well microplate, and 200 pL of each bacterial
suspension was poured into the wells containing glass particles. After anaerobic
incubation at 37°C for 24 hours, 100 pL of each bacterial suspension was collected and
diluted with 9.9 mL of respective broth. The suspensions were serially diluted with
respective broth and 100 pL of dilutions were inoculated on respective agar plates listed
in Table 4. After anaerobic incubation at 37°C for 48 hours, the number of colonies on
the agar plates was counted. The bacterial suspensions incubated in the absence of RG

were used as control groups. The experiment was repeated five times.
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2.1.7 Fabrication of dental resin incorporating RG

The experimental resin was prepared by mixing RG with TEGDMA, HEMA, CQ, EPA,
and BHT (Table 2). The particles of RG and the liquid of uncured resin were mixed in
aratio of 1:9 (w/w), providing 10 (wt)% RG in the experimental resin. The resin without

RG was used as a control.

2.1.8 Evaluation of inhibition of bacteria in dentinal tubules by dental resin
incorporating RG

To evaluate the inhibitory effect of dental resin incorporating RG against bacteria in
dentinal tubules, the infected dentin models were prepared according to the method
reported by Kitagawa et al. [65] (Figure 22). Extracted human sound molars were
obtained from patients at Osaka University Dental Hospital under a protocol approved
by the Ethics Review Committee of Osaka University Graduate School of Dentistry
and Osaka University Dental Hospital (Approval number: R1-E52). The teeth were cut
with a low-speed diamond saw (Isomet 2000, Buehler, Lake Bluff, IL, USA) under
water cooling, and rectangular parallelepiped specimens were obtained from the
coronal dentin about 1 mm above the coronal pulp. The dimension of the specimens
was adjusted using a grinder (EcoMet 3000, Buehler) to 4 mm in length, 2 mm in width,
and 2 mm in height.

To remove the smear layer and open the dentinal tubules, the dentin specimens
were immersed sequentially in 5.25% sodium hypochlorite (NaClO; Neo Dental

Chemical Products CO., Tokyo, Japan) and 18% ethylenediaminetetraacetic acid
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(EDTA; Ultradent Products, South Jordan, UT, USA) for 10 minutes with
ultrasonication at 37 kHz. The specimens were autoclaved at 120°C for 20 minutes and
anaerobically incubated in BHI broth at 37°C for 48 hours to confirm sterilization. The
bottom and side surfaces of specimens were covered with double layers of nail varnish.

The suspensions of L. casei and S. mutans were adjusted to approximately 1 x 10°
CFU/mL. The specimens were anaerobically incubated in 5 mL of each bacterial
suspension at 37°C, while the culture medium was exchanged every 24 hours. After 7
days, the inoculated dentin specimens were rinsed in distilled water for 5 seconds. The
specimens were divided into two groups: one group kept moist, while the surface of the
other group was dried by air-blow for 5 seconds. The resin incorporating 10 (wt)% RG
was applied on the top surface of the dentin specimens with a sterile micro brush
(Microbrush Fine, Shofu, Kyoto, Japan) and left for 30 seconds, followed by 10-second
light-curing (Pencure 2000, Morita) with the light intensity of 2,000 mW/cm?. The
dentin specimens were rinsed with distilled water and divided into two pieces by hand.
The surface of the cross-section was stained with LIVE/DEAD™ BacLight™ Bacterial
Viability Kit (L-7007, Thermo Fisher Scientific) according to the manufacturer’s
instructions. Briefly, 2 pL of component A (SYTO 9 dye, 1.67 mM/ propidium iodide,
1.67 mM solution in DMSO) and 2 pL of component B (SYTO 9 dye, 1.67 mM/
propidium iodide, 18.3 mM solution in DMSO) were mixed in 1 mL of distilled water.
A hundred pL of the mixed solution was dropped on the specimens and incubated at
37°C for 15 minutes under the dark condition. After gently irrigating with distilled

water, the specimens were visualized by confocal laser scanning microscopy (CLSM;
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LSM 700, Carl Zeiss) at 488 and 555 nm for excitation, and 500 and 635 nm for
emission. The images were obtained using a ZEN Imaging Software (Carl Zeiss). A
preliminary image was taken to determine the acquisition parameters and the setting
was kept constantly for all images. Scans were taken in 12 bits at a resolution of 1024
by 1024 with the following setting: Speed = 8; Pinhole size = 34 pm; Digital offset = 0;
Master gain (Chl, SYTO 9) = 493; Master gain (Ch2, propidium iodide) = 706. Three
images were obtained from one sample, and the images were analyzed by Imaris
software (Bitplane). The resin without RG was used as a control, and the experiment

was repeated three times.

2.1.9 Statistical analysis

Statistical analyses were performed using SPSS Statistics 25 (IBM). The homogeneity
of variances was confirmed initially. The results of solubility and ion release were
statistically analyzed by the analysis of variance (ANOVA) and Tukey’s honestly
significant difference (HSD) test. p < 0.05 was considered to indicate significance in
this study. The bacterial growth was analyzed by student’s #-test with a significance

level of p < 0.05.

2.2 Results

2.2.1 Characteristics of RG

The FE-SEM images of the experimental RG particles revealed that the glass was in
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irregular shapes (Figure 23 (A)). The EDS mapping images confirmed that P, Na, Ca,
Zn dispersed in the particles homogeneously (Figure 23 (B)). The size distribution of
RG particle is shown in Figure 24 (A), and the median diameter of the glass particles
was approximately 11.95 um. The sample structure was amorphous, which was
revealed by the XRD patterns (Figure 24 (B)). As obtained from XRF analysis, P2Os,
NaO, CaO, and ZnO were detected in RG at 41.2, 40.4, 4.5, and 11.9 mol%,
respectively. No remarkable difference in composition was observed between the

preparation and result of the XRF analysis.

2.2.2 Solubility and ion-releasing property of RG
Figure 25 shows the solubility of RG particles in the pH-adjusted buffer solution (pH
7.0, 6.0, or 5.0). The dissolution rate at pH 7.0, 6.0, and 5.0 was 98.7 = 0.31%, 96.4 +
0.63%, and 93.8 + 0.92%, respectively. Across all three pH conditions, the solubility of
RG after 24 hours was over 90%.

The concentration of Zn*" released from RG into the pH-adjusted BHI broth (pH
7.0, 6.0, or 5.0) is shown in Figure 26. The concentration of Zn?* released from RG at
pH 7.0, 6.0, and 5.0 was 8172.5 £ 299.8 ppm, 6851.6 £+ 98.2 ppm, and 5978.5 + 63.7
ppm, respectively. Across all three pH conditions, the concentrations of released Zn>"

were beyond 5900 ppm.

2.2.3 MICs and MBCs of Zn?** against oral bacteria

The MICs and MBCs of Zn*" against L. casei, A. naeslundii, E. faecalis, P. micra, and
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F. nucleatum are shown in Table 5. For the five species, the MIC values ranged from

62.5 to 1000 ppm and the MBC values ranged from 125 to 4000 ppm.

2.2.4 Antibacterial activity of RG against oral bacteria

Figure 27 shows the number of each viable bacteria after incubation in the presence of
RG particles. The number of surviving cells of all bacterial species significantly
decreased after incubation with RG particles. Although RG particles demonstrated only
a 3 — 4 log reduction in bactericidal effect against E. faecalis, they showed a 100%

killing effect against all other bacteria.

2.2.5 [Inhibition of bacteria in dentinal tubules by dental resin incorporating RG
CLSM analysis confirmed that the depth of L. casei penetration in the dentinal tubules
reached approximately 148 + 80 um (Figure 28 (A)). When the dentin specimens were
dried, some viable bacteria remained in the dentinal tubules after treatment with
experimental resin incorporating RG (Figures 28 (B). In contrast, in the wet state, the
dental resin incorporating RG completely eradicated L. casei in the dentinal tubules
(Figures 28 (C)), while the control resin without RG did not exhibit antimicrobial
effects against L. casei in dentinal tubules (Figure 28 (D)).

The depth of S. mutans penetration in the dentinal tubules was approximately 212
+ 71 pm (Figure 29 (A)). When the dentin specimens were dried, some viable S. mutans
remained in the dentinal tubules after treatment with experimental resin incorporating

RG (Figure 29 (B)). Under the wet condition, the dental resin incorporating RG
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completely eradicated S. mutans in the dentinal tubules (Figure 29 (C)). The control
resin without RG did not exhibit antimicrobial effects against S. mutans in dentinal

tubules (Figure 29 (D)).

2.3 Discussion

Phosphate-based glass is a promising new-generation biomaterial with excellent
biocompatibility and versality, which allow researchers to design biomaterials with
properties optimized for various medical applications [18]. The bridging P-O-P bonds
in the glass network structure are easily hydrolyzed in aqueous media due to high
susceptibility to proton attack [11]. The addition of cations such as Zn?" is helpful to
aid glass formation and strengthen the glass network by suppressing glass
crystallization and extending the glass-forming region of polyphosphate glass [66]. In
addition, ZnO improves the chemical stability of phosphate glass by forming [ZnO4]
tetrahedral or P-O-Zn bridges in the glass network structure [67]. Previous studies
claimed that the pyrophosphates (P,O7*") were present in the structure of phosphate-
based glasses when the content of P2Os in the glass was less than 50 mol% [68]. Pyare
et al. [69] observed the increased solubility of phosphate glasses with 50% mol of P2Os
with increasing pH and suggested the hydroxyl ions (OH") break the P-O-P bonds
through the hydrolysis reaction: P,O7*~ + OH —2HPO4>". Even in the presence of glass
network modifier such as ZnO, the Zn-O-P linkage is easily attacked by OH™ through

the reaction: Zn-O-P + OH™ — Zn(OH), + HPO4*". In this study, the mol fraction of
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P,0s in RG was 41.2 mol%, which suggested the glass structure of P,O7*", and thus
resulting in its reduced solubility and Zn?" release with decreasing pH. Nevertheless,
the solubilities of RG after 24 hours were over 90% and the concentrations of released
Zn** were beyond 5900 ppm across all three different pH conditions, indicating its
ability to release high concentration of Zn>"in a short period.

According to many reports regarding the microbiome associated with the deep
caries, Lactobacillus spp., Actinomyces spp., Fusobacterium spp., and Streptococcus
spp., are prevalent in the deep carious lesions [70-73]. It has been also shown that P.
micra was detected in carious dentin [74] and irreversible pulpitis [75, 76]. E. faecalis
is isolated from deep caries legions and infected root canals [77, 78]. In this study, the
MIC values of Zn*" against L. casei, A. naeslundii, F. nucleatum, P. micra and E.
faecalis were 500, 62.5, 125, 125, and 1000 ppm, respectively, and the MBC values
were 2000, 125, 500, 250, and 4000 ppm, respectively. Over 5900 ppm of Zn**, which
was significantly greater than the MIC and MBC values against each tested bacteria,
was released from RG particles under three pH conditions (pH 5.0, 6.0, and 7.0).
Therefore, the amount of Zn?* released from RG particles was sufficient to exhibit a
bactericidal effect on the bacterial species. However, RG particles demonstrated only a
3 — 4 log reduction in bactericidal effect against E. faecalis, whereas they showed a 100%
killing effect against all other bacteria. Unlike other bacterial species tested in this
study, E. faecalis are natural members of the intestinal flora and therefore able to
survive in a wide range of pH, heating and high metal concentrations [79]. Zincophore

biosynthetic gene clusters are identified in a broad range of bacteria, including
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actinobacteria, clostridia, fusobacteria, and bacilli, suggesting potential targets for
antimicrobial therapies [80]. Likewise, Zn-responsive proteins were also detected in E.
faecalis genes, which are responsible for mediating bacterial defense against zinc
overload [81] and suggested the reason why E. faecalis was less affected by Zn**
released from RG particles compared with other bacteria. Due to the ability to survive
and persist as a pathogen in the dentinal tubules, many studies have been devoted to
find an effective way to eradicate E. faecalis, and the antimicrobial activity against .
faecalis of Zn-containing sealers has been proved [82].

The level of bacterial infection after caries removal varies clinically. Hirose et al.
[83] established dentin models with different infection levels by culturing the dentin
specimens in S. mutans suspension for 6 or 12 hours. Both models showed bacterial
penetration into the dentinal tubules up to approximately 50 um from the surface.
Kitagawa et al. [65] prepared infected dentin specimens by immersing the root dentin
in E. faecalis suspension for 2 days, resulting in E. faecalis penetrating approximately
200 pm into the dentinal tubules. In this study, a dentin model infected with L. casei,
which was one of the most prevalent species in deep caries lesions, was first established
by culturing the dentin specimens in the L. casei suspension. Preliminary experiments
indicated no clear bacterial penetration into the dentinal tubules after incubating dentin
specimens in L. casei suspension for 2 days. Therefore, dentin specimens were
immersed in L. casei suspension for 7 days in this study, resulting in L. casei penetrating
approximately 150 um into the dentinal tubules. The dentin specimens immersed in S.

mutans suspension for 7 days showed bacterial penetration up to about 200 pm, but
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there was no significant difference in the penetration depth between L. casei and S.
mutans. Factors influencing bacterial penetration include the dentinal tubules status
(size and orientation), microorganism size, and bacterial motility [84, 85]. L. casei is
nonmotile, rod-shaped with the size of 0.7 — 1.1 um x 2.0 — 4.0 um and often exists
singly or in short chains [86]. Its rod shape allows it to enter dentinal tubules, but its
motility is relatively limited compared to other bacteria. S. mutans are spherical (0.5 —
0.75 um in diameter) in pairs or chains [87]. Both bacteria are small enough to enter
dentinal tubules (3.47 + 0.73 um for permanent teeth) [88], and their penetration is
likely driven by diffusion and passive processes rather than active movement [89]. The
acid production by both bacteria can demineralize dentin, potentially enlarging the
tubules and aiding deeper penetration. The similarity in penetration depth suggested
that factors other than morphology, such as acid production and the intrinsic properties
of dentin, played a more crucial role in determining how far these bacteria can infiltrate
the dentinal tubules. Overall, the usage of S. mutans as a reference to L. casei is
important, indicating the validity of the infection model to evaluate the inhibition of
bacteria in dentinal tubules by dental resin incorporating RG.

Using these established infected dentin models, the antibacterial effect of the
experimental resin was examined. It was found that under a wet condition, compared
with a dry state, the bacteria in the dentin were effectively killed. The result indicated
the difference of Zn>" release between wet and dry condition due to the dissolution of
glass in the experimental resin. Designed as cavity liner or pulp-capping material, the

experimental resin incorporating RG dissolves in a sealed cavity, which is typically
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associated with wet or moist conditions. In that case, Zn>" would be released soon and
penetrate deeply into the dentinal tubules, resulting in rapidly killing bacteria.

The infected dentin model established in this study did not fully replicate the
complex environment of the dentinal cavity including multiple bacterial species. In vivo
studies are crucial to evaluate clinical effectiveness of the experimental resin
incorporating RG, while also optimizing the composition of the resins. In addition, it is
essential to investigate whether the rapid solubility of the glass could lead to adverse
effects, such as weakening of the resin structure or negative reactions in the surrounding

tissues over time.

2.4 Summary

The rapidly soluble Zn**-releasing glass was successfully fabricated, which released

high concentration of Zn>" in a short period under the wet condition regardless of pH,

being useful for killing bacteria in dentinal tubules when incorporated into dental resin.
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GENERAL CONCLUSION

Glass containing Zn holds great potential in the dental field, particularly due to its
broad-spectrum antibacterial activity, biocompatibility, and enhanced mechanical
properties. However, the controlled release of Zn?" still poses challenge to the clinical
applications. With the objective to develop novel antimicrobial materials in response to
various usage conditions, acidity-responsive Zn*'-releasing glass and rapidly soluble
Zn**-releasing glass were fabricated.

The acidity-responsive Zn*'-releasing glass (AG) demonstrated increased Zn?
release and effective antibacterial ability under acidic conditions. The AG-3 glass with
42.7 (mol)% Zn was selected to be incorporated into dental resins based on its extensive
properties. By incorporating 30 (wt)% AG-3, the dental material is believed to exhibit
antibacterial effects on demand in response to acidity.

The rapidly soluble Zn**-releasing glass (RG) demonstrated increased solubility
and Zn?**-releasing property under neutral pH conditions. In addition to its bactericidal
effects against oral bacteria, the dental resin incorporating 10 (wt)% RG demonstrated
killing effects against bacteria in dentinal tubules.

Overall, the two novel glasses developed in this study enabled the controlled
release of Zn?*', allowing for conferring possible clinically effective antibacterial

activities to dental materials under their usage conditions.
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TABLE LEGENDS

Table 1. Mixing ratios of each component for preparing AG-1, AG-2 and AG-3

Table 2. Components of uncured resin.

Table 3. Results of X-ray fluorescence analysis of AG-1, AG-2, and AG-3.

Table 4. Bacteria and culture conditions.

Table 5. Minimum inhibitory concentrations (MICs) and minimum bactericidal

concentrations (MBCs) of Zn?*,

FIGURE LEGENDS

Figure 1. Schematic diagram of acidity-responsive release of Zn?* and exhibition

of on-demand antibacterial effects.

Figure 2. Schematic diagram of rapid release of Zn?* and exhibition of cavity

disinfecting effects.
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Figure 3. The protocol for evaluating on-demand ion-releasing property of Cont,

AG-2, and AG-3.

Figure 4. The protocol for evaluating on-demand antibacterial activity of Cont,

AG-2, and AG-3.

Figure 5. The protocol for evaluating on-demand antibacterial activity of dental

resin incorporating 30 (wt)% AG-3.

Figure 6. The protocol for evaluating anti-biofilm effects of dental resin

incorporating 30 (wt)% AG-3.

Figure 7. Field-emission scanning electron microscope images of AG-1 (A), AG-2

(B), and AG-3 (C).

Figure 8. X-ray diffraction patterns of AG-1 (A), AG-2 (B), and AG-3 (C).

Figure 9. Particle size distribution of AG-1 (A), AG-2 (B), and AG-3 (C).

Figure 10. Elemental mapping images of AG-1 (A), AG-2 (B), and AG-3 (C).
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Figure 11. Solubility of Cont, AG-1, AG-2, and AG-3 in the pH-adjusted buffer
solution (pH 7.0, 6.0, or 5.0)
Bars represent the standard deviation of three replicates. Different letters (a-h) indicate

significant differences (p < 0.05, ANOVA, Tukey’s HSD test).

Figure 12. Release of Zn** (A) and F~ (B) from Cont, AG-1, AG-2, and AG-3
exposed to pH-adjusted BHI broth (pH 7.0, 6.0, or 5.0).
Bars represent the standard deviations of five replicates. Different letters (a-1) indicate

significant differences (p < 0.05, ANOVA, Tukey’s HSD test).

Figure 13. Number of viable S. mutans after incubation in the presence of Cont,
AG-1,AG-2, and AG-3.

w/0: bacterial suspension without any glass. Bars represent the standard deviation of
five replicates. Different letters (a-j) indicate significant differences (p <0.05, ANOVA,

Tukey’s HSD test). Dashed line indicates the initial amount of bacteria.

Figure 14. Release of Zn?** from Cont, AG-2, and AG-3 exposed to acetate buffer
and HEPES.

The concentration of Zn?* released into acetate buffer (pH 5.0) was measured on Day
1, 5, and 9. The concentration of Zn?* released into HEPES (pH?7.0) was measured on
Days 2 — 4 and Days 5 — 8.

Bars represent the standard deviation of three replicates.
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Figure 15. Number of S. mutans after incubation in the presence of Cont, AG-2,
and AG-3 before and after two-time exposures to acetate buffer and HEPES.

w/o: bacterial suspension without any glass. Bars represent the standard deviation of
five replicates. Different letters (a-g) indicate significant differences (p <0.05, ANOVA,

Tukey’s HSD test). Dashed line indicates the initial amount of bacteria.

Figure 16. Number of viable S. mutans after incubation on the surface of dental
resins incorporating 10, 20, and 30 (wt)% of AG-3.

Bars represent the standard deviations of three replicates. Different letters (a-g) indicate
significant difference (p < 0.05, ANOVA, Tukey’s HSD test). Dashed line indicates the

initial amount of bacteria.

Figure 17. Release of Zn?>* from dental resin incorporating 30 (wt)% of AG-3
exposed to acetate buffer and HEPES.

The concentration of Zn?' released into acetate buffer (pH 5.0) was measured on Day
1, 5, and 9. The concentration of Zn?* released into HEPES (pH7.0) was measured on

Days 2 — 4 and Days 5 — 8. Bars represent the standard deviation of three replicates.

Figure 18. SEM images of dental resin incorporating 30 (wt)% AG-3 before exposure
to buffer solution (Day 0) (A, B) and after the third exposure to acetate buffer (Day 9)
(C, D).

Scale bar, 50 um (A, C); 5 um (B, D).
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Figure 19. Number of viable S. mutans after incubation on the surface of dental
resin incorporating 30 (wt)% of AG-3 before and after two-time exposures to
acetate buffer and HEPES.

Bars represent the standard deviation of three replicates. * indicates significant
difference (p < 0.05, student’s z-test). Dashed line indicates the initial amount of

bacteria.

Figure 20. SEM images of biofilm formed on control resin (A) and dental resin
incorporating 30 (wt)% AG-3 (B) after the third exposure to acetate buffer.
Scale bar, 5 um.

Arrow indicates that the morphology of bacteria was observed to be disrupted.

Figure 21. Thickness of biofilm (A) and percentage of membrane-compromised
bacteria (B) analyzed from CLSM images of S. mutans biofilm.
Bars represent the standard deviation of three replicates. * indicates significant

difference (p < 0.05, student’s #-test).

Figure 22. The protocol for evaluating antibacterial activity of dental resin

incorporating 10 (wt)% RG in dentinal tubules.

Figure 23. Field-emission scanning electron microscope (A) and elemental

mapping (B) images of RG.
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Figure 24. Particle size distribution (A) and X-ray diffraction patterns (B) of RG.

Figure 25. Solubility of RG in the pH-adjusted buffer solution (pH 7.0, 6.0, or 5.0).
Bars represent the standard deviation of five replicates. * indicates significant

differences (p < 0.05, ANOVA, Tukey’s HSD test).

Figure 26. Release of Zn>* from RG exposed to pH-adjusted BHI broth (pH 7.0,
6.0, or 5.0).
Bars represent the standard deviations of five replicates. * indicates significant

differences (p < 0.05, ANOVA, Tukey’s HSD test).

Figure 27. Number of viable bacteria after incubation in the presence of RG.

(-): After incubation in the absence of RG. (+): After incubation in the presence of RG.
Arrows indicate 100% killing effect. Bars represent the standard deviations of five
replicates. * indicates significant differences (p < 0.05, Student’s #-test). Dashed line

indicates the initial amount of bacteria.

Figure 28. CLSM images of L. casei-infected dentin model (A), L. casei-infected
dentin model treated by dental resin incorporating 10 (wt)% RG under the dry
condition (B), L. casei-infected dentin model treated by dental resin incorporating
10 (wt)% RG under the wet condition (C), and L. casei-infected dentin model

treated by control resin without RG (D) after LIVE/DEAD staining.
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Scale bar, 50 pm.

Figure 29. CLSM images of S. mutans-infected dentin model (A), S. mutans-
infected dentin model treated by dental resin incorporating 10 (wt)% RG under
the dry condition (B), S. mutans-infected dentin model treated by dental resin
incorporating 10 (wt)% RG under the wet condition (C), and S. mutans-infected
dentin model treated by control resin without RG (D) after LIVE/DEAD staining.

Scale bar, 50 pm.
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Table 1. Mixing ratios of components for preparing AG-1, AG-2 and AG-3.

Glass AG-1 AG-2 AG-3
Components

SiO» 457 35.5 30.5

7n0O 23.0 332 38.2

NaO 5.0 5.0 5.0

F 18.7 18.7 18.7

Others 7.6 7.6 7.6

(mol%)
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Table 2. Components of uncured resin.

Components Function wt%

Triethylene glycol dimethacrylate (TEGDMA) Monomer 89.0

2-hydroxyethyl methacrylate (HEMA) Monomer 10.0
Camphorquinone (CQ) Initiator 0.3
Ethyl p-dimethylaminobenzoate (EPA) Reducing agent 0.6
2,6-di-tert-butyl-p-benzoyl (BHT) Inhibitor 0.1
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Table 3. Results of X-ray fluorescence analysis of AG-1, AG-2, and AG-3.

Glass AG-1 AG-2 AG-3
Components

SiO» 42.9 334 29.2

7n0O 25.3 34.6 42.7

NaO 7.1 7.8 9.2

F 17.0 16.0 10.5

Others 7.7 8.2 8.4

(mol%)
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Table 4. Bacteria and culture conditions.

Species

Broth

Agar

Lactobacillus casei ATCC4646

Lactobacilli Inoculum Broth

Lactobacilli Inoculum Broth plates

supplemented with 1.5% Bacto agar

Actinomyces naeslundii ATCC19246

Brain Heart Infusion Broth

Brain Heart Infusion agar

Enterococcus faecalis SS497

Brain Heart Infusion Broth

Brain Heart Infusion agar

Fusobacterium nucleatum 1436

Todd Hewitt Broth

containing 0.1% L-cysteine

Todd Hewitt Broth agar containing
0.1% L-cysteine

Parvimonas micra GIFU7745

Brain Heart Infusion Broth

Brain Heart Infusion agar

Streptococcus mutans NCTC10449

Brain Heart Infusion Broth

Brain Heart Infusion agar
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Table 5. Minimum inhibitory concentrations (MICs) and minimum bactericidal

concentrations (MBCs) of Zn?*,

MIC MBC

Lactobacillus casei ATCC4646 500 2000

Actinomyces naeslundii ATCC19246 62.5 125

Enterococcus faecalis SS497 1000 4000

Fusobacterium nucleatum 1436 125 500

Parvimonas micra GIFU7745 125 250

*Streptococcus mutans NCTC10449 125 250
(ppm)

* Data extrapolated from Experiment 1.

73



=Si== O == Si== O = Si~

O O O

= Si— 0 — Si— 0 — Si-
I I I
0 0 0

Silicate-based glass particles
1 [ 1 containing Zn

yeas® 1
y
Acid production
Acidogenic bacteria

in supragingival plaque

Dissolve in acids

Restoration or coating

release of Zn**

Antibacterial effects
on demand in response to acidity

Figure 1. Schematic diagram of acidity-responsive release of Zn?>* and exhibition of

on-demand antibacterial effects.
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Day 0-1 Day 1-2 Day 2-3 Day 3-4 Day 4-5 Day 5-6 Day 6-7 Day 7-8 Day 8-9

Acetate buffer HEPES HEPES HEPES Acetate buffer HEPES HEPES HEPES Acetate buffer
(pH 5.0) (pH 7.0) (pH 7.0) (pH 7.0) (pH 5.0) (pH 7.0) (pH 7.0) (pH 7.0) (pH 5.0)

HEPES
(pH 7.0)

Acetate buffer

l

ICP-OES

Figure 3. The protocol for evaluating on-demand ion-releasing property of Cont,

AG-2, and AG-3.
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Day 0-1 Day 1-2 Day2-3  Day3-+4 Day 4-5 Day 5-6 Day6-7 Day7-8 Day 8-9
Acetate buffer HEPES HEPES HEPES Acetate buffer HEPES HEPES HEPES S. mutans

(pH 5.0) (PH7.0)  (pH7.0)  (pH7.0) (pH 5.0) (PH7.0) (pH7.0) (pH7.0)  (pH 7.0/5.0)

Day 8

200 pL of pH-adjusted S. mutans suspension
(1 x 10 CFU/mL, pH 7.0/5.0)
37°C, 24 h
anaerobically
BHI agar plate
20 mg of Cont, AG-2, AG-3 \/
°C,48 h
BHI broth 3T°C, 8
anaerobically

CFU counting

Figure 4. The protocol for evaluating on-demand antibacterial activity of Cont,

AG-2, and AG-3.

7



Day 0-1 Day 1-2  Day2-3 Day 3-4 Day 4-5 Day5-6 Day6-7 Day7-8 Day 8-9

Acetate buffer HEPES HEPES HEPES Acetate buffer HEPES HEPES HEPES S. mutans
(pH 5.0) (PH7.0)0 (PEH7.00 (pH7.0) (pH 5.0) (pH7.0) (pH7.0) (pH7.0) (pH 7.0/5.0)

l

Day 8

20 pL of pH-adjusted S. mutans suspension
(1 x10¢ CFU/mL, pH 7.0/5.0)

] =]
37°C,24h 7
F anaerobically ] L YA
BHI agar plate
Experimental resin
incorporating 30% AG-3 37°C. 48 h
BHI broth anaerobically

CFU counting

Figure 5. The protocol for evaluating on-demand antibacterial activity of dental resin

incorporating 30 (wt)% AG-3.
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Experimental resin incorporating 30% AG-3 (Day 9)

AN A
v v
37°C,2h JIE— 37°C, 12 h J— 37°C, 20 min
=" ="
1 mL filtered 200 puL S. mutans suspension ~ BHI with 2% sucrose
stimulated saliva (1 x 108CFU/mL)
AN N N
| sreen, | [37C20mp| | 37C.6h,
=P = ="
BHI BHI with 2% sucrose BHI
> (D SEM observation
B 37°C, 20 min B
observation
BHI with 2% sucrose Rinse in PBS LIVE/DEAD staining

Figure 6. The protocol for evaluating anti-biofilm effects of dental resin

incorporating 30 (wt)% AG-3.
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Figure 7. Field-emission scanning electron microscope images of AG-1 (A), AG-2 (B),

and AG-3 (C).
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Figure 8. X-ray diffraction patterns of AG-1 (A), AG-2 (B), and AG-3 (C).
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Figure 9. Particle size distribution of AG-1 (A), AG-2 (B), and AG-3 (C).
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Figure 10. Elemental mapping images of AG-1 (A), AG-2 (B), and AG-3 (O).
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Figure 11. Solubility of Cont, AG-1, AG-2, and AG-3 in the pH-adjusted buffer solution
(pH 7.0, 6.0, or 5.0).
Bars represent the standard deviation of three replicates. Different letters (a-h) indicate

significant differences (p < 0.05, ANOVA, Tukey’s HSD test).
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Figure 12. Release of Zn?* (A) and F- (B) from Cont, AG-1, AG-2, and AG-3
exposed to pH-adjusted BHI broth (pH 7.0, 6.0, or 5.0).
Bars represent the standard deviations of five replicates. Different letters (a-i) indicate

significant differences (p < 0.05, ANOVA, Tukey’s HSD test).
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Figure 13. Number of viable S. mutans after incubation in the presence of Cont, AG-1,
AG-2, and AG-3.

w/0: bacterial suspension without any glass. Bars represent the standard deviation of five
replicates. Different letters (a-j) indicate significant differences (p < 0.05, ANOVA,

Tukey’s HSD test). Dashed line indicates the initial amount of bacteria.
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Figure 14. Release of Zn?* from Cont, AG-2, and AG-3 exposed to acetate buffer and
HEPES.

The concentration of Zn?* released into acetate buffer (pH 5.0) was measured on Day 1, 5,
and 9. The concentration of Zn?" released into HEPES (pH7.0) was measured on Days 2 — 4
and Days 5 — 8.

Bars represent the standard deviation of three replicates.
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Figure 15. Number of viable S. mutans after incubation in the presence of Cont, AG-2,
and AG-3 before and after two-time exposures to acetate buffer and HEPES.

w/0: bacterial suspension without any glass. Bars represent the standard deviation of five
replicates. Different letters (a-g) indicate significant differences (p < 0.05, ANOVA,

Tukey’s HSD test). Dashed line indicates the initial amount of bacteria.
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Figure 16. Number of viable S. mutans after incubation on the surface of dental resins
incorporating 10, 20, and 30 (wt)% AG-3.

Bars represent the standard deviations of three replicates. Different letters (a-g) indicate
significant difference (p < 0.05, ANOVA, Tukey’s HSD test). Dashed line indicates the

initial amount of bacteria.

89



500

N

o

o
I

w

o

o
1

200

100

Concentration of Zn?* (ppm)

o

Figure 17. Release of Zn?*' from dental resin incorporating 30 (wt)% AG-3 exposed to
acetate buffer and HEPES.

The concentration of Zn?" released into acetate buffer (pH 5.0) was measured on Day 1, 5, and 9.
The concentration of Zn?" released into HEPES (pH7.0) was measured on Days 2 — 4 and Days 5 — 8.

Bars represent the standard deviation of three replicates.
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Figure 18. SEM images of dental resin incorporating 30 (wt)% AG-3 before exposure to

buffer solution (Day 0) (A, B) and after the third exposure to acetate buffer (Day 9) (C, D).
Scale bar, 50 um (A, C); 5 um (B, D).
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Figure 19. Number of viable S. mutans after incubation on the surface of dental resin
incorporating 30 (wt)% AG-3 before and after two-time exposures to acetate buffer and HEPES.
Bars represent the standard deviation of three replicates. * indicates significant difference (p < 0.05,

student’s #-test). Dashed line indicates the initial amount of bacteria.
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Figure 20. SEM images of biofilm formed on control resin (A) and dental resin
incorporating 30 (wt)% AG-3 (B) after the third exposure to acetate buffer.
Scale bar, 5 pm.

Arrow: The morphology of bacteria was observed to be disrupted.
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Figure 21. Thickness of biofilm (A) and percentage of membrane-compromised
bacteria (B) analyzed from CLSM images of S. mutans biofilm.
Bars represent the standard deviation of three replicates. * indicates significant difference

(» <0.05, student’s z-test).
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Figure 23. Field-emission scanning electron microscope (A) and elemental mapping (B)

images of RG.
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Figure 24. Particle size distribution (A) and X-ray diffraction patterns (B) of RG.
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Figure 25. Solubility of RG in the pH-adjusted buffer solution (pH 7.0, 6.0, or 5.0).
Bars represent the standard deviation of five replicates. * indicates significant

differences (p < 0.05, ANOVA, Tukey’s HSD test).
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Figure 26. Release of Zn?* from RG exposed to pH-adjusted BHI broth (pH 7.0, 6.0, or 5.0).
Bars represent the standard deviations of five replicates. * indicates significant differences (p <

0.05, ANOVA, Tukey’s HSD test).
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Figure 27. Number of viable bacteria after incubation in the presence of RG.

(-): After incubation in the absence of RG. (+): After incubation in the presence of RG.
Arrows indicate 100% Kkilling effect. Bars represent the standard deviations of five
replicates. * indicates significant differences (p < 0.05, Student’s #-test). Dashed line

indicates the initial amount of bacteria.
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Figure 28. CLSM images of L. casei-infected dentin model (A), L. casei-infected dentin model
treated by dental resin incorporating 10 (wt)% RG under the dry condition (B), L. casei-infected
dentin model treated by dental resin incorporating 10 (wt)% RG under the wet condition (C), and
L. casei-infected dentin model treated by control resin without RG (D) after LIVE/DEAD staining.
Scale bar, 50 pm.
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Figure 29. CLSM images of S. mutans-infected dentin model (A), S. mutans-infected dentin model
treated by dental resin incorporating 10 (wt)% RG under the dry condition (B), S. mutans-infected
dentin model treated by dental resin incorporating 10 (wt)% RG under the wet condition (C), and S.
mutans-infected dentin model treated by control resin without RG (D) after LIVE/DEAD staining.
Scale bar, 50 pm.
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