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Abstract

Objectives This study is aimed at evaluating the effect of a new glass ionomer cement (GIC) containing fluoro-zinc-silicate fillers
on biofilm formation and ion incorporation.

Materials and methods Streptococcus mutans biofilms were developed on two GIC materials: Caredyne Restore (CD) and Fuji
VII (FJ); and hydroxyapatite (HA) for 24 h at 37 °C using a flow cell system. The morphological structure and bacterial viability
were analyzed using a confocal laser scanning microscopy. Bacterial adhesion during the initial 2 h was also assessed by viable
cell counting. To study the ion incorporation, restored cavities prepared on the root surfaces of human incisors were subjected to
the elemental mapping of the zinc and fluoride ions in the GIC-dentin interface using a wavelength-dispersive X-ray spectros-
copy electron probe microanalyzer.

Results Morphological observations revealed that biofilm formation in the CD group was remarkably inhibited compared with
the HA and FJ groups, exhibiting sparse, thinner biofilm clusters. The microorganisms adhering to the CD group were signif-
icantly inhibited, revealing 2.9 + 0.4 for CD, 4.9 0.2 for FJ, and 5.4 + 0.4 log colony-forming units (CFU) for HA. The CD zinc
ion incorporation depth was 72.2 + 8.0 um. The fluoride penetration of CD was three times deeper than that of FJ; this difference
was statistically significant (p <0.05).

Conclusions Enhanced by the incorporation of zinc and fluoride ions, the new GIC inhibited biofilm formation by interfering
with bacterial adhesion.

Clinical relevance A novel GIC comprised of fluoro-zinc-silicate fillers may improve clinical outcomes, such as root caries and
minimally invasive dentistry.

Keywords Fluoro-zinc-silicate fillers - Tooth remineralization - Oral biofilm - Ion incorporation - Bacterial adhesion - Rootsurface
caries
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Introduction

Glass ionomer cements (GICs) have been widely used in den-
tistry for 40 years due to their fluoride release and uptake, low
thermal expansion coefficient, good biocompatibility with
dental pulp tissue, and adhesion to the surface of the tooth
[1-3]. GICs have been particularly revolutionary for
minimally invasive dentistry, such as atraumatic restor-
ative treatment (ART) [4, 5]. ART is useful for preven-
tative care in underserved areas of the world that lack
facilities and resources, such as electricity or rotating
and cutting equipment. GIC is also recommended when caries
have progressed to the subgingival area or when moisture
control is difficult [6].

In addition, fluoride is also known to inhibit bacterial
growth and the acid production of oral biofilm, which results
in demineralization [7-9]. It does so by interfering with bac-
terial metabolism and dental plaque acidogenicity, inhibiting
the glycolytic enzyme enolase and the proton-extruding
ATPase, and preventing bacterial colonization and com-
petition [8]. However, some studies have demonstrated
that viable bacterial biomasses can develop on GICs,
although the biofilm formation on GICs was less than
on enamel and resin composites [10-13]. As the GICs
cannot completely prevent the bacteria from biofilm forma-
tion, cariogenic bacteria in biofilm can invade the GIC-dentin
interfaces via microleakage to induce the occurrence of sec-
ondary caries.

Recent studies have sought to improve the antimicrobial
effect and the mechanical properties of GICs [14]. These stud-
ies examined GICs containing an antimicrobial compound or
nanoparticle, such as casein phosphopeptide-amorphous cal-
cium phosphate (CPP-ACP) [15], chitosan [16], chlorhexidine
[17], chlorhexidine hexametaphosphate [18],
epigallocatechin-3-gallate [19], propolis [20], or titanium di-
oxide [21].

The purpose of this study was to estimate the antibiofilm
effect and ion penetration of a newly launched GIC known as
Caredyne Restore (CD; GC Corporation, Tokyo, Japan) for-
mulated using a fluoro-zinc-silicate glass (BioUnion™) filler
in addition to fluoro-alumino-silicate glass [22]. It has been
reported that zinc ions inhibit acid production by interfering
with bacterial glycolysis and bacterial growth [23]. Zinc
and fluoride, alone or in combination, inhibited
production-secretion of glucosyltransferases by
Streptococcus mutans [24]. The null hypothesis was that
antibiofilm effect is not different between a GIC con-
taining fluoro-zinc-silicate glasses in addition to fluoro-
alumino-silicate and a GIC containing fluoro-alumino-
silicate glasses alone. We also analyzed the incorporations of
the zinc and fluoride ions into dentin using a wavelength-
dispersive X-ray spectroscopy electron probe microanalyzer
(EPMA).

@ Springer

Materials and methods
Biofilm development on glass ionomer cement
Material disc preparation

Two GIC materials: CD and Fuji VII (FJ) (GC Corporation,
Tokyo, Japan); and hydroxyapatite (HA) (Olympus, Tokyo,
Japan) were used in this study (Table 1). The GIC materials
were mixed by hand according to the manufacturer’s instruc-
tions, poured into 8 mm (diameter) x I mm (height) acrylic
molds, covered with a polyethylene terephthalate sheet, and
stored for 1 h at 37 °C in a relative humidity of 100% [25]. The
HA discs measuring 6 mm in diameter were used as a control
material. The specimens were polished using 4000 grit SiC
paper (Marumoto Struers KK, Tokyo, Japan). The specimens
were washed with distilled water (pH 7.2), air dried, and then
mounted in a flow cell chamber (Convertible Flow Cell®
CFCASO0003, IBI Scientific, USA). Two specimens were
placed at either end so that the fluid flow did not interfere
(Fig. S1). A total of 10 discs for each material type (i.e., five
chambers per experimental group) were prepared. The cham-
ber was sterilized using ethylene oxide gas for 4 h. The flow
cell system consisted of a medium reservoir, a peristaltic
pump, and a carboy for waste. Silicone tubing connected these
components (Fig. S1).

Bacteria

Streptococcus mutans MT 8148 was cultured according to a
previously published protocol [26]. S. mutans was grown
overnight from frozen stock in a brain heart infusion (BHI)
broth (Difco Laboratories, Detroit, MI, USA) at 37 °C under
anaerobic conditions. The starter culture was transferred into
fresh BHI broth and cultured for 6 h at 37 °C under the same
conditions. The optical density of the bacterial suspension was
adjusted to 0.025 at 600 nm prior to inoculation.

Biofilm formation

An adjusted saliva solution (10 ml) was pumped into a cham-
ber at a flowrate of 2 ml/min and kept static for 1 h at 37 °C to
allow salivary pellicle formation. The saliva was prepared in
accordance with the protocol by Takenaka et al. [26]. The
same volume of S. mutans was then pumped into the chamber
and kept static for 30 min to acquire initial adhesion [26].

After 1 h, medium flow was initiated at a flowrate of 2 ml/
min. The medium was 1/10 strength BHI broth supplemented
with 0.05% sucrose (pH = 7.4). Biofilms were allowed to de-
velop for 24 h under a continuous flow condition and with
incubation at 37 °C under anaerobic conditions.

Following this, the specimens were collected from the
chamber, washed twice with phosphate-buffered saline
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Table 1 Materials used in this

study Materials Code Lot no. Composition
Caredyne Restore ~ CD 1709270  Powder: fluoro-alumino-silicate glass,
fluoro-zinc-silicate glass, pigment
Liquid: polyacrylic acid, distilled water, polybasic carboxylic acid
GC Fuji VII FJ 1712071  Powder: fluoro-alumino-silicate glass, pigment
Liquid: polyacrylic acid, distilled water, polybasic carboxylic acid
Hydroxyapatite HA 170915  Hydroxyapatite

(PBS; pH =7.0), and subjected to morphological observations
using either confocal laser scanning microscopy (CLSM) or
scanning electron microscopy (SEM).

CLSM analysis

Samples were stained with a fluorescent bacterial viability kit
(LIVE/DEAD® BacLight™ Bacterial Viability Kit, Thermo
Fisher Scientific, Waltham, USA) for 30 min at room temper-
ature in the dark [26]. The biofilm imaging was performed
using CLSM (FluoView™ 300, Olympus, Tokyo, Japan) with
Ar 488 nm and He-Ne 543 nm lasers. Filters of 510-530 nm
and > 610 nm were used to detect SYTO 9 and propidium
iodide (PI). A water immersion objective lens (x 60) was used.
To determine viability and thickness, five randomly selected
fields representing the four quadrants and center segment of
each sample were evaluated [27]. Stacks of the horizontal
images (235 x 235 um) were acquired every 0.45 nm. The
total number of red and green pixels was enumerated using
the MetaMorph® software (Molecular Devies, Sunnyvale,
USA) [28]. Three-dimensional reconstructed images were cre-
ated using the Imaris® software (Bitplane AG, Zurich,
Switzerland), and the maximum thickness of the biofilm was
measured [28]. This assay was performed for a total of five
replicates per material.

SEM analysis

A total of five discs per each experimental group were sub-
jected to SEM observation. The specimens were fixed with
10% paraformaldehyde and 2.5% glutaraldehyde in a 0.2 M
cacodylate buffer overnight at 4 °C. The discs were washed
twice with PBS, dehydrated in an ascending series of ethanol,
dried to a critical point, and subsequently sputtered with gold
palladium [26]. The biofilms were observed using an electron
probe microanalyzer (EPMA; EPMA-1610®; Shimazu,
Kyoto, Japan) at x 300 and x 1000 magnifications [26].

Bacterial adhesion assay
The discs and a flow cell system were prepared as previously

described. A total of six discs per experimental group were
analyzed. Following the salivary pellicle formation, the

bacterial suspension was adjusted to 0.025 at 600 nm in a
BHI broth supplemented with 0.5% sucrose. This broth was
pumped into a chamber at a rate of 2 ml/min for 2 h at 37 °C
and under anaerobic conditions [26]. During the operation
time, fresh media was constantly delivered to the bacterial
suspension to maintain optimal density (Fig. S2). The discs
were washed twice with PBS, and the biofilm was detached by
vigorous shaking for 1 min, ultrasonication for 5 min, and
shaking again for 1 min. The bacterial suspension was homog-
enized, serially diluted, and plated on the BHI. The plates
were incubated anaerobically for 2 days at 37 °C, and all of
the colonies that formed were enumerated.

lon incorporation in human dentin adjacent to glass
ionomer cement

Cavity preparation and restoration

Five extracted, caries-free, human maxillary incisors within
1 year were used. The teeth were stored in 0.5% chloramine
solution at 4 °C until use [29]. The Niigata University Ethics
Committee approved all of the experimental protocols (27-
R20-11-17). Cavity preparation and restoration were per-
formed as described by Hotta et al. [30], with a slight modifi-
cation. Two cylindrical butt-joint cavities (2.0 mm in diameter
and 1.0 mm in depth) were prepared centrally on the buccal
root surface using a cylinder diamond bar (Fig. 1A). Two
cavities were assigned to either the CD or FJ group (Fig.
1B). A cavity was also prepared on the labial root surface
and served as a control. All materials were handled according
to the manufacturer’s instructions. After filling, the GIC sur-
face was covered with Fuji varnish (GC Int., Tokyo, Japan)
and stored for 6 min at 37 °C. After storing the teeth for 1 h in
a 100% humidity environment, the samples were soaked in
20 ml of distilled water for 7 days (Fig. 1C) [30, 31]. The
specimens were placed in fresh media every 24 h.

Electron probe microanalyzer analysis
Each sample was sectioned using a diamond disc 2 mm below
the cement enamel junction and 5 mm above the root apex

(Fig. 1D). The specimen was sectioned along the long axis of
the tooth through the center of the cavity with a diamond saw
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(Fig. 1F) and embedded in a chemically polymerizing resin
(Technovit 4071, Kulzer, Wehrheim, Germany). The cut sur-
face was serially polished with 2400-grit and 4000-grit SiC
paper (Marumoto Struers KK, Tokyo, Japan; Fig. 1E). The
specimen was sputter coated with a 300-A gold layer using
an ion coater (IC-50, Shimazu, Kyoto, Japan) and analyzed
using EPMA (EPMA1610, Shimazu, Kyoto, Japan) with an
image observation function [32].

Element mappings of fluoride and zinc ions at the interface
of the filling were conducted. The maximum penetration
depth of each element in five randomly selected fields was
measured by element line scanning. The difference between
CD and FJ was compared.

Statistical analyses

Statistical analyses were performed using SPSS® 11.0 (SPSS
Inc., Chicago, IL, USA) and Excel Statistics 7.0 (Esumi Co.,
Ltd., Tokyo, Japan). Where applicable, the data are presented
as the mean =+ standard deviation (SD). Significance was de-
termined using the Kruskal-Wallis test with a post hoc Steel-
Dwass test or a post hoc Dunnett test. A paired Student ¢ test
was used to compare the EPMA analyses.

Results
Effect on biofilm formation

Three-dimensional reconstructed images revealed that
S. mutans biofilms successfully developed on all materials
after a 24-h incubation (Fig. 2). However, the biovolume on
the CD group was smaller than that on the HA and FJ groups,
and the maximum thickness of the biofilm as determined by
CLSM was 31.5+2.1 um for HA, 28.5+ 1.7 um for FJ, and
8.7+ 1.1 um for CD (p <0.05).

The calculated viable ratios determined from the fluores-
cent stacks were 95.3 £4.2 for HA, 96.1 £ 1.6 for FJ, and 89.8
+6.2 for CD. There were no significant differences among

a b c

5 —>

2mek

1mm

Fig. 1 Schematic descriptions of sample preparation for EPMA analysis.
a Preparation of cervical cavities. b All cavities were restored with the
allocated materials. ¢ Storing in distilled water for 7 days. d Cutting of the
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these groups (p > 0.05). The SEM images revealed that a large
amount of biofilm clusters formed on the HA and FJ groups
throughout the field of view, whereas an extremely small
amount of clusters was observed on the CD group (Fig. 3).

Preventing the effect of bacterial adhesion

The number of microorganisms adhered to each material as
determined by the bacterial adhesion assay is shown in Fig. 4.
The values are expressed as colony-forming units (CFU) per
square millimeter. The CD group showed a significant de-
crease compared with HA and FJ, and the difference between
CD and FJ was 2 log CFU per square millimeter (p < 0.05).
There was no significant difference between the HA and FJ
groups.

lon incorporation in human dentin

The fluoride and zinc incorporations into dentin after 7 days
following the restoration are shown in Fig. 5. The FJ and CD
groups exhibited F uptake from the interface (black arrow) to
the dentin. The CD fluoride incorporation depth (120.1 +24.1
pum) was three times deeper than that of FJ (44.1 £15.4 um),
and there was a significant difference between the two mate-
rials (p <0.05). The CD zinc incorporation showed a concen-
tration gradient along the inside, exhibiting the richest layer at
the interface. The zinc incorporation depth was 72.2 + 8.0 um.

Discussion

The incorporation of nanoparticles with antimicrobial activity
into GICs has been investigated to improve their ability to
prevent recurrent dental caries [15-21]. In this study, the ef-
fects of a newly developed GIC formulated with fluoro-zinc-
silicate glass were compared with a conventional GIC for two
effects: biofilm formation and ion exchange in the dentin. The
findings rejected the null hypothesis that antibiofilm effect is
not different between a GIC containing fluoro-zinc-silicate

d e f

crown and apical area. e Longitudinally sectioning along the long axis of
the tooth through the center of the cavities. f Observation of GIC-dentin
interface
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Fig. 2 Representative images of
S. mutans biofilm formed on each
specimen (upper). Vertical section
(X-Z) images of S. mutans
biofilm (lower). Scale bar =

30 um. Hydroxyapatite (HA),
Fuji VII (FJ), and Caredyne
Restore (CD). The biovolume on
the CD group was smaller than
that on the HA and FJ groups,
whereas the microorganisms in
the biofilm were mostly alive

glasses in addition to fluoro-alumino-silicate and a GIC con-
taining fluoro-alumino-silicate glasses alone.

The effect on biofilm formation was estimated by SEM and
CLSM analyses of S. mutans biofilms following development
on each GIC surface for 24 h using a flow cell system.
Morphological observation revealed that the biofilm forma-
tion on the CD group was remarkably inhibited in comparison
with the HA and FJ groups, exhibiting sparse and thinner
biofilm clusters (Fig. 2). The CD group included the fluoro-
zinc-silicate glass in addition to the fluoro-alumino-silicate
glass in powder (Table 1), and the cumulative fluoride release
from the CD group into deionized water after 24 h was double
that of FJ (data not shown). Thus, the eminent antibiofilm
property of CD could be due to the zinc ions alone or to the
combination effect with the fluoride ions. At the same time, no
materials used in this study affected the viability of the biofilm
that developed on the surface. This fact suggests that the
antibiofilm effect of CD may be due to preventing bacterial
adhesion.

To elucidate this hypothesis, a bacterial adhesion assay was
performed. The total amount of bacteria adhered on the CD
group during the test period of 2 h decreased to one hundredth
that of the FJ group. This result suggests that possible

Fig. 3 Representative SEM
images of S. mutans biofilms
formed on each specimen after
24 h. A large amount of biofilm
clusters formed on the HA and FJ
groups throughout the field of
view, whereas an extremely small
amount of clusters was observed
on the CD group. Hydroxyapatite
(HA), Fuji VII (FJ), and Caredyne
Restore (CD). Scale bars =

100 um (upper) 20 um (lower)

%300

x1,000

interference from released ions prevents the floating bacteria
from initial adhesion. However, if adhesion is achieved, bio-
film formation may no longer be prevented.

The results obtained in this study were partially consistent
with previous reports in which the GIC surface became
completely covered with a mature biofilm of considerable
biovolume and thickness [10-12, 25, 33]. Padovani et al.
[33] evaluated in situ the influence against biofilm accumula-
tion of different restorative materials, such as ceramic, resin
composite, GIC, and amalgam. The quantitative analysis, in-
cluding biovolume, thickness, and roughness coefficient,
showed no statistical difference regarding the different mate-
rials. This result suggests that the microorganisms accom-
plished bacterial adhesion on a GIC might survive and initiate
biofilm formation.

However, contrary to our results, some reports have shown
that large amounts of dead bacteria were observed on the
surface of GICs using CLSM [10, 12, 33]. One explanation
for this discrepancy can be the differences in the experimental
conditions applied. The flow cell system used in this study
maintained the pH in the chamber at 6.8 even after 24 h,
meaning that the continuous flow of fresh media prevented
the bacteria-induced pH from falling to the bacteria-material

@ Springer
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Log CFU/mm?

8
6
|
4
2
0
HA FJ CD
Materials

Fig. 4 Total viable counts adhered on each specimen during 2 h. The
values are expressed as colony-forming units (CFU) per square
millimeter. *p <0.05. Hydroxyapatite (HA), Fuji VII (FJ), and Caredyne
Restore (CD)

interface and washed out the released ions. Research has dem-
onstrated that the rate of fluoride release under a neutral pH
condition is significantly slower than at 4 pH [34]. Since the
antibiofilm activity of GICs is closely correlated with their
fluoride release rate during biofilm formation, a static culture
may result in overestimation. In fact, when we examined the
bacterial viability of the S. mutans biofilm using CLSM
following the 24 h of static conditions, the biofilms on
FJ and CD consisted almost entirely of dead microorganisms
(data not shown).

We also investigated the fluoride and zinc ion uptakes into
dentin by EPMA analysis. Fluoride incorporation extended to

Fig. 5 Fluoride (F; upper) and
zinc (Zn; lower) distribution
profiles on the cross section of the -
axial wall area following soaking

for 7 days after restoring with the F
test materials. The fluoride
incorporation depth of the

Caredyne Restore (CD) group

was three times deeper than that

of the Fuji VII (FJ) group. The

CD zinc incorporation showed a

approximately 120 um for the CD group, which was three
times deeper than that of FJ. CD zinc ions also reached ap-
proximately 70 um. Although the ion concentration on the
forefront was clear, this may be expected for the inhibition
of demineralization since only small amounts of fluoride, ap-
proximately 0.03—0.08 ppm, are necessary to shift the equilib-
rium from demineralization to remineralization [8]. The incor-
porated distance from the GIC-dentin interface varied accord-
ing to the underlying residual carious, morphological struc-
ture, and duration. Hotta et al. [30] used EPMA analysis to
assess fluoride uptake after restoring an experimentally made
cavity with conventional GIC using bovine dentin, and the
results showed that the width of the fluoride zone after 30 days
was no more than 21.3 um. Ngo et al. [35] evaluated the
remineralization of carious dentin following the restoration
of an extensive lesion in a permanent molar using a high
strength glass ionomer cement, and the EPMA demon-
strated that fluoride had penetrated deep into the under-
lying demineralized dentin, showing over 1000 pum in
some cases [35].

Another product that includes zinc content as part of its
glass particles is ChemFil Rock (Dentsply DeTrey,
Konstanz, Germany). This GIC, which consists of calcium-
aluminum-zinc-fluoro-phosphor-silicate glass, showed higher
mechanical properties, such as compressive strength and lon-
gevity, than conventional GIC containing alumina silicate
glass [36, 37]. However, the antibiofilm and remineralization
properties remain unclear because no in vitro study has yet
been reported.

Several in vitro studies have demonstrated that zinc may
contribute to enhanced tooth remineralization and antibiofilm
efficacy. Lynch et al. [38] investigated the effects of zinc and

concentration gradient along the
inside. Glass ionomer cement

(GIC), dentin (D), and interface
(black arrow) =

Zn

2
‘@
c
(5]
*‘3‘&0 z
et
c
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£
Ka}
w
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F Ka ——————100 pm F Ka ———100 pm
-
I
f s R & Low
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Control FJ CD
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fluoride on remineralization using artificial carious lesions.
The results showed that the treatment with both zinc and fluo-
ride resulted in significantly greater remineralization than just
fluoride treatment. Similarly, Lippert [39] investigated the
dose-response effects of zinc and fluoride on carious lesion
remineralization and subsequent protection from deminerali-
zation. The lesion remineralization was enhanced in the pres-
ence of zinc, exhibiting a synergistic, dose-response effect. As
for the inhibitory effects of zinc on biofilm formation, a few
reports, including in vitro studies, have evaluated this. Gu
et al. evaluated the effects of zinc chloride on the development
and vitality pattern of dental biofilm in situ [40]. The subjects
wore acrylic appliance-mounted glass discs and rinsed twice
daily for 2 min with zinc chloride for up to 48 h. The volume
and bacterial vitality of the biofilms treated with various con-
centrations of zinc chloride were significantly reduced, dem-
onstrating its antibiofilm property.

Within the limitations of this in vitro study, GIC comprised
of fluoro-zinc-silicate fillers demonstrated the possibility of
improved tooth remineralization and antibiofilm effects
against S. mutans. Therefore, further clinical studies are need-
ed to evaluate the impact of fluoride-zinc-releasing restor-
atives on secondary caries development as well as their
remineralization properties.

Conclusion

A new GIC containing both fluoro-zinc-silicate fillers and
fluoro-alumino-silicate exhibited effective antibiofilm proper-
ties through reduced bacterial adhesion in comparison with a
GIC containing fluoro-alumino-silicate glasses alone. The new
GIC also showed the extensive penetration of fluoride and the
newly formulated zinc ion into dentin. These improved proper-
ties may be responsible for better clinical outcomes, such as for
root caries and minimally invasive dentistry. Further investiga-
tions are needed to determine whether these antibacterial prop-
erties clinically contribute to the antibiofilm effect.
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