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Abbreviations

SDF: Silver diamine fluoride/silver diammine fluoride
16S rRNA: 16S ribosomal ribonucleic acid
DMFT: Decayed/missing/filled teeth

CPI: Community periodontal index

CFU: Colony forming unit

PCR: Polymerase chain reaction

ATCC: American type culture collection
SEM: Scanning electron microscope
CLSM: Confocal laser scanning microscopy
HA: Hydroxyapatite

NGS: Next generation sequencing

PERMANOVA: Permutational multivariate analysis of variance

Chemical formulas

Ag(NHjs)2F: Silver diamine fluoride
CaF»: Calcium fluoride
Ag3POq: Silver phosphate
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Introduction

1. Introduction

Biofilms are polymicrobial communities adhered onto surfaces, including
surfaces of the human body, consisting of multiple species of microorganisms
embedded within a matrix containing extracellular polysaccharides. They are
spatially and functionally organized by the intimate interactions between their
components and with host tissues in many parts of the body such as the oral
cavity. It is generally accepted that the interactions within and among dental
biofilms, as well as with the host, are potentially responsible for oral health and
disease states'. Periodontal diseases and dental caries are prime examples of
oral infectious diseases that originate from the consequences of the interactions
between microorganisms, hosts, and environment conditions'. The ecological
plaque hypothesis proposed by Marsh describes the shift in microbial
communities during caries development to a predominance of acidogenic and
aciduric species due to changes in local environments driven by dietary factors®.
This breaks the dynamic balance within a symbiotic biofilm and eventually leads
to an imbalance between demineralization and remineralization of tooth
structures>®.

Human life expectancy has increased, leading to an increasing awareness
of dental health, including advanced oral therapeutic modalities. The number of

remaining teeth with gingival recession has become significantly greater in the



elderly population. Once root surface/dentin is exposed to the oral environment,
it is likely to be susceptible to demineralization due to the acidic environment
created by acid-producing bacteria in the supragingival biofilm, leading to the
initiation of root caries”?.

The advancement in current culture-independent molecular approaches
such as high-throughput gene sequencing has facilitated a broader understanding
of the microorganisms in dental biofilms, not only in terms of species
identification and quantification, but also in terms of their roles in regulating oral
status™!°. This consequently opens a new era of microbiome study in which genes
of microbiota living in a community can be investigated!!. The human oral
microbiome project has discovered more than 700 species of prevalent taxa'?.
Although previous studies were unable to define the core microbiome of healthy
supragingival biofilms, several genera were frequently found to be associated
with health, including Streptococcus, Neisseria, Actinomyces, Rothia,
Veillonella, Fusobacterium, and Granulicatella’".

Among the multiple taxa that predominate in dental biofilms, oral
streptococci make up two-thirds of the total commensal population'®. Typical
commensal Streptococcus species, normally recognized as initial colonizers, are
mitis group streptococci, including Streptococcus gordonii, Streptococcus oralis,
and Streptococcus sanguinis'>. Substantial colonization of these species at the
early stage of biofilm development is likely due to their ability to express adhesin

molecules that can effectively bind to receptors in acquired pellicle-covered tooth



surfaces'®. In addition, these streptococci can also interfere with caries-related
pathogens by secreting alkali compound, bacteriocins, and hydrogen
peroxide®!'”!®, However, when there is a shift within the biofilm community
resulting from an environmental disturbance, such as a particularly high
cariogenic carbohydrate intake, some acidogenic and aciduric streptococci, such
as Streptococcus mutans, become more abundant. S. mutans has long been

recognized as a critical causative pathogen of dental caries®!*?’; they were

21,22 2324

detected at a higher abundance in both childhood caries and root caries
using sequencing techniques. Critical pathogenic factors of S. mutans, rather than
their acidogenicity and acid tolerance, include avid glucan synthesis via
glycosyltransferase, which protects biofilms from antimicrobial agent
penetration?%7,

Various clinical approaches for caries management have been
introduced?®%. Silver diamine fluoride (SDF) is one of these approaches that has
gained considerable attention as a caries-preventive agent of choice in the past
decade®®’!. SDF is a clear alkali solution containing 24%-27% silver, 7.5%—
11.0% ammonia, 5%—6% fluoride, and <62.5% water*>* and its application is
known to be safe, easy-to-use, and cost-effective’®. The use of SDF was first
introduced in Japan in the 1970s, but it has not been popular because it blackens

carious lesions, causing esthetic problems. Nonetheless, the Food and Drug

Administration (FDA) finally granted breakthrough therapy designation to SDF
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for use in arresting dental caries in children and adults in 2016°>; SDF has
received more attention since then.

The means of SDF application according to the manufacturer’s guidelines
start with soaking a piece of cotton pellet in a few drops (0.15 to 0.20 mL) of the
solution and then applied to the teeth. The dose may be adjusted according to the
number of affected teeth and symptoms. Subsequently, the teeth surface is rinsed
thoroughly using water or a dilute saline solution. The procedure should be
performed three to four times with intervals of several days*°.

A number of clinical trials have pointed out that the application of SDF
arrested caries progress in primary and permanent dentitions®’, and previous
randomized controlled trials indicated better preventive efficacy of carious
lesions with SDF than without treatment® or treatment with NaF*°. SDF was also
shown to be capable of preventing and arresting root carious lesions in the
elderly**2,

Although the specific mechanism of SDF on carious lesions remains
unclear, previous laboratory studies have shown that the mineral density of
enamel caries and microhardness increased after SDF application**. SDF
protects the collagen fibers from being exposed® and preserves them from
degradation*®, facilitating remineralization. In addition, SDF possesses potent
antibacterial activity against various biofilm models*’. Previous in vitro studies

have shown that SDF significantly inhibits the growth of S. mutans and

Actinomyces  naeslundii mono-species biofilms on dentin  blocks®.

11



Correspondingly, the growth of a dual-species cariogenic biofilm consisting of S.
mutans and Lactobacillus acidophilus was reduced in demineralized dentin
blocks treated with SDF*. Mei et al. investigated the effect of SDF on multi-
species biofilms containing S. mutans, Streptococcus sobrinus, L. acidophilus,
Lactobacillus rhamnosus, and A. naeslundii; the results demonstrated that the
growth of all bacteria was inhibited by SDF*’.

The change in the microbiome at the site of carious lesions after SDF
treatment was also investigated in recent studies utilizing a gene-based
sequencing approach. An RNA sequencing analysis using plaque samples from
preschool children with dental caries revealed no significant differences in
microbial diversity and no consistent changes in the relative abundance of caries-
related microbes between the cavities treated with SDF and those treated with
water’!. The findings from Mei et al. also showed no differences in the overall
microbiota diversity of arrested and active caries 12 weeks after SDF treatment.
Nonetheless, the relative abundance of S. mutans decreased in arrested lesions
yet increased in active lesions®2. This is in line with another study on root carious
lesions, which also observed a decrease in several acid-producing species, such
as S. mutans, post-SDF application®.

According to the studies mentioned earlier, the use of in vitro biofilm
models has been shown to affirm an inhibitory effect of SDF on various microbes.
However, due to many disadvantages, in vitro models cannot mimic natural

biofilm ecosystems in actual oral environments>*; therefore, the development of
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intraoral in situ models has recently become an issue. A systematic review
demonstrated several types of in situ oral devices used for cultivating biofilms for
various specific purposes and reported that buccal devices were the most common
in current biofilm studies®. Our research group used a substrate-holding in situ
device to enable the growth of dental biofilm and observe temporal changes in
biofilm mass, including bacterial composition, using a gene sequencing
approach®. Based on current evidence, there is no study utilizing such an in situ
model to investigate the microbiological changes in terms of biomass and

microbial composition of dental biofilms grown on SDF-treated substrates.
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2. Hypothesis

The null hypotheses of this study were that (I) the application of SDF on
demineralized dentin does not inhibit the growth and viability of biofilms, and
(IT) the microbiome structure of the SDF biofilm community is different from that

of the control biofilm.

3. Objectives

The objective of this study is to investigate the microbiological effects of
applying 38% SDF solution on demineralized dentin on dental biofilm grown in

SItU.

4. Significance of this study

This study extends the microbiological perspective of using SDF as a
topical medication for arresting and preventing dental caries by comprehensively
assessing microbial biofilms in terms of both biomass and community, analyzed
using 16S rRNA sequencing. Based on in situ conditions, this is the first study to
cultivate dental biofilms on SDF-treated substrates that closely mimic the actual
oral situation. These findings may broaden the understanding of the nature of the

antibacterial effect of SDF.
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Materials and methods

1. Materials

The 38% SDF solution used in this study was manufactured by Toyo
Seiyaku Kasei Company (Osaka, Japan) under the trademark of SAFORIDE®.
The Japanese standard product classification number is 87279. The SAFORIDE®
product contained 380 mg of Ag(NH3)2F per milliliter (38% w/v) and had a pH

of 10.

2. Methods

2.1. Volunteer recruitment

The study was approved by the Ethics Committee of the Osaka University
Graduate School of Dentistry (approval No. H29-E17-2). Volunteers who
participated in this study were recruited from the students and staff of the Osaka
University Graduate School of Dentistry. General medical information was
obtained from each volunteer and they were each given an oral health
examination; in particular, the DMFT index and community periodontal index
(CPI) of each volunteer were determined. The inclusion criteria for the

participants were as follows:
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1)

2)

3)

4)

The volunteer did not present with clinical signs of pulpal and
radicular diseases and/or periodontitis.

The volunteer had not taken antibiotic within 3 months of the
experimental period.

The volunteer had no history of smoking.

The volunteer had not been receiving orthodontic treatment or

wearing a denture.

All volunteers who met the inclusion criteria were thoroughly informed

about the study protocols and were asked to sign an informed consent form.

2.2. In situ model

A customized intraoral in situ device made from a thermoplastic sheet was

used in this study. It was a modification of the biofilm model developed in

previous studies®®>’. Devices were separated into left and right pieces, which each

had eight rectangular slots for positioning the dentin slabs. These were used as a

substrate for biofilm cultivation in this study (Fig. 1). The slots were perforated

to create a 1 x 3 mm opening at the buccal surface using a round diamond bur (1

mm in diameter). The device trial and adjustment, such as border smoothing, were

performed on all volunteers prior to the experimental period.
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2.3. Dentin slab preparation

According to Fig. 2, the root dentin of the bovine anterior incisors was cut
into rectangular slabs. First, the bovine roots were cut along the first plane
(thickness) using an Isomet cutting machine (Buehler Ltd., Lake Bluff, IL, USA).
Then, the pieces of the cut dentin were cut along the second plane (width and
length) to the designated dimension (3 X 5 X 1 mm) using a diamond wire saw
(Well Diamond Wire Saws, Inc., GA, USA). The prepared dentin slabs were
sonicated in an aqueous solution of 2.5% sodium hypochlorite for 60 min to
remove the tissue (the solution was replenished every 10 min), and the slabs were
washed with distilled water for 30 s. To mimic the demineralized zone of
superficial carious lesions, the dentin slabs were immersed in a 20% citric acid
solution for 30 min with ultrasonication. The slabs were cleaned again with
distilled water. Half of the dentin slabs were assigned to the control with no
treatment and the other half were treated with 38% SDF solution (SAFORIDE®,
Toyo Seiyaku Kasei Co., Osaka, Japan) for 4 min before washing with distilled
water for 30 s (SDF group). All slabs were subsequently fitted into the intraoral

devices and sterilized using ethylene oxide gas.

2.4. Experimental design
The study volunteers were asked to wear the left and right pieces of the

devices during the same experimental period. Each piece contained eight dentin
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slabs for 96 h to enable biofilm growth. Thus, one period of the experiment
provided 16 specimens for following analyses. Four dentin slabs with biofilms
were randomly extracted from the device at 24, 48, 72, and 96 h from both groups
and were assigned to different biofilm analyses. Each time duration were
specified as day 1 to day 4 respectively in the results. The first slab was used for
viable cell counts, the second slab underwent DNA extraction, the third slab was
used for CLSM analysis, and the last slab was prepared for SEM observation
(Fig. 3). All sample collection procedures for each volunteer were performed
during the same period throughout the experiment. Volunteers were only allowed
to remove the devices during meals and when drinking. Tooth brushing was

allowed, but without toothpaste.

2.5. Viable cell count

After extraction, the dentin slabs were gently washed twice, vortexed for
30 s, and ultrasonicated in distilled water at 4 °C for 15 min to detach the biofilms
from the dentin surface. The resulting bacterial suspension was serially 10-fold
diluted. Droplets from each dilution were cultured on Columbia blood agar plates
with 5% sheep blood (Nippon Becton Dickinson, Tokyo, Japan) and incubated
under aerobic and anaerobic conditions (using an AnaeroPack®, Mitsubishi Gas
Chemical Co., Tokyo, Japan) for 48 h. After incubation, the colonies were

counted and calculated as logio CFU/cm?.
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2.6. Quantification of biofilm-forming cells by real-time PCR

To quantify the number of biofilm-forming cells, real-time PCR was
performed as previously described by Sotozono et al.®’. Bacterial genomic DNA
was extracted from each biofilm sample using a DNeasy PowerSoil Kit (Qiagen,
Hilden, Germany) according to the manufacturer’s instructions and stored at
—80 °C until further analysis. The assays (20 uL) were prepared by mixing 1 pL.
of extracted DNA, 10 uL of SYBR Select Master Mix (Applied Biosystems,
Carlsbad, CA, USA), and 0.5 uL of each bacterial universal primer as shown in
Table 1. The Applied Biosystems 7500 Fast real-time PCR system (Thermo
Fisher Scientific Co., Ltd., Tokyo, Japan) was used, and standard curves were
generated using S. mutans ATCC 25175 genomic DNA to amplify serial
dilutions. The experiments were repeated thrice per sample. Data were acquired
and analyzed using the Applied Biosystems 7500 System SDS software (version
2.0.2, Applied Biosystems).

To investigate the abundance of specific Streptococcus species associated
with health and caries, commensal streptococci, namely S. gordonii and S. oralis,
were chosen, while S. mutans represented caries-associated species. All the
procedures for real-time PCR quantification of these species were the same as

mentioned above using species-specific primers, as shown in Table 1.
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2.7. Confocal microscopy

The dentin slabs with biofilms were washed in distilled water before being
labeled with a LIVE/DEAD BacLight Bacterial Viability Kit L7012 (Invitrogen,
Carlsbad, CA, USA) for 30 min in the dark at room temperature. The slabs were
observed using a confocal laser scanning microscope (LSM700; Carl Zeiss,
Oberkochem, Germany), and five areas on the slabs were randomly selected and
captured. Digital reconstruction was performed on the obtained images using
image analysis software (Imaris 9.2.1; Bitplane AG, Zurich, Switzerland), and
the thickness of the biofilm as well as the volume of the dead and live bacteria

were assessed.

2.8. SEM observation
Biofilm samples were prepared according to a previously described

1°8, The samples were immersed in 50% Karnovsky’s solution for 30 min

protoco
before being dehydrated in a sequence of aqueous ethanol solutions (50%, 70%,
80%, 90%, 95%, and 100%) and transferred into t-butyl alcohol. The specimens
were then freeze-dried (JFD-320; JEOL, Tokyo, Japan) and sputter-coated with
platinum (Sputter Coater SC7620, Quorum Technologies, East Sussex, UK)
before observation under an SEM (JSM-6390LV, JEOL, Tokyo, Japan) using the

secondary electron emission mode at an accelerating voltage of 20 kV.

Magnifications of 5,000 and 7,500 were used.
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2.9. 16S rRNA gene amplicon sequencing

PCR amplification targeting the V1-V2 hypervariable region of the
bacterial 16S rRNA was performed separately using the primer set 27F (5'-
ACACTCTTTCCCTACACGACGCTCTTCCGATCT-NNNNN-AGRGTTTG
ATYMTGGCTCAG-3") and 338R (5'-GTGACTGGAGTTCAGACGTGTG
CTCTTCCGATCT-NNNNN-TGCTGCCTCCCGTAGGAGT-3").  Paired-end
sequencing (2 x 300 bp) of the amplicons was performed using an Illumina
MiSeq platform (Illumina, San Diego, CA, USA) according to standard protocols.
Raw sequences obtained from all samples were de-multiplexed using the Fastq
barcode splitter tool from the Fastx toolkit (version 0.0.13). Only sequences that
exactly matched the start of the reading sequence or the primers used were
extracted. After removing the primer sequence, the QIIME pipeline (version 2.0)
was used to denoise and cluster quality-checked sequences into operational
taxonomic units (OTUs) according to a similarity cut-off of 97% using UCLUST
(version 1.2.22q). Representative sequences for each OTU were aligned using the
Ribosomal Database Project (RDP) Classifier (http://rdp.cme.msu.edu/) against
the Greengenes Database, and each sequence was assigned to the genus level.
The relative abundance of the taxa and alpha and beta diversities were computed

using the QIIME script (version 2.0).
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2.10. Statistical analysis

Statistical analyses were computed in R using RStudio (version 1.2.1335)
for the Mac OS X development environment. All sets of data were tested for
normal distribution using the Shapiro—Wilk test. A repeated measures ANOVA
test was used to compare the mean CFU counts in both aerobic and anaerobic
conditions, including real-time PCR bacterial loads between groups and by days,
followed by the Wilcoxon signed-rank test. Repeated measures ANOVA and
multiple pairwise comparisons with Bonferroni’s correction were used to
compare the means of biofilm thickness in both groups and over different days.
Dead and live cell volumes were calculated as percentage before testing across
group in each day via the Mann—Whitney U Test. Based on the 16S rRNA
sequencing data, Phyloseq and DESeq2 packages were used to perform bacterial
community analysis®>®°. For alpha diversity, the Chaol and Shannon indices,
indicating taxa richness and taxa abundance plus evenness, respectively, were
determined using rarefied OTU tables. The Wilcoxon rank sum test was used to
compare the alpha diversity indices of the control and SDF groups on each day.
The Bray—Curtis dissimilarity, as a beta diversity index, was measured from raw
sequences that had been normalized based on the DESeq2 calculation. Using
SHAMAN, a web application for metagenomic analysis®!, a principal coordinates
analysis (PCoA) plot was generated, and a PERMANOVA test, which
demonstrates the compositional difference across the groups of data, was

performed. All relative abundance comparisons were tested via the Kruskal—
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Wallis test with adjusted p-values using the Benjamin—Hochberg method. For all

tests, a p-value < 0.05 was considered statistically significant.
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Results

1. Recruited volunteers

Ten healthy volunteers (five males and five females) aged 2634 years who
met the inclusion criteria were recruited in this study. According to dental and
periodontal evaluation, the mean DMFT and CPI of volunteers were 3.1 = 2.0

and 2.2 + 1.5, respectively (Table 2).

2.  Viable cell count

Cultivable bacterial cell counts are shown in Fig. 4. The number of viable
cells in the control group increased substantially on the first day of the experiment
in both conditions. Growth continued to increase until day 3 and dropped slightly
under aerobic conditions, while the growth reduced after day 2 for anaerobic
cultivation. Viable cell growth showed the same pattern in the SDF group under
both cultivation conditions; the biofilm grew rapidly in the middle of the
experimental period (from day 2 to day 3). However, a lower count was observed
under aerobic conditions. In comparison, there were significantly lower log CFU
counts in the SDF-treated biofilms than in the control group under both aerobic

and anaerobic conditions throughout the experiment (repeated measure ANOVA,

p <0.01).
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3.  Quantification of biofilm-forming cells by real-time PCR

The number of biofilm-forming cells estimated from the standard curve in
the control groups increased steadily from day 1 to day 3, then more slowly from
day 3 to day 4. However, there was only a slight increase in day 3 and 4 of the
experiment in the SDF group. Similar to the viable cell count results, there were
significantly fewer biofilm-forming cells in the SDF group than in the control
group on all days of the experiment (repeated measure ANOVA, p <0.001) (Fig.

5).

4.  Confocal microscopy

4.1. CLSM image

Representative images from CLSM (Fig. 6A) demonstrated a noticeable
increase in biofilm mass with the number of abundant live cells in the control
group over time. In contrast, the biofilms grown on SDF-treated dentin slabs were
found to be sparse, and red-fluorescent dead cells were apparently enclosed

within microcolonies.
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4.2. Biofilm thickness

The biofilm thickness results were in line with the CLSM images; the
biofilm thicknesses in control and SDF groups increased until the end of the
experimental period. However, SDF biofilms had significantly lower thickness
than the control at all time points of the experiment (repeated measure ANOVA

with multiple pairwise comparisons using Bonferroni’s correction) (Fig. 6B).

4.3. Dead and live cell volume

As shown in Fig. 6C and Table 3, the total biofilm volume in the SDF
group was clearly lower than that in the control group throughout the
experimental period. Furthermore, the proportions of dead cells present in SDF
biofilms were greater than those in biofilms in the control group (Friedman test

with multiple pairwise comparisons using Bonferroni’s correction).

S. SEM observation

To investigate the ultrastructure characteristics of in situ biofilms obtained
from both groups, SEM images at high magnification were taken. Fig. 7 shows
co-aggregations of rod-shaped and columnar microcolonies, which penetrated the
dentinal tubules of bovine root dentin in the control group on the first day. The
biofilm structure became more complex because of the presence of substantial

filamentous and coccal bacteria on subsequent days. In contrast, the
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microcolonies in the SDF group were sparsely detectable on the dentin surface
and were less complex. In addition, small particles of silver precipitated on the

dentin surface could be observed in some SDF group specimens.

6. 16S rRNA gene amplicon sequencing

6.1. Community diversity analysis

The Chaol index was significantly different between the control and the
SDF groups, regardless of the day of the experiment (control, 183.3 + 46.8; SDF,
235.0 = 65.1; adjusted p < 0.001). Similarly, there was a significant difference in
the Shannon index between the groups (control, 4.0 = 0.3; SDF, 4.4 + 0.4;
adjusted p <0.001) (Fig. 8A). However, when each day was analyzed separately,
there were no significant differences in either indices, except on day 2 when the
Shannon index significantly differed between groups. Moreover, both the Chaol
and Shannon indices were similar in each group on day 4 (Fig. 8B).

The PERMANOVA test showed significant differences in beta diversity
based on the Bray—Curtis values of the biofilm communities when the groups
were compared (adjusted p < 0.001), but there were no differences between the
groups when each day was analyzed separately. Similarly, the PCoA plots

showed no clear clustering for any of the factors considered (Fig. 9A, B).

27



6.2. Bacterial profile assessment

Fourteen phyla, 21 classes, 33 orders, 58 families, and 90 genera were
detected across all samples (40 samples from each group) using 16S rRNA
[llumina sequencing. Based on the relative abundance of the taxa, the most
abundant phyla were Proteobacteria (31.5%) and Firmicutes (37.2%) in the
control and SDF groups, respectively (Fig. 10A). At the genus level, the three
most abundant phyla were Neisseria (18.8%), Streptococcus (15.3%), and
Porphyromonas (13.2%) in the control group, and Streptococcus (22.2%),
Haemophilus (11.0%), and Neisseria (10.9%) in the SDF group (Fig. 10B).

Further analyses only included the 20 most dominant genera. Of these, only
two genera, Streptococcus and Actinomyces, significantly differed between the
groups. Both genera had higher relative abundances in the SDF group compared
with the control group at almost every time point (except for Streptococcus on
day 1) (Fig. 11). Despite the significant difference noted, the relative abundance
of the genus Actinomyces was observed to be less than 3% (mean + SD = 2.2 +

0.6%) in the overall population.

7.  Quantification of biofilm-forming cells on specific

streptococci by real-time PCR

The quantity of three streptococcal species consisting of two commensals

(S. oralis and S. gordonii) and one caries-associated species (S. mutans) were
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subsequently examined. All three Streptococci followed a similar pattern; their
cell numbers remained similar until the end of the experiment in the SDF biofilm,
whereas the cell numbers tended to increase steadily in the control group (Fig.
12A). In particular, on days 3 and 4, all three Streptococci had lower cell counts
in the SDF group than in the control group. When data were transformed to
percentages, there were no significant differences for all comparisons (except on

day 2 for S. gordonii) (Fig. 12B).
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Discussion

In this study, an extensive assessment of the effect of SDF treatment, from
a microbiological perspective, was conducted, combining both conventional
cultivation and microbial community profile analyses using a gene sequencing
method. Recently, the emergence of high-throughput sequencing techniques,
such as next generation sequencing (NGS), has drastically transformed the way
researchers study and characterize oral microbiota for a better understanding of
the changes in microbial ecology associated with states of health or disease. The
discovery of new uncultivated species has provided an extensive view of the oral

microbiome in terms of microbiota composition, function, and metabolites®>%3,

A newly designed oral device was utilized in this study as it is capable of
fitting dentin slabs to enable the growth of dental biofilms under natural oral
conditions. Despite its lower hardness than human root dentin®, bovine root
dentin has been suggested as a substrate for investigating anticariogenic agents®.
Several advantageous rationales for using bovine dentin instead of a human
counterpart were proposed, including availability, ease of manipulation, and a
more uniform mineral composition that minimizes the discrepancies in the

experiment®.

Dental caries is the most common oral disease affecting humans of all ages

and all parts of the tooth structure, including smooth root surfaces. Similarly, root
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caries in elderly populations has become a challenging problem for preventive
and restorative dental science. The etiology of root caries is comparable to that
of coronal caries to some extent; the acidic environment created by acidogenic
and aciduric bacteria in the biofilm leads to an imbalance between
demineralization and remineralization on the tooth surface®®’. There are several
factors that cause root caries, such as the structural composition of root and dentin
surfaces® or the presence of gingival crevicular fluid® that may alter the
composition of microbiota living in a biofilm. Therefore, the current study
investigated carious lesions located on the root surface, and the root dentin part
was selected as a representative substrate of human root dentin to investigate

changes in dental biofilm in situ.

SDF has been used for decades to prevent and arrest carious lesions in

h*+%° and in the root surface, particularly in the elderly’®. Although

primary teet
the specific mechanism of SDF in arresting carious lesions has not been
completely elucidated, a number of in vitro studies have been used to investigate
multiple aspects of the efficiency of SDF on dental caries*’. Apart from its

6

efficacy in preventing the degradation of dentin collagen*® and increasing

microhardness and mineral contents after application®*, SDF has been
demonstrated to exert various effects on cariogenic bacteria. The viable cell count

results from the current study corroborate previous laboratory studies*®™° by

demonstrating decreased CFUs in the SDF group under both aerobic and
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anaerobic culture conditions. Similarly, real-time PCR quantification revealed a
significantly lower total number of bacterial cells in the SDF biofilms than in the
control group, indicating that SDF effectively reduced the number of viable cells
in the biofilms formed on dentin slabs. SDF is a complex compound. The silver
and fluoride ions have separate activities. Silver compounds have been
recognized as potent antimicrobial agents in both medicine and dentistry™.
Owing to their trimodal action on a wide range of microorganism’!, silver ions
can bind strongly to sulthydryl groups and proteins on bacterial cell membranes,
eventually causing bacterial cell death and inhibiting biofilm formation’. In
addition, they inactivate intracellular enzymes by interacting with thiol groups.
Silver ions interfere with bacterial DNA synthesis and inhibit bacterial cell
division”>"*. Furthermore, the number of viable cells in the control group, from
both analyses, exhibited a similar trend to that observed in our previous in situ
study using hydroxyapatite (HA) disks>®, suggesting the potential of HA disks to
be used as a practical substrate alternative to bovine root dentin for cultivating
dental biofilms.

Regarding the biomass of the biofilm, CLSM images exhibited noticeably
less biofilm formation on the SDF-treated dentin slabs than in the control with
dead cells. These findings are in accordance with previous in vitro studies**>’,
although the sequence of SDF application was different and our experimental

period was shorter. Consistently, the lower thickness of the SDF biofilms and the

lower viability of bacterial cells, as demonstrated by the dead to live cell ratio,
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indicates the anti-biofilm efficacy of SDF after application on demineralized root
dentin. The CLSM results were in accordance with the ultrastructural
characteristics of the biofilms observed by SEM. The actual maturation of
biofilms was observed in the control group as previously demonstrated in vivo™
and in an in situ study using HA disks>®, which showed the co-aggregation of
various bacteria and the presence of matrix-like structures after 48 h of the
experiment. Biofilms were scarce on the dentin surface treated with SDF, and the
bacterial composition was less complex. In addition, silver particles precipitated
on the SDF-treated dentin surface were also detected, consistent with earlier in
vitro studies*®*’. It has also been suggested that silver and fluoride ions in SDF
interact with HA in the tooth and subsequently form calcium fluoride (CaF») and
silver phosphate (AgiP04)*°. CaF» is a crucial fluoride reservoir that can
eventually react with HA and convert into fluoroapatite, which has been
considered a favorable acid-resistant crystalline that reduces susceptibility to
tooth surface demineralization’® 8, AgsPOs4 reacts with alkali chloride
compounds to form silver chloride (AgCl), which is the major precipitate found
on SDF-treated surfaces*®”’. Due to its low solubility, AgCl has been confirmed
to generate a slow-releasing effect of silver ions, which can sustain antibacterial
properties”. In addition, the pronounced antibacterial effect of SDF was thought
to be derived from the metallic silver nanoparticles, which were also the product
of the reaction of SDF and hydroxyapatite*®. These particles are inert, but after

contact with moisture in the oral cavity, silver ions are released®®. SDF-coated
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root dentin was recently shown to significantly decrease lactate production in S.
mutans®'. For these reasons, SDF is considered an efficient agent for arresting
caries.

The 16S rRNA-based approach could be used as an advanced tool to
expand our understanding of the impact of SDF-treated substrates on the structure
of the microbial community of dental biofilms. The current findings about
biodiversity reject the null hypothesis, as SDF did not significantly affect either
alpha or beta diversities between groups when analyzed on each day. However,
when data from each day were pooled together, the alpha diversity indices of the
SDF group were significantly greater than those of the control, suggesting that
the bacterial taxa detected in the SDF group were richer and more equally
distributed than the control group. Nonetheless, most of the comparisons showed
no significant differences between the groups. These results are consistent with
previous studies of gene sequencing in plaques, investigating the effect of SDF
application on bacterial profiles using plaque samples®>>3,

In agreement with alpha diversity, the PERMANOVA test based on Bray—
Curtis distances showed no significant differences in beta diversity when
comparing biofilm composition at each time point. Bray—Curtis dissimilarity is a
non-Euclidean distance that is frequently used to quantify the compositional
dissimilarity between two different sites in environmental sciences®’. This
measure is usually applied to raw abundance data, but it can also be applied to

relative abundances®. Thus, Bray—Curtis dissimilarity was used as a beta
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diversity index to quantify the difference between samples of biofilm
communities in this study. However, when pooled data were analyzed, the
PERMANOVA test showed that the community structure of the SDF biofilms
was significantly different from that of the control, which is in contrast with a
previous study®. This is probably due to the differences in the experimental
design, the method for normalization including the statistical analysis used®*, and
delayed colonization, which may influence the number of bacterial populations
in the community analysis result and the type of bacterial taxa in the initial
biofilm.

The taxonomic results at the phylum level were in line with previous
findings; Firmicutes and Actinobacteria were predominant in the supragingival
biofilm?*3>, At the genus level, Streptococcus and Neisseria were in the top three
genera detected across all samples. Oral streptococci have long been known as
one of the primary colonizers of tooth structures, as their cell-surface adhesins
facilitate them in binding avidly with surface-coated pellicle-covered tooth
structures'®. Commensal Streptococcus species include S. mitis, S. gordonii, and
S. oralis®®®’. Similarly, Neisseria has been detected at a high frequency in the
human oral microbiome and is regarded as an essential early colonizer®>¥. They
have also been recognized as part of the healthy core oral microbiome®. This
indicates that the biofilms grown on dentin slabs under in sifu conditions in this
study mainly consisted of healthy oral microbiota. Furthermore, when

comparisons of the relative abundance of frequently detected bacteria were
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conducted, there were only two genera, Streptococcus and Actinomyces, whose
relative abundances were noticeably higher in SDF group biofilms. Actinomyces,
a group of gram-positive, mainly facultative anaerobic bacilli, are classified as a

2091 and are also

fundamental component of early colonizers of tooth structures
involved in root caries etiology’*2. The current results regarding the relative
abundance of Actinomyces are somewhat different from a study by Mitwalli et
al., who investigated changes in bacterial profiles in plaque samples collected
from root carious lesions. In their study, they observed a decreasing trend in
several acid-producing species, such as Scardovia and root caries-related
Actinomyces™. However, the relative abundance of Actinomyces in the present
study was still considered low (overall relative abundance less than 3%). Hence,
this genus was not examined further in species-specific quantification analyses.
According to the subsequent quantification of specific streptococci, neither
health- nor caries-related species were affected by treatment with SDF (Fig.
12A,B). The relative quantity of S. mutans was not reduced by SDF treatment in
a recent study conducted in preschool children using plaque samples from SDF-
applied carious lesions®>. Moreover, the relative abundance of S. mutans
decreased after SDF treatment in samples collected from arrested lesions.
However, the findings of the current study may differ with those of previous
studies due to differences in SDF application method, experiment duration, and

gene sequencing protocol. Therefore, interpretation should be performed with

care. All volunteers participated in this study aged under 35 years with relatively
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good oral health status. Hence, the biofilms used in current analyses were still
unable to be entirely mimicked the condition of root caries that tends to occur in
the elderly population. Another limitation of this study is the short experimental
period. The cultivation of biofilms was performed within four consecutive days
of the start of the study because of the practical difficulties associated with
volunteer availability to wear the device for this in situ study, including concerns
about oral hygiene. In addition, the difference among individuals' microbiome in
terms of composition and diversity is another concerning factor in the result
interpretation.

According to the present results, the anti-biofilm efficacy of SDF seems
shorter than expected. To date, there is still no clear evidence indicating the
longevity of SDF treatment in arresting and preventing dental caries. A clinical
study showed that SDF lost its efficacy over time in the elderly if only one
application was performed®. Increasing the application frequency to twice a year
enhanced the arrest rate of dentin caries rather than annual application®*. Based
on clinical studies, 1-2 applications per year are recommended®*. Future work
with standardized methods and longer duration is necessary to affirm previous
findings regarding the effect of SDF on the microbiome and to establish more
evidence on the longevity of SDF. This will contribute to a reliable protocol for

SDF application for dental caries management.
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Conclusions

In conclusion, the application of SDF to demineralized dentin decreased
the growth of dental biofilms and increased the proportion of dead bacterial cells.
SDF did not appear to affect the diversity of the microbiome growing on
demineralized dentin at the end of the experimental period, nor did it alter the
relative abundance of certain streptococci that were or were not associated with
root caries. The noticeable decrease in the biomass of biofilms grown on SDF-
treated dentin may potentially influence the efficacy of SDF in preventing and

arresting caries on root dentin over a result of the change in bacterial composition.
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Tables and figures

Table 1. Primers used in real-time PCR quantification

Target Primer sequence Ref. no.
Universal F: 5" AGRGTTTGATCMTGGCTCAG 3’
bacterial 96-98
primer R: 5" TGC TGCCTCCCGTAGGAGT 3’
.. F: 5 AAACGGAATGCACGATGGAGTCTTG 3’

S. gordonii 99
165 rRNA R: 5" CTCATTAATATTCACAGAGTTTCGG 3’

: F: 5" AGGATAAGGAACTGCACATTGGTC 3’
S. oralis 99
165 rRNA R: 5" TGCATTACTTGGTGATCTCTCACC 3’

F: 5" AGCGTTGTCCGGATTTATTG 3’

S. mutans 100
165 rRNA R: 5" CTACGCATTTCACCGCTACA 3’
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Table 2. Characteristics of the volunteers

Volunteer no. Gender Age DMFT CPI
1 M 31 2 2
2 F 31 2 0
3 M 29 2 3
4 M 34 5 4
5 M 31 3 4
6 F 28 3 0
7 M 30 6 3
8 F 33 2 3
9 F 27 6 2
10 F 26 0 1
M:F =1:1 Median = 30.5 Mean=3.1+2.0 Mean=22=+1.5
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Table 3. Live and dead cell volume determined by CLSM

Control SDF
Day

Live (%) Dead (%) SD* Live (%) Dead (%) SD*
1 99.2 0.8* 2.3 91.0 9.0* 10.8
2 99.9 0.1° 0.2 88.6 11.4° 12.4
3 98.3 1.7¢ 43 87.3 12.7¢ 8.3
4 98.2 1.84 4.1 85.4 14.64 20.5

SD* refers to the standard deviation, which is the same value for both live and
dead cells of each group.

Letters indicate significant differences in the volume of dead cells (%) between
groups at each time point (Mann—Whitney U Test; p < 0.001).
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Figures

Device

N

Dentin slab \

Perforation —

Fig 1. In situ device: An intraoral in situ device made from a thermoplastic sheet
was designed to have eight rectangular slots on the left and eight on the right to
fit the dentin slabs. Each slot was created as a circular perforation, enabling the

growth of the biofilm.
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Fig 2. Dentin slab preparation: Bovine root incisors were cut into designated
dimensions (3 x 5 x 1 mm). Then the slabs were disinfected with 2.5% NaOCI
and were demineralized the surface with 20% citric acid. Half were assigned to
the control group, while the other half were assigned to the SDF group. Control
dentin slabs were fitted to the device after all pre-treatment procedure. The dentin
slabs of the SDF group were treated with 38% SDF solution before being placed
in the device. The devices were sterilized using ethylene oxide gas before the

experiments.
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collected collected collected collected

Oh

« Viable cell count 1slab/day

» DNA extraction 1slab/day
« CLSM analysis 1slab/day
« SEM observation 1slab/day

Fig 3. Experimental design: The volunteers were asked to wear the left and right
pieces of the devices for 96 h to enable the growth of the biofilm. Four dentin

slabs with biofilms were randomly extracted from the device at 24, 48, 72, and

96 h for biofilm analyses.
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Fig 4. Viable cell count: Log CFU counts in aerobic and anaerobic conditions;
data are presented as the mean + SE (standard error) (repeated measure ANOVA,
**%p < (0.001 for the aerobic condition; 'p < 0.05, "p < 0.01, "p < 0.001 for the

anaerobic condition).
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Fig 5. Quantification of biofilm-forming cells by real-time PCR: Number of
total cell were assessed as log CFU per unit data are shown as the mean = SE

(repeated measure ANOVA; "p <0.01, "p <0.001).
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Fig 6. Confocal microscopy: CLSM analysis of biofilms grown on dentin slabs
in the control and the SDF groups using Imaris imaging software. (A)
Representative LIVE/DEAD staining images comparing biofilms in each group
over the days. Live cells were labelled green and dead cells were labelled red
(scale bar, 20 um). (B) Thickness of the biofilm. (mean = SD, repeated measure
ANOVA with multiple pairwise comparisons using Bonferroni’s correction, **
denotes significant difference between groups, p < 0.01; the same letters indicate
significant differences among days within the same group, p < 0.05). (C) live to
dead cell proportion of biofilms (Friedman test with multiple pairwise
comparisons using Bonferroni’s correction, ** indicates significant difference
between groups, p < 0.01; the same letters indicate significant differences among

days within the same group, p < 0.05).
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Fig 7. SEM observation: Representative SEM images of the biofilms in both
groups by days. Red arrow indicates an example of the metallic-like particles

precipitated on dentin slabs.
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Fig 8. Alpha diversity: Shannon and Chaol indices demonstrates the difference

between groups. (A) Pooled data of biofilm from each group regardless of days.

(B) Groups and days were taken into account (mean + SD; A, Wilcoxon rank sum

test; B, Kruskal-Wallis test; *p < 0.05, ***p <0.001).
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Fig 9. Beta diversity: Principal coordinates analysis (PCoA) plot of pooled
biofilm samples from the control and the SDF groups based on Bray-Curtis
dissimilarities. (A) Pooled data of biofilm from each group regardless of days.
(B) Both group and day factors were assessed. Statistical comparisons were

performed using PERMANOVA test.
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Fig 10. Relative abundance of taxa: (A) At the phylum level. (B) At the genus

level.
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Fig 11. Comparison of microbial relative abundance: The relative abundances
of the 20 most dominant genera were further analyzed. The statistical analysis
revealed some significant differences between biofilm groups in Streptococcus
and Actinomyces (mean = SD; Kruskal-Wallis test, *p < 0.05, **p < 0.01, black

circles refer to outliers of the data).
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Fig 12. Quantification of biofilm-forming cells of specific streptococci by

real-time PCR: (A) Cell numbers quantified by log CFU. (B) Percent-

transformed cell numbers (mean = SD, Kruskal-Wallis test, *p < 0.05, **p <

0.01, ***p < 0.001, black circles refer to the outlier of the data).

68



