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Abstract

Nanosilver fluoride-coated orthodontic
elastomerics for inhibition of biofilm

formation and demineralization

Jun-Hyuk Choi

Department of Applied Life Science

The Graduate School, Yonsei University

(Directed by professor Baek-I1 Kim)

In orthodontic treatment, biofilms are easily formed around orthodontic brackets and
are difficult to remove, increasing the risk of dental caries. Thus, this study developed a
nano silver fluoride sustained-release orthodontic elastomerics (NSF-RE), to prevent

biofilm accumulation and white spot lesions (WSLs) formation around orthodontic



brackets, and assessed its chemical and physical properties, along with its anti-biofilm and

demineralization-inhibiting effect for clinical applications.

The first objective of this study was to identify the optimal coating solution conditions
for sustained release of silver nanoparticles (AgNPs), fluoride and to evaluate its physical
properties. The second objective was to assess the antimicrobial persistence and anti-
biofilm effects against Streptococcus mutans (S. mutans), and the third objective was to
evaluate the anti-biofilm and demineralization-inhibiting effects on a multispecies biofilm

model.

In the first study, orthodontic elastomerics were coated with four different
combinations of ethyl cellulose and polyethylene glycol, mixed in varying compositions,
using a dip-coating method. The release amount and duration of AgNPs and fluoride from
the coated elastomerics, along with the compatibility of the tensile force with orthodontic
brackets, was evaluated. Elastomerics coated with solutions containing ethyl cellulose
demonstrated sustained release of both AgNPs and fluoride for 7 days. Cumulative release
for 7 days showed that elastomerics coated with a 2:1 ratio of ethyl cellulose to
polyethylene glycol (NSF-EP2) exhibited significantly higher cumulative release
compared to other groups (P < 0.01). Tensile forces were not significantly different among

groups.

The second study evaluated the antimicrobial persistence and anti-biofilm effects of

the coated elastomerics against S. mutans. The antibacterial effect was assessed by placing



the elastomerics on S. mutans-inoculated agar plates, incubating for 24 h, and then
transferring the elastomerics to fresh agar plates daily for 7 days. The inhibition zone was
measured. The anti-biofilm effect was evaluated by quantifying the colony forming units
(CFUs) and analyzing the biofilm thickness and live/dead cell ratio using confocal laser
scanning microscopy (CLSM) after 64 h of biofilm maturation. NSF-EP2 showed the
largest inhibition zone, significantly larger than NSF and NSF-E by 2.64 and 1.31 times,
respectively (P < 0.001 and P < 0.001, respectively). NSF-EP2 also had 57% lower CFUs
compared to the control (P < 0.001). CLSM results indicated that NSF-EP2 significantly
reduced biofilm thickness by 83% and live/dead cell ratio by 96% compared to the control

(P <0.001), showing the highest anti-biofilm effect among the groups.

The third study assessed the anti-biofilm and demineralization-inhibiting effects of
NSF-RE using a multi-species dental biofilm model. Biofilm was formed on bovine enamel
specimens, and biofilm maturity was evaluated daily for 7 days using quantitative light-
induced fluorescence (QLF) to measure the red/green ratio (R/G ratio). After 7 days of
biofilm formation, cell viability was assessed using CFUs, and biofilm thickness and
live/dead cell ratio were evaluated using CLSM. Microbial composition changes were
analyzed on days 3 and 7 using next-generation sequencing (NGS). Demineralization
inhibition was evaluated by measuring mineral loss (AF, AFm.) in enamel beneath the
biofilm using QLF. The effective range of released substances from the elastomerics was
assessed by measuring enamel AAF at varying distances from the elastomerics. NSF-EP

showed a significantly lower R/G ratio than the control from day 3 (P = 0.013). CFUs

Xi



analysis showed a 9.4% reduction in total bacteria and a 13.0% reduction in aciduric
bacteria compared to the control (P = 0.001 and P = 0.04, respectively). CLSM results
showed a 36.1% reduction in biofilm thickness (P = 0.036), with no significant difference
in live/dead cell ratio. The sum of relative abundance of five bacteria associated with dental
caries (S. mutans, L. fermentum, V. dispar, V. atypica, V. parvula) was lowest in NSF-EP.
NSF-EP significantly increased AF and AFmax by 34.8% and 38.7%, respectively, compared
to the control (P <0.001 and P = 0.001, respectively). There was no significant difference
in AAF at different distances from the elastomerics. NSF-EP, which had the highest
cumulative release of AgNPs and fluoride, showed the greatest anti-biofilm and

demineralization-inhibiting effects in all evaluations.

In conclusion, NSF-RE containing ethyl cellulose demonstrated anti-biofilm and
demineralization-inhiniting effects by continuously releasing AgNPs and fluoride for 7
days, indicating its potential effectiveness in preventing WSLs formation during

orthodontic treatment.

Key words: Nano silver fluoride, Drug delivery system, Anti-caries, Orthodontic elastomerics

Xii



Nanosilver fluoride-coated orthodontic elastomerics

for inhibition of biofilm formation and demineralization

Jun-Hyuk Choi

Department of Applied Life Science

The Graduate School, Yonsei University

(Directed by professor Baek-I1 Kim)

1. Introduction

Dental biofilm is formed by the colonization of oral microorganisms on the tooth surface.
In stagnant sites where proper oral hygiene is not maintained, dental biofilm accumulates,

leading to dental caries and periodontal diseases (Marsh and Bradshaw 1995). Orthodontic



treatment can restore oral function and aesthetics in adolescents and adults, but the various
fixed appliances facilitate the accumulation of dental biofilm around them (Topaloglu-Ak
et al. 2011). Consequently, approximately 60% of orthodontic patients experience one or
more dental biofilm-related diseases post-treatment, with around 15% developing dental
caries that require professional care (Ren et al. 2014). Notably, the prevalence of white spot
lesions (WSLs) in orthodontic patients is reported to be 30.0-70.0%, significantly higher
than the 15.5-40.0% observed in non-orthodontic patients (Heymann and Grauer 2013).
WSLs in orthodontic patients often progress to cavities necessitating restoration,
highlighting the need for meticulous oral hygiene to manage the biofilm accumulation

around fixed orthodontic appliances (Chapman et al. 2010; Kang et al. 2017).

One month after the initiation of orthodontic treatment, the oral microbiota shifts from
normal flora to pathogenic gram-negative bacteria. Additionally, the levels of
Streptococcus mutans (S. mutans) and Lactobacillus known causative agents of dental
caries, increase (Lucchese et al. 2018). Consequently, numerous studies recommend the
use of chemical oral hygiene methods, such as mouthwashes, to prevent dental biofilm-
related diseases in orthodontic patients (Haas et al. 2014; Pithon et al. 2015). Mouthwashes
offer clinical benefits by reducing bacterial load in saliva; however, their antibacterial
efficacy against mature dental biofilm is limited (Marsh 2010; Zaura-Arite, Van Marle, and
Ten Cate 2001). Furthermore, a single application of mouthwashes cannot inhibit biofilm
maturation (Han et al. 2019; Mao et al. 2022). Therefore, to effectively prevent WSLs

formation in orthodontic patients, novel anti-biofilm strategies beyond conventional



mouthwash antibacterial therapies are necessary.

A drug delivery system (DDS) is a method for efficiently delivering drugs to target areas
and has recently been applied in dentistry as a chemical oral hygiene method (Liang et al.
2020). In orthodontics, various elastomerics that release antibacterial agents have been
developed to inhibit dental biofilm formation around brackets (Jeon et al. 2015; Storie,
Regennitter, and Vonfraunhofer 1994). However, fluoride-releasing elastomerics are
controversial due to their low antibacterial efficacy (Miura et al. 2007; Sudjalim, Woods,
and Manton 2006), and elastomerics releasing chlorhexidine (CHX) has side effects
potentials such as tooth staining, change in taste of food, and oral mucosal irritation with
long-term use (Al-Tannir and Goodman 1994; Choi et al. 2022). Therefore, utilizing anti-
caries agents that can overcome these limitations of existing antibacterial elastomers would

more effectively prevent WSLs formation in orthodontic patients.

Nano silver fluoride (NSF) is an anti-caries agent composed of silver nanoparticles
(AgNPs), chitosan, and sodium fluoride. NSF was developed to provide the same effects
as silver diamine fluoride (SDF) without causing tooth discoloration, a significant
drawback of SDF (Santos et al. 2014). Previous studies comparing the antibacterial efficacy
and cytotoxicity of NSF and SDF against S. mutans showed no significant difference in
antibacterial efficacy, but NSF exhibited significantly lower cytotoxicity than SDF in MIC
of S. mutans (Gultom et al. 2019; Targino et al. 2014). The AgNPs in NSF cause cell
membrane damage through lipid peroxidation and oxidative damage to DNA and proteins,

exhibiting high antibacterial activity against cariogenic bacteria like S. mutans and dental

3



biofilm (Pushpalatha et al. 2022). Chitosan, acting as a stabilizing agent in NSF, is a
polycation that inhibits the cellular adherence process of S. mutans, thereby preventing
dental biofilm formation (Ahmed et al. 2019). Additionally, chitosan can inhibit
demineralization by preventing mineral release from enamel (Arnaud, de Barros Neto, and
Diniz 2010). Fluoride prevents caries by adsorbing to the tooth surface, inhibiting mineral
dissolution, promoting remineralization, and coating the surface with acid-resistant
fluorapatite (ten Cate 1999). Therefore, developing a coating solution and method to apply
NSF to orthodontic elastomerics would effectively prevent dental biofilm-related diseases

in orthodontic patients.

Among the various oral bacteria, S. mutans is a primary contributor to cariogenic dental
biofilm formation. S. mutans secretes glycosyltransferases (GTFs), which form glucans that
establish an extracellular polysaccharide (EPS) matrix. The EPS-matured dental biofilm
becomes acidogenic and aciduric, leading to dental caries (Bowen and Koo 2011). During
orthodontic treatment, the levels of S. mutans in saliva and dental biofilm increase, raising
the risk of caries due to the accumulation of cariogenic dental biofilm (Mummolo et al.
2020; Rosenbloom and Tinanoff 1991). Thus, an antimicrobial treatment strategy to reduce

S. mutans in the oral cavity is necessary to prevent caries in orthodontic patients.

Additionally, the oral cavity harbors over 700 species of microorganisms, and dental
biofilm is composed of multiple species (Aas et al. 2005). Multispecies dental biofilm
increases antibacterial resistance through interactions between different species within the

community (Hall and Mah 2017), Therefore, evaluating the anti-biofilm efficacy of newly

4



developed anti-caries agents against multispecies dental biofilm is crucial for assessing

their clinical applicability.

The in vitro dental microcosm biofilm model, which uses human saliva as the inoculum,
simulates the diversity and heterogeneity of microorganisms within actual dental biofilm,
replicating the human oral environment (Wong and Sissions 2001). Therefore, this study
aimed to develop NSF coated orthodontic elastomerics (nano silver fluoride sustained-
release orthodontic elastomerics; NSF-RE) by exploring the optimal coating solution
combination. The antibacterial and demineralization-inhibiting effects of NSF-RE were
comprehensively evaluated using the dental microcosm biofilm model to explore their

clinical applicability.

The detailed objectives of this study are as follows. The first study aimed to evaluate the
optimal coating solution composition by comparing and analyzing the release amount of
AgNPs, fluoride, and tensile strength among elastomerics coated with different solution
compositions. The second study aimed to evaluate the antibacterial persistence effect of
NSF-RE against S. mutans and the anti-biofilm effect against S. mutans biofilm. The third
study aimed to comprehensively evaluate the anti-biofilm and demineralization-inhibiting

effects of NSF-RE using a multispecies dental microcosm biofilm model.

The null hypotheses of this study were as follows. In the first study, there were no
differences in AgNPs release, fluoride release, and tensile strength among elastomerics

coated with different solution compositions. In the second study, the antibacterial



persistence and anti-biofilm effect of NSF-RE against S. mutans would not be different
from that of the negative control. In the third study, the anti-biofilm and demineralization-
inhibiting effects of NSF-RE against dental microcosm biofilms would not be different

from those of the negative control.



2. Materials and Methods

In the first study, the presence of NSF was confirmed using a UV-Vis spectrophotometer
and transmission electron microscopy (TEM). The release of AgNPs and fluoride from
NSF-RE for 7 days was quantified using a UV-Vis spectrophotometer and a fluoride
electrode, respectively. while the mechanical properties were assessed through tensile
strength. In the second study, the antimicrobial persistence of NSF-RE against S. mutans
was evaluated using an agar diffusion test, and the anti-biofilm effect was assessed through
colony-forming units (CFUs) and confocal laser scanning microscopy (CLSM). The third
study evaluated the anti-biofilm effect of NSF-RE using an in vifro microcosm biofilm
model, assessing biofilm maturity through red/green ratio (R/G ratio), CFUs, CLSM, and
microbial composition. The demineralization-inhibiting effect was evaluated by enamel
fluorescence loss (AF, AFmax). The effective distance of the substances released from the

elastomerics was evaluated by AAF (Fig. 1).
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Figure 1. Flow diagram of the assessment of nano silver fluoride sustained-release

elastomerics development and evaluation.



2.1 Chemical and mechanical properties of nano silver fluoride-sustained

release orthodontic elastomerics (Study I)

2.1.1 Preparation of nano silver fluoride

NSF used in this study was prepared based on previous research (Targino et al. 2014).
To produce the NSF colloidal solution, silver nitrate (AgNOs3) was reduced using sodium
borohydride (NaBH4), and the compound was stabilized with chitosan biopolymer. In detail,
chitosan (2.5 mg/mL) was dissolved in 1% acetic acid and stirred overnight with a magnetic
stirrer. The chitosan mixture was then filtered using a vacuum filter and transferred to an
ice-cold bath. With vigorous stirring, AgNO3 (0.11 mol/L) was added to the mixture,
followed by the dropwise addition of prepared NaBH4 (0.8 mol/L). The mixture was
removed from the ice-cold bath, and sodium fluoride (10,147 ppm) was added and stirred
overnight to produce NSF with concentrations of 399.33 pug/mL AgNPs, 2,334 ug/mL

chitosan, and 10,147 pg/mL fluoride.

2.1.2 Preparation of nano silver fluoride sustained-release orthodontic

elastomerics

To coat the elastomerics with NSF, four experimental coating solutions were prepared
by mixing ethyl cellulose (EC; N100, Sigma-Aldrich, MO, USA) and polyethylene glycol
6000 (PEG; Duksan, Ansan, Korea) in different compositions with dichloromethane (DCM;
JUNSEI, Tokyo, Japan) containing NSF. The prepared coating solutions exhibited

concentrations of 92 pg/mL AgNPs, 537 pg/mL chitosan, and 2,334 pg/mL fluoride. Four

9



experimental groups were denoted: a coating solution without EC and PEG (NSF), a
solution with EC only (NSF-E), a solution with EC and PEG at a 4:1 ratio (NSF-EP1), and
a solution with EC and PEG at a 2:1 ratio (NSF-EP2) (Table 1). Orthodontic elastomerics
(TP Orthodontics, IN, USA) of 1/8 inch, 0.005g, forces of 3.2 0z (20 mm) and 3.7 oz (30
mm) were washed with sterilized distilled water (DW) and dried in a 60°C oven for 1 h.
The elastomerics were then dipped in each coating solution using the dip coating method.
The elastomerics were dipped once in the prepared coating solution, and dried at room
temperature for 1 h, and the process was repeated twice to produce the coated elastomerics.
The three groups of elastomerics coated with solutions containing EC (NSF-E, NSF-EP1,
NSF-EP2) were denoted as NSF-RE (Fig. 2). Uncoated and dried elastomerics were

denoted as the negative control.
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Table 1. Chemical compositions of the coating solutions for making orthodontic

elastomerics.
Drug Polymer Plasticizer Solvent
(mL) (mg) (mg) (mL)
Groups
Nano silver Ethyl Polyethylene ..
fluoride cellulose glycol 6000 DS
Control — — — —
NSF 0.3 — — 1
NSF-E 0.3 20 — 1
NSF-EP1 0.3 20 5 1
NSF-EP2 0.3 20 10 1

NSF, Nano silver fluoride; E, ethyl cellulose, EP; ethyl cellulose with polyethylene glycol 6000.
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Figure 2. Flow diagram of preparing and evaluating nano silver fluoride sustained-release

orthodontic elastomerics in studies 1 and 2.
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2.1.3 Sustained release effects of silver nanoparticles and fluoride from

the coated elastomerics

To evaluate the sustained release of AgNPs and fluoride from the coated elastomerics,
20 coated elastomerics were fixed to orthodontic ligature wires and immersed in 4 ml of
DW in 8 ml vials, which were kept in a 37°C incubator. The DW was replaced at intervals.
During the first 24 h, DW was replaced at 1, 4, 8, 12, and 24 h, and subsequently every 24
h up to 168 h. The concentrations of AgNPs and fluoride in the remained DW were
measured to evaluate the cumulative release from the coated elastomerics. This procedure

was repeated three times.

To evaluate the cumulative release of AgNPs from the coated elastomericss, standard
AgNPs of varying concentrations were prepared, and their absorbance was measured using
a UV-Vis spectrophotometer to create a calibration curve. The absorbance of DW samples

at each time point was then measured and converted to AgNP concentrations.

For evaluating the cumulative release of fluoride from the coated elastomerics, an Orion
ionplus Fluoride Electrode 9609 (Orion Research, MA, USA) and a pH/ISE meter were
used. Standard fluoride solutions of different concentrations were prepared, and TISAB 11
was added in a 1:1 (V/V) ratio to create a calibration curve. The fluoride concentration in

the DW samples at each time point was then measured.
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2.1.4 Tensile force of the coated elastomerics

To ensure that the elastomerics coated with each coating solution could be stably
attached to orthodontic brackets, tensile strength was measured using a universal testing
machine (Instron 3366, MA, USA). The tensile force (N) required to stretch each

elastomerics at 2 mm/min or 3 mm/min was measured for a total of 10 elastomerics per

group.
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2.2 Antibacterial activity of NSF-RE on S. mutans (Study II)

2.2.1 Bacterial strain

S. mutans ATCC 25175 (Korea Research Institute of Bioscience and Biotechnology,
Seoul, Korea) was inoculated in Brain Heart Infusion (BHI) broth and cultured at 37°C
with 10% CO; for 24 h. The culture was mixed with 80% glycerin at a 1:1 ratio to prepare
a stock. The stock was stored at —80°C, and the same stock was used for each experiment.

2.2.2 Antimicrobial persistence effects of the coated elastomerics against

Streptococcus mutans

The antibacterial effect of the coated elastomerics on S. mutans was evaluated using the
agar diffusion test as described by a previous study (Jeon et al. 2017). Pre-incubated 10’
CFU/ml S. mutans 100 pL in BHI broth was inoculated and spread on BHI agar. Four
coated elastomerics were placed on the surface of the inoculated BHI agar and incubated
at 37°C with 10% CO; for 24 h. The coated elastomerics were then carefully transferred to
fresh BHI agar inoculated with S. mutans. This process was repeated for 7 days. After 7
days, the BHI agar with inhibition zones was photographed with a digital camera, and the
diameter of the inhibition zones around each of the coated elastomerics was measured using
the ImagelJ analysis program (Image] with 64-bit Java 1.8.0 112 National Institute of

Health, USA). This process was repeated three times.
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2.2.3 S. mutans biofilm formation

Hydroxyapatite (HA) discs with elastomerics attached to the center were prepared using
the method described by a previous study (Choi et al. 2022). A sterilized microbrush tip
(cut to 3 mm; TPC, CA, USA) was fixed on the sterilized HA disc surface using the
composite resin (DenFil Flow, VERICOM, Chuncheon, Korea) to complete the specimens.
A modified version of the S. mutans biofilm model described by a previous study was used
in this study (Guggenheim et al. 2004). Each specimen was immersed in 1.5 ml of artificial
saliva (pH 6.8, containing 2.2 g/L gastric mucin, 0.381 g/L NaCl, 0.213 g/L. CaCl,'2H,0,
0.738 g/L KH,PO4, and 1.11 g/L. KCI) in a 24-well plate and incubated at 37°C with 10%
CO; for 4 h to form an acquired pellicle. The specimens were then transferred to a mixture
of 800 pl artificial saliva, 800 pl Todd Hewitt yeast extract broth, and 200 ul S. mutans
adjusted to 107 CFU/ml and incubated at 37°C with 10% CO,. After 16 h of biofilm
formation, the specimens were rinsed three times with DW to remove planktonic bacteria.
The specimens were then transferred to a fresh artificial saliva-broth mixture to promote
biofilm regrowth. This process was repeated after 40 h, and the biofilm was cultured for a

total of 64 h (Fig. 3).
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Figure 3. Flow diagram of the experimental procedures for evaluating the anti-biofilm

effect of the coated elastomerics against S. mutans biofilm.

2.2.4 Cell viability in S. mutans biofilm

To evaluate the anti-biofilm effect of the coated elastomerics, CFUs of S. mutans were
counted from the biofilm on 9 specimens per group. The specimens with the 64 h
matured biofilm were rinsed three times with 1.5 ml of DW to remove loosely attached
planktonic bacteria and transferred to a 15 ml conical tube, containing 1 ml of DW. The
samples were then vortexed for 1 min and sonicated at 40 kHz for 1 min. The bacterial
suspension was serially diluted, plated on BHI agar, and incubated at 37°C with 10%

CO; for 48 h, followed by CFU counting.
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2.2.5 CLSM analysis of S. mutans biofilm

For quantitative analysis of the biofilm thickness and live/dead cell ratio of S. mutans,
confocal laser scanning microscopy (CLSM; LSM880, Carl Zeiss, Jena, Germany) was
used. The 64 h matured biofilm was stained using the LIVE/DEAD BacLight Bacterial
Viability Kit (Molecular Probes, Eugene, OR, USA). Live bacteria were stained with
SYTO9, exhibiting green fluorescence, and dead bacteria were stained with propidium
iodide, exhibiting red fluorescence. Five random locations on each specimen were imaged
as Z-stacks, and two specimens per group were analyzed. The acquired images were
processed using the COMSTAT plug-in (Technical University of Denmark, Kongens

Lyngby, Denmark) in ImagelJ to calculate the biofilm thickness and live/dead cell ratio.

2.3. Anti-biofilm and demineralization-inhibiting effects of NSF-RE on dental

microcosm biofilms (Study III)

2.3.1 Enamel specimen preparation

Bovine incisors without cracks or white spots were sectioned (8§ mm in diameter and 3
mm thick) and polished with 600, 800, 1,000, and 1,200 grit sandpapers. To evaluate the
mineral loss of enamel beneath the biofilm by fluorescence loss (AF, AFmax), half of the
prepared enamel specimens were covered with acid-resistant nail varnish (Nail Top Coat,

Innisfree, Seoul, Korea) (Kang and Kim 2021). After the nail varnish dried, the specimens
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were embedded in sterile acrylic molds 1 mm below the surface to create enamel specimens.
The specimens were sterilized using an autoclave, and a 3 mm sterilized microbrush tip
(TPC, CA, USA) was fixed in the center with light-cured acrylic resin (Ortho-Jet Powder,
Jet Liquid, IL, USA). In Study 3, two experimental groups were denoted: one with a
solution containing only EC (NSF-E) and the other with a solution containing EC and PEG
in a 2:1 ratio (NSF-EP). All elastomerics coated with the prepared solutions were named
NSF-RE (Fig. 4). Three elastomerics from each group were attached to the tip, completing

the specimens for this experiment (Fig. 5)
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Figure 4. Flow diagram of preparing and evaluating nano silver fluoride sustained-release

orthodontic elastomerics in study 3.
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(B)

Figure 5. Images of enamel specimens representing the oral cavity of orthodontic
patients. (A) Top view, (B) Side view.
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2.3.2 Formation of dental microcosm biofilms

Microcosm biofilms were formed using the model developed by a previous study (Lee
et al. 2018). Stimulated saliva from healthy adult males without caries or periodontal
disease and who had not performed any oral hygiene for 24 h was used as the inoculum.
Ethical approval for saliva collection was granted by the Ethics Committee of Yonsei
Dental Hospital (IRB No. 2-2023-0054) and conducted according to the guidelines of the
Helsinki Declaration. Collected saliva was filtered through sterilized glass wool to remove
debris, mixed with sterilized glycerol, and prepared as a stock solution of 30% saliva and
70% glycerol. The stock solution was stored at —80°C and used consistently for each
experiment. Each specimen was inoculated with 1.5 ml of saliva in a 24-well plate and
incubated at 37°C with 10% CO, for 4 h to form an acquired pellicle. After 4 h, the saliva
was carefully aspirated from the wells, and 1.5 ml of basal medium mucin with 0.3%
sucrose was added. The 24-well plates containing the specimens were incubated at 37°C in
an anaerobic environment (80% N, 10% CO,, and 10% H,). Specimens were rinsed three
times with cysteine peptone water (CPW) every 24 h and transferred to new wells

containing 1.5 ml of fresh medium to induce biofilm regrowth for 7 days (Fig. 6).
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Figure 6. Flow diagram of the experimental procedures for evaluating the anti-biofilm

effect of the coated elastomerics against dental microcosm biofilms.

2.3.3 Biofluorescence detection of dental microcosm biofilms and image

analysis

To assess biofilm maturation using changes in biofluorescence, images were captured
with a quantitative light-induced fluorescence-digital (QLF-D) Biluminator device
(Inspektor Research Systems, Amsterdam, The Netherlands). All specimens were imaged
under conditions of 1/45 s shutter speed, 7.2 aperture, and ISO speed of 1,600 at 24 h

intervals for 7 days. The red fluorescence intensity of the biofilm was compared using the
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ImagelJ analysis program (ImageJ with 64-bit Java 1.8.0 112, National Institute of Health,
USA). Areas of interest (AOI) were set to exclude the elastomerics in the center and only

cover the biofilm on the specimen surface to calculate the R/G ratio.

2.3.4 Cell viability in dental microcosm biofilms

To evaluate the inhibitory effects of NSF-Ef and NSF-EP on dental microcosm biofilm
formation, total and aciduric bacteria CFUs were measured after 7 days of maturation. Each
specimen with a 7-day matured biofilm was rinsed three times with 1.5 ml of CPW to
remove loosely attached planktonic bacteria, then transferred to a 15 ml conical tube
containing 2 ml of CPW. The samples were vortexed for 1 min and sonicated at 40 kHz for
1 min. The bacterial suspension was serially diluted and spread on 5% tryptic soy broth
blood agar plates (for total bacteria) and brain heart infusion agar plates adjusted to pH 4.8
(for aciduric bacteria). The plates were incubated anaerobically at 37°C for 72 h, and CFUs

were counted to evaluate biofilm cell viability.

2.3.5 CLSM analysis of dental microcosm biofilms

The 7-day matured biofilm was stained using the LIVE/DEAD BacLight Bacterial
Viability Kit. Each specimen was imaged at five randomly selected locations using CLSM
(LSM900, Carl Zeiss, Jena, Germany) as Z-stacks, with two specimens per group imaged.
The acquired images were analyzed using the COMSTAT plug-in in Imagel to calculate

biofilm thickness and live/dead cell ratio.
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2.3.6 Microbiome taxanomic profiling of dental microcosm biofilms

Total DNA was isolated using the Maxwell RSC PureFood GMO and Authentication Kit
(Promega) following the manufacturer's guidelines. PCR amplification was conducted with
fusion primers targeting the V3 to V4 regions of the 16S rRNA gene from the extracted
DNA. For bacterial amplification, the fusion primers used were 341F (5°-
AATGATACGGCGACCACCGAGATCTACAC-XXXXXXXX-TCGTCGGCAGCGTC-
AGATGTGTATAAGAGACAG-CCTACGGGNGGCWGCAG-3’; target region primer
sequence underlined) and 805R (5’-CAAGCAGAAGACGGCATACGAGAT-
XXXXXXXX-GTCTCGTGGGCTCGG-AGATGTGTATAAGAGACAG-
GACTACHVGGGTATCTAATCC-3’). The fusion primers comprised P5 (P7) graft
binding, i5 (i7) index, Nextera consensus, sequencing adaptor, and target region sequence.
The amplification protocol included initial denaturation at 95°C for 3 minutes, 25 cycles of
denaturation at 95°C for 30 seconds, primer annealing at 55°C for 30 seconds, and
extension at 72°C for 30 seconds, followed by a final elongation at 72°C for 5 minutes.
PCR products were verified using 1% agarose gel electrophoresis and visualized with a Gel
Doc system (BioRad, Hercules, CA, USA). The amplified products were purified using
CleanPCR (CleanNA). Equal concentrations of purified products were pooled, and short
fragments (non-target products) were removed with CleanPCR (CleanNA). The quality and
product size were evaluated on a Bioanalyzer 2100 (Agilent, Palo Alto, CA, USA) using a
DNA 7500 chip. The mixed amplicons were sequenced at CJ Bioscience, Inc. (Seoul,

Korea), using the Illumina MiSeq Sequencing system (Illumina, USA) according to the
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manufacturer’s protocol.

The processing of raw reads began with a quality check and filtering of low-quality reads
(<Q25) using Trimmomatic ver. 0.32 (Bolger, Lohse, and Usadel 2014). After passing
quality control, paired-end sequences were merged using the fastq mergepairs command
of VSEARCH version 2.13.4 (Rognes et al. 2016) with default parameters. Primers were
trimmed using the alignment algorithm of Myers & Miller (Myers and Miller 1988) at a
similarity cutoff of 0.8. Non-specific amplicons, not encoding 16S rRNA, were identified
using nhmmer (Wheeler and Eddy 2013) in the HMMER software package ver. 3.2.1 with
hmm profiles. Unique reads were extracted, and redundant reads were clustered with the
unique reads using the derep_fulllength command of VSEARCH (Rognes et al. 2016). The
EzBioCloud 16S rRNA database (Yoon et al. 2017) was utilized for taxonomic assignment
via the usearch_global command of VSEARCH?2, followed by precise pairwise alignment
(Myers and Miller 1988). Chimeric reads were filtered by reference-based chimera
detection using the UCHIME algorithm (Edgar et al. 2011) and the non-chimeric 16S
rRNA database from EzBioCloud. Reads not identified to the species level (<97%
similarity) in the EzBioCloud database were clustered de novo using the cluster fast
command?2 to generate additional OTUs. OTUs with single reads (singletons) were

excluded from further analysis.

2.3.7 Fluorescence imaging of enamel and image analysis

After 7 days of biofilm maturation, the biofilm on the specimen surface was removed to
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observe the enamel fluorescence loss. The nail varnish on the enamel surface was removed
using acetone (Duksan, Ansan, Korea), and the specimen surface was completely dried
with an air-dryer for 15 s. Fluorescence images of the enamel surface were obtained using
QLF-D with a shutter speed of 1/45 s, aperture of 7.2, and ISO speed of 1,600. The captured
images were analyzed using the QA2 program (Version 1.24, Inspektor Research System
BV, Amsterdam, The Netherlands) with the White Spot Patch function to calculate the
fluorescence loss (AF; %) and maximum fluorescence loss (AFmax; %) (Fig. 7, A). To
evaluate the effective distance of AgNPs and fluoride released from the elastomerics, AF
(%) was calculated at three points at 1 mm intervals starting from the point of
demineralization initiation (Fig. 7, B). The difference in AF (%) between the experimental

and control groups was calculated to obtain AAF for NSF-E and NSF-EP.

(A) (B)

Figure 7. Area of interest (AOI) of QLF images using QA2J software. (A) AOI of the
demineralized area of the specimen, (B) AOI at varying distances from the sound area.
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2.3.8 Statistical analysis

Statistical analyses were performed using the Statistical Package for the Social Sciences
(SPSS) version 27.0 (SPSS Inc, Chicago, IL, USA) with a significance level of 0.05. A
sample size of at least 9 per group was used for all evaluations. Parametric statistical
methods were applied for normally distributed data, and non-parametric methods were used
for non-normally distributed data. A One-way ANOVA with Tukey's post hoc test was
conducted to examine differences in AgNPs and fluoride release, S. mutans biofilm cell
viability, and all evaluation parameters in microcosm biofilms between groups. The
Kruskal-Wallis test followed by the Mann-Whitney U test was used to analyze differences
in tensile strength, inhibition zones, and S. mutans biofilm thickness and live/dead cell
ratios between groups. Microbial diversity calculations were performed using the
EzBioCloud 16S-based MTP bioinformatics cloud platform from CJ Bioscience, Inc.
(Seoul, Korea). The alpha diversity index (Shannon) and beta diversity distances using

Bray-Curtis were calculated to visualize differences between samples.
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3. Results

3.1 Chemical and mechanical properties of nano silver fluoride-

sustained release orthodontic elastomerics (Study I)

3.1.1 Characterization of the nano silver fluoride

The NSF fabricated in this study was evaluated using UV-Vis spectroscopy (JASCO V-
650 Spectrophotometer, Tokyo, Japan). The results showed a maximum peak at 397 nm,
which is consistent with the spectrum of chitosan-stabilized AgNPs (Fig. 8, A). The
morphology and dispersion of the NSF particles were assessed using TEM, revealing
spherical particles with an average diameter of 9.56 + 3.26 nm and monodisperse

characteristics (Fig. 8, B).

29



(A)

Absorbance

300 400 500 600 700

Wavelength (nm)

(B)

Figure 8. Nano silver fluoride (NSF) characterization. (A) UV-Vis spectra of NSF, (B)

Transmission electron microscopy image of NSF.
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3.1.2 Silver nanoparticles release from the coated elastomerics

The NSF-RE groups containing EC continuously released AgNPs for 7 days, whereas
NSF without EC ceased releasing AgNPs within 48 h (Fig. 9). Comparing the amount of
AgNPs released across different groups, the amount of AgNPs released increased until day
7. The cumulative amount of AgNPs released for 7 days was 16.9 ppm for NSF, 44.2 ppm
for NSF-E, 43.3 ppm for NSF-EP1, and 63.8 ppm for NSF-EP2, with NSF-EP2 showing
significantly higher cumulative release than other groups (P < 0.001). Within the first 12 h,
the release amounts were 80% for NSF, 58% for NSF-E, 76% for NSF-EP1, and 85% for
NSF-EP2, with NSF-EP2 exhibiting significantly faster release (P < 0.001). From 12 h to
7 days, the release amounts were 3.4 ppm for NSF, 18.7 ppm for NSF-E, 10.2 ppm for
NSF-EP1, and 9.4 ppm for NSF-EP2, with NSF-E releasing 5.5 times more AgNPs than

NSF (Fig. 9).
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Figure 9. Cumulative mass of AgNPs released from the coated elastomerics (n = 20).
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3.1.3 Fluoride release from the coated elastomerics

Evaluation of the fluoride release duration from the coated elastomerics showed that the
NSF-RE groups containing EC continuously released fluoride for 7 days. Conversely, NSF
group ceased releasing fluoride within 12 h (Fig. 10). The amount of fluoride released
increased until day 7 in all groups. The cumulative amount of fluoride released for 7 days
was 5.6 ppm for NSF, 7.2 ppm for NSF-E, 8.4 ppm for NSF-EP1, and 9.2 ppm for NSF-
EP2, with NSF-EP2 showing the highest release. NSF-EP2 released significantly more
fluoride than NSF and NSF-E by factors of 1.64 and 1.28, respectively (P < 0.001 and P =
0.001, respectively). Within the first 12 h, the release amounts were 98% for NSF, 83% for
NSF-E, 65% for NSF-EP1, and 79% for NSF-EP2, with NSF exhibiting significantly
higher release rates than the other groups (P < 0.001). However, from 12 h to 7 days, the
release amounts were 0.1 ppm for NSF, 1.2 ppm for NSF-E, 3.0 ppm for NSF-EP1, and 2.0
ppm for NSF-EP2, with NSF-EP1 releasing the most (Fig. 10). The NSF-EP2, which
contained EC and PEG in a 2:1 ratio, released the most AgNPs and fluoride for 7 days

compared to the other groups.
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Figure 10. Cumulative mass of fluoride released from the coated elastomerics (n = 20).
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3.1.4 Tensile force of the coated elasteomrics

To evaluate if the antimicrobial-coated orthodontic elastomerics with NSF and EC could
be stably attached to orthodontic brackets, a tensile strength evaluation was conducted. The
results showed that the tensile strength increased with the elongation of the elastomerics;
however, there were no statistically significant differences in tensile strength between the
groups based on the presence or absence of coating and the type of coating solution (Table

2).
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Table 2. Tensile force of the coated elastomerics (Unit: N).

Groups 2 mm tensile strength 3 mm tensile strength
Control 4.53 (0.64)* 5.55(0.50)*
NSF 4.40 (0.50)* 5.43 (0.43)*
NSF-E 4.21 (0.46)* 5.26 (0.47)*
NSF-EP1 4.65 (0.70)* 5.57 (0.67)*
NSF-EP2 4.36(0.31)* 5.28 (0.34)*

Data represent mean (standard deviation) values. NSF, nano silver fluoride; E, ethyl cellulose, EP;
ethyl cellulose with polyethylene glycol 6000. Different small letters within the same column
indicate significant differences between groups by Kruskal-Wallis test with post hoc Mann-Whitney

U test (P < 0.05, n = 10).
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3.2 Antibacterial activity of NSF-RE on S. mutans (Study II)

3.2.1 Antimicrobial persistence effect on S. mutans

To evaluate the antimicrobial persistence of the coated elastomerics, the inhibition zone
on the surface of BHI agar inoculated with S. mutans was measured (Fig. 11, A). On day 7,
the inhibition zone for NSF-EP2 (8.51 mm) was significantly larger than that for NSF (3.22
mm) and NSF-E (6.49 mm), by factors of 2.64 and 1.31, respectively (P < 0.001 and P <
0.001, respectively). However, there was no significant difference compared to NSF-EP1
(7.28 mm). Groups containing EC (NSF-E, NSF-EP1, NSF-EP2) exhibited significantly
larger inhibition zones, 2.31 times greater than those without EC (NSF) (P <0.001, Fig. 11,

B).
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Figure 11. Antimicrobial persistence effect for different coated elastomerics groups
against S. mutans. (A) Inhibition zone for 7 days, (B) Diameter of the inhibition zone
(mm) on day 7. Different small letters (a, b, ¢, d) indicate significant differences between

groups by Kruskal-Wallis test with post hoc Mann-Whitney U test, P < 0.05; n = 12.
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3.2.2 Cell viability of S. mutans biofilm

The evaluation of cell viability in 64 h mature S. mutans biofilm showed reductions of
2% for NSF, 43% for NSF-E, 50% for NSF-EP1, and 57% for NSF-EP2 compared to the
control group. The CFUs in EC-containing groups (NSF-RE) were significantly lower than
those in the control (P < 0.001). Among NSF-RE groups, NSF-EP2 exhibited 24%

significantly lower CFUs compared to NSF-E (P < 0.001, Fig. 12).
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Figure 12. Viable bacteria in 64 h mature S. mutans biofilm grown in the different groups.
Different small letters (a, b, ¢) indicate significant differences between groups by ANOVA

test with post hoc Tukey HSD test, P < 0.05,n=9.
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3.2.3 Thickness and live/dead cell ratio of S. mutans biofilm

The thickness and live/dead cell ratio of the 64 h mature biofilm were evaluated using
CLSM. Compared to the control, all EC-containing NSF-RE groups showed significant
reductions. The specimens with EC-coated elastomerics had less S. mutans biofilm
formation and a higher proportion of dead cells compared to live cells, as confirmed by
CLSM images (Fig. 13). Specifically, NSF-EP2 showed an approximately 83%
significant reduction in biofilm thickness (P < 0.001) and a 96% significant reduction in

the live/dead cell ratio (P < 0.001, Table 3).
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Figure 13. Confocal laser scanning microscopy images showing live/dead cells in stained

S. mutans biofilms after 64 h, by group.



Table 3. Quantitative analysis of thickness and live/dead cell ratio of S. mutans biofilm

using COMSTAT (1 = 10).

Groups Thickness (um) Live/dead cell ratio
Control 127.86 (14.55)* 1.08 (0.34)?
NSF 102.37 (36.95)* 1.05 (0.29)?
NSF-E 42.81 (9.92)° 0.14 (0.10)°
NSF-EP1 32.79 (8.19)° 0.07 (0.04)°
NSF-EP2 21.43 (3.24)¢ 0.04 (0.02)°

Data represent mean (standard deviation) values. NSF, nano silver fluoride; E, ethyl cellulose, EP;
ethyl cellulose with polyethylene glycol 6000. Different small letters (a, b, ¢, d) within the same
column indicate significant differences between groups by Kruskal-Wallis test with post hoc Mann-
Whitney U test (P < 0.05).
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3.3 Antimicobial activity of NSF-RE on dental microcosm biofilms

(Study IIT)

3.3.1 Red fluorescence of dental microcosm biofilms

The R/G ratio was observed for 7 days of biofilm maturation after saliva inoculation,
showing a gradual increase in all groups (Figs. 14, 15). After 3 days of biofilm formation,
the R/G ratio in NSF-E and NSF-EP groups was significantly lower than in the control
group (P=0.012 and P =0.013, respectively). On day 7 of biofilm formation, the R/G ratio
in control was significantly higher than in NSF-E and NSF-EP by 27% and 34%,

respectively (P = 0.029 and P = 0.004, respectively).
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Figure 14. Fluorescence images of dental microcosm biofilms matured for 7-day under

various treatments.
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Figure 15. Changes in red/green ratio of dental microcosm biofilms grown in the different

treatment groups according to maturation time.
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3.3.2 Cell viability of dental microcosm biofilms

When the total bacteria and aciduric bacteria counts in 7-day mature biofilm were
converted to LogioCFU/ml, the NSF-E and NSF-EP groups showed reductions of 6.8% and
9.4%, respectively, in total bacteria compared to the control group (P =0.02 and P=0.001,
respectively, Fig. 16, A). Additionally, aciduric bacteria decreased by 11.4% and 13.0%,
respectively, compared to the control group (P = 0.078 and P = 0.04, respectively, Fig. 16,

B)
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Figure 16. (A) Total viable and (B) Aciduric viable bacteria in 7-day mature dental
microcosm biofilms grown in the different treatment groups. Different small letters (a, b)
indicate significant differences between groups by ANOVA test with post hoc Tukey HSD

test, P<0.05; n=09.
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3.3.3 Thickness and live/dead cell ratio of dental microcosm biofilms

The thickness and live/dead cell ratio of the 7-day mature biofilm were observed using
CLSM. The average thickness of the biofilm in the control group was 94.09 (standard
deviation; 35.85) um. Compared to the control group, the biofilm thickness reductions for
NSF-E and NSF-EP were 34.9% and 36.1%, respectively, with both groups showing
significantly reduced thickness (P = 0.043 and P = 0.036, respectively, Fig. 17, Table 4).
For the live/dead cell ratio, NSF-E and NSF-EP exhibited increases of 14.9% and 3.0%,
respectively, compared to the control group, which had a ratio of 0.67 (0.15). However, no

significant differences were observed among all groups (Fig. 17, Table 4).
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Figure 17. Confocal laser scanning microscopy images of live/dead cells on stained
dental microcosm biofilms after 7 d in the different treatment groups.
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Table 4. Quantitative analysis of thickness and live/dead cell ratio of each treated 7-day

mature dental microcosm biofilms using COMSTAT (n = 10).

Groups Thickness (um) Live/dead cell ratio
Control 94.09 (35.85)* 0.67 (0.15)
NSF-E 61.25 (19.84)° 0.77 (0.29)?
NSF-EP 60.16 (28.66)° 0.69 (0.29)*

Data represent mean (standard deviation) values. NSF, nano silver fluoride; E, ethyl cellulose, EP;
ethyl cellulose with polyethylene glycol 6000. Different small letters (a, b) within the same column
indicate significant differences between groups by ANOVA test with post hoc Tukey HSD test (P <
0.05).
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3.3.4 Changes of microbial profile in time

The alpha diversity of the biofilm was analyzed using the number of OTUs and the
Shannon diversity index (Table 5). The results showed that as the biofilm matured, OTUs
increased in all groups. The increase in OTUs was lower in NSF-E and NSF-EP compared
to the control group, with NSF-EP showing the lowest OTUs during the biofilm maturation
period. The Shannon diversity index results also indicated that diversity increased as the
biofilm matured, with the control group showing the highest increase. There were no

significant differences in the index among the groups (Table 5).

Comparing the changes in microbial composition among the groups using PCA plots,
the saliva inoculum clustered separately from the biofilm, and NSF-E was closer to the

control than NSF-EP (Fig. 18).

To analyze the microbial composition of biofilm treated with NSF-RE, biofilms matured
for 3 and 7 days after saliva inoculation were sampled. The relative abundance (RA) of
bacteria species with over 1% presence in the biofilm was presented, and other taxa were
grouped as "other" (Fig. 19). Streptococcus and Veillonella were the most abundant genera

in all microcosm biofilms.

Additionally, the RA of five bacteria known to be associated with dental caries
(Streptococcus mutans and Lactobacillus fermentum) and those found in cariogenic
dysbiotic biofilms (Veillonella dispar, Veillonella atypica, Veillonella parvula) were

compared among the groups (Fig. 20). NSF-EP showed relatively lower RA for all five
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bacteria in both 3-day and 7-day biofilms compared to the other groups. The highest RA in

the 3-day mature biofilm treated with NSF-EP was observed for Veillonella rogosae, a

potential biomarker of non-cariogenic oral microbiome, with RA of 2.1% and 2.3% in

control and NSF-E treated biofilms, respectively.

Table 5. Number of OTUs and the Shannon diversity index of biofilms in different groups.

Number of OTUs

Shannon diversity index

Groups

Day 3 Day 7

Day 3 Day 7

Control 141 (16.97)* 283 (20.51)?

NSF-E 146 (83.44)° 195 (55.86)°

NSF-EP 93 (14.14) 147 (46.67)

1.93 (0.03)*  2.30 (0.15)°

2.07 (0.13)°  2.11 (0.06)®

2.10 (0.37)°  2.12 (0.06)°

Data represent mean (standard deviation) values. NSF, nano silver fluoride; E, ethyl cellulose, EP;
ethyl cellulose with polyethylene glycol 6000. Different small letters within the same column
indicate significant differences between groups by ANOVA test with post hoc Tukey HSD test (P <

0.05).
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Figure 18. Principal component analysis (PCA) plots of saliva, day-3 (open symbols) and
day-7 (filled symbols) dental microcosm biofilms in all groups.

53



100%

90%

80%

70%

60%

50%

40%

Relative abundance (%)

30%

20%

10%

0%

Control

NSF-E

NSF-EP

Day

mother

W KE952139_s

W Streptococcus salivarius
@ Streptococcus pharyngis
@ Actinomyces graevenitzii
O Streptococcus peroris
CAGY_s

@ Veillonella_uc

@ Streptococcus pneumoniae
W Streptococcus_uc

W Lactobacillus plantarum
B Streptococcus mutans

| Veillonella parvula

B Granulicatella adiacens
m Veillonella rogosae

@ Veillonella atypica

B Streptococcus anginosus
@ Lactobacillus fermentum
@ Veillonella dispar

@ Streptococcus sinensis
@ Streptococcus parasanguinis

Figure 19. Relative abundance (average of replicates) of the top 20 most abundant
bacterial species (remaining species are grouped as “other”) in day-3 and day-7 biofilms.
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Figure 20. Relative abundance (average of replicates) of acidogenic and aciduric bacterial

species in day-3 and day-7 biofilms.
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3.3.5 Fluorescence loss of enamel specimen on QLF images

The AF (%) obtained from images taken with QLF-D reflects the percentage of mineral
loss in enamel, enabling the quantification of WSLs. Evaluating the enamel under the 7-
day mature biofilm with QLF revealed a loss of intrinsic fluorescence (Fig. 21). Compared
to the control group, only the NSF-EP group showed a significant increase in AF (%) by
34.8% and AFmax by 38.7% (P < 0.001 and P < 0.029, respectively, Table 6). Evaluating
the effective distance of AgNPs and fluoride released from the elastomerics using AAF
indicated that AAF decreased as the distance from the elastomerics increased, but no

significant differences were observed among all groups (Table 7).
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Figure 21. Fluorescence images of enamel discs under the 7-day mature dental
microcosm biofilms according to treatment with (A) Control, (B) NSF-E, and (C) NSF-
EP.
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Table 6. AF (%) and AFmax (%) values in 7-day mature dental microcosm biofilms in the
different treatment groups (n =9).

Groups AF AFmax

Control -14.92 (3.18)° -26.38 (6.23)°
NSF-E -13.14 (1.71)° -22.53 (4.94)"
NSF-EP -9.73 (1.76)° -16.17 (3.09)°

Data represent mean (standard deviation) values. NSF, nano silver fluoride; E, ethyl cellulose, EP;
ethyl cellulose with polyethylene glycol 6000. Different small letters (a, b) within the same column
indicate significant differences between groups by ANOVA test with post hoc Tukey HSD test (P <
0.05).
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Table 7. AAF values based on distance from elastomerics attached to the specimen (n =9).

AAF
Distance
(mm)
NSF-E NSF-EP
0 2.23 (4.07)2 5.51 (5.62)?
1 1.43 (3.80)? 4.87 (4.81)
2 1.33 (4.17)? 3.43 (3.86)?

Data represent mean (standard deviation) values. NSF, nano silver fluoride; E, ethyl cellulose, EP;
ethyl cellulose with polyethylene glycol 6000. Different small letters within the same column
indicate significant differences between groups by ANOVA test with post hoc Tukey HSD test (P <
0.05).
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4. Discussion

In this study, we developed orthodontic elastomerics that continuously release AgNPs
and fluoride to inhibit the formation of WSLs in orthodontic patients. The chemical and
mechanical properties of the developed elastomerics were investigated. The clinical
applicability of NSF-RE was evaluated through its anti-biofilm and demineralization-
inhibiting effects on S. mutans and microcosm biofilms. The NSF-RE, coated with a
solution combining EC and PEG, continuously released AgNPs and fluoride from the
elastomeric surface for 7 days. The tensile strength of the coated elastomerics showed no
statistically significant differences among the groups. Additionally, NSF-RE demonstrated
antibacterial persistence effects against S. mutans and effectively inhibited the formation
of S. mutans and microcosm biofilms. Particularly, the elastomeric coated with a solution
composed of EC and PEG in a 2:1 ratio effectively inhibited enamel demineralization
caused by multi-species biofilms. Therefore, applying orthodontic elastomerics coated with

this solution could prevent WSLs caused by biofilm in orthodontic patients.

In the first study, we aimed to develop orthodontic elastomerics that continuously release
AgNPs and fluoride to inhibit WSLs formation in orthodontic patients and to investigate
their chemical and mechanical properties. The NSF-RE (NSF-E, NSF-EP1, and NSF-EP2)
containing EC in the coating solution continuously released significantly higher amounts
of AgNPs and fluoride for 7 days compared to the NSF group without EC. This is believed

to be due to the formation of a matrix membrane formed by the EC film on the elastomeric
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surface. EC, a hydrophobic polymer with excellent biocompatibility, can embed various
antimicrobial substances such as AgNPs, tetracycline, and CHX (Joshi et al. 2016).
Additionally, EC is known to induce the sustained release of embedded substances through
aqueous pores and an osmotic pressure mechanism (Ozturk et al. 1990). Previous studies
have shown that EC-coated wafers can continuously release approximately 30% of silver
ions for 7 days (Bromberg, Buxton, and Friden 2001). Similarly, another study reported
that local sustained release devices coated with EC continuously released about 40% of
fluoride for 7 days (Shani, Friedman, and Steinberg 1998). Thus, EC can facilitate the
sustained release of AgNPs and fluoride, as evidenced by the sustained release of CHX
from elastomerics coated with a similar solution composition for 7 days in a previous study

(Jeon et al. 2017).

In this study, among the three NSF-RE groups, the two groups with PEG added to the
coating solution (NSF-EP1 and NSF-EP2) showed significantly higher cumulative release
of AgNPs and fluoride. This is attributed to the plasticizer properties of PEG to EC. PEG
is a nontoxic, water-soluble polymer with excellent biocompatibility and biodegradability.
PEG is known to form pores when combined with other polymers and to promote
interconnection between pore networks, thereby increasing the cumulative release of drugs
(Palmer etal. 2011). According to a previous study, EC films containing PEG released more
fluoride than films without PEG (Friedman 1980). In a previous study evaluating the
release of metronidazole from EC-coated gelatin microspheres, the cumulative release of

metronidazole increased with higher PEG concentrations (Phadke, Manjeshwar, and
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Aminabhavi 2014). Furthermore, NSF-EP2, with a 2:1 ratio of EC to PEG in the coating
solution, exhibited significantly higher cumulative release and faster release rates of AgNPs
and fluoride compared to NSF-EP1, which had a 4:1 ratio. This is likely due to changes in
the EC matrix structure depending on the PEG ratio. Previous studies evaluating the release
of metoprolol tartrate from EC microspheres showed that the permeability of the EC matrix
increased with higher PEG concentrations, resulting in faster release of metoprolol tartrate
(Malipeddi, Awasthi, and Dua 2016). Similarly, a study on the release of metronidazole
from EC films reported that higher PEG concentrations increased film permeability, leading
to faster release of metronidazole (Golomb et al. 1984). Therefore, this study also
confirmed that EC films with higher PEG concentrations resulted in greater cumulative

release and faster release rates of AgNPs and fluoride.

To evaluate the mechanical properties of NSF-RE, we assessed the tensile strength of
antimicrobial coatings elastomerics composed of NSF and EC. The results showed no
significant differences in tensile strength among all groups regardless of coated or coating
solution. This is attributed to the breaking stress of the EC matrix coating on the elastomeric
surface being greater than the maximum tensile strength applied to the elastomeric (5.55N).
Previous studies using the same casting solvent to produce EC film matrix without
plasticizers showed a breaking stress of approximately 9.86 N/mm?, while those with
plasticizers ranged from 7.49 to 13.26 N/mm? (Hyppold, Husson, and Sundholm 1996).
Additionally, a previous study reported no differences in tensile strength between

elastomerics coated with EC and those without, while evaluating the sustained release of
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CHX from the elastomeric surface (Jeon et al. 2015). Therefore, orthodontic elastomerics
coated with EC or EC-PEG mixtures do not affect the tensile strength required for

attachment to orthodontic brackets.

In the second study, we evaluated the antibacterial persistence and inhibition of biofilm
formation effects of NSF-RE against S. mutans, a well-known cariogenic bacteria. The
antibacterial persistence effect of NSF-RE against S. mutans was evaluated by measuring
the inhibition zone on day 7, and all NSF-coated elastomerics showed inhibition zones.
This is attributed to the elastomeric surface being coated with AgNPs above the MIC. In a
previous study evaluating the antibacterial efficacy of nano silver fluoride against S. mutans
ATCC 25175, the MIC and MBC were 33.54 pg/mL and 50.32 pg/mL, respectively (dos
Santos Junior et al. 2017). In this study, 92 ug/mL of AgNPs was applied to the elastomeric

surface, resulting in the observed inhibition zones.

However, there were differences in the diameter of the inhibition zones among the groups,
which is attributed to the differences in the cumulative release and release rate of AgNPs.
A previous study evaluating the inhibition zones of S. mutans by elastomerics with
sustained CHX release found that the diameter of the inhibition zones increased with the
cumulative release of CHX (Jeon et al. 2017). Additionally, a previous study showed that
EC films containing PEG exhibited a larger inhibition zone diameter over 27 days
compared to films without PEG (Friedman et al. 1985). When applying antibacterial agents
in the oral cavity using DDS, it is crucial to maintain an appropriate concentration that

ensures both efficacy and safety. Therefore, NSF-EP2, which showed the highest
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cumulative release of AgNPs for 7 days, is expected to be the most effective in preventing

WSLs in orthodontic patients.

In this study, NSF-RE treated 64 h mature biofilms showed significantly lower CFUs,
biofilm thickness, and live/dead cell ratio compared to the control group. This indicates
that AgNPs released from NSF-RE effectively acted on S. mutans and maintained their
activity throughout the biofilm formation period (64 h). AgNPs are known to attach to the
cell wall and membrane of bacteria, inhibiting membrane permeability and inducing the
loss of cellular components (Shrivastava et al. 2007). Additionally, AgNPs penetrate the
bacteria, attaching to sulfur and phosphorus groups in DNA, leading to DNA damage
(Hamed et al. 2017). The antibacterial activity of AgNPs is size-dependent, with
nanoparticles of 1-10 nm diameter exhibiting strong antibacterial activity (Morones et al.
2005). The AgNPs produced in this study had an average diameter of 9.56 nm, resulting in
strong antibacterial activity against S. mutans. A previous study evaluating the antibacterial
persistence effect of orthodontic band cement releasing AgNPs (cumulative release of
approximately 55 png) showed antibacterial activity against S. mutans for up to 28 days
(Moreira et al. 2015). Another study evaluating the biofilm inhibition effect of chitosan-
stabilized AgNPs reported that AgNPs and chitosan inhibited the surface attachment of S.
mutans and reduced biofilm thickness due to their strong antibacterial activity (Divakar et
al. 2018). Additionally, a study evaluating the biofilm inhibition effect of nano silver
fluoride containing 9.3 nm spherical AgNPs on S. mutans biofilm using CLSM found that

it had a significant anti-biofilm effect, completely killing cell viability of biofilm (Freire et
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al. 2015). In this study, the NSF group showed antibacterial persistence effects against S.
mutans but did not inhibit the formation of S. mutans biofilm. NSF ceased releasing AgNPs
within 48 h and showed 72%, 54%, and 44% lower cumulative release than NSF-E, NSF-
EP1, and NSF-EP2, respectively. Therefore, its inhibitory effect on planktonic S. mutans
before biofilm formation was low, and the additional release of AgNPs was insufficient
during the biofilm formation and maturation process, leading to limited inhibition of S.
mutans biofilm. This study confirmed that the combination of EC and PEG increased the
cumulative release and duration of AgNPs release, especially when the PEG concentration
in the EC film increased, promoting interconnection between pore networks and increasing
the cumulative release of AgNPs. Thus, the sustained release of AgNPs from NSF-RE
effectively showed antibacterial activity against S. mutans during the biofilm maturation

period and inhibited the formation of single-species biofilms.

In the third study, we evaluated the anti-biofilm and demineralization-inhibiting effects
of NSF-RE using an in vitro dental microcosm biofilm model. NSF-RE showed effective
inhibition of microcosm biofilm formation through the sustained release of AgNPs and
fluoride. Notably, NSF-EP, with a 2:1 ratio of EC to PEG in the coating solution, effectively
inhibited demineralization compared to the control group. Therefore, using NSF-EP in

orthodontic patients is expected to effectively prevent WSLs formation.

After 7 days of biofilm formation, the red fluorescence of NSF-RE was significantly
lower than that of the control group, indicating inhibited biofilm maturation. QLF

technology detects and quantifies biofilm maturation by showing red fluorescence of
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endogenous metal-free fluorescent porphyrins. These porphyrins are formed during
bacterial metabolism in the oral cavity when exposed to 405 nm blue visible light (Kim et
al. 2014; Van der Veen et al. 2006). According to a previous study that evaluated the
efficacy of antimicrobial agents using QLF technology, the R/G ratio, which represents red
fluorescence values, decreased as the concentration of antimicrobial agents exposed to the
biofilm increased (Lee et al. 2018). In this study, the decreased red fluorescence of NSF-
RE compared to the control indicates that the sustained release of AgNPs from NSF-RE
affected the composition and metabolic activity of secondary colonizers within the biofilm
(Kim et al. 2014). Thus, the antimicrobial action of NSF-RE likely reduced the amount of
red-fluorescing metabolites produced by bacterial metabolic interactions. This finding was
supported by the changes in the microbial composition. During biofilm maturation, the
composition of facultative anaerobes changes to obligate anaerobes (Coulthwaite et al.
2006; Han et al. 2019). In this study, the RA of Veillonella (a gram-negative obligate
anaerobe) increased by 20.5% as the microcosm biofilms matured in the control group.
Meanwhile, Veillonella decreased by 8.9% and 14.6% in the biofilms treated with NSF-E
and NSF-EP, respectively. This indicates that NSF-RE effectively inhibited biofilm

maturation.

Additionally, biofilms treated with NSF-RE showed a decrease in total and aciduric
bacteria CFUs and biofilm thickness compared to the control. This suggests that the
sustained release of AgNPs from NSF-RE effectively acted on microcosm biofilms

throughout the maturation period (7 days). A previous study applying 0.4% stannous
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fluoride gel to in vivo and in vitro polymicrobial biofilm models reported no significantly
changes in plaque reduction and microbial composition (Reilly et al. 2014). Moreover,
previous studies have shown that fluoride treatment did not exhibit significant anti-biofilm
effects on microcosm biofilms (Hwang and Kim 2021; Souza et al. 2018). However, AgNPs
could pass through the biofilm matrix and reach bacterial cells due to their small size,
thereby exhibiting anti-biofilm effects (Di Giulio et al. 2013). Previous studies evaluating
the antibacterial effect of AgNPs on subgingival plaque showed that AgNPs inhibited
plaque maturation by approximately 17.4% (Espinosa-Cristobal et al. 2019; Espinosa
Cristobal 2021). The method of applying the antimicrobial agent also influenced the
biofilm inhibition effect. A Study evaluating the regrowth of polymicrobial biofilms under
mouthwash treatment found that CFUs of biofilm and lactic acid production recovered, and
biofilm regrowth occurred within 2 days, regardless of the antimicrobial type and
concentration (Han et al. 2019). Thus, our study confirmed that AgNPs continuously act on
biofilms, which was also corroborated by the observed reduction in biofilm OTUs. It is
known that antimicrobial treatment of biofilms reduces OTUs (Brookes et al. 2020; Mao
et al. 2022). In our study, both NSF-E and NSF-EP showed lower OTUs on days 3 and 7
and a reduced increase rate in OTUs (day 3 to day 7) compared to the control. This indicates
that NSF-RE, which releases AgNPs has a continuous antibacterial effect on polymicrobial

biofilms, effectively inhibiting biofilm formation.

NSF-E and NSF-EP significantly inhibited the formation of S. mutans biofilm, but only

NSF-EP showed a significantly antibacterial effect on aciduric bacteria in dental
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microcosm biofilms. This is likely due to the higher resistance of polymicrobial biofilms
to antimicrobial agents compared to single-species biofilms. Polymicrobial biofilms can
enhance their structure and increase antimicrobial resistance through quorum signaling and
metabolic cooperation (Elias and Banin 2012). A study comparing the antimicrobial
resistance of single and dual species biofilms of S. mutans and V. parvula showed
significantly higher resistance in dual species biofilms compared to single-species biofilms
(Kara, Luppens, and ten Cate 2006). Therefore, the biofilm inhibition effect of NSF-RE
was lower in dental microcosm biofilms formed with saliva as the inoculum, and among
NSF-RE groups, NSF-EP, which had 44.2% higher cumulative release of AgNPs, exhibited

a more significantly anti-biofilm effect.

A notable finding of this study is that the microbial composition of biofilms treated with
NSF-RE did not shift towards pathogenicity. Recent studies evaluating the effects of
antimicrobial agents on the microbial composition of in vitro dental biofilms have reported
an increase in the abundance of pathogenic microorganisms due to antimicrobial use
(Chatzigiannidou et al. 2020; Zayed et al. 2022). Additionally, the change in microbial
composition of biofilms can vary depending on the type of antimicrobial agent. A previous
study which treated in vitro dental biofilms with CHX and CPC for 7 days under
mouthwash treatment, found that the abundance of taxa related to dental caries increased
in CHX-treated biofilms, while the abundance of taxa related to gingivitis increased in
CPC-treated biofilms (Mao et al. 2022). Furthermore, recent studies have indicated that the

use of CHX, known as the gold standard antimicrobial, can shift the normal flora to
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pathogenic microbiota (Brookes et al. 2020). In contrast, in this study, the biofilms matured
for 3 days treated with NSF-EP had a 28.2% lower total RA of bacteria associated with
dental caries (S. mutans, L. fermentum, V. dispar, V. atypica, V. parvula) compared to the
control, and a 23.2% lower RA on day 7. Additionally, the Shannon diversity of NSF-RE
showed no significantly difference from the control, indicating that NSF-RE does not
reduce biofilm diversity. According to ecological theory, communities with high richness
of bacterial species are healthier and more resilient to disturbances than those with low
richness of bacterial species (Levine and D'Antonio 1999). Thus, reduced biofilm diversity
can increase the risk of oral diseases (Chatzigiannidou et al. 2020). Therefore, from an anti-
biofilm perspective, NSF-RE effectively inhibits biofilm formation without shifting the

microbial composition towards pathogenicity.

Using QLF to evaluate the mineral loss formed under the biofilm matured for 7 days, it
was found that the AF and AFn.x of the specimens treated with NSF-EP were significantly
higher than that of the negative control group. This confirms the demineralization-
inhibiting effect of NSF-EP. The fluorescence loss (AF, AFmax) detected by QLF is an
indicator for assessing the degree of demineralization of the teeth and enables the
quantification of white spot lesions (Choi et al. 2022; Van der Veen and de Jong 2000). The
demineralization inhibition of the specimens treated with NSF-EP is attributed to the
fluoride released from NSF-RE acting on the enamel to form CaF, before biofilm formation.
A previous study evaluating the enamel remineralization efficacy of fluoride in the presence

of biofilm indicated that fluoride efficacy was significantly reduced in the presence of
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biofilm (Kang and Kim 2021). Another study evaluating the demineralization inhibition
effect of CaF, formed on enamel without biofilm reported a high correlation (» = -0.75)
between fluoride release and enamel demineralization inhibition (Tenuta et al. 2008). In
this study, the demineralization-inhibiting effect is considered to result from the fluoride
released from NSF-RE acting on the specimen surface before biofilm formation.
Additionally, a previous study evaluating the cumulative fluoride release of 5% NaF
varnish (Duraphat®) applied to specimens of the same size (8 mm x 8 mm) as in this study
found that approximately 39.44 ppm of fluoride was released for 7 days, with about 69.5%
released within 24 h (Piesiak-Panczyszyn et al. 2023). A previous study reported that after
maturing microcosm biofilms on the enamel surface treated with 5.42% NaF varnish for
14 days, the lesion depth was approximately 44.3% shallower (Souza et al. 2018). In this
study, the specimens combined with NSF-EP cumulatively released about 27.6 ppm of
fluoride for 7 days, with about 86.0% released within 24 h. Although the amount was
relatively lower than that of the fluoride varnish, it effectively inhibited demineralization

(AF increased by approximately 34.8%; lesion depth decreased by approximately 23.3%).

The AF and AFm.x of specimens treated with NSF-E were lower than that of NSF-EP,
which is attributed to the cumulative fluoride release for 7 days being 21.3% less than NSF-
EP, with about 88.1% of fluoride being rapidly released within 24 h. Additionally, the RA
of the cariogenic bacteria on day 3 of biofilm formation was higher in NSF-E, which is
believed to have influenced the AF and AF .. The greater anti-biofilm effect of NSF-EP is

also thought to have contributed to the AF and AFnax. AgNPs enhance antibacterial activity

70



in acidic environments and exhibit strong antibacterial effects on polymicrobial biofilms.
A previous study evaluating the antibacterial effect of AgNPs on Lactobacilli reported that
the acidic growth environment of Lactobacilli promotes AgNPs dissolution, excessive
hydroxyl radical production, and increased intracellular ROS, resulting in high antibacterial
activity (Tian et al. 2018). Additionally, a previous RCT study evaluating the biofilm
microbial composition of dental caries lesions in primary dentin after 1 month of NSF
application found that S. mutans decreased by 21.3% and Lactobacilli by 13.9% (Ammar
et al. 2022). Therefore, the higher demineralization-inhibiting effect observed in NSF-EP
is attributed to the 52.7% greater AgNPs release within 12 h and the 44.2% greater
cumulative release for 7 days. Thus, AgNPs and fluoride released from NSF-EP act on the

biofilm, exhibiting anti-biofilm effects and effectively inhibiting enamel demineralization.

For the clinical use of NSF-RE, safety is a crucial factor. This study found that NSF-RE
released approximately 64 ppm of AgNPs and 9 ppm of fluoride for 7 days. Previous
research evaluating the hemolytic activity of NSF on human erythrocytes reported that a
100 pg/mL concentration of nano silver fluoride colloid did not exhibit toxicity to any type
of erythrocyte (Targino et al. 2014). Another study evaluating the biocompatibility of silk
fibroin membranes coated with nano silver fluoride reported no cytotoxicity to mouse
fibroblast cell lines (L929 cell line) (Pandey et al. 2021). However, for the clinical
application of NSF-RE, in vivo studies are necessary. Additionally, a limitation of this study
is that the anti-biofilm and demineralization-inhibiting effects of NSF-RE were evaluated

for only 7 days. Orthodontic elastomerics used as ligature materials typically have a
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replacement cycle of about 30 days. A previous clinical study evaluating the sustained
antibacterial effect of orthodontic ligature elastomerics releasing CHX for 7 days reported
that, 28 days after ligation, S. mutans in saliva decreased by approximately 80%, and S.
mutans on the elastomeric surface also significantly decreased by 50% compared to the
control group (Mehrabi, Feizbakhsh, and Tahmorespour 2021). Thus, it is believed that
antimicrobial agents continue to act on the oral cavity and the elastomeric surface for about
30 days after the release period. However, additional evaluations of the demineralization-
inhibiting effect and sustainability of AgNPs and fluoride released from NSF-RE in the
actual oral environment are needed. Moreover, while this study focused on elastomerics as
ligature materials for brackets, the specimens used were in a form where elastomerics were
attached to the surface. Although the study results of calculating the AAF of the specimens
based on the distance from the elastomerics confirmed that the active substances acted
throughout the specimen, the study could not directly confirm the effect of the active

substances on the distance between the bracket and the enamel surface.

Although this study evaluated the anti-biofilm and demineralization-inhibiting effects of
NSF-coated orthodontic ligature elastomerics, it is believed that the coating method can
also be applied to elastics used in class III orthodontic treatment or separator elastics used
in interdental separation. This could effectively prevent oral diseases occurring during

orthodontic treatment or biofilm-related diseases induced by elastomerics.
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5. Conclusion

The NSF-EP (EC:PEG/2:1) developed through this study released the highest amounts
of AgNPs and fluoride for 7 days compared to elastomerics coated with other solution
compositions. Furthermore, there was no significant difference in tensile strength compared

to regular elastomerics, indicating its applicability to orthodontic brackets.

NSF-RE effectively inhibited the formation of S. mutans and dental microcosm biofilms,
with NSF-EP, which had the highest fluoride release, showing significant inhibition of
enamel demineralization. Based on these results, using NSF-RE could enable orthodontic
patients to manage oral hygiene easily and effectively, thereby preventing the formation of

WSLs caused by biofilm.
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