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Objectives: The first objective of this study was to prepare sodium fluoride (NaF) solution with
various concentrations of polyethylene glycol-coated silver nanoparticles (PEG-AgNPs).
The second objective was to study the antibacterial activity against Streptococcus mutans and
the tooth-staining effect of the solution.

Methods: PEG-AgNPs were prepared via the one-step chemical reduction of silver acetate
with thiolated polyethylene glycol. The PEG-AgNPs were characterized with ultraviolet-
visible spectrometry and transmission electron microscopy. The half maximal inhibitory
concentration (IC50) for the PEG-AgNPs against Streptococcus mutans and human gingival
fibroblasts (HGF-1) were determined. The staining effect on dentin and enamel for the 2.5%
NaF solutions with PEG-AgNPs at 12,800, 6400, 1600, and 400 ppm was investigated using
digital spectrophotometry. The IC50 of the fluoridated silver nanoparticles against
Streptococcus mutans were measured.

Results: The PEG-AgNPs have an average diameter of 2.56+0.43 nm and showed excellent
stability at high ionic strength (2.5% NaF) for 18 months. The IC50 of PEG-AgNPs against
Streptococcus mutans was found to be 21.16+1.08 ppm silver, which was half of IC50
against HGF-1 cells (42.36+1.12 ppm), providing a working range to kill bacteria with no
harm to human cells. The formulations with different concentrations of PEG-AgNPs showed
no significant staining of teeth. Combining PEG-AgNPs with NaF significantly expanded the
therapeutic window against Streptococcus mutans by reducing its IC50.

Conclusion: A biocompatible solution of NaF with PEG-AgNPs was developed. Because it
has antibacterial activity against Streptococcus mutans and no tooth-staining effect, it can be
used as an anti-caries agent.

Keywords: silver, nanoparticles, fluoride, dentin, caries, antibacterial

Introduction

The antibacterial property of silver metal, ions, or silver-containing compounds has
historically been well recognized, but the mechanism of their action is not fully
understood. It has been proposed that ionic silver causes a structural change in the
bacterial cell membrane; enters the cell and forms electron-dense granules around
the cell wall and cytoplasm; stops deoxyribonucleic acid replication by condensing
it; attacks thiol groups in enzymes, which leads to the inactivation of corresponding
enzymatic activity; and eventually causes cell death. The antimicrobial effect of
silver metal and silver-containing compounds relies on the release of bioactive
silver ions.' Antibacterial silver has been employed together with fluorides in

submit your manuscript

Dove n

http:

in O

International Journal of Nanomedicine 2020:15 3207-3215 3207
© 2020 Yin et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php
BY_NC

and incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work
you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0000-0003-1167-2999
http://orcid.org/0000-0002-0572-2753
http://orcid.org/0000-0002-2663-4576
http://orcid.org/0000-0002-3618-0619
http://orcid.org/0000-0002-0051-148X
http://orcid.org/0000-0002-8167-0430
mailto:chchu@hku.hk
http://www.dovepress.com
http://www.dovepress.com
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress
http://www.dovepress.com/permissions.php

International Journal of Nanomedicine downloaded from https://www.dovepress.com/ by 147.8.230.85 on 30-Sep-2020
For personal use only.

Yin et al

Dove

dentistry for the prevention and arrest of caries. It has been
suggested that silver ions mainly target cariogenic bac-
teria, whereas fluoride ions help with rebuilding the tooth
structure.” Silver diamine fluoride (SDF) has been used to
arrest caries due to the advantages of effectiveness, low
cost, noninvasiveness, and ease of application.® The black
staining of a caries lesion on a tooth due to the deposition
of silver chloride, however, has significantly limited the
wide clinical application of SDF.* This can be avoided by
using the nano-sized silver particles and protecting them
using a capping agent.

A nanoparticle whose diameter ranges from 1 to 100 nm
can provide novel properties owing to its small size and
enormous surface area.” These nanoparticles can be made
into various shapes, including a sphere, rod, triangle, and
wire, and various capping agents, such as a citrate, polymer,
and protein, can be used to protect the nanoparticles’ surface
depending on the desired chemical and biological
properties.® Silver nanoparticles (AgNPs) have been used
as some of the most common nanoparticles in today’s com-
mercial products, especially in the medical field, for wound
dressings, drug delivery, imaging, and biosensing.” AgNPs
also draw attention from dental researchers due to their
potential utilization for anti-caries. AgNPs can inhibit the
growth and adhesion of cariogenic bacteria, especially
Streptococcus mutans (S. mutans).® A number of studies
have investigated the addition of silver nanoparticles into
adhesives, toothpaste, and restorative materials to prevent
caries.” Researchers have recently explored the cooperation
of AgNPs and fluoride to arrest caries, and this included the
combination of an antibacterial and remineralizing agent.'°

It is known that the uncoated or electrostatically stabi-
lized (e.g., with citrate) AgNPs aggregate under high ionic
strength conditions. To be used with fluorides, AgNPs
must be stabilized with an appropriate capping ligand
that possesses a covalent binding group and long poly-
meric chains. Polyethylene glycol (PEG) has been reported
to increase the stability of AgNPs such that they could be
preserved even at high ionic concentrations.” PEG is
a safe, water-soluble, and biocompatible polymer that is
approved by the Food and Drug Administration (FDA) of
the United States for use in food and pharmaceutical
PEG-coated AgNPs (PEG-AgNPs) were
shown to be less toxic than those coated with other cap-

products.'!

ping agents and silver ions.'? Therefore, PEG is a suitable
capping agent for AgNPs. Moreover, a silver core pro-
tected by PEG would be less liable to oxidize; thus, less
coloring side reactions are expected. This aim of this study

is to create a novel anti-caries agent using PEG-AgNPs
and fluoride with no tooth-staining effect.

Materials and Methods
Synthesis of Fluoride Solution with Silver

Nanoparticles

The synthesis of PEG-AgNPs was carried out via the one-step
chemical reduction of silver acetate with polyethylene glycol
thiol (PEG-SH, average molecular weight 800). The PEG-SH
was used as a reducing agent and as a coating agent for the
stabilization of AgNPs. To prepare PEG-AgNPs, 20-mg PEG-
SH and 40-mg silver acetate were dissolved individually in
400-mL ethanol. The silver acetate solution was kept in dark-
ness to avoid decomposition and was stirred at 4 °C until the
homogeneous phase resulted. After mixing the two solutions,
the color changed immediately from colorless to light yellow,
indicating the formation of AgNPs. The reaction mixture was
stirred for 18 hours at 4 °C under ambient light to ensure the
formation and even the growth of nanoparticles. The prepared
PEG-AgNPs were concentrated via rotary evaporation to
a final volume of ca. 50 mL. The ethanolic solvent was
exchanged to water, followed by an additional concentration
of PEG-AgNPs 10-fold using an Amicon ultra centrifugal
filter of MWCO 30 kDa. The unreacted starting reagents
were also removed at this stage via washing three times with
distilled water. To this PEG-AgNPs solution, sodium fluoride
(NaF 2.5%) was added to a final concentration of 11,310 ppm
fluoride to yield PEG-AgNPs solution of various silver con-
centrations (12,800, 6400, 1600, and 400 ppm).

Characterization of the Silver

Nanoparticles

The ultraviolet-visible (UV-vis) spectrometry characteristics
of PEG-AgNPs were evaluated with an Agilent Cary 4000
UV-vis spectrophotometer. Transmission electron microscopy
(TEM) images and energy-dispersive x-ray spectroscopy
(EDS) were recorded using a JEOL JEM 2100F (field emis-
sion) scanning transmission electron microscope (STEM)
equipped with an Oxford INCA x-sight EDS Si(Li) detector
at an acceleration voltage of 200 kV to evaluate the morphol-
ogy and size of PEG-AgNPs. A diluted PEG-AgNPs sample
in water with a total of 10 uL. was deposited onto TEM copper
grids with a lacy carbon film. The sample was allowed to dry
overnight in darkness before being analyzed using STEM.
The average size of PEG-AgNPs was obtained by measuring
the diameters in a representative TEM image with Image
J (software from the National Institute of Health). The stability
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of PEG-AgNPs was measured using TEM images taken at 18
months after synthesis. The silver concentration in PEG-
AgNPs samples was determined by digesting the sample in
1% nitric acid and analyzing it using inductively coupled
plasma optical emission spectroscopy.

Antibacterial Test

S. mutans (ATCC 35668) was cultured in brain heart infusion
media and agar.'® Half maximal inhibitory concentration
(IC50) of PEG-AgNPs and fluoridated PEG-AgNPs against
S. mutans, which are defined as the concentration of a drug
required for 50% inhibition in vitro, were determined via cell
turbidity measured at OD600 nm. SDF was used as a positive
control. The IC50s of silver nitrate (AgNO3) and NaF were
also determined for comparison. The experiments were per-
formed in 96-well plates with the serial dilution of testing
samples across the columns. Each dilution was performed in
duplicate. In each well, 89 pL of medium were added together
with 10 pL of the starting culture (to yield a final CFU/mL of
ca. 5 x 10° and 1 uL of the testing sample. Controls with the
bacterium and medium only were included to ensure the
viability of the bacterium and the sterility of the medium.
The plate was then incubated at 37 °C for 18 hours in darkness.
The absorbance at 600 nm was measured using a Bio-Rad
Model 680 microplate reader before and after the incubation.
The experiment was repeated three times to ensure
consistency.

Cell Cytotoxicity Test

Human gingival fibroblasts (HGF-1) (ATCC® CRL-2014T™)
were maintained in Dulbecco’s modified eagle medium
(DMEM) containing 10% fetal bovine serum (FBS), 100 U/
mL penicillin, and 100 pg/mL streptomycin. The cell lines
were cultured at 37 °C in a humidified atmosphere with 5%
carbon dioxide. The 3-(4,5-dimethylthiazole-2-yl)-2,5-diphe-
nyltetrazoli-umbromide (MTT) assay was used to investigate
the cytotoxic effect of PEG-AgNPs. Briefly, 5000 HGF-1 cells
were seeded in a 96-well plate and cultured in DMEM con-
taining 10% FBS for 24 hours for cell attachment. Cells were
then treated with various concentrations of PEG-AgNPs (2.5,
5, 10, 20, 40, 80, and 160 ppm Ag), NaF (0.0156, 0.0313,
0.0625, 0.125, and 0.25% w/v), SDF (0.000475, 0.00095,
0.0019, 0.0038, and 0.0076% w/v), and a culture medium as
the control for 5 minutes. The sample medium was then
removed, and cells were washed once with phosphate buffered
saline (PBS) and replaced with a culture medium for another
24 hours. To measure the cytotoxicity, 0.5mg/mL MTT were
added to each well and incubated for 4 hours at 37 °C. The

resulting crystal formazan was then solubilized in 100 pL 10%
sodium dodecyl sulfate containing 0.01 M hydrochloric acid.
Absorbance was measured at 570 nm with 655 nm as the
reference wavelength using a Bio-Rad Model 680 microplate
reader. The relative viability of cells was presented as follows:

Average optical density of test group % 100%
o

Average optical density of control group

Coloring Test

Extracted sound human third molars were collected with the
patients’ written informed consent. Teeth were stored in dis-
tilled water at 4 °C until use and were used within one month
after extraction. Eighteen slices of enamel and dentin with
a thicknesses of 2 mm were prepared and polished. The
polished slices were examined using a stereomicroscope to
exclude slices with cracks or other defects. Testing com-
pounds with a total of 20 puL were added to each slice and
were allowed to dry for 1 hour at 25 °C under ambient light.
Four testing solutions, which were 12,800 ppm AgNPs +
2.5% NaF, 6400 ppm AgNPs + 2.5% NaF, 1600 ppm
AgNPs + 2.5% NaF, and 400 ppm AgNPs + 2.5% NaF,
were prepared and examined. 38% SDF was used as the
positive control, and water was used as the negative control.
The color of treated slices was examined with the VITA
Easyshade advance portable dental spectrophotometer
(VITA Zahnfabrik GmbH, Bad Séckingen, Germany). The
color of each tooth was elucidated three-dimensionally in
space, according to the Commission International
del’Eclairage L* a* b* color system. The L* axis represented
lightness ranging from black (0) to white (100), the a* axis
described red (+a*) to green (—a*), and the b* axis represented
yellow (+b*) to blue (-b*). The instrument was calibrated
according to the manufacturer’s instruction before application.
The L*, a*, b* hue (h*) and chroma (C*) values were
measured for triplicate samples, and average values were
recorded. The difference in color between testing groups and
the negative control was calculated based on the mathematical
equation:'*

AE* = \/ (AL*)? + (Aa¥)? + (Ab*)?

Statistical Analysis

Shapiro—Wilk was used to assess the normal distribution
for all data (p > 0.05). Pairwise t-test was employed to
assess the L*a*and b* values between TO and T1 within
each group. One-way ANOVA with Bonferroni multiple
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comparison tests was used to compare the values of MIC, oy
MBC, IC50, and color change among different groups. All
data were analyzed with IBM SPSS V20.0 software (IBM < o
Corporation, Armonk, NY, USA), and the level of signifi- % 07
cance was set at 5%. § 05
g 0.3
Results o1
Characterization of Fluoridated ~0.4300 400 500 600 700 800
PEG_AgN PS Wavelength / nm

After mixing the silver acetate and PEG-SH ethanolic
solutions, a pale yellow color was immediately observed,
indicating the formation of PEG-AgNPs. The UV-vis
absorption spectrum of the synthesized PEG-AgNPs in
water (Figure 1) did not show any characteristic surface
plasmon resonance (SPR) band.

Figure 2A and B shows the representative TEM images of
PEG-AgNPs in water, and Figure 2C shows the size distribu-
tion histogram of corresponding particles. The TEM analysis
clearly revealed the formation of monodispersed spherical
PEG-AgNPs with a diameter of 2.56 + 0.43 nm. The presence
of PEG-SH on the surface of AgNPs was confirmed via
elemental analysis using EDS during TEM. It is noteworthy
that there was no detectable aggregation of PEG-AgNPs. The

Figure | UV-vis spectrum of PEG-AgNPs.

silver content of PEG-AgNPs reached up to 14,000 ppm after
the concentration using a centrifugal filter.

Stability of PEG-AgNPs with NaF

The incorporation of NaF into the PEG-AgNPs did not cause
any precipitation of nanoparticles. The compatibility of
PEG-AgNPs with 2.5% NaF was confirmed with the TEM
images shown in Figure 2D-F, where no aggregation and no
significant change in the sizes of AgNPs were found after
the addition of NaF (2.56 + 0.43 and 2.60 + 0.51 nm without
and with the addition of NaF, p = 0.54). The PEG-AgNPs
also showed high stability in 2.5% NaF stored in darkness at
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Figure 2 Typical TEM images of PEG-AgNPs and corresponding size distribution. (A, B) TEM images of freshly prepared PEG-AgNPs in water; (C) size distribution of
freshly prepared PEG-AgNPs in water; (D, E) TEM images of freshly prepared PEG-AgNPs in 2.5% NaF; (F) size distribution of freshly prepared PEG-AgNPs in 2.5% NaF;
(G, H) TEM images of PEG-AgNPs in 2.5% NaF for 18 months; (I) size distribution of PEG-AgNPs in 2.5% NaF for 18 months).
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4 °C for 18 months (Figure 2G-I)). The size of fluoridated
PEG-AgNPs (2.51 = 0.42 nm) has not demonstrated statis-
tically significant difference compared to freshly prepared
PEG-AgNPs with NaF (p = 0.17).

Antibacterial and Cytotoxic Effect

The antibacterial and cytotoxic effects of PEG-AgNPs
against S. mutans and HGF-1 were determined, and the
corresponding values of IC50 are listed in Table 1. PEG-
AgNPs showed the inhibition against the growth of
S. mutans, and the IC50 was found to be 21.16 + 1.08
ppm Ag, which was about half of that against HGF-1
(4236 = 1.12 ppm Ag, p < 0.001). SDF exhibited
a lower IC50 value of 9.67 + 1.55 ppm Ag against
S. mutans, but it also had a lower IC50 value against
HGF-1 (32.78 ppm Ag, p < 0.001). It is noteworthy that
AgNO; is highly toxic toward HGF-1. The IC50 of
AgNO; against S. mutans was 7.13 = 2.16 ppm Ag,
whereas that against HGF-1 was 0.23 ppm Ag (p <
0.001). NaF was able to inhibit 50% of the growth of
S. mutans at 32.96 + 2.86 ppm F and did not damage
50% of the HGF-1 at 1131 ppm F.

Combinational Effect of PEG-AgNPs and

NaF

The antibacterial effects of four fluoridated PEG-AgNPs
solutions containing various ratios of PEG-AgNPs (12,800,
6400, 1600, and 400 ppm Ag) and NaF (fixed at 2.5% =

11,310 ppm F) were determined, and the corresponding
values of IC50 are listed in Table 2. The fractional inhibitory
concentration indexes (FICIs) of mixtures with various
ratios of PEG-AgNPs and NaF lay between 1 and 1.3,
showing no synergistic antibacterial effect from these two
components. At high PEG-AgNPs to NaF ratios, the anti-
bacterial effect mainly came from Ag, whereas the color of
the antibacterial effect mainly came from F at low ratios of
PEG-AgNPs to NaF. When the ratio of PEG-AgNPs to NaF
was decreased, less PEG-AgNPs and more NaF were needed
to inhibit the growth of S. mutans. From the result above,
NaF was not cytotoxic toward HGF-1 even at high concen-
trations. Therefore, by decreasing the ratio of PEG-AgNPs
to NaF, the amount of PEG-AgNPs required to inhibit bac-
terial growth would be less, thus leading to less damage to
HGF-1.

Coloring Test

The color characteristics for dentin specimens treated with
various fluoridated PEG-AgNPs are shown in Table 3.
These data indicate that solutions containing various ratios
of PEG-AgNP to NaF did not introduce any adverse color-
ing effect on dentin blocks, whereas an SDF application
caused distinct blackening (Figure 3). No significant dif-
ferences in color parameters L*, C* and h* were found
between dentin blocks treated with fluoridated PEG-
AgNPs and water (negative control) (p > 0.05). On the
contrary, the L*, C* and h* values of specimens treated
with SDF were significantly less than those of the other

Table | Antibacterial (S. mutans) and Cytotoxic Effect (HGF-1) of PEG-AgNPs, AgNO3, NaF, and SDF

Testing Compounds IC50 Against S. mutans IC50 Against HGF-1 cells p value
Silver (ppm) Fluoride (ppm) Silver (ppm) Fluoride (ppm)
PEG-AgNPs 21.16 + 1.08 - 4236 = 1.12 - <0.001
AgNO; 713 £2.16 - 0.23 + 0.04 - <0.001
NaF - 32.96 + 2.86 - N/A? N/A
SDF 9.67 = 1.55 1.71 £ 027 32.78 £ 0.47 5.79 £ 0.08 <0.001
Note: *IC50 against HGF-1 cells was not reached in medium containing up to 1131 ppm F.
Table 2 Antibacterial Effects of Formulations at Various Ratios of PEG-AgNPs and NaF Against S. mutans
Testing Compound Stocks | Ag*': F Ratio | IC50 Against S. mutans | FICI Index
Silver (ppm) | Fluoride (ppm)
12,800 ppm AgNPs + 25,000 ppm NaF | I: 0.88 14.01 £ 3.06 12.38 £ 2.70 1.04
6400 ppm AgNPs + 25,000 ppm NaF I: 1.77 12.86 + 0.69 2272 £ 1.22 1.30
1600 ppm AgNPs + 25,000 ppm NaF 1:7.07 4.02 £ 0.22 2840 £ 1.55 1.05
400 ppm AgNPs + 25,000 ppm NaF 1:28.28 1.23 £ 0.07 34.84 + 1.89 1.12
International Journal of Nanomedicine 2020:15 submit your manuscript 3211
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Table 3 Coloring Parameters of Tooth Slices Treated with Fluoridated PEG-AgNPs, SDF, and Water
A 38% SDF | B 12,800 ppm C 6400 ppm D 1600 ppm E 400 ppm F Water | p value | Bonferroni
AgNPs + 2.5% NaF | AgNPs + 2.5% AgNPs + 2.5% AgNPs + 2.5% Test
NaF NaF NaF
AL* 16.240.8 93.4+11.3 88.7+9.8 86.9+7.5 97.9+3.7 90.8+9.9 <0.001 A <B,CDEF
AC* | 7.620.6 41.7£3.5 41.547.1 37.4x1.0 44.4£7.7 39.9+7.0 <0.001 A <B,CDEF
Ah* | 66.411.4 90.9+2.2 90.2+1.7 89.2+2.7 91.0+2.5 91.0+2.5 <0.001 A <B,C,DEF
Aa* | 3.0+0.3 -0.71.6 —0.2+1.4 0.5+1.8 —0.5¢1.6 -0.8+1.8 N/A N/A
Ab* | 6.9+0.6 41.743.5 41.547.1 37.3+0.9 44.417.7 39.8+6.9 N/A N/A
AE* | 81.6 32 2.8 4.6 85 N/A N/A N/A

Notes: AL* was the difference of lightness axis ranged from black (0) to white (100). Aa* was the difference of axis ranged from red (+a*) to green (-a*). Ab* was the
difference of axis ranged from yellow (+b*) to blue (-b*). Ah* means the difference of hue. AC* means the difference of chroma. AE* was the difference of color calculated

based on the equation AE* = [(AL¥) 2 + (Aa*) 2 + (Ab¥) 2]"*
Abbreviation: N/A, not applicable.

three groups (p < 0.001). Based on the color difference
formula, the mean values of the L*, a*and b* color coor-
dinates were used to calculate the color differences
between treated dentin blocks and the negative control.
Samples applied with SDF acquired a very high AE*
value (81.6), whereas those treated with fluoridated PEG-
AgNPs yielded low AE* values (2.8 to 8.5). This means
that the colors of samples treated with SDF were signifi-
cantly different from those treated with water, whereas
fluoridated PEG-AgNPs-treated samples gave a similar
color as the negative control.

Discussion

This study aimed to develop a novel anti-caries agent that
does not color teeth. For development of a potential agent
to be used in the human oral cavity, it is important that the
synthesis does not involve any toxic or harmful sub-
stances. In previous studies, the synthesis system com-
monly involved sodium borohydride as the reducing

agent, which is toxic and causes serious burns or irritation
if ingested or inhaled and if it comes in contact with the
skin.'®> This study used thiolated PEG as both a reducing
agent and a capping agent for the formation of AgNPs. It
has received safety approval from the FDA. The resulting
product was washed thoroughly to remove any unreacted
substance, so PEG-AgNPs in water was obtained without
impurities. In addition, it was difficult to prepare small
monodispersed AgNPs with a diameter of less than 10 nm.
The preparation always involves the excess use of a strong
reducing agent, such as sodium borohydride, as previously
mentioned.'® AgNPs synthesized in a higher temperature
can be larger in size and more liable for further
aggregation.!” The synthetic method used was simple
and convenient, as neither the constant flow of inert gas
nor heating was required. The low preparation temperature
(4 °C) used in this study allowed for the formation of
stable small monodispersed AgNPs (ca. 3 nm), which is
difficult to achieve otherwise. The UV-vis spectrum of the

12800 ppm 6400 ppm 1600 ppm 400 ppm
38% SDF AgNPs + AgNPs + AgNPs + AgNPs + Water
2.5% NaF 2.5% NaF 2.5% NaF 2.5% NaF

Figure 3 Staining effect on tooth slices treated with fluoridated PEG-AgNPs, NaF, SDF, and water.
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PEG-AgNPs did not show any characteristic SPR band.
This is in agreement with a previous study showing that
AgNPs smaller than 5 nm have a significantly broadened
plasmon band that may cause them to lose their distinct
spectral features.'®

The mechanism of the antibacterial and cytotoxic
effect of AgNPs is still under debate. Studies have
shown that AgNPs itself was not toxic, whereas the toxi-
city was determined by the released Ag" ions. On the other
hand, the contact of AgNPs with bacterial cells gave rise
to a toxic effect, whereas the effect of released Ag" ions
was not significant. Some other studies demonstrated the
toxicity of both AgNPs and the released Ag* ions.'” The
toxicity contribution of AgNPs and released Ag’ ions
depends on the size of the AgNPs. The toxicity of
AgNPs with a size larger than 10 nm is solely due to the
release of Ag' ions, whereas that of AgNPs smaller than
10 nm contributed to both the AgNPs and released Ag" ion
effect. The toxicity of AgNPs smaller than 10 nm was
dominated by the released Ag" ions, whereas the antibac-
terial effect of larger AgNPs contributed comparably to the
released Ag" ion and AgNPs.?’ It seemed that the anti-
bacterial and cytotoxic effects of AgNPs prepared in this
study were due to the AgNPs themselves rather than the
released Ag" ion. Freshly prepared AgNPs were free of an
Ag" ion because any unreacted Ag" ions were removed via
the filtered centrifugal unit. Moreover, TEM micrographs
showed that no significant loss of AgNPs’ size occurred
upon storage. This showed that the AgNPs were very
stable and did not demonstrate a significant release of
Ag" ions under the conditions in which the experiments
were carried out.

Many studies were conducted to determine the toxicity
of AgNPs toward various kinds of cells, including bac-
teria, yeast, algae, and mammalian cells in vitro, as well as
non-mammalian models in vivo. Minimal inhibitory con-
centration (MIC) is a common method to measure the
toxicity of materials. It is easy to perform, but it is difficult
to receive accurate results because the MIC results were
obtained in a 2-fold dilution series. The errors in
a doubling dilution series represent at minimum a 2-fold
difference. Also, cumulative deviation was obtained
through manual preparation of a 2-fold dilution series.?!
The dose-response inhibition of bacterial growth can be
modeled as a curve using spectrophotometry to yield IC50.
The results of IC50 are expected to be more robust than
the MIC value on the measurement of antibacterial effect.
However, no consistent data exist due to the variations in

studies.”” The antibacterial and cytotoxicity effects of
AgNPs are highly dependent on the coating agent, size,
shape, monodispersity, purity, and cell culture conditions
and media. Studies have found that smaller AgNPs possess
a higher antibacterial effect.”> By decreasing the size of
AgNPs, the actual silver content used can be reduced to
provide the desired antibacterial effect. When AgNPs are
used as an anti-caries agent, only a minute amount (ca. 10
pL, ng level of Ag) is applied once or twice yearly with
a micro-brush onto a decayed tooth surface with no living
cells. Moreover, research has shown that mammalian cells
are most resistant to AgNPs among the tested species.?*
Therefore, a therapeutic window exists where mammalian
cells are not harmed, whereas bacterial cells are killed.
Our result is in agreement with these studies, showing that
the antibacterial dose of our PEG-AgNP against S. mutans
is lower than its cytotoxic concentration against HGF-1
cells, allowing for a range of concentrations where
S. mutans is inhibited without harming HGF-1 cells. PEG-
AgNPs that do not stay on the tooth cavity will be
removed from the body with a mouth rinse or will be
swallowed at a much diluted concentration. This fluori-
dated PEG-AgNPs anti-caries agent should not exert any
cytotoxic effect on patients.

For the purpose of investigating the potential use of
this PEG-AgNP as an anti-caries agent, its compatibility
with a fluoride source (NaF) was tested. Fluorides can
inhibit tooth demineralization and aid in remineralization
during the early stage of caries, so they can prevent as well
as arrest caries.” The commercially available anti-caries
agent, SDF, includes fluoride as one of its main ingredi-
ents. The PEG-AgNPs reported here were highly compa-
tible with NaF, and they did not show precipitation or
aggregation. Unlike with SDF, where the stoichiometric
ratio of silver and fluoride concentrations (1:1) was fixed,
PEG-AgNPs can be mixed with NaF at various concentra-
tions depending on the requirement of antibacterial Ag and
remineralizing F. The ratio and concentration of each
component can be fine-tuned to balance the antibacterial
and cytotoxic effect, as well as the remineralization power
and risk of fluorosis development. For the purpose of
testing these possibilities, various amounts of PEG-AgNP
were mixed with a fixed amount of 2.5% NaF (11,310 ppm
F). The concentration of PEG-AgNP ranged from 12,800
to 400 ppm Ag. The FICIs of PEG-AgNP and NaF mix-
tures of various ratios were found to be between 1 and 1.3,
meaning that no synergistic antibacterial effect existed
upon mixing the two compounds. This is in agreement
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with a previous study showing that the addition of fluoride
does not influence the antibacterial effect of silver against
23 However, NaF exhibited IC50 against
S. mutans at about 33 ppm F and showed no cytotoxic
effect toward HGF-1 cells up to 1131 ppm F. By combin-
ing PEG-AgNP and NaF, the mixture can achieve a similar

S. mutans.

antibacterial effect while having a much lower cytotoxi-
city. The combination of PEG-AgNP and NaF has broa-
dened the therapeutic window where caries bacteria can be
inhibited without harming human cells.

The aesthetic outcome of dental treatment will be
a main concern for patients. Instrumental measurements
were used to quantify the color characteristics more pre-
cisely with a high reproducibility rather than assessing
color differences with the naked eye, which could be
nonobjective. Tooth discoloration resulting from the topi-
cal application of SDF is well known, but our product’s
aim is to be superior to SDF by not exerting a staining
effect. The measurement of the color difference between
the treatment and negative control in this study indicated
that SDF caused obvious staining, whereas no significant
staining by mixtures of PEG-AgNP and NaF was
observed. The color difference value (AE*) resulting
from solutions containing PEG-AgNP and NaF ranged
from 2.8 to 8.5 and could not be detected visually, whereas
the discoloration due to SDF (AE* = 81.6) would not be
accepted clinically because it was more than 10 times
higher than the upper acceptable threshold.?®

Conclusion

This study involved the preparation of water-soluble and
biocompatible AgNPs via a green synthetic method without
the use of a reducing agent. The PEG-AgNPs are stable at
a 2.5% NaF solution. Because it has antibacterial activity
against S. mutans and no tooth-staining effect, fluoridated
PEG-AgNPs can be used as an anti-caries agent.
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