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Introduction: Polymethyl methacrylate is a polymer commonly used in clinical
dentistry, including denture bases, occlusal splints and orthodontic retainers.

Methods: To augment the polymethyl methacrylate-based dental appliances in
counteracting dental caries, we designed a polymer blend film composed of
polymethyl methacrylate and polyethylene oxide by solution casting and added
sodium fluoride.

Results: Polyethylene oxide facilitated the dispersion of sodium fluoride,
decreased the surface average roughness, and positively influenced the
hydrophilicity of the films. The blend film made of polymethyl methacrylate,
polyethylene oxide and NaF with a mass ratio of 10: 1: 0.3 showed sustained
release of fluoride ions and acceptable cytotoxicity. Antibacterial activity of all the
films to Streptococcus mutans was negligible.

Discussion: This study demonstrated that the polymer blends of polyethylene
oxide and polymethyl methacrylate could realize the relatively steady release of
fluoride ions with high biocompatibility. This strategy has promising potential to
endow dental appliances with anti-cariogenicity.
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1 Introduction

Dental caries in permanent teeth affect 2.3 billion people, with a global prevalence of
35% for all ages (James et al., 2018; Peres et al., 2019; Shi et al., 2022). For the prevention of
dental caries, fluoride delivery, for instance, sodium fluoride (NaF), has become an active
and popular method for the prevention of dental caries (Amina et al., 2019; Nagireddy et al.,
2019). The anticariogenic mechanism of fluoride can be simply summarized as follows: 1) it
inhibits tooth demineralization, 2) it promotes enamel remineralization, and 3) it interferes
with bacterial metabolism and plaque formation (Featherstone, 1999; Wiegand et al., 2007;
Nassar and Brizuela, 2023).

Polymethyl methacrylate (PMMA) is a polymer that is widely used in everyday
applications. These appliances, for instance, occlusal splints or orthodontic retainers, are
usually recommended to be worn in the mouth for a minimum of 8 h per day (Castle et al.,
2019; Zhang L. et al., 2021; Dogramaci and Littlewood, 2021; Ferrillo et al., 2022; Nazarov
Olimjon et al., 2022) and have direct contact with teeth surfaces and saliva (Thaweboon and
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Thaweboon, 2019; Raszewski et al., 2021; Potewiratnanond et al.,
2023). This makes PMMA-based dental appliances the desirable
fluoride-ion-releasing vehicles. Since administration of high doses of
fluoride may increase the risk of dental and skeleton fluorosis (Ayoob
and Gupta, 2006; Ding et al., 2020; Dong et al., 2021), developing a
model that can realize a sustained release of fluoride at a low
concentration level is particularly appealing for practical applications.

To realize a controllable fluoride ion release with PMMA-based
dental materials, the main challenge is that inorganic salt NaF is
hydrophilic (Yao et al., 2021) and only dissolves in water and slightly
dissolves in a few polar aprotic solvents; whereas PMMA is rich in
hydrophobic functional groups and its insulator property does not
easily allow the movement of ions within its bulk (Liu et al., 2020; Sui
et al., 2021). Consequently, a significant phase-separation will form
in the mixture of PMMA and NaF. It can also result in, for example,
fluoride ions barely distributed in PMMA bulk, instead
agglomerated as large crystalline chunks within certain domains,
on the surface of or inside of PMMA bulk. Another consequence is
that these fluoride ions blended in PMMA bulk cannot efficiently
release due to the lack of a releasing pathway.

In this context, introducing another polymer, which can be
homogeneously mixed with both PMMA and NaF might tackle this
problem. Polyethylene oxide (PEO) is a well-known water-soluble
polymer, composed of unit ethylene oxide. Due to its high
biocompatibility, low toxicity, easy processability, and mild
amphiphilicity, PEO is widely used in skin care products, toothpaste,
food, drinks, and drug release systems (Emerine andChou, 2022). But the
most important property is that PEO can form complexes with cations
and its polymer chain possesses high flexibility, which can promote ion
transport. Therefore, PEO has been intensively studied as the polymer
host material in solid polymer electrolytes (Knop et al., 2010; Devaux
et al., 2012; Xue et al., 2015). Taking these advantages into account, we
anticipate that introducing PEO into PMMA bulk can improve the NaF
dispersion in polymer bulk. It can also enhance the fluoride release by
providing a fluoride-ion-motion pathway along its molecular chains.

In this study, we prepared PMMA/PEO/NaF blend films by solution
casting to investigate the effect of PEO on fluoride ion release behavior.
The blend films were prepared via the identical protocol but composed of
PMMA: PEO and NaF with different mixing mass ratios, ranging from
10: 0: 0.3 to 10: 3: 0.3. The surface and cross-sectional morphologies of
these polymers blend films were investigated by means of electronic
microscopy. The element composition and bonding information of these
blend films were analyzed. The surface roughness and contact angle were
also measured and compared. Fluoride ion releasing behaviors of all
polymer filmsweremonitored by using a pH/ion selective electrode (ISE)
meter to detect the fluoride ion content released by the films inwater over
14 days, and the cumulative release concentration and proportion were
calculated accordingly. Furthermore, the cytotoxicity of the blend films
was tested to evaluate the in vitro biocompatibility, and the antibacterial
property was tested with Streptococcus mutans (S. mutans).

2 Materials and methods

2.1 Materials

Meliodent® Heat Cure clear (Kulzer GrmbH, Hanau, Germany), a
commercially available PMMA based material for manufacturing

dental occlusal splints, was used to manufacture polymer blend
films, which concludes powder and liquid. The powder is methyl
methacrylate copolymer, and the liquid consists of methylmethacrylate
(above 90%), 1,4-butandiodimethacrylate (1%–5%) and p-Mentha-1,4-
diene (less than 0.25%). PEO with a viscosity-average molecular weight
of 6.0 × 105 g/mol (Sigma-Aldrich Chemie GmbH, Schnelldorf,
Germany), sodium fluoride (NaF, ≥99%, Sigma-Aldrich Chemie
GmbH, Schnelldorf, Germany) and acetone (GPR Rectapur, VWR
International, France) were used to prepare the samples. All reagents
were used as received without further purification.

The water used for sample preparation and testing was gained
fromMilli-Q® EQ 7000 UltrapureWater Purification System (Merck
KGaA, Darmstadt, Germany).

2.2 Preparation of samples

The films were prepared by solution casting. 1, 2 and 3 g of PEO
were mixed with 0.3 g of NaF, respectively, and the mixtures were
stirred in 40 mL of acetone at 50°C for 2 h with a speed of 300 rpm
(DLABTM MS-H280-Pro Hot Stirrer, Beijing, China) to form a
homogenous mixture.

7.5 g of powder from the Heat Cure clear kit was blended with
2.5 g of liquid from the same kit, placed in a ventilation closet for
10 min, and themixture wasmanually separated intomillimeter-sized
flakes. PMMA flakes were then mixed with the NaF/PEO mixtures.
120 mL acetone was then added into the resultant mixtures to reduce
the viscosity. The mixture was stirred at 50°C with a speed of 300 rpm
until an even and homogeneous slurry was received.

The slurry was casted in a Petri dish and placed in an oven and
dried at 50°C for 1 h. The obtained films were named according to
the mass ratio of PEO containing in them. Specifically, the films
containing 1, 2, and 3 g of PEOwere named the PEO-10, the PEO-20
and the PEO-30 group, respectively. The films without PEO were
named the PEO-0 group. The composition of each group was listed
in Supplementary Table S1.

2.3 Scanning electron microscope (SEM)
observation

After completely drying out, the as-prepared films were peeled
off from the Petri dish and cut into small samples (10 mm× 10 mm).
The surface morphologies of the samples were observed by SEM
(Carl ZeissTM Evo LS 15, Oberkochen, Germany) at 50 Pa using
secondary electron (VPSEE G4) and probe current of 500 pA.
Elemental composition analysis was performed using energy
dispersive spectrometer (EDS, Oxford InstrumentsTM X-Max
80 mm2, High Wycombe, United Kingdom) at an accelerating
voltage of 20 kV and a probe current of 700 pA.

2.4 Phase and composition analysis

Topography and phase measurements were performed on a
Veeko multimode atomic force microscope (AFM), and the images
were taken in tapping mode on an area of 3 × 3 μm in ambient
air condition.
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A Panalytical X’pert X-ray diffractometer in reflection mode
with CuKα radiation was used to record the X-Ray diffraction (XRD,
PANalytical B.V., Almelo, the Netherlands) of the samples. The
XRD patterns were recorded in an angle range from 5° to 72° with a
step size of 0.007°, a time per step of 100 s, and a total of
90 min per scan.

The Fourier-transform infrared (FTIR) spectra of the samples
were collected with FTIR spectrometer (Bruker Vertex 80 vacuum,
Bruker Optik GmbH, Ettlingen, Germany). The samples were fixed
and detected by a diamond probe, in transmission mode.

2.5 Surface roughness measurement

The average surface roughness was measured with a surface
profilometer (50 mm Intra 2, Taylor Hobson Ltd., Leicester,
England). The probe moved at a speed of 0.5 mm/s, and the
tested length was 5 mm. The scanning area was 25 mm2. The
data were processed with a Gaussian filter and the surface
average roughness value was obtained in the form of Ra. Five
samples were measured for each group.

2.6 Static contact angle measurement

The static contact angle was measured with a theta lite optical
tensiometer (Biolin Scientific, Västra Frölunda, Sweden). A droplet
of 4 μL water was dropped on each group, and the images were taken
with the equipped camera. The value of the contact angle was fitted
with software, and three samples were measured for each group.

2.7 Fluoride ion release tests

Films were cut into rectangular samples measuring 30 mm ×
15 mm and then the samples were immersed separately in 5 mL of
water in 15 mL centrifuge conical tubes with caps (Sarstedt Inc.,
United States) for 2 h before the tests to eliminate the effect of rapid
release of NaF clusters on the surface. During the tests, the samples
were still immersed in 5 mL of water. The immersion water was
taken out and placed in clean centrifuge conical tubes at scheduled
time (2 h, 6 h, 1, 3, 7, and 14 days). 5 mL of fresh Milli-Q water was
added into the tubes again and the immersion continued.

1 mL of the immersed solution of each sample was transferred
into a screw cap tube (Sarstedt, Nümbrecht, Germany) and mixed
with 1 mL of total ionic strength adjustment buffer II solution
(TISAB II solution, Sigma-Aldrich, Søborg, Danmark). Then,
fluoride ion release was measured using a pH/ISE meter
(AccumetTM AB250 Benchtop, Fisher Scientific GTF AB,
Göteborg, Sweden) and a OrionTM Fluoride Electrode (Fisher
Scientific GTF AB, Göteborg, Sweden). Five samples were
measured for each group.

2.8 Cytotoxicity assay

Human TERT-immortalized gingival fibroblasts (hGFBs, CRL-
4061, ATCC) were cultured in a complete cell culture medium

containing Dulbecco’s modified eagle medium (DMEM, Gibco)
with 10% fetal bovine serum (FBS, Gibco) and 1% penicillin/
streptomycin (Gibco) in a humidified atmosphere of 5% CO2 at
37°C. The complete cell culture medium was changed every other
day. When reaching 80%–90% confluency, hGFBs were harvested
with 0.25% trypsin/EDTA (Gibco) for 2 min and passaged.

100 μL of hGFBs suspension containing 5,000 cells in complete
cell culture medium were seeded in one well of a 96-well plate.
After the plate was pre-incubated for 24 h in a humidified
incubator, the complete cell culture medium was changed
according to the experimental set-ups: the standard group, the
PEO-0 group, the PEO-10 group, the PEO-20 group, and the PEO-
30 group. 3 samples were tested for each group. For the standard
group, the complete cell culture medium was used. For the other
4 groups, the medium was harvested after the samples (1.5 cm2)
were immersed in 500 μL of complete cell culture medium at 37°C
for 24 h, and this medium was named as the extract medium. After
pre-incubation, the medium was changed into 100 μL of complete
cell culture medium each well for the standard group, and 100 μL
of extract medium each well for the experimental groups. The plate
was incubated for 1 and 3 days in the humidified incubator (MCO-
18AIC, Sanyo Electric Biomedical Co., Ltd., Osaka, Japan). At the
indicated time points, 10 μL of cell counting kit-8 (CCK-8, Sigma-
Aldrich) solution was added to each well of the plate. Then the
plate was incubated for 2 h in the humidified incubator before
being measured the absorbance at 450 nm using a microplate
reader (Multiskan Go, Thermo Fisher Scientific, Vantaa,
Finland). Cell viability of each experimental group was
calculated according to the following equation.

Cell viability %( ) � A − B

C − B
× 100% (1)

In Eq. 1, A, B and C are the absorbance of the experimental
groups, the blank well and the standard group.

2.9 Antibacterial assay

Films were cut into pieces with a total area of 1 cm2 in each group
and disinfected by ultraviolet light for 40 min. Then the film of each
group was co-cultured with S. mutans in 1 mL of phosphate buffer
saline (PBS, Gibco) at 4°C for 24 h on an orbital shaker (DOS-10L,
ELMI Ltd., Riga, Latvia). The density of S. mutans was 5 × 104 colony
forming units (CFU)/mL. S. mutans in PBS without any film was set
up as the positive control group. After co-culture, the extracts were
diluted at 1:10 with PBS, and 100 μL of the diluted extract was spread
on the blood agar plates (Columbia blood agar base from Neogen,
NCM 2023, Lansing, United States) with 5% defibrinated horse blood
in triplicate. The blood agar plates were incubated in a CO2 incubator
(MCO-17AIC, Sanyo Electric Biomedical Co., Ltd., Osaka, Japan) at
37°C for 24 h. After incubation, the number of CFU was assessed and
the antibacterial ratio was calculated according to the following
equation (Guo et al., 2018).

Antibacterial ratio %( ) � B − A

B
× 100% (2)

In Eqs. 2, A and B indicate the average value of CFU on the
plates of the experiment groups and the positive control group.
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2.10 Statistical analysis

Before performing statistical analysis, data were run for
normality distribution. All data were presented as mean ±
standard deviations and analyzed with One-way Analysis of
Variance (ANOVA) followed by Tukey’s post hoc test for pair-
wise comparison. The level of significance was set at p < 0.05.

3 Results and discussion

3.1 Structure and composition of
the samples

The molecular weight of PEO has a significant impact on its
solubility, viscosity, and mechanical properties. In this study, we
noted that PEO with a molecular weight less than 2 × 105 is
mechanically incompatible with the hard polymer matrix, thus
may influence the mechanical properties of the resultant polymer
blend, whereas PEO with a molecular weight above 9 × 105 results in
significantly higher viscosity, thus increasing the difficulty of the
mixing process (Apicella et al., 1993). Therefore, PEO with a
molecular weight of 6 × 105 was chosen in this study.

In the preliminary test, when 0.1 g of NaF was chosen, referring
to 10 g of PMMA, the fluoride-ion-release concentration of the
PEO-0, PEO-10 and PEO-20 groups could not be detected by the ISE
meter until 3 days. When 0.2 g of NaF was chosen, the fluoride-ion-
release concentration of the PEO-0 and PEO-10 group cannot be
detected until 1 day. When 0.3 g of NaF was chosen, the fluoride-
ion-release concentration at any time within a 14-day immersion

period can be detected by the ISE meter. Furthermore, the
accumulated fluoride ion release from the blend films after a 14-
day immersion period was within the optimal range (5–80 ppm) to
prevent caries formation (PEO-0 group: 5.39 ppm, PEO-10 group:
29.98 ppm, PEO-20 group: 27.64 ppm, PEO-30: 67.86 ppm)
(Dijkman and Arends, 1992; Dijkman et al., 1993; Wiegand
et al., 2007). It can be anticipated that when 0.4 g of NaF was
chosen, the accumulated fluoride ion release of the PEO-30 group
would exceed the range of optimal fluoride ion concentration
(80 ppm). Therefore, 0.3 g of NaF was selected in this study,
referring to 10 g of PMMA for all four groups.

Figures 1A–D show the surface morphologies of four groups,
which were captured by the SEM. White spots were observed on the
black background for all four groups. But we noted the distinct
difference among others is that the white spots on the PEO-0 group
(Figure 1A) were much more and much larger than those on the
PEO-added groups (Figures 1B–D). Comparing the PEO-10 group
(Figure 1B) and the PEO-20 group (Figure 1C), the white spots in
the PEO-30 group (Figure 1D) were even smaller. Moreover, there
were fewer white spots in PEO-30 group (Figure 1D) than in PEO-20
group (Figure 1C).

Next, we performed the EDS analysis in mapping mode to
investigate the element composition of the white spots observed by
SEM. Figures 1E–L show the element distribution of different
groups. Specifically, Figures 1E–H display the sodium (Na)
distribution in green and Figures 1I–L display the fluoride (F)
distribution in red. The distribution of Na and F was highly
consistent with the distribution of white spots shown in Figures
1A–D, so it is concluded that the white spots on the surface of all
four groups are NaF clusters. And it could be seen more clearly in

FIGURE 1
Surface morphologies of the PEO-0 group (A), the PEO-10 group (B), the PEO-20 group (C) and the PEO-30 group (D) characterized by SEM.
Sodium distribution (green dots) of the PEO-0 group (E), the PEO-10 group (F), the PEO-20 group (G) and the PEO-30 group (H) obtained by EDS
mapping. Fluoride distribution (red dots) of the PEO-0 group (I), the PEO-10 group (J), the PEO-20 group (K) and the PEO-30 group (L) obtained by
EDS mapping.
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Figures 1E–L that compared with the samples without PEO (Figures
1E, I), the size of the clusters on the surface of the samples added
with PEO (Figures 1F–H, J–L) was smaller and more dispersed.

Obviously, without adding PEO, NaF formed large clusters that
sit on the surface of films as shown in Figures 1A, E, I. Introducing
PEO in PMMA could significantly reduce the size of NaF clusters on
the film surface as shown in Figures 1B–D, F–H, J–L. It was reported
that PEO is very likely to penetrate and disperse into the PMMA
bulk (Apicella et al., 1993), so the next question is if NaF could also
disperse well into PMMA by the presence of PEO. To investigate the
longitudinal distribution of NaF inside PMMA films, the cross-
sectional morphologies of the samples were conducted by the SEM,
as shown in Figure 2. In Figure 2, the white spots, confirmed by EDS
to be NaF clusters, were marked by red arrows. It clearly showed that
the NaF clusters were not only sitting on the surface but also able to
penetrate into PMMA bulk despite whether PEO was added. But we
wish to call attention that the NaF clusters blended inside the PEO-0
group (Figure 2A) were much larger than those inside the PEO-
added groups (Figures 2B–D), which was consistent with our
observation from surface characterization by SEM in Figure 1,
that NaF clusters on the surface of the PEO-0 group were much
larger than other groups. Therefore, involving PEO in PMMA not
only improved the dispersion of NaF clusters on the surface but also
enhanced the penetration and longitudinal dispersion of NaF
clusters inside PMMA films.

Since the PEO-added groups contain two polymers, it is also
important to investigate whether PMMA and PEO can be blended
uniformly. It was worth noting that there was no obvious phase
separation in the surface morphology of the samples (Figures

1A–D), and there is no delamination in the cross-sectional
images (Figure 2). AFM was also used to analyze whether there
is phase separation which is shown in Supplementary Figure S1. It
showed relatively high surface roughness over 100 nm based on the
scanned area in Supplementary Figures S1A–D. Moreover, in the
images of phase distribution, a clear phase separation could be
observed as there were bright areas and dark areas in Supplementary
Figures S1E–H.

However, what these two phases are cannot be determined from
AFM images alone. Therefore, XRD measurements were performed
on all samples as shown in Supplementary Figure S2. Pure PEO
exhibits two XRD diffraction peaks at 2θ around 19.2°–19.3° and
23.3°–23.5°, while none of them were detected (Polu and Rhee, 2016;
Yap et al., 2019). There were two wide bands (broad peaks) with
remarkable intensities at 2θ of 7.66° and 13.67° in the spectrum of the
PEO-0 group, which corresponded to PMMA since pure PMMA is
amorphous (Chen et al., 2018; Yap et al., 2019). The intensities of the
wide bands decreased in the PEO-10, PEO-20, and PEO-30 groups
because of the addition of PEO. Furthermore, the XRD pattern
shows two clear peaks, one with high intensity at 2θ around 38.77°

and the second one with low intensity at 2θ around 56.16°,
corresponding to (2 0 0) and (2 2 0) crystalline planes in the
NaF crystal (Zhang Y. J. et al., 2021; Jiang et al., 2022). Above
all, the phase separation was between PMMA/PEO and NaF, and
there was no phase separation between PMMA and PEO (Shi and
Han, 2012).

We further employed FTIR spectra to investigate the uniformity
of the polymer blends by characterizing bonding information. As
Supplementary Figure S3 shows, we identified the bands at 2,951,

FIGURE 2
Cross-sectional images of the PEO-0 group (A), the PEO-10 group (B), the PEO-20 group (C) and the PEO-30 group (D) obtained by SEM. NaF
clusters were marked by red arrows.

Frontiers in Chemistry frontiersin.org05

Wang et al. 10.3389/fchem.2024.1356029

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2024.1356029


1,732 and 1,448 cm-1 were assigned to C-H stretching, C=O
stretching and C-H bending from PMMA, respectively (Park
et al., 2006; Rouein et al., 2022). While, two other characteristic
bands were found at 959 and 833 cm-1, which were attributed to CH2

asymmetric rocking motion from PEO (Reddy et al., 2016). But
there was no obvious difference in either the band profiles or
intensities among all four samples. It revealed that all samples
owned the same functional groups, and the amounts of each
functional group were close. There was also no formation of new
chemical bonds, illustrating that there was no chemical reaction
between PMMA and PEO. Shortly, all groups were prepared via a
simple mechanical mixing process and two polymers were blended
homogenously.

3.2 Surface properties

For dental materials, the roughness and wettability of the material
are important surface properties, as they relate to the adhesion of cells
and bacteria to material surfaces. For this reason, we characterized the
average surface roughness of the samples by a surface profilometer
with a square scanning area of 5 × 5 mm2. Figure 3A shows that the
surface roughness of the PEO-0 group is 0.76 µm. When 10% PEO
was added, the surface roughness was dramatically dropped to
0.26 µm. For the PEO-20 and PEO-30 groups, the surface
roughness slightly decreased to 0.23 and 0.15 µm, respectively.

We noted that the reduction trend of average surface roughness
after adding PEO is in line with our observation mentioned in SEM
surface scanning, that many large NaF clusters sit on the surface of
the PEO-0 group (Figure 1A) while fewer and smaller NaF clusters
are present on the surface of the PEO-10, PEO-20, and PEO-30
groups (Figures 1B–D). Furthermore, as confirmed by Figure 2, by
introducing PEO into PMMA film, NaF can penetrate PMMAmore
easily and consequently, the roughness was reduced. It was reported
that average surface roughness exceeding 0.4 µm can acquire
retention niches for bacteria and act as shelters, consequently, a

greater accumulation of plaques can be formed (Zharmagambetova
et al., 2017; Condò et al., 2021). Therefore, a relatively lower surface
roughness is more desirable. This reveals that another benefit of
adding PEO into PMMA is that the number of bacteria adhered to
the PEO-10, PEO-20 and PEO-30 groups is expected to be lower
than that of the PEO-0 group. From the practical point of view, it is
also important that smooth surfaces could make the splints more
comfortable for the patients (Beyth et al., 2008).

The wettability of each group was measured by an optical
tensiometer. Figure 3B shows the static contact angle of all samples,
in which the pictures above the bars were the representative images in
the tests. As shown in Figure 3B, the contact angle of the PEO-0 group
was 77.96°, and the contact angle reduced after PEOwas added. Among
the PEO-added groups, as the amount of mixed PEO increased, the
contact angle of the groups also decreased from 76.57° to 74.35°. The
trend clearly indicates that hydrophilicity is increasing due to the
increase of PEO content. This result confirmed our hypothesis
mentioned in the Introduction, that the addition of PEO, an
amphipathic polymer material, could effectively modify the surface
wettability of the polymer blends. The improved wettability is expected
to not only enhance the release of fluoride ions as water could spread
more easily on the surface of the film but also improve the
biocompatibility of the blend films. We further repeated the
wettability measurement (3 times) for all groups and did not
observe obvious fluctuations for all the samples, which, once again,
confirmed that PEO was blended with PMMA uniformly. If the
PMMA and PEO blends suffer phase-separation or form large
domains, we would anticipate that the contact angle will vary
greatly when the measurement is conducted at different locations.

3.3 Fluoride ion release

The fluoride ion release behavior was investigated in the immersion
test. The fluoride-ion-release concentrations were measured by the
pH/ISE meter. As we described in the Experimental sections, all

FIGURE 3
Average surface roughness obtained by surface profilometer (A) and the contact angle obtained by theta lite optical tensiometer (B) of the PEO-0
group (red), the PEO-10 group (blue), the PEO-20 group (yellow) and the PEO-30 group (green). (*, statistical difference between groups with a level of
significance at p < 0.05).
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samples measured in the fluoride ion release test were first immersed
in Milli-Q water for 2 h to remove the NaF clusters that sit on the
polymer film surface and eliminate the interference caused by the
rapid surface releasing. By doing this, we anticipated the release of
fluoride ions could correctly reflect the release of clusters dispersing
inside the polymer films, as manifested by the cross-sectional SEM
characterization in Figure 2.

Figure 4A displays the amount of fluoride ion release of different
group samples. Over the entire testing period (14 days), the average
total fluoride ion release amount of the PEO-0 group was only
0.30 mg L-1 cm-2. As mentioned in the Introduction, it was below the
concentration that may cause bone fluorosis and gastric irritation,
which was 4 mg/L and 0.1 mg/kg, respectively (National Research
Council, 1993; Akiniwa, 1997; Arlappa et al., 2013; Yadav et al.,
2019). After adding PEO, the total fluoride ion release of the samples
increased significantly. Specifically, the total amount of fluoride ion
release of the PEO-10 and PEO-20 groups was close, reaching
1.67 and 1.55 mg L-1 cm-2, respectively, which was ca. 5 times
more than that of the PEO-0 groups. The fluoride ion release of
the PEO-30 group even reached 3.78 mg L-1 cm-2, which was 12 times
as large as that of the PEO-0 group. This data implied that the
addition of PEO indeed provides an ion release pathway for fluoride
ions from NaF clusters which disperses inside of the PMMA/PEO
blend films, as we proposed earlier in the Introduction. We
speculated that during the immersion process, as the water
penetrates in, PEO molecules consequently absorb water and
swell, causing the NaF clusters to dissolve and fluoride ions to
release via the PEO molecular chain.

It is, in addition, worth noting that there was a rapid release in
the initial 6 h for the PEO-20 and PEO-30 groups. The PEO-20
group released more than 1 mg L-1 cm-2 and the fluoride ion release
amount of the PEO-30 group even reached more than 3 mg L-1 cm-2.
After the initial rapid release, the release rate of the PEO-20 and
PEO-30 groups gradually became stable. In contrast, the release of
the PEO-10 group was more sustained till day 3 (0.62 mg L-1 cm-2).

This trend can be seen more intuitively in Figure 4B, which presents
the fluoride ion release ratio that was calculated by dividing the
cumulative amount of fluoride released at each time point by the total
amount released throughout the testing period. The PEO-10 group only
released 20.9% of fluoride ions in the first 6 h, and it maintained a
relatively stable release rate during the first day. In comparison, the PEO-
20 and PEO-30 groups released 79.9% and 64.1% of fluoride ions already
in the first 6 h. After 24 h, the PEO-10 group released 74.3% of fluoride
ions and then its release rate slowed down and gradually approached the
release ratio of the PEO-20 and PEO-30 groups. These comparisons
revealed that the PEO-10 group presents the most desirable properties as
a NaF carrier and slow-release system among all four groups.

FIGURE 4
Fluoride ion release amount obtained by pH/ISEmeter (A) and the fluoride ion release ratio calculated from the fluoride ion release amount (B) of the
PEO-0 group (red line and square points), the PEO-10 group (blue line and circle points), the PEO-20 group (yellow line and upward triangle points) and
the PEO- 30 group (green line and downward triangle points). (The figure in the bottom right of (B) is a partial enlargement of immersion time from
0 to 1 day).

FIGURE 5
Cell viability of hGFBs cultured with the extract medium of the
PEO-0 group (red), the PEO-10 group (blue), the PEO-20 group
(yellow), and the PEO-30 group (green) for 1 day and 3 days. (*,
statistical difference between groups with a level of significance
at p < 0.05).
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3.4 Cytotoxicity

In Figure 5, CCK-8 assay showed that the cell viability of hGFBs
cultured with the extract medium from the PEO-20 samples (88.2%)
was slightly lower than that of the PEO-0 samples (94.9%) at day 1.
Meanwhile, the cell viability of the PEO-10 samples (80.9%) and the
PEO-30 (81.2%) samples was significantly lower than that of the
PEO-0 samples. High cell viability (>80%) reflects low cytotoxicity
(Iwasawa et al., 2013). On the other hand, because the cell viability of
all samples is higher than the biocompatibility standard (70%)
issued by international organization for standardization (ISO)
(Bruinink and Luginbuehl, 2012; Shafiee et al., 2021), the films
could be regarded as biocompatible dental materials in vitro at day 1.

On day 3, the cell viability of the PEO-0 samples was 96.6%,
significantly higher than that of the other samples. The cell viability
of the PEO-10 samples was 64.2%, indicating potential cytotoxicity,
with no statistical difference from that of PEO-20 (72.2%). However,
the cell viability of PEO-30 samples was reduced to 51.6%, which
showed that the PEO-30 samples are cytotoxic. According to
Figure 5A, the fluoride ion release amount of the PEO-30 group
was two times more than that of the PEO-10 and PEO-20 groups,
and the fluoride ion release amount of the PEO-10 and the PEO-20
groups was comparable. These indicate that the cytotoxicity from
increased concentration of fluoride ions in the extract medium of the
PEO-30 samples could be one of the possible explanations for the
decreased cell viability. Above all, the biocompatibility of the PEO-0
and the PEO-20 groups is acceptable.

3.5 Antibacterial activity

Figure 6A showed representative images of S. mutans with
several colonies (yellow dots) on blood agar plates. The number
of colonies of each sample was compared to that of the positive
control group. The quantitative result in Figure 6B showed that the
antibacterial ratios of all the groups were lower than 10%. There was

no significant difference between samples. Therefore, the
antibacterial activity of the films can be negligible.

4 Conclusion

In this research, we fabricated a PMMA-based blend film with
NaF and different proportions of PEO by solution casting. The surface
properties, the fluoride ion release and the biological properties were
investigated. With an increased ratio of PEO, NaF clusters distributed
more uniformly both on the surface of and inside of polymer blend
films; and the average surface roughness and water contact angle
decreased. The addition of PEO effectively regulated the fluoride ion
release behavior of the blend films. Among all samples, the PEO-10
samples, which consisted of PMMA, PEO and NaF with a mass ratio
of 10: 1: 0.3, showed a sustained release profile of fluoride ions over
14 days. Furthermore, the amount of fluoride ion release showed a
negative relationship with biocompatibility. The in vitro
biocompatibility of the PEO-10 samples and the PEO-20 samples
was acceptable. Taken together, the PEO-10 samples realized a slow
release of fluoride ions with low cytotoxicity. Therefore, PMMA/PEO
polymer blends together with NaF can be a safe and promising
strategy to endow dental appliances with anti-cariogenicity.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be directed
to the corresponding authors.

Author contributions

TW: Formal analysis, investigation, methodology, visualization,
and writing–original draft. ML: Formal analysis, investigation,

FIGURE 6
Representative images of Streptococcus mutans colonies (yellow dots) on blood agar plates after spreading (A) PBS with Streptococcus mutans (I),
PBS with Streptococcus mutans and the PEO-0 group (II), PBS with Streptococcus mutans and the PEO-10 group (III), PBS with Streptococcus mutans
and the PEO-20 group (IV) and PBS with Streptococcus mutans and the PEO-30 group (V) for 24 h at 37°C. Quantitative results of the antibacterial ratios
of the PEO-0 group (red), the PEO-10 group (blue), the PEO-20 group (yellow) and the PEO-30 group (green) (B).

Frontiers in Chemistry frontiersin.org08

Wang et al. 10.3389/fchem.2024.1356029

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2024.1356029


methodology and writing–original draft. ZG: Investigation,
methodology and writing–original draft. CQ: Methodology,
resources, and writing–review and editing. JS: Writing–review
and editing, formal analysis, investigation, and visualization. RS:
Formal analysis, investigation, writing–review and editing. TW:
Writing–review and editing. JW: Conceptualization, resources,
supervision, writing–review and editing. WK: Conceptualization,
Funding acquisition, project administration, resources, supervision,
writing–review and editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This project
was supported by grants from TUA research funding, Umeå
University/Region Västerbotten, Sweden (RV-937838) and the
Kempe foundation (JCSMK22-0122 and SMK-21-0015) and the
Swedish Research Council (2021-04778) (2020-04437).

Acknowledgments

The authors would like to thank Sara Henriksson and Cheng
Choo Lee, the senior research engineers at Department of
Chemistry, Umeå University for help in obtaining the SEM
images and EDS detection. Thanks to András Gorzsás, the senior
research engineer at the Department of Chemistry, Umeå University

for help in obtaining and analyzing the FTIR spectra. In addition, we
would also like to thank Junkai Ren, the postdoctoral researcher at
the Department of Physics, Umeå University for helping in
measuring the contact angle.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fchem.2024.1356029/
full#supplementary-material

References

Akiniwa, K. (1997). Re-examination of acute toxicity of fluoride. Fluoride 30 (2),
89–104.

Amina, S., Akanksha, J., Maryam, S., and Gurvinder, K. (2019). Silver diamine
fluoride as a proactive anti-caries tool: a review. Int. J. Oral Health Dent. 5 (2), 63–68.
doi:10.18231/j.ijohd.2019.016

Apicella, A., Cappello, B., Delnobile, M. A., Larotonda, M. I., Mensitieri, G., and
Nicolai, L. (1993). Poly(Ethylene oxide) (peo) and different molecular-weight peo
blends monolithic devices for drug release. Biomaterials 14 (2), 83–90. doi:10.1016/
0142-9612(93)90215-N

Arlappa, N., Qureshi, A., and Srinivas, R. (2013). Fluorosis in India: an overview. Int.
J. Res. Dev. Health 1 (2), 97–102.

Ayoob, S., and Gupta, A. K. (2006). Fluoride in drinking water: a review on the status
and stress effects. Crit. Rev. Environ. Sci. Technol. 36 (6), 433–487. doi:10.1080/
10643380600678112

Beyth, N., Bahir, R., Matalon, S., Domb, A. J., and Weiss, E. I. (2008). Streptococcus
mutans biofilm changes surface-topography of resin composites. Dent. Mater. 24 (6),
732–736. doi:10.1016/j.dental.2007.08.003

Bruinink, A., and Luginbuehl, R. (2012). Evaluation of biocompatibility using in vitro
methods: interpretation and limitations. Adv. Biochem. Eng. Biotechnol. 126, 117–152.
doi:10.1007/10_2011_111

Castle, E., Chung, P., Behfar, M. H., Chen, M., Gao, J., Chiu, N., et al. (2019).
Compliance monitoring via a Bluetooth-enabled retainer: a prospective clinical pilot
study. Orthod. Craniofacial Res. 22, 149–153. doi:10.1111/ocr.12263

Chen, T., Zhao, Y., Zhao, L., Du, J. F., and Xie, C. (2018). “Effect of modified FeO
nanoparticles on the preparation of PMMA/FeO microspheres via suspension
polymerization,” in 2017 3rd International Conference on Environmental Science
and Material Application (Esma2017), Chongqing, China, 25–26 November 2017,
1–4. doi:10.1088/1755-1315/108/4/042097

Condò, R., Mampieri, G., Pasquantonio, G., Giancotti, A., Pirelli, P., Cataldi, M. E.,
et al. (2021). In vitro evaluation of structural factors favouring bacterial adhesion on
orthodontic adhesive resins. Materials 14 (10), 2485. doi:10.3390/ma14102485

Devaux, D., Bouchet, R., Glé, D., and Denoyel, R. (2012). Mechanism of ion transport
in PEO/LiTFSI complexes: effect of temperature, molecular weight and end groups.
Solid State Ionics 227, 119–127. doi:10.1016/j.ssi.2012.09.020

Dijkman, G. E., and Arends, J. (1992). Secondary caries in situ around fluoride-
releasing light-curing composites: a quantitative model investigation on four materials
with a fluoride content between 0 and 26 vol%. Caries Res. 26 (5), 351–357. doi:10.1159/
000261467

Dijkman, G. E., de Vries, J., Lodding, A., and Arends, J. (1993). Long-term fluoride
release of visible light-activated composites in vitro: a correlation with in situ
demineralisation data. Caries Res. 27 (2), 117–123. doi:10.1159/000261528

Ding, L. J., Han, S. L., Peng, X., Wang, K., Zheng, S. N., Li, H. R., et al. (2020).
Tuftelin-derived peptide facilitates remineralization of initial enamel caries in vitro.
J. Biomed. Mater. Res. Part B-Applied Biomaterials 108 (8), 3261–3269. doi:10.1002/
jbm.b.34663

Dogramaci, E. J., and Littlewood, S. J. (2021). Removable orthodontic retainers:
practical considerations. Br. Dent. J. 230 (11), 723–730. doi:10.1038/s41415-021-2893-3

Dong, H. T., Yang, X., Zhang, S. X., Wang, X. T., Guo, C. L., Zhang, X. Y., et al. (2021).
Associations of low level of fluoride exposure with dental fluorosis among US children
and adolescents, NHANES 2015-2016. Ecotoxicol. Environ. Saf. 221, 112439. doi:10.
1016/j.ecoenv.2021.112439

Emerine, R., and Chou, S. F. (2022). Fast delivery of melatonin from electrospun blend
polyvinyl alcohol and polyethylene oxide (PVA/PEO) fibers. Aims Bioeng. 9 (2),
178–196. doi:10.3934/bioeng.2022013

Featherstone, J. D. B. (1999). Prevention and reversal of dental caries: role of low level
fluoride. Community Dent. Oral Epidemiol. 27 (1), 31–40. doi:10.1111/j.1600-0528.
1999.tb01989.x

Ferrillo, M., Marotta, N., Giudice, A., Calafiore, D., Curci, C., Fortunato, L., et al.
(2022). Effects of occlusal splints on spinal posture in patients with temporomandibular
disorders: a systematic review. Healthcare 10 (4), 739. doi:10.3390/healthcare10040739

Guo, Y. T., Su, Y. C., Jia, S. Q., Sun, G. X., Gu, R., Zhu, D. H., et al. (2018).
Hydroxyapatite/titania composite coatings on biodegradable magnesium alloy for
enhanced corrosion resistance, cytocompatibility and antibacterial properties.
J. Electrochem. Soc. 165 (14), C962–C972. doi:10.1149/2.1171814jes

Iwasawa, A., Ayaki, M., and Niwano, Y. (2013). Cell viability score (CVS) as a good
indicator of critical concentration of benzalkonium chloride for toxicity in cultured
ocular surface cell lines. Regul. Toxicol. Pharmacol. 66 (2), 177–183. doi:10.1016/j.yrtph.
2013.03.014

Frontiers in Chemistry frontiersin.org09

Wang et al. 10.3389/fchem.2024.1356029

https://www.frontiersin.org/articles/10.3389/fchem.2024.1356029/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fchem.2024.1356029/full#supplementary-material
https://doi.org/10.18231/j.ijohd.2019.016
https://doi.org/10.1016/0142-9612(93)90215-N
https://doi.org/10.1016/0142-9612(93)90215-N
https://doi.org/10.1080/10643380600678112
https://doi.org/10.1080/10643380600678112
https://doi.org/10.1016/j.dental.2007.08.003
https://doi.org/10.1007/10_2011_111
https://doi.org/10.1111/ocr.12263
https://doi.org/10.1088/1755-1315/108/4/042097
https://doi.org/10.3390/ma14102485
https://doi.org/10.1016/j.ssi.2012.09.020
https://doi.org/10.1159/000261467
https://doi.org/10.1159/000261467
https://doi.org/10.1159/000261528
https://doi.org/10.1002/jbm.b.34663
https://doi.org/10.1002/jbm.b.34663
https://doi.org/10.1038/s41415-021-2893-3
https://doi.org/10.1016/j.ecoenv.2021.112439
https://doi.org/10.1016/j.ecoenv.2021.112439
https://doi.org/10.3934/bioeng.2022013
https://doi.org/10.1111/j.1600-0528.1999.tb01989.x
https://doi.org/10.1111/j.1600-0528.1999.tb01989.x
https://doi.org/10.3390/healthcare10040739
https://doi.org/10.1149/2.1171814jes
https://doi.org/10.1016/j.yrtph.2013.03.014
https://doi.org/10.1016/j.yrtph.2013.03.014
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2024.1356029


James, S. L., Abate, D., Abate, K. H., Abay, S. M., Abbafati, C., Abbasi, N., et al. (2018).
Global, regional, and national incidence, prevalence, and years lived with disability for
354 diseases and injuries for 195 countries and territories, 1990-2017: a systematic
analysis for the Global Burden of Disease Study 2017. Lancet 392 (10159), 1789–1858.
doi:10.1016/S0140-6736(18)32279-7

Jiang, Y., Wang, Q., Tian, S. S., Luo, Z. H., Wang, D., Bai, Y., et al. (2022). Preparation
of NaF microcapsules for high-temperature thermal storage. Acs Omega 7 (28),
24688–24694. doi:10.1021/acsomega.2c02539

Knop, K., Hoogenboom, R., Fischer, D., and Schubert, U. S. (2010). Poly(ethylene
glycol) in drug delivery: pros and cons as well as potential alternatives. Angew. Chemie-
International Ed. 49 (36), 6288–6308. doi:10.1002/anie.200902672

Liu, Y. X., Zhou, L. J., Wang, L., Pan, X. L., Wang, K. T., Shu, J., et al. (2020). Air-dried
porous powder of polymethyl methacrylate modified cellulose nanocrystal
nanocomposite and its diverse applications. Compos. Sci. Technol. 188, 107985.
doi:10.1016/j.compscitech.2019.107985

Nagireddy, V. R., Reddy, D., Kondamadugu, S., Puppala, N., Mareddy, A., and Chris,
A. (2019). Nanosilver Fluoride&amp;mdash;A paradigm shift for arrest in dental caries
in primary teeth of schoolchildren: a randomized controlled clinical trial. Int. J. Clin.
Pediatr. Dent. 12 (6), 484–490. doi:10.5005/jp-journals-10005-1703

Nassar, Y., and Brizuela, M. (2023). “The role of fluoride on caries prevention,” in
StatPearls (Treasure Island, FL: StatPearls Publishing).

National Research Council (1993).Health effects of ingested fluoride. Washington DC:
National Academies Press.

Nazarov Olimjon, Z., Mun Tatyana, O., Rabiyev Behruz Khomit, u., and Kim
Vitaliy, E. (2022). Evaluation of three-point contact splint therapy for temporo -
mandibular joint joint disorders. Central Asian J. Med. Nat. Sci. 3 (3). doi:10.17605/
OSF.IO/BR84N

Park, B. J., Lee, J. Y., Sung, J. H., and Choi, H. J. (2006). Microcapsules containing
electrophoretic suspension of TiO2 modified with poly(methyl methacrylate). Curr.
Appl. Phys. 6 (4), 632–635. doi:10.1016/j.cap.2005.04.009

Peres, M. A., Macpherson, L. M. D., Weyant, R. J., Daly, B., Venturelli, R., Mathur, M.
R., et al. (2019). Oral diseases: a global public health challenge. Lancet 394 (10194),
249–260. doi:10.1016/S0140-6736(19)31146-8

Polu, A. R., and Rhee, H. W. (2016). The effects of LiTDI salt and POSS-peg (<I>n</
I> = 4) hybrid nanoparticles on crystallinity and ionic conductivity of PEO based solid
polymer electrolytes. Sci. Adv. Mater. 8 (5), 931–940. doi:10.1166/sam.2016.2657

Potewiratnanond, P., Ekrojanakul, C., Harikul, T., and Kositvanich, R. (2023). Wear
effects between polymethyl methacrylate occlusal splints and opposing dentin surfaces
during bruxism mimicking events. Bdj Open 9 (1), 21. doi:10.1038/s41405-023-00148-6

Raszewski, Z., Nowakowska, D., Wieckiewicz, W., and Nowakowska-Toporowska, A.
(2021). The effect of chlorhexidine disinfectant gels with anti-discoloration systems on
color and mechanical properties of PMMA resin for dental applications. Polymers 13
(11), 1800. doi:10.3390/polym13111800

Reddy, M. R., Subrahmanyam, A. R., Reddy, M. M., Kumar, J. S., Kamalaker, V., and
Reddy, M. J. (2016). X-RD, SEM, FT-IR, DSC studies of polymer blend films of PMMA
and PEO. Mater. Today-Proceedings 3 (10), 3713–3718. doi:10.1016/j.matpr.2016.
11.018

Rouein, Z., Jafari, H., Pishbin, F., Mohammadi, R., and Simchi, A. (2022).
Biodegradation behavior of polymethyl methacrylate-bioactive glass 45S5 composite
coated magnesium in simulated body fluid. Trans. Nonferrous Metals Soc. China 32 (7),
2216–2228. doi:10.1016/S1003-6326(22)65942-9

Shafiee, M. A. M., Asri, M. A. M., and Alwi, S. S. S. (2021). Review on the in vitro
cytotoxicity assessment in accordance to the international organization for
standardization (ISO). Malays. J. Med. Health Sci. 17 (2), 261–269.

Shi, W. C., and Han, C. C. (2012). Dynamic competition between crystallization and
phase separation at the growth interface of a PMMA/PEO blend.Macromolecules 45 (1),
336–346. doi:10.1021/ma201940m

Shi, Z. H., Lu, Y. L., Shen, S. Y., Xu, Y., Shu, C., Wu, Y., et al. (2022). Wearable battery-
free theranostic dental patch for wireless intraoral sensing and drug delivery. Npj Flex.
Electron. 6 (1), 49. doi:10.1038/s41528-022-00185-5

Sui, S. Y., Li, L., Shen, J., Ni, G. H., Xie, H. B., Lin, Q. F., et al. (2021). Plasma treatment
of polymethyl methacrylate to improve surface hydrophilicity and antifouling
performance. Polym. Eng. Sci. 61 (2), 506–513. doi:10.1002/pen.25595

Thaweboon, S., and Thaweboon, B. (2019). In vitro study of Streptococcus mutans
biofilm formation on vanillin-incorporated orthodontic PMMA resin. Key Eng. Mater.
801, 9–14. doi:10.4028/www.scientific.net/KEM.801.9

Wiegand, A., Buchalla, W., and Attin, T. (2007). Review on fluoride-releasing
restorative materials - fluoride release and uptake characteristics, antibacterial
activity and influence on caries formation. Dent. Mater. 23 (3), 343–362. doi:10.
1016/j.dental.2006.01.022

Xue, Z. G., He, D., and Xie, X. L. (2015). Poly(ethylene oxide)-based electrolytes for
lithium-ion batteries. J. Mater. Chem. A 3 (38), 19218–19253. doi:10.1039/c5ta03471j

Yadav, K. K., Kumar, S., Pham, Q. B., Gupta, N., Rezania, S., Kamyab, H., et al. (2019).
Fluoride contamination, health problems and remediation methods in Asian
groundwater: a comprehensive review. Ecotoxicol. Environ. Saf. 182, 109362. doi:10.
1016/j.ecoenv.2019.06.045

Yao, Z., Zhong, Q. F., Xiao, J., Ye, S. C., Tang, L., and Zhang, Z. H. (2021). An
environmental-friendly process for dissociating toxic substances and recovering
valuable components from spent carbon cathode. J. Hazard. Mater. 404, 124120.
doi:10.1016/j.jhazmat.2020.124120

Yap, Y. L., You, A. H., and Teo, L. L. (2019). Preparation and characterization studies
of PMMA–PEO-blend solid polymer electrolytes with SiO2 filler and plasticizer for
lithium ion battery. Ionics 25 (7), 3087–3098. doi:10.1007/s11581-019-02842-8

Zhang, L., Xu, L. L., Wu, D. D., Yu, C. H., Fan, S., and Cai, B. (2021a). Effectiveness of
exercise therapy versus occlusal splint therapy for the treatment of painful
temporomandibular disorders: a systematic review and meta-analysis. Ann. Palliat.
Med. 10 (6), 6122–6132. doi:10.21037/apm-21-451

Zhang, Y. J., Wang, X., Zhang, G. D., Stoian, R., and Cheng, G. H. (2021b). Nano-
crystal and microstructure formation in fluoride photo-thermo-refractive glass using
chirp-controlled ultrafast laser bessel beams. Nanomaterials 11 (6), 1432. doi:10.3390/
nano11061432

Zharmagambetova, A., Tuleutayeva, S., Akhmetova, S., and Zharmagambetov, A.
(2017). Microbiological aspects of the orthodontic treatment. Georgian Med. News
264, 39–43.

Frontiers in Chemistry frontiersin.org10

Wang et al. 10.3389/fchem.2024.1356029

https://doi.org/10.1016/S0140-6736(18)32279-7
https://doi.org/10.1021/acsomega.2c02539
https://doi.org/10.1002/anie.200902672
https://doi.org/10.1016/j.compscitech.2019.107985
https://doi.org/10.5005/jp-journals-10005-1703
https://doi.org/10.17605/OSF.IO/BR84N
https://doi.org/10.17605/OSF.IO/BR84N
https://doi.org/10.1016/j.cap.2005.04.009
https://doi.org/10.1016/S0140-6736(19)31146-8
https://doi.org/10.1166/sam.2016.2657
https://doi.org/10.1038/s41405-023-00148-6
https://doi.org/10.3390/polym13111800
https://doi.org/10.1016/j.matpr.2016.11.018
https://doi.org/10.1016/j.matpr.2016.11.018
https://doi.org/10.1016/S1003-6326(22)65942-9
https://doi.org/10.1021/ma201940m
https://doi.org/10.1038/s41528-022-00185-5
https://doi.org/10.1002/pen.25595
https://doi.org/10.4028/www.scientific.net/KEM.801.9
https://doi.org/10.1016/j.dental.2006.01.022
https://doi.org/10.1016/j.dental.2006.01.022
https://doi.org/10.1039/c5ta03471j
https://doi.org/10.1016/j.ecoenv.2019.06.045
https://doi.org/10.1016/j.ecoenv.2019.06.045
https://doi.org/10.1016/j.jhazmat.2020.124120
https://doi.org/10.1007/s11581-019-02842-8
https://doi.org/10.21037/apm-21-451
https://doi.org/10.3390/nano11061432
https://doi.org/10.3390/nano11061432
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2024.1356029

	Fluoride releasing in polymer blends of poly(ethylene oxide) and poly(methyl methacrylate)
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Preparation of samples
	2.3 Scanning electron microscope (SEM) observation
	2.4 Phase and composition analysis
	2.5 Surface roughness measurement
	2.6 Static contact angle measurement
	2.7 Fluoride ion release tests
	2.8 Cytotoxicity assay
	2.9 Antibacterial assay
	2.10 Statistical analysis

	3 Results and discussion
	3.1 Structure and composition of the samples
	3.2 Surface properties
	3.3 Fluoride ion release
	3.4 Cytotoxicity
	3.5 Antibacterial activity

	4 Conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


