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Abstract

Background Orthodontic brackets provide a favorable environment for Streptococcus mutans biofilm formation,
increasing the risk of white spots and dental caries. Manganese oxide (MnO,) nanozyme-doped diatom microbubbler
(DM) is a recently developed material for biofilm removal. DM can generate oxygen by catalase-mimicking activity

in Hydrogen peroxide (H,0,) solution and move with ejecting oxygen microbubbles to produce a mechanical self-
cleansing effect. This study aimed to evaluate the feasibility of DM as a novel bracket cleaner.

Methods DM was prepared according to the protocol and analyzed using a scanning electron microscope (SEM). We
treated S. mutans biofilms grown over bracket with phosphate-buffered saline (PBS group), 0.12% chlorhexidine (CHX
group), 3% H,0, (H,0, group), and co-treatment with 3 mg/mL of DM and 3% H,0, (DM group). The biofilm removal
effect was analyzed using crystal violet assay, and the results were observed using SEM. The viability of S. mutans in
remaining biofilms was evaluated using confocal laser scanning microscopy (CLSM). Finally, we examined the effect of
all materials on mature multispecies biofilms formed on debonded brackets.

Results Crystal violet assay results revealed that the CHX group removed more biofilms than the control group, and
the DM group removed biofilms more effectively than the CHX group (p <0.0001). SEM and CLSM images showed
that CHX killed S. mutans but failed to remove most biofilms on brackets. However, DM effectively removed biofilms
and mature multispecies biofilms on debonded brackets (p <0.0001).

Conclusions Co-treatment with DM and H,0, is effective in removing biofilms on orthodontic brackets compared to
conventional antibacterial agents.
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Background

As the number of patients undergoing orthodontic treat-
ment increases [1], the side effects of orthodontic treat-
ment have also increased [2, 3]. Streptococcus mutans is
is a major contributor of biofilm formation associated
with dental caries [4]. The placement of orthodontic
appliances provides an environment for the proliferation
of plaque-producing bacteria such as S. mutans [5-7].
Of the many orthodontic appliances, brackets play a sig-
nificant role in enamel demineralization because they are
difficult to clean due to their complex design and remain
attached to the dentition throughout orthodontic treat-
ment [8]. Therefore, it is important to maintain good oral
hygiene during orthodontic treatment.

Due to the complex design of orthodontic brackets,
mechanical methods such as brushing cannot ensure
complete plaque removal [6, 9]. To overcome the limi-
tations of mechanical cleaning methods, chemical anti-
microbial agents, such as chlorhexidine (CHX) and
hydrogen peroxide (H,O,), have been used for plaque
control [10-12]. However, bacteria residing in bio-
films have higher resistance to antibiotics and disinfect-
ants than planktonic cells because the matrix produced
by extracellular polymeric substances (EPS) limits the
transport of antibacterial agents and neutralizes them
chemically [13, 14]. It is necessary to study new cleaning
techniques that effectively remove biofilms on orthodon-
tic brackets. Therefore, many previous studies have inves-
tigated materials and methods for more effective plaque
removal from brackets [10, 12, 15-17].

Manganese oxide (MnO,) nanozyme-doped diatom
microbubbler (DM) is recently developed as an active
cleaning agent by loading MnO, nanozyme sheets on fos-
silized Aulacoseira diatom particles [18]. DM is a hollow
cylinder-shaped microparticle with many pores on the
surface. In the H,O, solution, the catalase-mimicking
activity of the MnO, nanozyme sheet of the DM rap-
idly decomposes H,O, and generates oxygen. With the
propelling force of oxygen gas, DM moves randomly,
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destroys and penetrates the matrix in biofilms, and con-
tinuously generates microbubbles. DM can effectively
remove biofilms from complex structures in confined
spaces [18], and be considered a novel cleaning agent for
decontamination of biofilms from orthodontic brackets.

There has been no study so far on cleaning brackets
using DM. The present in vitro study aimed to evaluate
the feasibility of using DM as a novel bracket cleaner. It
compares the ability of DM to remove S. mutans bio-
films formed on metal brackets with that of conven-
tional antibacterial agents, such as CHX and H,0O,,. It also
evaluates the effect of DM in removing mature biofilms
formed over a long period on brackets in the oral cavity
of patients.

Methods

Preparation of the DMs

For DM preparation, 2 g of diatom particles, 60 mL of
toluene, and 0.6 mL of distilled water were added to a
three-necked round-bottom flask equipped with a ther-
mometer, a reflux condenser, and an N, gas tube accord-
ing to the protocol of the previous study (Fig. 1) [18]. The
mixture was stirred for 2 h at room temperature; 3.4 mL
of (3-aminopropyl) triethoxysilane (APTES; Sigma-
Aldrich, St. Louis, MO, USA) was added and refluxed for
6 h at 60 °C. The mixture was cooled and washed with
toluene, 2-propanol, and distilled water. After drying in a
vacuum desiccator for 2 days, 0.1 g of amine-substituted
diatom particles were added to 1 mL of 50 mM potas-
sium permanganate (KMnO4; Sigma-Aldrich, St. Louis,
MO, USA) solution and sonicated for 30 min at room
temperature. Next, the particles were washed with dis-
tilled water and ethanol and dried in an oven for 1 day at
60 °C.

Physicochemical characterization of DMs

Scanning electron microscope (SEM) images were taken
with Apreo S (Thermo Fisher Scientific, Waltham, MA,
USA) at 15,000 and 50,000 times magnification at 10.0 kV
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Fig. 1 Schematic illustration of fabrication steps for MnO, nanozyme-doped diatom microbubbler
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to observe the morphology of prepared DMs. The ele-
mental analyses were performed using an energy disper-
sive spectrometer (EDS) coupled with SEM at 20.0 kV
to confirm that the MnO, nanozyme sheets were well-
doped on the surface of the diatom particles.

Biofilm formation on orthodontic brackets

Sterile lower incisor brackets (Empower 2; American
Orthodontics, Sheboygan, WI, USA) were placed in a
96-well tissue culture plate and inoculated with 200 pL
of S. mutans (ATCC 25175) suspension brain—heart infu-
sion with 1% sucrose at a concentration of 10° CFU/mL.
Then the plate was incubated anaerobically for 24 h at
37°C.

Crystal violet assay

A total of 50 sterile brackets were prepared and randomly
assigned to 5 groups for crystal violet assay (n=10). Of
these, 10 specimens were placed in 200 mL of sterile
broth as a negative control group, and the specimens of
the other 4 groups were incubated with S. mutans sus-
pension as previously described to form biofilms. After
biofilm formation, the orthodontic brackets were gently
washed with phosphate-buffered saline (PBS, pH="7.4)
and transferred to a new 96-well tissue culture plate.
Next, orthodontic brackets were treated either with PBS
(PBS group), 0.12% (w/v) CHX (Bukwang Pharmaceuti-
cal Co., Ltd, Seoul, Korea) (CHX group), 3% (v/v) H,0O,
(H,O,; Sigma-Aldrich, St. Louis, MO) (H,O, group), or
co-treatment with 3 mg/mL of DM and 3% H,O, (DM
group) for 2 min.

After removing non-adherent cells by washing with
PBS, the remaining biofilms on the brackets were quan-
tified using a crystal violet assay [19]. The brackets were
stained with 1 mL of 1% (w/v) crystal violet solution (Jun-
sei Chemical, Tokyo, Japan) for 10 min and washed with
PBS thrice. The crystal violet dye in the remaining bio-
films was released using 95% ethanol. Subsequently, 200
uL of the solution was transferred to a microtiter plate,
and the optical density (OD) of the dissolved crystal vio-
let dye was measured using a microplate reader (Epoch
2; Bio-Tek Instruments, Winooski, VT, USA) at 570 nm.

SEM analysis

SEM (Apreo S; Thermo Fisher Scientific, Waltham, MA,
USA) was used to visualize the remaining biofilms on
the brackets after each treatment. The non-adherent
cells were removed by washing with PBS, and the brack-
ets were fixed for 4 h with 1 mL of 4% paraformaldehyde
(Biosesang, Seongnam, Korea) and washed with PBS
for 15 min thrice. Next, the specimens were dehydrated
in successively increasing concentrations of ethanol for
15 min (70%, 80%, 90%, 95%, and 100%). Subsequently,
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the resin specimens were treated in 1 mL of 100% hexa-
methydilazane (HMDS; Sigma-Aldrich, St. Louis, MO,
USA) for 20 min, dried completely, and coated with plati-
num. The biofilms on the brackets were visualized using
SEM at a voltage of 10 kV.

Staining and visualization of biofilms by CLSM

The biofilms on the brackets were washed with PBS and
stained with the molecular probes’ Live/Dead BacLight
viability kit comprising SYTO-9 and propidium iodide
(Invitrogen, Eugene, OR, USA) to visualize the viabil-
ity of the remaining biofilm after each treatment.? The
biofilms were incubated with the staining solution con-
taining SYTO-9 and propidium iodide for 20 min in a
dark cabinet. The brackets were washed with PBS thrice
and placed upside-down on glass-bottomed confocal
dishes (SPL Life Science, Kyong-Gi, Korea) with Bac-
Light mounting oil (Thermo Fisher Scientific, Waltham,
MA, USA). The stained biofilms were immediately exam-
ined using CLSM (LSM700; Carl Zeiss, Oberkochen,
Germany).

Biofilm removal assay on contaminated orthodontic
brackets debonded from patients

A total of 32 brackets were collected from orthodontic
patients on the day of debonding and randomly assigned
to 4 groups (n=8). The brackets were gently washed
twice with PBS and stained with 100 pg/mL FITC-con-
jugated concanavalin A (Sigma-Aldrich, St. Louis, MO,
USA) for 20 min in a dark cabinet to label microorgan-
isms on the brackets. After washing with PBS twice,
stained samples were imaged using a fluorescence imag-
ing system (FOBIL Neoscience, Suwon, Korea). The
brackets were placed in a 96-well tissue culture plate and
treated for each group. After washing with PBS thrice,
images of the brackets were taken using the fluorescence
imaging system. Stained areas of the brackets “before
treatment” and “after treatment” were measured using
an image analyzing software program (Image]J; National
Institutes of Health, Bethesda, MD, USA). This study
was approved by the Ethics Committee of Seoul National
University Dental Hospital (ERI22013).

Statistical analysis

The Shapiro—Wilk normality test revealed that the data
were normally distributed (p>0.05), and homogene-
ity of variance was checked by Levene’s test (a«=0.05).
The quantitative data of the crystal violet assay were
statistically analyzed using a 1-way analysis of vari-
ance (ANOVA) and Tukey’s multiple comparison test
(a=0.05). A 2-way repeated-measures ANOVA test was
performed to analyze the plaque removal assay on brack-
ets debonded from patients (a=0.05). The Bonferroni
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method was used for pairwise comparisons of the areas
of stained biofilms on the brackets before and after treat-
ment (a=0.05). Tukey’s multiple comparison test was
performed for comparisons among groups (a=0.05).
Statistical analyses were performed using a statistical
program (Prism 9; GraphPad, San Diego, CA, USA).

Results

Physicochemical characterization of DMs

The diatom particles used in this study had many pores
on the surface in the form of a hollow cylinder (Fig. 2a,
b). The element mapping images confirmed that MnO,
nanozyme sheets were uniformly loaded onto the DM
surface (Fig. 2c).

Crystal violet assay

The results of the crystal violet assay that evaluated the
remaining biofilms on the bracket after each decontam-
ination treatment are shown in Fig. 3. The CHX group
showed a significantly lower value than the PBS group
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Fig. 3 Streptococcus mutans biofilm removal effect evaluated using
crystal violet analysis. Data are expressed as mean value =+ standard
deviation. Data were analyzed using 1-way ANOVA with Tukey’s
multiple comparison tests (p < 0.05). Different letters denote statistical
differences between groups
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Fig. 2 Scanning electron microscopy images and element mapping images of the fabricated MnOZ nanozyme—doped diatom microbubbler.
a Scanning electron microscopy image of diatom microbubbler (magnification: 15,000 times, white scale bar=5 um). b Scanning electron
microscopy image shows pores on the surface of the diatom microbubbler (magnification: 50,000 times, white scale bar=2 um). ¢ Element
mapping images showing a homogenous distribution of MnO, nanozyme sheets on the diatom microbubbler (black scale bar=800 nm)



Kim et al. BMC Oral Health

(2023) 23:33

Page 5 of 9

Fig. 4 Scanning electron microscopy images of orthodontic brackets after each biofilm removal treatment. The images in the upper row were
taken at 200 x (scale bar=500 um), and the images in the lower row were taken at 10,000 x (scale bar=10 um)
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C

Fig. 5 Confocal laser scanning microscopy images of remaining biofilms on orthodontic brackets after each biofilm removal treatment.
Dual-staining method using SYTO-9 and propidium iodide was used to evaluate the viability of remaining Streptococcus mutans after each
decontamination treatment. SYTO-9 stained all bacterial cells, while propidium iodide stained dead bacterial cells. The white scale bar represents

500 pm

(»<0.0001), and the DM group had a lower value than
the CHX group (p<0.0001). The H,O, group did not
show a statistically significant difference from the PBS
group (p >0.05).

SEM analysis

SEM images for visually evaluating the remaining bio-
films on the brackets are presented in Fig. 4. The clus-
ter of S. mutans remains in the CHX and H,O, groups
as in the PBS group. However, in the DM group, there
were very few remaining S. mutans, and we observed
only damaged or fragmented residues.

Staining and visualization of biofilms by CLSM

According to the CLSM images shown in Fig. 5, a large
proportion of S. mutans in the remaining biofilms were
stained with propidium iodide in the CHX group. Only
a few cells were left in the DM group compared to other
groups.

Table 1 Results of 2-way repeated measures ANOVA for
measured area of stained biofilms on debonded orthodontic
brackets

Source Typelllsum df Meansquare F Sig

of square
Group (G) 4324 3 144.1 46.75  <0.0001
Treatment (T)  438.0 1 4380 142.1  <0.0001
GxT 2756 3 91.88 3.868 0.0197
Subject 665.0 28 2375 7.704  <0.0001
Residual 86.33 28 3.083

Biofilm removal assay on contaminated orthodontic
brackets debonded from patients

The biofilms of the brackets used by the patients were
stained using FITC-conjugated concanavalin A; the
stained areas before and after each treatment were
comparatively analyzed. The 2-way repeated-measures
ANOVA showed the significance of groups, treatment,
and interactions among these factors in the areas of
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Fig. 6 Plaque removal assay of contaminated brackets debonded from patients. a Relative fluorescence heatmap for remaining biofilms stained
with FITC-conjugated concanavalin A before and after each treatment. b Relative biofilm-contaminated areas of brackets before and after treatment
are quantified. Different uppercase letters denote statistical differences in the stained area before and after treatment within the same group
(p<0.05). Different lowercase letters denote statistical differences between tested groups at the same time point (p <0.05)

stained biofilms on debonded brackets (Table 1). There
was no significant difference in the stained area before
and after treatment in the PBS and CHX groups (Fig. 6).
However, the stained areas of the H,0O, and DM groups
showed a statistically significant reduction after each
treatment (p<0.0001). After treatment, the DM group
had fewer stained areas than the H,O, group (p=0.0113).

Discussion

White spots and dental caries occurring during ortho-
dontic treatment are problematic for patients and ortho-
dontists [20]. S. mutans, the bacterium used in this study,
lowers the pH and tilts the demineralization-remineral-
ization equilibrium toward mineral loss, causing white
spots and dental caries [4, 21]. Studies show raised S.

mutans levels in the oral cavity and increased risk of den-
tal caries after bonding orthodontic brackets [22, 23].
Effective plaque removal using mechanical clean-
ing methods can present challenges due to the complex
design of orthodontic brackets [6]. Therefore, chemical
methods should be used as an assistant [17]. CHX has
been used as a conventional chemical therapeutic agent
for plaque control [10, 11]. A previous study reported
that CHX reduced the viability of S. mutans on brack-
ets [17]. The present study showed that CHX effectively
removed S. mutans biofilms on brackets (Fig. 3). The
SYTO-9 from the Live/Dead BacLight viability kit labels
all remaining cells (with intact membranes and damaged
membranes). In contrast, propidium iodide penetrates
only bacteria with damaged membranes [12, 24]. CLSM
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images in which a large proportion of the bacteria on the
brackets were treated with CHX and stained with pro-
pidium iodide showed that CHX could kill S. mutans
(Fig. 5). However, CHX did not effectively remove mature
multispecies biofilms on the brackets used by the patients
(Fig. 6), and CHX efficacy reduced against bacteria in
the biofilms [13, 14]. The EPS matrix of biofilms resists
chemical antimicrobial agents, and the compact matrix
inhibits the diffusion of solutes [25].

The amounts of S. mutans biofilms were not signifi-
cantly different from the PBS group when using the H,O,
solution alone (Fig. 3). However, mature multispecies
biofilms on debonded brackets significantly reduced by
H,0, treatment (Fig. 6). One mechanism of the antibac-
terial action of H,0, is the liberation of oxygen by cata-
lase [26]. Bacterial catalase enzymes decompose H,O,
and generate oxygen bubbles that break biofilms [27].
Since S. mutans cannot produce catalase [28, 29], biofilm
removal by this mechanism did not occur (Fig. 3). How-
ever, several types of microorganisms in the oral cavity
release catalase, and saliva contains catalase derived from
bacteria [30]. Therefore, H,0O, treatment of multispecies
biofilms on debonded brackets generated oxygen bubbles
and significantly reduced stained biofilms. The cleaning
effect of H,0O, treatment alone was affected by biofilm
composition.

This study evaluated DM as a novel orthodontic
bracket cleaner that can overcome the limitations of
existing chemical antimicrobial agents. DM, produced
by doping MnO, nanozyme sheets on fossilized Aula-
coseira diatom, is a microparticle (approximately 10 um
in diameter and 18 pum in length) developed to remove
biofilms (Fig. 2a) [18], and is unfamiliar to the dental
field. DM has the shape of a hollow cylinder, and the wall
has a large number of pores with an average diameter of
500 nm (Fig. 2b). Oxygen can be generated by the cata-
lase-mimicking activity of MnO, in an H,O, solution.
The oxygen collected inside the cylinder creates pressure,
and the DM particle moves randomly by ejecting oxygen
microbubbles [18]. Reports show that the migration rate
of DM in 3% H,0O, is 60 um/s [18]. Using this principle,
DM destroys biofilms, penetrates them, and moves ran-
domly while continuously generating oxygen gas. H,O,
can also diffuse into destroyed biofilms.

As DM mechanically destroys the structure of bio-
films, it can overcome the limitations of conventional
chemical antimicrobial agents. Although CHX killed
bacteria (Fig. 5), it did not effectively remove mature
multispecies biofilms (Fig. 6), and H,O, was ineffec-
tive in removing S. mutans biofilms (Fig. 3). However,
co-treatment with DM and H,0O, effectively removed S.
mutans biofilms and mature multispecies biofilms from
brackets compared to CHX and H,O, (Fig. 3 and 6).
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DM particles can infiltrate biofilms and continuously
produce oxygen microbubbles that merge and burst to
deform and fracture the biofilms; therefore, co-treat-
ment with H,O, and DM removed biofilms more effec-
tively than H,O, treatment alone (Fig. 6) [18]. The SEM
image of the bracket in the DM group showed clus-
ter structure destruction of the biofilms (unlike other
groups), leaving only very few S. mutans and damaged
or fragmented residues (Fig. 4).

CLSM images of the DM group showed fewer stained
bacteria than other groups (Fig. 5). Although CHX
killed S. mutans, several dead cells and biofilm struc-
tures remained on the bracket (Fig. 5); the remaining
biofilm structure and the extracellular matrix promote
microbial adhesion and cohesion [14], and provide a
three-dimensional scaffold for biofilm development [31,
32]. EPS of cariogenic biofilms formed by S. mutans is
an essential virulence factor related to dental caries [33,
34]. Although CHX Kkills S. mutans, it cannot remove
the structure of most biofilms, so the risk of addi-
tional biofilm development and dental caries progres-
sion remains. However, DM can effectively reduce this
potential risk by the mechanical removal of biofilms.

Reports show that DM can effectively remove bio-
films in confined spaces [18]. Therefore, biofilms exist-
ing in narrow or hidden spaces of brackets that cannot
be removed using conventional mechanical cleaning
methods, such as brushing, can be effectively removed
by DM. Moreover, unlike conventional chemical agents,
DM removed biofilms from the brackets and dam-
aged the biofilm structure to break bacterial resistance
and defense functions, enabling more effective decon-
tamination. Although this in vitro study showed that
DM could be a novel therapeutic agent for the decon-
tamination of orthodontic brackets, further research
on practical methods for using DM in actual clinical
situations should also be developed and optimized. As
shown in previously studied oral cleaning devices [35,
36], an oral tray can be used to create a confined space
around teeth and brackets enabling DM to remove
biofilms more effectively. It should be noted that our
study cannot fully predict the physicochemical behav-
ior of DM in human oral cavity. Therefore, care should
be taken in translating the results of this in vitro study
to an in vivo situation. However, biocompatibility of
DM in has been extensively examined in a previous
study by repetitively co-treatment of DM and H,0O, on
tongue mucosa, resulting in no significant tissue dam-
age or inflammation [37]. In addition, when MG63 cells
were exposed to DM for 24 h, no significant cytotoxic-
ity was observed up to concentration of 10 mg/mL [37].
However, in order for DM to be applied in the oral cav-
ity in clinical setting, further studies are required for
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biocompatibility of DM on various oral tissues includ-
ing gingiva, palate, and buccal mucosa.

Conclusions

+ Co-treatment with H,O, and DM effectively
removed S. mutans biofilms and multispecies bio-
films on the bracket surfaces, showing the possibility
of being used as a novel bracket cleaner.

+ Co-treatment with H,0, and DM removed S. mutans
biofilms more effectively than CHX, and the removal
effect of mature multispecies biofilms was also signif-
icantly superior to that of H,O, treatment alone.

« CHX killed S. mutans on the brackets and effectively
removed S. mutans biofilms, but not mature multi-
species biofilms formed on brackets in the oral cavity
for a prolonged period.

+ H,0, did not effectively remove S. mutans biofilms
but significantly reduced multispecies biofilms on
debonded brackets.
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