creative
comimons

C O M O N S
& X EAlI-HI el Xl 2.0 Gigel=
Ol OtcHe =2 E 2= FR0l 86t AFSA
o Ol MHE=E= SN, HE, 8E, A, SH & &5 = AsLIC

XS Metok ELIChH

MNETEAl Fots BHEHNE HEAIGHHOF SLICH

Higel. M5t= 0 &

o Fot=, 0l MEZ2 THOIZE0ILE B2 H, 0l HAS0 B2 0|8
£ 2ok LIEFLH O OF 8 LICEH
o HEZXNZREH EX2 oItE O 0lelet xAdE=2 HEX EsLIT

AEAH OHE oISt Aeles 212 LWS0ll 26t g&
71 2f(Legal Code)E OloiotI| &H

olx2 0 Ed=t

Disclaimer =1

ction

Colle


http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/

SEELTN

Ak

A=

o

Biofilm Removal Effect of MnO,-Diatom
Microbubbler on Inner Surface of

Dental Implants

MnOz—Diatom Microbubbler & dETE
Y AE(biofilm) #AA &3}

2023d 84

Aetstn st
SEELEEETE LIRS

4 d A



Biofilm Removal Effect of MnO,-Diatom
Microbubbler on Inner Surface of

Dental Implants

o] ¥R PEY AN EROE AEF

20234 6 €

Aetista ishd

SR e E R i ey

g9 4 B (<)
¥ 943 (<)
g 4 (<)
g 4 (<)

a d Gl




- ABSTRACT -

Biofilm Removal Effect of MnO2-Diatom
Microbubbler on Inner Surface of

Dental Implants

Hyunsub Kim, D.D.S., M.S.D.

Department of Prosthodontics, Graduate School, Seoul National University

(Directed by Professor Myung-Joo Kim, D.D.S., M.S., Ph.D.)

Purpose: The increasing popularity of dental implants has led to the emergence
of various complications, including peri-implantitis and mechanical issues.
While previous studies have focused on the outer surface of implants to treat
peri-implantitis, recent research has shown that biofilms on the inner surface of
implants is a major contributing factor to peri-implantitis. When MnO,-Diatom
Microbubbler (DM) is treated with hydrogen peroxide, they generate oxygen
microbubbles through catalytic reactions and move randomly with propulsion
force, resulting in a mechanical removal effect on biofilms. The aim of this
study was to evaluate the removal effect of DM on the biofilms formed on the
inner surface of dental implant fixtures. Additionally, we evaluated the impact
of DM on the mechanical properties of an implant-abutment assembly and

investigated its influence on the titanium surface.



Materials and methods: The preparation of DM was performed, and its
physicochemical properties were analyzed using a scanning electron
microscope (SEM). Porphyromonas gingivalis (ATCC 33277), one of the
representative anaerobic bacteria causing peri-implantitis, was cultured and
inoculated to form a biofilm on the inner surface of the implants. The inner
surface of the implants, where the biofilms were formed, was treated with
different solutions for 2 minutes, including phosphate-buffered saline (PBS),
0.2% chlorhexidine gluconate (CHX), 3% hydrogen peroxide solution (H20>),
and 3% H,0, with 4 mg/mL DM (H,O+DM), followed by rinsing with PBS.
To evaluate the viability of the bacteria, a CCK-8 assay was conducted (n = 10),
and FITC-conjugated Concanavalin A staining was performed to investigate
the extracellular polymeric substances (EPS) of the biofilm (n =5). The biofilm
that remained was examined using scanning electron microscopy (SEM)
images and confocal laser scanning microscopy (CLSM). Abutments were
connected to the implants in all treatment groups, and reverse torque values
were measured (n = 10). X-ray photoelectron spectroscopy (XPS) was used to
confirm chemical changes in the titanium disc surface caused by treatment with
3% H,0, and 4 mg/mL DM (n = 4), while CLSM was employed to verify
alterations in surface roughness (n = 4). To compare the mean values of each
experimental group, one-way analysis of variance (ANOVA) and two-way
repeated-measures ANOVA were conducted. Post-hoc analyses using Tukey's
test for one-way ANOVA and the Bonferroni method and Tukey's test for two-

way repeated-measures ANOVA at a 95% confidence interval were performed.



Results: The co-treatment group of 3% H>O; and 4 mg/mL DM, as well as the
0.2% CHX treatment group, showed a significant decrease in bacterial viability
in the biofilms formed on the inner surfaces of the implant compared to other
treatment groups. However, the co-treatment group of 3% H,O, and 4 mg/mL
DM was found to be more effective in decontaminating the biofilm on the inner
surface of the implant, while the 0.2% CHX treatment group showed less
effectiveness in removing the biofilms. The co-treatment of H,O, and DM for
removing P. gingivalis biofilms resulted in a significant increase in reverse
torgue values in the implant-abutment assembly. Moreover, the co-treatment of
H20, and DM did not affect the physicochemical characteristics of the titanium

surface.

Conclusions: The co-treatment of H,O, and DM proved to be a more efficient
method for decontaminating P. gingivalis biofilms on the inner surface of
dental implant fixtures compared to traditional cleaning agents. This highlights
the potential for using this novel decontaminator for the inner surface of dental

implant fixtures.

Keywords: peri-implantitis, biofilm, manganese oxide, diatom, hydrogen
peroxide

Student Number: 2021-37815
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I. INTRODUCTION

Dental implants have been widely recognized as the most successful clinical
method for restoring missing teeth over the past four decades.! This involves
installing an implant fixture into the alveolar bone and connecting implant
prosthesis to the fixture after ensuring osteointegration.”? However, as dental
implants have become popular, various complications have also increased.
These complications can be categorized as biological complications and
mechanical complications.> Complications that arise from bacterial infections
and affect tissues surrounding the implant fixture are known as peri-implant
complications, which include peri-implant mucositis and peri-implantitis.*
Peri-implantitis is mainly linked to Gram-negative anaerobic bacteria such as
Porphyromonas gingivalis, Treponema denticola, and Tannerella forsythia.>”
These bacteria create a biofilm around the implant fixture, leading to mucosal
inflammation and alveolar bone loss through endotoxin-mediated
inflammation.® Mechanical complications exist in various forms, including
prosthetic screw loosening and prosthetic screw fractures.?

Recently, the 2-piece bone-level internal type implant has gained popularity
due to its numerous advantages. Compared to the external type implant, which
relies only on a screw preload for connection between the implant fixture and
the abutment, the internal type implant is connected to an abutment through the
friction of a morse taper of the implant fixture and the preload of the screw.
This results in less micro-movement, reducing the risk of screw loosening and

fracture.>'* Additionally, the internal type implant incorporates platform
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switching, which causes less marginal bone loss compared to the external type
implant that relies on platform matching.!!

The 2-piece bone-level internal type implant system may have limitations in
precision during production, making it difficult to achieve an accurate match
between the implant fixture and the abutment.’ Therefore, fixture-abutment
interface (FAI) microgaps may form between the implant fixture and the

abutment.'?

Studies have shown that the biofilm from these FAI microgaps can
be a significant factor in peri-implantitis.>!*!* These microgaps are typically
about 4 pum in size, allowing bacteria smaller than this to penetrate and
contaminate the internal chamber of the implant fixture, leading to biofilm
formation.'>?! Numerous in vitro studies have suggested that bacterial leakage
can occur through the FAI microgaps under unloaded conditions.?'-2®
Furthermore, these microgaps can expand even more under loading conditions,
especially under eccentric loading conditions.?” Micro-movements of the
abutment during use can cause a pumping effect, which drives bacteria through
the FAI microgaps.?” Furthermore, the FAI microgaps may act as a reservoir for
anaerobic bacteria such as P gingivalis that cause peri-implantitis.?’-®
Continuous exposure of the peri-implant soft tissue to bacterial exudate from
the FAI can cause inflammation, leading to a marginal peri-implant bone loss.>
This leakage is a significant factor in the development of inflammatory
reactions in the area surrounding the implant fixture.>'*!'* Moreover, biofilms
composed of microorganisms, glycoproteins, and extracellular matrices can act

as lubricants to decrease the friction.?’ This results in a decrease in the

coefficient of friction between the morse taper surface of the bone-level internal



type implant and the abutment, as well as between the prosthetic screw and an
inner threaded portion of the implant.?=*! This reduction in friction adversely
affects the mechanical properties of the implant-abutment assembly, such as
causing screw loosening and increasing the stress level within the implant-
abutment assembly. Therefore, it is crucial to decontaminate the microbial
biofilm present on the inner surface of the dental implant fixture.

Various methods have been used to decontaminate bacterial colonization in
FAI.32%5 (0.2% CHX solution has been used for the decontamination of the FAI
bacterial colonization.*® Also, 10% H>O, solution has the potential to remove
the internal implant contamination.*® However, biofilms, which contain an
extracellular matrix, limit the access of antibacterial agents, making them more
resistant to disinfectants and antibiotics compared to planktonic cells.?”
Therefore, it is necessary to study new cleaning methods that can overcome
these limitations.

The manganese oxide (MnQO-) nanozyme-doped diatom microbubbler (DM)
is a newly developed active cleaning agent. It is created by doping MnO>
nanozyme sheets on fossilized Aulacoseira diatom particles.** When placed in
an H»O, solution, the MnO, nanozyme sheets on DM generate oxygen
microbubbles by decomposing H>O; into water and oxygen through a catalase-
imitating activity.?* These oxygen microbubbles continuously generate an
impelling force that causes DM to move randomly and demolish the structure
of biofilms.?* This process is particularly effective in confined spaces, making
it a novel therapeutic candidate for decontaminating biofilms on the inner

surface of dental implant fixtures.*



This study aimed to assess the efficacy of DM in removing biofilms on the
inner surface of implant fixtures. Specifically, we compared the ability of DM,
CHX, and H,O; to remove P. gingivalis biofilms formed on the FAI in vitro.
The impact of DM on the mechanical properties of an implant-abutment

assembly was evaluated.



II. MATERIALS AND METHODS

1. Preparation of DMs

To prepare DM, we followed the method used in a previous study.”
Specifically, we combined 2 g of diatom particles, 60 mL of toluene, and 0.6
mL of distilled water in a three-necked round-bottom flask equipped with a
thermometer, a reflux condenser, and an N gas tube. The mixture was stirred
at room temperature for 2 hours, and then we added 3.4 mL of (3-aminopropyl)
triethoxysilane (APTES; Sigma-Aldrich, St. Louis, MO, USA). We heated the
mixture to 60°C and refluxed it for 6 hours. After cooling down, we washed the
mixture with toluene, 2-propanol, and distilled water. We then dried the
resulting amine-substituted diatom particles in a vacuum desiccator for 2 days.
To further prepare DM, we mixed 0.1 g of the amine-substituted diatom
particles with 1 mL of 50 mM potassium permanganate (KMnO,; Sigma-
Aldrich, St. Louis, MO, USA). We sonicated the mixture at room temperature
for 30 minutes, rinsed the particles with distilled water and ethanol, and then

dried them for 24 hours at 60°C in an oven.

2. Physicochemical properties of DMs

To investigate the physicochemical properties of the prepared DMs, we
obtained scanning electron microscopy (SEM) images using an Apreo S
microscope (Thermo Fisher Scientific, Waltham, MA, USA) at magnifications

of 15,000 and 50,000 times at 10.0 kV. We also used an energy dispersive
9 ':l--'i . ) !-l;



spectrometer (EDS) in combination with SEM at 20.0 kV to conduct elemental
analysis and confirm the successful doping of MnO, nanozyme sheets onto the

surface of the diatom particles.

3. Biofilm formation on the inner surface of dental implant

fixtures

Sterile bone-level internal type implants with a diameter of 4.0 mm and a
length of 7.0 mm (Luna; Shinhung, Seoul, Korea) were placed in a 48-well
tissue culture plate and inoculated with 1 mL of P. gingivalis (ATCC 33277)
suspension to form biofilms. P. gingivalis was cultured in brain-heart infusion
(BHI) broth (Becton, Dickinson and Company, Franklin Lakes, NJ, USA)
supplemented with 5.0 mg/mL of hemin (Sigma, St. Louis, MO, USA) and 0.5
mg/mL of vitamin K (Sigma, St. Louis, MO, USA). The bacterial concentration
of P. gingivalis was adjusted to 2.0x10® CFU/mL, based on the standard curve
of OD 600 nm versus CFU/mL for P. gingivalis. The implants inoculated with
P. gingivalis were incubated in an anaerobic chamber (10% Ha, 10% CO,, and

balanced N) at 37°C for 48 hours.

4. Bacterial viability assay

Fifty sterile bone-level internal type implants were randomly divided into
five groups (n = 10). The negative control group received implants in 1 mL of
sterile broth, while the other four groups were inoculated with P. gingivalis to

create biofilms using a previously described method. After 48 hours, the



implants were rinsed with phosphate-buffered saline (PBS, pH = 7.4). The
implants with biofilms were then treated with 20 pL of PBS (PBS group), 0.12%
(w/v) CHX (Bukwang Pharmaceutical Co., Ltd, Seoul, Korea) (CHX group),
3% (v/v) H20; (Sigma-Aldrich, St. Louis, MO, USA) (H>O, group), or co-
treatment with 4 mg/mL of DM and 3% H»O, (H>O,+DM group) for 2 minutes.
The treated implants were then rinsed with PBS before being placed in a 96-
well tissue culture plate. The dimensions of this tissue culture plate were
suitable for comfortable placement of the implants for subsequent experiments.
To assess the viability of the remaining bacteria, 190 pL of sterile BHI broth
and 10 pL of bacterial Cell Counting Kit-8 (CCK-8) solution (Dojindo
Laboratory, Kumamoto, Japan) were added to another 96-well tissue culture
plate. Using a pipette, 20 pL of the BHI broth and CCK-8 solution mixture was
added to the internal cavity of the implants. The bacterial suspension was then
pipetted and transferred back to the mixture every 30 minutes during a 2-hour
incubation period at 37°C. The colored mixture was examined through a bright
field imaging using a stereomicroscope (Leica S6D; Leica Microsystems,
Wetzlar, Germany) and its absorbance at 450 nm was measured by a microplate

reader (Epoch 2; Bio-Tek Instruments, Winooski, VT, USA).
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5. Stained biofilm removal assay

A total of 20 bone-level internal type implants were embedded in an acrylic
resin block (Ortho-Jet; Lang Dental, Wheeling, IL, USA) and cross-sectioned
along their longitudinal axis (Fig. 1(a)) using a cutting machine (Isomet 1000;
Buehler, Lake Bluff, IL, USA) (n = 5).*° The cross-sectioned implants were
then reassembled to their original form using flowable composite resin (Denfil
Flow; Vericom, Anyang, Korea) and sterilized (Fig. 1(b)). To create biofilms on
the inner surface of the implants, a previously described method was used. In
order to stain the extracellular polymeric substance (EPS), the implants were
placed in BHI broth containing 10 pg/mL of FITC-conjugated Concanavalin A
(Sigma, St. Louis, MO, USA) for 20 minutes in a dark cabinet at room
temperature. After incubation, the implants underwent a PBS rinse, were re-
separated, and then imaged using a fluorescence imaging system (FOBI;
Neoscience, Suwon, Korea). The implants were then reassembled with
flowable composite resin and placed in a 48-well tissue culture plate, with each
group receiving appropriate treatment. Following a PBS wash, the implants
were re-separated and imaged again using the fluorescence imaging system.
The stained areas in cross-sectional images of the implants (‘“before treatment”
and “after treatment”) were measured using image analyzing software (ImageJ;

National Institutes of Health, Bethesda, MD, USA).

3 i i §
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(a) (b)

Fig. 1. Cross-sectioned fixture used in the experiment. (a) Images of fixture
cross-sectioned along the longitudinal axis. (b) Images of fixture assembled to
the original form using flowable composite resin.

6. SEM analysis

The biofilms remaining on the inner surface of cross-sectioned implants were
observed using SEM (Apreo S; Thermo Fisher Scientific, Waltham, MA, USA)
after each treatment. The specimens were rinsed with PBS and then fixed with
1 mL of 2.5% (v/v) glutaraldehyde for 4 hours. After fixation, the specimens
were washed with PBS and dehydrated using a series of ethanol solutions (50%,
70%, 95%, and 100%). Once the specimens had dried completely, they were
coated with platinum and visualized using SEM at a voltage of 10 kV to observe
the biofilms. The number of bacteria within a 100 um? area in SEM images was

measured.

13 e ,-"{FT -.l:.?;' L
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7. CLSM analysis

To assess viability, biofilms on the inner surface of cross-sectioned implants
were washed with PBS after each treatment and stained with the Live/Dead
BacLight wviability kit, which contains SYTO-9 and propidium iodide
(Invitrogen, Eugene, OR, USA). The specimens were incubated with the
staining solution in a dark cabinet for 20 minutes and then washed with PBS.
The cross-sectioned implants were placed with their cut surfaces facing
downwards in the bottom of confocal dishes (SPL Life Science, Kyong-Gi,
Korea) with BacLight mounting oil (Thermo Fisher Scientific, Waltham, MA,
USA). The stained biofilms were imaged using confocal laser scanning

microscopy (CLSM) (LSM700; Carl Zeiss, Oberkochen, Germany).

14 2] 2 1]
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8. Reverse torque test

A total of 50 sterile bone-level internal type implants (diameter: 4.0 mm;
length: 7.0 mm; Luna; Shinhung, Seoul, Korea) were randomly assigned to 5
groups, as previously described: negative control group, PBS group, CHX
group, H>O» group and H>O,+DM group (n = 10). Once the biofilms were
formed, the implants were treated according to their respective groups.

The reverse torque value (RTV) was measured using the experimental
procedures outlined in a previously published method.*! Each implant was
secured in a customized jig (Fig. 2), and a 4.5 mm diameter, 3.0 mm gingival
height Duo abutment (Luna; Shinhung, Seoul, Korea) was connected to the
implant. A recommended torque of 30 Ncm was applied to the prosthetic screw
with a digital screw torque meter (MGT 50; MARK-10, Copiague, NY, USA).
The implant-abutment assemblies were then re-tightened with a torque of 30
Ncem after 10 minutes to account for embedment relaxation. Subsequently, the

reverse torque values were measured using the digital screw torque meter.

(a) (b)

Fig. 2. Customized jig used in the experiment. (a) Images of customized jig. (b)
Images of implant-abutment assembly held in a customized jig.
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9. Physicochemical characteristics of the titanium disc

surface

The machined titanium discs (diameter: 10.0 mm; height: 1.0 mm; Dentium;
Seoul, Korea) were treated with double distilled water (DW group), 3% (v/v)
H,0, (Sigma-Aldrich, St. Louis, MO, USA) (H>O, group), co-treatment with
DW and 4 mg/mL of DM (DW+DM group) or co-treatment with 3% H»O, and
4 mg/mL of DM (H,O,+DM group) for 4 minutes (n =4). After each treatment,
titanium discs were cleaned in an ultrasonic cleaner for 5 minutes and then
gently wiped and air-dried before analysis. The chemical composition of the
titanium disc surfaces was analyzed using X-ray photoelectron spectroscopy
(XPS) (Axis Supra; Kratos, Manchester, UK) with monochromatic aluminum
X-ray radiation (1486.6 eV). The binding energy scale was calibrated using a
reference peak of C 1s (BE = 284.5 eV). The surface roughness of the titanium
discs after each treatment was measured using confocal laser scanning
microscopy (CLSM) (LSM 800; Carl Zeiss, Jena, Germany). The average

surface roughness (Ra) values were calculated over an area of 319 x 319 pm?.

10. Statistical analysis

The data were determined to follow a normal distribution based on the
Shapiro—Wilk normality test (o = 0.05), and homogeneity of variance was
assessed using Levene’s test (o = 0.05). A statistical analysis was performed on
the quantitative data obtained from the bacterial viability assay, SEM analysis,

reverse torque test, and physicochemical characteristics of the titanium disc
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surfaces using one-way ANOVA, followed by Tukey’s multiple comparison test
(o =0.05) as a post-hoc test. The stained biofilm removal assay was analyzed
using a two-way repeated-measures ANOVA test (o = 0.05). Pairwise
comparisons of areas of stained biofilms before and after each treatment were
conducted using the Bonferroni method (o = 0.05), and comparisons among
groups were made using Tukey’s multiple comparison test (o = 0.05) as a post-
hoc test. Statistical analyses were performed using Prism 9 (GraphPad, San

Diego, CA, USA).
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1. RESULTS

1. Physicochemical properties of DMs

The diatom particles used in this study had a hollow cylinder shape with
several pores on their surface (Fig. 3(a) and (b)). An elemental analysis
confirmed that MnO, nanozyme sheets were evenly incorporated onto the DM

surface (Fig. 3(¢c)).
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Fig. 3. Scanning electron microscopy (SEM) images and element mapping
images of the MnO; nanozyme-doped diatom microbubbler (DM) that was
fabricated. (a) SEM image of the DM (magnification: 15,000 times, with a
white scale bar =5 um). (b) SEM image that highlights the pores on the surface
of the DM (magnification: 50,000 times, white scale bar = 2 um). (c) Element
mapping images that reveal a uniform distribution of MnO» nanozyme sheets
on the DM (black scale bar = 800 nm).
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2. Bacterial viability assay

The viability of bacteria in biofilms on the inner surface of implants was
assessed using CCK-8 after each treatment (Fig. 4). The CHX (0.40 + 0.03) and
H,0,+DM (0.36 £0.01) groups showed significantly lower levels of an orange-
colored product (WST-8 formazan) produced by living bacteria compared to
the PBS group (0.68 + 0.11) (p < 0.0001). There was no significant difference
between the CHX and H,O,+DM groups and the control group (0.38 + 0.02) (p
> (.05), indicating that there were either no viable bacteria or very few in these
two groups. The H>O, group (0.70 £ 0.09) did not show a statistically

significant difference from the PBS group (p > 0.05).

(a) Control PBS (b) 1.0+
0-8 il KREX *EX%
) : L m
. o 0.6
< n
< ns
Q 0.4 ns
CHX H,0, H,0,+DM ©
0.2
[ 0.0- T T
oo [ )4
QT

Fig. 4. The viability of Porphyromonas gingivalis was assessed using CCK-8.
(a) Photographic image of yellow formazan indicating the live bacteria in each
group. (b) Quantification of absorbance of samples at 450 nm in Figure 4(a).
Data are presented as the mean value = SD (n = 10). Significance is set to ns,
not specific; **: p <0.01; ***: p <0.001; and ****: p <0.0001.
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3. Stained biofilm removal assay

The P. gingivalis biofilms on the inner surface of the implants were stained
with FITC-conjugated Concanavalin A and then photographed and measured
before and after each treatment (Fig. 5). Two-way repeated-measures ANOVA
was conducted, and Table 1 displays the significance of groups, treatment, and
interactions among these factors in the areas of stained biofilms. There was no
significant difference in the stained biofilms before and after each treatment in
the PBS, CHX and H»O: groups (p > 0.05). However, the stained areas of the

H,0,+DM group significantly decreased after the treatment (p < 0.0001).

Table 1. Results of a two-way repeated-measures ANOVA for the area of
stained biofilms on the inner surface of the implants before and after each

treatment

Source Sum of df Mean F Sig.
square square

Group (G) 0.7087 3 0.2362  27.84 <0.0001

Treatment (T) 0.2678 1 0.2678 111.00 <0.0001

GxT 0.4661 3 0.1554 64.42 <0.0001

Contaminated area 0.1357 16 0.0085 3.52 0.0081

Residual 0.0386 16 0.0024
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Fig. 5. Decontamination of stained Porphyromonas gingivalis biofilms on the
inner surface of implants. (a) Relative fluorescence heatmap of FITC-
conjugated Concanavalin A stained biofilms before and after each treatment. (b)
Stained areas in Figure 5(a) are measured. Data are expressed as mean value +
SD (n = 5). Significance is set to ns, not specific; **: p <0.01; ***: p <0.001;
and ****; p <0.0001.
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4. SEM analysis

SEM images (Fig. 6(a)) were used to visually investigate P. gingivalis biofilms
that remained on the inner surface of the implants after each treatment. The
CHX and H>O; groups showed similar results to the PBS group, with some
bacteria remaining on the inner surface of the implants. However, in the
H>O,+DM group, only a few bacteria and damaged biofilm residues were
observed on the inner surface of the implants. The quantification of the number
of bacteria within 100 pm? in each group (Fig. 6(b)) reveals no significant
difference in the PBS (83.80 + 21.02), CHX (79.80 + 33.97) and H,O, groups
(80.60 = 9.94) (p > 0.05). However, the H,O,+DM group (1.20 + 1.79)
exhibited a very low bacterial count and did not show a statistically significant

difference compared to the control group (0.00 = 0.00) (p > 0.05).
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Fig. 6. Scanning electron microscopy (SEM) images of the inner surfaces of
the implants after each treatment to remove Porphyromonas gingivalis biofilm.
(a) The SEM images of each group after decontamination (magnification:
10,000 times, with a white scale bar = 10 um). (b) Quantification of the number
of bacteria within 100 um? in Figure 6(a). Data are presented as the mean value
+ SD. Significance is set to ns, not specific; **: p < 0.01; ***: p <0.001; and
A% p<0.0001.
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5. CLSM analysis

The amount and viability of P gingivalis remaining after treatment were
evaluated using CLSM (Fig. 7). The quantity of bacteria remaining in the CHX
group was similar to that of the PBS group, but a significant proportion of them
were stained red with propidium iodide. The visual representation of the H,O,
group was similar to that of the PBS group. However, in the H,O,+DM group,

only a few bacteria were observed after treatment.

Control PBS CHX

200 ym .

H,0, H,0,+DM

Fig. 7. Confocal laser scanning microscopy images of the Porphyromonas
gingivalis remaining on the inner surfaces of implants after each treatment. To

assess the remaining bacteria and their viability after each biofilm removal
treatment, a dual-staining method using SYTO-9/propidium iodide was used.
SYTO-9 stains all bacterial cells, while propidium iodide stains dead or
damaged bacterial cells.
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6. Reverse torque test

After each treatment to remove biofilm from the inner surface of the implants,
the abutment was connected to the implant and the reverse torque value was
measured (Fig. 8). The mean reverse torque values of the CHX (22.95 £ 0.80
Nem) and H>O; (22.60 = 0.91 Ncm) groups were significantly lower than that
of the control group (28.10 £ 0.99 Ncm), which was similar to the PBS group
(23.35£0.91 Ncm). However, the mean reverse torque value of the H.O,+DM
group (27.15 £ 1.08 Ncm) was significantly higher than that of the other

experimental groups and was similar to the control group.
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Fig. 8. Reverse torque values for each group. The data are presented as the mean
value + SD (n = 10). The data were analyzed using one-way ANOVA with
Tukey's multiple comparison tests (p < 0.05). Significance is set to ns, not
specific; **: p < 0.01; ***: p <0.001; and ****: p <0.0001.
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7. Physicochemical characteristics of the titanium disc

surface

The study investigated the physicochemical characteristics of machined
titanium discs after each treatment (Fig. 9). The average surface roughness (Ra)
values were measured using a CLSM (Fig. 9(a)). The Ra values of the H,O,
(0.12 £ 0.02 um), DW-+DM (0.12 £+ 0.02 um) and H,O>+DM (0.13 + 0.03 pum)
groups were similar to those of the DW group (0.11 £ 0.01 um) and no
significant differences were observed. An XPS analysis was conducted after
each treatment to assess any chemical modifications. The XPS results did not
show any significant peak shift or change in amplitude (Fig. 9(b)). Additionally,
the oxide contents of the H,O, (32.23 £ 1.94 %), DW+DM (34.39 + 0.80 %)
and H>O,+DM (35.31 +2.05 %) groups were similar to those of the DW group

(32.89 £ 0.71 %) and no significant differences were observed (Fig. 9(c)).
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Fig. 9. Physicochemical characteristics of the titanium disc surface after each
treatment. (a) Average surface roughness (Ra) values of the titanium discs after
each treatment. The data are presented as the mean value + SD (n = 4).
Significance is set to ns, not specific. (b) XPS results of the titanium discs
obtained after each treatment. (c) Oxide contents of the titanium discs
determined after each treatment. The data are presented as the mean value £ SD
(n=4). Significance is set to ns, not specific.
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IV. DISCUSSION

Peri-implantitis is a complex inflammatory condition that poses challenges for
both patients and dentists. Research suggests that bacteria can enter the
microgaps of the fixture-abutment interface (FAI) and form biofilms, which is
a major contributor to peri-implantitis.>!>!* One of the primary causative
bacteria of peri-implantitis is P. gingivalis, which is also found in the FAI
microgaps.”’-?® This Gram-negative anaerobic bacterium forms biofilms in the
FAI microgaps, leading to inflammation mediated by endotoxins, resulting in
mucosal inflammation and marginal bone loss.®

Numerous attempts have been made to reduce bacterial colonization on the
inner surface of implant fixtures.’**> Chlorhexidine (CHX) has been a
successful antiseptic for treating periodontal disease for almost 60 years.*
Previous studies have shown that a 0.2% CHX solution is effective in
decontaminating biofilms on the inner surface of implant fixtures.* In this study,
CHX was found to effectively decrease the viability of P. gingivalis (Fig. 4).
The viability assay using CCK-8 is an experiment that relies on the fact that
living bacteria reduce the colorless WST-8 to form the orange-colored WST-8
formazan.**** When treated with CHX, the orange color of the formazan
became lighter, and the absorbance at 450 nm significantly decreased compared
to the PBS group, indicating that CHX effectively reduced the viability of P
gingivalis in this study. FITC-conjugated Concanavalin A is used to detect
glycoproteins in the biofilms of P. gingivalis through fluorescent staining.

There was no significant difference observed in FITC-conjugated Concanavalin
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A staining before and after cleaning with CHX (Fig. 5). In CLSM analysis,
SYTO-9 is a green, fluorescent nucleic acid stain commonly used to label live
and dead microorganisms, while propidium iodide emits a red fluorescence and
can only penetrate cells with damaged membranes, allowing for the
visualization of dead and damaged microbes exclusively (Fig. 7).***6 Therefore,
although CHX can reduce the viability of P. gingivalis, it cannot effectively
remove dead bacterial cells and the EPS matrix of the biofilms (Fig. 5 and 7).

When H,O, was used alone, there was no significant difference in the viability
assay results of P. gingivalis biofilms between the H,O» group and the PBS
group (Fig. 4). This is because P. gingivalis has various defense mechanisms
against oxidative stress caused by H,O,, such as antioxidant systems*’*5, DNA
repair systems®, and chaperone/protease systems.’*! Additionally, P.
gingivalis has a unique defense mechanism against reactive oxygen species
(ROS) damage, which involves obtaining haem on its cell surface.’>>* This
haem, responsible for the black pigmentation of P. gingivalis, can lead to the
formation of p-oxo dimers in the presence of ROS, which can catalytically
degrade H,0,.3* P. gingivalis has genes, including rbr, feoB2, dps, ahpC, and
bep, that provide protection against H,O»-induced oxidative stress.>*

The present study assessed the effectiveness of DM as a FAI microgap cleaner,
which has the potential to address the limitations of traditional chemical
antimicrobial agents. A microparticle called DM has been developed for
decontaminating the biofilms. It is created by doping MnO» nanozyme sheets
onto fossilized Aulacoseira diatom, measuring approximately 10 pm in

diameter and 18 um in length (Fig. 3(a)).* It is structured as a hollow cylinder
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with walls abundant in pores with an average diameter of 500 nm (Fig. 3(b)).*
When DM is co-treated with H,O», it produces oxygen through a catalase-like
function of MnQ,.*° The accumulation of oxygen within the cylinder generates
pressure, causing DM to move erratically and discharge microbubbles of
oxygen.** Previous research showed that DM moves at a speed of 60 pm/s when
co-treated with a 3% H,O, solution.*® Utilizing this concept, DM can eradicate
the biofilms by infiltrating and moving randomly while continuously
generating oxygen gas. Moreover, the oxygen bubbles generated during co-
treatment with DM and H,O; can induce oxidative stress in anaerobic bacteria,
including P. gingivalis.®® However, P. gingivalis may develop resistance to
oxidative stress, allowing it to survive in aerobic environments.®® When
forming biofilms, P. gingivalis can express the uspA gene and produce the UstA
protein to develop a defense mechanism against oxidative stress.®? After
destroying the structure of the biofilm, DM can have a very high bactericidal
effect by inducing oxidative stress in a larger contacting area through a large
amount of oxygen bubbles. In other words, unlike other chemical agents, DM
can have a superior decontamination effect through the synergistic effect of
mechanical biofilm destruction and oxidative stress.

DM can overcome the limitations of traditional chemical antimicrobial agents
by mechanically disrupting the biofilm structure. While CHX was effective in
reducing the viability of P. gingivalis (Fig. 4), it failed to effectively remove the
EPS of the biofilms (Fig. 5 and 7). Also, H,O, did not significantly decrease the
viability of P. gingivalis (Fig. 4). SEM analysis revealed that in the CHX and

H,0O» groups, bacteria were still present on the inner surface of the implant
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fixtures, just like in the PBS group (Fig. 6). However, in the H,O»+DM group,
only a small number of bacteria and residual debris that had been damaged or
broken apart were found on the inner surface of the implant fixture (Fig. 6). The
presence of lipopolysaccharide (LPS) in the residual EPS can trigger
inflammation and hinder proper osteointegration between the implant and the
alveolar bone, leading to the development of peri-implantitis.®*% The
mechanical removal of biofilms using DM can significantly reduce this
potential risk.

The biofilms found in the FAI have an impact on the mechanical
characteristics of the implant-abutment assembly.?** These biofilms consist of
microorganisms, glycoproteins, and EPS, which act as a lubricant, reducing the
coefficient of friction between the implant and the abutment and affecting the
preload of the prosthetic screw.””** The preload of the prosthetic screw is
fundamentally generated by the frictional force between the prosthetic screw
and the inner threaded portion of the implant fixture. Therefore, the biofilms
formed on the inner surface of the implant fixture also affect the preload of the
prosthetic screw.>! As a result of the decrease in the coefficient of friction,
higher stress levels occur in the implant-abutment assembly, which can cause
plastic deformation at the implant neck during loading.’! The present study on
reverse torque values shows results consistent with previous experiments (Fig.
8). CHX was effective in killing P. gingivalis, but it did not significantly
improve reverse torque values compared to the group treated with PBS, as it
was unable to remove the biofilm structure (Fig. 8). Similarly, the group treated

with H>O, also showed no significant difference in reverse torque values
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compared to the PBS treated group, as the lubricating effect of the biofilms was
present (Fig. 8). However, DM effectively decontaminated the biofilms,
resulting in a significant increase in reverse torque values that were not
significantly different from the control group (Fig. 8). Therefore, it can be
inferred that when cleaning the FAI with DM, mechanical complications such
as screw loosening or fracture will be significantly reduced, and the mechanical
properties of the implant-abutment assembly will improve.

Any changes in the mechanical structure or chemical composition of the
internal titanium surface of the implant fixture after chemical decontamination
could impact the long-term prognosis of the implant-abutment assembly.
However, the present study demonstrated that co-treatment with DM and H»O,
had no physical or chemical effects on machined titanium discs. Although this
experiment was conducted on machined titanium discs for the sake of analysis
convenience rather than actual implant fixtures, it is important to note that there
is a difference in the pressure generated during the co-treatment of the titanium
disc with DM and H,O; compared to the co-treatment of the inner surface of
the implant fixture. Considering these limitations, it can be assumed that the
inner titanium surface of the implant fixture will also be minimally affected
when cleaning the FAI with DM.

In summary, different from conventional chemical agents, DM can remove the
biofilms on the inner surface of the implant fixture and destroy the structure of
the biofilms, thereby disrupting bacterial resistance and defense mechanisms
and this facilitates more effective decontamination. If the DM can only act on

the inner space of the implant fixture, the adverse effect on the oral mucosa and
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alveolar bone can be minimized, making it a highly promising material for
clinical applications. Studies have shown that DM is efficient in removing
biofilms in confined areas.** To achieve a higher decontamination effect, a
stopper can be used to seal the inner space of the implant fixture after co-
treating with DM and H,O,. Although this in vitro study demonstrates the
potential of DM as a new therapeutic agent for the decontamination of FAI,
further research is needed to determine how DM can be practically used in real-
world clinical settings. The characteristics of DM cannot be entirely anticipated
through this in vitro study since laboratory constraints limit the consideration
of all the factors present in an oral cavity. Therefore, caution should be
exercised when applying the findings of this study to an in vivo situation. A
previous study on mice tongues found that DM did not cause any damage or
inflammation to the mucosa and had no adverse effects on MG63 cells.®

Further research is necessary to investigate the effect of DM on the oral mucosa,

including the attached gingiva, in humans.
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V. CONCLUSIONS

Our study has shown that co-treatment with H,O, and DM is highly effective
in removing P. gingivalis biofilms from the inner surface of dental implant
fixtures. These results suggest that this approach could be a promising
decontamination method for the inner surface of dental implant fixtures. The
co-treatment of H»O, and DM was found to be more effective in removing P
gingivalis biofilms from the inner surface of dental implant fixtures compared
to treatment with CHX or H>O; alone. The study found that the reverse torque
values, which had decreased due to the presence of P. gingivalis biofilms on the
inner surface of dental implant fixtures, were significantly increased after the
co-treatment of H,O, and DM. This suggests that decontaminating the inner
surface of dental implant fixtures using DM can improve the mechanical
characteristics of the implant-abutment assembly. Furthermore, the co-
treatment of H,O, and DM did not affect the physicochemical characteristics of
the titanium disc surface, including atomic composition, surface roughness, and
presence of TiO; layers. However, as this in vitro study has limitations, further
research is necessary to assess the clinical applications of DM for

decontaminating the inner surface of dental implant fixtures.
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