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Abstract

Bacterial biofilms are related to various dental and periodontal infectious diseases, and the characterization of this biological
structure with micro-computed tomography (micro-CT) may offer valuable information for clinical and research applications.
In this study, we aimed to develop a model to visualize three-dimensionally the biofilm structure on dentin using micro-CT.
Dentin blocks were prepared and incubated in tryptic soy broth with Enterococcus faecalis (ATCC 29212). The control group
did not receive any staining procedure, while groups 1 and 2 were stained with 100% and 50% barium sulfate, respectively.
Transmission electron microscopy (TEM) and confocal laser scanning microscopy (CLSM) were used to detect biofilm
formation, barium sulfate penetration, and microbial cell density in the biofilm. Micro-computed tomography (micro-CT)
(SkyScan 1172, Bruker Co., Belgium) was used to visualize biofilm formation on the dentin blocks. Biofilm thicknesses
were measured from 10 different locations on the specimen surfaces, using CTAn v.1.14.4 software. Obtained data were
statistically analyzed using Kruskal-Wallis and Dunn’s tests. TEM photomicrographs showed that barium sulfate could
penetrate the biofilm structure. CLSM analysis showed that viable and total cell densities were similar between the control
and barium sulfate-treated groups (P> 0.05), indicating barium sulfate had no significant influence on cell density. In barium
sulfate-treated blocks, biofilm could be discriminated from the dentin, and its thickness could be measured with micro-CT.
This study showed that bacterial biofilm on dentin could be characterized by micro-CT after barium sulfate staining without
causing any significant side effect on viable and total cell densities.
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Introduction

Biofilms are complex polymicrobial structures, which are
composed of microbial cells enclosed in a self-produced
extracellular polymeric matrix adherent to a surface

Communicated by Erko stackebrandt.

4 Cangiil Keskin
cangul.keskin @gmail.com; cangul keskin@omu.edu.tr

Ali Keles
alikeles29 @yahoo.com

Melis Kalkan
meliskalkann @ gmail.com

Yusuf Yakupogullari
yusuf.yakupogullari@inonu.edu.tr

Mehmet Giil
mehmet.gul @inonu.edu.tr

Hikmet Aydemir
hikmetaydemir @omu.edu.tr

Fikrettin Sahin
fsahin @yeditepe.edu.tr

Department of Endodontics, Faculty of Dentistry, Ondokuz
Mayis University Samsun, Samsun, Turkey

Department of Genetic and Bioengineering, Faculty
of Engineering and Architecture, Yeditepe University,
Istanbul, Turkey

Department of Medical Microbiology, Faculty of Medicine,
Inonii University, Malatya, Turkey

Department of Histology and Embryology, Faculty
of Medicine, Inénii University, Malatya, Turkey

@ Springer


http://orcid.org/0000-0001-8990-4847
http://crossmark.crossref.org/dialog/?doi=10.1007/s00203-020-02031-6&domain=pdf

270

Archives of Microbiology (2021) 203:269-277

(Felmming and Wingender 2010). Oral cavity accommo-
dates an environment for microorganisms to colonize, prolif-
erate, and to form biofilms. Microorganisms are implicated
in the pathogenesis of a wide range of oral diseases, includ-
ing caries, periodontal infections, and apical periodontitis
(Kreth and Herzberg 2015). Biofilms were shown to be
responsible for 80% of such infections since the bacterial
biofilms are 1,000 times more resistant to antimicrobials
than planktonic cells (Costerton et al. 1999; Stewart and
Costerton 2001). Therefore, a thorough understanding of
oral infectious diseases must include comprehensive bio-
film studies. Proper characterization of the bacterial bio-
films on dentin requires cost- and labor-intensive techniques,
such as scanning electron microscopy (SEM), transmis-
sion electron microscopy (TEM), environmental scanning
electron microscopy, atomic force microscopy and fluo-
rescence in situ hybridization (Hannig et al. 2010). Elec-
tron microscopic methods provide detailed visualization of
biofilm; however, quantification is difficult, and specimens
are subjected to irreversible processes including fixation,
dehydration, and coating. Environmental scanning electron
microscopy was utilized to overcome the limitations of the
preparation process but provided limited three-dimensional
visualization (Bergmans et al. 2005; Hannig et al. 2010).
Though TEM has been regarded as the gold standard in
electron microscopy due to its high-resolution rate down
to 0.1 nm, TEM also requires an extensive preparation pro-
cess, which renders the specimen useless for further evalu-
ation (Bergmans et al. 2005; Hannig et al. 2010). All these
techniques described above could detect biofilm presence,
but they fail to use the same specimen in the following pro-
cedures to determine the effect of elimination protocols on
biofilm structures.

Micro-computed tomography is a rapidly developing
technology that utilizes X-rays and produces 3D images of
particles at the micrometer scale with their inner structure.
Micro-CT characterizes the structures depending on differ-
ences of the X-ray absorption values of the components,
which are related to atomic number and density values (Rol-
land du Roscoat et al. 2014). Unlike the techniques men-
tioned previously, micro-CT is a non-destructive technique
that enables specimens to be used after scanning for further
experimental processes (Ordinola-Zapata et al. 2017). Addi-
tionally, since destructive sample preparation steps that can
influence the microstructure are not required, the micro-CT
is capable of showing structures accurately as closest to their
natural state. The ability of micro-CT to visualize microbial
biofilm has gained popularity recently. Different media to
grow biofilm on and contrasting agents were investigated in
previous studies, which suggested that micro-CT is promis-
ing for quantitative evaluation of biofilm structure (Carrel
et al. 2018; Davit et al. 2011; Ivankovic et al. 2016; Pires
et al. 2018; Rolland du Roscoat et al. 2014). Four of those
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studies advocated the use of different contrasting agents to
differentiate biofilm structure from surrounding structures
with similar X-ray absorption properties (Carrel et al. 2018;
Davit et al. 2011; Ivankovic et al. 2016; Rolland du Ros-
coat et al. 2014). Barium sulfate is one of the most com-
monly used contrasting agents during CT examinations due
to its radiopaque nature. The suspension is also non-toxic
because of its insolubility in water, is low-cost, does not
diffuse within the tissues and provides high density radio-
graphs (Davit et al. 2011; Plouraboue et al. 2004). Micro-
CT visualization of biofilm formation on dentin structure
using barium sulfate as a contrasting agent might aid in the
quantitative evaluation of certain disinfecting procedures
on biofilm without harming the specimens. Therefore, the
present study aimed to assess the efficacy of micro-CT to
visualize Enterococcus faecalis biofilm on dentin three-
dimensionally in comparison with TEM and confocal laser
scanning microscopy (CLSM) and to provide a quantita-
tive method to analyze biofilm structure attached to dentin.
The null hypothesis would be that micro-CT could visualize
Enterococcus faecalis biofilm structured on dentin blocks.

Materials and methods
Preparation of dentin blocks and biofilm formation

A total of 36 dentin blocks from bovine teeth with
1 x4 x 1 mm dimensions were prepared for TEM and micro-
CT analyses, and 13 dentin blocks with 1 x4 X 0.5 mm
dimensions were prepared for CLSM analysis using high-
speed saw underwater cooling (Isomet 5000, Buehler,
Lake Bluff, IL, USA) (Fig. 1). Thirteen dentin blocks with
1x4x1 mm dimensions were selected for TEM analysis,
whereas the remaining 23 blocks were used for micro-CT
imaging. Dentin blocks were immersed in 2 mL of 5.25%
sodium hypochlorite for 5 min and subsequently into 2 mL.
of 17% EDTA for 1 min to remove smear layer on them
and then they were immersed in 5% sodium thiosulfate for
5 min to neutralize the effect of sodium hypochlorite. Den-
tin blocks were then dried and irradiated with UV light for
20 min.

E. faecalis strains (ATCC 29212) were incubated at 37 °C
in 15 mL tryptic soy broth (TSB-T8907 Sigma-Aldrich) for
24 h as described in previous studies (Du et al. 2014; Rosen
et al. 2016). Optical density was determined as 0.5 by 1:14
dilution with TSB measured at 600 nm using a spectro-
photometer (UV Spec 1800 Shimadzu, Japan) resulting a
103 cfu/mL bacterial concentration. Each block was trans-
ferred into sterile 24-well plates within a biological safety
cabinet. Each well was filled with 1800 pL. TSB and 200 pL
bacterial suspension and incubated at 37 °C for 48 h.
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Fig. 1 Schematic representation
of the distribution of specimens
according to the visualization
techniques. Specimens that were
not stained with barium sulfate
were categorized as the control
group. Groups 1 and 2 were
stained with 100% and 50%
barium sulfate, respectively

'

TEM (13 blocks)
Control (n=3)
Group 1 (n=5)
Group 2 (n=5)

Barium sulfate staining

Inoculant was collected completely and flushed with ster-
ile phosphate-buffered salt (PBS) solution three times to
remove the medium. Nine dentin blocks (6 of them with
1x4x1 mm, and 3 of them with 1 x4 X 0.5 mm dimen-
sions), which were not treated with barium sulfate, were
used as control groups for each visualization technique
(n=3). Wells containing these blocks were only filled with
sterile PBS and not stained. The wells of 20 blocks (15 of
them with 1 X4 X 1 mm, and 5 of them with 1 X4 X 0.5 mm
dimensions) were filled with 2 mL 100% barium sulfate
solutions (R-X suspension 100%, Ankara, Turkey) (1 g/mL
concentration) constituting Group 1. In Group 2, the wells
of the remaining 20 blocks (15 of them with 1 X4 X 1 mm,
and 5 of them with 1 X4 X 0.5 mm dimensions) were filled
with 2 mL 50% (0.5 g/mL) barium sulfate solution. All
dentin blocks within wells were incubated at 37 °C 24 h.

Transmission electron microscope evaluation

Three dentin blocks, which were not stained with barium
sulfate, were utilized as a control group. In groups 1 and
2 (n=5), the excess barium sulfate was removed from the
surface of dentin blocks. The dentin blocks were fixed
with 2.5% glutaraldehyde and decalcified using RDO-Gold
Decalcifier (Electron Microscopy Sciences, Hatfield, PA).
Following the decalcification, the dentin blocks were fixed
with 1% osmium tetroxide and dehydrated using acetone
and embedded in resin blocks (Araldite 502). 80 nm sec-
tions were prepared from Araldite blocks using ultrami-
crotome on copper grids. Sections on copper grids were
treated with uranyl acetate for contrasting, and photomi-
crographs were taken using Zeiss Libra 120 TEM (Carl-
Zeiss, Oberkochen, Germany).

TEM & Micro-CT 36 blocks
(1x1x1 mm)

Micro-CT (23 blocks)

49 dentine blocks

/

CLSM 13 blocks
(1x1x0.5 mm)

'

Control (n=3)
Group 1 (n=5)
Control (n=3) Group 2 (n=5)
Group 1 (n=10)
Group 2 (n=10)

Confocal laser scanning microscopy evaluation

Five specimens were prepared for each group 1 and 2. Blocks
that were not incubated with barium sulfate solution were
used as the control group (n=3). The excess barium sulfate
on the dentin blocks was removed by washing three times
with 1X sterile PBS. SYTO 9 Green Fluorescent Nucleic
Acid Stain (ThermoFisher Scientific S34854) and Propidium
Iodide (ThermoFisher Scientific P3566) dyes were formed
by mixing 1 pL of each with 1 mL of distilled water. 200 pLL
of both dyes at 1:1000 concentrations was added onto the
dentin blocks and allowed to incubate for 20 min at room
temperature in a dark environment.

Images obtained by CLSM (Carl Zeiss Microscopy Sys-
tem LSM700, Germany) were analyzed using the ZEN 2.3
(Carl Zeiss Microscopy GmbH, Germany) program. To
establish standardization on the evaluated area, a square-
shaped area with 100-um square in the middle of the CLSM
images was selected (Fig. 2). Viable cell density and total
cell density in this 100-um square area were calculated via
Zeiss ZEN 2.3 software (Carl Zeiss, Oberkochen, Germany)
by calculating irradiated green and red areas and their densi-
ties were recorded in airy unit (AU).

Micro-computed tomography scanning and analysis

For micro-CT imaging, three specimens, which were not
stained with barium sulfate were used in the control group
(n=3), whereas 20 stained specimens were selected for
groups 1 and 2 (n=10). The excess barium sulfate on the
dentin blocks was removed by washing three times with
1X sterile PBS. Each dentin block was fixed using sticky
wax and scanned using the micro-CT system (SkyScan
1172; Bruker-microCT, Kontich, Belgium), which was
operated at 80 kV and 124 pA. Scanning was performed
with 2.46 um isotropic resolution at 180° rotations around
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Fig.2 A standardized area with 100-um square dimensions was
selected in the center of the CLSM images, and cell densities were
calculated within this area (a—c). Bacteria were stained with green

the vertical axis with a camera exposure time of 1600 ms
and a rotation step of 0.4° for 1 h. X-rays were filtered
with 500 um aluminum filters. Data were reconstructed
using NRecon software (v. 1.6.9, Bruker-microCT) with
beam-hardening correction of 45%, smoothing of 2, and
an attenuation coefficient range of 0-0.06. Biofilm thick-
ness was measured using CTAn software (v. 1. 13, Bruker-
microCT) throughout the biofilm resulting in 10 different
measurements. The mean thickness values were calculated
as the arithmetic mean of the ten measurements. Three-
dimensional models of dentin blocks and biofilms were
acquired using CTVol v.2.2.1 (Bruker-microCT) software.
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fluorescent SYTO 9 (a) and red fluorescent Propidium iodide (b). The
staining caused viable cells to appear green and dead cells appearing
red under CLSM (c¢)

Statistical analysis

The differences between the groups regarding biofilm
thickness measurements and viable and total cell density
values were statistically analyzed using the Kruskal-Wal-
lis one-way analysis of variance and Dunn’s tests after the
Shapiro—Wilk test revealed the data were not normally dis-
tributed. The statistical significance level was established
at 0.05, and SPSS 21.0 software (SPSS Inc, Chicago, IL,
USA) was used for the statistical analyses.



Archives of Microbiology (2021) 203:269-277

273

Results
Transmission electron microscope analysis

Biofilm formation was detected on all dentin blocks. No
comparison was made between groups 1 and 2 since simi-
lar photomicrographs were obtained in both groups. TEM
photomicrographs showed that barium sulfate-penetrated
biofilm structure and penetrated some of the observed bac-
terial cell walls (Fig. 3). Also, some of the bacteria cells
were ruptured, while others remained intact. However, bac-
teria, which were not penetrated by barium sulfate, were also
detected. Photomicrographs of the control group exhibited
no barium sulfate within the cell and viable bacteria.

Confocal laser scanning microscopy findings

Viable cell density and total cell density values of the con-
trol group were similar to those of groups 1 and 2 (P> 0.05,
Table 1). The concentration of barium sulfate also had no
significant effect on the viable and total cell density values
(P>0.05).

Table 1 Mean and standard deviation (median) values of viable and
total cell density of biofilm calculated from CLSM (AU)

Group Viable cell density Total cell density N

Control group 3.98+1.93 (3.94)* 11.06+4.56 (9.77)* 3

50% barium sulphate 2324226 (1.41)"  9.03+6.39 (6.42)* 5
group

100% barium sulphate ~ 2.61+1.93 (1.55)* 8.52+6.17 (5.98)* 5
group

Different superscript letters indicate statistically significant difference
(P<0.05)

Fig.3 a—Flectron dense barium sulfate precipitate (yellow arrows)
within and on the surface of bacteria cytoplasm with distorted integ-
rity and shape (bacteria cell wall and membrane), bacteria with
intact shape and integrity (blue arrows), dentin (D) TEM, x 12,500.
b—Electron dense barium sulfate precipitate (red arrows) in the
intact bacterial cytoplasm. TEM, X 16,000. c—Electron dense barium

sulfate precipitate (yellow arrows), intact and intact bacteria (blue
arrows), dentin (D) in the cytoplasm and surface (bacterial cell wall
and membrane) of impaired integrity and shape. TEM,x20,000.
d—Bacteria with normal ultrastructural structure (white arrows),
dentin (D). TEM was edited as x 20,000
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Micro-computed tomography analysis

No measurable biofilm structure was detectable on dentin
blocks in the control group (Fig. 4a, d). An accumulated
structure that was more radiopaque than dentin was evident
in groups 1 and 2 (Fig. 4b, c, e). Kruskal-Wallis one-way
analysis of variance test revealed no significant difference
between different concentrations of barium sulfate regarding
biofilm thickness (P > 0.05) (Table 2).

Discussion

Persistence of dental infections has been associated with
the presence of biofilm communities rather than planktonic
microorganisms (Costerton et al. 1999; Parsek and Singh,
2003). Therefore, compositional analysis, characterization,
and three-dimensional visualization of biofilms are essential
to understand the mechanisms responsible for the function of
biofilms and their interaction with the environment (Miller
et al. 2012). Developments in imaging technology have gen-
erated substantial data regarding the nature of biofilm. Vari-
ous visualization techniques have been suggested to study
biofilms, and quantitative evaluation and characterization
of biofilm is still a developing subject (Alhede et al. 2012;
Ivankovic et al. 2016; Schlafer and Meyer 2017).

TEM has been suggested to overcome the limitations of
traditional scanning electron microscopy for the detection of
the samples with greater detail and without the distortion of
hydrated components (Reese and Guggenheim 2007). TEM
presents high-resolution insight into the ultrastructure of the
bacterial cells and extracellular polymeric matrix due to the

Table2 Mean and standard deviation (median) values of biofilm
thicknesses measured by micro CT (pm)

Barium sulphate concentration Biofilm thickness N
50% barium sulphate 5.91+1.30 (5.85)* 10
100% barium sulphate 5.55+0.81 (5.39)* 10

Different superscript letters indicate statistically significant difference
(P<0.05)

preparation of ultrathin samples despite extensive prepara-
tion steps (Hannig et al. 2010). In the present study, TEM
was utilized to assess the interaction between barium sulfate
and biofilm bacteria. Photomicrographs showed penetration
of barium sulfate crystals into the deeper layers of biofilm.
It was seen that some bacterial cells embodied barium sul-
fate crystals, but not all of them were penetrated by barium
sulfate.

Moreover, TEM showed that some of the bacteria that
embodied barium sulfate crystals were intact, whereas the
cell walls of others seemed ruptured. A previous study uti-
lized barium sulfate for biofilm staining; however, no TEM
evaluation was used in that study (Davit et al. 2011). There-
fore, direct comparisons cannot be made between the results
of these studies regarding the TEM results. TEM images
obtained from this study exhibited similar effects of barium
sulfate application on biofilm components between groups
1 and 2, both presenting invasion of barium sulfate crystals
into the deeper layers of biofilm as well as sound and rup-
tured bacterial cells. The ruptured cells may have occurred
due to the chemical fixation and decalcification steps before
TEM examination.

Fig.4 The radiopacity of barium sulfate could not be detected in the
control group (a, d). Visualization of the radiopacity of the biofilm
structure formed on the dentin blocks during micro-CT scanning (b).
The appearance of the biofilm structure in two-dimensional micro-
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CT images (c¢). Three-dimensional micro-CT visualization of dentin
blocks and biofilms (e) Biofilm is shown in blue, and dentin block is
shown in white



Archives of Microbiology (2021) 203:269-277

275

CLSM may be used to evaluate the effect of different
treatment regimens on biofilm structure. This technique
produces images with less resolution than SEM but allows
the determination of biofilm biomass, biovolume, and cell
distribution quantitatively. In the present study, CLSM was
performed for each group to measure viable and total cell
density before and after the barium sulfate application. Inter-
estingly, no significant difference was found between barium
sulfate-treated and control groups regarding viable and total
cell densities, although TEM images showed ruptured bacte-
rial cells. It was contradictory for TEM and CLSM results
to show similar viable cell density since all bacterial cells
seemed intact in the control group under the TEM exami-
nation. This could be attributed to 2-dimensional sectional
photomicrographs generated by TEM with no quantitative
information regarding cell density of the entire biofilm struc-
ture. Moreover, the total duration of interaction between
barium sulfate and biofilm might also influence cell viability.

Both TEM and CLSM require ultrathin specimen prepa-
ration to expose biofilm structure to be visualized. Micro-
CT has the advantage of penetrating the dental tissues to
show its inner root canal anatomy with great detail without
necessitating a preparation step. Reproducible techniques
that allow operators to characterize biofilm structure quan-
titatively with regard to its thickness, density, and volume
might be useful to study the effect of elimination techniques
on biofilm structure (Heydorn et al. 2000). The present study
proposes a novel technique to visualize biofilm using micro-
CT technology. The presented results showed that biofilm
structure, in which the barium sulfate invasion was con-
firmed with TEM, could be visualized three-dimensionally
using micro-CT. Moreover, the biofilm thickness could also
be measured. Therefore, the null hypothesis that micro-CT
was efficient to visualize biofilm structure formed on dentin
was accepted.

A recent micro-CT study used dual-energy and quantita-
tively analyzed biofilm volume data by subtracting two differ-
ent scanning data obtained with dual-energy acquisition (Pires
et al. 2018). This technique provided visualization of biofilm
structure without prior application of any contrasting agent;
however, the technique was also reported to be dependent on
cavity dimensions (Pires et al. 2018). Biofilm could also be
differentiated in a single micro-CT scanning if the contrasting
agents are used. A previous study showed that barium sulfate
penetrated the deep layers of biofilm and provided radiopaque
images (Davit et al. 2011). In agreement, the present study
showed that both 50% and 100% concentrations of barium
sulfate had been determined as adequate to visualize biofilm
structure with micro-CT. Dentin is also a radiopaque structure;
thus, it is important to differentiate between radiopacities of
biofilm and dentin. This study showed that the application of
both 50% and 100% barium sulfate provided biofilm structure
to have a more radiopaque image compared to dentin. The

difference between dentin and biofilm structure regarding their
radiopacity favored the visualization and measurement of bio-
film using micro-CT.

Micro-CT eliminates the preparation process and provides
the specimen to be reused to examine the efficacy of disinfec-
tion protocols. In the present study, both TEM and CLSM
examinations exhibited dead bacterial cells after barium sulfate
application. On the other hand, the micro-CT technique pro-
vided no information regarding the viability of cells or inner
cell structures, such as organelles, which constituted the limita-
tions of the present technique.

Pires et al. (2018) calculated the volume of biofilm formed
in artificial dentin cavities using dual-energy micro-CT. In the
present study, biofilm thickness was measured at ten different
points of the biofilm structure since biofilms showed irregular
outlines. Previous studies reported that biofilm thickness of
E. faecalis could increase up to 25.5 um (Pei et al. 2012; Peri-
asamy et al. 2012). These values might differentiate between
studies due to variations, e.g., incubation duration and choice
of substrate, and they can be easily visualized during micro-
CT scanning with 2.5 um resolution. The results of the present
study showed that biofilm thickness was not affected by the
barium sulfate concentration. The thicknesses of the detected
biofilms were 5—-6 um. These results were similar to those
reported by Chandra et al. (2015), in their study on CLSM
examination of E. faecalis biofilm; however, methodological
differences between studies prevent direct comparison of the
results.

In this study, after applying barium sulfate, dentin blocks
were washed three times and then micro-CT scan was per-
formed. However, the barium sulfate deposits that adhered to
dentin surface may have caused a radiopaque image without
biofilm presence. In micro-CT imaging, this possible radio-
paque deposit, which does not contain biofilm, may have been
evaluated as biofilm. In particular, a thin irregular radiopaque
layer can be seen around the dentin block in Fig. 4c. The actual
justification for the formation of such irregular dense structure
could not definitely be made; however, it could cause from a
possible demineralization effect of biofilm on dentin surface
or beam-hardening artifact. Another possible limitation of the
presented technique was the use of 2.5 um resolution value,
which required 1 h of processing time for 1 X4 X 1 mm dentin
blocks. Such scanning parameters would cause a total of 3 h
scanning duration for an actual root. To shorten this duration,
splitting root canals into parts to focus, and the use of 2.5 um
voxel size is suggested.

Conclusion
This study proposed a reproducible and quantitative method

to visualize and measure biofilm structure and could serve
as a basis for further analysis. The efficacy of disinfection
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techniques and materials to remove biofilm structure within
root canals could be evaluated by quantitative analysis of
biofilm thickness. Biofilm thicknesses could be measured
before and following the application of tested disinfection
protocols on experimentally infected root canals by two
micro-CT scanning, and the difference between the biofilm
thicknesses could reflect the efficacy of tested protocols.
Further studies should evaluate the ability of barium sul-
fate to penetrate the biofilm structure formed in actual root
canals.
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