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ABSTRACT

Purpose: The purpose of this study was to compare the characteristics of single- and dual-
species in vitro oral biofilms made by static and dynamic methods.

Methods: Hydroxyapatite (HA) disks, 12.7 mm in diameter and 3 mm thick, were coated with
processed saliva for 4 hours. The disks were divided into a static method group and a dynamic
method group. The disks treated with a static method were cultured in 12-well plates, and
the disks in the dynamic method group were cultured in a Center for Disease Control and
Prevention (CDC) biofilm reactor for 72 hours. In the single- and dual-species biofilms,
Fusobacterium nucleatum and Porphyromonas gingivalis were used, and the amount of adhering
bacteria, proportions of species, and bacterial reduction of chlorhexidine were examined.
Bacterial adhesion was examined with scanning electron microscopy (SEM) and confocal
laser scanning microscopy (CLSM).

Results: Compared with the biofilms made using the static method, the biofilms made
using the dynamic method had significantly lower amounts of adhering and looser bacterial
accumulation in SEM and CLSM images. The proportion of P. gingivalis was higher in the
dynamic method group than in the static method group; however, the difference was not
statistically significant. Furthermore, the biofilm thickness and bacterial reduction by
chlorhexidine showed no significant differences between the 2 methods.

Conclusions: When used to reproduce periodontal biofilms composed of F. nucleatum and

P. gingivalis, the dynamic method (CDC biofilm reactor) formed looser biofilms containing
fewer bacteria than the well plate. However, this difference did not influence the thickness
of the biofilms or the activity of chlorhexidine. Therefore, both methods are useful for
mimicking periodontitis-associated oral biofilms.

Keywords: Bacterial adhesion; Biofilms; Chlorhexidine; Electron microscope tomography;
Periodontitis

INTRODUCTION

Most surfaces of the human body (skin, respiratory, and gastrointestinal mucosa and the oral
cavity) provide a unique environment for microorganisms and are colonized by bacteria [1,2].
More specifically, dental plaques in the oral cavity are dynamic microbial biofilms composed
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of hundreds of bacterial species and extracellular matrices [3]. These biofilms contain
commensal and pathogenic microorganisms. Common oral diseases, dental caries, and
periodontitis are influenced by imbalances between biofilms and host defenses.

The initial process in periodontal biofilm formation starts with pellicle, derived from saliva,
covering the tooth surface within a few minutes after mechanical cleaning. This acquired
pellicle is composed of many molecules and plays a major role in the development and
maintenance of bacterial communities. Then, a complex microbial community develops in

a few days, and its components can be divided into 2 categories [4]. Early colonizers that
directly adhere to the pellicles are predominantly streptococci and Actinomyces spp. [5]. These
species are mostly Gram-positive and have minor pathogenic effects on periodontal tissue.
Late colonizers, such as Fusobacterium nucleatum, Porphyromonas gingivalis, Tannerella forsythia,
Treponema denticola, and Aggregatibacter actinomycetemcomitans, tend to be more pathogenic than
early colonizers.

Studies on in vivo periodontitis-associated oral biofilms are difficult because the composition
of biofilms can be altered by host or site specificity, and many ethical considerations are
associated with in vivo microbiological studies in humans [6,7]. Therefore, several studies
have tried to develop an in vitro periodontitis-associated oral biofilm model [7-9]. One study
by Park et al. [8] described 4 species in a periodontitis-associated oral biofilm model. They
developed an in vitro biofilm model on glass slips in 12-well plates. Walker and Sedlacek

[9] developed an in vitro subgingival biofilm model using 6- or 12-well plates. These

studies reported successful biofilm formation; however, the biofilms were formed in static
conditions. Due to the lack of media flow, bacteria in these biofilms may not have adhered,
but just settled down.

In the oral cavity, biofilms are formed in dynamic conditions by saliva and gingival crevicular
fluid flow, among other factors. Bacterial adherence may vary according to the shear forces
of fluid flow. Thomas et al. [11] showed that FimH expressed by Escherichia coli attached to
erythrocytes more strongly in shear conditions than in static conditions. They suggested that
shear conditions increased adhesion-receptor bond formations, which was demonstrated for
rolling leukocytes on adhesive surfaces. Ding et al. [12] demonstrated that shear conditions
enhanced the adhesion of Streptococcus gordonii; however, this phenomenon was not observed
for oral Actinomyces oris and Actinomyces naeslundii.

The Center for Disease Control and Prevention (CDC) biofilm reactor (BioSurface
Technologies Corporation, Bozeman, MT, USA) was developed for modeling dynamic
conditions. This reactor generates shear conditions with a baffled stir bar that is magnetically
driven and continuously pumps a supply of nutrients into and out of the reactor at a constant
rate [13]. We expected that this reactor would be able to reproduce an oral environment and
mimic periodontitis-associated oral biofilms.

We hypothesized that biofilms formed in shear conditions, such as an oral cavity, would
differ from those formed in static conditions. Several studies have generated reproducible

in vitro oral biofilm models using dynamic methods [7,14,15]; nevertheless, very few of these
studies have provided comparisons between biofilms formed by static and dynamic methods.
Therefore, the purpose of this study was to compare the characteristics of periodontal
pathogenic biofilms made by the static method (well plate) and the dynamic method (CDC
biofilm reactor).
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MATERIALS AND METHODS

Bacterial strains and culture conditions

The bacterial strains used for the biofilm formation assay were F. nucleatum ATCC 23726 and
P. gingivalis ATCC 33277, which were obtained from the culture collection at the Department
of Oral Microbiology, College of Dentistry, Gangneung-Wonju National University. All
bacteria were grown in prepared trypticase soy broth (Becton, Dickinson and Company,
Sparks, MD, USA) containing 1 mg/mL of yeast extract (Becton, Dickinson and Company),
5 pg/mL of hemin (Sigma Chemical Co., St. Louis, MO, USA), and 1 pg/mL of menadione
(Sigma Chemical Co.), under anaerobic conditions (90% N, 5% CO,, and 5% H,) (Bactron
Anaerobic Chamber, Sheldon Manufacturing Inc., Cornelius, OR, USA) at 37°C.

Saliva preparation

Whole, stimulated saliva was obtained over 30 minutes from 4 systemically healthy male
volunteers without periodontal disease or any other oral diseases (age range, 2628

years old). All volunteers were given a thorough explanation of this study and signed an
informed consent form. The study design was approved by the Institutional Review Board
of Gangneung-Wonju National University Dental Hospital according to the World Medical
Association Declaration of Helsinki (IRB No. 2015-012).

To obtain stimulated saliva, volunteers masticated dental paraffin wax and spit out the first
sample to remove debris attached to the oral surfaces. Then, stimulated saliva was collected in
sterile 50 mL polypropylene tubes and frozen at ~20°C until the total amount of collected saliva
was 500 mL. All saliva was obtained during stimulation and mixed for homogenization and
centrifuged (27,000 xg) for 30 minutes at 4°C. The supernatant was pasteurized for 30 minutes at
60°C to inactivate endogenous enzymes and re-centrifuged (27,000 xg) for 30 minutes at 4°C [10].

The resulting supernatant was filtered twice by vacuum filtration (Vacuum Filter System,
Corning, NY, USA) with pore sizes of 0.45 and 0.22 um, respectively, and stored at ~20°C.
We assessed the remaining bacteria by plating the processed saliva on blood agar plates and
incubating them for 72 hours at 37°C in anaerobic conditions (90% N, 5% CO,, and 5% H,).
No bacterial colonies were observed on the plates.

Preparation of biofilms

To generate biofilm formation, hydroxyapatite (HA) disks (BioSurface Technologies
Corporation), 12.7 mm in diameter and 3 mm thick, were sterilized by autoclaving (121°C, 1
hour). The sterilized disks were placed in their own well on a 24-well polystyrene cell culture
plate (SPL Life Sciences, Pocheon, Korea) and incubated with 500 pL of processed saliva for 4
hours (gently shaken, at room temperature) to form an acquired pellicle [10].

After salivary pellicle formation, disks were divided into the static method group or the
dynamic method group. Each group was divided into 3 subgroups: 1) F. nucleatum single-
species biofilm, 2) P. gingivalis single-species biofilm, and 3) dual-species biofilm (Table 1).
We prepared 12 disks for each group, for a total of 72 disks.

The disks treated with the static method were transferred to a 12-well cell culture plate.
Each species (F. nucleatum and P. gingivalis) was diluted with fresh liquid medium to an
optical density at 550 nm (ODss;) 0f 0.15, and then 3 mL of a bacterial solution was added
to each well containing the disks. The dual-species biofilms had 1.5 mL of each species
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Disk characteristics for each group

Parameters Static method (well plate) Dynamic method (CDC biofilm reactor)
Single-species biofilm F. nucleatum 12 12

P. gingivalis 12 12
Dual-species biofilm Total 12 12

CDC: Center for Disease Control and Prevention.

solution added to each well. The 12-well culture plates were incubated for 72 hours at 37°C in
anaerobic conditions (90% N, 5% CO,, and 5% H,).

The disks in the dynamic method group were mounted on rods that fit into the CDC biofilm
reactor. After transferring the disks into the CDC biofilm reactor, the reactor was filled with
350 mL of the bacterial solution using a bacterial concentration the same optical density
(OD) as the static method. The dual-species biofilms had 175 mL of each bacterial suspension
added to the reactor. A magnetic stir plate continuously mixed the fluid with a stirring rate of
50 rpm. The CDC biofilm reactor was incubated for 72 hours at 37°C in anaerobic conditions
(90% N, 5% CO,, and 5% H,).

To assess the total number of colony forming units (CFUs), each disk (n=5) was rinsed twice
with 1 mL of phosphate-buffered saline (PBS) to remove any unattached bacteria and then

was transferred into a sterile glass test tube containing 3 mL of PBS and glass beads. The glass
test tube was vortexed vigorously for 1 minute to detach the bacteria. The sample was serially
diluted with PBS, and aliquots (50 pL) of the sample were spirally plated (Eddy Jet spiral plater,
IUL, S.A., Barcelona, Spain) onto trypticase soy agar (TSA) plates containing 1 mg/mL of yeast
extract (Becton, Dickinson and Company), 5 pg/mL of hemin (Sigma Chemical Co.), 1 pg/mL
of menadione (Sigma Chemical Co.), 5% sheep blood (Hanil-KOMED, Sungnam, Korea) and
1.5% Bacto Agar (Becton, Dickinson and Company). Total CFUs were counted by an automatic
colony counter (Flash & Go colony counter, IUL, S.A.). In the dual-species samples, the
species were distinguished by their colony morphology.

Scanning electron microscopy (SEM)

SEM was performed to observe biofilm conditions. An additional disk from each group

was prepared to generate the specimen. The disks with biofilm formation were fixed in a
4% glutaraldehyde and paraformaldehyde solution in 0.1 M cacodylate buffer (pH 7.4) for 3
hours. Then, the fixed samples were then washed 3 times with 0.1 M cacodylate buffer for 10
minutes and dehydrated for 30 minutes in a graded series of ethanol. For SEM observation,
ethanol was replaced by isoamyl acetate, and after reaching the critical point of drying, the
samples were mounted on a stub and coated with gold. The biofilm surfaces were observed
with variable-pressure field emission SEM (SUPRA55VP, Carl Zeiss, Oberkochen, Germany).

Confocal laser scanning microscopy (CLSM)

CLSM (FV300, Olympus, Tokyo, Japan) was performed to observe the attached bacteria and
determine the thickness of the biofilm. Additional disks from each group were stained with
the LIVE/DEAD® BacLight™ Bacterial Viability Kit solution (Molecular Probes, Inc., Eugene,
OR, USA) according to the manufacturer's instructions.

An argon laser (485+14 nm) was used as the excitation source for the reagents. Emitted

fluorescent light was collected in 2 separate emission filters at 500 nm (SYTO 9; green-
fluorescent nucleic acid stain) and 635 nm (propidium iodide; red-fluorescent nucleic acid
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Olympus) to assess the depth of the biofilm matrices.

Bacterial reduction by chlorhexidine

Bacterial reduction by chlorhexidine was tested using 0.1% chlorhexidine digluconate
solution (Bukwang Pharmaceutical Co. Ltd., Seoul, Korea), which was used to treat the
biofilms from the static method group and the dynamic method group. The disks from each
group (n=5) were gently washed with 1 mL of PBS to remove non-adherent bacteria and
culture medium. Then, each disk was placed into a well in a 24-well plate containing 1 mL of
chlorhexidine solution for 1 minute and rinsed with 1 mL of PBS. The disks were vortexed,
and samples were plated on TSA plates, as previously discussed.

Statistical analysis

Data were analyzed using SPSS version 21.0 (IBM Corp., Armonk, NY, USA). One-way
analysis of variance was conducted to calculate significant differences between the mean log
CFU/mL and the bacterial reduction percentage by chlorhexidine in each group, using the
Duncan test for post hoc analysis. Any differences in species proportions among the groups
were analyzed using the Student #-test. The level of significance was set at P<0.05.

RESULTS

Number and composition of bacteria in biofilms

The mean values of log CFU/disk are presented in Table 2. In the single-species biofilms, the
mean log CFU/disk of biofilms in the dynamic method group was lower than in the static
method group, and the difference between the methods was statistically significant for same-
species biofilms (P<0.05). In terms of inter-species comparison, the log CFU/disk values of
single-species biofilms grown with the same method were not significantly different. In the
dual-species group, biofilms from the dynamic method group had lower bacterial counts
than those of the static method group, and these differences were statistically significant.

Comparisons between the total bacterial colony counts among single-species biofilms and
dual-species biofilms showed no significant difference within the dynamic method group.
In the static method group, however, there was a significant difference between the mean
log CFU/disk for single-species biofilms vs. dual-species biofilms. Dual-species biofilms had
lower bacterial counts than the single-species biofilms.

Figure 1 shows the percentage of each species in the dual-species biofilms according to the

method used. Biofilms generated using different methods contained different percentages
of each species. Biofilms from the static method group had similar mean percentages for

Number of bacteria in each biofilm

Parameters Log CFU/disk
Static method Dynamic method
Single-species biofilm F. nucleatum 7.35+0.089 6.56+0.099
P. gingivalis 7.48+0.129 6.41x0.059
Dual-species biofilm Total 6.92+0.40" 6.39+0.27%

Values are presented as mean=SD.
CFU: colony forming unit, SD: standard deviation.
*9Different superscript letters indicate values that are significantly different (P<0.05).
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Bacterial composition of the dual-species biofilms. P. gingivalis comprised a larger proportion than F.
nucleatum, and this difference was more pronounced in the dynamic method group than in the static method

group. No statistically significant differences were observed in the composition of each species within the 2
groups of biofilms.

F. nucleatum (42.5%+25.7%) and P. gingivalis (57.5%225.7%). In biofilms from the dynamic
method group, P. gingivalis (76.5%*19.4%) comprised a larger proportion than F. nucleatum
(23.5%3=19.4%). Nevertheless, no statistically significant difference was observed in the
composition of each species within the 2 groups of biofilms (P=0.227).

SEM

SEM images of the biofilms are shown in Figure 2. In the single-species groups, disks from
both the static group and the dynamic group were covered by F. nucleatum (Figure 2A and B),
however, P. gingivalis less observed on the disks from both the static group and the dynamic
group (Figure 2C and D). In the dual-species groups, the biofilms in the static method group
showed a denser accumulation of E nucleatum than was observed in the dynamic method
group (Figure 2E and F). Similar to the F. nucleatum single-species biofilms, images of the P.
gingivalis monoculture model showed that more bacteria were attached to the disk surface in
static conditions than in dynamic conditions. In contrast to the F. nucleatum biofilms, colonies
of P. gingivalis did not cover the surfaces of the HA disks. HA disks from each group were
coated with dual-species biofilms. The biofilms grown in the CDC biofilm reactor were less
attached to the well plate than the biofilms grown in static conditions. Higher magnification
(x30,000) showed that the dual-species biofilms in both static and dynamic conditions had P.
gingivalis caught up in F nucleatum (Figure 3).

CLSM

Figure 4 shows a CLSM image series of biofilm depths. The left side of the series represents
the biofilm bottom and the right side of each series represents the top of the biofilm. In
every species, the thickness was not significantly different between methods, although more
bacteria were found in the static method group than in the dynamic method group. The F
nucleatum biofilms and dual-species biofilms were approximately 20 um thick. Single-species
biofilms from P. gingivalis were very thin and formed monolayers.

Amount of bacterial reduction by chlorhexidine

When compared with biofilms grown in well plates, the biofilms grown in the CDC biofilm
reactor showed a similar extent of bacterial reduction by chlorhexidine. No significant
differences were found between the groups. Chlorhexidine was able to reduce over 90% of
the viable bacteria in both biofilms (Table 3).
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Figure 2. Scanning electron microscopic images of biofilm formation on HA disks (original magnification:
x10,000). In the single-species groups, disks from both the static group and the dynamic group were covered

by F. nucleatum, instead of P. gingivalis (A-D). However, in the dual-species groups, the biofilms from the static
method group showed a denser accumulation of F. nucleatum than those from the dynamic method group (E, F).
HA: hydroxyapatite, CDC: Center for Disease Control and Prevention.

Figure 3. Dual-species biofilms with higher magnification (original magnification: x30,000). (A) Biofilm in well
plate (static method). (B) Biofilm in CDC biofilm reactor (dynamic method). The arrow indicate F. nucleatum and
the arrowhead indicate P. gingivalis.

CDC: Center for Disease Control and Prevention.
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Confocal laser scanning microscope images of biofilm formation on HA disks (Scale bar=50 pum). The values in each image represent the distance from
the surface of the HA disks. (A) F. nucleatum biofilm in a well plate. (B) F. nucleatum biofilm in the CDC biofilm reactor. (C) P. gingivalis biofilm in a well plate.

(D) P. gingivalis biofilm in the CDC biofilm reactor. (E) Dual-species biofilm in a well plate. (F) Dual-species biofilm in the CDC biofilm reactor.
HA: hydroxyapatite, CDC: Center for Disease Control and Prevention.

Bacterial reduction by chlorhexidine

Parameters Bacterial reduction (%)
Static method Dynamic method
Single-species biofilm F. nucleatum 95.0+2.7 98.9+0.5
P. gingivalis 96.0+3.2 97.0+2.4
Dual-species biofilm Total 92.5+9.1 94.7+6.0

Values are presented as mean=SD. There were no significant differences between groups (P>0.05).
SD: standard deviation.
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DISCUSSION

In this study, we attempted to generate periodontitis-associated oral biofilms using static
and dynamic methods, and evaluated the difference between the formation methods. We
used F nucleatum and P. gingivalis to reproduce a biofilm model. As previously mentioned,
although there are hundreds of bacterial species in the oral cavity, several specific species
have been found to play a crucial role in biofilm formation and to be closely associated with
periodontal diseases. Specific to the late pathogenic colonizers, F. nucleatum was included in
this experiment because it is located between early and other late colonizers, functioning as
a bridge between the organisms [4]. This species is the most predominant Gram-negative
anaerobic bacterium in periodontal biofilms from healthy gingiva and it becomes more
common with periodontitis progression. P. gingivalis is a major periodontal pathogen and

a late colonizer in periodontal biofilms [16]. The cytotoxic products of P. gingivalis damage
periodontal tissue directly and indirectly.

Before initiating the experiments, we needed to confirm that the aforementioned bacteria
could coaggregate with the other species. Coaggregation is essential for multispecies
biofilms, and Okuda et al. [17] claimed that coaggregation was the key factor in the formation
of dual-species biofilms of F. nucleatum and Prevotella species. We observed large coaggregates
of F. nucleatum and P. gingivalis that left moderate turbidity in the fluid (data not shown). In
light of these findings, we used both periodontal pathogens and observed that the 2 methods
could develop dual-species biofilms.

However, in regard to total bacterial count, we observed significant differences between

the 2 methods. Biofilms grown in the CDC biofilm reactor contained less bacteria than
those grown in the well plate; therefore, we suggest that the dynamic condition negatively
influenced the adherence of bacteria. Fonseca and Sousa [18] noted that shear strength had a
negative effect on the adherence of Pseudomonas aeruginosa in the presence of antibiotics, and
Cotter et al. [19] identified a negative correlation between rotational speed and Staphylococcus
epidermidis biofilm quantities. Our report agrees with their results, even though their reports
were not about periodontal pathogens.

In comparison with single-species biofilms, the bacteria in the dual-species biofilms formed
in both methods were not more abundant. These data did not agree with those of Saito et

al. [20], who demonstrated that P. gingivalis had synergistic effects on biofilm formation and
enhanced biofilm formation by F nucleatum. The differences between these results might

be due to the following reasons. The previous studies cultured biofilms for 2 days, while we
cultured our biofilm formation samples for approximately 3 days. In their study, OD was
used, but in our study, we assessed bacterial count using the plating method. OD estimates
both live and dead cells, whereas the plating method only evaluates viable cells.

The average proportion of P. gingivalis in dual-species biofilms was higher for the dynamic
method group than for the static method group. P. gingivalis was found to be the major
periodontal pathogen, with elevated levels in periodontitis patients, while F. nucleatum was
found to be the abundant pathogen in the supra-gingival plaque and remained relatively
stable between various pocket depths [21,22]. Therefore, we should consider using the
dynamic method model to represent biofilms in deep periodontal pockets. However, due
to the wide variety of proportions, no significant differences were found between the 2
methods. Future studies should be conducted with more specimens.
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The SEM and CLSM images of P. gingivalis single-species biofilms showed that they formed
single-layer structures, not oral biofilms, regardless of shear forces. Unlike P. gingivalis
single-species biofilms, F. nucleatum single-species biofilms and dual-species biofilms were
organized into multiple layers of bacteria, and their thicknesses were 20 um. This may be
attributed to the rod shape of . nucleatum. In summary, the species that affected biofilm

Comparison of biofilm under dynamic and static conditions

thickness was F. nucleatum, not P. gingivalis.

In this study, chlorhexidine was used to test the biofilms. However, no significant difference
in viable bacterial reduction was observed between the groups. This result might be related to
the presence of thinner biofilms that chlorhexidine could penetrate more easily. Additionally,
biofilm maturation might have influenced this result. Similarly to the study of Blanc et al.

[7], the maturation of biofilms in dynamic conditions was completed in 4 days, and Shaddox
etal. [23] demonstrated that biofilm growth reached a steady state after 7 days. In our study,
the incubation time was 3 days for biofilm formation. The thickness and antiseptic resistance
of the biofilms may have been influenced by the incubation time and maturation. Therefore,
biofilm maturation at different incubation times should be considered in future studies.

In this study, HA disks were used as a substitution for human tooth sections. HA disks are
ready-made, easy to obtain, and more homogenous than human tooth or bovine enamel.
In several previous studies [24-26], HA disks were successfully used for biofilm formation,
and Pratten et al. [27] claimed that the bacterial adhesion in HA and enamel were similar.
Furthermore, the HA disks in our study were coated by saliva to ensure pellicle formation,
and any effects due to the differences between HA disks and tooth sections were negligible.

The main limitation of this study was the absence of initial colonizers, such as S. gordonii or
Streptococcus sanguinis. These streptococci bind to salivary pellicle [28-30] and provide binding
sites for F. nucleatum and P. gingivalis [31-33]. In this work, however, we excluded streptococci
because their excessive growth inhibited F nucleatum and P. gingivalis in our pilot study. In future
studies, we should consider an experimental design that contains these initial colonizers.

Within the limitations of this study, the dynamic oral biofilm model was found to result in
significantly fewer bacteria in all species biofilms than the static model. However, there
were no significant differences between the methods in terms of biofilm thickness and the
bacterial reduction of each biofilm by chlorhexidine. Therefore, both methods were useful to
reproduce an oral biofilm model as a laboratory biofilm model system.
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