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Objectives: The aim of this study was to investigate the difference in dental biofilm formation according to
substratum direction, using an artificial biofilm model.

Methods: A three-species biofilm, consisting of Streptococcus mutans, Streptococcus oralis, and Actinomyces nae-
slundii, was formed on saliva-coated hydroxyapatite (sHA) discs oriented in three directions: downward (the discs
placed in the direction of gravity), vertical (the discs placed parallel to the direction of gravity), and upward (the
discs placed in opposite direction of gravity). The biofilms at 22 h and 46 h of age were analyzed using
microbiological and biochemical methods, fluorescence-based assays, and scanning electron microscopy to
investigate difference in bacterial adhesion, early and mature biofilm formation.

Results: The biofilms formed in the upward direction displayed the most complex structure, with the highest
number and biovolume of bacteria, as well as the lowest pH conditions at both time points. The vertical and
downward directions, however, had only scattered and small bacterial colonies. In the 22-h-old biofilms, the
proportion of S. oralis was similar to, or slightly higher than, that of S. mutans in all directions of substratum
surfaces. However, in the 46-h-old biofilms, S. mutans became the dominant bacteria in all directions, especially
in the vertical and upward directions.

Conclusions: The direction of the substratum surface could impact the proportion of bacteria and cariogenic
properties of the multi-species biofilm. Biofilms in an upward direction may exhibit a higher cariogenic potential,
followed by those in the vertical and downward directions, which could be related to gravity.

1. Introduction

Dental caries is a common and costly infectious disease that depends
on biofilms in the oral cavity. It is mainly caused by the interaction of
specific bacteria with diet constituents within dental biofilms. Microbial
adhesion to solid surfaces is a crucial step in biofilm formation,
including on tooth surfaces, where it serves as a base for subsequent
colonization (Kolenbrander et al., 2010). The complex physical and
chemical interactions between oral bacteria and tooth surfaces during

biofilm formation can significantly impact the composition and function
of dental biofilms, ultimately affecting oral health (Bernabe et al., 2017).
Therefore, understanding the interactions that influence dental biofilm
formation is essential for developing strategies to control dental caries
by modulating biofilms.

Various environmental factors, such as surface characteristics, sali-
vary proteins, and oral conditions, can influence the interactions be-
tween tooth surfaces and microbial cells (Han et al., 2016). Among these
factors, substratum-related factors such as surface charge, surface
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hydrophobicity, and surface roughness have been extensively studied
for their influence on microbial adhesion during the initial step of dental
biofilm formation (Zheng et al., 2021). A recent study has also revealed
that carious lesions are increasingly localized to specific tooth sites
(Carvalho, 2014). In children and adolescents, occlusal surfaces are
more vulnerable to dental caries compared to proximal surfaces, sug-
gesting that the direction of tooth surfaces (substratum) can be an
important factor affecting the interaction between microbial cells and
tooth surfaces. Our previous study also reported that the direction of
tooth surfaces significantly impacts the formation and pathogenicity of
Streptococcus mutans biofilms (Dang et al., 2018). Specifically, the up-
ward direction of substratum surfaces (occlusal surfaces of mandibular
teeth) showed the highest colony-forming unit (CFU) counts, extracel-
lular polysaccharide (EPS) amounts, biofilm density, and acid produc-
tion of the biofilms. However, this study only examined biofilms
composed of a single species, S. mutans, and did not simulate the com-
plex microbial community found in dental biofilms.

The types and properties of bacteria also influence the interactions
between tooth surfaces and microbial adhesion. Numerous studies have
shown that bacteria adhere to surfaces based on their specific charac-
teristics, such as hydrogen-bonding capability and ability to form ligand-
receptor bonds (Gibbons et al., 1985; Nobbs et al., 2011). Moreover, a
previous study demonstrated that initial colonizers of dental hard sur-
faces exhibited stronger adhesion forces to saliva-coated enamel than
cariogenic strains (Mei et al., 2009), which may further impact the
formation and microbial composition of dental biofilms. However, few
studies have investigated the impact of substratum surface direction on
the adhesion ability of different types of oral bacteria and their biofilm
formation.

In this study, we investigated the differences in microbial adhesion
and biofilm formation in dental biofilms according to the direction of
tooth surfaces using a multi-species biofilm model. The multi-species
biofilm model was composed of S. mutans, Streptococcus oralis, and
Actinomyces naeslundii on three different saliva-coated hydroxyapatite
(sHA) disc direction groups: downward (the discs placed in the direction
of gravity), vertical (the discs placed parallel to the direction of gravity),
and upward (the discs placed in the opposite direction of gravity) to
mimic tooth surfaces in the mouth.

Multi-species biofilm start

S. mutans: 5-7 x 105 CFUs/ml

S. oralis: 4-8 x 108 CFUs/ml

A. naeslundii: 4-8 x 105 CFUs/ml

Multi-species biofilm on HA discs placed
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2. Materials and methods
2.1. Direction of substratum surface

Three different groups of hydroxyapatite (HA) discs were used in this
study, each oriented in a different direction: downward, vertical, and
upward. The surfaces of the HA discs were prepared as previously
described (Dang et al., 2018). Briefly, HA discs (2.93 cmz; Clarkson
Chromatography Products, Inc., South Williamsport, PA, USA) were
placed in Teflon covers with a modified orthodontic wire wrapping and
divided into three groups based on HA disc direction (Fig. 1): (a) the
downward group, where the HA discs were placed horizontally in a
downward position to allow biofilms to grow downwards; (b) the ver-
tical group, where the HA discs were placed vertically to allow biofilms
to grow laterally; and (c) the upward group, where the HA discs were
placed horizontally in an upward position to allow biofilms to grow
upwards.

2.2. Multi-species biofilm formation and experimental scheme

Multi-species biofilms were formed on saliva-coated HA (sHA) discs
placed in different directions (Cai et el., 2021). In this study, S. mutans
UA159, S. oralis KCTC 13048, and A. naeslundii KCTC 9013 were used to
create three-species biofilms, as these organisms were observed in supra-
gingival plaque in humans (Fig. 1). The sHA discs were generated by
incubation with filter-sterilized (0.22-um low protein-binding filter)
human whole saliva for 1 h at 37 °C. For biofilm formation, the sHA
discs were situated in Teflon covers and transferred to a 12-well plate
containing 0.05% sucrose (w/v) ultrafiltered (10 kDa molecular weight)
tryptone yeast-extract (UTE) broth with 5-7 x 10° colony forming units
(CFUs)/ml S. mutans, 4-8 x 10° CFUs/ml S. oralis and 4-8 x 10° CFUs/
ml A. naeslundii (6 ml/disc). The biofilms were grown undisturbed at
37 °Cwith 5% CO» for 22 h to allow bacterial adhesion and early biofilm
formation. From this point, the culture medium was changed two times
(at 22 and 31 h) until the biofilm was 46 h old, which was considered
mature biofilms in this study. The 22- and 46-h-old biofilms were then
analyzed via microbiological and biochemical methods, fluorescence-
based assays, and scanning electron microscopy (SEM) (Fig. 1).

2.3. Biofilm bacterial cell count

The number of CFUs in the biofilms was determined as described
elsewhere (Cai et al., 2021). Briefly, sHA discs containing the 22- and
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Fig. 1. Formation of an artificial dental biofilm on saliva-coated hydroxyapatite (SHA) discs placed in different directions and the experimental scheme.
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46-h-old biofilms were released from Teflon covers and transferred into
2 ml of 0.89% NaCl. The discs were then sonicated in an ultrasonic bath
(Power sonic 410; Hwashin Technology Co., Seoul, Korea) to disperse
the biofilms. The resulting suspension was homogenized by sonication
(VCX 130PB; Sonics and Materials Inc., Newtown, CT, USA) for 30 s
after adding 3 ml of 0.89% NaCl. A 100 pl aliquot of the homogenized
suspension was serially diluted and plated onto selective agar plates.

2.4. Fluorescent in situ hybridization analysis

Fluorescence in situ hybridization (FISH) was performed as
described previously (Thurnheer et al., 2004; Cai et al., 2021). Briefly,
the oligonucleotide probe 5-ACTCCAGACTTTCCTGAC-3' labeled with
Cy3 was used to detect S. mutans (Paster et al., 1998). The oligonucle-
otide probe 5-CTACACACGTGCTACAATGGCT-3' labeled with Cy5 was
used to detect S. oralis (Jung et al., 2016). The oligonucleotide probe
5'-GCTACCGTCAACCCACCC-3' labeled with 6-FAM was used to detect
A. naeslundii (Foster & Kolenbrander, 2004). For the sample preparation,
the 22- and 46-h-old biofilms on sHA discs were first incubated in 100%
ethanol for 15 min, and then fixed in 4% paraformaldehyde in
phosphate-buffer saline (PBS) (pH 7.2) for 12 h at 4 °C. After fixation, all
specimens were washed with PBS and incubated again in a solution
containing 50% ethanol in PBS for 12 h. Subsequently, the specimens
were incubated in a solution containing 10 mg/ml of lysozyme (1 M
Tris-HCI pH 8) for 30 min at 37 °C. The samples were dehydrated and
incubated with the oligonucleotide probes at a concentration of 20 ng
each per 1 ml hybridization buffer. After hybridization, samples were
incubated for 15 min at 48 °C in wash buffer and air dried. The CLSM
imaging was observed with a LSM 880 with Airyscan microscope (Carl
Zeiss, Jena, Germany). The excitation wavelengths for 6-FAM, Cy3 and
Cy5 are 488, 561 and 633 nm, respectively. Three independent experi-
ments were performed and five image stacks per experiment were
collected (n = 15). The three-dimensional architecture of the biofilms
was visualized using Imaris 8.0.2. The biovolume (pms/ pmz) was
quantified from the confocal stacks using COMSTAT (Heydorn et al.,
2000).

2.5. Live and dead biofilm bacterial cell analysis

To investigate difference in the biovolume of live and dead cells in
the biofilms (Dang et al., 2018), the 22- and 46-h-old biofilms were
stained at room temperature in the dark for 30 min using a FilmTracer
LIVE/DEAD Biofilm viability kit L10316 (Invitrogen, Molecular Probes
Inc., Eugene, OR, USA). The final concentrations of SYTO 9 and propi-
dium iodide (PI) were 6.0 pM and 30 pM, respectively. The confocal
laser scanning microscope (CLSM) images were observed with LSM 880
with Airyscan (Carl Zeiss, Jena, Germany) equipped with argon-ion and
helium-neon lasers. The excitation wavelengths for SYTO 9 and PI are
488 and 561 nm, respectively. Three independent experiments were
performed, and five image stacks per experiment were collected
(n = 15). A stack of slices in 3.357 pm step sizes was captured from the
top to the bottom of the biofilm. The biovolume of live and dead cells
were quantified from the stacks using COMSTAT.

2.6. Scanning electron microscopic analysis

Scanning electron microscopic (SEM) study was performed as
detailed elsewhere (Dang et al., 2018). Briefly, the 22- and 46-h-old
biofilms were washed three times with 0.1 M cacodylate buffer and
fixed with a 3% glutaraldehyde solution for 1h, followed by
post-fixation with a 1% osmium tetroxide solution for 1 h. The biofilms
were dehydrated using a graded ethanol series (30-100%) and pene-
trated with nitrogen gas. Finally, the biofilm samples were
sputter-coated with gold-palladium and observed by SEM (JSM-5900,
Jeol, Japan).
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2.7. Acid production analysis

Acid production in the 46-h-old biofilms was determined using the
glycolytic pH drop assay as described elsewhere (Pandit et al., 2015).
Briefly, the sHA discs containing the 46-h-old biofilms were released
from Teflon covers. The discs were then transferred into 20 mM potas-
sium phosphate buffer (pH 7.2) and incubated for 1h to deplete
endogenous catabolites and transferred to a salt solution (50 mM KCl +
1 mM MgCl,, pH 7.0). The pH was adjusted to 7.2. Glucose was then
added to a final concentration of 1% (w/v). The decrease in pH was
assessed using a glass electrode over a period of 240 min (Futura Micro
Combination pH electrode, 5 mm diameter; Beckman Coulter Inc., CA,
USA). The acidogenicity of the biofilms was evaluated using the initial
rate of H production and the total produced concentration of H"
calculated by pH values of pH drop curves. The initial rate of H" pro-
duction (y) was derived from the equation: y = (H" concentration at
30 min — H" concentration at 0 min)/30. The total produced concen-
tration of H (y) was derived from the equation: y = H' concentration at
240 min — H' concentration at 0 min

2.8. Statistical analysis

All experiments except CLSM and SEM studies were performed in
duplicate, and at least three different experiments were conducted. The
data are presented as mean + standard deviation. Intergroup differences
were estimated using one-way analysis of variance, followed by a post
hoc multiple comparison (Tukey) test to compare multiple means.
Values were considered statistically significant when the p value was
< 0.05.

3. Results
3.1. Changes in biofilm bacterial cell count

The total number and proportion of bacteria species in the multi-
species biofilms were significantly influenced by the direction of sub-
stratum surfaces. As shown in Figs. 2a-1, 2a-2, 3a-1, and 3a-2, biofilms
in the upward direction had the highest total number of bacterial cells
(S. mutans + S. oralis + A. naeslundii) at both time points (22 and 46 h),
compared to those in the vertical and downward directions (p < 0.05).
However, as the biofilms developed, the proportion by bacterial species
changed significantly according to the direction of substratum surfaces.
In the 22-h-old biofilms, the proportion of S. oralis was similar to or
slightly higher than that of S. mutans in all directions of substratum
surfaces (Fig. 2a-3). On the other hand, the proportion of S. oralis in the
46-h-old biofilms in the vertical and upward directions was significantly
lower than that in the downward direction (Fig. 2b-3). Moreover, in the
46-h-old biofilms, S. mutans became the dominant bacteria in all di-
rections, especially in the vertical and upward directions (p < 0.05).

3.2. Changes in fluorescence in situ hybridization (FISH) study

To further investigate the effect of substratum direction on the
adhesion ability and biofilm formation of oral bacterial species, a FISH
study was conducted. The results of FISH study showed that biofilms in
the upward direction were more structured and dense than the other test
groups at both time points (22 and 46 h) (Figs. 3a-1 and b-1). Further-
more, the biovolume of bacterial species in the upward direction had the
highest values at both time points, followed by that in the vertical di-
rection (Figs. 3a-2 and b-2) (p < 0.05). At both time points, the bio-
volume in the downward direction was the lowest among those in the
test groups (p < 0.05), showing the smallest size and scattered bacterial
colonies (Figs. 3a-1 and b-1).

In the vertical direction, although the biovolume of S. mutans and
S. oralis in the 22-h-old biofilms was similar to each other (p > 0.05),
S. mutans in the 46-h-old biofilms clearly became the dominant species
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Fig. 2. Changes in bacterial counts of the multi-species biofilm formed in the downward, vertical, and upward directions. Each bacterial CFU count (a-1, b-1), total
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(p < 0.05), exhibiting higher densities, compared to that in the 22-hour-

old biofilms. The biovolume of A. naeslundii in the upward direction was

also higher than that in the other two directions, regardless of biofilm

age (Figs. 3a-2 and b-2) (p < 0.05).

3.3. Changes in biofilm bacterial viability

Since the FISH study could only show the total volume (live + dead)

of each bacterium, a live/dead biofilm bacterial viability assay was
conducted to evaluate the biovolume of living and dead cells separately.
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Figs. 4a-1 and b-1 show representative live/dead CLSM images, indi-
cating that live or dead cells in the upward direction were more struc-
tured and dense than the other test groups at both time points (22 and
46 h). In contrast, biofilms in the other two directions had only scattered
and small bacterial colonies, particularly dead cells that were difficult to
detect.

As shown in Figs. 4a-2 and b-2, the biovolume of live or dead cells in
the upward direction showed the highest values at both time points,
followed by that in the vertical direction (p < 0.05). Interestingly, the
biovolume percentage of live and dead cells in the upward direction
were similar to each other (p > 0.05). On the other hand, the biovolume
percentage of live cells was much higher than that of dead cells in the
downward and vertical directions, regardless of biofilm age (p < 0.05).
There was no significant difference in biofilm thickness of live cells in all
directions at both time points (p > 0.05), but dead cells had higher
values in the upward direction than in the vertical or downward di-
rections (p < 0.05) (Figs. 4a-3 and b-3).

3.4. Changes in SEM study

As shown in Fig. 5a, the 22-h-old biofilms formed in different di-
rections clearly showed micro-colonies of varying volume consisting of
both branching filaments of A. naeslundii and typical long chains of
Streptococci (S. mutans and S. oralis). However, in the 46-h-old biofilms,
the dominance of S. mutans and lower numbers of A. naeslundii made it
difficult to distinguish the latter (Fig. 5b). It was evident that the bio-
films in the upward direction at both time points (22 and 46 h) exhibited
more micro-colonies than those in vertical and downward directions,
which was consistent with the results of the CLSM studies.

3.5. Changes in biofilm acid production

The acid production of the 46-h-old biofilms formed in different di-
rections is shown in Figs. 6a and b. The biofilms in the upward direction
showed the lowest pH values during 4 h experiment period, and the
highest initial rate of H' production and total produced concentration of
H', among the three directions (p < 0.05). In addition, the initial rate of
H™ production and total produced concentration of H' of the 46-h-old
biofilms in the vertical direction were significantly higher than those
in the downward direction (p < 0.05).

4. Discussion
According to a recent study, the substratum direction has a signifi-

cant influence on biofilm accumulation, acid production, and EPS for-
mation in S. mutans biofilms (Dang et al., 2018). This implies that the
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substratum direction may be an important factor affecting oral bacterial
adhesion and cariogenic biofilm formation on tooth surfaces. However,
there have been limited studies investigating the impact of the sub-
stratum direction on changes in cariogenic ability of dental biofilms
during biofilm formation. In this study, our aim was to evaluate the
differences in microbial adhesion and biofilm formation in an artificial
dental biofilm according to the direction of tooth surfaces. To create the
artificial dental biofilm, S. mutans, S. oralis, and A. naeslundii were
chosen since they are commonly detected in human supra-gingival
plaque. S mutans is identified as a primary cariogenic bacterial path-
ogen associated with the initiation of dental caries, while S. oralis and
A. naeslundii are regarded as the early colonizers of tooth surfaces and
correlated with biofilm ecological balance (de Oliveira et al., 2020).

The bacterial composition of healthy dental plaque tends to remain
stable over time. Previous research on species composition in healthy
dental biofilms have revealed that a large majority (47-90%) of culti-
vable bacteria are non-cariogenic streptococci, such as S. oralis, and
approximately one-third of the remaining bacteria are Actinomyces sp.,
such as A. naeslundii (Palmer et al., 2003). In this study, the 22-h-old
biofilms were mainly composed of S. oralis and A. naeslundii (over
60%) (Fig. 2a-3), which suggests that they may reflect healthy dental
biofilms. Furthermore, while the number of total bacterial CFUs in the
22-h-old biofilms varied depending on the substratum direction, the
relative proportion of bacterial species remained consistent regardless of
the substratum direction (Figs. 2a-2 and 2a-3). This indicates that the
substratum direction may play an important role in influencing the
number of bacteria during the adherent and early stages of biofilm
formation, but does not affect the proportion of bacteria.

The results of this study revealed that the proportions of S. mutans in
the 46-h-old biofilms increased rapidly compared to the 22-h-old bio-
films, ultimately becoming the dominant species (Fig. 2b). This phe-
nomenon could be attributed to the continuous exposure to sucrose in
the biofilm model used, which has been known to stimulate the growth
of S. mutans and disrupt the microbial balance between commensals and
pathogens. Although the sucrose concentration used in this study was
very low (0.05%), as biofilm aged (46 h), the accumulation acid could
potentially interfere with the growth of S. oralis and A. naeslundii.

However, in the 46 h-old biofilms, both the number of total bacterial
CFUs and the relative proportion of bacterial species changed depending
on the substratum direction (Figs. 2b-2 and 2b-3). This suggests that the
substratum direction can be a factor that affects both the abundance and
composition of bacteria in the late stage of biofilm formation. Specif-
ically, in this study, the proportion of S. mutans in the 46-h-old biofilms
rapidly increased and became the dominant species, especially in the
vertical and upward directions (over 90%) (Fig. 2b-3). However, the
proportion of S. mutans in the downward direction was similar to that of

46-h-old biofilms
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the 22-h-old biofilms (Figs. 2a-3 and 2b-3), indicating that biofilms in
the downward direction may still be in the stage of adherence and initial
biofilm formation. This could be due to a lower number of bacteria in the
46-h-old biofilms in the downward direction compared to those formed
in other directions, resulting in a delayed drop in pH within the biofilms
(Fig. 6), which in turn prolongs the survival of S. oralis and A. naeslundii.

Acid production of dental biofilms is one of the main virulence fac-
tors that leads to the demineralization of the tooth enamel. In this study,
we observed that the initial rate of H production and total produced
concentration of H' by the 46-h-old biofilms were highest in the upward
direction, followed by the vertical and downward directions (Fig. 6).
This finding suggests that the substratum direction plays a crucial role in
biofilm acid production, particularly in the late stages of biofilm for-
mation. The higher acid production ability of the 46-h-old biofilms in
the upward direction may be related to the number of acidogenic and
aciduric bacteria, such as S. mutans. As shown in Fig. 2b-2, S. mutans
counts of the 46-h-old biofilms were higher in the upward direction
compared to the other directions, indicating that biofilms in the upward
direction can produce a large amount of hydrogen ions at a faster rate,
thereby increasing the risk of dental caries development. Furthermore,
acidification of the biofilms in upward direction may create an unfa-
vorable environment for the survival of acid-sensitive bacteria, such as
S. oralis and A. naeslundii, promoting the dominance of acidogenic and
aciduric bacteria.

In this study, the 22-h- and 46-h-old biofilms in the upward direction
(opposite to gravity) exhibited a higher number of live bacterial cells
compared to those formed in the vertical (parallel to gravity direction)
or downward (in the direction of gravity) directions (Figs. 2a-2 and 2b-
2). This result may be attributed to the influence of gravity, as bacteria
forming biofilms in the downward or vertical direction have to over-
come the obstacle of gravity. The bacteria are easily dislodged from the
surface, if they cannot overcome the obstacle of gravity. Our results of
live/dead biofilm bacterial viability assay support this explanation. The
biovolume of live cells in the downward and vertical directions in the
22-h- and 46-h-old biofilms was significantly lower than that in the
upward direction, indicating that the environment associated with
biofilm formation in the downward and vertical directions is less
favorable due to the influence of gravity. However, regardless of biofilm
age and the direction of biofilm formation, the thickness of live cells was
similar among the directions (Figs. 4a-3 and 4b-3), suggesting a differ-
ence in biofilm density according to the direction of biofilm formation.
Furthermore, gravity not only affects the biovolume of live cells in
biofilms, but also the biovolume of dead cells. As shown in Figs. 4a-2 and
b-2, the biovolume of dead cells in the upward directions was signifi-
cantly higher compared to the downward or vertical direction, regard-
less of biofilm age, and was even comparable to the biovolume of live
cell in that direction.

Considering bacterial count and the biovolume ratio of live to dead
cells of the 46-h-old biofilms in the upward direction, dead cells as well
as living cells may play an important role in dental caries development.
The 46-h-old biofilms in the upward direction have the highest number
of live cells, with a majority of them being S. mutans (Fig. 2b-2). This can
increase the possibility of dental caries development as these live cells
are capable of producing higher amounts of acid compared to biofilms in
other directions. Furthermore, approximately 50% of the biovolume of
the 46-h-old biofilm cells in the upward consists of dead cells dead cells,
which is 4-5 times higher than that in the other directions (Fig. 4b-2).
The increased biovolume of dead cells in the upward direction can in-
fluence the biovolume and density of the biofilms, further increasing the
possibility of dental caries development. It has been well reported that
diffusion of acid generated in the biofilm into the oral cavity and the
penetration of saliva into the biofilm can raise the pH and inhibit the
occurrence of tooth decay. However, if dead bacteria are not detached
and a thicker biofilm is formed, it can hinder the diffusion of acid to the
outside of the biofilms and the penetration of saliva, thereby increasing
the possibility of dental caries development.
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Collectively, the results of the present study showed that the direc-
tion of substratum surface could affect the bacterial proportion and
cariogenic properties of the multi-species biofilm, especially in the 46-h-
old biofilms. The 46-h-old biofilms formed in the upward direction
exhibited the most complex structure with the highest number and
biovolume of bacteria, especially S. mutans, and lowest pH condition,
followed by that in the vertical and downward directions, which may be
due to gravity. These findings may provide some insight into the clinical
observation that occlusal surfaces of mandibular teeth are the most
susceptible to initiation of dental caries, followed by proximal surfaces
of mandibular or maxillary teeth, and occlusal surfaces of maxillary
teeth.

Although the biofilm model used in this study simulated the clinical
situation to some extent, it is important to consider other specialized
models that simulate the oral environment. These include the artificial
saliva-based flow cell model, which utilizes continuous artificial saliva
as the growth medium to simulate the shear force and nutritional con-
ditions of saliva in the oral environment, as well as microfluidic-based
models. These models enable precise control over fluid flow, spatial
gradients, and environmental conditions within microscale chambers,
offering high-throughput screening capabilities and the ability to study
biofilm formation under controlled microenvironments.

Furthermore, additional in vivo studies are required since observed
site variations in caries susceptibility highlight the intricate interplay of
numerous factors within the oral environment. Beyond the microbial
composition of biofilms, other critical determinants such as stagnation,
oxygen tension, substrate availability, and salivary clearance play
pivotal roles in shaping caries risk at specific sites. Stagnation of saliva
or food debris in anatomical niches can create localized environments
conducive to biofilm formation and acidogenic activity. Variations in
oxygen tension across different oral sites may also influence the meta-
bolic activities of bacteria within biofilms, thereby impacting their
cariogenic potential. Additionally, differences in substrate availability,
including the presence of fermentable carbohydrates, can modulate
biofilm composition and acid production. Moreover, the efficiency of
salivary clearance mechanisms, such as saliva flow rate and buffering
capacity, can profoundly affect local pH dynamics and remineralization
processes. It’s noteworthy to mention that our model lacked the pres-
ence of shear force, which is generated by saliva flow and masticatory
movements and plays a crucial role in shaping biofilm architecture,
microbial composition, and physiological responses.

Therefore, to comprehensively understand the differences in cario-
genic biofilm formation according to substratum direction, future
studies are needed to consider these multifaceted environmental factors
since dental biofilms are composed of a complex microbial community,
and the ecology of the mouth is complex and dynamic.
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