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Streptococcus mutans is a key pathogen in dental caries and adheres to tooth surfaces via the surface protein SpaP,
which binds salivary agglutinin (SAG). However, the extent to which adherence properties influence subsequent
biofilm formation remains unclear. This study investigated biofilm formation of S. mutans strains with varying
adherence properties on glass surfaces with or without a crude SAG (cSAG) coating prepared from human parotid
saliva, under static or laminar flow conditions, and in mono- or multispecies conditions. Green-fluorescent
protein-labeled S. mutans strains (V403, NG8, C67-1, and UA159) were tested using the Calgary Biofilm de-
vice (CBD) and the BioFlux™ microfluidic system. Following a 2 h adhesion phase and 10 h of biofilm devel-
opment, adherence and biofilm formation were quantified using resazurin assay or image analysis. cSAG coating
enhanced adherence and biofilm formation under flow in strains V403, NG8, and C67-1, whereas UA159 showed
low adherence and almost no biofilm formation under flow. All strains formed substantially more biofilm under
flow than under static conditions, with increases exceeding 200-fold for V403 and NG8. Under laminar flow, the
presence of a multispecies community generally reduced the amount of S. mutans in biofilms. In conclusion, cSAG
coating promoted both adherence and biofilm formation, particularly under flow conditions. However, variation
in initial cSAG-mediated adherence among S. mutans strains did not predict subsequent biofilm formation.
Instead, biofilm formation was influenced by multiple factors, including strain-specific characteristics, flow
conditions, and microbial community composition.

development [4].
However, it is important to note that several studies have shown that
early attachment does not consistently correlate with final biofilm for-

1. Introduction

Bacterial biofilms are structured microbial communities in which

cells adhere to surfaces and to one another within a self-produced
extracellular matrix [1]. This mode of growth enhances bacterial sur-
vival under environmental stresses and is associated with a wide range
of infections [2]. Biofilm formation is commonly described as a multi-
step process consisting of five stages: (1) initial bacterial adherence to a
surface; (2) irreversible attachment, accompanied by the production of
extracellular polymeric substances (EPS); (3) bacterial growth and early
biofilm architecture development leading to microcolony formation; (4)
maturation of the biofilm structure; and (5) dissemination of individual
cells from the mature biofilm [3]. Among these stages, initial adherence
is considered a pivotal step, and strategies that inhibit bacterial
attachment have been proposed as effective means to limit biofilm
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mation [5,6]. For instance, variations in surface properties and growth
conditions can significantly influence biofilm architecture in Escherichia
coli, despite similar levels of initial adhesion [7]. Similarly, no direct
association has been observed between adhesion-related genes and
biofilm-forming ability in Staphylococcus aureus strains [8]. These find-
ings suggest that biofilm development could be influenced by additional
environmental and biological factors beyond initial adhesion, particu-
larly in complex host-associated ecosystems such as the oral cavity.
Dental caries is a widespread disease of the tooth hard tissues caused
by sugar-driven acid production within dental biofilms, leading to
demineralization and tooth decay. It remains a major global health
burden affecting populations worldwide. Streptococcus mutans, a key
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contributor to dental caries, is well-known for its ability to adhere to
surfaces and form biofilms [9]. The adherence of S. mutans is mediated
by both sucrose-dependent and sucrose-independent mechanisms [9].
Sucrose-dependent adhesion involves glucosyltransferases that convert
sucrose into extracellular glucans, forming a matrix that promotes ag-
gregation and stable biofilm formation [8]. In contrast,
sucrose-independent adhesion is mediated by salivary agglutinin (SAG),
a high-molecular-weight mucin-like glycoprotein containing multiple
scavenger receptor cysteine-rich (SRCR) domains that serve as binding
targets for the S. mutans surface adhesin SpaP [7,10], enabling S. mutans
attachment and aggregation in the absence of sucrose [11].

Notably, SAG-mediated adhesion exhibits substantial strain-
dependent variation in S. mutans, which is associated with structural
differences in SpaP [12]. In addition, oral environmental factors,
including salivary flow and interactions with other microbial species,
may further influence both adhesion efficiency and subsequent biofilm
formation [13]. Despite these insights, it remains unclear how these
strain-specific properties and ecological factors collectively modulate
sucrose-independent adhesion and its contribution to biofilm develop-
ment under physiologically relevant, multispecies conditions.

This study aims to investigate biofilm formation of S. mutans strains
with distinct adherence properties to SAG coated surfaces under varied
environmental conditions, including static and flow settings and in the
presence of saliva-derived microbiota. Based on our previous publica-
tion [12], four S. mutans strains representing different adherence levels
were selected for this study: high-adherence strains (V403 and NG8), a
medium-adherence strain (UA159) and a low-adherence strain (C67-1).
Biofilms were cultured using two biofilm model systems: the Calgary
Biofilm Device (CBD), which contains 96 polystyrene pegs, and the
microfluidic BioFlux™ system, which enables biofilm growth under
defined laminar flow conditions.

2. Material and methods
2.1. Bacterial strains and culture condition

Four S. mutans strains UA159 (laboratory strain), V403 (clinical
isolate), NG8 (laboratory strain) and C67-1 (clinical isolate) [14] were
routinely cultured on Brain Heart Infusion (BHI) agar or in BHI broth at
37 °C under anaerobic condition (80% N5, 10% CO,, 10% Hy). For ex-
periments using the BioFlux™ system, strain carrying the
E. coli-S. mutans shuttle vector pDM35 was used. pDM35 is a derivative
of pVA838 [15] and contains a constitutive P32 promoter fused to a
gfpmut2 gene, resulting in constitutive green fluorescent protein (GFP)
production. Erythromycin at 10 pg/ml was added to BHI broth or bio-
film growth medium (BM) to maintain plasmid selection. The BM was
prepared as described by Exterkate et al. [16] and contained 2.5 g/1
mucin (M2378 Sigma), 2.0 g/1 Bacto peptone (Difco 0118-01-8), 2.0 g/1
Trypticase peptone (BBL 211921), 1.0 g/1 yeast extract (Bacto 212750),
0.35 g/1 NaCl, 0.2 g/1 KCl, 0.2 g/1 CaCl 2, 0.001 g/1 hemin (Sigma
H1652), and 0.0002 g/1 vitamin K1, and 15.1 g/1 PIPES at pH 7.0.

2.2. Saliva collection and processing

Two types of saliva were collected for the experiments. Parotid saliva
from a single healthy volunteer was used to extract crude SAG (cSAG),
whereas pooled unstimulated saliva from 6 healthy volunteers served as
inoculum for bacterial adhesion and biofilm formation. Parotid saliva
collection and cSAG extraction were performed following the proced-
ures described by Yang et al. [12]. Briefly, saliva was collected using a
Lashley cup, kept on ice immediately after collection for 30 min, and
centrifuged at 4,000xg for 10 min at 4 °C. The resulting pellet was
resuspended in sterile Milli-Q water to obtain cSAG for subsequent ex-
periments. Unstimulated saliva was collected after volunteers abstained
from oral hygiene for at least 24 h and from food and drink for at least
2 h, then pooled, diluted in 60% glycerol, and stored at —80 °C until use.
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All volunteers were systemically and orally healthy, with no active
caries or periodontal disease. Written informed consent was obtained,
and the study was approved by the Ethical Committee of the faculty
(document numbers 201962 and 2021-40362).

2.3. Adherence and biofilm formation of S. mutans in CBD

The adherence and biofilm formation of four S. mutans strains on
pegs with or without cSAG coating were first assessed using the CBD and
subsequently evaluated in the BioFlux™ microfluidic system. Fig. 1 il-
lustrates the overall experimental workflow.

2.3.1. CBD model

cSAG was diluted 1:4 in coating buffer (0.1 M sodium carbonate, pH
9.2). Either the diluted cSAG or coating buffer alone was added to a 96-
well plate at 200 pL/well. The plate was then covered with a lid con-
taining polystyrene pegs (Nunc™, Roskilde, Denmark) and incubated
overnight at 4 °C. Prior to the adherence step, the pegs were washed
with phosphate-buffered saline containing 0.1% Tween 20 (PBST) to
remove non-specifically bound proteins.

Adherence of S. mutans to coated pegs was performed as described
previously [12]. Briefly, mid-log phase S. mutans cells were washed and
resuspended in adherence buffer (3.73 g/1 KCl, 0.11 g/1 CaCl,, 0.01 g/1
MgCly, 0.14 g/1 KHyPOy4, pH 6.0) to a density of 3x10° CFU/ml. Cell
resuspensions (200 pL/well) were added to a new 96-well plate at and
covered with the lid containing coated pegs. The plate was incubated for
2 h under anaerobic condition at 37 °C shaking at 80 rpm. The shaking
condition was introduced to minimize the retention of weakly attached
bacterial cells, allowing evaluation of more stable bacterial adhesion
[17,18]. The amount of S. mutans adhered to the pegs was assessed using
a resazurin assay.

After the adherence assay was completed, the pegs were washed with
PBS and transferred to a new 96-well containing 200 pL/well of BM,
with or without 0.2% sucrose, to allow subsequent biofilm development
under anaerobic condition at 37 °C without shaking. BM was refreshed
twice daily, at 8 and 16 h. After 40 h, biofilm formation on the pegs was
quantified by the resazurin assay.

The experiment with CBD was independently performed 4 times for
each strain, with 3 biological replicates per condition.

2.3.2. Resazurin assay

Pegs were washed once with PBS and transferred to 0.0016% resa-
zurin solution for 2h at 37 °C [19]. Fluorescence intensity (FI) of the
resazurin solutions was measured using a spectrofluorometer (Spec-
tramax M2, Molecular Device) with excitation at 485 nm and emission at
580 nm. A resazurin solution without bacteria served as the negative
control for all measurements. The FI of each sample was corrected by
subtracting the FI of the negative control before further calculations.

2.4. Adherence and biofilm formation of S. mutans in BioFlux™

A BioFlux 1000Z microfluidic system (Fluxion Biosciences, San
Francisco, CA, USA) integrated with an Axio Observer Z1 inverted mi-
croscope (Zeiss, Jena, Germany) and a monochrome CCD-camera (Exi
Aqua Bio, QImaging, Surrey, Canada) was used for automated shear flow
experiments. This setup was used to assess the adherence of S. mutans
strains, alone or combined with a pooled saliva inoculum, to surfaces
with or without cSAG coating, as well as subsequent biofilm formation
under laminar flow or static conditions.

2.4.1. cSAG coating in BioFlux™ system

Microchannels within a BioFlux 48-well plate (Fluxion Biosciences)
were first primed by adding 200 pL coating buffer to the inlet well and
applying a flow of 0.5 dyn/cm? for 5 min to fill the channels and elim-
inate air bubbles. Subsequently, channels were filled with either 300 pL
cSAG diluted in the same buffer or coating buffer alone (No-cSAG
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Fig. 1. Flowchart illustrating experimental procedures for adherence and biofilms using Calgary Biofilm Device (CBD) and BioFlux™. Adherence and
biofilm were conducted in adherence buffer and biofilm growth medium, respectively. @ refers to measurement or imaging time points. Adherence and biofilm in
CBD and BioFlux™ were quantified using resazurin assays and imaging acquisition, respectively. ® refers to alternating forward and reverse flow for 10 s every

20 min cSAG, crude salivary agglutinin. No-cSAG, coating buffer only.

control), introduced through the inlet at 0.5 dyn/cm? for 50 s. The plate
was then incubated overnight at 4 °C to allow surface coating with cSAG.

2.4.2. Adherence and biofilm formation

Coated channels were washed by introducing 500 pL of PBST into the
inlet and applying a flow of 0.5 dyn/cm? for 5 min to remove unbound
cSAG, after which the channels were filled with adherence buffer using
the same conditions. Mid-log phase (ODggp = 0.5) S. mutans cells were
resuspended in either adherence buffer or diluted unstimulated saliva
inoculum.

Serial dilutions of S. mutans suspensions were plated on Brain Heart
Infusion agar plates, whereas those of the saliva inoculum were plated
on Tryptic Soy agar containing 5% sheep blood, 5 pg/ml hemin, and
1 pg/ml menadione. The final cell density of S. mutans was approxi-
mately 3 x10% CFU/ml, and the total bacterial count in the diluted saliva
inoculum was approximately 8x10° CFU/ml. Multiple colony mor-
phologies could be observed in the saliva inoculum.

For each S. mutans strain, 500 pL of the bacterial suspension was
added to the outlet well of an individual channel and backflowed at
0.5 dyn/cm? until the channel was filled. The plate was then incubated
for 2 h at 37 °C under anaerobic conditions to allow initial bacterial
adherence. To promote active attachment during this period, laminar
shear stress was applied intermittently by alternating forward and
reverse flow at 0.15 dyn/cm? for 10 s every 20 min. This alternating flow
was used to provide a mechanical challenge comparable to the shaking
condition applied in the CBD assay.

After the 2-h adherence period, adherence buffer was flowed through
the channels at 0.5 dyn/cm? for 2 min to remove non-adherent cells,
after which BM (500 pL in the inlet well) was introduced into the
channels by applying a flow of 0.15 dyn/cm?. Bacterial adherence was
recorded by imaging. Biofilm formation was then monitored by real-
time fluorescence and brightfield imaging every 30 min for 10 h. Two
biofilm growth conditions were established: (1) flow condition: BM was
continuously supplied at 0.15 dyn/cm?; (2) statistic condition: no flow
was applied. The continuous laminar flow was selected to provide a
controlled flow environment supporting biofilm development through
continuous nutrient supply and waste removal.

In addition, for S. mutans-only groups without cSAG coating, BM was
supplemented with 0.2% sucrose to assess sucrose-dependent biofilm
development. Biofilm formation under this condition was also

monitored by real-time imaging every 30 min for 10 h.
The experiment with BioFlux™ was independently performed 3
times for each strain, with 2 biological replicates per condition.

2.4.3. Imaging acquisition

To acquire images, 6 regions of interest (ROIs) were selected along
each channel, evenly distributed across its 6 mm length. The channel
width (350 pm) corresponded to the image height. Fluorescence and
brightfield images (10x objective) of each ROI were captured once for
bacterial adherence or in real time for biofilm formation using the
BioFlux Meta Imaging Series Software Version 7.8.1 (Molecular Devices,
Downingtown, PA, USA). Fluorescence images were obtained using a
FITC filter (Filter set 44, Zeiss) with excitation at 488 nm (bandwidth
30 nm) and emission at 520 nm (bandwidth 40 nm). Exposure times
were 600 ms for adherence samples and 150 ms for biofilm samples.
Brightfield images were acquired without excitation or emission filters,
using an exposure time of 50 ms.

2.5. Image processing and quantification

All fluorescence images were analyzed using BiofilmQ Version 0.2.2
[20], a software platform for quantitative analysis of spatially structured
biomass. Image analysis followed a three-step workflow: image prepa-
ration, segmentation and quantification. First, raw images were con-
verted into BiofilmQ-compatible TIFF format. Next, bacterial biomass
was segmented from the background using BiofilmQ. Finally, quantita-
tive parameters were extracted using a 20 x 20 pixel analysis window,
corresponding to an area of approximately 6.72 x 6.72 pmz, to assess
S. mutans adherence and biofilm formation.

Biofilm_SubstratumCoverage (Coverage) was used to quantify the
proportion of the surface covered by bacterial biomass. For adherence,
this parameter was calculated from fluorescence images acquired after
2 h, and for biofilm formation from images acquired after 10 h.

Biofilm cluster count was determined based on the Cube_Volume._-
Fraction (Fraction) parameter obtained from BiofilmQ segmentation.
This parameter represents the fraction of each analysis window occupied
by bacterial biomass, with values approaching 1 indicate high biomass
occupancy and dense cell regions, whereas lower values indicate more
sparsely distributed cells. Analysis windows with a Fraction value of 1
were defined as biofilm clusters, and the number of these clusters within



C. Sun et al.

the analyzed image area was counted as the biofilm cluster count.

GridID and TrackID were used for time-series analysis. In BiofilmQ,
each voxel in the segmented images, containing bacterial biomass, is
assigned a unique GridID based on its x and y coordinates, which
identifies its fixed position within the image. To trace the growth and
detachment of bacterial clusters over time, voxels that are part of the
same cluster are linked across frames using TrackID, while their GridIDs
provide positional information. Together, these parameters allow each
cluster to be followed as a coherent object over time, enabling quanti-
fication of the dynamics of individual bacterial clusters, including their
growth, detachment, and spatial expansion.

2.6. Statistical analysis

The data were analyzed using GraphPad Prism 10.1.1. For the pa-
rameters Coverage and Fraction, measurements from six ROIs within a
channel were summed to generate a single sample value representing
that channel.

Two-way ANOVA was performed separately for each dependent
variable: FI (from the resazurin assay), Coverage and Fraction (both
from BiofilmQ image analysis), with cSAG coating, co-culture condition,
or strain type as independent factors. Post-hoc (Tukey) tests were con-
ducted to compare groups, and statistical significance was defined as
p < 0.05.

3. Results
3.1. Adherence and biofilm formation of S. mutans strains in CBD

Strain-dependent adhesion and biofilm formation of S. mutans were
first examined using CBD (Fig. 2). cSAG coating significantly increased
2-h adhesion of strains V403, NG8, and C67-1 compared with uncoated
surfaces. In contrast, UA159 exhibited very low adhesion on cSAG-
coated surfaces, comparable to those observed on uncoated surfaces
(Fig. 2A).
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cSAG coating did not significantly affect biofilm formation in any of
the tested S. mutans strains (Fig. 2B). In the absence of sucrose, V403,
NG8, and C67-1 produced comparable biofilm biomass regardless of
cSAG coating, whereas UA159 did not form detectable biofilms. Sup-
plementation with 0.2% sucrose markedly increased biofilm formation
in all strains, including UA159, but this increase remained independent
of cSAG coating.

3.2. Adherence and biofilm formation of S. mutans strains in BioFlux™

Because CBD does not allow examination of biofilm formation dy-
namics, BioFlux™ was used to test the influence of cSAG coating, flow,
and the presence of a multispecies community on S. mutans adherence
and biofilm formation (Fig. 3).

Fig. 3A summarizes image analysis results after the initial 2-h
adhesion of GFP-labeled S. mutans strains to surface with or without
cSAG coating, in the presence and absence of multispecies culture.
Consistent with the CBD results, cSAG coating significantly enhanced
adhesion of strain V403, NG8, and C67-1, whereas UA159 showed low
adhesion on both coated and uncoated surfaces. The presence of
multispecies culture derived from a saliva inoculum did not alter the
overall adhesion pattern.

Because the 40-h CBD biofilm assay was performed under static
conditions, we first tested static conditions in BioFlux, monitoring bio-
film formation for 10 h. Fig. 3B shows the percentage surface coverage at
10 h. In contrast to the adhesion phase, cSAG coating generally had little
effect on biofilm formation: surface coverages of all strains were similar
on coated and uncoated surfaces. In addition, the multispecies culture
significantly increased biofilm formation by UA159 on cSAG-coated
surfaces. C67-1, NG8 and UA159 showed significantly higher biofilm
formation on cSAG-coated compared with uncoated surfaces (p < 0.05).

Application of laminar flow during biofilm development substan-
tially altered biofilm formation among strains (Fig. 3C and D). Under
flow, biofilm formation by V403, NG8, C67-1, and UA159 increased
approximately 10-300-fold compared with static conditions, reaching

cSAG+Sm
No-cSAG+Sm

Bl cSAG+Sm

V403 NG8 C67-1

No-cSAG+Sm
10000
5000 -
0 .

UA1 59 V403 NG C67-1

UA1 59

Without sucrose

With sucrose

Fig. 2. Adherence and biofilm formation of S. mutans (Sm) strains in the Calgary Biofilm Device (CBD). Adherence of S. mutans strains V403, NG8, C67-1, and
UA159 to pegs coated with or without cSAG was measured after 2 h, and subsequent biofilm formation over 40 h was assessed in the presence or absence of 0.2%
sucrose. Both adherence (A) and biofilm formation (B) were quantified using the resazurin assay. cSAG, crude salivary agglutinin. No-cSAG, coating buffer only. FI,

fluorescence intensity. * refers to P < 0.05.
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C67-1
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Fig. 3. Adherence and biofilm among S. mutans (Sm) strains in BioFlux™ model. (A) Adherence (2h) in alternating forward and reverse flow condition. It was
measured from images by calculating the percentage of the area covered per channel. (B) Biofilm formation (10h) in static condition. It was measured from images by
calculating the percentage of the area covered per channel. (C) Biofilm formation (10h) with laminar flow. It was measured from images by calculating the per-
centage of the area covered per channel. (D) Representative images of biofilm formation on cSAG coated surfaces under laminar flow at 10 h. Images were acquired
using a 10x objective and a FITC filter (Filter set 44, Zeiss). Excitation was at 488 nm (bandwidth 30 nm) and emission at 520 nm (bandwidth 40 nm), with a 150 ms
exposure time for all groups. Scale bar: 50 ym. cSAG, crude salivary agglutinin. No-cSAG, coating buffer only. * refers to P < 0.05.

80%, 69%, 30% and 1.8% surface coverage within 10 h, respectively,
but only on cSAG-coated surfaces. Without cSAG coating biofilm
development was significantly less with 2%, 7%, 2%, and 0.1% surface
coverage. Unlike static conditions, the presence of a multispecies culture
generally inhibited biofilm formation on cSAG-coated surfaces, except
for UA159, where biomass was higher in the presence of multispecies.
In addition, the application of 0.2% sucrose on biofilm development
for each strain over a 10-h period was evaluated. For this examination,
biofilm formation was initiated after cell adherence on uncoated sur-
faces under laminar flow. Unlike CBD biofilms formed under the same
sucrose concentration, UA159 formed significantly less biofilm
compared with the other 3 strains (Fig. 4 and Fig. S1 in Supplement).

3.3. Strain-dependent cluster formation in time under laminar flow

Given the strong effect of laminar flow on biofilm formation on
cSAG-coated surfaces, biofilm development over time in 4 strains was
further examined under this condition.

Fig. S2 (Supplement) shows representative images captured at 1, 3,
7, and 10 h, illustrating strain-specific biofilm architecture under flow.
Under single-species conditions, V403 formed many small clusters, NG8
formed fewer but relatively larger clusters, and C67-1 formed the largest
yet scattered clusters. In contrast, UA159 did not form discrete clusters
and instead primarily formed long chains. In the presence of a multi-
species culture, effects were evident within the first hour after flow
initiation: V403 formed fewer but larger clusters and NG8 was largely
washed out by 10 h. In contrast, UA159 surface coverage increased,
although it remained low at 10 h, it was clearly higher than that
observed for UA159 alone.

Fig. 4 further characterizes the dynamic biofilm development of
different strains by quantifying biofilm cluster formation over time.
Cluster counts were determined based on analysis regions of approxi-
mately 6.72 x 6.72 pm? (45.2 pm?) that were fully occupied by biomass,
as identified by BiofilmQ.

At 10 h, cluster counts generally followed the same strain-dependent
trends observed for surface coverage (Fig. 3C). Under single-species
conditions, V403 and NG8 showed substantially higher cluster counts
than C67-1, while multi-species culture reduced cluster formation in
V403 and NG8 but increased it in UA159 (Fig. 4C).

In addition to endpoint cluster counts, cluster formation over time
showed some strain-specific variation in the timing of cluster appear-
ance. NG8 and C67-1 initiated cluster formation earlier, whereas V403
showed a delayed onset (Fig. 4A inset). Multi-species culture further
altered the timing of cluster formation, with delayed cluster initiation in
NG8 and C67-1, whereas this was unaffected in V403 (Fig. 4B inset).

3.4. Strain-specific biofilm displacement over time under laminar flow

TrackID time-series analysis was used to assess displacement of in-
dividual S. mutans cells or clusters over time in the direction of flow.

Based on displacement patterns, 3 scenarios were defined (Fig. 5A):
(1) Cells or clusters remained stationary; (2) Cells or clusters detached
and were removed by the flow; (3) Cells or clusters detached and were
removed by the flow, but new cells or clusters later moved into the same
or a new position and remained there. The displacement patterns asso-
ciated with biofilm development for each strain were then categorized
according to these scenarios over the 10-h period, and the scenario
distributions are summarized in Fig. 5B. The distribution patterns
showed pronounced strain dependence and were substantially influ-
enced by the presence of multispecies communities. For V403, more
than 50% of clusters remained stationary in single-species culture,
whereas the presence of multispecies community reduced this fraction,
with a greater proportion of clusters being replaced by newly arriving
clusters. NG8 behaved similarly to V403 under single-species conditions,
although its cluster formation was less stable. In the presence of multi-
species culture, NG8 clusters were removed more frequently. For C67-1,
only a small fraction of clusters remained stationary over the 10-h
period, regardless of whether multispecies were present. UA159
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Fig. 4. Biofilm cluster formation count among S. mutans (Sm) strains in
BioFlux model with crude salivary agglutinin (cSAG) with flow. (A) Time-
lapsed biofilm cluster counts within 10 h without multispecies. The inset shows
zoom of the plot from 2 h to 6 h initial formation. (B) Time-lapsed biofilm
cluster counts within 10h with multispecies. The inset shows zoom of the plot
from 2 h to 6 h initial formation. (C) Biofilm cluster counts at 10h time-point. *
refers to P < 0.05.

clusters or cells were predominantly removed under flow; however, the
presence of multispecies increased the retention of clusters compared
with single-species culture.

4. Discussion

In this study, the adherence and biofilm formation of four S. mutans
strains were evaluated on cSAG-coated surfaces using the CBD and
BioFlux™ systems under conditions that included salivary flow and the
presence of a multispecies community, mimicking the oral cavity envi-
ronment. Although initial adherence showed strain- and cSAG-
dependent variation, these early attachment patterns alone were insuf-
ficient to explain the differences observed in subsequent biofilm for-
mation. Instead, biofilm formation was shaped by the combined effects
of strain-specific traits and environmental conditions, particularly the
interaction between cSAG coating hydrodynamic forces and the pres-
ence of a microbial community. Laminar flow significantly enhanced the
biofilm formation on cSAG-coated surfaces for all S. mutans strains,
whereas the presence of a multispecies community altered biofilm for-
mation in a manner dependent on hydrodynamic conditions, enhancing
biofilm accumulation under static conditions but reducing it under flow.
Together, these findings are consistent with previous reports that early
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Fig. 5. Strain-specific biofilm displacement under crude salivary agglu-
tinin (cSAG) coating and laminar flow. Biofilm displacement of S. mutans
strains with or without a multispecies culture was monitored over 10 h. (A)
Three categories of cluster displacement over time were defined: (1) Cells or
clusters remained stationary; (2) Cells or clusters detached and were removed
by the flow; (3) Cells or clusters detached and were removed by the flow, but
new cells or clusters later moved into the same or a new position and remained
there. (B) Distribution of each displacement category for each strain under
single-species and multispecies conditions.

attachment does not necessarily predict mature biofilm formation [5,6]
and highlight the importance of considering dynamic environmental
factors when investigating S. mutans biofilm formation.

Strain variability in biofilm formation has been widely reported for
many bacterial species and is often attributed to differences in surface
properties, adhesion mechanisms, and aggregation behavior [21,22]. In
this study, strain-dependent differences in biofilm formation became
apparent under flow conditions on cSAG-coated surfaces. V403 and NG8
showed increases of more than 200-fold under laminar flow compared to
no-flow conditions, whereas UA159 showed an approximately 10-fold
increase. These findings suggest that the combination of cSAG coating
and hydrodynamic forces plays an important role in revealing
strain-specific biofilm formation patterns.

Interestingly, the cSAG-mediated adhesion patterns reported in our
previous study were not reproduced under the current experimental
conditions. Whereas the strains were originally selected based on
different adherence levels [12], three strains exhibited similar
cSAG-mediated adhesion in the present study, while UA159 showed no
detectable adhesion. The reason for this discrepancy remains unclear.
Differences in the parotid saliva donors between the two studies may
have contributed, as donor-dependent variation in cSAG properties,
including SAG structural features (e.g. scavenger receptor cysteine-rich
(SRCR) domain composition and glycosylation patterns), may influence
adhesion. A previous study demonstrated that adherence to SAG con-
taining 8 SRCR domains was approximately half of that observed for
SAG containing 13 SRCR domains [23], suggesting that SAG structural
variation can affect S. mutans adhesion. Further studies using cSAG
prepared from multiple donors will be needed to determine how
donor-dependent  variation in c¢SAG properties influences
strain-dependent adhesion patterns and whether it affects subsequent
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biofilm formation.

Although the role of SAG coating in mediating S. mutans adhesion is
well established [24], its impact on subsequent biofilm formation re-
mains unclear. Ahn et al. [25] reported that S. mutans biofilm formation
was inhibited on saliva-coated surfaces and speculated that other sali-
vary components may inhibit later stages of biofilm maturation,
although SAG contributes to the initial stages of adherence and biofilm
formation. In contrast, our results demonstrated that the crude SAG
coating significantly enhanced biofilm formation, but only under
laminar flow conditions. One possible explanation for this difference is
that, under flow conditions, salivary components with potential
biofilm-inhibitory effects may be removed from the surface, allowing
the biofilm-promoting effect of cSAG to become more pronounced.

Beyond endpoint measurements to biofilm formation, such as surface
coverage and cluster counts, the time-series analysis provided insight
into the dynamics of strain-dependent biofilm development. The cluster
formation (Fig. 4) and displacement dynamics (Fig. 5) revealed that
strains with similar endpoint biomass could follow distinct develop-
mental patterns. For example, although V403 and NG8 reached com-
parable biomass after 10 h, their cluster dynamics differed, with NG8
exhibiting substantially lower cluster stability under flow, whereas
V403 formed stable clusters that persisted throughout biofilm develop-
ment. This difference may contribute to the pronounced reduction in
NG8 biofilm formation in the presence of a multi-species community.
Consistent with this interpretation, the supplementary video shows that
although NG8 formed substantial biomass through the rapid accumu-
lation of numerous small clusters under single-species conditions, newly
formed clusters were rapidly displaced under multi-species conditions,
preventing the establishment of a stable biofilm. Previous studies have
demonstrated that naturally occurring bacterial aggregates, rather than
individual cell attachment, can serve as the primary units of biofilm
initiation and strongly influence subsequent biofilm development [26,
27]. Our findings extend this concept by showing that, beyond the initial
formation of aggregates, their subsequent persistence under flow is
strain dependent and may influence biofilm development within a
multi-species community. Further investigation of the molecular
mechanisms contributing to strain-dependent differences in cluster
formation and retention may provide new insight into the factors gov-
erning biofilm persistence and removal under flow conditions.

Flow conditions are also known to influence biofilm formation
through multiple mechanisms. Flow can promote biofilm growth by
enhancing nutrient transport to the biofilm surface and facilitating
diffusion within the matrix [28]. In addition, low flow rates can allow
the local accumulation of quorum sensing (QS) molecules, which could
further stimulate biofilm formation [29,30]. In our experiments, we
applied a laminar flow of 0.15 dyn/cm?, which approximates the shear
stress exerted by resting saliva, and observed enhanced biofilm forma-
tion for most strains compared with static conditions. Such slow flow has
been shown to promote the accumulation of QS molecules, such as
autoinducer-2 (AI-2), particularly in multispecies communities [31],
thereby enhancing both biofilm biomass and aggregate size in multi-
species biofilms, effects that are often absent in mono-species biofilms
[32,33]. This mechanism may help explain the large aggregates
observed for V403 when grown with a multispecies community. How-
ever, QS-mediated biofilm enhancement alone cannot account for the
reduced V403 biofilm biomass under multispecies conditions. Our
track-ID analysis (Fig. 5) indicated that the large aggregates were more
readily removed by flow, providing a plausible explanation for the
reduced biomass.

This study also examined adhesion and biofilm formation in two
experimental models: the CBD and the BioFlux™ microfluidic system.
The CBD provides a simple and high-throughput platform but is limited
by its static nature and inability to capture biofilm architecture and
flow-dependent features [34]. In contrast, the BioFlux™ provides
controlled flow and enables real-time imaging of biofilm development
under dynamic conditions, allowing better representation of the oral
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environment. However, its constrained throughput and reliance on
costly disposable flow plates limit its broader application [35]. Under
the conditions evaluated in this study, strain-dependent cSAG-mediated
adhesion and no-flow biofilm formation showed similar patterns be-
tween the two systems, suggesting that differences observed under flow
conditions may reflect responses to hydrodynamic conditions rather
than solely model-specific effects.

A limitation of this study is that the saliva-derived multispecies
biofilm could not be reliably visualized. We initially attempted to label
the microbial community using fluorescent DNA-binding dyes, but
staining interfered with real-time monitoring of S. mutans biofilm dy-
namics. Consequently, imaging was restricted to brightfield microscopy,
in which the low intrinsic contrast of individual bacterial cells made
them difficult to distinguish from the background. Hence, the present
study focused primarily on the behavior of GFP-labeled S. mutans. A
second limitation is the relatively short biofilm growth duration (10 h),
constrained by the BioFlux™ system. Microfluidic flow chambers are
generally optimized for early biofilm development, as prolonged growth
can lead to extensive channel colonization and complicate maintenance
of controlled flow and nutrient conditions. A further limitation is the use
of cSAG preparation, which may contain a mixture of salivary compo-
nents and therefore does not allow the observed effects to be attributed
exclusively to SAG itself. Previous studies have demonstrated that cSAG
preparations retain functional activity in supporting S. mutans adhesion
[7], and our previous biochemical characterization demonstrated
enrichment of SAG in this preparation [36]. However, contributions
from other salivary components cannot be excluded. Therefore, the
findings of this study should be interpreted as the response of S. mutans
to a cSAG-coated surface rather than to a purified SAG coating. Further
mechanistic studies would be valuable to define the specific contribu-
tion of SAG to these observations.

5. Conclusions

In conclusion, this study demonstrates that variation in initial cSAG-
mediated adherence among S. mutans strains was not sufficient to pre-
dict subsequent biofilm formation. Instead, biofilm formation was sha-
ped by multiple interacting factors, including strain-specific
characteristics, environmental conditions such as laminar flow and su-
crose availability, and the presence of a microbial community. Impor-
tantly, cSAG-coated surfaces not only promoted S. mutans attachment
but also enhanced its biofilm formation under flow conditions. These
findings underscore the importance of using experimental systems that
incorporate physiologically relevant conditions to investigate biofilm
dynamics and guide future strategies for biofilm control.

CRediT authorship contribution statement

Chen Sun: Data curation, Formal analysis, Investigation, Software,
Validation, Visualization, Writing — original draft. Danuta Mazurel:
Data curation, Formal analysis, Investigation, Software, Validation.
Jingmei Yang: Investigation, Methodology. Antonius J.M. Ligten-
berg: Conceptualization, Resources, Writing - review & editing.
Dongmei Deng: Conceptualization, Funding acquisition, Methodology,
Project administration, Resources, Supervision, Writing — review &
editing.

Funding

C. Sun was supported by a scholarship from the China Scholarship
Council. The BioFlux 1000Z microfluidic system was funded by NWO
Earth and Life Sciences.

Declaration of competing interests

The authors declare the following financial interests/personal



C. Sun et al.

relationships which may be considered as potential competing interests:
Chen Sun reports financial support was provided by China Scholarship
Council. The BioFlux 1000Z microfluidic system was funded by NWO
Earth and Life Sciences If there are other authors, they declare that they
have no known competing financial interests or personal relationships
that could have appeared to influence the work reported in this paper.

Acknowledgments

The authors thank Dr. Michel A. Hoogenkamp for his critical review
of the manuscript.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.bioflm.2026.100391.

Data availability

The original contributions presented in the study are included in the
article/Supplementary Material. Further inquiries can be directed at the
corresponding authors.

References

[1] Singh S, Datta S, Narayanan KB, Rajnish KN. Bacterial exo-polysaccharides in
biofilms: role in antimicrobial resistance and treatments. J Genet Eng Biotechnol
2021;19(1):140.

[2] Tolker-Nielsen T. Biofilm development. Microbiol Spectr 2015;3(2). Mb-0001-
2014.

[3] Stoodley P, Sauer K, Davies DG, Costerton JW. Biofilms as complex differentiated
communities. Annu Rev Microbiol 2002;56:187-209.

[4] Subhadra B, Kim DH, Woo K, Surendran S, Choi CH. Control of biofilm formation in
healthcare: recent advances exploiting quorum-sensing interference strategies and
multidrug efflux pump inhibitors. Materials (Basel) 2018;11(9).

[5] Cusumano ZT, Klein RD, Hultgren SJ. Innovative solutions to sticky situations:
antiadhesive strategies for treating bacterial infections. Microbiol Spectr 2016;4
(2).

[6] Sharma S, Mohler J, Mahajan SD, Schwartz SA, Bruggemann L, Aalinkeel R.

Microbial biofilm: a review on formation, infection, antibiotic resistance, control

measures, and innovative treatment. Microorganisms 2023;11(6).

Bikker FJ, Ligtenberg AJ, Nazmi K, Veerman EC, van't Hof W, Bolscher JG,

Poustka A, Nieuw Amerongen AV, Mollenhauer J. Identification of the bacteria-

binding peptide domain on salivary agglutinin (gp-340/DMBT1), a member of the

scavenger receptor cysteine-rich superfamily. J Biol Chem 2002;277(35):

32109-15.

[8] Cai JN, Jung JE, Dang MH, Kim MA, Yi HK, Jeon JG. Functional relationship

between sucrose and a cariogenic biofilm formation. PLoS One 2016;11(6):

e0157184.

Lemos JA, Palmer SR, Zeng L, Wen ZT, Kajfasz JK, Freires IA, Abranches J,

Brady LJ. The biology of Streptococcus mutans. Microbiol Spectr 2019;7(1).

[10] Brady LJ, Crowley PJ, Ma JK, Kelly C, Lee SF, Lehner T, Bleiweis AS. Restriction
fragment length polymorphisms and sequence variation within the spaP gene of
Streptococcus mutans serotype c isolates. Infect Immun 1991;59(5):1803-10.

[11] Kelly CG, Todryk S, Kendal HL, Munro GH, Lehner T. T-cell, adhesion, and B-cell
epitopes of the cell surface Streptococcus mutans protein antigen I/11. Infect
Immun 1995;63(9):3649-58.

[12] Yang J, Deng D, Brandt BW, Nazmi K, Wu Y, Crielaard W, Ligtenberg AJM.
Diversity of SpaP in genetic and salivary agglutinin mediated adherence among
Streptococcus mutans strains. Sci Rep 2019;9(1):19943.

[13] Liu W, Rgder HL, Madsen JS, Bjarnsholt T, Sgrensen SJ, Burmglle M. Interspecific
bacterial interactions are reflected in multispecies biofilm spatial organization.
Front Microbiol 2016;7:1366.

[7

—

[9

—

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]
[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

Biofilm 12 (2026) 100391

De Stoppelaar JD, Van Houte J, Backer Dirks O. The relationship between
extracellular polysaccharide-producing streptococci and smooth surface caries in
13-year-old children. Caries Res 1969;3(2):190-9.

Macrina FL, Tobian JA, Jones KR, Evans RP, Clewell DB. A cloning vector able to
replicate in Escherichia coli and Streptococcus sanguis. Gene 1982;19(3):345-53.
Exterkate RA, Crielaard W, Ten Cate JM. Different response to amine fluoride by
Streptococcus mutans and polymicrobial biofilms in a novel high-throughput
active attachment model. Caries Res 2010;44(4):372-9.

Nabert-Georgi C, Rodloff AC, Jentsch H, Reissmann DR, Schaumann R, Stingu CS.
Influence of oral bacteria on adhesion of Streptococcus mutans and Streptococcus
sanguinis to dental materials. Clin Exp Dent Res 2018;4(3):72-7.

Tickner J, Hawas S, Totsika M, Kenyon JJ. The Wzi outer membrane protein
mediates assembly of a tight capsular polysaccharide layer on the Acinetobacter
baumannii cell surface. Sci Rep 2021;11(1):21741.

Jiang LM, Hoogenkamp MA, van der Sluis LW, Wesselink PR, Crielaard W,

Deng DM. Resazurin metabolism assay for root canal disinfectant evaluation on
dual-species biofilms. J Endod 2011;37(1):31-5.

Hartmann R, Jeckel H, Jelli E, Singh PK, Vaidya S, Bayer M, Rode DKH,
Vidakovic L, Diaz-Pascual F, Fong JCN, Dragos A, Lamprecht O, Thoming JG,
Netter N, Haussler S, Nadell CD, Sourjik V, Kovacs A T, Yildiz FH, Drescher K.
Quantitative image analysis of microbial communities with BiofilmQ. Nat
Microbiol 2021;6(2):151-6.

Li X, Hoogenkamp MA, Ling J, Crielaard W, Deng DM. Diversity of Streptococcus
mutans strains in bacterial interspecies interactions. J Basic Microbiol 2014;54(2):
97-103.

Lianou A, Nychas GE, Koutsoumanis KP. Strain variability in biofilm formation: a
food safety and quality perspective. Food Res Int 2020;137:109424.

Bikker FJ, End C, Ligtenberg AJM, Blaich S, Lyer S, Renner M, Wittig R, Nazmi K,
van Nieuw Amerongen A, Poustka A, Veerman ECI, Mollenhauer J. The scavenging
capacity of DMBT1 is impaired by germline deletions. Inmunogenetics 2017;69
(6):401-7.

Brady LJ, Piacentini DA, Crowley PJ, Oyston PC, Bleiweis AS. Differentiation of
salivary agglutinin-mediated adherence and aggregation of mutans streptococci by
use of monoclonal antibodies against the major surface adhesin P1. Infect Immun
1992;60(3):1008-17.

Ahn SJ, Ahn SJ, Wen ZT, Brady LJ, Burne RA. Characteristics of biofilm formation
by Streptococcus mutans in the presence of saliva. Infect Immun 2008;76(9):
4259-68.

Kragh KN, Hutchison JB, Melaugh G, Rodesney C, Roberts AE, Irie Y, Jensen P,
Diggle SP, Allen RJ, Gordon V, Bjarnsholt T. Role of multicellular aggregates in
biofilm formation. mBio 2016;7(2):e00237.

Simon-Soro A, Ren Z, Krom BP, Hoogenkamp MA, Cabello-Yeves PJ, Daniel SG,
Bittinger K, Tomas I, Koo H, Mira A. Polymicrobial aggregates in human saliva
build the oral biofilm. mBio 2022;13(1):e0013122.

Tsagkari E, Connelly S, Liu Z, McBride A, Sloan WT. The role of shear dynamics in
biofilm formation. NPJ Biofilms Microbiomes 2022;8(1):33.

Kim MK, Ingremeau F, Zhao A, Bassler BL, Stone HA. Local and global
consequences of flow on bacterial quorum sensing. Nat Microbiol 2016;1:15005.
Kirisits MJ, Margolis JJ, Purevdorj-Gage BL, Vaughan B, Chopp DL, Stoodley P,
Parsek MR. Influence of the hydrodynamic environment on quorum sensing in
Pseudomonas aeruginosa biofilms. J Bacteriol 2007;189(22):8357-60.

Xavier KB, Bassler BL. Interference with Al-2-mediated bacterial cell-cell
communication. Nature 2005;437(7059):750-3.

Cuadra-Saenz G, Rao DL, Underwood AJ, Belapure SA, Campagna SR, Sun Z,
Tammariello S, Rickard AH. Autoinducer-2 influences interactions amongst
pioneer colonizing streptococci in oral biofilms. Microbiology (Read) 2012;158(Pt
7):1783-95.

Laganenka L, Sourjik V. Autoinducer 2-Dependent Escherichia coli biofilm
formation is enhanced in a dual-species coculture. Appl Environ Microbiol 2018;84
(5).

Diez-Aguilar M, Morosini MI, Koksal E, Oliver A, Ekkelenkamp M, Cantén R. Use of
Calgary and microfluidic BioFlux systems to test the activity of fosfomycin and
tobramycin alone and in combination against cystic fibrosis Pseudomonas
aeruginosa biofilms. Antimicrob Agents Chemother 2018;62(1).

Azeredo J, Azevedo NF, Briandet R, Cerca N, Coenye T, Costa AR, Desvaux M, Di
Bonaventura G, Hébraud M, Jaglic Z, Kacaniova M, Kngchel S, Lourenco A,
Mergulhao F, Meyer RL, Nychas G, Simoes M, Tresse O, Sternberg C. Critical
review on biofilm methods. Crit Rev Microbiol 2017;43(3):313-51.

Boks MA, Gunput ST, Kosten I, Gibbs S, van Vliet SJ, Ligtenberg AJ, van Kooyk Y.
The human glycoprotein salivary agglutinin inhibits the interaction of DC-SIGN
and langerin with oral micro-organisms. J Innate Immun 2016;8(4):350-61.


https://doi.org/10.1016/j.bioflm.2026.100391
https://doi.org/10.1016/j.bioflm.2026.100391
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref1
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref1
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref1
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref2
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref2
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref3
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref3
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref4
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref4
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref4
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref5
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref5
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref5
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref6
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref6
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref6
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref7
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref7
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref7
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref7
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref7
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref8
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref8
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref8
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref9
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref9
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref10
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref10
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref10
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref11
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref11
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref11
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref12
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref12
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref12
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref13
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref13
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref13
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref14
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref14
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref14
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref15
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref15
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref16
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref16
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref16
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref17
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref17
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref17
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref18
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref18
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref18
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref19
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref19
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref19
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref20
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref20
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref20
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref20
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref20
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref21
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref21
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref21
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref22
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref22
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref23
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref23
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref23
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref23
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref24
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref24
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref24
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref24
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref25
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref25
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref25
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref26
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref26
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref26
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref27
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref27
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref27
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref28
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref28
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref29
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref29
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref30
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref30
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref30
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref31
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref31
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref32
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref32
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref32
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref32
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref33
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref33
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref33
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref34
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref34
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref34
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref34
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref35
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref35
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref35
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref35
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref36
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref36
http://refhub.elsevier.com/S2590-2075(26)00048-1/sref36

	From adhesion to biofilm: strain-specific and environmental factors shaping Streptococcus mutans biofilms
	1 Introduction
	2 Material and methods
	2.1 Bacterial strains and culture condition
	2.2 Saliva collection and processing
	2.3 Adherence and biofilm formation of S. mutans in CBD
	2.3.1 CBD model
	2.3.2 Resazurin assay

	2.4 Adherence and biofilm formation of S. mutans in BioFlux™
	2.4.1 cSAG coating in BioFlux™ system
	2.4.2 Adherence and biofilm formation
	2.4.3 Imaging acquisition

	2.5 Image processing and quantification
	2.6 Statistical analysis

	3 Results
	3.1 Adherence and biofilm formation of S. mutans strains in CBD
	3.2 Adherence and biofilm formation of S. mutans strains in BioFlux™
	3.3 Strain-dependent cluster formation in time under laminar flow
	3.4 Strain-specific biofilm displacement over time under laminar flow

	4 Discussion
	5 Conclusions
	CRediT authorship contribution statement
	Funding
	Declaration of competing interests
	Acknowledgments
	Appendix A Supplementary data
	Data availability
	References


