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Prevention of microbial adhesion and detachment of adhering microorganisms from surfaces is important
in many environmental, industrial, and medical applications. Fluid shear is an obvious parameter for stim-
ulating microbial detachment from surfaces, but recently it has been pointed out that a passing air-liquid
interface also has potential in stimulating microbial detachment. In the present study, the ability of micro-
bubbles to stimulate detachment of bacterial strains from a glass surface is compared with the effects of fluid
flow. Adhesion and detachment of Actinomyces naeslundii T14V-]J1, Streptococcus oralis J22, and their coadher-
ing aggregates were studied on glass, mounted in a parallel plate flow chamber. High fluid wall shear rates
(11,000 to 16,000 s~ ') were established in a laminar flow regime in the absence and presence of microbubbles.
Wall shear rates stimulated detachment ranging from 70% to 30% for S. oralis and A. naeslundii, respectively.
Coadhering aggregates were detached up to 54%. The presence of microbubbles in the flow increased the
detachment of A. naeslundii within 2 min of flow from 40% in the absence of microbubbles to 98%, while
detachment of neither S. oralis nor coadhering aggregates was affected by the presence of microbubbles. In
summary, extremely high fluid flows can be effective in stimulating microbial detachment, depending on the
strain involved. The addition of microbubbles to the flow allows the detachment of tenaciously adhering

bacteria not detached by flow alone, but not of adhering coaggregates.

Microorganisms attach to natural and manmade surfaces,
such as soil particles, plant fibers, pipelines, ship hulls, ortho-
pedic implants, and contact lenses, as well as to surfaces in the
human oral cavity. The formation of a biofilm in the oral cavity
involves a sequence of events including initial microbial adhe-
sion, during which individual organisms interact reversibly with
oral hard and soft tissues, followed by anchoring through ex-
tracellular polysaccharide production, yielding irreversible ad-
hesion and coadhesion of planktonic organisms with already
adhering (sessile) ones (4). Coadhesion, a process by which
genetically distinct planktonic bacteria attach to already adher-
ing (sessile) bacteria, has been described to occur in the oral
cavity, mammalian gut, human urogenital tract, and potable-
water-supply systems (6, 17, 18). Coadhesion has been most
extensively described for the human oral cavity and occurs
between strains such as actinomyces and streptococci, thus
contributing to the temporospatial distribution of organisms in
oral biofilms (11).

Microbial adhesion in the oral cavity occurs under highly
unfavorable conditions, and flow of saliva and movement of
the tongue, lips, and cheeks, for instance, cannot prevent ad-
hesion. Similarly, microbial adhesion on ship hulls and in in-
dustrial pipelines occurs despite unfavorable hydrodynamic
conditions. This indicates that the forces involved in microbial
adhesion to surfaces are quite strong. Microorganisms adhere
to surfaces through a combination of attractive Lifshitz-van der
Waals forces, attractive or repulsive electrostatic interactions,
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and acid-base forces (2, 19), acting perpendicular to a substra-
tum surface. Thus, it is theoretically ruled out (Fig. 1) that fluid
shear, acting parallel to a substratum surface, could cause
microbial detachment from surfaces (3, 19), although in prac-
tice detachment due to fluid flow has been observed (19). This
detachment could be due to rolling phenomena in combination
with minor surface roughnesses and chemical heterogeneities.

Lift forces due to fluid flow do act perpendicular to a surface
but are generally considered too weak to cause microbial de-
tachment. Alternatively, passage of an air-liquid interface over
a substratum surface causes detachment forces perpendicular
to the substratum surface and thus directly opposing the ad-
hesion forces (Fig. 1). A detailed analysis of the surface tension
forces causing this detachment was first given in the field of
semiconductors (12, 13), and later the method was successfully
used to detach colloidal particles (7, 15) and bacteria (8) from
surfaces in a parallel plate flow chamber. Surface tension de-
tachment forces range from 10 ° to 10’ N, depending on the
surfaces involved, and are several orders of magnitude larger
than gravitational, buoyancy, and hydrodynamic forces acting
on microorganisms (15).

Gomez-Sudrez et al. (8) reported that the detachment of the
oral bacterial strains Actinomyces naeslundii T14V-J1 and
Streptococcus oralis J22 from a glass surface due to passage of
a single air-liquid interface is more effective at low velocities
and high interfacial tensions. Furthermore, bacterial detach-
ment increased when multiple air-liquid interfaces were passed
through the flow chamber. For practical applications, however,
it would be more advantageous to apply more stable micro-
bubbles than single air-liquid interfaces to stimulate microbial
detachment from substratum surfaces. Oral biofilm removal is
generally based on the mechanical action of toothbrush bris-
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FIG. 1. Hydrodynamic detachment force in the form of lift and
shear experienced by a microbial cell due to fluid flow, and surface
tension detachment force due to the passing air-liquid interface.
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tles, while surface tension forces arising from passing micro-
bubbles have been suggested to be involved in biofilm removal
as well (5, 14).

Therefore, the aim of this study was to determine the efficacy
of a continuous flow of microbubbles through a parallel plate
flow chamber in terms of bacterial detachment and to compare
the detachment stimulated by a similar flow of fluid alone. S.
oralis J22, a fibrillated, spherical, hydrophilic (water contact
angle, 24 degrees; zeta potential, —16 mV) organism, and A.
naeslundii 'T14V-J1, a fimbriated, rod-shaped, hydrophobic
(water contact angle, 64 degrees; zeta potential, —12 mV)
organism (8), were used for detachment studies. Since these
strains constitute a coaggregating pair, detachment of their
coadhering aggregates was determined as well in order to es-
tablish the influence of flow with and without microbubbles on
detachment of larger microbial entities.

MATERIALS AND METHODS

Bacterial strains, growth conditions, and harvesting. Initial colonizers of
tooth surfaces, manifesting coadhesion and coaggregation (11), were chosen for
this study. S. oralis J22 was cultured in Todd-Hewitt broth at 37°C in ambient air.
A. naeslundii T14V-J1 was cultured in Schaedler’s medium supplemented with
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0.01 g liter ! hemin in an anaerobic cabinet (Concept 400; Ruskinn Technology
Limited, Leeds, West Yorkshire, United Kingdom) in an atmosphere of 10% H,,
85% N,, and 5% CO, at 37°C. Single colonies from blood agar plates were
precultured in 10 ml of medium for 24 h. This preculture was taken as an
inoculum for the main culture grown for 16 h. The cells were harvested by
centrifugation for 5 min at 6,500 X g and washed twice with adhesion buffer (2
mM potassium phosphate, 50 mM potassium chloride, and 1 mM calcium chlo-
ride at pH 6.8). To break the bacterial aggregates, the harvested cells were
sonicated intermittently, while cooling in ice-water, for 30 s at 30 W (Vibra Cell
model 375; Sonics and Materials, Dansbury, CT). Microscopically, this duration
and power of sonication were found not to cause any cell lysis.

Microbubble generation and characterization. Bacterial detachment was stim-
ulated by microbubbles, generated using a Braun Oral B Oxyjet irrigator. This
apparatus is commercially available for dental care and mixes air into water. It
contains a piston pump which sucks the fluid from a reservoir and pushes it
through a nozzle, acquiring air through a venture valve on the way. A rotor
present in the nozzle rotates due to the fluid flow and breaks down the air-water
mixture into microbubbles. A pressure control dial presents the possibility of
controlling the fluid pressure, with settings from 1 (gentle) through 5 (strong). A
jet switch, present at the nozzle, makes it possible to switch the rotor on or off.
Hence, it is possible to achieve an identical flow with or without microbubbles.

The size distribution of microbubbles and the amount of air suspended in the
adhesion buffer were determined using the Malvern Mastersizer S (Malvern
Instruments Ltd., Malvern, Worcestershire, United Kingdom). A laser beam
diffracts due to the presence of microbubbles in its path. The intensity at a
particular angle is an indication of the percentage of microbubbles of a particular
size, and larger angles correspond to smaller bubbles. The microbubble size
distribution was expressed by the surface area possessed by microbubbles of a
particular size relative to the surface area of all the suspended microbubbles. The
amount of air in suspension was determined from the attenuation of the laser
beam at zero diffraction angle and expressed as percentage obscuration.

Saliva collection and preparation. Human whole saliva from 10 healthy vol-
unteers of both genders was collected into ice-cooled beakers after stimulation
by chewing Parafilm, pooled, centrifuged, dialyzed, and lyophilized for storage.
For experiments, lyophilized saliva was dissolved at a concentration of 1.5 g ml ™!
in adhesion buffer. All volunteers gave their informed consent to saliva donation,
in accordance with the rules set out by the Ethics Committee of the University
of Groningen.

Parallel plate flow chamber and adhesion protocol. A parallel plate flow
chamber with unidirectional inlet and flow cavity (1) and with dimensions of 7.5
cm by 0.5 cm by 0.06 cm was used to observe bacterial adhesion on the bottom
glass plate. The flow chamber has been previously described in detail by Sjollema
et al. (20). The glass slide was cleaned by sonication in a 2% solution of surfac-
tant RBS 35 (Fluka Chemie, Buchs, Switzerland), followed by alternate rinsing
with methanol and demineralized water. Adhesion and detachment were ob-
served with a charge-coupled device MXR video camera (High Technology,
Eindhoven, The Netherlands) mounted on an Olympus BH-2 phase-contrast
microscope equipped with a 40X ultralong-working-distance objective (Olympus
ULWD-CD Plan 40 PL). The camera was focused at one field of view (0.016
mm?) and images were recorded continuously to monitor bacterial adhesion,
while enumeration of adhering organisms was done by image analysis (TEA;
Difa, Breda, The Netherlands).

Adhesion of single strains of A. naeslundii T14V-J1 and S. oralis J22 as well as
of the coadhering pair (4. naeslundii and S. oralis) was studied, albeit with slightly
different protocols.

For single-strain experiments, bacteria were suspended in adhesion buffer to a
density of 6 X 10% ml~!. Before each experiment, all the tubes and the flow
chamber were filled with buffer and 5 min of perfusion with buffer was applied.
Subsequently, the bacterial suspension was passed through the flow chamber
until a surface density of 4 X 10° cm™~2 was achieved. The flow was then switched
again to buffer in order to remove all the unattached bacteria from the chamber.

For coadhesion, 4. naeslundii cells were suspended to a density of 10% ml~! in
adhesion buffer and S. oralis cells were suspended to a density of 3 X 10% ml™!
in adhesion buffer supplemented with 1.5 g liter ™! lyophilized human whole
saliva. After rinsing of the tubes and flow chamber with buffer for 5 min, a
suspension with A. naeslundii was passed through the chamber until a surface
coverage of 10° ml~! was obtained as determined using the image analyzer.
Then, flow was again switched to buffer to remove unattached bacteria and
coadhesion was initiated by switching the flow to S. oralis suspension for 2 h,
yielding adhesion of aggregates differing in size and containing up to 10 or more
bacteria per adhering coaggregate.

For adhesion experiments, all the suspensions perfused through the flow
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FIG. 2. Microbubble characteristics. (A) Mean diameter of the mi-
crobubbles as a function of the wall shear rate; (B) amount of air in
suspension (percent obscuration) in the form of microbubbles as a
function of the wall shear rate.

chamber at a hydrostatic pressure wall shear rate of 83 s! while being recircu-
lated by a roller pump to maintain a constant fluid level in the inlet reservoir.

Detachment protocol. The nozzle of the microbubble generator was inserted in
the upstream tubing of the flow chamber and bubbles, created in adhesion buffer,
were taken with the flow into the flow chamber. Out of five possible settings of
the Braun Oral B Oxyjet irrigator, only settings 1, 3, and 5, with fluid flow rates
of 200, 235, and 300 ml min~!, respectively, were used for detachment experi-
ments, corresponding to Reynolds numbers of 595, 698, and 893, indicating
laminar flow and yielding wall shear rates of 11,000, 13,000 and 16,000 s L
respectively. The detachment experiments were performed with and without
microbubbles in the flow, in order to separately illustrate the effects of fluid shear
and microbubbles.

Images were recorded at three different areas on the glass surface immediately
after adhesion. Fluid flow with or without microbubbles was then introduced to
initiate detachment for 2 min. Fluid flow was stopped in order to record images
at three different spots and detachment was subsequently continued for another
8 min.

For single-strain experiments, the total number of bacteria in an image were
counted and expressed in numbers of bacteria adhering per unit area (bacteria
cm ™~ ?). Efficacy of the detachment was represented in terms of % removal, which
was the percentage of bacteria detached with respect to the initial number of
bacteria adhering.

For coadhering aggregates, the number of aggregates of different sizes was
counted before and after detachment and expressed per cm™ 2 Subsequently,
their detachment efficacy was expressed in terms of % removal of aggregates of
a specific size, as defined above.

All experiments were carried out in triplicate with separately cultured bacteria.

RESULTS

Microbubble characteristics. Figure 2A shows an increase in
the mean diameter of the microbubbles as the wall shear rate
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FIG. 3. Distribution of aggregate sizes, involving A. naeslundii
T14V-J1 and S. oralis J22, coadhering on glass prior to detachment.
Error bars denote standard deviation over 18 separate experiments.

decreases. At wall shear rates of 16,000 and 13,000 s~ ! the
mean diameter is less than a micrometer, whereas at a wall
shear rate of 11,000 s~ ' the mean diameter exceeds 10 wm.
Figure 2B shows the amount of air in suspension as a function
of fluid shear. The amount of air is related to percentage
obscuration, i.e., the obstruction offered by the microbubbles
to the laser light. The amount of air in suspension increased
almost linearly with the fluid flow rate, indicating that more air
was suspended in the form of smaller microbubbles with in-
creasing fluid flow.

Adhesion. Prior to detachment in the single-strain studies,
about 4 X 10° cm ™2 A. naeslundii T14V-J1 or S. oralis J22 cells
were allowed to adhere on the glass surface, while for coad-
hesion on average 1.7 X 10° cm ™2 bacteria were allowed to
adhere, of which 10° cm ™2 were A. naeslundii. Figure 3 shows
the number distribution for the coadhering aggregates, indi-
cating that their surface density decreases as their size (in
terms of number of bacteria) increases.

Detachment. Figure 4 summarizes bacterial detachment
from glass after 2 min due to increasing wall shear rate in the
presence and absence of microbubbles for the single strains
and coadhering aggregates. After 2 min, 60 to 70% of the
adhering S. oralis cells were stimulated to detach by the fluid
flow, with a minor influence of wall shear rate, while slightly
more bacteria (70 to 80%) were removed in the presence of the
microbubbles. The detachment of A. naeslundii was strongly
dependent on the presence of microbubbles. Only 10 to 30% of
the adhering bacteria were removed by fluid flow alone,
whereas 85 to 98% of the adhering bacteria were removed in
the presence of the microbubbles. The detachment of A.
naeslundii increased with increasing wall shear rate up to
13,000 s~*. Fluid flow, on average, was able to detach 50% of
the coadhering aggregates, with little or no effect of the pres-
ence of microbubbles.

Figure 5 shows that aggregates containing four bacteria or
more are most efficiently (>80%) detached, whereas a maxi-
mum of 45% detachment is seen for aggregates containing
fewer than four bacteria, irrespective of the flow rate used or
the presence of microbubbles.

Bacterial detachment occurred predominantly within the
first 2 min and increased only slightly over time. In fact, after
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FIG. 4. Detachment of adhering bacteria and aggregates from glass
after 2 min, as stimulated by different wall shear rates in the absence
(open symbols with dashed line) or presence (solid symbols with con-
tinuous line) of microbubbles. Error bars denote standard deviation
over nine separate experiments.

an additional 8 min, detachment of both S. oralis and A.
naeslundii increased, on average, by another 10%, irrespective
of the presence or absence of microbubbles.

DISCUSSION

The efficacy of microbial detachment from a substratum
surface depends on the magnitude and direction of the detach-
ment forces compared with the adhesive forces between an
organism and the substratum surface. In this study, S. oralis J22
could be effectively detached by fluid flow alone, but A.
naeslundii T14V-J1 could only be effectively detached in the
presence of microbubbles. Since atomic force microscopy has
recently indicated (16, 22) that the cohesive forces between
different bacteria holding together a coaggregate are generally
larger than those mediating their adhesion to a substratum, it
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FIG. 5. Percent removal of aggregates from the glass surface after
2 min (solid bars) and after 10 min (open bars) at a wall shear rate of
16,000 s~! with microbubbles (A) and at 11,000 s~ without micro-
bubbles (B) as a function of aggregate size. Error bars denote standard
deviations over nine fields of view, equally divided over three separate
experiments.

is likely to be valid to consider an adhering coaggregate as one
bacterial entity of larger size. Detachment of these larger bac-
terial entities was not stimulated by the presence of micro-
bubbles.

Theoretically, increased fluid flow towards or parallel to a
substratum surface results in faster adhesion of microorgan-
isms due to higher mass transport (21). However, when fluid
flow exceeds a critical limit, the resulting wall shear rates may
become high enough to prevent adhesion or even stimulate
detachment (3). For instance, in aqueous suspensions, wall
shear rates of 6,000 to 8,000 s~! were sufficient to prevent
adhesion of Pseudomonas fluorescens to stainless steel while a
wall shear rate of 12,000 s~ ' could detach adhering organisms
(19).

The present study demonstrates that fluid shear rates of
11,000 to 16,000 s~! are effective in detaching a hydrophilic
streptococcus but not in detaching a more hydrophobic acti-
nomycete. Since the zeta potentials of both strains are almost
identical, the more tenacious adhesion of the actinomycetes
can be attributed to their higher hydrophobicity, among other
differences between the strains. Thus, cell surface hydropho-
bicity becomes a factor in bacterial detachment from surfaces
as well, in addition to being a known factor in bacterial adhe-
sion (23). Note that this does not rule out a contribution of
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different cell surface appendages such as fibrils and fimbriae to
detachment, as exactly these structures convey the charge and
hydrophobic properties to the cell surface through their spe-
cific chemistry.

Christersson et al. (3) reported detachment of 70 to 80% of
coccoid and rod-shaped oral bacteria from a glass surface with
a salivary conditioning film at wall shear rates of 3 to 100 s™*
without observing a difference in the adhesion tenacity of the
two types of strains. Although the detachment in the present
study was performed at much higher shear rates (11,000 to
16,000 s—*) and from a bare glass surface, a clear difference is
seen between A. naeslundii T14V-J1 and S. oralis J22. About
23% of A. naeslundii cells were removed, compared to 66% of
S. oralis cells, within 2 min due to fluid shear. This difference in
detachment characteristics observed by Christersson et al. (3)
and the present study could be a combined effect of differences
in fluid shear rates used, absence of a salivary conditioning film
in the present study, and usage of the two bacterial species
together by Christersson et al. (3), whereas in the present study
their detachment characteristics were studied separately.

The efficiency with which microbubbles remove attached
bacteria depends upon their collision probability, attachment
efficiency, and stability efficiency of the bubble-bacteria aggre-
gate (10). The probability of collision of microbubbles with
bacterial cells or entities depends on the cross-sectional area
exposed to the flow and is evidently larger for adhering coag-
gregates than for single bacteria. In the studies by Gomez-
Sudrez et al. (7-9), the collision efficiency was invariably 1,
because air-liquid interfaces fully spanning the width of their
parallel plate flow chamber were used. For microbubbles the
situation is different, however. For a microbubble to detach an
adhering organism, the following events must occur (10): thin-
ning of the liquid film between the bacterial cell and bubble,
rupture and formation of a three-phase boundary (9), and
expansion of the three-phase boundary to form a stable wetting
perimeter. Since both events occur more readily for the hydro-
phobic A. naeslundii than for the hydrophilic S. oralis, the
presence of microbubbles greatly stimulates detachment of
tenaciously adhering A. naeslundii cells.

Once the three-phase boundary is formed, the velocity of the
interface becomes a determinant for the detachment efficiency,
and faster-moving interfaces have been shown to be less effec-
tive. Figure 6 presents the velocity profiles above the glass
surface at the three fluid flow rates used and the maximum
velocity of the fluid carrying the microbubbles over the top of
a single adhering bacterium as well as over adhering coaggre-
gates. Larger aggregates experience faster fluid flow than
smaller aggregates due to the parabolic flow profile between
two parallel plates, and hence fluid flow effectively detaches
larger adhering coaggregates. Alternatively, due to the faster
fluid flow, the additional detachment of adhering coaggregates
as stimulated by microbubbles is less, explaining the observa-
tions in Fig. 5.

Conclusions. This study demonstrates that high fluid shear
rates (11,000 to 16,000 s~ ') can be effective in stimulating
bacterial detachment, depending on the strain involved. The
addition of microbubbles to the flow allows the detachment of
tenaciously adhering bacteria not detached by flow alone. Mi-
crobubbles become ineffective for larger bacterial entities such
as adhering coaggregates. The principles outlined are expected
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to have general validity for bacterial detachment from surfaces
by fluid flow and passing microbubbles.
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