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The influence of bacterial motility on cell transport and
deposition was investigated in a well-characterized radial
stagnation point flow (RSPF) chamber. Deposition experiments
were conducted with nonmotile (PAO1 AfliC ApilA) and
motile (PAQ1 ApilA) strains of Pseudomonas aeruginosa,
and oppositely (positively) charged modified quartz surfaces.
Deposition dynamics of the two bacterial strains were determined
over a wide range of solution ionic strengths and at two

flow velocities. The observed deposition dynamics were modeled
using a modified expression of the random sequential
adsorption (RSA) blocking function accounting for the impacts
of hydrodynamic and electrostatic interactions on cell
deposition. Results for the nonmotile bacteria indicated that
the changes in blocking rate and surface coverage with ionic
strength and flow rate were similar to those expected for
nonbiological, “soft” particles, for which the coupling of
hydrodynamic interactions and electrostatic repulsion governs
the deposition dynamics. In contrast, deposition dynamics of
the motile bacterial cells reduced blocking rates and enhanced
maximum coverages, approaching the jamming limit predicted
for “hard” ellipsoids of 0.583. We hypothesized that cell
motility allows the upstream swimming of bacteria and subsequent
cell deposition on regions which are otherwise inaccessible
to nonmotile cell deposition due to the “shadow effect”.

Introduction

Transport and deposition of bacteria in aquatic systems are
of fundamental importance in a variety of fields, including
wastewater treatment (1), groundwater bioremediation (2),
and biomedical applications (3). Such systems are often
continuously exposed to microorganisms, which results in
cell deposition at the solid—water interface and biofouling
(4). Rigorous analysis of the time-dependence of bacterial
deposition rates, known as deposition dynamics, can be
useful to gain a better understanding of the impact of the
continuous exposure of engineered and natural surfaces to
bacterial fluxes.

Previous studies on the deposition dynamics of nonmotile
bacteria in porous media under flow conditions have
indicated similarities between the deposition responses of
bacterial cells and nonbiological, “soft” colloidal particles
(5, 6). The initial stage of particle deposition is characterized
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by a constant deposition rate due to low particle coverage
on the collector surface. However, as deposited particles
accumulate at the collector surface, the rate of particle
deposition starts to decline (7). The surface exclusion to
further deposition, or surface blocking (7, 8), has been
described as a function of tangential hydrodynamic forces
and electrostatic repulsion between approaching and de-
posited particles. The coupling of these forces results in a
“shadow” region on the collector surface down-gradient of
deposited particles, where the probability of subsequent
deposition is significantly reduced. Studies on deposition
dynamics have demonstrated that the size of the shadow
region is defined by the physicochemical conditions of the
system, such as the ionic strength and flow conditions (7).
For example, surface blocking was significantly reduced with
increasing ionic strength (i.e., decreasing electrostatic repul-
sion between particles) and decreasing flow velocity (i.e.,
decreasing tangential shear forces between the surface and
the particle) (7).

The dynamic blocking function for “hard” spheres de-
positing on an oppositely charged surface in a stagnant
system was initially modeled by Schaaf and Talbot (9), who
considered surface blocking in terms of arandom sequential
adoption (RSA) mechanism. However, in order to account
for the impacts of colloidal interactions as well as system
hydrodynamics, a modified expression of the RSA blocking
function was developed as a virial expansion with surface
coverage (10). In this expression, the virial coefficients were
interpreted as a function of three interactions which con-
tribute to surface blocking: hard sphere interactions, elec-
trostatic repulsion, and hydrodynamic interactions (II).
Similarly to the original RSA blocking function for hard
spheres, the modified RSA blocking function assumes (9, 10)
(i) particle—particle contact is prohibited at the collector
surface (i.e., there is no overlapping of deposited particles
to form a multilayer), (ii) particle deposition is irreversible,
and (iii) no surface diffusion. The modified blocking function
has been previously applied to describe the deposition of
latex particles (11); however, this model has never been
applied to predict the deposition dynamics of bacteria.

The dynamic properties of the bacterial surface in
response to environmental stresses allow microorganisms
to survive even in the most inhospitable aquatic systems
(12). Among the numerous appendages anchored to the
surface of bacteria, flagella are possibly the most important
for their roles in the transport of planktonic cells and their
transfer to solid substrates. Flagella are complex polymeric
structures of glycoproteins that provide swimming ability to
the cells (13). The active rotation of the flagellum filament
induces the propulsion of the cell body which can reach
speeds greater than 30 um/s (13). The presence of the flagella
and the ability of the cell to swim are important factors which
enhance the transport and initial deposition of cells onto
alginate-conditioned substrates (14, 15). However, the effects
of motility on the deposition dynamics of bacterial cells (i.e.,
the time-dependence of bacterial deposition rate) have not
been reported in the literature.

In this paper, we studied the deposition dynamics of
motile and nonmotile bacteria to determine the impact of
swimming mobility on the dynamic blocking function and
maximum attainable surface coverage. Experiments were
conducted using two mutant strains of Pseudomonas aerugi-
nosa, characterized by their ability to swim. Bacterial
deposition dynamics were investigated under nonrepulsive
conditions (favorable to deposition) as a function of ionic
strength and flow velocity in a radial stagnation point flow
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(RSPF) chamber. We demonstrated reductions in surface
blocking and increases in maximal surface coverage for the
motile bacteria, which are attributed to the swimming motility
of the bacteria. The dynamics of deposition of the motile
bacteria showed a strong dependence on the physicochemical
conditions of the system.

Materials and Methods

Model Bacterial Strains and Substrates. The nonmotile,
PAO1 AfliC ApilA, and motile, PAO1 ApilA, strains of
Pseudomonas aeruginosa were used as model bacteria.
Twitching and swimming disabilities of the mutant strains
were previously verified (16). Bacterial cells were shown to
remain viable and to have a constant size under a range of
ionic strengths (1—300 mM of KCI). The major and minor
axes of both bacterial strains were determined to be 2.30 +
0.48 yum and 0.93 + 0.05 um, which is equivalent to a
volumetric spherical diameter of 1.25 ym (16). The physi-
cochemical properties of the surface of both PAO1 AfliC ApilA
and PAO1 ApilA have been extensively investigated in our
recent publication (16). Similar electrophoretic mobilities
have been observed for both strains over a range of ionic
strengths (1—100 mM KCI) at ambient pH (pH 5.5—5.7); the
surface charge density for both strains was 430 + 40 uC/cm?
(16).

Liquid cultures of PAO1 strains were incubated in LB at
37 °C and harvested at midexponential growth phase. The
bacterial suspension was centrifuged (Sorvall RC 26 Plus) for
15 min at 1000g. The cell pellet was washed once with 100
mM KCl solution, recentrifuged under the same conditions,
and resuspended in KCl (100 mM). The cell stock solution
was diluted in electrolyte solutions of interest (1, 10, and 100
mM KCI). Ultrapure quartz coverslips measuring 25 mm in
diameter and 0.1 mm thick (Electron Microscopy Sciences,
PA) were used as the solid substrate in the deposition
experiments. Coverslips were cleaned in a three-step process:
(i) 2% Hellmanex II bath (overnight, 75 °C) (Hellma GmbH
& CoKG, Germany), (ii) Nochromix bath (overnight, 25 °C)
(Godax Laboratories, Inc., MD), and (iii) baking (1—3 h, 560
°C). Coverslips were thoroughly rinsed with DI water after
steps (i) and (ii). Favorable (nonrepulsive) deposition condi-
tions between the particles and the substrate were obtained
by chemical modification of the coverslip surface. Charge
reversal was induced by adsorption of a layer of poly-L-lysine
(PLL) at the quartz surface. Poly-L-lysine hydrobromide
(Sigma, MO) with an average molecular weight of 110 kDa
was used. The quartz coverslips were submerged in 0.1 g/L
PLL/HEPES solution (pH 5.6, 0.22 um-filtered) overnight at
4 °C, and rinsed four times with 0.22 um-filtered DI water.
The quartz coverslips were vacuum-dried for 3 h at 37 °C.
Charge reversal has been previously verified by electro-
phoretic mobility measurements of PLL-coated silica particle
at ambient pH (pH 5.5—5.7) following a similar procedure
(16).

Deposition Kinetics in a Radial Stagnation Point Flow
System. Bacterial deposition onto a PLL-coated quartz
substrate was investigated using a radial stagnation point
flow system with contrast phase microscopy (Axiovert 200m,
Zeiss). Deposition was recorded in a rectangular viewing area
0f220 um x 165 um (captured in a 140 um-radius circle) with
a DP70 digital camera (Olympus). Details on the hydrody-
namic properties of the flow chamber can be found elsewhere
(17). The injection capillary radius of the RSPF system was
1 mm; the distance between the capillary outlet and the
collector surface was 2 mm. A constant flow rate of 4.93
mL/min (average capillary velocity = 2.65 cm/s) or 1.00 mL/
min (average capillary velocity = 0.53 cm/s) was fixed by
syringe pumps (KD Scientific Inc., PA) during the deposition
experiments. For these velocities, the corresponding Reynolds
number was 28.4 or 5.7, respectively, and the cell Peclet
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number was 0.22 or 0.01, respectively (18). All experiments
were conducted under the same hydrodynamic conditions,
at ambient pH (5.5—5.7), and at 25 °C (+1 °C).

Bacterial deposition was studied as a function of ionic
strength (KCl) using reagent grade salt (Fisher Scientific).
Deposition at 2.65 cm/s (average flow velocity) was measured
at 15 s intervals for 30 min and deposition at 0.53 cm/s was
measured at 20 s intervals for 3 h. For each culture, the cell
concentration was determined in a Buerker-Tuerk cytometer
chamber (Marienfield Laboratory Glassware, Germany). For
each bacterial deposition experiment, the bacterial transfer
rate coefficient, kgspr, was calculated as the ratio between
the bacterial deposition flux and the initial bacterial bulk
concentration (19). The bacterial deposition flux is the
observed deposition rate of bacteria normalized by the
camera viewing area. All deposition rate coefficients are
averages taken from two to three experiments conducted
using different cell cultures. Matlab Particle Tracking Code
(20) (MathWorks. Inc.) was used to count deposited cells.
These values were confirmed by manual counting using the
image processing program, Image J (NIH), and the interactive
plugin, Point Picker (9).

Analysis of Deposition Dynamics. At high surface cover-
age, the deposition dynamics of bacterial cells on a surface
can be described by the following rate equation (21, 22):

%—2 = QUTT,, Tyn Mg ks B(O) 1
where 6 is the fractional coverage of the surface by depositing
bacterial cells, a is the particle attachment efficiency, 1, and
Ty2 are the half-major and minor axes of an ellipsoid particle,
ny is the particle number concentration, ks is the surface-
limited cell deposition rate, and B(0) is the dynamic blocking
function. To facilitate the solution of this differential equation,
we assumed that ks ~ krspr, as was done in numerous past
studies (7, 11, 23), with kgspr being the transport-limited cell
deposition rate in the RSPF system. The fractional coverage
can be determined from the number of deposited cells, 7,
included in the microscope’s viewing area of 220 um x 165
um. Individual coverage per cell was based on the average
calculated elliptic (side-on) projected surface area of the cells.
The attachment efficiency represents the fraction of cell
contacts with the substrate that result in attachment; for our
case of cell deposition on PLL-coated substrate, oo = 1.

In the RSA model for hard spherical particles, the dynamic
blocking function, B(6), is given by (10)

B(6)=1—40+@02+(£—@)03+'" )
T w3 37

However, this model is not valid for our study where both
hydrodynamic and electrostatic interactions play important
roles in bacterial deposition dynamics. Through application
of the virial expansion theory, the dynamic blocking function,
B(0), canbe represented as a series expansion in 0 as indicated
by (24)

BO)=1+a,0+ a,0° + a,0°+ + - 3)

This function is valid for surface coverage of up to about 0.8
times the maximum attainable surface coverage, or jamming
limit, Omax (= 0.583 for hard ellipsoids (10) with an aspect
ratio of 2:1) (11).

The virial coefficients (a, @, and a;) were estimated using
egs 1 and 3, following the numerical procedure described by
Ko etal. (11, 23). The boundary conditions for the governing
equation (eq 1) are 0(0) = 0 and O(t—o0) = Omax. Previously,
similar approaches have been shown to provide good
correlation with experimental data (23, 25). Since mass
transfer was constant across the stagnation point flow area
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FIGURE 1. Bacterial deposition of PAO1 AfliC ApilA and PAO1
ApilA under favorable conditions as a function of ionic
strength (KCI) and Reynolds number (flow velocity). The
reported number of deposited cells in the microscope’s viewing
area (220 ym x 165 um). The capillary flow rate in the RSPF
system was either 4.93 mL/min (average velocity of 2.65 cm/s)
for Panels A and B or 1.00 mL/min (average velocity of 0.53 cm/
s) for Panels C and D. The corresponding capillary Reynolds
numbers were 28.4 and 5.7, respectively, and the cell Peclet
numbers were 0.22 and 0.01, respectively. Other experimental
conditions employed were ambient pH (pH 55-5.7) and a
temperature of 25 °C (=1 °C).

in our experiments, time was represented as a dimensionless
variable in our analyses (26):

T=Ty Ty, Krgprlipt 4)

The maximum attainable surface coverage, Omax, for the
various physicochemical conditions was calculated using the
estimated values of the three virial coefficients with B(0) =
0 (i.e., when 6 = Onay, €q 3).

Results and Discussion

Cell Deposition Dynamics. Deposition kinetics of motile
PAO1 ApilA and nonmotile PAO1 AfliC ApilA cells were
determined in the RSPF system as a function of ionic strength
and flow velocity (Figure 1) under favorable deposition
conditions (i.e., electrostatic attraction between cells and
PLL-coated quartz). Under all experimental conditions, the
number of deposited cells increased nonlinearly with time.
Increasing surface coverage by adhering cells reduces the
availability of the surface to further bacterial deposition,
thereby creating a dynamic blocking effect.

Before blocking becomes significant, the initial slope of
the bacterial deposition can be used to determine the initial
deposition rate coefficient, krspr, of the cells onto the
substrate. Initial bacterial cell transfer rates were calculated
(Figure 2) for both nonmotile and motile cells. Initial
deposition rates of nonmotile bacteria (PAO1 AfliC ApilA)
were not sensitive to changes in ionic strength; however,
deposition rates significantly decreased with a reduction of
flow velocity. These deposition responses were similar to
those observed previously for nonbiological colloidal particles
under transport limited conditions (9).
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FIGURE 2. Deposition kinetics of PAO1 AfliC ApilA and PAO1
ApilA under favorable conditions (i.e., electrostatic attraction
between cells and PLL coated quartz) as a function of ionic
strength (KCI) and Reynolds number. Deposition kinetics are
expressed as a cell transfer rate, kgspr. The capillary flow rate
in the RSPF system was either 4.93 mL/min (average velocity of
265 cm/s) (in gray dashed lines) or 1.00 mL/min (average
velocity of 0.53 cm/s) (in black solid lines). The corresponding
capillary Reynolds numbers were 28.4 and 5.7, respectively, and
the cell Peclet numbers were 0.22 and 0.01, respectively. Other
experimental conditions employed were ambient pH (pH
5.5—5.7) and a temperature of 25 °C (+1 °C). Error bars indicate
one standard deviation.

In contrast, the initial deposition rate of motile bacteria
(PAO1 ApilA) significantly increased with both increasing
ionic strength and decreasing flow velocity (Figure 2). The
differences in deposition responses to changes in ionic
strength can be attributed to the impact of the electrolyte
concentration on bacterial motility. In addition, opposite
responses in initial deposition rates for motile and nonmotile
bacteria were observed upon decreasing flow velocity. Since
the two bacterial strains were shown to have an equivalent
cell size and shape, no differences in diffusion rates were
expected between the two strains. Therefore, this suggests
that the increase in deposition rate of motile cells with
decreasing flow velocity is a result of increased bacterial
motility (i.e., enhanced swimming) due to a reduction in
hydrodynamic interactions.

Over long deposition times, significant reductions in the
deposition kinetic slopes for both bacterial strains were
observed as a result of enhanced blocking of the collector
surface (Figure 1). The dynamic blocking effect was observed
to be more pronounced for nonmotile bacteria compared to
motile bacteria. However, both bacterial strains indicated
an increase in blocking effect for decreasing ionic strengths
and increasing flow velocities. Due to experimental con-
straints limiting the time-scale of the deposition experiments,
we were not able to extract exact approximations of maximum
surface coverage for the studied systems directly from our
raw deposition data.

Virial Coefficients of the Dynamic Blocking Function.
Inverse analysis was performed by fitting the numerical
solution of eq 1 to the bacterial deposition data (Figure 1)
while simultaneously optimizing for the three virial coef-
ficients a;, @, and a;. Equation 3 was used as the dynamic
blocking function in the fittings. Initial deposition rate
coefficients, kgspr, for each bacterial strain are provided in
Figure 2. The accuracy of the analysis was verified by
comparing the observed deposition dynamics to their fitted
solution for each physicochemical condition used in our
system (Figures 3 and 4). The fitted curves showed excellent
visual agreement with the deposition curves of both non-
motile (PAO1 AfliC ApilA) and motile (PAO1 ApilA) bacteria
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FIGURE 3. Comparison of experimental (symbols) and theoretical (solid lines) values of fractional coverage for PAO1 AfliC ApilA
(Panels A, B, and C) and PAO1 ApilA (D, E, and F) at 1, 10, and 100 mM KCI and an average flow velocity of 2.65 cm/s (Re = 28.4).
The theoretical model was based on the modified RSA blocking functions (24). Experimental values of the fractional coverage were
calculated from deposition data (Figure 1) considering the elliptic projected surface area for the cells and a microscope’s viewing

area of 220 x 165 um.
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FIGURE 4. Comparison of experimental (symbols) and theoretical (solid lines) values of fractional coverage for PAO1 AfliC ApilA
(Panels A, B, and C) and PAO1 ApilA (Panels D, E, and F) at 1, 10, and 100 mM KCI and an average flow velocity of 0.53 cm/s (Re =
5.7). The theoretical model was based on the modified RSA blocking functions (24). Experimental values of the fractional coverage
were calculated from deposition data (Figure 1) considering an elliptic area for the cells and a microscope’s viewing area of 220 x

165 um.

over the entire range of ionic strengths at the two different
flow velocities, 2.65 cm/s (Re = 28.4, Figure 3) and 0.53 cm/s
(Re = 5.7, Figure 4).

A direct dependence on both the electrostatic and
hydrodynamic conditions of the system was observed for all
three virial coefficients, a;, @, and as (Figure 5) for the two
bacterial strains. In all cases, virial coefficients were observed
to decrease with increasing ionic strength; these decreases
were almost linear on a logarithmic scale. In addition, virial
coefficients under low flow velocities (Re = 5.7) were
significantly smaller than those obtained under high flow
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velocities (Re = 28.4). The virial coefficients a, and a; were
especially sensitive to these velocity changes.

The system response to increases in electrolyte concen-
trations and decreases in flow velocities is a result of decreases
in electrostatic interactions between the approaching and
deposited cells and decreases in tangential hydrodynamic
forces that reduce surface blocking, respectively. Therefore,
high ionic strengths and low flow velocities will simulate a
system which begins to approach the RSA model conditions
for hard particles. At high ionic strength (i.e., 100 mM) under
both flow velocities, the virial coefficient a; converged toward
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Lines do not represent modeling results.

the known limiting value for hard spheres calculated from
the RSA blocking function (eq 2, a; = —4) (9). However, the
virial coefficients @, and a; did not approach their respective
limiting values for hard spheres (i.e., @ = 3.3 and a; = 1.4)
(7), especially under high flow velocity. Even at low flow
velocities, a, and a; maintained absolute values greater than
those predicted by the hard particle RSA model, which
suggests that both hydrodynamic and electrostatic interac-
tions between the cells remain important.

To determine the impact of cell motility on bacterial
deposition and surface blocking, the three virial coefficients
of motile and nonmotile bacteria cells were compared
(Supporting Information Figure S1 and Figure 5). Virial
coefficients of both bacterial strains at high flow velocity (Re
= 28.4) were equivalent in magnitude, which suggests that
under conditions where hydrodynamic interactions pre-
dominate, motility has no effect on the surface blocking of
flagellated cells. However, under low flow velocity (Re =5.7),
the virial coefficients of motile cells were significantly smaller
in magnitude than those of nonmotile cells; this effect was
especially pronounced for @ and as. This discrepancy
between the two strains at low flow velocities suggests that
motile cells have lower surface blocking rates than nonmotile
bacteria. Therefore, motile bacteria have access to a larger
available surface area for deposition.

The Maximum Fractional Surface Coverage. Maximum
attainable surface coverage (0mayx) was calculated from eq 3
using the three estimated virial coefficients (Figure 6) by
setting B(6) = 0 when 0 = 0. Maximum attainable surface
coverages of motile PAO1 ApilA and nonmotile PAO1 AfliC
ApilA cells were determined as a function of ionic strength
and flow velocity (Figure 8). For both bacterial strains, the
maximum surface coverage increased with increasing ionic
strength, as well as with decreasing flow velocity.

For nonmotile bacteria (Figure 6A), maximum surface
coverage predicted under high ionic strength (100 mM) and
low flow velocity (Re = 5.7) was more than two times the
predicted coverage at low ionic strength (1 mM) and high
flow velocity (Re = 28.4). This deposition trend is similar to
that observed for noncolloidal soft particles subjected to the
shadow effect (24). Predicted maximum surface coverages
of nonmotile cells were always significantly smaller than the
jamming limit (6..= 0.583) predicted for hard ellipsoids (with
an aspect ratio of 2:1). This suggests that electrostatic and
hydrodynamic interactions between the nonmotile cells
remain important, and that significant blocking persists at
the substrate surface.
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FIGURE 6. Theoretical variation of the maximum attainable
fractional surface coverage as a function of ionic strength and
average flow velocity (Reynolds number). Maximum coverage
for PAO1 AfliC ApilA (Panel A) and PAO1 ApilA (Panel B) was
estimated by theoretical modeling of deposition kinetics using
the RSA blocking function (eq 3). The dashed line labeled 6..
(= 0.583) corresponds to the jamming limit for hard ellipsoids
(of aspect ratio 2:1).

For similar physicochemical conditions, the maximum
coverage of motile cells (Figure 6B) was always significantly
larger than that of nonmotile cells (Figure 6A), indicating
that swimming motility does affect maximum coverage
predictions. The observed differences in maximum coverage
were most pronounced at high ionic strength and low flow
velocity. These physicochemical conditions are expected to
enhance cell motility while minimizing the “shadow effect”
and the electrostatic repulsion between cells. At high ionic
strength (100 mM) and low flow velocity (Re =5.7), predicted
maximum coverage of motile cells approached the maximum
jamming limit of hard ellipsoids (f.. = 0.583). However,
because of the potential interdependence between these
physicochemical effects, individual impacts on the enhance-
ments of the surface coverage by motile cells cannot be
distinguished.

Influence of Bacterial Motility on Deposition Dynamics.
The impact of motility on surface coverage was determined
using three attributes derived either experimentally or
theoretically from the bacterial deposition experiments. These
attributes were (i) the initial deposition rate, (ii) the magnitude
of the three virial coefficients, and (iii) the predicted
maximum surface coverage.

Initial deposition rate, in the absence of surface
blocking, indicated that there is a strong dependence of
cell motility on the solution ionic strength and flow velocity
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(Figure 2). Significant enhancement in the deposition of
cells onto the substrate was observed for high ionic
strengths and low flow velocities. Our estimates of the
virial coefficient as well as the prediction of maximal
surface coverage suggested that cell motility significantly
reduced the surface blocking rate (Figure 1), thereby
favoring large surface coverage. The swimming propulsion
of motile cells can be considered as a competitive kinetic
force between electrostatic and hydrodynamic forces on
the approach of the cell to the vicinity of other deposited
cells.

The impact of ionic strength on cell motility can be
explained by the environmental requirements of the
biological functions of the flagellum. Swimming motility
was enhanced at 100 mM KCl (Figure 2). This ionic strength
approaches the ionic strength of physiological saline
conditions (0.9% NaCl or ionic strength of 154 mM) that
are optimal to induce flagella rotation (27). The flagella’s
motor is based on the coupling of electrochemical
potentials across the cell membrane and electrostatic
interactions between fixed charges on the flagella and the
proton flux across the membrane (28). This complex
mechanism relies on electrostatic interactions and, there-
fore, requires a strong electrolyte balance in its surrounding
environment (29).

Anincrease in deposition as a result of decreasing flow
velocity demonstrates the importance of convective flow
on the degree of freedom of the swimming cell. A reduction
in the Peclet number from 0.22 to 0.01 as flow velocity is
reduced has been shown to allow bacterial cells to adopt
a swimming behavior which approaches the fully random
motility of cells in stagnant solutions (30). Random
swimming in three dimensions increases the probability
of the cell to reach the vicinity of the substrate, where
physicochemical interactions can induce cell attachment
(31). Our results suggest that bacterial motility controls
the transport of the cell toward the substrate under reduced
flow velocity conditions. Additional biological features of
motile cells that influence their transport and can be
affected by changes in physicochemical conditions are (i)
changes in swimming direction when colliding with an
obstacle (32), (ii) chemotaxis (33), and (iii) quorum sensing
(34). Under optimal conditions, these features favor the
direct displacement of the cells toward the substrate and
increase the probability of finding available deposition
sites at the surface.

Our observations of enhanced cell deposition and
surface coverage under limited hydrodynamic conditions
indirectly demonstrate the ability of our monoflagellated
bacterial strain to swim upstream (i.e., against the radial
flow in the RSPF). This interpretation is confirmed by the
visual observation of upstream swimming by motile cells
during deposition experiments under low flow velocity
(video in Supporting Information). Hill et al. (34) recently
demonstrated that multiflagellated bacteria actively swim
against a flow field, which strongly supports our inter-
pretations. Escherichia coli was demonstrated to swim
preferentially upstream in a parallel plate flow chamber
under a flow velocity of 1.62 cm/s (10) (i.e., Re = 4.0, Pe
= 0.66 assuming an equivalent spherical diameter of 1 um
for E. coli cells). These conditions are similar to those
employed in our experiments.

Therefore, our results suggest that upstream swimming
of the cell is regulated by both the solution ionic strength
and the flow velocity. We showed that the ionic strength
strongly impacts flagellar motility and that the flow velocity
defines the degree of freedom of cell motility. The ability of
the cell to swim upstream and overcome hydrodynamic
interactions provides these planktonic cells access to the
“shadow” regions of the surface which are otherwise inac-
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cessible to nonmotile cells (Supporting Information Figure
$2).Inthis respect, reduction of the flow velocity will indirectly
reduce the size of the shadow region during the deposition
of motile bacteria. The size of the shadow region can be
reduced until complete inhibition is obtained; at this point
the approach distance between cells is strictly defined by the
colloidal (electrostatic) interactions forces that persist be-
tween them.
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