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Wall accumulation of bacteria with different motility patterns
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We systematically investigate the role of different swimming patterns on the concentration distribution of
bacterial suspensions confined between two flat walls, by considering wild-type motility Escherichia coli and
Pseudomonas aeruginosa, which perform Run and Tumble and Run and Reverse patterns, respectively. The
experiments count motile bacteria at different distances from the bottom wall. In agreement with previous studies,
an accumulation of motile bacteria close to the walls is observed. Different wall separations, ranging from 100
to 250 um, are tested. The concentration profiles result to be independent on the motility pattern and on the
walls’ separation. These results are confirmed by numerical simulations, based on a collection of self-propelled
dumbbells-like particles interacting only through steric interactions. The good agreement with the simulations
suggests that the behavior of the investigated bacterial suspensions is determined mainly by steric collisions and

self-propulsion, as well as hydrodynamic interactions.
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I. INTRODUCTION

Many unicellular organisms (e.g., bacteria, algae) live in
aqueous media and actively swim by converting free energy
from the environment into work [1,2]. Due to their micrometric
size, the dynamics is characterized by both low Reynolds num-
bers [3—6] and thermal fluctuations [7-9], so that they can be
roughly considered as a suspension of self-propelled colloids
or active Brownian particles [10,11]. Motility is a fundamental
property of many bacteria. Indeed, it constitutes a competitive
advantage to improve colonizing ability, penetrate mucus
layers, enhance pathogenicity, access nutrient-rich niches, and
increase bacterial growing rate [12]. The motility behavior
near surfaces is of particular interest since very often bacteria
can be found in geometrically confined environments (e.g.,
wet soil interstices, host living tissues, filters) that can alter
their motility and spatial distribution [13-18]. For instance,
Escherichia coli bacteria are observed to swim in clockwise
circular trajectories close to liquid-solid interfaces [19,20] and
counterclockwise close to liquid-air interfaces [21]. Another
example is the accumulation of swimming microorganisms
close to a solid surface, an effect that has been observed and
studied by many authors since the 1960s [22—27] but for which
a general consensus on the possible driving mechanisms is
still lacking. In particular, it is still under debate to which
extent the bacteria density profile in the proximity of the wall
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depends either on hydrodynamic interactions [23,27] or on a
combination of steric collisions with the wall and rotational
diffusion [24,25,28]. A possible source of complexity is the
wide variety of bacteria, each with its own size, shape, and
motion mechanism that may give rise to detectable differences
in bacteria accumulation at the walls [26].

Arguably, the most common bacterium used in experiments
of microswimmers’ motility near surfaces is E. coli, a multi-
flagella swimmer with cylindrical-shaped body of size about
1 x 2 um [29-31]. The motion of the wild-type strains of E.
coli can be described by a sequence of straight trajectories
(runs), with average speed on the order of 20-30 um/s, alter-
nated by fast and erratic rotation of the cell (fumbles), occurring
with a frequency of about 1 Hz and an average angle ~70°
[32-34] [see Fig. 1(a)]. Runs correspond to counterclockwise
rotation of all flagella forming a bundle, while tumbles occur
when one or more flagella temporary switch to clockwise
rotation and the bundle separates [35]. For this bacterium, the
interplay between the random reorientation of the tumbling
mechanism and the rectifying action of the surface is not
yet completely understood [24,26,36], especially if compared
with its most studied mutant counterpart where the Run and
Tumble mechanism is replaced by a smooth swimming motion
[23-25,27-29]. Another class of microswimmers, with similar
body shape and dimensions, are the singly flagellated bacteria
such as Pseudomonas aeruginosa that perform a back and forth
(Run and Reverse) motion [32,37] [see Fig. 1(b)] depending
on the rotational direction (clockwise or anticlockwise) of the
flagellum [38], which switches with a frequency of about 1 Hz.

Although different swimming patterns and cell shapes
can impact differently on the accumulation properties of
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FIG. 1. (a), (b) Swimming patterns: Run and Tumble of E. coli (a); Run and Reverse of P. aeruginosa (b). (c) Sketch of the experimental
setup: a drop of the bacterial suspension is closed between two glass coverslips with separation /4, and it is observed in a bright field along
the z direction from below with focal plane (x,y) parallel to the walls. The scale bar in the zoom of the field of view corresponds to 5 um.
(d) Sketch of the model used in the simulations: for illustration purposes, we plot bodies of different anisotropy: the multicolored ones are made
by M = 4 beads and are characterized by a head (red) and a tail (green) bead. The active force F, is applied to each bead pointing along the
tail-head direction. The yellow bodies are less anisotropic (M = 3). In this case no head-tail direction is highlighted since these bodies describe
nonmotile cells (F, = 0). Note that our simulations consider active and passive bodies with the same anisotropy (same M).

bacteria near surfaces, to our knowledge no experimental
work addresses this point systematically and within the same
investigational framework.

Here we present a joint experimental and computational
study of the tendency of bacteria with different swimming
patterns to aggregate in proximity of rigid walls. Experiments
are performed on bacterial suspensions of E. coli and P.
aeruginosa that display, respectively, Run and Tumble and
Run and Reverse motion. The experimental measurements
of the density profile of the suspension across the confining
region are compared with the results of simulations based on
a simple model of self-propelled particles in which just a few
physical properties, such as the cell anisotropy, the cell-cell
and wall-cell steric interactions, and the roto-translational
Brownian motion of each cell due to thermal fluctuations, are
considered. Being very simple and generic, the model can be
easily adapted to describe different motion mechanisms and,
specifically, self-propelled cells performing Run and Tumble
and Run and Reverse motion. The agreement between the
experimental findings and the simulations suggests that the be-
havior of the investigated bacterial suspensions is determined
mainly by steric collisions and self-propulsion, in addition to
hydrodynamic interactions.

The paper is organized as follows: in the first and second
parts of Sec. I we describe the preparation of the bacterial
suspensions and the setup for the experiments, including the
imaging techniques used to estimate the density profiles,
respectively. The third part is devoted to the numerical model.
Section III is the core of the paper with the presentation of the
experimental findings and their comparison with the simulation
results. For a more complete overview of the problem we
also present additional simulations by varying the values
of parameters such as the slit width, the cell velocity and

anisotropy, and the density of the suspensions in ranges not
easily accessible to experiments. Finally, the last section is
devoted to a summary of the main results and to conclusions.

II. MATERIALS AND METHODS

The samples consist of active suspensions of E. coli strain
MG1655 (LGC Standards; Milan, Italy) or wild-type P. aerugi-
nosa (isolated from a clinical specimen and identified by mass
spectrometry). The E. coli MG1655 strain has an insertion
element in the genomic region regulating the transcription of
flagellar genes encoding four or more flagella and making this
strain hypermotile as compared with the wild-type strains [39].
E. coli is grown at 30 °C, shaken at 150 rpm in Lysogeny broth
(1% Bacto-tryptone, 1% sodium chloride, 0.5% yeast extract
pH 7.5). The overnight bacterial cultures are then diluted
1:100 in 40 ml of tryptone broth (TB; Becton Dickinson,
Milan, Italy) containing 1% tryptone, 0.5% NaCl, and grown
at 30°C and shaken at 150 rpm until an optical density
ODggo = 0.4 is reached, corresponding to a middle-log phase.
It has been demonstrated [40] that transferring E. coli cultures
from Lysogeny broth to TB results in higher average swimming
speed. P. aeruginosa is grown at 37°C and diluted in the
same way, using only Lysogeny broth. Bacterial cells are then
harvested from culture media by centrifugation (2200 rpm,
5 min) and washed in a prewarmed motility buffer (10 mM
K;HPO4; 0.1 mM Na-EDTA, pH 7.0; 70 mM NaCl; 0.002%
Tween 20). This process is repeated twice to achieve growth
medium depletion and a suitable final bacterial concentration
Ny, expressed as colony-forming unit (CFU)/ml and calcu-
lated from optical density measurements.

The suspensions are diluted 1:1 (vol/vol) with Percoll to
match cells and medium buoyant densities [41]. A drop of the
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bacterial suspension is closed between two glass coverslips
separated by spacers of various thickness ranging between
about 100 and 250 um. The coverslips are previously cleaned
in ethanol, dried by blowing nitrogen gas, and dipped overnight
in a 1% (w/w) bovine serum albumin (BSA; Sigma, Milan,
Italy) in a water solution. The resulting BSA coating minimizes
bacterial adhesion on glass surfaces [42,43]. At the end of each
measurement, bacterial suspensions are aseptically diluted in
warm phosphate buffered saline, plated on Lysogeny agar
plates and incubated at 30°C (E. coli) or 37 °C (P. aeruginosa)
for at least 16 hr to confirm bacterial vitality and load.

Note that nonmotile, yet alive, bacteria are also present in
the suspensions. This loss of motility can be ascribed to several
stressful conditions, such as low temperature or low oxygen
concentration [44].

A. Experimental setup and imaging

The sample is imaged in a bright field by an inverted optical
microscope (Nikon Eclipse Ti-E) with 100x magnification
(Olympus LUMPIlanFL 100x, NA = 1, depth of focus 2 um)
and equipped with a C-MOS camera (Mikrotron EoSens
MC1362). We observe a 160 x 128 um? area of the sample
on planes (x,y) parallel to the glass walls [see Fig. 1(c)]. The
separation & between top and bottom walls (in the z direction)
is scanned every 2 um within 20 um from the walls and every
10 um in the central region, starting from the bottom wall up to
the top wall. For each step we acquire a 50 s time-lapse movie
at 2 fps, corresponding to 100 frames. The acquired images
are analyzed by a custom-made routine to count the number
of bacteria for each plane z. More precisely, we estimate
Niot(z), which is the total number of bacteria found at a given
z value averaged over 100 frames. Swimming cells are too
fast to be tracked in three dimensions by means of our setup,
therefore we track the nonmotile cells. It is then possible to
extract the number of motile bacteria N(z;) for each z; plane
as the difference between the total number of bacteria Ny (z;)
and the number of nonmotile bacteria. The total fraction of
motile bacteria is then estimated by summing over all the
planes imaged during the scan: ¢ = [, N(z)1/(Q_; Nw(z)].
Finally, the swimming speed of our E. coli and P. aeruginosa
is evaluated by tracking the motile cells on planes parallel and
next to the two walls. In agreement with previous literature
[32,45], an average speed of about 30 um /s and about 35 um/s
is found for E. coli and P. aeruginosa, respectively.

B. Model and simulation settings

To shed light on the basic mechanisms driving this behavior,
we have decided to run numerical simulations that neglect
hydrodynamic interactions and consider only steric interac-
tions and Brownian motion. More precisely, the simulations on
motile particles confined within a slit rely on a coarse-grained
description of the micro-organism cell that neglects its flagella
and models its body by a semiflexible chain of M beads, each
of diameter o [46,47]. By fixing the length scale o and varying
M, we can consider cells with different anisotropic ratio.
Beads belonging to the same cell are kept together by finitely
extensible nonlinear elastic (FENE) springs. The rigidity of

each cell chain is achieved in terms of a Kratky-Porod potential

M
S x(1- _) |
Usr =2 ( ralil )’ @
where K the bending parameter. Steric interactions between
cells are enforced by assuming that beads belonging to different
cells interact via a purely repulsive truncated and shifted
Lennard-Jones (LJ) potential,

Ut ) = {46[(%)12 - (%)6] — Vi = rc)}ev — o)
@

where r = |r; — ;| is the distance between the bead pair (i, j)
with position, respectively, r; and r;, 7. = 21/65 and € sets the
strength of the interaction. A similar potential Uy is used to
describe the wall-bead interaction where r = |r; — r,,| is the
distance between the ith bead and the wall located at r,,. In
the simulations, the impenetrable walls are located at z = 0
and z = h while along x and y periodic boundary conditions
are assumed. The i = 1 and the i = M bead are, respectively,
the head and tail of the cell, and self-propulsion is obtained by
applying at each bead a force of strength |F,| along the tail to
head direction (cell director). This gives a total force per cell
of modulus M|F,|. Since in our experiments there is always a
fraction 1 — ¢ of cells that are not motile, in the simulations we
consider the possibility of having in the system a number N,
of bodies for which F, = 0. If wesetU = U ; + Uxp + Uw
as the full potential, the time evolution of the ith bead follows
a Langevin equation:

2

mi% = —yi[—r; = ViU + Fo+2kpTy§;(1),  (3)
where y is the viscous friction felt by each bead, V; = % kg
is the Boltzmann constant, 7 is the temperature, m; = m is
the mass of the bead, and &;(¢) is an uncorrelated Gaussian
noise with zero mean and unit variance. It is important to
notice that the total force acting on each bead in a cell is
in general different, in both magnitude and direction, so that
each cell rotates due to Eq. (3). Parameters are typically set
to lead to strongly overdamped dynamics, which is realistic
for microswimmers; the stiffness of the FENE springs is
also strong enough that the distance between beads of the
same cell is practically constant and equal to o; similarly,
the value of bending rigidity K is chosen to be sufficiently
large to reproduce an effectively rigid cell (see Appendix A
for parameter values and mapping to physical units).

The above scheme describes a self-propelled anisotropic
particle whose dynamics is essentially governed by the active
deterministic force propelling the particle along its tail-head
direction and the rotational or translation diffusion due to
Brownian motion (see Appendix B). To reproduce the Run and
Tumble motility pattern of multiflagellated bacteria such as the
wild-type E. coli strains, we include in the model the possibility
that each body undergoes tumbling from time to time. During
a tumbling event, which we consider instantaneous, i.e., of
duration 77 ~~ dt, the cell tries to perform a rigid rotation of
a given angle 07 around an axis passing through its center
of mass and perpendicular to the cell axis. If the rotated cell

022610-3



PAOLO SARTORI et al.

PHYSICAL REVIEW E 97, 022610 (2018)

overlaps with another cell, the move is rejected, otherwise the
new position is updated. For simplicity, we fix the value of
Or to ~70°, which is the expected average tumbling angle for
wild-type E. coli [30], even though test simulations in which
the tumbling direction is chosen from a normally distributed
variable (with mean ~70° and standard deviation ~20°) do not
show noticeable differences. Between two tumbling events, the
cell moves according to Eq. (3) (run). Since the total number
of tumbles occurring up to a time ¢ is a Poisson process [7], the
distribution of the run duration is expected to be exponential.
Hence, each cell attempts to perform a tumbling motion after
arun time Ty, that is randomly chosen from the distribution

1
P(Ton = 1) = t—e*’/’R, 4
R

where the average run time is of the order of g ~ 1077 ~ 1's
[30]. For a Run and Reverse motion we simply consider a Run
and Tumble move with 7 = 180° and the same run time T;yy,.
Note that, unlike the numerical model adopted in Ref. [24,25],
here the tumbling angle is mostly kept constant while the aspect
ratio of the cells is controlled by varying the number of beads
M in each cell.

Important dimensionless numbers to consider are the active
Péclet number Pe = % = ,’;; (where D, is the transla-
tional diffusion coefficient) and the volume fraction, ¢ =
M = %%, evaluated in terms of the total number
of spheres present in the system. Since we fix L, = 2000
and L, = 2000, the system volume V = L,L,h may vary
with the slab height £, and, in order to keep ¢ fixed at the
experimental value, the total number of cells N in the system
has to vary accordingly. All quantities are expressed in terms
of the units of mass, length, and energy, which are m, o, and €,
respectively. The unit for the active force is therefore € /o. Asa
characteristic simulation time we consider the Brownian time
13 = 02/2d D, = yo?/2dkyT. The numerical integration of
Eq. (3) is performed by using a standard velocity Verlet
algorithm with a time step 8¢ = 10737. By fixing y = 10,
we set a damping time 7p = 75/y = 0.1tg. With this choice
the inertia term is almost negligible, and, at least for moderate
values of the active force, an overdamped description should
give similar concentration profiles at the walls.

In order to devise and test a minimal model of motile
particles that faithfully reproduces the experimental profiles
and that can be used to extend the investigation to conditions
not accessible to our experiments, we have simulated a system
in which the beads chains are confined within a slit of height
h whose value is chosen coherently with the experimental
one. For the cell body, we have neglected the contribution of
the flagella in cell-cell and cell-wall steric interactions and
assumed cells with aspect ratio 1/3, i.e., cells made by M = 3
beads each. In terms of physical lengths, by assuming o =
0.7 pum this would give cells 2.1 um long and 0.7 um wide,
in agreement with the sizes of the bacteria in the experiments.
The system is initialized by inserting, one by one, in an ordered
fashion, a total number N of cells in the simulation box. This
initial configuration that, by construction, does not present
overlaps between cells is then allowed to equilibrate and spread
throughout the system. Once equilibrated, we add a force
F, to the fraction ¢ of cells that we want to be motile, and
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FIG. 2. Top: Experimental concentration profiles obtained for
MG1655 E. coli (full squares) and wild-type P. aerugionosa (full
circles). The corresponding results from the simulations of the Run
and Tumble (RT) (empty squares) and Run and Reverse (RR) (empty
circles) models are reported for comparison. In this case the slit height
h ~ 100 um and 75% of the bacteria are motile. Bottom: Zoom of
the concentration profiles near the walls.

its value is set to get an average speed value of the motile
cells that is comparable to the one observed experimentally. In
our simulations we consider Pe in the range [150,300]. This
corresponds to self-propelled bodies with an average speed of
the order of [27,50] wm/s, i.e., comparable to the ones of the
bacteria analyzed in the experiments.

III. RESULTS

Figure 2 compares the experimental density profiles ob-
tained for MG1655 E. coli and wild-type P. aeruginosa at
h = 100 um with the simulation results for bodies with aspect
ratio 1/3 and either Run and Tumble or Run and Reverse
motility. Note that the concentration profile is obtained by
normalizing the number of motile bacteria at a given height
z, N(z), with respect to the average value N, taken away from
the walls when the concentration is roughly constant. Some
features are worth mentioning: first, although the accumulation
peaks for the P. aeruginosa are slightly lower with respect
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FIG. 3. Concentration profiles for different separations / between the walls in the case of experimentally observed MG1655 E. coli (a) and
wild-type P. aeruginosa (b) and numerically simulated Run and Tumble (RT) swimmers. The plots report the number of swimming cells N
normalized to the average number N, of the central plateau as a function of the distance z from the walls in the near-wall regions.

to the E. coli, the concentration profiles of the two species
coincide within the statistical errors given by the standard
deviations. Second, the simulation results agree nicely with the
experimental ones and confirm that the aggregation of bacteria
at the walls is significant (about 3.5 higher than the plateau
away from the wall; see Fig. 2). Third, the whole concentration
profile looks qualitatively independent of the motility pattern
(Run and Tumble versus Run and Reverse) considered. This is
also confirmed by looking at the distribution of the detention
time of the self-propelled cells, namely, the time a cell spends in
the layer of width 3 um closest to the wall: the two distributions
(i.e., for cells with Run and Tumble and Run and Reverse
pattern motility respectively) are rather similar [see Fig. 7(a)].

These results support the view that, although the details
of the microscopic dynamics in proximity to the walls can
be rather different, they have a negligible impact on the
accumulation at the walls, a feature that can be faithfully
captured also by simple models of anisotropic motile particles
confined in a slit.

A. Effect of the degree of confinement

The effect of spatial confinement on concentration profile
has been studied by changing the height / of the spacer between
the two glass coverslips. In Fig. 3 we report the experimental
concentration profiles estimated at different slit heights &
within the range 100-250 pwm. Figures 3(a) and 3(b) refer,
respectively, to E. coli (Run and Tumble) and P. aeruginosa
(Run and Reverse).

Let us discuss first the behavior of the E. coli [Fig. 3(a)].
As before, the profile of the number of swimming cells
N(z) is normalized to the average number Ny in the region
~30 um away from the walls. These samples have the same
concentration ny; & 5 x 108 CFU /ml and the same fraction of
swimming cells ¢ ~ 0.75. All profiles exhibit a concentration
increase within 20 um from the walls and a horizontal plateau
in the central region. The values of the peaks observed in
proximity to the walls are about 3.5 times higher than the ones
at the plateau.

Figure 3(a) shows that all profiles coincide within error bars
independently on the wall separation. The main discrepancy is

found in the profile for 4~ = 265 wm, which displays a top-
bottom asymmetry, probably due to a mismatch of the buoyant
densities. These results are in qualitative agreement with the
concentration profiles found for AW405 strain E. coli, which
performs a Run and Tumble pattern, reported in Ref. [26],
although our experimental profiles show a lower accumulation
at the walls. A possible cause of this small discrepancy could
be that the bacterial strains used in the two experiments differ
either in average velocity or in tumbling frequency.

Similar concentration profiles for the swimming P. aerug-
inosa are presented, for different 4, in Fig. 3(b). All samples
have the same fraction of motile cells ¢ =~ 0.60. Irrespective
of the slit height %, the profiles exhibit a concentration increase
within about 20 um from the walls and a horizontal plateau in
the central region. The peaks in proximity to the walls are about
2-2.5 times higher than the values observed at the plateau. The
error bars for » = 106 um and 7 = 252 pm are larger than the
ones for E. coli in Fig. 3(b) because of the lower concentration
Nt = 5 x 107 CFU/ml. As for the E. coli, Fig. 3(b) displays
profiles that, within error bars, can be considered unaffected
by the degree of confinement.

In summary, the experimental findings show that, although
these bacteria differ from each other by the swimming pattern,
their tendency to accumulate at the walls and, more quanti-
tatively, the overall concentration profile are, at least for the
volume fraction considered, similar and independent of /. The
agreement with the simulations suggests that the aggregation of
these species at the walls is mainly due to the interplay of the
anisotropic, steric interactions that favor parallel orientation
and the random reorientation due either to thermal fluctuations
or to tumbling [24,48]. Hydrodynamic interactions that, at
these concentrations and confinement, do not alter qualitatively
the distribution [49] become important at higher concentrations
and/or narrow confinement [50,51]. Note that the experiments
have been performed for slits heights down to 2 = 100 pm.
On the other hand, the numerical simulations, which have
been extended to slits of height as small as # = 46 um and
have smaller statistical errors, suggest a concentration profile
that, when plotted as function of the distance z from the
wall [Fig. 3(c)], is higher for smaller values of %. This is
the behavior expected in the ballistic regime where the cell
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travels essentially on straight lines between the two walls [48].
It is important to stress that both in the experiments and in the
simulations, although the space available changes with %, the
concentration of the particles in the system is kept fixed. Hence
no effects due to higher concentrations are expected.

B. Effects of speed and anisotropy

The effects of the cells speed and the cell body anisotropy
on the accumulation at the walls cannot be experimentally
controlled. Motile cells of different speed are indeed expected
to behave differently nearby the walls: more precisely, faster
bacteria should accumulate more than slower ones [48,52].
To check this effect, motile Run and Tumbling bodies with
different Pe are simulated by keeping all the other parameters
fixed. This is achieved by simply keeping the temperature
fixed and by properly changing the value of the active force
F,. As expected, the peak of the cell’s concentration at the
walls increases as Pe of the system increases [see Fig. 4(a)]. In
particular, the accumulation at the walls is twice as large for
systems with Pe = 210 (vg ~ 27 um/s) and becomes about
3.5 times larger for Pe = 420 (vy ~ 50 um/s). In addition,
within a distance of almost 20 um from both walls, the higher
the Pe, the steeper the accumulation curve.

In our picture cell anisotropy should favor orientation
parallel to the walls and hence accumulation. To test this
hypothesis numerically, we look at the dependence of the
concentration profile on the the cells’ aspect ratio w/I where
w and [ are, respectively, the width and the length of the motile
body. By keeping fixed the diameter of the beads forming a
cell, we have then varied their number M from M = 2 up to
M =5, corresponding respectively to aspect ratios from 1/2
to 1/5. In order to highlight only the effect due to anisotropy,
the simulations are performed with all the other parameters
(i.e., ¢, ¢, h, and F,) kept fixed. The results are reported in
Fig. 4(b): as expected, as M increases (i.e., as the cells become
more anisotropic) the aggregation at the walls is extremely
enhanced. For instance, for motile cells with aspect ratio 1/5
the peaks developed in proximity to the walls are about six
times higher than the constant values (plateau) in the bulk. This
behavior is independent of the average speed of the swimmer
and confirms that a relevant mechanism in determining the
amount of surface aggregation is the anisotropic steric effect
that favors a motion of the cell parallel to the wall [48].
Accumulation at the walls has been also analytically predicted
in a model of noninteracting spherical active Browian [53,54]
and Run and Tumble [55,56] particles. By adapting our model
to the limiting case of M = 1 we confirm wall accumulation
also for spherical cells, with a profile that is slightly below the
one estimated for M = 2 (not shown). This picture is further
confirmed if one looks at the distribution of the detention times,
i.e., the time spent by the cell within the closest layer to the
wall (width 3 um) [see Fig. 7(a)]. Both for the Run and Tumble
and Run and Reverse motility pattern the distribution follows
an exponential decay with a time scale that is substantially
larger than the typical time tx for a run of the cell in the bulk.
Notice that, as before, since the bead chain concentration is
kept fixed at 5 x 10® mI~! an increase in M corresponds to
a decrease of the total number of cells. However, further tests
performed with concentrations up to 10° ml~! and M = 5 (this
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FIG. 4. (a) Concentration profiles of Run and Tumble swimmers
confined in a slit of height 42 >~ 100 um. Different symbols refer to
different values of the active force and hence of the average speed.
Note that for higher values of the average speed, the aggregation of the
active swimmers near the walls increases. (b) Concentration profile
of Run and Tumble swimmers for different body aspect ratio. In the
legend M is the number of beads forming a single cell. For all cases,
the Péclet number is Pe = 420 corresponding to a body average speed
of ~50 um/s. The concentration of particles is ~5 x 103 CFU/ml.
The system is confined within a slit of height # = 97 um.

gives roughly the same number of cells with M = 3) yield very
similar results.

IV. CONCLUSIONS

We have studied experimentally the concentration profiles
of bacterial suspensions confined in slits of heights 4 that are
comparable with the typical persistence length of the cells. In
particular, we have considered MG1655 E. coli and wild-type
P. aerugionosa bacteria, whose motilities are characterized by
the Run and Tumble and the Run and Reverse patterns, respec-
tively. The experiments have been completed with numerical
simulations of a simple model of self-propelling particles
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whose main ingredients are the anisotropy of the particles and
the excluded volume interaction between particles and with
the walls. In both experiments and numerical simulations we
observe that the concentration profiles are similar regardless
of the motility pattern and are characterized by a consistent
increase in the number of bacteria within a distance of about
20 um from the walls. This accumulation is an effect of a
longer detention time close to the walls which is due to the
cells’ alignment induced by steric interactions with solid walls.
Moreover, the concentration profiles are, within the error bars
and for the range of & considered, insensitive to the degree
of confinement, due to the relatively low concentration of the
bacterial suspensions.

These findings, which confirm previous studies of bacteria
aggregation performed on single species [23—26], indicate that,
although the microscopic dynamics in proximity to the walls
can be rather different, this has a negligible overall impact on
the accumulation at the walls, a feature that has been faithfully
captured by our simple model of motile cells. Moreover, the
fact that our model does not consider long-range hydrodynamic
interactions shows that, at least for the density of bacteria
considered and for the two mechanisms of motion studied (i.e.,
Run and Tumble and Run and Reverse), steric interactions
with a solid surface and self-propulsion are main features,
besides hydrodynamics, that establish the profiles at the walls.
Arguably, taking into account the contribution of hydrody-
namic effects would result in an even better agreement between
experimental and numerical data that could be appreciated in
the case of smaller statistical errors. Finally, our simulations
show that the number of motile cells at the walls increases
both with their average speed and with the aspect ratio of
the cell’s geometry. For future work, it would be of interest
to perform similar joint theoretical and experimental analysis
of suspensions of other micro-organisms confined within slits
by considering either other motility patterns (e.g., smooth or
reverse and flick motion [57]) or cells with different aspect
ratios. More important, increasing the bacteria concentration
or strongly confining the suspension in microfluidic channels
[58,59] would provide useful insights on the interplay between
crowding and confinement.
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APPENDIX A: SIMULATION DETAILS

Simulation parameters are fixed by matching the transverse
size o, the average velocity v, and the covered volume ¢ of the
cells with the corresponding experimental values. For example,
by assuming a typical cell width of o = 0.7 um and taking
M =3, we get a cell of length 2.1 um, which is reasonable
for the bacteria used in our experiments. The time scale 73 =
o2 /2d D; can be obtained by matching the diffusion coefficient
D, with the ones expected for a passive cell made by M spheres.
Since D, = kgT/y and, to a crude approximation neglecting
the anisotropic shape of the cell, y = 3Mano, we have

_ 3Mmo’n

_ >AmoTn Al
B ks T (AD)

By using the nominal water viscosity 7 = 1 cP = 1073 kg/ms
and assuming o ~ 0.7 um, kgT =4.11 x 1072 J, we get a
diffusion coefficient on the order of

kT
3Mnno

4.11 x 107! kg m?/s?

_ X gm-/s (A2)

3Mm x 1073 kg/ms x 0.7 x 10~ m

0.62 pm?

Ms

This gives a Brownian time on the order of 7 ~ M x 0.13
s = 0.39 s in d = 3. Since the average velocities of the cells
are given in units of o/tp, in order to reproduce typical
bacteria velocities v ~ 20-50 pum/s [which, in simulation

D, =

®) — 7T

LOF 2 Run and Reverse ]
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FIG. 5. (a) Velocity-velocity correlation function C(¢) for Run and Tumble swimmers (a) and Run and Reverse swimmers (b) obtained for
several values of the number of beads M. Time is given in units of the characteristic time of the Lennard-Jones interaction 7;; = o(m/€)?. By
fitting the curves by an exponential, the values of D, can be obtained. The higher the anisotropy, the smaller the decay rate, hence the value
of D,. Data refer to a collection of Run and Tumble swimmers where F, = 300 and concentration is 5 x 107 ml~!. Data refer to a collection

swimmers with F, = 300 and concentration 5 x 107 ml™".
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FIG. 6. Time dependence of the ratio MMSD(t)D,/(2dtv?),
where MSD(#) = ([r(¢) — r(0)]?), for Run and Tumble cells. Differ-
ent curves refer to different values of the number of beads M forming
each cell. Data refer to a collection swimmers with F, = 300 and
concentration 5 x 107 ml~".

units, reads v ~ (4-10)Mo/tg], one has to consider ac-
tive forces of the order F, = yv =10 x (4—10)Mo/r§ =
(40-100)M o/ ré. ‘We note that v is the speed of each bacterium,
whereas Fj is the force applied to each bead of a single
bacterium.

Note that, due to the low particle concentration (approxi-
mately 5 x 10® ml~1), repulsive interactions between cells are
rare. Indeed, by switching off the Lennard-Jones repulsion,
the concentration profiles remain unaltered through the whole
system. By neglecting the two-body interactions one can make
simulations faster and better highlight the role played by other
physical parameters, such as the speed and anisotropy of the
cells on their accumulation at the walls.

APPENDIX B: ESTIMATE OF D, AND D,
FROM SIMULATIONS

For the set of active cells in the system, the mean-squared
displacement of the center of massrcy = M -1 ZLM r; of each
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cell depends also on the active force F,. For sufficiently long
times it is given by
2 v?
(rem(@®) —rem(0)]°) = 2th3t.

r

(BI)

Note that the rotational diffusion constant D, appears in
Eq. (B1). This can be estimated by computing, for instance,
the velocity-velocity correlation function

C(0,t) = (veu(0) - veu (1)),

where (...) denotes an average over the number of active
particles. This quantity represents a measure of the persistence
of the cell’s trajectory. For constant speed, this function can
be computed by looking at the correlation function of the angle
«(t) describing the head-tail orientation of the cell during its
motion:

(B2)

C(0,1) = v, (cosa(0) — a(t)]). (B3)

This is reported in Fig. 5 for cells with different values of M
(i.e., different anisotropy). As expected each curve displays an
exponential decay C(t) = exp (—2D,t) with the estimate of D,
reported in the legend for each value of M. One can see that D,
islarger for less anisotropic cells, although the Run and Reverse
one is from 1.5 to 2 times larger than the corresponding Run
and Tumble one. This result suggests that the former reorient
faster than the latter, even though, once more, this effect
has negligible consequences on both concentration profiles.
Finally a plot of M{[r(t) — r(0)]>) D, /2dtv?* versus time for
active cells is reported in Fig. 6. At late times, the curves reach
a constant value that we identify with the estimate of M D;.
Note that, as M increases, this value approaches a common
value confirming the 1/M dependence of D, also for the late
time behavior of the active cells.

APPENDIX C: DETENTION TIME

In order to check in more detail whether the motility pattern
influences the accumulation of active cells at the walls, we
have calculated the detention time. This is defined as the
time interval Ar a cell spends within the layer of thickness
h =3 pm closest to the wall (outer layer). More specifically,
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FIG. 7. (a) Detention time distribution of Run and Tumble (RT) and Run and Reverse (RR) swimmers in the layer of width Az =3 um
closest to the wall (outer layer). Note that time is given in units of the average run time tz. Both distributions display an exponential decay
whose time scale has been estimated by an exponential fit (see values in the legend). (b) Distribution of the angle « between the cell axis and
the wall for Run and Tumble (RT) and Run and Reverse (RR) swimmers near a wall. Data refer to a collection of swimmers where F, = 200

and concentration is 5 x 10® ml™'.
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for each trajectory we monitor the times #; and ¢, at which
each cell respectively enters and leaves the layer and compute
the residence time At =ty — t;. For a given simulation, this
event occurs several times, and we collect all the At of a cell
in an histogram. The final histogram is obtained by summing
over all cells. In Fig. 7(a) we report the normalized histogram
of detention times for systems with Run and Tumble (red)
and Run and Reverse (black) motility mechanisms. For both
motility patterns, the distribution of detention times decays
exponentially with a time scale of the order of 147z for Run
and Tumble and 157 for cells following a Run and Reverse
motion. This is a clear indication that, close to the wall, the
cells, irrespective of their motility pattern, tend to persist in
their motion parallel to the wall for periods that are longer than
those characterizing the straight runs in the bulks. Although the

difference is very small, it is interesting to notice that cells with
Run and Reverse motion tend to stay longer along the wall.
This is somehow expected since reverting the motion does not
affect its direction, which is changed by random fluctuations.
One can also look at the typical direction of the cell motion
while it is visiting the outer layers. This can be estimated by
monitoring the angle « that the major axis of the cell forms
with the wall. The corresponding histogram, averaged over all
cells, is reported in Fig. 7(b): the normalized distributions for
Run and Tumble and Run and Reverse cells are again rather
similar and characterized by a pronounced peak at o =~ 0°.
This confirms that the cells preferentially move parallel to
the surface, irrespective of their mobility pattern. The two
distributions decay very rapidly to zero, and cells that deviate
from the wall direction more than ~40° are very rare.
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