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Abstract

This paper describes our findings regarding the accumulation of motile bacte-
ria at the rear of a confined obstacle and the physical description of the me-
chanisms at play. We found that the modification of flow due to the presence
of the obstacle produces vorticity that favor the diffusion of bacteria towards
the downstream stagnation point. By testing different flow rates, we deter-
mined the range in which bacteria accumulate. More interestingly, we observe
that hydrodynamic interaction between the bacteria and the top and bottom
surface of the microfluidic chip maintain the bacteria in the region where the
flow velocity is lower than their own velocity. In the case of non-motile bacte-
ria, this effect is not observed because bacteria follow the streamlines as pas-
sive tracers do.

Keywords

E-coli, Motility, Filtration, Microfluidic, Bacterial Accumulation

1. Introduction

Particles fixation is the process that enables to purify, decontaminate and clean
waste water. It is also one of the processes used to number microorganisms con-
tained in fluids. In practice, the removal of bacteria or colloids is achieved by
flowing the fluid through filters. Different types of filters exist: Membranous fil-
ters filter bacteria on the surface whereas porous filters are a depth filtration sys-

tem. In water waste treatment, biofilters and slow sand filters fall in the latter
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classification, and contaminants, particles and microorganisms are retained
while water flows slowly through the pores [1] [2] [3]. Slow sand filters work
through the formation of a biofilm in the top few millimeters of the fine sand
layer. The initial step of the formation of the filtration layer is triggered by the
fixation of bacteria on the grains [4]. Biomass grows from these spots and the
surface biofilm provides an effective purification in water treatment. Different
factors are known to influence the adhesion of the bacteria and the formation of
the biofilm [4] [5]. Physico-chemical factors like the grain sizes, possible pres-
ence of organic matter, water flow velocity, ionic strength, pH but also bacterial
properties including size, shape and surface are known to influence the adhe-
sion.

Very few studies questioned the influence of bacteria motility on adhesion.
And mainly because it is difficult—if not impossible—to impose all the neces-
sary experimental conditions. In consequence, the exact influence of motility on
the adhesion is poorly understood. In a recent study, Nelson and coworkers ad-
dressed this point using numerical modelling. They assumed that the trajectory
of bacteria is a random succession of “runs” and “tumbles”. The aim of their
study was to determine the influence of motility on the transport to the grain
surface. Unfortunately, they fail to measure any difference between motile and
non-motile bacteria repartition on the surface of the grains.

Thanks to the recent development of microfluidic, researchers were able to
visualize and track trajectories of bacteria in “simple” flow geometries [6] [7] [8]
[9] [10]. For instance, some of us have investigated the influence of a constric-
tion in a rectangular channel and found that the interplay between upstream
swimming at the edges [10] and erosion at the constriction produces strong bac-
teria accumulation passing the constriction which pertains over large distances
along the flow. These studies revealed non-trivial influences of the flow on the
bacteria trajectories. These effects are ignored in the model of Nelson and co-
workers that assumed bacteria were passive particles in the flow.

In the present work, we study the transport of motile and non motile bacteria
under flow using a microfluidic device with a circular obstacle that mimics a
grain. This enables us to carry out the experience previously done by model by
Nelson and coworkers [11].

We observe under a wide range of flow velocity an over-concentration of bac-
teria downstream the obstacle. This over-concentration is not present with
non-motile bacteria. We thus prove that motility does indeed influence the
transport of motile bacteria around the grain and favor the presence of bacteria
in the region of low velocity (Ze. at the rear of grain). Finally, we give the basic

physical ingredients that lead to the accumulation.

2. Materials and Methods
2.1. Preparation and Characterization of the Bacterial Suspension

We use wild type Escherichia coli W, ATCC 11105 [12]. The culture is first
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grown overnight in Luria Broth (LB) medium (40 pl of this solution is then di-
luted in 10 ml of LB) at 37°C. This suspension is placed in a shaker (at 37°C and
200 rpm) for at least 5 hr in order to reach the maximal activity [13]. Cells are
centrifuged (1000 x g for 10 min) and resuspended in Minimal Motility Media
(MMA) to minimize cell division and favor swimming. MMA consists in 10 mM
NaH,PO,, 10 mM K,HPO,, 0.1 mM EDTA, and 20 mM Sodium Lactate, sup-
plemented with K-acetate (0.34 mM) [14].

Experiments are performed at room temperature T = 25°C with suspensions
(MMA solution + bacteria) containing (1 £ 0.2) 10® bacteria/ml. This concentra-
tion is low enough so that no large scale collective motion is visible. Suspensions
of non-motile bacteria or “dead” bacteria were obtained by adding 1 pg/ml of
formaldehyde to the suspension. Since the microfluidic channel is made in
PDMS, oxygen can pass through the polymeric structure. The bacteria concen-
tration is such that no stress due to the lack of oxygen is created. In these condi-
tions the bacteria perform a run and tumble motion, characterized by a mean
velocity v, = 25 + 9 um/s and an active diffusivity D = 131 + 56 um?/s calculated
for trajectories longer than 1 s.

In order to compute v, the velocity distribution was obtained considering
2450 trajectories of bacteria swimming within the channel far away from the ob-
stacle at zero flow. D was obtained computing the Mean Square Displacement
(MSD) for all the trajectories.

2.2. Microfluidic Device Preparation and Flow Visualization

A microfluidic channel of total length L = 15 mm, height h = 20 pm, width W =
200 um with one cylindrical obstacle of radius R = 80 pm was made of PDMS
(see Figure 1) and glued to a glass microscope slide using plasma bounding.
Figure 1 shows a sketch of the channel and a picture of the obstacle portion of
the channel. The inlet of the channel is connected to the bacterial suspension re-

servoir and the outlet to a waste reservoir. The flow within the channel is

achieved by gravity overpressure by varying the height between the reservoir and

|

(a) (b)

Figure 1. (a) Schematic representation of the chip: height (h = 20 um), width (W = 200
um) and length (L = 15 mm); (b) Snapshot of the central part of the channel showing the
obstacle of radius R = 80 pm. Arrow shows the direction of the flow. The angle @ is de-
fined in such way that the front and the rear of the obstacle coincide with 90° and 270°,
respectively. Top-left bar = 20 pm.
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the waste. The direction of the flow defines the up and downstream stagnation
point and the angle definition in Figure 1(b).

The Reynolds number Re = pU h/7, with p and 7 are respectively the density
and dynamic viscosity of the MMA, and U the mean fluid velocity is of the order
of 107, giving a laminar flow with no presence of vortices. We work essentially
in confined conditions meaning that the vertical channel height h is such that
the typical time for a bacterium to cross the channel is shorter or comparable to
the persistence time. Bacteria are imaged by a phase-contrast technique using an
inverted microscope with 40X magnification dry objective.

Images were recorded with a digital camera PixeLINK PL-A741-E and the vi-
sualization field is 740 x 1000 pixels® giving an area of 200 x 270 um®. Videos are
captured at a frame rate of 30 frame per second for 10s. Due to the small height
of the channel, bacteria swimming on the bottom and top walls are imaged si-
multaneously. For every image sequence, an image containing the median value
of each pixel is created and subtracted to each image of the sequence. This oper-
ation removes dust on lens surfaces or stuck bacteria which can possibly hinder
the tracking. Once the images are processed, a Fiji plugin called Trackmate [15]
is used to identify motile bacteria and track their trajectories (See Supplementa-
ry_Movie_SM1.avi and Supplementary_Movie_SM1_Tracks.avi). Tracking con-
sists of two main processes; first by detecting the spots in a series of frames
(segmentation process) and subsequently linking them over these frames to
build the tracks (tracking process).

Movies are also taken up and downstream at a distance from the obstacle.

They are used to determine the mean flow velocities U.

2.3. Flow Field Close to the Obstacle

The microfluidic device used for the experiments is a rectangular section chan-
nel with a cylindrical obstacle placed in the middle of the channel (see Figure 1).
Finite element method (FEM) on COMSOL Multiphysics Software 5.0 (Comsol
Inc., MA) was used to solve the Navier-Stokes equations in the same geometry.
A constant pressure difference AP is imposed between the inlet and outlet sur-
faces. After the determination of the velocity v (x; y; 2) on each node, we com-
puted the average flow velocity in the gap by numerical integration of the mag-

nitude of vover the height of the channel such that
1 h
vixy)=—\v(x,y,z)dz .
(v) = [v(x.0:2)

0

Same criteria were used to compute the average shear rate over height.

3. Results

3.1. Qualitative Observation of the Density of Bacteria in the
Vicinity of the Obstacle

The Figure 2 shows the overlay of all the images obtained in 10 s experiments
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~55 um/s

Figure 2. (a) Superpositions of images recorded during 10s experiments performed with
non-motile (first column) or motile (second column) bacteria at different flow velocities
around the obstacle (black region in the center of the image). In the first row, the average
flow velocity is ~0 um/s while in the second row, U = 55 um/s. Red lines show the stream-
lines obtained by numerical simulation. Top-left bars = 20 um.

using either non-motile or motile bacteria for two flow conditions: i) zero and ii)
the onset flow that produces accumulation.

In a quiescent fluid (Figure 2(a)), non-motile bacteria experience a random
Brownian motion with a slight translational motion indicating the existence of a
small residual background flow of the order of 1 pm/s. In the presence of a flow
(Figure 2(b)) the traces left by the trajectories of the dead bacteria (white lines
in Figure 2(b)) overlay evidently with the streamlines (in red) obtained by nu-
merical simulation.

In the case of living bacteria and at zero flow, bacteria move mostly along cir-
cular trajectories and few of them make quasi-straight paths. These circular tra-
jectories result from the hydrodynamic interaction between the auto-propelled
organisms and the surface [16] [17] [18]. Moreover, they are observed to occupy
the entire channel homogeneously (Figure 2(c)).

When a flow is imposed, the motile bacteria are not observed to follow the
streamlines. Instead, we observe the appearance of a lightened area at the rear of
the obstacle identifying a clear accumulation of the bacteria in that particular re-

gion (Figure 2(d) and Supplementary_Movie_SM1.avi).

3.2. Influence of the Flow on the Accumulation

To quantify this accumulation effect over the range of flows, we compute the
number of bacteria detected per pixel and per unit of time in each image se-
quence. We then consider an annular portion thickness of 10 pm surrounding

the obstacle. This annular section is then divided in 36 sections of equal size. The
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average number of bacteria in each section N is finally calculated. The Figure
3(a) and Figure 3(c) show, this number N, normalized by the average number
of bacteria detected far from the obstacle N for two extreme flow values; this is
when the effect starts to show and when it disappears. Under flow, the lateral
sides of the obstacle (® = 0 and 180°, see Figure 1(b) for the definition of &) are
clearly depleted and almost no bacteria are detected in those sections. We also
see a clear downstream accumulation demonstrated by a net increase in the
number of detected bacteria well above the value detected far from the obstacle.

We next extract, for all flow values, the maximum value of the normalized
concentration P_and P, at the stagnation points located upstream (@ = 90°) and
downstream (@ = 270°), respectively. We see that the number of positions de-
tected is always higher downstream. The number P measured up-stream is con-
stant and close to 1 (see Figure 3(b)), ie. similar bacterial concentration as in
the rectangular part far away from the obstacle. Interestingly, the values of P,
suggest the bacteria stay longer resulting in a doubled accumulation.

Next we compute the standard deviation o. and o, of the normalized concen-
tration distribution around the upstream and downstream peaks P. and P,

357 downstream sector 4
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Figure 3. (a) and (c) Distribution of the average number of bacteria detected by unit of
time around the obstacle for two flow velocities U = 55 and 89 pum/s. The average is done
in an annulus of width 10 um around the obstacle and cut in 36 sectors of 10 degrees. The
measurements are finally normalized by the average number of bacteria detected by unit
of time away from the obstacles; (b) and (d) Variation of the maximum value of the nor-
malized number of positions detected P and the standard deviation ¢ as function of U.
Filled symbols show the values measured downstream (Ze. in the sector @ = 270 + 10°).
Empty symbols are for the values measured upstream (Ze. for @= 90 + 10°). The solid curve
shows the width of regions lining the obstacle where the flow velocity is lower than v,
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respectively. We observe that this quantity narrows when the flow increases (see
Figure 3(d)). This means that the area where bacteria accumulate shrinks when
the flow increases. When we define an angular region where the fluid velocity is
lower than bacterial mean swimming speed v, (see gray curve in Figure 3(d) and
Material and Methods section), we observe the same behavior.

The difference between motile and non-motile is also highlighted by studying
the distribution of velocity component v, along the flow (See Figure 4(a)). First,
let us consider non-motile bacteria flowing at 40 um/s. We notice that the dis-
tribution reflects the their convective behavior (diamond curve at Figure 4(a)).
Then we consider the distribution of motile bacteria under zero flow (square
curve at Figure 4(a)) and notice that their distribution is dependent on their
own mobility as it has been classically observed [19] [20]. Finally, when a flow is
imposed, the velocity distribution of motile bacteria (circle curve Figure 4(a)) is
the combination of the two distributions: the one that dependent of the convec-
tive behavior and the one that depends on their own motility with a clear peak at
v, =0 pm/s.

In order to separate these two behaviors, we apply a threshold of v, = v; on the
velocities to separate the trajectories of the bacteria into two families (see Figure
4(a) and Figure 4 (c)). In the v, < v, family (Figure 4(b)) we see a clear accu-
mulation of the trajectories at the front and more importantly at the rear of the
obstacle. In the v, > v, family, this accumulation is not observed (Figure 4(c))

and we recognize the pattern visualized in Figure 2(b).

3.3. Flow Field Close to the Obstacle and its Effect on the
Accumulation

In Figure 5(a), we can see the lines separating regions where the magnitude of

~#- DEAD 40 umis
= 0 wmis
A 55 umis
- 89 umis

-100 -50 0 * 50 100

X-component bacteria velocity (um/sec)
Figure 4. (a) Probability Function Distributions (PDF) of the velocity component v, of
motile bacteria flowing at U = 0 (squares), 55 (triangles) and 89 um/s (circles). Black di-
amonds represent non-motile bacteria imposing a flow velocity of U = 40 pum/s. The dis-
tributions are vertically rescaled for convenience; (b) Trajectories along which motile
bacteria have a velocity below v;; (c) Trajectories having a velocity higher than v,. The red
arrow indicates the magnitude of the average swimming velocity |v,| = 25 pm/s. Top-left
bars = 20 um.
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Comn D
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Figure 5. (a) Microchannel snapshot with superposition of isovelocity curves obtained
from the simulation at different flow U (yellow, U = 20 um/s; magenta, U = 40 pum/s;
green, U = 50 um/s; red, U = 70 um/s; and blue, U = 100pum/s). Each color represents the
isovelocity corresponding to 25 pum/s. Snapshot of the trajectories with a velocity lower
than v, with superposition of the isovelocity of v = 25 um/s for a flow velocity (b) U = 55
pm/s and (c) U = 89 um/s. The areas show in (b) and (c) are those of maximal bacterial
accumulation (Ze. the downstream side). Top-left bars = 20 pm.

the fluid velocity is higher than the swimming velocity v, from the region where
the fluid velocity is lower than v, for different imposed flows U. For flows lower
that U = 57 um/s, the areas with flow velocities larger than v, are found in lobes
at both sides of the obstacle (between the lateral wall and the obstacle), this
means that the entire channel before and after the obstacle has mean flow veloci-
ties lower than v, and bacteria are swimming outside those lateral areas. The sit-
uation changes when the flow is higher than U = 57 pm/s. In this case, the region
with low velocity shifts to the front and rear of the obstacles and to two narrow
lateral wall zones. These regions diminish as the flow is increased. As conse-
quence the areas with velocities lower than v, get narrowed with the flow (see
gray curve in Figure 3(d)).

If we now superimpose to the trajectories with a velocity smaller than v (ap-
plying the same threshold as in Figure 4(b) and Figure 4 (c)), we observe that
bacteria dwell in areas with low velocity. Figure 5(b) and Figure 4 (c) exemplify
two cases with different mean flow: the onset and the maximal flow where the
accumulation phenomenon is observed. In the first case, bacteria can occupy the
entire channel except for those regions inside of the lateral lobes. In the second,

bacteria accumulate in the rear of the obstacle. This reveals that the bacteria ac-
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cumulate in the region where the flow velocity is lower than the swimming ve-

locity.

4. Physical Description of the Accumulation Phenomenon

In order to understand the accumulation we have highlighted three steps (See
Figure 6): 1) the flow of the bacteria towards the rear of the obstacle, 2) their
trapping, and 3) the replenishment of the trapping zone.

1) the flow to the rear of the obstacle

To explain this phenomenon, we assume that bacteria (body + flagella) can be
modelled by a rod moving at a constant swimming velocity v, along its principal
axis. We also consider that the flow and the motility of the bacteria are in the
plane (x, y).

In a shear, because of their elongated shape, rods spin at an average rotational
velocity equal to the local vorticity of the flow [21]. During each rotation due to
their swimming abilities and the random change in the swimming direction,
rods cross streamlines and explore the (x, y). In the presence of a gradient of
vorticity, this results in a net flux of rods from the low to the high vorticity re-
gion [9].

In our geometry and in the plane (x, y), the vorticity comes from the flow in
the constriction between the obstacle and the walls. In this section, the vorticity
is maximal on the surfaces, decreases to zero as the distance from the surfaces
increases. There is thus a flux of bacteria directed from the thick dotted line in
Figure 6 to the surfaces. As a consequence, bacteria located between this line
and the obstacle will diffuse toward the obstacle.

2) trapping mechanism

Meanwhile the bacteria move toward the obstacle, they are convected with the

Figure 6. Tentative scenario for the accumulation: 1) the flow of the bacteria towards the
rear of the obstacle, 2) the trapping, and 3) the replenishment of the trapping zone.
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flow with decreasing velocity. Once they arrive in a region where the magnitude
of the fluid velocity is lower than the swimming velocity, the hydrodynamic in-
teraction between the bacteria and the top and bottom surfaces of the microflui-
dic chip comes into play [22] [16]. Because of this interaction, bacteria swim in
clockwise, circular trajectories near the surfaces (as indeed show in Figure 4(b)
and Figure 5). The interaction is known to be responsible for the accumulation
of bacteria on the surface [17] [23]. Some of the bacteria are observed to flow to
the obstacle. Once they reach the surface, they are found to swim along the sur-
face of the obstacle [6].

3) the replenishment of the trapping zone

While swimming along the obstacles, the bacteria face a flow of increasing
strength making their upstream motion harder and harder. Previous studies
have revealed that E-coli bacteria can move upstream as long as the shear rate is
below 5 s7'. For low flows, the simulation reveals that the shear around the sur-
face of the obstacle is mainly below this threshold (see supplementary Figure
S1). Experimentally, for flows U lower than 55 um/s, bacteria accumulate on the
surface and turn around the obstacle. It is only because of the random change of
swimming direction that the bacteria eventually leave the surface. Above U = 55
pm/s, the shear rate reaches 5 s™' downstream of the constriction (This situation
is depicted in Figure 6). In this case, while moving along the surface, bacteria
faces a flow so strong that it pulls the bacteria away from the surface bringing
them back in the flow. Some of them come back to the rear of the obstacle
thanks to 1).The simulation shows that the areas around the surface obstacle
with shear lower than 5 s™ decrease when the flow increases (see supplementary
Figure S1).

The net effect of 1), 2) and 3) is an accumulation at the rear of the obstacle for
U>55 pum/s. Increasing U increases the vorticity gradient in the plan (x; y) and
thus increases 1). But the region where the velocity is lower than the swimming

velocity decreases reducing the area in which the bacteria accumulate.

5. Discussion and Conclusion

Bacterial trapping in biofilter and slow sand filter involves both physical and bi-
ological processes [2]. The classical physico-chemical view of filtration does not
take into account microorganism motility nor their hydrodynamic interactions
with walls. In the absence of flow, bacteria can be hydrodynamically “trapped”
on solid surfaces and the range of this effect is within 10 microns from them
[17]. Around spheres or cylindrical obstacles this effect is also observed [24]
[25]. Moreover, reducing the cylinder diameter reduces the capture capacity. In-
creasing the radius increases the hydrodynamic interaction leading to bacterial
accumulation around the obstacle [23]. In the presence of flow, the scenario
changes and different mechanisms modify the transport of bacteria and their
accumulation around the obstacle.

In our experiments, we explore the transport and accumulation of bacteria
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around an obstacle with a grain size that allows accumulation along surfaces and
we study the effect of the flowing fluid on the accumulation areas.

We identify vorticity gradient as a major effect enabling the drift of bacteria
towards low velocity region. In our experiments, the vorticity gradient is due to
the obstacle filling almost entirely the width of the channel leaving only con-
striction space of similar size to the chip aperture. Furthermore, the hydrody-
namic interactions of motile bacteria and surfaces are sufficiently strong to trap
bacteria. In future research, by modifying the shape and curvature of the ob-
stacle we expect to enhance the bacterial trapping capacity.

Our findings give some important insights on the role of the motility leading
to the accumulation and attachment of bacteria in a natural environment. By
identifying the physical mechanisms at play, it may also guide future researches
aiming to develop techniques to filter and separate motile microorganism in mi-

crobiology.
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Figure S1. Superposition of curves at same mean shear rates <y> = 5s™' obtained from
the simulation at different flows U (yellow, U = 20 um/s; magenta, U = 40 pm/s; green,
red, U = 70 um/s; and blue, U = 100 um/s). Top-left bar = 20 pm.

Supplementary_Movie_SM1 and Supplementary_Movie_SM1_tracks show an exam-
ple of bacterial suspension flowing at U = 55 um/s and the interaction with the obstacle.
The second movie exemplifies the tracks obtained with Track Mate. Scale bar represents
20 pm.
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