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Flow-controlled densification and anomalous dispersion
of E. coli through a constriction†

E. Altshuler,abc G. Mi~no,a C. Pérez-Penichet,b L. del Ŕıo,b A. Lindner,a A. Rousseleta

and E. Clément*a

Dispersion and migration of bacteria under flow in tortuous and confined structures such as porous or

fractured materials is related to a large spectrum of practical interest, but is still poorly understood.

Here, we address the question of transport and dispersion of an E. coli suspension flowing through a

micro-fluidic channel with a funnel-like constriction in its center. We show a counter-intuitive symmetry

breaking of the bacterial concentration, which increases significantly past the funnel. This concentration

enhancement persists over large distances from the funnel and disappears at large flow rate values. We

map our results onto a one dimensional convection–diffusion equation predicting quantitatively the

experimental results, without free parameters, when a conservative non-local source term is introduced.

This last term, measured experimentally, represents a long range memory effect due to the unbalance

of wall adsorption and desorption processes past the constriction. Our model experiment points out the

generic importance of considering such constriction effects in the description of transport properties of

active matter in porous media. It also opens the possibility to control the concentration of bacterial

suspensions in micro-fluidic channels by simply tuning the flow intensity or direction.
From the hydrodynamics point of view, assemblies of micro-
scopic swimmers such as bacteria dispersed in a uid display
constitutive properties differing strongly from those of passive
suspensions.1–3 Momentum transport equations and constitu-
tive relationships are deeply modied by the presence of these
autonomous swimmers dispersed in the uid. New and
surprising effects were reported such as activated Brownian
motion,4–6 anomalous viscosity,7,8 mixing enhancement,9 bio-
convection10 or work extraction from uctuations.11 Along those
lines, the fundamental question of hydrodynamic dispersion of
bacteria suspended in a uid remains an issue that has not yet
received a fully satisfactory treatment. This difficult question is
closely linked to many practical issues related to bio-contami-
nation in porous rocks, in biological micro-vessels or through
medical catheters. Methods of analysis used to describe bacte-
rial transport consist essentially of macroscopic convection–
diffusion equations in association with adsorption–desorption
terms describing retention effects by the surfaces. However, in
spite of the fact that many tting parameters can be used to
match the dispersion curves, systematic inconsistencies were
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reported between experiment and modeling12 and may lead to
further phenomenological renements including, for example,
straining effect as in the colloidal ltration problem which
would occur at the smallest pores and at the grain–grain junc-
tion.13 Consequently, there is a strong and timely need to
identify precisely the many processes at work contributing to
the transport of bacteria in a conned environment, including
those directly related to the micro-organism swimming
capability.

In this work we will use suspensions of E. coli, a micro-
organism that can move at low Reynolds number in aqueous
media at a speed of about 20 microns per second. The E. coli
mode of propulsion is rather well understood.14 This 2 mmbody-
length swimmer produces a thrust due to the counter-clockwise
rotation of a helical bundle of 10 mm length agella. In the bulk,
for the wild-type strain, the motion is made of straight “runs”
interrupted every few seconds by a sudden change of direction
(or “tumble”).15 The tumbling rate is triggered by chemotaxy i.e.
complex intracellular biochemical cascades triggering the
agella rotation relative to ne strategies for nding nutri-
ments.16 In the vicinity of a solid boundary, the swimming
picture drastically changes.17–19 Lubrication forces acting on the
counter-rotating body lead generically to circular trajectories.
Experimental measurements and hydrodynamic studies
suggest that solid boundaries also act as “traps”.20 The bacteria
stay at the surface for a long time and this persistent motion
induces a strong increase of concentration at the walls.21 The
recent use of microuidic tools has revolutionized the way the
Soft Matter
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Fig. 1 (a) Sketch of the microfluidic channel fixed on a glass plate. On the right
side, zoom on the funnel geometry viewed from the top; the dimensions are Lf ¼
200 mm,Wf¼ 40 mm andW¼ 200 mm (b). Visualization of the symmetry breaking
effect at the funnel for an active E. coli suspension for hVxi ¼ 25 mm s�1. Display of
the two symmetric rectangular domains where the number of bacteria N� and N+

is computed. The thick arrow corresponds to the flow direction.
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microorganisms motility can be approached experimentally.
The fabrication of microscopic scale channels of different
forms, enabling observations of high spatial and temporal
resolution, allows crucial tests of many fundamental hypoth-
eses on transport properties. Furthermore, such channels can
directly be used to enhance the selection of target species
depending on their motile character. For bacterial suspensions
such tools have recently been used to describe spontaneous
densication induced by wall shape asymmetry,22,23 upstream
trajectories in the presence of ow24 or chemotactic response in
well controlled chemical gradients.25

In the present work, we will use microuidic channels to
visualize the effect of a funnel like constriction on the bacterial
transport in a ow. This geometry can be seen as a situation
encountered generically in many porous structures at the pore
necks. For appropriate ow conditions, a strong concentration
enhancement of active bacteria is observed past the funnel,
opposite to observations for complex ows containing “inac-
tive” particles.26 Our main aim in this paper is to describe this
novel and counter intuitive phenomenon. We discuss our
results in the light of elementary mechanisms of interaction
between the swimming bacteria and the walls. To render
quantitatively the dispersion curves, we propose an advection–
diffusion equation containing an effective long range source
term that is directly related to the specic swimming properties
of the bacteria at the walls.
1 Experimental set-up

The bacterial suspension is a wild-type strain of E. coliW (ATCC
11105 (ref. 27)) prepared in a “minimal motility medium”, as
follows. Wild type E. coli W, ATCC 11105 were grown overnight
in a rich culture medium (LB). From this sample 40 mL of
bacteria were diluted in 8 mL of LB. They were incubated for at
least ve hours to obtain a maximal activity.28 Aer washing,
they were transferred into Minimal Motility Media MMA29

(10 mM NaH2PO4, 10 mM K2HPO4, 0.1 mM EDTA, and 20 mM
sodium lactate), supplemented with K-acetate (0.34 mM) and
polyvinyl pyrolidone (PVP: 0.005%). The overall concentration
of bacteria was kept at 4 � 0.5 � 108 bact. per mL. We checked
that the suspending uid was Newtonian (viscosity h ¼ 0.88
mPa s at 25 �C). All experiments were performed at a xed
temperature T ¼ 25 �C. The minimal motility medium is a
controlled environment where bacteria can swim but do not
replicate and where the inuence of chemotaxis or aerotaxis
driving the bacterial motion is limited. We also use, for
comparison, suspensions of dead-bacteria obtained under
identical conditions but killed using ethanol at 80%.

Note that at the small concentrations we use, the suspen-
sions can be considered to be in the dilute regime where
interactions between bacteria can be neglected and the viscosity
of the suspension is not different from the viscosity of the
suspending uid.

The bacterial suspension is owed by gravity overpressure
through a microuidic channel of total length L¼ 15 mmmade
in PDMS by a standard so-lithography technique (see
Fig. 1(a)). The channels were fabricated onto glass covered by a
Soft Matter
28 mm-thick PDMS coating to avoid sticking of the bacteria. The
inlet and the outlet are inox tubes of 1 mm outer diameter
connected to exible plastic tubes. The rectangular section has
a width W ¼ 200 mm and a depth h ¼ 20 mm and the channel
contains, in its middle, a symmetric constriction over a distance
Lf ¼ 200 mm and reaches a minimum width Wf ¼ 40 mm (see
Fig. 1(a)). In Fig. 1(b), we show a bottom view of the channel in
the vicinity of the constriction. Under our ow conditions the
Reynolds number Re ¼ rVL/h, with r being the density, L a
typical length scale and V a typical velocity, is found to be below
10�2.

The owing suspensions were observed from below using an
inverted microscope (Zeiss-Observer, Z1-magnication 40� or
20�). A digital camera PixeLINK PL-A741-E was used for image
acquisition, (600 � 800 pix2 and 1280 � 1024 pix2) capturing
videos at a frame rate of 20 and 12.5 frame/s, depending if the
magnication used was 40� or 20�. Due to the relatively small
height of the channel, all bacteria could be visualized along the
vertical axis at a xed position of the objective lens. For
counting bacteria, the background of each video was digitally
homogenized and “binarized” with appropriate thresholds to
reveal all the individuals.

As can be seen in the snapshot shown in Fig. 1(b), at the
junction between the lateral walls and the top and bottom
surface there is a small apparent bulge. The lateral wall is
straight over most of the channel height. However, the bulge at
the junction corner makes the visualization of the bacterial
motion very close to the lateral walls (typically at a 5 mm
distance) difficult. These bacteria will not be considered in the
rst part of the paper and their role will be discussed later.

The base ow in our microuidic channel is described by the
classical results for ow at low Reynolds numbers in square
channels.30 The ratio between the average velocity far away from
the constriction and the average velocity inside the constriction
This journal is ª The Royal Society of Chemistry 2012
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Fig. 2 Flow-controlled symmetry breaking in the concentration of E. coli. (a) SB as a function of the mean flow velocity hVxi. Error bars correspond to RMS fluctuations.
Dark symbols are for living bacteria and empty symbols are for dead bacteria. Trajectories obtained by snapshot accumulation over 1 s (20 frames) for (b) dead bacteria
at hVxi ¼ 25 mm s�1 and for live bacteria at three mean flow velocities (c) hVxi ¼ 0 mm s�1, (d) hVxi ¼ 25 mm s�1 and (e) hVxi ¼ 45 mm s�1. The corresponding roman
numbers I, II, and III are displayed in (a). Note that trajectories corresponding to the beads appear as bigger circular spots in (b), (d) and (e). Flow is from left to right as
indicated by the arrows.
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is given by ux conservation to be Wf/W. Streamlines averaged
over the height of the channel can be seen in Fig. 2(b), showing
the trajectories of dead bacteria acting as passive tracer parti-
cles. As expected for low Reynolds number ows, the stream-
lines are found to be symmetrical with respect to both the
transverse and the longitudinal axes. Note however that the ow
directly upstream of the constriction is convergent in the ow
direction, whereas the ow directly downstream is divergent.

Polystyrene beads of diameter d ¼ 2 mm were dispersed in
the suspension to serve as ow tracers. For a given overpressure,
the average ow velocity hVxi was estimated by averaging the
tracer velocities detected in the constriction and multiplying its
value by the ratio Wf/W. In principle, if one assumes a random
distribution of passive tracers in the ow, this measurement
provides a reasonable estimation of the mean ow velocity.
2 Flow induced symmetry breaking

We use bacterial suspensions prepared with a concentration
n ¼ 4 � 0.5 � 108 bact. per mL. Fig. 1(b) displays a snapshot
obtained at a mean ow velocity V ¼ 25 mm s�1 where an
accumulation of bacteria is clearly observed at the right side of
the funnel. To quantify this effect the bacteria were counted
inside two rectangular regions placed symmetrically on both
sides of the funnel: N� on the le and N+ on the right (counting
was done over 20 s with an acquisition frequency of 20 frames
per s). We quantify the difference in bacterial concentration on
both sides of the funnel by dening a symmetry breaking
parameter:
This journal is ª The Royal Society of Chemistry 2012
SB ¼ Nþ �N�

Nþ þN� (1)

In Fig. 2(a), we display SB as a function of the mean ow
velocity hVxi both for living and dead bacteria. In the case of
living bacteria, starting from zero ow, the symmetry breaking
parameter increases roughly linearly up to approximately SB ¼
0.6 as the mean ow velocity increases from zero to 20 mm s�1.
SB starts to differ from 0 at mean ow velocities of around 10
mm s�1, corresponding to a maximal shear rate at the side walls
of about 30 s�1. SB then reaches a plateau and nally decays to
zero quite abruptly around a mean ow velocity 40 mm s�1. Note
that SB reaches its maximum value at a velocity around 20–30
mm s�1, a value comparable to the mean bacterial velocity
measured in the absence of ow (Vb ¼ 15 � 5 mm s�1). For
suspensions of dead bacteria, the amount of individuals in the
control regions before and aer the constriction was identical,
regardless of the ow velocity (see Fig. 2(a), hollow circles). This
shows that the symmetry breaking effect is directly related to
the active character of the suspension. In Fig. 2(c)–(e), we show
that the symmetry breaking is also associated with a change in
the trajectory shapes. In these gures, we display the tracks of
bacteria and tracer particles obtained by superimposing snap-
shots acquired over 1 s (20 frames). At zero ow (Fig. 2(c)), the
trajectory shapes are clearly curved and mostly circular which is
a signature that on both sides of the funnel the bacteria dwell
preferentially at the top/bottom wall. The situation changes
drastically when the symmetry breaking is established. In
Fig. 2(d), corresponding to the symmetry breaking plateau (hVxi
¼ 25 mm s�1), one can clearly observe asymmetry in the
Soft Matter
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trajectory shapes before and aer the funnel. Before the funnel,
bacteria are convected mostly passively by the ow with trajec-
tories identical to the latex particles appearing as thick tracks in
the gures. However, past the funnel, the bacterial trajectories
are much more curved, showing a net tendency to swim very
close to the upper and lower boundaries. Finally, at high speeds
(hVxi ¼ 45 mm s�1), most trajectories follow the streamlines as
passive particles do (see Fig. 2(e)).

The symmetry breaking of the concentration prole can be
controlled by changing not only the intensity, but the direction
of the imposed ux. For example, starting with a ux of hVxi ¼
25 mm s�1 from le to right, we get a symmetry breaking
parameter SB z 0.6 (higher concentration of bacteria at the
right of the funnel). If we then reverse the direction of the ow
to hVxi ¼ �25 mm s�1, a value SB z �0.6 is (i.e., the higher
concentration has moved to the le of the funnel; see VideoS1
and Fig. S1 in the ESI†). The process typically takes 10 s to
reverse the ow and another 10–20 s to reach steady state and
can be repeated several times with no obvious memory effects.

Next, we study the spatial range of concentration increase
induced by the symmetry breaking. Aer establishing a
constant ux of 30 mm s�1 for a few minutes, we performed a
series of 14 spatially overlapping videos spanning a 5000 mm
range along the channel, symmetrical around the constriction.
Each video was taken at a 20� magnication and lasted 8
seconds (taken at 12.5 frames per s). From these movies, the
time averaged bacterial density n(x) along the ow was
computed (the stripe width used for density measurements was
Dx ¼ 5 mm). In Fig. 3, we display the density prole n(x). Before
the funnel, the concentration is constant, around 5 � 108 bact.
per mL and suddenly decreases to less than 1 � 108 bact. per
mL at approximately �150 mm le from the geometrical center
of the funnel. Then, a sharp increase in concentration occurs at
the center of the funnel, reaching 14 � 108 bact. per mL at
approximately 70 mm from the funnel center. This measure-
ment shows not only the huge concentration amplication
resulting from the ow constriction but also the long-range
Fig. 3 Spatial extension of the symmetry breaking effect. The black line corre-
sponds to the mean bacterial concentration measured along the flow n(x). The
red line is the solution of the 1-D advection–diffusion model as explained in the
text. The sketch underneath corresponds to a top-view geometry of the channel
at the same X-scale. Note the change of scale compared to the previous figures.

Soft Matter
effect since the bacterial densication persists several milli-
meters past the funnel i.e. a distance larger by one order of
magnitude than the funnel length Lf. Note that at a distance of
2.5 mm to the right of the funnel, the average concentration is
still slightly higher than its value at the le side of the funnel.
3 Wall absorption–desorption: the role of
the funnel

To understand the mechanisms leading to this symmetry
breaking and the corresponding long range density enhance-
ment effect, we visualize and analyze the bacterial trajectories to
infer qualitatively and quantitatively the salient features inu-
encing the macroscopic transport properties of the suspension.
In this part, we consider a ow velocity of hVxi ¼ 30 mm s�1,
corresponding to the symmetry breaking plateau.

We start by studying the situation far away from the funnel.
In Fig. 4(a), we display a snapshot of the channel far from the
constriction. We superimpose on this picture, as colored lines,
30 individual bacterial trajectories (each taken over 8 s). The
corresponding arrow on each line points to the forward direc-
tion of motion. This representation leads to several crucial
remarks. First, we observe that a signicant fraction of the
trajectories are upstream (see VideoS2 in the ESI†). This
upstreammotion was already noticed by Hill et al.24 in a straight
channel of constant width. Note that there is an important
number of bacteria moving upstream at the side walls which are
not displayed in this gure as their trajectories are difficult to
track close to the lateral boundaries. We have observed that in
our conned channel bacteria can move upstream at the lateral
walls over large distances. While we have no exact measure of
the dwelling time of the bacteria at the lateral walls, we can
estimate an upper boundary using a result obtained by Drescher
et al.21 who found without ow a dwelling time at the bound-
aries as long as 1 min. In our case, typical bacterial velocities are
found to be around 15 mm s�1 at the lateral walls (see the spatio-
temporal diagram, Fig. S2 in the ESI†) and this would lead to
traveling distances at the side walls of up to 900 mm.

Second, many of the trajectories in Fig. 4(a) correspond to an
“adsorption” or a “desorption” process with respect to the
lateral le/right walls. Far from the constriction it seems that
rates of adsorption and desorption are almost identical. To
show this balance of desorption and adsorption, we measured
directly the number of bacteria crossing a plane parallel to the
side walls at a distance of 10 mm from the wall during 8 s. We
deduced from these measurements that, either far before or
aer the funnel, the mean lateral ux J(x) ¼ J+(x) � J�(x) is
almost zero. Note that we dene J+(x) as the ux of bacteria
going from the side walls (le or right) to the bulk and J�(x) as
the ux of bacteria going from the bulk to the side walls. We
obtained J+(x) z J�(x) z 0.0028 bact per mm2 per s.

We also measured the bacterial density prole across the
channel width on the le and on the right sides of the funnel.
The proles n(y) are displayed in Fig. 4(b) and the ux equili-
bration is consistent with the atness of the prole. From
these proles one can also see that there is an important
bacterial population very near the lateral walls in agreement
This journal is ª The Royal Society of Chemistry 2012
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Fig. 4 (a) Bacterial trajectories superimposed to a snapshot far from the funnel (x ¼ 1.7–2.1 mm), showing side wall adsorption and desorption effects. (b) Transverse
bacterial concentration as a function of vertical position y. Dark circles and empty triangles represent the profile measured between �2.1 and �1.7 mm and between
1.7 and 2.1 mm, respectively. hn(y)i ¼ 4.25 � 108 bact. per mL and hn(y)i ¼ 5.5 � 108 bact. per mL represent the mean concentration before and after the funnel,
respectively. (c) Mean displacement distribution P(Dx). The statistics is taken over 280 trajectories. (d) Longitudinal velocity autocorrelation Cxx as a function of the time
lag s (see text for definition).

Fig. 5 (a) Snapshot of the funnel area on which are superposed the segments
used to count the number of bacteria crossing in and out of the lateral walls in
order to define the transverse fluxes. Each segment is of approximately 50 mm
length (except in the constriction area where they are shorter). (b) Plot of the
transverse flux J(x) corresponding to the number of bacteria crossing the
segments in/out of the walls per unit time. Note that when J(x) > 0, bacterial
desorption dominates and when J(x) < 0, absorption dominates. At distances
larger than 2000 mm to the right, the net flow is zero. (c) Zoom on the funnel area
with 10 trajectories handtracked during 4 seconds. The mean flow is 25 mm s�1.
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with our observation of an important upstream traffic of
bacteria in this region.

To quantify the mean transport properties due to the ow,
we tracked 280 bacterial trajectories far from the funnel (on
both sides) during s¼ 4 s. The corresponding displacements Dx

along the ow were computed. In Fig. 4(c), the corresponding
distribution P(Dx) is displayed. From the mean value
dX ¼ 14 mm and the average quadratic deviation from the mean
s2x ¼ 1040 mm2, we obtain amean transport velocity far from the
funnel u0 ¼ dX=s ¼ 3:5 mm s�1 and the corresponding disper-
sion coefficient along the ow D ¼ s2x=2s ¼ 130 mm2 s�1. The
mean transport velocity is almost one order of magnitude
smaller than the mean ow velocity. Importantly, we have
checked that the time scale s¼ 4 s is appropriate to compute the
emerging macroscopic quantities. In Fig. 4(d), we display the
mean longitudinal velocity autocorrelations Cxx(s) for a time

lag s: CxxðsÞ ¼
D
Vb
x ðtþ sÞVb

x ðtÞ
E
b
�
D
Vb
x ðtÞ

2E
b
. Note the double

average: a time average along each track, and a second average
over the 280 bacterial trajectories. The error bars correspond to
the RMS deviation for the different trajectories. The “instanta-
neous” bacterial velocity along the track Vbx(t) was computed
with a time scale resolution dt ¼ 0.08 s. For a time lag of s ¼ 4 s,
the autocorrelation has reached – within experimental uncer-
tainties – a zero value which means that computing the mean
transport properties using the time scale s ¼ 4 s is meaningful.

Thereaer, we look at the region close to the funnel. To
characterize the adsorption–desorption effects at the lateral walls,
This journal is ª The Royal Society of Chemistry 2012
we computed the average uxes J(x) ¼ J+(x) � J�(x), in a region
around the funnel i.e. for�150 mm< x < 500 mm (see Fig. 5(a)). The
values J(x) are displayed in Fig. 5(b). Note that, as explained above,
positive values mean net “desorption” and negative values mean
net “adsorption”. We observe a strong peak of desorption at the
funnel constriction, followed by a slightly increased adsorption in
Soft Matter
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the region downstream of the funnel. This effect persists over a
large distance and the equilibrium value of J¼ 0 is not yet reached
aer 500 microns.

More qualitatively, the symmetry breaking in the vicinity of
the constriction can be illustrated by following several typical
trajectories of the bacteria. In Fig. 5(c), we display a snapshot
of the funnel area and superimpose on the gure, some
trajectories as in Fig. 4(a). We see that the bacteria moving
upstream at the lateral walls and approaching the constriction
will undergo “forced” desorption, most likely due to the
increase of viscous shear stress, and will be recycled into the
ow. Typical shear rates at the lateral wall at the onset of
symmetry breaking are found to be around 30 s�1 (see previous
section). The strong tendency to be detached at the funnel is
responsible for the big positive peak of the mean ux J(x) seen
in Fig. 5(b). The higher concentration of bacteria observed at
the right side of the funnel (see Fig. 3) is caused by this
increased “desorption” at the funnel and might also be at the
origin of increased adsorption (and thus a negative mean ux
J(x)) along the lateral walls further down to the right side of the
funnel. Increased adsorption on the lateral walls might also be
due to the fact that bacteria are reoriented in the divergent
ow downstream of the restriction. This scenario is in agree-
ment with the individual bacterial trajectories displayed in
Fig. 5(b): while some bacteria re-incorporate into the bulk and
are just advected to the far right (where they are eventually
re-absorbed by the walls), others are re-absorbed almost
immediately, typically on the opposite wall. Those bacteria
then undergo premature desorption at the funnel, increasing
the concentration even further. We have estimated that
bacteria can travel upstream at the lateral walls over distances
as long as 900 mm. The equilibrium over adsorption and
desorption uxes thus takes place over distances of this order
of magnitude. This length might explain why the adsortion–
desorption uxes stay unbalanced over large distances (corre-
sponding to the wide negative curve J(x)) at the right of the
funnel seen in Fig. 5(b). The scenario at the le of the funnel is
quite different. The geometry of the funnel might facilitate
bacteria moving downstream in the bulk to “hit” the walls and
get attached – that process might explain the negative peak of
J(x) at the le side of the funnel in Fig. 5(b).
4 Anomalous dispersion

Now, to provide a quantitative picture of the inuence of a funnel-
like structure on the transport and the dispersion properties of a
bacterial suspension, we map the problem onto a simple one
dimensional advection–diffusion equation taken at steady-state:

�D
d2nðxÞ
dx2

þ d

dx
½uaðxÞnðxÞ� ¼ SðxÞ (2)

where n(x) is the volume concentration of bacteria, ua(x) is their
mean advection velocity along the ow, D is an effective longi-
tudinal dispersion coefficient and S(x) is a conservative bulk
source/sink term coming from the lateral wall contributions.
The source-sink term is dened as S(x) ¼ J(x)/w(x), where w(x) is
the channel width at position x. Since the total number of
Soft Matter
bacteria must be conserved, the condition
Ð
S(x)dx ¼ 0 must be

fullled (the integration taking place along the whole
channel).

To pursue the analysis quantitatively, we now assume that the
mean bacterial velocity is proportional to the local ow velocity,
which gives a relationship between the local advection velocity
and u0, the mean advection velocity far from the

funnel: uaðxÞ ¼ W
wðxÞ u0. If S(x) is known, only two parameters

remain to be introduced in eqn (2): u0 and D. Provided the values
computed previously from the distribution of the longitudinal
displacements (see Fig. 4(c)): u0 ¼ 3.5 mm s�1, D ¼ 130 mm2 s�1,
and the experimental values for S(x) from the J(x) measurement
(see Fig. 5(b)), the equation can be integrated numerically with
the boundary conditions at x¼ �N, n(�N)¼ 4.5� 108 bact. per
mL and dn/dx(�N) ¼ 0. The result is displayed in Fig. 3 (red
curve). We observe a good agreement with the experimental
determination of the density along the ow which means that we
have identied the necessary parameters to describe the trans-
port and dispersion of bacteria in this micro-channel.
5 Conclusion

Wehave shown experimentally that a suspension of E. coli passing
through a micro-uidic channel with a funnel-like constriction
displays anomalous dispersion properties, which allows a control
of a bacterial concentration prole just by manipulating the ow
intensity or its direction.

A crucial element here is the presence of bacterial motion at
the walls, which features may differ signicantly in magnitude
and even in direction from the mean bacterial motion in the
bulk. As a consequence, the typical sojourn times can be
extremely long with respect to the bulk transport time for the
channel dimensions. This has direct consequences on the
spatial distribution of bacteria under ow and could impact
more generally our vision of bacterial transport in porous and in
conned media. Due to large hydrodynamic stresses, the pres-
ence of a constriction is forcing locally the desorption of the
bacteria moving at the wall and then modies the balance of
adsorption–desorption processes in the downstream direction
over large distances. The phenomenon we have reported here is
essentially due to the active character of the suspension and
cannot be assimilated to the straining effects described when
ltering colloidal suspensions. We have shown that taking into
account this non-local process as a conservative bulk source
term, we can reproduce without free tting parameters the
mean concentration distribution of the bacteria along the
channel.

Selected additional experiments have shown that a densi-
cation is observed also for different shapes of the constriction.
In the future, it seems important to quantify this densication,
the sojourn time and the motion of the bacteria at the walls
under ow, as a function of the geometry of the micro-uidic
channel in detail. Our results also open the possibility to control
hydrodynamically the concentration and delivery of motile
bacteria depending on their activity, but this will be the subject
of a future report.
This journal is ª The Royal Society of Chemistry 2012
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