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Suitable asymmetric microstructures can be used to control the direction of motion in microorganism pop-
ulations. This rectification process makes it possible to accumulate swimmers in a region of space or to
sort different swimmers. Here we study numerically how the separation process depends on the specific
motility strategies of the microorganisms involved. Crucial properties such as the separation efficiency and
the separation time for two bacterial strains are precisely defined and evaluated. In particular, the sorting
of two bacterial populations inoculated in a box consisting of a series of chambers separated by columns of
asymmetric obstacles is investigated. We show how the sorting efficiency is enhanced by these obstacles
and conclude that this kind of sorting can be efficiently used even when the involved populations differ only
in one aspect of their swimming strategy.
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1. Introduction
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elf-propelled objects moving in confining environments at
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SE-mail: vmarconi@famaf.unc.edu.ar low Reynolds numbers exhibit interesting physical prop-
YE-mail: condat@famaf.unc.edu.ar (Corresponding author) erties, some of which are not yet well understood and

deserve to be studied in view of their technological ap-
plications. These objects range from artificial microswim-
mers that can be actuated using applied magnetic fields [1]
to motile cancer [2, 3] and stem [4] cells, to motile bac-
teria [5, 6] and spermatozoa [7, 8] The study of their
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properties in confined regions has been made possible by
recent advances in microfabrication [9, 10] and observa-
tion [11, 12] techniques.

Aside from the intrinsic problems posed by the motion of
confined, self-propelled, run-and-tumble microorganisms,
there is strong interest in the biomedical and engineering
communities in efficiently controlling microorganism mo-
tion. A physical, nondestructive method of achieving this
control is suggested by the geometrically-induced guid-
ance caused by the walls of asymmetric openings, the fun-
nels. This ratchet effect was first used by Galajda and
coworkers to generate an inhomogeneous bacterial distri-
bution [5]. The otherwise random motion of bacteria was
controlled, i.e rectified, by the funnels in the box. Since
bacteria swim parallel to the funnel walls, it is easier for
them to cross the barrier from the wide to the narrow fun-
nel opening than in the opposite direction. The funnels
then define a preferred direction for the swimmer motion,
leading to an increase in the cell concentration on one side
of the box and a consequent decrease on the other. This
effect was also recently observed in the puller eukaryote
swimmer Chlamydomonas reinhardtii [13]. Interestingly,
the rectification process can be reversed if chemotactic or
collective motions prevail, as shown in Refs. [14, 15]. Vari-
ous aspects of the microorganism dynamics have been the
subject of recent studies [16-23].

This rectification effect can be particularly useful when
there are mixtures of microorganisms exhibiting different
motility strategies. In relation to this it is worth men-
tioning that various microfluidic techniques for sorting
motile microscopic objects have been developed in the last
few years. This is the case for the separation of motile
from non-motile sperm cells [24], the sorting of E. coli by
length [25], the use of self-driven artificial microswimmers
for the separation of binary mixtures of colloids [26] and
the study of the dynamics of several kinds of particles com-
bining asymmetric obstacles and a time-dependent volt-
age [27]. One of their objectives is to eliminate the cellular
stress and damage associated with alternative techniques
such as centrifugation. Geometrical sorting also avoids
the use of applied fields or chemical gradients, whose
maintenance at scales of the millimeter or longer is diffi-
cult [28]. Would it be also possible to use the rectification
effect to efficiently sort cells by their swimming strate-
gies? This is the question we would like to answer in this
paper.

Given their ubiquity, motile bacteria are of particular in-
terest. They swim by rotating thin helical filaments called
flagella; each flagellum is driven by a rotary motor pow-
ered by the flow of ions (H* or Na™) across the cytoplas-
mic membrane. In order to take advantage of chemotactic
gradients, many of these bacteria have evolved a run-and-

tumble swimming strategy [29]. In the case of the paradig-
matic Escherichia coli, during the run mode the flagella
rotate counterclockwise and the microorganism moves in a
forward, relatively straight direction, whereas during the
tumble mode, one or more flagella rotate clockwise and
the bacterium is reoriented in a new direction [30]. As
shown forty years ago by Berg and Brown for E. coli [31]:
(A) runs are not strictly straight due to rotational dif-
fusion, (B) run lengths are exponentially distributed, and
(C) bacterial heading changes at tumbles by less than 90°,
preserving some memory of the previous run, a fact that
is often neglected in theoretical treatments. It is worth
noting that some marine bacteria show anti- persistency,
in what is called a run-and-reverse strategy [32, 33].
The case of bacterial directed motion under asymmetri-
cal geometrical confinement, first observed and explained
in Ref. [5], was modeled phenomenologically in Ref. [34].
The authors considered point-like swimming bacteria fol-
lowing run-and-tumble dynamics with a constant motor
force magnitude and thermal fluctuations. Although this
model neglects the details of the swimmer dynamics, it
reproduces the most important experimental findings and
has been an inspiration for further theoretical work. In
Ref. [35] the relation between the ratchet effect and sym-
metry breaking by the funnel array geometry was clarified.
It was shown there that the break of time-reversal sym-
metry needed for rectification is provided by the forced
rotation of bacteria when colliding with a wall, and not
by the motor force of bacteria. This is so because the
break of time-reversal symmetry provided by the bacterial
motor is lost at a coarse-grained level of diffusion where
detailed balance is restored. Later, the influence of the
specific dynamical properties, from (A) to (C), described by
Berg and Brown, on the accumulation of cells in presence
of asymmetric obstacles was studied in detail in Ref. [36].
This numerical analysis used experimental values of the
motility parameters. It was found that different swimming
strategies may yield very different microorganism accumu-
lation efficiencies, being measured as the device capacity
to concentrate cells (number of concentrated cells/number
of inoculated cells of the same type). We summarize the
main results of that work:

i. In unbounded environments there are two processes
that degrade the orientational correlation: tumbling
and rotational diffusion. The first is much more impor-
tant for systems with short runs, while rotational dif-
fusion gives the dominant contribution to memory loss
in systems characterized by long runs. These effects
can be quantified by the velocity correlation function.

ii. A study of the mean square displacement in un-
bounded environments reveals that the translational
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diffusion coefficient Dy decreases strongly as the
change-of-heading angle at a tumble increases. Un-
less typical runs are very long, Dr is approximately
given by its value in the absence of rotational diffu-
sion. These results indicate that, to make accurate
predictions about swimmer sorting, it is necessary to
consider the specific motility properties of the microor-
ganisms involved.

iii. When the dynamics of free swimmers is incorporated
into a spatially constrained environment (asymmetric
geometry) long run lengths and small tumble emer-
gence angles lead to an increased cell density near
the walls and, consequently, to fast net displacement
in the easy ratchet direction. In general, long per-
manence near the walls and suitable wall-of-funnels
architecture, i.e., funnel walls at least as long as the
run length and funnel openings of the order of the cell
size, favor rectification or cell concentration.

iv. Increasing the average run duration, 7, increases the
time of permanence close to the walls, leading to en-
hanced rectification. If 7 is negligible, the swimmers
cannot take advantage of swimming along the funnel
walls and directed motion does not ensue.

v. Increasing the average speed during the run and de-
creasing the average change-of-heading angle at a
tumble, i.e. increasing persistence, enhance wall ac-
cumulation and rectification.

vi. Good agreement was obtained with available exper-
imental data, specifically regarding the time of rec-
tification and the efficiency of a microfabricated wall
of funnel-shaped openings such as the one used in
Ref. [5].

In this work, we use the improved phenomenological model
introduced by Berdakin et. al. in Ref. [36] to investigate
the efficiency of asymmetric microarrays used as sorting
devices, and their dependence on the swimming strate-
gies of the microorganisms involved. Our objective is to
help to design good sorters, using a model that incorpo-
rates real motility parameters.
the computational model and define the quantities to be
calculated, such as the extraction time and the sorting ef-

In Section 2 we review

ficiency. In Section 3 we present our numerical results,
which are briefly discussed in the concluding section.

2. Methods

The model. We study numerically a dilute system of 2N\
microscopic self-propelled particles, the swimmers, moving

Table 1.

Motility parameters of two different E. coli strains: s, cor-
responds to AW405 and s, to CheC497 in Ref. [31].

v[um/s] a,[um/s] ¢[°] og°] t[s] Dglrad®/s]
s (wild type) 142 34 68 36 086 0.18
sy (mutant) 20.0 49 33 15 6.30 0.06

Swimmer

under low Reynolds number conditions and confined to a
micro-patterned two-dimensional box of size L,xL,. The
box contains M identical, equidistant columns of obsta-
cles, each consisting of N; openings (asymmetric funnels),
of gap size [; and wall length [; (see Fig. 1(a)). We choose
N¢ = 3 and M from 5 to 20. The M—1 inner chambers and
the last chamber have all the same length [ = 150 pm.
The length of the inoculation (leftmost) chamber is kept
constant, [; = 450 pm, in order to have a fixed fractional
occupied area to define a high dilution initial condition
at t = 0. The relevant geometrical parameters are illus-
trated in Fig. 1: (a) for the array configuration and (b) for
the single-funnel shape.

Each swimmer, whose location is given by a vector 7, is
represented by a soft disk of radius r;, moving in two di-
mensions with speed v; and heading in the direction of the
unit vector V(d;) = cos(d),-)f-l-sin(d),-)f. In a confined space,
the swimmer dynamics are determined by the overdamped
equation of motion,

vi=F+ B+ Fr (1)

where y is the medium damping constant and the acting
forces are explained in detail below. The runs described
by Eq. (1) are interrupted by tumbles and affected by rota-
tional diffusion, all of which results in a change of swimmer
heading given by,

AD; = Ay + v/2DrAt(1 — x), (2)

where v is a Gaussian-distributed random number, yx is
a state variable equal to 0 during a run and 1 during a
tumble, Dy is the rotational diffusion coefficient and At the
numerical integration time step. Aside from the frictional
damping, the forces operating on the microswimmer are:

a. Self propulsion. When starting to move under low
Reynolds number conditions, swimmers in an un-
bounded fluid get almost instantly to a constant final
speed. In our model this constant speed is given by
F™]y, where F™ is the modulus of the propelling force.
The initial condition for the swimmer population speed
is chosen from a normal distribution with mean v and
standard deviation g,. Based on this distribution, each
cell is assigned a given speed at t = 0, which remains

the same during the whole simulation.
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Figure 1. Color online. (a) Sketch of the geometry of a 21—chamber microarray with M = 20 identical asymmetric funnel columns and N; = 3

(number of funnels). All chambers, except for the first inoculation chamber, [;, have the same length [p = 150um. (b) Single funnel
geometry showing its relevant parameters: [r, [; and 6. (c) Time evolution in minutes of the normalized bacterial populations (N;/No)
in the inoculation (leftmost) and last (rightmost) chambers where N is the number of cells of each kind inoculated at t = 0 s. The
bacterial populations are wild-type E. coli and a mutant used in [31]: sy (red/grey) and s, (blue/black) respectively. Only s, is present in
the last chamber in the window of time considered, 26 min. The time to pick up s, completely pure in ch21is t* = 24.1 min and the s,
extraction efficiency is e; = 85 %. (d) Time evolution as in (c), but in the intermediate chambers. Chambers 17 to 19 are not shown but

are all similar, without s4.

The heading of the swimmer is altered only by tumbling
or rotational diffusion. Tumbles are assumed to be in-
stantaneous (real tumbles last 0.1 seconds - about 10
% of the run time for wild type E. coli, and a smaller
percentage for longer run bacteria - see Table 1). Tum-
bles result in a rotation, A¢, from the previous direc-
tion of motion, which we consider Gaussian-distributed
and centered at ¢ with a width oy, (see Table 1 and
Ref. [36]). Successive tumbles are spaced by almost
straight runs exponentially distributed with mean dura-
tion 7. During a run, asymmetries in the self propulsion
system and environmental fluctuations result in devia-
tions from a perfectly straight path. These deviations
are measured by the rotational diffusion coefficient, Dg,
and included in our model via the changes in the swim-
mer heading [38] expressed by Eg. (2).

. Interaction with the walls. This interaction is modeled

by a steric repulsive force £ normal to the walls,

ﬁfw = )(Sw('l - r[k/a)e(1 - rik/a)ﬁkr (3)

where f** is the maximum strength of the force, © is the
step function, Ay is a unit vector normal to the k" wall,
ri is the distance between the i particle and the cen-
ter of the k" wall, @ = r,+w/2, and w is the wall width.
Since the swimming direction is unchanged during the
collision and the normal component of the propulsion
force is counteracted by the repulsion of the wall, the
swimmer keeps lightly bouncing against the wall. The
component of Fm that is parallel to the wall propels the
bacterium along the wall with a reduced speed that is
proportional to the sine of the angle formed by the in-
cidence direction and fy. This phenomenological rep-
resentation of the interaction has the interesting prop-
erty of reducing the speed of the cells when they swim
parallel to a wall without the need of adding an extra
parameter to the model. The speed reduction of a bac-
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terium swimming parallel to a wall has been studied
experimentally in Ref. [37]. Either a tumble or rota-
tional diffusion may allow the swimmer to move away
from the wall.

This interaction is responsible for the observed accu-
mulation at the walls [38] and for the directed motion
and sorting of bacteria [5]. As remarked with measure-
ments of wall accumulation for bacteria with different
swimming strategies in Ref. [39], the wild-type E. coli
was significantly less attracted to the surfaces than a
mutant strain that does not display tumbling.

c. A purely steric swimmer-swimmer repulsion of maximum
intensity f°,

.
S
F;

POA=17 [ 12r)00= | T | 2r) 7 (4)

with 7; = r; — 7. The hydrodynamic interaction be-
tween microswimmers is not important at very low
swimmer concentrations [38], and we disregard it here.
Our approximations are buttressed by recent measure-
ments of cell-cell and cell-wall interactions using E.
coli, which show that thermal and intrinsic stochasticity
wash out the effects of long- range fluid dynamics [40].
These experimental results imply that physical interac-
tions between bacteria are mainly determined by steric
collisions and lubrication forces.

A comparison with the model of reference [34] is in order.
In that reference the runs were assumed to have a con-
stant duration and all the swimmers moved with the same
speed and started in a completely random direction af-
ter each tumble (the emergence angles are uniformly dis-
tributed in [0, 27t]). Our model differs from that of Ref. [34]
in all these aspects. A further difference is that we take
into account rotational diffusion, which was neglected in
Ref. [34], where instead the center-of-mass motion is af-
fected by thermal random forces. These changes were
already introduced in Ref. [36] to obtain a more faithful
description of the observational facts.

Taking into account all the interactions described above
we arrive at our set of dynamical equations to be solved
numerically [36] for the 2Np run-and-tumble microswim-
mers. We assume that the mixed swimmers population is
initially randomly distributed in the inoculation chamber.
Using a fourth order Runge-Kutta algorithm we integrate
the dynamical equations of motion and we obtain the tra-
jectories for each confined swimmer. The averages over
realizations are later performed. For simplicity we will
always compare only two swimmer strategies, a situation
that is easiest to implement in the laboratory using two
different fluorescent markers. Of course more than two

swimmers could also be sorted as shown in Ref. [36]. Ta-
ble 1 specifies the motility parameters of the swimmers
simulated in this work, the wild type E. coli, s1, and a
faster, less frequently tumbling mutant, s,. The radius of
the soft disks is taken to be r, = 0.5 pym for all swimmers.
The optimal single-funnel geometric parameters for an ef-
ficient rectification of wild-type E. coli, s1, were found in
Ref. [36] to be [; = 2 pm, [; = 30 pm, and O = 68°, so
we keep these parameters fixed for all simulations. The
box width used here is L, = 80 ym and the wall width is
taken to be w = 2 um for both the box walls and the funnel
walls. The width of the inoculation chamber, [; = 450 pm,
has been chosen to keep an initially low swimmer density.
The number of swimmers, Nj, of each strain is adapted to
maintain an initial occupied area fraction of 0.05 at the in-
oculation chamber for all array geometries. If y = 67nry,
the frictional drag coefficient, r, = 0.5 ym and n = 1072
poise (the viscosity of water at 20°C), then y ~ 9.425 x
10-° g/s. Under these conditions, the strength of the mo-
tor force of a bacterium swimming at 20 pym/s is 0.17 pN.
The magnitudes of the forces acting upon the swimmers
are f* = 200 and f** = 300 in units of y, equivalent,
respectively, to ten and fifteen times the force exerted by
the motor on the fluid at 20 pm/s. With this choice in our
phenomenological model bacteria penetrate no more than
10 % of r, inside walls or other bacteria.

Calculated quantities. With the aim of quantifying the
efficiency of the sorters we propose two parameters as
convenient indicators of the separation process: (a) the
separation time, t*, defined as the time elapsed between
the arrival of the first swimmer in the fast, s,, class, and
that of the first swimmer in the slow, s;, class, to the
last chamber (chamber from where a pure cell population
could be extracted or concentrated), and (b) the separation
efficiency, e, which we define as the fraction of the fastest
type that has arrived at the last chamber by the time t*.
It is convenient to define the percent extraction efficiency

as follows,
NEe(t%)
A )

with Ng(t*) being the number of swimmers of the fast

€y = 100

species that is present in the last chamber at t*, when
its purity is still 100%.

3. Results

We first consider a sample with M = 20 funnel columns
and two homogeneous bacterial distributions initially in-
oculated in the first chamber. These bacteria are wild-
type E. coli and a mutant studied by Berg and Brown [31];
their characteristic dynamical parameters are specified in
Table 1. We compute the variations of the total bacterial

1857



Quantifying the sorting efficiency of self-propelled run-and-tumble swimmers by geometrical ratchets

1658

populations of each mutant in the first and the last cham-
bers, which are shown in Fig. 1(c). After 30 independent
realizations, the average separation time for this system is
t* = 16 min and the average separation efficiency for the
mutant s, is &, = 67+19%. Three factors contribute to the
high extraction efficiency for this mutant: its higher aver-
age speed, its higher persistence, i.e. low ¢, and, mainly,
the longer duration of the runs, which increases both Dt
and the contact time with the rectifying walls. The ad-
vance of both populations through the various chambers
is shown in Fig. 1(d), where we see that the purification
process improves with successive chambers. From cham-
ber 12 onwards, we also observe that the time evolution of
the s, pulse (blue) is almost position-independent until it
reaches the last column. Instantaneous snapshots of the
bacterial populations considered in Fig. 1 are shown, as
functions of time, in Fig. 2(a), where they are seen to start
from a uniform distribution in the inoculation chamber and
advance at different rates in the easy ratchet direction. A
comparison between corresponding panels in Figs. 2(b)
and 2(c) shows clearly how these rates are enhanced by
the ratchet geometry of the column array, giving an esti-
mated 5 pm/s drift velocity for the s, population, five times
larger than that found for s;. As a result of these differ-
ent velocities inside the box, both populations are soon
largely separated and can be readily sorted out.

It is interesting to compare what happens in the specially
designed box, an array of funnel columns, with the result
obtained in a single channel with the same area and clean
of obstacles, when the bacterial populations are subject
to the same initial conditions. In the clean box, as the
histograms in Fig. 2(b) show, the "fast” type also moves
forward first, in part taking advantage of its longer runs
along the side walls, but the separation is much less ef-
ficient than for the funnel-containing box, for which at
t = 20 min there is no s; swimmer from chamber 16 to
21. Purification is complete there. For the particular re-
alization represented in Fig. 2(b) the extraction time and
extraction efficiency are, respectively, t* = 24.1 min and
e, = 85%. At very long times, a uniform distribution is ex-
pected for the single-chamber configuration, while an ex-
ponentially increasing population of each bacterial type is
expected in the specially designed box. This exponential
increase is responsible for the high concentrations near
the end of the array of columns, which permit the extrac-
tion of a high fraction of the first bacterial type arriving
there. This situation is clearly shown in Fig. 2(c), where it
is also possible to observe s, concentration spikes where
the obstacle columns are located. The stronger tendency
of s, to concentrate near the walls, as compared to sq, was
recently studied in detail [36].

Now we study the sorter efficiency of two swimmers (one
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Figure 2. Color online. (a) Snapshots illustrating the separation of
the two bacterial types considered in Fig. 1. After being
uniformly inoculated in the first chamber, both populations
are rapidly segregated. (b) Comparative profiles for the
spatial evolution of the s; (red/grey) and s, (blue/black)
bacterial populations for a clean box (upper histograms)
and for the 21-chamber box of the same overall size (lower
histograms) at the indicated times. The 21-chamber box
is a far more efficient extraction device than the single-
chamber box.

real and the second real or artificial) as a function of
the specific dynamical parameters characterizing the mi-
croswimmers. In Fig. 3 we show the extraction times and
sorting efficiencies for two swimmers, one of which is wild-
type E. coli, sy, and the other s,, for which a single motil-
ity parameter is changed. From Figs. 3(a) and 3(b), for
which only the mutant speed was changed, we see that,
when v, < vy = 14.2 pm/s (shadowed region), the wild-
type bacteria arrive first and can be purified during a time
t*. This purification window is, for instance, of 20.3 min if
vy = 8 um/s. The window gets narrower when v, is close
to v1, but grows monotonically when v, > v;. Similarly,
the sorting efficiency has a minimum when v, = v; but
increases with the difference between bacterial speeds.
We can purify 18% of 30 ym/s mutants and we have 7.5
minutes to do it. This behavior was to be expected, since
a faster bacterium diffuses farther, and more importantly,
can take advantage of longer runs parallel to the walls.
The saturation value of t* is given by the average time
it would take the “slow” bacterial strain to travel from
the inoculation chamber to the end of the box (this would
be the separation time for a hypothetical infinitely fast
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Figure 3. Coloronline. (a) Extraction or pick up time and (b) sorting
efficiency for the fastest swimmer to reach the last cham-
ber when we simultaneously simulate wild-type E. coli, s1,
and a mutant, s,, for which only the average run speed
is changed. (c) and (d): the same quantities when only
the average tumbling angle ¢, of the mutant is changed.
Inset: sorting efficiency when only the mean run duration,
74, of the second swimmer is changed. Note the different
vertical scales between (b) and (d). Here we use a smaller
array with M = 10.

strain). The inset in panel (b) shows that varying the mean
run duration has an effect qualitatively similar to chang-
ing the mean speed (7; = 0.86 s). Although changing
the mean tumbling angle, see panel (c), yields extraction
times of the same order as changing the mean speed, the
corresponding sorting efficiencies, panel (d), are markedly
lower. In this case, we compared a hypothetical swimmer
s, whose average tumbling angle ¢, is modified, with the
wild type, for which ¢; = 68°. Easiest to separate are
the persistent-walk bacteria, for which ¢, = 0° and the
run-and-reverse bacteria, for which ¢, = 180°. It is worth
noting that large t* does not necessarily mean large e.
For example, if &X = 180°, t* = 16 min, but e is only 5%,
a relatively low value when compared with e, = 20% that
results for ¢, = 0°, for which t* is only 7 min.

4. Discussion

We have investigated arrays of asymmetric-funnel columns
built for the purpose of concentrating or sorting out one
type of self-propelled swimmer in a run-and-tumble mi-
croorganism mixture. As characteristic parameters to mea-
sure the suitability of a given architecture, we introduced
the extraction time and the sorting efficiency. The first
is important because it gives us the length of the tem-
poral window available to the experimentalist to pick up
the chosen strain, but does not tell us anything about the
number of swimmers ready to be extracted. This is given
by the separation or sorting efficiency.

The separation efficiency depends both on the motility pa-
rameters of the swimmers and on the geometrical dimen-
sions of the device, which we can modify according to the
swimmer types we are dealing with. Here we have consid-
ered the competition between swimmers having different
intrinsic dynamical properties. Currently, we are working
out in detail the effect of modifications in the geometri-
cal array parameters that define the asymmetric confining
system.

The following are some predictions from our study:

o Asymmetric funnel arrays are capable of sorting di-
luted distributions of run-and-tumble swimmers in
a controlled way, enhancing the efficiency obtained
using a box free of geometrical constraints.

o A sizable fraction of the chosen swimmers can
be 100% purified even if the original mixture is
composed of swimmers that are dynamically only
slightly different.

e In general, unless the motility properties of the
swimmers are very similar, for M of the order of
10 the extraction time should be long enough to
allow the experimentalist to purify the sample.

In our simulations we did not include fluid flow, so that
the net bacterial motion from left to right is solely due to
funnel asymmetry. Under flow our results would be very
different. Flow in a narrow channel is known to change the
accumulation of cells on the walls and even to cause up-
stream swimming. Moreover, the response to flow depends
upon the tumbling rate of the cells [12, 41]. We could hy-
pothesize that flow may lower the sorting efficiency when
pointing in the easy ratchet direction (left-right) and en-
hance the efficiency otherwise, but this is something that
deserves careful study.

In this paper our goal was to efficiently sort swimmers
at low concentrations, as is generally the case in exper-
iments, in view of how technological applications in this
field are generally made. But what would happen at high
concentrations? One way to look at these problems is to
adapt the well-known Vicsek's model [42-45]. Hydrody-
namic equations have also been obtained in the high den-
sity limit using a Boltzmann approach [45] and through
the coarse-graining of the microscopic dynamics [46]. Re-
cently, Drocco and coworkers [15] added steric repulsion
to the Vicsek flocking algorithm and studied the motion of
self-propelled particles in a confining microenvironment
such as the one considered in this paper. These authors
found rectification effects induced by the high particle con-
centration in the absence of preferential motion along the
walls. The nature of this rectification process is there-
fore quite different from the one we have considered here
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and opens the way to the analysis of a possibly rich phe-
nomenology and other types of applications.

Another extension of the studies in this paper that would
be specially profitable in the case of the smallest self-
propelling microorganisms could be made by explicitly
considering the influence of passive and active fluctua-
tions on the system behavior. The impact of the differ-
ent fluctuation types on the collective dynamics of active
Brownian particles with velocity alignment has already
been studied [47, 48]. Our understanding of microswim-
mer dynamics would be enhanced by the analysis of the
behavior of these active particle systems in asymmetric
confining microarchitectures.

To summarize, the purpose of this paper was twofold:
First, to introduce new definitions, those of extraction effi-
ciency and of separation time, which are advantageous to
quantify how effective is a given microarchitecture to sort
different types of run-and-tumble self-propelling microor-
ganisms. Second, to specifically investigate how these
microorganisms can be sorted by their motility strategies.
We have shown how testable predictions can be made
using realistic bacterial parameter values. These predic-
tions can be very useful to design efficient microfluidic
devices. We further point out that, although run-and-
tumble strategies are common in the bacterial world, this
type of motion is not restricted to bacteria. The locomo-
tion of the unicellular alga chlamydomonas exhibits, in the
dark, nearly straight swimming runs interrupted by abrupt
changes in direction. The run distributions are exponen-
tially distributed, with 7 = 11.2 s [49]. Consequently, the
dynamics of this eukaryote are likely to be describable by
the model discussed in this paper as well. Our numeri-
cal calculations can be easily generalized to include the
possibility of bacterial birth/death during the experiment,
work we have in progress.

Acknowledgments

This work was supported by CONICET (PIP 112-200801-
00772 and PIP 112-201101-00213) and SeCyT-UNC
(Projects No. 05/B354 and No. 30720110101526)
(Argentina), FNRS (Belgium)-CONICET, FWO-MINCyT
FW/09/04 and KU Leuven-UNC bilateral projects.

References

[1] E. E. Keaveny, S. W. Walker, M. J. Shelley, Nano
Lett. 13, 531 (2013)
[2] G. Mahmud et al.,, Nature Phys. 5, 606 (2009)

[3] K. Konstantopoulus, P. Wu, D. Wirtz, Biophys. J.
104, 279 (2013)

[4] R. Peng, X. Yao, J.
(2011)

[5] P. Galajda, J. Keymer, P. Chaikin, R. Austin, J.
Bacteriol. 189, 8704 (2007)

[6] S.Y. Kim et al,, J. Micromech. Microeng. 20, 0950061
(2010)

[7] J. Elgeti, U. B. Kaupp, G. Gompper, Biophys. J. 99,
1018 (2010)

[8] P. Denissenko, V. Kantsler, D. J. Smith, J. Kirkman-
Brown, Proc. Natl. Acad. Sci. USA 109, 8007 (2012)

[9] T. M. Squires, S. R. Quake, Rev. Mod. Phys. 77, 977
(2005)

[10] K. Leung et al.,, Proc. Natl. Acad. Sci. USA 109, 20
(2012)

[11] L. G. Wilson et al, Phys. Rev. Lett. 106, 018101
(2011)

[12] E. Altshuler et al.,, Soft Matter. 9, 1864 (2013)

[13] V. Kantsler, J. Dunkel, M. Polin, R. E. Goldstein, Proc.
Natl. Acad. Sci. USA 110, 4 (2013)

[14] G. Lambert, D. Liao, R. H. Austin, Phys. Rev. Lett.
104, 168102 (2010)

[15] J. A. Drocco, C. J. O. Reichhardt, C. Reichhardt,
Phys. Rev. E 85, 056102 (2012)

[16] C. A. Condat, ). Jackle, S. A. Menchén. Phys. Rev.
E 72, 021909, (2005)

[17] F. Peruani, L. G. Morelli, Phys. Rev. Lett. 99, 010602
(2007)

[18] V. Garcia, M. Birbaumer, F Schweitzer, Eur. Phys. J.
B 82, 235 (2011)

[19] M. E. Dt Salvo, C. A. Condat, Phys. Rev. E 86,
061907 (2012)

[20] G. Grégoire, H. Chaté, Phys. Rev. Lett. 92, 025702
(2004)

[21] E. Bertin, M. Droz, G. Grégoire, J. Phys. A 42, 445001
(2009)

[22] C. A. Weber et al.,, Phys. Rev. Lett. 110, 208001 (2013)

[23] P. Romanczuk, L. Schimansky-Geier, Phys. Rev. Lett.
106, 230601 (2011)

[24] B. S. Cho, T. G. Schuster, X. M. Zhu, D. Chang,
G. D. Smith, S. Takayama, Anal. Chem. 75, 4671
(2003)

[25] S. E. Hulme et al,, Lab on a Chip 8, 1888 (2008)

[26] W. Yang, V. R. Misko, K. Nelissen, M. Kong,
F. M. Peeters, Soft Matter 8, 5175 (2012)

[27] L. Bogunovic, R. Eichhorn, J. Regtmeier, D. Ansel-
metti, P. Reimann, Soft Matter 8, 3900 (2012)

[28] J. Voldman, Nature Phys. 5, 536 (2009)

[29] H. C. Berg, Random Walks in Biology (Princeton
University Press, Princeton, New Jersey, 1993)

[30] H. C. Berg, E. coli in motion (Springer, New York,

Ding, Biomaterials 32, 8048



Ivan Berdakin et al.

2004)

[31] H. C. Berg, D. A. Brown, Nature 239, 500 (1972)

[32] G. M. Barbara, J. G. Mitchell, FEMS Microbiol. Ecol.
44,79 (2003)

[33] L. Xie, T. Altindal, S. Chattopadhyay, X. L. Wu, Proc.
Natl. Acad. Sci. USA 108, 22462251 (2011)

[34] M. Wan, C. J. O. Reichhardt, Z. Nussinov, C. Re-
ichhardt, Phys. Rev. Lett. 101, 018102 (2008)

[35] J. Tailleur, M. E. Cates, Eur. Phys. Lett. 86, 60002
(2009)

[36] I. Berdakin et al., Phys. Rev. E 87, 052702 (2013)

[37] P. D. Frymier, R. M. Ford, H. C. Berg, P. T. Cum-
mingssi, Proc. Natl. Acad. Sci. USA 92,6195-9 (1995)

[38] G. Li, J. X. Tang, Phys. Rev. Lett. 103, 078101 (2009)

[39] G. Miiio et al,, Phys. Rev. Lett. 106, 0481021 (2011)

[40] K. Drescher, J. Dunkel, L. H. Cisneros, S. Gan-
guly, R. E. Goldstein, Proc. Natl. Acad. Sci. USA
108,10940 (2011)

[41] A. Costanzo, R. Di Leonardo, G. Ruocco, L. Angelani,

J. Phys.: Condens. Matter 24, 065101 (2012)

[42] T. Vicsek, A. Czirok, E. Ben-Jacob, I
O. Shochet, Phys. Rev. Lett. 75, 1226 (1995)

[43] G. Grégoire, H. Chaté, Y. Tu, Physica D 181, 157
(2003).

[44] H. Chaté, F. Ginelli ,G. Grégoire, F. Raynaud, Phys.
Rev. E 77, 046113 (2008)

[45] E. Bertin, M. Droz, G. Gréqgoire, Phys. Rev. E 74,
022101 (2006)

[46] T. Ihle, Phys. Rev. E 83, 030901(R) (2011).

[47] R. Grossmann, L. Schimansky-Geier, P. Romanczuk,
New J. Phys. 14, 073033 (2012)

[48] P. Romanczuk, M. Baer, W. Ebeling, B. Lindner,
L. Schimansky-Geier, Eur. Phys. J. Special Topics
202, 1 (2012)

[49] M. Polin, I. Tuval, K. Drescher, J. P. Gollub,
R. E. Goldstein, Science 325, 487 (2009)

Cohen,

16861



	Introduction
	Methods
	Results
	Discussion
	Acknowledgments
	References

