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Randomly moving but self-propelled agents, such as Escherichia coli bacteria, are expected to fill a volume
homogeneously. However, we show that when a population of bacteria is exposed to a microfabricated wall of
funnel-shaped openings, the random motion of bacteria through the openings is rectified by tracking (trap-
ping) of the swimming bacteria along the funnel wall. This leads to a buildup of the concentration of swimming
cells on the narrow opening side of the funnel wall but no concentration of nonswimming cells. Similarly, we
show that a series of such funnel walls functions as a multistage pump and can increase the concentration of
motile bacteria exponentially with the number of walls. The funnel wall can be arranged along arbitrary shapes
and cause the bacteria to form well-defined patterns. The funnel effect may also have implications on the
transport and distribution of motile microorganisms in irregular confined environments, such as porous
media, wet soil, or biological tissue, or act as a selection pressure in evolution experiments.

Motility enhances the chances of survival in a changing en-
vironment, and thus it is an important part of the competition
strategies of many different organisms. For this reason, re-
search on bacterial motility has been very active over the past
3 decades (see reference 3 for a review). Both the basic phys-
ical aspects (stochasticity and hydrodynamics) and the coupling
to biological and biochemical processes (e.g., chemotaxis) have
been studied extensively. On the other hand, very little has
been done to put the gathered knowledge to use and to gain
control over the motion of microorganisms. In this paper, we
demonstrate that properly shaped microstructures can inter-
fere with swimming bacteria and guide, concentrate, and ar-
range populations into arbitrary patterns.

Escherichia coli bacteria swim by means of rotating helical
filaments, i.e., the flagella. When rotating counterclockwise,
the flagella assemble into a bundle and the cell runs straight
forward. Periodically, the flagella switch to a clockwise rota-
tion, which induces the disassembly of the bundle and reorients
the cell. The alternation of runs and tumbles results in a ran-
dom walk, with a given step size being equal to the run length.
As a consequence, in the absence of chemical gradients, E. coli
cells are expected to distribute homogeneously in a volume.
However, when they are geometrically constrained, the inter-
action of bacteria with boundaries has some interesting prop-
erties. Near flat surfaces, bacteria become hydrodynamically
trapped and keep swimming along the surface, although (as a
consequence of the rotation of the cell body) they do so in
circles instead of straight runs (4, 6, 11, 15). This preferential
turning offers an interesting way to manipulate the bacteria (5),
but we believe that it does not play an important role in our
experiments. Instead, we simply rely on the behavior of bacte-
ria swimming along walls. The mechanism of cell concentration
we demonstrate in this paper is shown schematically in Fig. 1A.
Consider a wall and a swimmer running into the wall. When a
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swimmer driven by a propulsive force hits the wall, it will be
trapped to follow the wall by the combination of the transverse
force, which forces it against the wall, and the parallel compo-
nent, which slides it along the wall. Traces 1 and 2 show that
the odds are roughly 1:1 that the bacteria will be led through
the funnel hole or away from it. On the narrow opening side,
however, the wall diverts the swimmers away from the opening
in either case (traces 3 and 4). Thus, the chance of getting
through the funnel wall depends on the side of the wall ap-
proached. This is expected to lead to a density difference be-
tween the two sides with time. While patterned surfaces of
molecular motors can rectify the motion of microtubules (7,
14) and geometry-induced asymmetric diffusion has been ob-
served in a mixture of suitably sized particles (12), that tech-
nique requires a specialized active surface (13). The funnel
mechanism depicted here is due only to mechanical and hy-
drodynamic interactions of actively moving (gliding or swim-
ming) objects with passive (geometrical) restrictions. Thus, we
expect it to have more general implications.

MATERIALS AND METHODS

We used microlithography and reactive ion etching to create microfluidic
enclosures of 400 wm by 400 wm on a silicon wafer, which were divided into two
200-pm by 200-pm sections by an array of 13 funnel-like structures. The sides of
the funnels were 27 um long and formed a 60° angle. Gaps (3.8 um wide) were
situated at the apexes of the funnels. The enclosures were etched to a depth of
20 pm, creating 200-wm by 200-wm by 20-pwm-deep volumes in which the bacteria
could swim. The chips were sealed (by oxygen plasma treatment) to microscope
slides with a thin (20 pm) film of cured polydimethylsiloxane (GE Silicones) on
them. The gas-permeable polydimethylsiloxane allowed enough oxygen supply to
enter the volume such that high densities of bacteria could be main-
tained (8).

We used E. coli strains RP 437/pGFPu.2, RP 437 cheAW/pGFPu.2, and DH5o/
pRFP in the experiments {F~ thr-1(Am) leuB6 his-4 metF159(Am) eda-50
1psL136 [thi-1 ara-14 lacYI mtl-1 xyl-5 tonA31 tsx-78]}. Bacteria were grown in LB
broth (with 50 pg/ml ampicillin) at 24°C to an optical density at 600 nm of 0.6.
We then filled the chips with the culture. We used a Nikon Eclipse 90i micro-
scope equipped with a mercury lamp (Nikon Inc.) and a Retiga 1300 charge-
coupled device camera (QImaging Corp.) to observe the fluorescing bacteria in
the chip. The images were captured at a low magnification (X4) and a 50-um
depth of field so that all bacteria in the 20-wm-deep device were in focus.
Analysis of the bacterial populations was done using Matlab (Mathworks Inc.).
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FIG. 1. Microstructures with funnel walls. (A) Schematic drawing of the interaction of bacteria with the funnel opening. Bacteria on the left
side may (trace 1) or may not (trace 2) get through the gap, depending on the angle of attack. On the right, all bacteria colliding with the wall are
diverted away from the gap (traces 3 and 4). (B) Scanning electron micrograph of the device. (C) Distribution of incoming and outgoing angles

for bacteria colliding with a wall. Data were taken for 70 events.

RESULTS AND DISCUSSION

Our swimmers were green fluorescent protein (GFP)-ex-
pressing motile (E. coli) bacteria (strain RP 437/pGFPp2).
They were initially uniformly spread in both compartments
filled with LB medium. Individual bacteria were tracked as
they approached and left the internal walls of the chamber, far
removed from the funnels. Figure 1C shows that for the 70
tracks examined, the impinging distribution (angles 6,,,,) was
dramatically different from the distribution of the angles of
incidence (0;,). The latter was effectively a uniform random
distribution over the 0°-to-80° range (measured with respect to
the surface normal; we discarded all tracks with 6;, values of
>80° for reasons of ambiguity). The outgoing angles were
strongly confined to 6, values of >80°. This indicates that the
bacteria practically follow walls and lose information about
their initial angle of attack. They keep this direction during an
entire straight run, even if the wall ends. Thus, near the walls,
the motion of bacteria is not a random walk but instead cor-
relates with the constraining geometry. We indeed observed a
concentration of swimming bacteria, as shown in Fig. 2, sup-
porting the mechanism depicted in Fig. 1A. After a uniform
initial distribution (Fig. 2A), the E. coli cells became increas-
ingly concentrated with time on the restricted exit side of the
funnel array (Fig. 2B). In about an hour, there were three
times more cells on the right side than on the left. As a control,
we filled the chip with an aqueous solution of 100-nm-diameter
fluorescent polystyrene beads, which remained uniformly dis-
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tributed during a 24-h period, and thus this population imbal-
ance occurs only if the objects actively swim, as opposed to
spreading due to diffusion (data not shown). Since bacteria
communicate with each other (1) and (moreover) move to-
wards one another (9, 10), it is possible that such quorum-
chemotaxis processes could strongly influence the results
shown in Fig. 2. We did control experiments to show that in
this case the concentration was due to swimming motility and
was not a result of bacterial chemotaxis (data not shown). A
motile strain with the chemosensing network knocked out (RP
437 cheAW/pGFPu2) showed the same concentration increase
with time, thus showing that the process is not due to chemo-
taxis. A flat wall with evenly spaced openings but no funnels
showed no development of asymmetry in cell density, demon-
strating the necessity for broken symmetry of the funnel wall
(Fig. 3).

We used the average fluorescence intensity in the two com-
partments as a measure of the cell density. Figure 2C shows
how the density ratio [A(¢) = pxr/p, ] changes with time (with p,
and p, being the densities on the right and left, respectively).

A simple model (see Appendix) with two differential equa-
tions (equations Al) describing the changes in the density of
cells due to growth and transfer between the compartments
can be used to characterize the kinetics of the system. The two
parameters are the fractions of the populations on the two
sides that cross the funnel wall in unit time (c, ; for crossing
left to right and ¢y, for crossing right to left). The solution of
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FIG. 2. Distribution of bacteria in a structure with a funnel wall. (A) Uniform distribution after injection. (B) Steady-state distribution after
80 min. (C) Ratios of densities in the left and right compartments versus time. The blue circles are experimental data, and the dashed red line is

a fit of equation A2 from the Appendix.
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FIG. 3. Distribution of bacteria in a structure with a flat wall.
(A) Steady-state distribution after 80 min. (B) A(r) versus time.

the differential equations (equation A2) fits well with the ex-
perimental data, as shown in Fig. 2C. In equilibrium, equal
numbers of bacteria cross in either direction, and thus we get
the equation A = A(t = %) = pg/p,. = ¢; g/cr,. From the fit in
Fig. 2C, we get an A value of 3 for our experiment. Since the
compartments in our chip are identical (same geometry and
dimensions), the same fraction of the bacteria is exposed to the
wall in a given time. Thus, the equilibrium density ratio is
determined by the probabilities of these bacteria getting
through the opening in either direction. The probabilities are
determined by the geometry of the funnel.

As a first approximation, the only way to cross from right to
left is to aim right for the opening from any direction. This
gives a chance of 13 X 3.8 pm/400 pwm = 0.13, which is the total
width of gaps divided by the length of the wall. To get from left
to right, a swimmer might just move straight through or hit the
wall under a suitable angle so that it is diverted towards the
opening. Considering the 60° angle between the wall segments,
it turns out that only bacteria approaching in a 120° range get
reflected towards the gap, so the probability on this side is
180°/120° = 0.66. As a result, we get an A value of 0.66/0.13 =
5, which is higher than what we observed. One reason for the
lower measured ratio might be that the fabrication process
makes the edges of the obstacles rounded. This can give rise to
a funnel effect on the restricted side, increasing the effective
gap size to a value 50% greater than the original size.

There are several interesting applications of this idea of
swimmer self-concentration. For example, one can stack the
funnel walls serially. Each funnel wall gives rise to a fractional
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increase in concentration (4), and » funnel walls will yield a
total concentration increase of A". The series thus acts to
exponentially funnel motile agents to one side, and this staged
funneling can be used to evacuate with a high yield virtually all
motile bacteria in a volume if A" is large enough. To show this
multistage pumping effect, we used a chip with eight 400-pum-
high, 200-pm-wide, and 20-pm-deep compartments and seven
funnel walls in between. We introduced motile GFP-expressing
bacteria (green) and nonmotile red fluorescent protein (RFP)-
expressing bacteria (DHSa/pRFP) evenly into all compart-
ments and monitored the cell density versus time with two
color channels. After about 80 min, the motile bacteria showed
an exponential increase in density throughout the chip from
left to right, while the nonmotile bacteria showed no change in
differential density (Fig. 4). During a time of 80 min, we would
expect a nonmotile bacterium to diffuse a mean distance,
<x?>'2, of ~2Dt"? (16), where D is the diffusion coefficient of
an E. coli cell, i.e., kz;T/6mR, where kT is the thermal energy,
m is the viscosity of water, and R is the average value of the
radius of E. coli, roughly 0.5 um. We found <x*>'? to be
~200 pm in 80 min, a distance similar to the combined 400-p.m
length of both chambers, so the nonmotile bacteria should
sample all of the volume and would concentrate if there were
an effect over that we discussed here. Thus, the effect is prob-
ably due to motility, and the device can be used to greatly
concentrate and separate motile bacteria from an initially uni-
form mixture of motile and nonmotile cells.

When such a structure with serial arrays is placed in a chan-
nel connecting two reservoirs, the wall series acts as an effec-
tive pump that empties out the bacteria from one tank and
concentrates them into the other, relying purely on cell motility
(Fig. 5 A). In another application, we created closed corrals
formed of funnel walls. As bacteria congregated on one side of
the funnels, they assembled into patterns defined by the cor-
rals. An example is shown in Fig. 5B, where cells are forming
letters. One could change the geometry of the funnels to tune
the densities of bacteria in the patterns, and the use of multiple
walls for the same purpose is also possible.

Our experimental results show that manipulation of popu-
lations of motile microorganisms is possible by using asymmet-
ric obstacles, in our case funnels. It is known that motility has
a great impact on the transport of bacteria through wet soil or
fractured bedrock (2). In such irregular porous media, asym-
metric boundaries can exist and can cause the organisms to

FIG. 4. Serial wall chip with eight compartments inoculated with motile (green) bacteria and nonmotile (red) bacteria. (A) After 80 min, motile
bacteria were concentrated on the far right and nonmotile ones remained homogeneously dispersed. (B) Densities of motile (green circles) and
nonmotile (red circles) bacteria in the compartments (i). The dashed gray line represents an exponential fit to the densities of the motile cells.
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FIG. 5. Practical applications of structures with a funnel wall. (A) A series of funnel arrays can function as an effective pump to remove motile
organisms from one reservoir and concentrate them in another one. (B) Spontaneous aggregation of motile bacteria inside a corral formed in the

shape of letters.

concentrate in or escape from certain cavities due to the funnel
effect. This can have important implications for the microecol-
ogy of such environments.

The funnel mechanism of concentration relies solely on mo-
tility and the interaction with boundaries. This suggests a wide
variety of possible uses of similar designs. By rectifying their
motion in certain directions, microorganisms can be separated,
concentrated from suspensions, and guided into specific cham-
bers. Microstructures can be engineered so that bacteria are
arranged into well-defined patterns in them. No flow or moving
parts are necessary in any of these devices, since any change in
cell distribution is spontaneous.

Once the patterns are formed, one can study, for example,
how they change in response to various external effects (e.g.,
changes in nutrient distribution, local delivery of antibiotics,
temperature changes, etc.). Such engineered patterns can be
useful for studying different aspects of cell-to-cell communica-
tion. Perhaps the most intriguing idea is to use such structures
in evolution experiments (8) to imply a selective pressure on
the organisms and test if they can develop a strategy to coun-
teract the funnel walls.
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APPENDIX

The following equations describe the changes in the density of bac-
teria in the two compartments:
pr = CLr*pr T (r = cro) * pr

pr=(r—cLp)*pL + CrL* PR (A1)

p, and pg are the densities of bacteria on the left and right sides,
respectively. ¢, ; is the fraction of the population on the left going to
the right in unit time, and cg, gives the fraction that crosses in the
opposite direction. The growth rate is denoted by . After solving these
equations with uniform distribution as the initial condition, we can
write the following formula for the ratio A(¢) = pg/p.:

12.

13.

14.

15.

CLr — Crr T . .
A([) = |:CLR — f.e’(LLR‘*CRL =) 1]/

Crr — ¥

|:CRL + 4CLR _ 5 . e*(cuw CRL —r)-f:| (AZ)
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