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We study the effect of bacterial motion on micron-scale beads in a freely suspended soap film. Given
the sizes of bacteria and beads, the geometry of the experiment is quasi-two-dimensional. Large posi-
tiona fluctuations are observed for beads as large as 10 uwm in diameter, and the measured mean-square
displacements indicate superdiffusion in short times and normal diffusion in long times. Though the
phenomenon is similar to Brownian motions of small particles, its physical origin is different and can

be attributed to the collective dynamics of bacteria.

PACS numbers; 87.17.Jj, 45.70.Qj, 87.18.Hf

Theincessant motion of particlesinafluidisdueto mul-
tiple collisions of the particles with the surrounding fluid
molecules. In this classical picture of Brownian motion
both the particles and fluid molecules are passive, driven
by thermal fluctuations. In this paper we study a new situ-
ation with two types of particlesin afluid, but one of them
is active and the other passive. Explicitly, we study the
motion of micron-scale beads in a bath of bacteria. The
problem is biologically relevant in that motility of micro-
organisms not only reflects their survival strategies, re-
sulting from millions of years of evolution, but also helps
maintain the ecol ogical balance by active transport of nutri-
ents in agueous environments. A concentrated population
of swimming bacteria is aso a nonlinear dynamical sys-
tem, exhibiting spatiotemporal patterns that are of interest
to physical scientists [1].

A particular feature of our experiment is that the geome-
try is quasi-two-dimensional; the beads and bacteria coex-
ist in a freely suspended horizontal soap film. The use
of such afilm significantly reduces hydrodynamic dissipa-
tion to its surroundings, as the shear viscosity of air isonly
1/100 of the film. One observes that large beads fluctu-
ate wildly with the mean-square displacement (MSD) dis-
playing two regimes in time. For short times (r < ¢¢), the
MSD is superdiffusive, whereas for long times (r > t¢),
normal diffusion is recovered. Though the effect appears
to be similar to the underdamped to overdamped transition
in Brownian systems, the crossover in our experiment is
not due to the particles inertia. Rather it is a result of
transient formations of coherent structures, swirls and jets,
in the bacterial bath. The ¢¢ is thus the lifetime of these
coherent structures and is found to increase linearly with
the bacterial density n. If an effective temperature Tegt
would be assigned to the motion of the beads, it follows
from the Stokes-Einstein relation that 7. is 2—3 orders of
magnitude larger than room temperature [2].

The bacteria used were a wildtype Escherichia coli
(RP437), which have been studied extensively for their
chemotactic behavior [3-5]. The cell body is typicaly
1 wm in diameter and 2—-3 um in length. The bacteria
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swim by rotating severa flagella at a frequency of about
100 Hz. To facilitate video imaging and tracking, the bac-
teriawere transformed to carry a plasmid which expressed
green fluorescence proteins (GFP) [6]. The bacteria were
grown using a standard protocol, washed, and resuspended
in a motility medium [5]. The stock solution contained
n =54 x 10'° cells/cm™3, corresponding to 10% in
volume. Other concentrations were obtained by dilution
with the motility solution along with a trace amount of
polystyrene (PS) spheres.

In order to draw a stable film, surfactant IGEPAL
(Sigma) was added to each sample. Thisisanonionic sur-
factant with a critical micellar concentration (cmc) ¢. =
0.83 mM. Test runswith 0.01 < ¢ < 100 cmc indicated
that IGEPAL had no discernible effect on bacterial swim-
ming either in the bulk or in the film. In the measurements
therefore ¢ = ¢. was kept constant for al samples.
A soap film (0.4 X 0.4 cm?) seeded with PS particles
was supported on four thin glass fibers and maintained
in a humidity chamber. Figure 1 is a schematic of the
chamber along with a fluorescence image of the film
containing 10 wm PS beads and the bacteria. The finite
exposure time (0.03 s) caused the tracks of the bacteriato
be somewhat smeared but not those of the beads. The film
thickness was approximately the diameter of the beads, as
confirmed by focusing the microscope at different depths
in the film.

Phase contrast microscopy was used to follow the mo-
tion of the PS beads. The images were digitized and ana-
lyzed using a PC. To better characterize the motion of
the beads, the velocity distribution of the bacteria was also
measured. The GFPs incorporated in E. coli cells made
their visualization simple by fluorescence microscopy. A
series of images, 1/30 sapart, allowed swimming velocity
of individual bacteria to be measured and the velocity dis-
tribution P(v) calculated. Experimentally P(v) Wasfoupd
to obey the Maxwell’ sdistribution, P(v) = 23! exp(— %),
with vy = 20 um/s. ’ ’

Visual observation showed that for small densities bac-
teria tended to swim more smoothly in the film than in the
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FIG. 1. The experimental setup and the fluorescence image of E
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FIG. 2. (A) Motion of two 10 um beads followed for 20 s.

bulk fluid; i.e., they did not tumble as frequently. Thiswas
partly due to the restricted space of the film and partly to
the nutritional condition of the medium. In high densities,
however, collisions between bacteria and hydrodynamic
dispersion randomized their swimming directions, yielding
avelocity distribution that was identical to that of an ideal
gas. A striking observation was that the positions of the
beads, as large as 10 um in diameter, fluctuated strongly
as delineated in Figs. 2(A) and 2(B). Thisisin sharp con-
trast with Brownian motion of these particles that showed
no discernible motion in the absence of bacteria. Particle
tracks, such asthosein Fig. 2, allowed the MSD to be cal-
culated: (Ar2(1)) = x> A[Fi(r + 1) — F(7)]P),. Here
both the time and the particle averages were used, with N
and i being the number and the index of individual beads.
In typical measurements ten to a hundred particle tracks
were followed up to 5 min.

Figure 2(C) shows a set of measurements with two
different beads of diameters 2R = 4.5 and 10 um, but
with the same bacterial concentration n ~ 10'° cm™3. As
can be seen, the data were extensive, spanning severa
decades in time. The two measurements gave nearly iden-
tical trends, despite different particles used. For short
times (0.03 < ¢ < 1 9), diffusion appeared to be anoma-
lous with (A72(1))y « t*, where 1.5 < a < 2.0. For long
times (10 < 7 < 300 s), however, the data were consis-
tent with normal diffusion, with & = 1.0. The above mea-
surements suggested that there was certain persistence in
the particle motion induced by bacterial bombardments in
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(B) The same beads followed for 3 min. (C) The MSD
measurements of PS beads with diameters 4.5 (squares) and
10 um (circles) are shown. The bead concentrations were
~1073 um~2. The solid lines with slopes & = 2.0, 1.5, and
1.0 are guides to the eyes. The two dashed lines correspond to
the thermal diffusion of 4.5 and 10 wm particles, respectively.

short times. This was consistent with the visual obser-
vation [see Fig. 2(A)] which showed that particle tracks
consisted of straight segments of different lengths, indica-
tive of ballisticlike motion. For sufficient long times [see
Fig. 2(B)], particle tracks were randomized, giving rise to
Brownian-like behavior.

Heuristically, one can define an effective long-time dif-
fusion coefficient Doy = 1 8(Ar?(7))/ 61, where thefinite
time difference &1 is taken to be the longest time of the
measurements, 200 < ¢ < 300 s. In this case one finds
Desr = 1.0 X 107 cm?/sand 4.3 X 10”7 cm?/s for the
45 and 10 wm beads, respectively. This observation al-
lows us to draw a few interesting conclusions: (i) It sug-
gests that D.ss « 1/R, which has the same R dependence
as the Stokes-Einstein relation, Dy = kzT /67 q R, where
n ~ 0.01 poise is the viscosity of the fluid. Such are-
sult is expected for a system at thermal equilibrium, but
not for a nonequilibrium system such as ours. (ii) Since
in a previous experiment it was shown that the thermal
diffusion coefficient for the beads in the film is of the
same order of magnitude as that in the corresponding bulk
fluid [7], it follows from the Stokes-Einstein relation that
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Dr ~ 1072 cm?/s for both particles. This implies that
the effective temperature of the bacterial bath is about
100 times greater than room temperature.

We next turned our attention to the effects of bacte-
rial concentration n on the motion of 10 wm beads. It
was observed that as n increases the particle motion be-
came more energetic. Inspection of background motion
of bacteria with alarge n revealed intermittent large-scale
flowsin the form of swirls and occasionaly jets. The typi-
cal scale of the swirls was roughly 10-20 uwm. Figure 3
shows a set of measurements with n = 0.67, 1.34, and
5.35 X 10' cm™3. On thislog-log plot the MSD data are
again rather similar for different n, consisting of two differ-
ent regimesasin Fig. 2(C). The most noticeable feature of
the plot is a remarkable increase of the characteristic time
tc (see vertical arrows), which marks the crossover from
the short- to the long-time regimes as n increases. Cor-
respondingly, there is a length scale €c(= (Ar?(t¢)))
which also increases with n. For the highest concentra-
tion, 7c = 2 sand {¢ = 10 um. The latter is comparable
to the swirl size observed visually.

A simple calculation shows that even for 10 um beads
the short-time persistent motion cannot be due to the par-
ticles inertia This is because their motion is strongly
damped in the viscous fluid with a typical damping time
to = m/y = 1077 s, too short to be seen in the measure-
ment. Here m is the particle mass and v = 67 R is the
frictiona coefficient. Our observations therefore suggest
that forces on the beads are not random but correlated
over certain spatial and temporal scales. Such correlations
must be related to the spontaneous formation of swirlsin
the bacterial bath. To model dynamic fluctuations of the
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FIG. 3. The MSD of 10 um beads at different bacterial con-
centrations n. The triangles, squares, and circles are, respec-
tively, n = 0.67, 1.34, and 5.35 X 10'° cm™3. The crossover
time t¢, indicated by the arrows, increases with n. The mea
surements could be fit to Eq. (5) as delineated by the solid lines.
The inset is the scaling plot as discussed in the text.

beads, we wrote a simple Langevin-type equation with the
“collisiona force” that is exponentialy correlated in time:

m‘% — —yi + J(0). (1)
(f() =0, @)

N R 2
(FO) - F)y = ‘”f—cy exp(—1/1¢). 3

where D is an effective diffusion coefficient of a test par-
ticle immersed in the bacterial bath, and z¢ is the lifetime
of theswirls. From Egs. (1)—(3), the particle velocity auto-
correlation function could be derived in the limit 1 > 1,

(@) - 9(0)) = (w(0*)exp(—1/1c), (4)

where (v(0)?) = 2D /t¢. The diffusion of the test particle
evolving according to the Langevin dynamics can be cal-
culated if the velocity autocorrelation function is known
[8]. Thisyields for our system

(A7*(t)y = 4Df[1 — exp(—t/tc)]. (5)

It is evident from Eq. (5) that particle motion exhibits
two different asymptotic regimes. For ¢ < ¢, the motion
is balisticlike with (A72(r)) o« gtz, wheress for t > t¢
it is diffusive with (A72(¢)) « Dt. Using z¢ and D as ad-
justable parameters, the data in Fig. 3 could be fit rea
sonably well using the above simple model except at very
small times. The quality of the fit could also be shown by
plotting (7(1)?)/4Dt¢ vst/tc for different n. Inthiscasea
universal curve f(x) = x(1 — ™) should result and was
indeed observed as delineated in the inset in Fig. 3. Since
no clear 1> regime was observed, our measurement thus
did not rule out the possihility that « in short times could
be somewhat less than 2. The above fitting procedure a-
lowed us to extract D and 7~ as a function of n. To a
good approximation, both D and ¢ were found to depend
linearly on n as shown respectively by the circles and the
squares in Fig. 4. One could aso calculate the rms dis-
tance of the particlesin time z¢, €c = +/(A7%(z¢)), which
is a crude measure of the size of the coherent structures
in the flow. In this case, £ was also found to increase
linearly with n as delineated by the triangles in Fig. 4.
Since by definition vums(= (v(0)%)!/2) = \/2D/t¢, one
expects that v, of the particle is independent of n. This
was found to be approximately the case, and numerically
Ums = 5.0 = 1.5 um/s. Constancy of v, also implied
{c = vmstc, Which we checked by plotting €¢ vs ¢¢ as
shownintheinsetin Fig. 4. A linear regression to the data
gave the slope v;ms = 6.2 um/s, which is consistent with
the calculation using vims = +/2D/1c.

This experiment raises some interesting questions con-
cerning the physics of an array of self-propelling objects
and their interactions with passive particles. One of thein-
triguing questions is how the energy is distributed among
different members of the system. Since the v,y of the
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FIG. 4. The effects of bacterial concentration on ¢ (sgquares),
{c (triangles), and D (circles). Theinset is €¢ vs tc.

beads in the experiment was independent of n, v, must
be asimple function of the velocity of bacteria vy and some
geometrical factors of the bacteria and the beads. In gen-
eral one may write v2. /v¢ = (a/R)?, where a is some
effective radius of the bacteria. This property is expected
for Brownian particlesin thermal equilibrium, since in this
case equipartition of energy ensures that the particles and
the solvent molecules share the same amount of energy
kgT. Thus the mean-square velocity ratio must be in-
versely proportional to the mass ratio, giving 8 = 3. For
our experiment, since Degr ~ v2, tc ~ 1/R and t¢ is ex-
pected to be a property of the background fluid and the
bacteria (not that of the beads), it suggests 8 = 1. This
observation therefore indicates that the simple mechanism
of equipartition of energy does not apply to our system and
that hydrodynamic interactions must play asignificant role.

Another intriguing issue is the spontaneous organiza
tion of bacteria to form swirls and jets that are many
times their body size. Certain bacteria are known to swim
up or down gradients formed by chemicals (chemotaxis),
light (phototaxis), or temperature (thermotaxis). The av-
erage unidirectional motion of the bacteria when coupled
to the gravitational field can cause instabilities akin to
Rayleigh-Bénard convectionin alayer of fluid heated from
below. Such phenomena, termed bioconvection, have been
studied extensively [1]. In our system, however, there
was no identifiable gradient. The small film thickness
h =10 um, Wh}iCh gave an effective Rayleigh number
Ra = nw(%)f—& ~ 1, also seemed to rule out the pos-
sibility of a gravity-driven instability. Here, w and Dy
are, respectively, the volume and the diffusivity of a bac-
terium, A p isthe mass density difference between the bac-
terium and the fluid, g isthe gravitational constant, and »
is the kinematic viscosity of the fluid. In the above es-
timate Ap/p = 0.3, and Dy = vir = 4 X 107° cm?/s,
with 7 = 1 sbeing the average run time of the bacteria[4].
It is possible, however, that coherent structures formed by
swimming bacteria can result from their volume exclusion
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and hydrodynamic correlation. Such effects have been ex-
ploited recently using computer simulations [9] and a spin
model [10].

In our view, beads in a bacterial bath represent a new
dynamic system with much of its statistical and hydrody-
namic properties yet to be explored. It bears a number of
features in common with colloidal suspensions and granu-
lar flows where collective behaviors are the hallmark of
their dynamics [11,12]. In terms of hydrodynamics, the
bacterial bath may also shed new light on an outstand-
ing question concerning the nature of long-wavelength ve-
locity fluctuations when a fluid is stirred at small scales
by a random force field [13]. Based on general physical
grounds Saffman predicted that the energy spectrum E (k)
should scale as k¢!, where d is the spatial dimension of
the system [14]. This result is believed to be robust [13]
and works even for Re << 1. However, there have been
very few experiments that were able to create forcing at
small enough scales to test this result. It remains an in-
triguing possibility that one can use genetic or nutritional
means to alter the swimming patterns of the bacteria and
thus yield different forcing characteristics.
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