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Ostwald-like ripening in the two-dimensional clustering of passive particles
induced by swimming bacteria
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Clustering passive particles by active agents is a promising route for fabrication of colloidal structures. Here,
we report the dynamic clustering of micrometric beads in a suspension of motile bacteria. We characterize the
coarsening dynamics for various bead sizes, surface fractions, and bacterial concentrations. We show that the
time scale τ for the onset of clustering is governed by the time of first encounter of diffusing beads. At large
time (t � τ ), we observe a robust cluster growth as t1/3, similar to the Ostwald ripening mechanism. From
bead tracking measurements, we extract the short-range bacteria-induced attractive force at the origin of this
clustering.
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I. INTRODUCTION

Phase separation and formation of dense domains of self
propelled particles are fascinating phenomena in active matter
[1–12]. The structural and dynamical properties of the clusters
depend on the particle density, their motility characterized by
the persistence time of their trajectories, and the existence
of attractive mutual interactions. When passive particles are
placed in a bath of active particles, numerical simulations
show the emergence of clusters of passive particles [7,13–
17]. Beyond the interest in this fundamental problem, such
clustering may be highly promising for practical applications,
such as the realization of assemblies like crystals, gels, and
micelles from colloidal passive elements [7,15,18–20].

Swimming bacteria are known to transfer part of their
activity to passive particles. This has been observed for micron
size objects such as beads [21–24], ellipsoids [25], or more
complex shapes such as gears [26,27] that exhibit rotation
when placed in a bacterial bath. Such an active bath can also
mediate short-range effective attractions similar to depletion
forces between suspended particles, causing the particles to
stick together and form pairs [28] and small clusters [29].
However, these experiments show limited growth and absence
of phase separation, questioning the possibility to form large-
scale clusters in a bacterial system.

In this paper, we report continuously growing clusters
forming from up to 105 beads suspended in a bacterial bath
with apparently no limitation in size. We show that, after a
transient governed by the bacteria-induced bead diffusivity,
the cluster growth follows a power law ∼t1/3, compatible with
the Lifshitz-Slyozov-Wagner theory [30–32] describing the
Ostwald coarsening mechanism for the growth of grains in
a supersaturated solution.

*harold.auradou@universite-paris-saclay.fr

II. EXPERIMENTAL SETUP

Our system, sketched in Fig. 1, consists in fluorescent
polystyrene beads (PS-FluoGreen) of diameters DB ranging
between 2 and 40 µm added to a suspension of Burkholderia
contaminans, a motile bacterium ubiquitous in the environ-
ment (see Appendix A for details). The bacterial cell size
is approximately 3 µm long, 1 µm diameter, and the average
swimming velocity is Vs � 20 µm s−1, with a typical run du-
ration τrun � 0.8 s and run length Vsτrun � 16 µm [33]. A drop
of the bead-bacteria mixture is injected in a chamber placed
on the stage of an inverted microscope.

The chambers were made by bonding a 25 µL Frame-
Sealed Chamber (Bio-Rad), height 310 µm and side length
9 mm, on a glass slide covered by a silicon sheet (Gel-Film).
This substrate limits the beads adhesion (see Appendix F
for details). The chamber is closed by a PDMS (poly-
dimethylsiloxane) cover to ensure a good oxygenation of the
suspension, and placed on the stage of an inverted microscope
(Leica DMI4000B) equipped with a (2048 × 2048) pixels2

camera (Hamamatsu Orca Flash 4).
Because the beads are denser than the culture medium,

they rapidly settle on the bottom surface of the chamber
within minutes. The bead concentration is therefore ex-
pressed in terms of surface fraction, �B, ranging from 3.7 ×
10−4 to 0.7. Two bacterial concentrations are used, corre-
sponding to optical densities OD = 1 and 5, with 1 OD ∼
1.8 × 106 bact µL−1. These high concentrations ensure an in-
tense swimming activity (and hence a large bead diffusivity),
but they remain below the onset of collective motion [34].

The large-scale dynamics of the clustering is investigated
from image sequences with a large field of view (5.3 ×
5.3) mm2 and a resolution of 2.6 µm per pixel, and images
are acquired every 30 s over 1 h. We checked that the bacterial
concentration and the ensuing bead activity remain constant
during that time (see Appendixes C and E for details). To track
individual beads, images are acquired at a higher frame rate,
between 1 and 20 fps, with a smaller field of view, between
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FIG. 1. Experimental setup. A drop of a suspension containing
polystyrene beads and B. contaminans bacteria is placed in a 25 µL
frame-sealed chamber (height 310 µm, length 9 mm) on a glass slide
covered by a silicon sheet to minimize adhesion. The chamber is
closed by a PDMS (polydimethylsiloxane) cover to ensure a good
oxygenation of the suspension, and placed on the stage of an inverted
microscope.

(0.21 × 0.21) mm2 and (5.3 × 5.3) mm2, chosen according to
the bead diameter.

III. DYNAMIC CLUSTERING

The sequence of images in Fig. 2, obtained for a bead diam-
eter DB = 5 µm and a surface fraction �B = 0.12, illustrates
the dynamics of the cluster formation (only the fluorescent
beads are visible). Starting from uniformly distributed beads
at short time (a), denser domains rapidly form at small scale
(b), and then gradually evolve toward larger clusters sepa-
rated by depleted regions (c). A one-hour time-lapse of this
experiment (see Movie 1 in the Supplemental Material [35])
illustrates the clustering dynamics, showing dense concen-
trations of beads highly fluctuating in size and continuously
exchanging beads. Additional movies with higher magni-
fication and acquisition rates (see Movies 2 and 3 in the
Supplemental Material [35]) emphasize this continuous ex-
change of beads between clusters, with freely diffusing beads
in the depleted areas between the clusters.

We observe that the clustering dynamics remains essen-
tially two-dimensional during most of the clustering process,

except in the densest regions at large time, where beads
occasionally overlap in two or more layers. Experiments
performed without bacteria or with nonmotile (bleach-
inactivated) bacteria do not show any clustering, confirming
that the clustering dynamics is driven by the swimming of
bacteria. Additional experiments performed with wild type E.
coli show a similar clustering dynamics but on a slower time
scale (see Appendix D for details). This results in smaller
clusters at the end of the experiments, which led us to favor
experiments with B. contaminans.

The clustering dynamics, similar to that observed with
self-propelled particles [4–10,12,17,36], is reminiscent of the
Ostwald ripening mechanism [30–32]. In the Ostwald ripen-
ing model, individual constituents are subject to a short-range
attraction, and an excess of concentration around the clusters,
proportional to their curvature, generates a diffusive flux from
small to large clusters. In other words, the constituents “evap-
orate” from small clusters and “condense” on larger clusters,
leading to a growth as t1/3 at large time [6,8,30,31,37]. To
check to what extent this picture holds in the present study, we
quantify in the following the time evolution of the cluster size,
and determine the bacteria-induced attractive force between
beads from bead tracking measurements.

To characterize the cluster size, we have developed a robust
image-based method, applicable even when the beads are too
small to be resolved individually (see Appendix B for details).
We define an image heterogeneity index as

σn(t, LF ) = σ (I (x, t ) ∗ GLF (x))

σ (I (x, t ))
, (1)

i.e., as the standard deviation of the intensity levels I (x, t ) of
the image at time t convoluted with a Gaussian filter GLF (x) of
width LF , normalized such that σn(0, t ) = 1. With this defini-
tion, one has σn(LF , t ) → 0 when the filter width LF exceeds
the largest scale present in the image. We finally define the
cluster size Lc(t ) as the filter width such that σn(Lc(t )) = 1/2.

Figure 3(a) shows the temporal evolution of the cluster
size Lc for beads of diameter 5 µm at various surface frac-
tions �B. For the lowest �B, Lc remains close to the bead
diameter, and shows only a slight increase after about ten
minutes, corresponding to small clusters made of 2–4 beads
only. As the surface fraction is increased, the transition to the
growth regime starts earlier, and the cluster size increases by

FIG. 2. Image sequence showing the clustering of beads of diameter DB = 5 µm and surface fraction �B = 0.12 induced by the activity of
the bacterial bath at bacterial concentration OD = 5 (about 105 beads present on the images). Image (d) is a zoom of image (c), showing freely
diffusing beads in the depleted regions between clusters.
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FIG. 3. (a) Cluster size Lc as a function of time at large bacterial
concentration (OD = 5) for beads of diameter DB = 5 µm and vari-
ous surface fractions �B. Inset: Normalized cluster size Lc/RB as a
function of t/τ for DB = 5 µm. (b) Lc/RB as a function of t/τ for
various bead diameters DB and bacterial concentrations (filled sym-
bols: OD = 1; empty symbols: OD = 5). The vertical bars reflect
the dispersion for each bead diameter. The black dashed line shows
a best fit using Eq. (6) with α = 0.4 ± 0.2 and β = 1.1 ± 0.1. The
colored dashed lines emphasize the larger apparent cluster size for
small bead diameters due to the diffraction limit.

a factor of almost 10 after one hour, indicating clusters made
of typically 100 beads, with no visible saturation.

To examine the robustness of this growth at large time,
we performed an additional experiment lasting 16 h in the
particular case of DB = 5 µm, OD = 5, and �B = 0.6 [black
symbols in Fig. 3(a)]. Although the bacterial density is not
constant over this long duration, this test experiment confirms
the continuous increase of Lc, up to a factor of 30 at the end
of the experiment, corresponding to clusters made of ∼103

beads. The final image after 16 hours (Fig. 4) shows large
clusters, characterized by a cluster size Lc = 150 µm. These
clusters are themselves organized in structures of an even

FIG. 4. Giant bead clustering after 16 hours, obtained for beads
of diameter DB = 5 µm and initial bacterial concentration of OD = 5
and surface fraction �B = 0.6. The clusters themselves are organized
in structures of an even larger size, up to 2–3 mm.

larger size, up to 2–3 mm, making them visible to the naked
eye.

The earlier onset of clustering at larger surface fraction
observed in Fig. 3(a) suggests that the clustering time is
governed by the time of first encounter of freely diffusing
beads. Accordingly, this crossover time must be governed
by the bead concentration and the bacteria-induced bead
diffusion coefficient μB. To estimate μB, we track isolated
beads in experiments performed with a lower surface frac-
tion, as illustrated in Fig. 5. We compute the mean square
displacement

〈|δr|2〉 = 〈|ri(t ) − ri(0)|2〉, (2)

where ri(t ) is the position of the bead i and the brackets
〈·〉 is the average over time and beads (see Appendix E for
details). In the diffusive regime (large times), we observe a
linear dependence, 〈|δr|2〉 � 4μBt , from which we compute
μB. Figure 6 summarizes the values of μB for various bead
diameters and the two bacterial concentrations. We obtain
μB between 2 and 25 µm2 s−1, with a weak nonmonotonic
dependence on the bead diameter. This bacteria-induced diffu-
sivity is 102 to 103 larger than the thermal diffusivity expected
for beads of the same diameter shown in dotted line, μT =
kBT/(6πηRB), with kB the Boltzmann constant, T the temper-
ature, and η the fluid viscosity [38]. This strong diffusivity,
in agreement with previous studies [21,22,24], highlights the
strong bead-bacteria coupling for bead diameters of the order
of the swimming persistence length Vsτrun.

From this bacteria-induced bead diffusivity, we finally esti-
mate the characteristic time of first encounter, τ = 
2/μB, for
two beads separated by a distance 
. At short time, the beads
are randomly distributed on the bottom surface of the cell, so
that 
 � RB/

√
�B with RB the bead radius, yielding

τ � R2
B

�BμB
. (3)
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(a) (b) (c)

(d) (e) (f)

FIG. 5. Sequence of phase-contrast images taken from Movie 4 in the Supplemental Material [35] showing a freely diffusing bead (blue
track) and two interacting beads (yellow and red tracks). Bead diameter DB = 5 µm, bacterial concentration OD = 5.

Normalizing the time t with τ and the cluster size Lc with
RB yields a good collapse of our data at DB = 5 µm and
OD = 5 for various surface fractions [see inset of Fig. 3(a)],
confirming that the onset of clustering is governed by τ .

At short time, in the freely diffusing bead regime (t 
 τ ),
the data plateau to a constant value. This plateau takes the
expected value Lc/RB � 1 for the largest beads, but is sig-
nificantly larger for DB � 10 µm. This originates from the

FIG. 6. Effective diffusion coefficient μB of the beads as a
function of their diameter DB for bacterial concentrations OD = 1
(filled symbols) and OD = 5 (empty symbols). The dashed line
shows the Stokes-Einstein prediction μT = kBT/(6πηRB) for ther-
mal diffusion.

diffraction limit of optical microscopy [39]: for beads smaller
than the microscope resolution, the apparent cluster size is
given by the Airy diffraction diameter rather than the true bead
diameter, yielding an overestimation of the apparent cluster
size.

At large time, in the clustering regime (t � τ ), the data ap-
proximately follow a power law with an exponent consistent
with 1/3 (dotted line), in agreement with the Lifshitz-
Slyozov-Wagner prediction [30,31,40], with no apparent
saturation. These results are confirmed by the experiments
performed with various bead sizes (DB = 2 − 40 µm) and two
bacterial concentrations [see Fig. 3(b)]. In this figure, each
data set is averaged over 4 to 8 experiments, with vertical bars
reflecting the dispersion between experiments. At large time,
t/τ > 100, all data follow a power-law growth Lc ∼ t a with
a � 0.35 ± 0.05.

IV. BACTERIA-INDUCED ATTRACTIVE FORCE

We now address the key question of the effective bacteria-
induced attractive force at the origin of the large-scale
clustering of the beads. The beads being essentially freely dif-
fusing at short time suggests that this attractive force acts only
when the beads are very close. To characterize this short-range
attraction, we analyze the relative motion of bead pairs at low
surface fraction �B and high acquisition rate (see Fig. 5 and
Movie 4 in the Supplemental Material [35] for details). For
each pair of beads (i, j), we compute their velocity difference
projected along the pair separation [see Fig. 7(a)],

δVi j = (vi − v j ) · ri − r j

|ri − r j | . (4)
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FIG. 7. (a) Sketch of the velocity difference δVi j for a pair of
beads (i, j). (b) Average force F between two beads as a function of
their separation d , for beads of diameter DB = 5, 10, 25 µm at OD =
1 and 5 fit F (d ) = −F0 e−d/d0 with F0 = (0.6 ± 0.2) pN and d0 =
(7 ± 1) µm.

Two contributions are expected in δVi j : a large stochastic
contribution reflecting the bacteria-induced diffusivity, which
should average to zero, and a small deterministic negative
contribution reflecting the attraction. We extract this determin-
istic contribution by computing the relative velocity δV (d )
averaged over the pairs (i, j) separated by a given distance
d = |ri − r j | − 2RB. To deduce the bacteria-induced effective
force, we assume that this force is balanced by the viscous
drag, which writes in the form

F = −κηRb δV (5)

with η the liquid viscosity and κ a friction factor that char-
acterizes the motion of the bead over the bottom surface of
the chamber (κ = 6π for an isolated sphere far from the
walls). We determine empirically κ by measuring the velocity
of beads drifting in a chamber tilted by a small angle (see
Appendix F for details).

The resulting force, plotted in Fig. 7(b), shows a clear
attraction at short range, up to d � 15 µm, and fluctuations
around zero at larger d , as expected for pure diffusion. An
increase as d → 0 is also observed, corresponding to the steric
interaction between beads. To extract the characteristic range
of the attraction, we fit the attractive part of F with F (d ) �
−F0e−d/d0 . This fit gives a length scale d0 � 7 ± 1 µm of
the order of the bacteria size (including flagella), with weak
dependence on the bead diameter. The characteristic force is
F0 � 0.6 ± 0.2 pN, a value close to the hydrodynamic force

induced by the swimming of bacteria [41]. This force mag-
nitude and range are much larger than those expected for the
van der Waals force for polystyrene beads [42,43], confirming
that the swimming activity of bacteria is the dominant process
in the bead clustering.

We finally discuss to what extent the Ostwald ripening
mechanism describes the observed cluster growth. In the
classical Ostwald ripening, the “evaporation-condensation”
quasiequilibrium state is governed by the ratio between the
short-range attractive potential E0 and the kinetic energy kBT .
In our system, an effective potential can be estimated from
the bacteria-induced attractive force as E0 � F0d0, and an
effective kinetic temperature can be defined from the bead
diffusivity using a Stokes-Einstein law modified by the wall-
bead friction factor (5), kBTeff � κηRBμB. We obtain a ratio
σ = E0/kBTeff ranging from 0.15 for the 25 µm beads, which
slowly form compact clusters, and 1.6 for the 5 µm beads,
which rapidly form loosely packed and highly fluctuating
clusters. According to the Ostwald mechanism, the deficit
of bounding energy for beads in small clusters generates
a small excess of concentration of free beads proportional
to the cluster curvature, ��B � σRB/Lc, leading to a pref-
erential diffusion toward larger clusters. This results in a
self-similar growth given by the Lifshitz-Slyozov-Wagner re-
lation [30–32]

Lc

RB
= β

(
1 + α

t

τ

)1/3

(6)

with α and β of the order of unity. Our data is well described
by this law for large beads [see Fig. 3(b)], with β � 1.1 ± 0.1
and α � 0.4 ± 0.2. The data for smaller beads show a higher
plateau at short time due to the diffraction limit, but collapse
on the predicted power-law growth at large time. We therefore
conclude that the Ostwald ripening mechanism provides a
good description of the bacteria-induced bead clustering in
our system.

V. CONCLUSION

In this paper, we show that the swimming activity of bac-
teria produces a clustering of passive beads over a wide range
of sizes and concentrations, following an Ostwald ripening-
like dynamics with no apparent saturation. Our experiments
demonstrate that very large clusters can be formed, raising
the possibility of using bacterial motility to generate large
structures of passive colloidal particles.

Our ever-growing clusters differ from the small quasista-
tionary clusters recently reported by Gokhale et al. [29]. This
difference may originate from the much larger bead diffusivity
measured in our system, resulting in a shorter time of first
encounter and hence a faster dynamics. Several parameters
may explain this larger diffusivity, among which the use of
a highly motile bacterial strain, a weak vertical confinement,
and a strongly reduced wall-bead friction achieved by adding
a silicone substrate on the bottom of the chamber.

Our experiments allowed us to provide an estimate for the
bacteria-induced attractive force between beads. This force
may combine a steric effect originating from the depletion
of bacteria between close beads, similar to particles sus-
pended in a solution of macromolecules [17,44–48], and a
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hydrodynamic effect, originating from the viscous stress in-
duced by the swimming of bacteria. Close to a solid boundary,
this stress tends to maintain bacteria on the surface [49,50],
yielding an attractive force between beads. This picture is
confirmed by our force estimate, of magnitude matching the
hydrodynamic thrust of a swimming of bacteria and range of
the order of typical bacteria size [41].
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APPENDIX A: BACTERIAL STRAINS AND CULTURE

The main bacterial strain used in this study is Burkholderia
contaminans, an environmental strain characterized from the
sequencing of 16S and recA gene fragments [33,51]. Bac-
teria were grown overnight in YEB (Yeast Extract Beef)
medium at 28 ◦C in an orbital shaker at 200 rpm. A certain
volume of this suspension is added to YEB containing fluores-
cent polystyrene beads (PS-FluoGreen, from microParticles
GmbH). The volume is chosen to obtain a suspension contain-
ing 1.8 or 9 × 106 bacteria per microliter, corresponding to an
optical density (OD) of 1 and 5, respectively. The solution is
then homogenized with an orbital vortex mixer and placed in
the chamber.

Additional experiments were conducted with another bac-
terial species, Escherichia coli RP 437. The bacteria were
cultured in CAM-M9G (1:1000 ratio) medium in an incubator
shaker at 240 rpm and 30 ◦C. The culture was stopped at an
OD close to 0.1 and washed twice by centrifugation (2300 g
for 10 min). The bacteria were then resuspended into a mini-
mal buffer (0.1 M EDTA, 0.001 M Methionine, 1 M Sodium
Lactate, and 0.1 M Phosphate buffer dissolved in milliQ water
at pH = 7.0). This medium provides the salts needed for the
bacterial swimming, but it does not contain any nutrient for
bacterial growth. The bacteria were concentrated at an OD of
7 and then diluted to OD = 5, before adding 2 µm fluorescent
beads.

APPENDIX B: MEASUREMENT OF THE
CHARACTERISTIC CLUSTER SIZE

To compute the characteristic size of the clusters Lc, the
images are blurred with a low pass Gaussian filter of varying
width (see Fig. 8). When the filter width exceeds the charac-
teristic size of the clusters, the blurred image becomes nearly
uniform, which provides an estimate of the cluster size. This
method applies for all bead sizes and magnifications, even for
small beads under the microscope resolution.

The blurring is achieved by convoluting each image I (x, t )
(of size 2048 × 2048 pixels) with a Gaussian kernel GLF (x)
of width LF increasing from 1 to 1000 pixels. The standard
deviation σ (I (x, t ) ∗ GLF (x)) of the resulting image is then

(a) (b)

(c) (d)

FIG. 8. (a) Image (size 2048 × 2048 pixels) of fluorescent
polystyrene beads of diameter DB = 5 µm with surface fraction
�B = 0.24, in a suspension of B. contaminans. (b)–(d) Same image
convoluted with a Gaussian filter GLF (x) of width LF = 10, 50, and
100 pixels, used to determine the characteristic cluster size.

computed. We define the heterogeneity index as the ratio
between this standard deviation and the standard deviation of
the initial image,

σn(t, LF ) = σ
(
I (x, t ) ∗ GLF (x)

)
σ (I (x, t ))

. (B1)

This quantity is one for the original (nonblurred) image, and
tends to zero for LF � Lc (uniform image), where Lc is the
characteristic size of the clusters. Because of the finite size
of the image, and because of residual heterogeneity in the
illumination, σn tends to a small value σ ∗

n of the order of 0.05,
which we subtract from σn.

Figure 9(a) shows the heterogeneity index as a function of
the filter width LF at increasing times during the clustering
process. The decrease of σn is shallower at large time, indi-
cating the presence of patterns of increasing size. We define
the cluster size Lc(t ) as the filter size for which σn(Lc(t ))
reaches a chosen threshold σ 0

n . The time evolution of Lc(t )
obtained for various thresholds σ 0

n is illustrated in Fig. 9(b),
in the case OD = 5, DB = 5 µm, and �B = 0.24. All curves
show a similar behavior, with a transition from a constant
value at short time to a power-law growth ∼t1/3 at large time.
This indicates that the heterogeneity index (B1) provides a
robust description of the dynamics of the cluster growth. The
threshold σ 0

n = 0.5 is chosen because for large beads (when
diffraction effects can be neglected), it yields Lc � RB at short
time.

Other image processing methods were tested, such as the
image correlation method, and gave similar results [51]. The
present method was found to be more robust to the presence
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FIG. 9. (a) Heterogeneity index σn as a function of the filter size
LF in pixels (1 pixel = 2.6 µm). Data obtained for beads of diameter
DB = 5 µm at a surface fraction �B = 0.24 in a bacterial suspension
at OD = 5. σn(LF ) is plotted every δt = 90 s from t = 0 (blue) to
t = 60 min (red). The black dashed line shows the threshold σ 0

n =
0.5 defining the cluster size Lc(t ). (b) Evolution of the normalized
characteristic cluster size Lc/RB, as a function of the normalized time
t/τ for various values of the threshold σ 0

n .

of defects on the images, such as scratches on the glass slide
or nonuniform illumination.

APPENDIX C: CONTROL EXPERIMENTS

Two experiments were conducted to check that the clus-
tering of beads is induced by the swimming activity of the
bacteria. First, a suspension containing only beads and no
bacteria did not show any clustering. Second, we used a
suspension of beads mixed with bleach-inactivated bacteria.
Again, no clustering of the beads was observed here.

To check that the bacterial concentration was not changing
significantly during the experiments, two suspensions with
an initial optical density (OD) of 1 and 5 were placed in
conical flasks and kept at room temperature to reproduce

FIG. 10. Time evolution of the bacterial concentration of B. con-
taminans of initial optical density 1 (filled squares) and 5 (empty
circles). The suspensions were kept under conditions close to those
of the experiments. (a) OD values measured during the first hour, cor-
responding to the duration used in the clustering experiments. (b) OD
values measured over twenty-five hours. These measurements show
that the OD saturates to 10 beyond ten hours.

the conditions under which the suspensions are maintained
during the clustering experiments. Figure 10(a) shows the
OD measured on samples taken during one hour. For both
experiments, we can see that the OD remains almost constant
over the whole duration of the sampling. Beyond one hour, the
bacterial concentration increases and saturates at an OD close
to 10 [see Fig. 10(b)]. These measurements indicate that the
bacterial concentration for the 16-hour experiment performed
at initial OD = 5 [shown in Fig. 3(a)] almost doubled over the
duration of the experiment.

APPENDIX D: CLUSTERING EXPERIMENTS WITH E. coli

To check if the observed bead clustering is specific to the
bacterial species B. contaminans, we performed experiments
with another species, Escherichia coli RP 437. Figures 11(a)
and 11(b) show images recorded at the beginning of the
experiment and after 1 h. The final image shows a clear
clustering of beads, similar to that observed with B. contam-
inans. Figure 11(c) shows the evolution of the cluster size Lc
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FIG. 11. Clustering of beads in a suspension of E. coli RP437
bacteria (bead diameter DB = 2 µm, surface fraction �B = 0.30,
OD = 5), at t = 0 (a) and t = 60 min (b). (c) Time evolution of the
cluster size Lc(t ), showing a dynamics similar to the one observed
for B. contaminans: a plateau at short time followed by an increase
at large time, compatible with a t1/3 power law.

computed using the image processing method as described
in Appendix B. As for B. contaminans, Lc is first constant
and then increases in time. The increase is consistent with the
power-law ∼t1/3 observed with B. contaminans.

An important difference between the two bacterial species
is the duration of the plateau before the growth regime. The
crossover between these two regimes is governed by the time
of first encounter of diffusing beads, which is shorter for B.
contaminans than for E. coli under the same conditions. This
may be due to a difference in swimming activity between the
two species, and led us to select B. contaminans rather than E.
coli for our study.

APPENDIX E: EFFECTIVE DIFFUSION OF BEADS
IN A BACTERIAL BATH

To determine the effective diffusion coefficient of the
beads, we analyze their trajectories when placed in a bac-
terial bath at OD = 1 and 5. A low surface fraction is
chosen to minimize their interaction and to prevent the for-
mation of clusters. The bead tracking is performed using
Trackmate [52], from which we compute the mean square
displacement

〈|δr|2〉 = 〈|ri(t ) − ri(0)|2〉, (E1)

FIG. 12. (a) Mean square displacement 〈|δr|2〉 of beads for bac-
terial concentrations OD = 1 (filled symbols) and OD = 5 (empty
symbols). See Table I for experimental conditions. (b) The diffusion
coefficient μB is given by 〈|δr|2〉/4t at large time.

where ri(t ) is the position of the bead i and the brackets
〈·〉 denote the average over time and beads. For a Brownian
particle performing a 2D random walk of steps of duration τB

and length 
B = vBτB, the mean square displacement follows
a ballistic regime 〈|δr|2〉 = v2

Bt2 for t < τB and a diffusive
regime 〈|δr|2〉 = 4μBt for t > τB.

Figure 12(a) shows 〈|δr|2〉 as a function of time for the set
of experiments summarized in Table I. Our data shows a first
regime of slope larger than 1 followed by a diffusive regime, a
behavior which is consistent with previous studies [21,23,24].
To highlight the diffusive regime at large time, we plot the
ratio 〈|δr|2〉/4t in Fig. 12(b). After 2 to 30 seconds, all curves
tend to a constant value, yielding the diffusion coefficient
μB reported in Table I alongside the experimental conditions.
They are plotted as a function of the bead diameter in Fig. 6.

Finally, we checked that the bead diffusion coefficient
remained constant during the clustering experiments. An ex-
periment was conducted with 5 µm beads at a surface fraction
�B = 0.006 at OD = 5. Measurements in Fig. 13 show a
nearly constant μB during 1 h, which is consistent with the
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TABLE I. Summary of the experimental conditions for the de-
termination of the bead diffusivity μB: bead diameter DB, bacterial
concentration OD, bead concentration CB, number of trajectories
Ntracks, acquisition frequency faq, and magnification (MAG). The
diffusion coefficient μB is computed from the mean square displace-
ment of beads at low concentration, as shown in Fig. 12.

DB CB faq μB

n OD (µm) (g mL−1) Ntracks MAG (Hz) (µm2 s−1)

1 5 2 2 × 10−6 23744 ×2.5 10 23
2 5 2 2 × 10−6 32585 ×2.5 10 21
3 5 5 5 × 10−5 640 ×10 20 13
4 5 5 5 × 10−5 1323 ×10 20 12
5 5 10 5 × 10−5 741 ×2.5 20 19
6 5 10 5 × 10−5 328 ×10 20 11
7 5 10 1 × 10−4 103 ×10 20 23
8 5 25 5 × 10−4 1079 ×2.5 1 12
9 5 40 1 × 10−3 424 ×2.5 1 10
10 1 2 2 × 10−6 100 ×10 10 8.2
11 1 5 2 × 10−5 612 ×10 10 16
12 1 10 5 × 10−5 1224 ×2.5 2 20
13 1 5 2 × 10−4 444 ×2.5 1 13
14 1 40 1 × 10−3 245 ×2.5 1 2.5

nearly constant bacterial concentration observed in Fig. 10,
indicating that the 1 h clustering experiments are performed
under stationary bacterial conditions.

APPENDIX F: WALL-BEAD FRICTION COEFFICIENT κ

To determine the effective attractive force between beads
from our bead velocity measurements, we assume that
this force is balanced by the viscous friction. This as-
sumption requires to know the force-velocity relation for

FIG. 13. Time evolution of the effective diffusion coefficient of
the beads μB during one hour, in the case OD = 5, DB = 5 µm, and
�B = 0.006.

FIG. 14. Average drift velocity Vdrift of the beads as a function of
the sine of the tilt angle θ , for three bead diameters DB = 5, 10, and
25 µm.

a bead moving close to a surface. The bead motion is a
combination of rolling and sliding, and depends on sev-
eral parameters such as the roughness of the beads and
substrate.

In order to determine the force-velocity relation, we per-
formed experiments with beads drifting under gravity along
the bottom surface of a chamber tilted by a small angle θ

with respect to the horizontal. The chamber is prepared fol-
lowing the same protocol as in Appendix A, and is filled
with the same culture medium as in the clustering experi-
ments but without bacteria. The chamber is mounted on the
microscope stage, which is tilted at an angle θ between 5◦
and 17◦.

The component of the bead weight along the surface is
4/3 πR3

B�ρg sin θ , with g = 9.81 m s−2 the gravitational ac-
celeration, η = 1 mPa s the fluid viscosity, and �ρ = ρB − ρ f

the density difference between the beads (ρB = 1.06 g cm−3)
and the fluid (ρ f = 1.007 g cm−3). We write the friction force
as F = κηRBVdrift , with Vdrift the drift velocity of the bead,
and κ a constant accounting for the wall-bead interaction (the
standard Stokes force yields κ = 6π far from the walls). The
drift velocity is therefore given by

Vdrift = 4πR2
B�ρg

3κη
sin θ. (F1)

The drift velocity was determined from the tracking of dozens
of beads for different tilt angles. Figure 14 shows Vdrift as
a function of sin θ for different bead diameters. For a given
bead diameter, Vdrift grows linearly with sin θ , as predicted by
Eq. (F1). From the measured slope we determine the friction
coefficient, and obtain κ = 34, 52, and 77 (±10%) for beads
of diameter 5, 10, and 25 µm, respectively. These values are
used to compute the effective force F defined in Eq. (5) and
plotted in Fig. 7.
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