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Anisotropic macromolecules exposed to non-equilibrium (active) noise are very common in biological
systems, and an accurate understanding of their anisotropic dynamics is therefore crucial. Here, we
experimentally investigate the dynamics of isolated chains assembled from magnetic microparticles at a
liquid—air interface and moving in an active bath consisting of motile E. coli bacteria. We investigate both
the internal chain dynamics and the anisotropic center-of-mass dynamics through particle tracking. We
find that both the internal and center-of-mass dynamics are greatly enhanced compared to the passive
case, i.e., a system without bacteria, and that the center-of-mass diffusion coefficient D features a
non-monotonic dependence as a function of the chain length. Furthermore, our results show that
the relationship between the components of D parallel and perpendicular with respect to the
direction of the applied magnetic field is preserved in the active bath compared to the passive case,
with a higher diffusion in the parallel direction, in contrast to previous findings in the literature. We
argue that this qualitative difference is due to subtle differences in the experimental geometry and
conditions and the relative roles played by long-range hydrodynamic interactions and short-range
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1 Introduction

Chain-like biological objects with internal degrees of freedom
are ubiquitous in nature: important examples include DNA
molecules,'* actin filaments,® intracellular microtubules,*”’
and flagellar filaments.® All of these systems naturally occur
in environments far from thermodynamic equilibrium, where
their statistical description requires going beyond the classical
descriptions of equilibrium polymer theory. These facts have
motivated a significant recent interest in both “active polymers”,
whose monomers are internally driven out of equilibrium
through self-propulsion, and passive polymers in an ‘“active
bath”, ie., an environment containing self-propelled particles.”™*
These studies have revealed significant differences in polymer
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dynamics compared to the corresponding passive systems:
ratchet currents and the emergence of nonuniform pressures
along curved filaments,"> anomalous polymer swelling,'®™?
non-monotonic dependence of diffusivity on chain length,
and facilitation of polymer looping.*® Most of these studies
considered ‘“dry” computational models based on so-called
active Brownian particles,”* where active and passive particles
interact through short-ranged collisions, thus ignoring fluid-
mediated hydrodynamic interactions that often play an important
role in active matter systems.*?

Whether hydrodynamic or collisional in origin, the theoretical
framework for understanding the effect of an active surrounding
on suspended passive particles has often started from the
viewpoint of equilibrium concepts such as temperature and
free energy.*2® For example, the strongly enhanced diffusion
coefficient D of spherical tracer particles in bacterial and algal
baths can at long times be quantified through an elevated
“effective temperature” defined through the Einstein relation
D = kgTegly, where kg is Boltzmann’s constant and 7 is the friction
coefficient of the particle.*>® However, in non-homogeneous
environments, such as in the presence of confining potentials,
this effective temperature description breaks down qualitatively,
and the intrinsically non-equilibrium properties of the system
become evident.”® Furthermore, the simplified effective tem-
perature description often leads to different values of Teg
for the same system, depending on what observable one uses
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for its definition.”” Thus, such simplified, effective thermo-
dynamic descriptions should be used with care, although they are
often useful as tools for qualitatively analysing experimental data.

In this article, we study a simple experimental realisation of
a passive anisotropic body in an active bath: a chain of N
magnetic spheres moving in 2 dimensions trapped at a liquid-
air interface, inside a bath of swimming E. coli bacteria that
interact with the chain through hydrodynamic as well as steric
forces (Fig. 1a and b). For large magnitudes of the applied
magnetic field B, the strong induced dipolar forces between the
particles lead to a stiff, rod-like chain aligned with the field
direction, while for lower fields, the larger chain flexibility
allows for significant shape fluctuations. We show that the
internal as well as the center-of-mass dynamics of the chain are
strongly enhanced, by an order of magnitude or more, in the
active bath compared to the corresponding dynamics in the
passive bath, i.e., a suspension without bacteria. We find that
the ratio D|/D ; between the components of the chain diffusion
coefficient parallel and perpendicular to B, is larger than in the
corresponding passive case, where we find that D|/D, ~ 2 for
long chains, in accordance with the theoretical prediction for a
long rigid chain in a 3-dimensional bulk system.>® This strongly
contrasts with recent experimental findings using anisotropic
tracer particles in E. coli suspensions that found this ratio to
change drastically, and even fall below unity, as the bacterial
concentration was increased.”® We argue that this qualitative
difference is due to differences in the intricate balance between
short-ranged steric and long-ranged hydrodynamic forces in
these different systems, indicating that the dynamics of tracer
particles in active suspensions depend sensitively on the details
of the experimental setup and the balance between hydro-
dynamic, steric and thermal forces.
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Fig. 1 Schematics of (a) the experimental setup and (b) the sample cell
used to study colloidal particles at a liquid—air interface. The size of the
sample cell in (a) and (b) has been exaggerated for clarity. (c) Bright-field
microscopy image of a magnetic chain trapped at the liquid—air interface
in a bacterial bath (scale bar: 5 um) and (d) sketch of the chain with the
coordinate system used for the analysis of the internal chain dynamics. The
red dot indicates the position of the center of mass.
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2 Experimental details

The sample cell is a tube with a conical internal shape where a
droplet of the sample solution is placed (Fig. 1a and b). In order
to minimize particle drift due to interfacial curvature, the
amount of liquid is adjusted to form a flat liquid-air interface
at the bottom of the sample volume, where the inner bottom
diameter of the sample holder is 4 mm. The paramagnetic
particles in the solution (Microparticles PS-MAG-S2180, dia-
meter 3.9 pm) sediment to this interface because of gravity,
where they get absorbed. Using this sample geometry helps
avoiding problems related to particles sticking to a solid
surface; the much lower friction of the liquid-air interface
furthermore enables assembling the magnetic chains using
significantly lower magnetic field strengths.

The DC magnetic field is generated using a Helmholtz coil
configuration (Fig. 1a). Two solenoidal coils with an inner
diameter of 3.4 cm are connected serially at a 3.5 cm separation.
This configuration generates a highly homogeneous magnetic
field across the sample, with less than 1% variation over the
entire diameter of the sample cell. Under the influence of
the external magnetic field, the superparamagnetic particles
become magnetized, and the resulting magnetic interactions
between them lead to the formation of isolated chains of
particles aligned with the field direction.

Motile Escherichia coli bacteria were cultured following the
protocol in ref. 30. Briefly, wild-type E. coli (strain RP437) were
cultured overnight at 32 °C in 50 mL tryptone broth (1%
tryptone, 0.5% NaCl) on a rotary shaker (180 rpm). The saturated
culture was diluted 50 fold into fresh medium and incubated
again for 4 h at 32 °C until the culture reached its mid-
exponential growth phase (ODggy ~ 0.4) to ensure the motility
of the bacteria. Next, the culture was washed and resuspended
twice in motility buffer containing 10 mM potassium phosphate
monobasic (KH,PO,), 0.1 mM EDTA (pH 7.0), 10 mM dextrose
(C6H1206), and 0.002% Tween 20. The typical surface density of
bacteria at the interface was n =~ 3.5 x 10" cells mm™>.

The sample was imaged using a custom-built microscope
consisting of a 20x objective lens (NA = 0.50, WD = 0.17 mm)
and a digital camera (Thorlabs DCC1645C). For the center-of-
mass analysis, we recorded videos of isolated chains at 15 frames
per second for at least 3 minutes. For the analysis of internal
dynamics, videos were recorded at 40 frames per second in the
active bath and 80 frames per seconds in the passive bath to
properly capture the short-time regime. A sample image of a
chain in a bacterial bath is shown in Fig. 1c; movies showing the
chain dynamics in both active and passive baths can be found in
ESL+ The videos were analysed with digital video microscopy*
and the chain dynamics were analysed in the internal coordinate
system shown in Fig. 1d.

3 Results and discussion

We begin by studying the internal chain dynamics as a function
of the field strength B = |B|, and how these are affected by the
active noise induced by the bacterial bath. In Fig. 2, for a chain

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Quantification of the internal chain dynamics in active and passive baths. (a) Root-mean-square (RMS) displacement (1), as defined in egn (1) of a
chain containing N = 7 particles in active and passive baths for various magnetic field strengths B. Solid lines show fits to a(tr) oc t* in the short-time
regime. (b) The fitted exponent « as a function of B. (c) « as a function of the inverse of the dimensionless coupling parameter {, defined in egn (2), using
the effective temperature T ~ 1760 K for the active bath data. The horizontal dashed lines in (b) and (c) show the exponents for free particles (N = 1) in
passive (purple, dash-dotted line) and active (green, dashed line) baths. Error bars show one standard deviation across independent experiments.

containing N = 7 particles, we analyse the root-mean-square
(RMS) displacement o(t) perpendicular to the chain direction,
defined by**

a(7) = {[at) — ht + )7, (1)

where A,(t) denotes the deflection of the ith particle along the
chain in the direction perpendicular to B at time ¢ (see Fig. 1d),
and angular brackets denote an average over all times ¢ and
particles i. o(7) has previously been shown to exhibit a power-
law behavior ¢(t) oct* for short times, before reaching a plateau
value at longer times due to the effective confinement of each
particle in the dipolar potential exerted by the rest of the chain
particles.>** For a freely diffusing particle, « = 0.5, while for a
dipolar chain in a passive bath o < 0.5 due to the hindered
diffusion.? In Fig. 2a, we confirm this subdiffusive process for
a chain in a passive bath at two different values of B (purple
curves): o decreases significantly as B increases due to the larger
strength of the dipolar interactions that hinder particle diffusion.
In the active bath (green curves), the power-law behavior persists,
but with a distinctly enhanced internal chain dynamics visible
through a higher initial exponent for o¢(t). Furthermore, in
spite of the hindered diffusion of each particle, the exponent
reaches superdiffusive values (« > 0.5) for low enough B-values
(B ~ 3 mT or less).

Considering now the detailed dependence of « as a function
of B (Fig. 2b), we observe that the difference oyciive — passive
remains essentially constant as B is varied; in other words, for
small 7, the ratio G,ctive(t)/Fpassive(t) is independent of B. This
result indicates that the fluctuations due to the active bath
qualitatively affect the chain dynamics in a similar way as those
due to the passive bath, but with a higher noise magnitude. To
further investigate the validity of this “effective temperature”
picture of the internal chain dynamics, in Fig. 2c we plot « as a
function of the inverse of the dimensionless magnetic coupling
strength

{ = B*a®/(uoksT), (2)

This journal is © The Royal Society of Chemistry 2020

where a = 1.95 um is the particle radius, T is the absolute
temperature and g, is the vacuum permeability. In the passive
bath, { is proportional to the ratio between the dipolar coupling
and the thermal energy, modulo an unknown factor of magnetic
susceptibility. In the active bath, we instead use 7= T as a free
parameter characterising the active bath. Using Tegr =~ 67y,
where T, = 294 K is the laboratory temperature, we obtain an
excellent collapse of the two experimental curves using a
common power law o oc ¢ P with B ~ 0.25, indicating that
the effective temperature picture remains valid for relatively stiff
chains (i.e., high (). For flexible chains, however, o has a strict
upper bound for the free diffusion value « = 0.5 in the passive
bath (dashed purple line in Fig. 2b and c), while it continues to
increase beyond 0.5 in the active bath. The active curve naturally
has an upper theoretical bound at o = 1, corresponding to
ballistic motion; however, this regime is not experimentally
accessible due to fast breakup of the chains at these low B
values.

In Fig. 3, we characterize the anisotropic center-of-mass
dynamics of the chain. In Fig. 3a, we show typical mean square
displacement (MSD) curves for chains of two different lengths
in the active bath. We can clearly distinguish a short-time
superdiffusive regime and a long-time diffusive regime, with
the crossover occurring at a characteristic time ¢, (dashed
vertical lines in Fig. 3a), as for spherical active colloids.>* In
the active bath, we measure t. and the diffusion coefficient D
for both the parallel and perpendicular components by fitting
experimental data to the theoretical relation for the MSD of an
active particle in 2 dimensions:**?*3*

(|x(®) — 1(0)|?) = (4D, + 2t 1))t + 2t2v% (e — 1),  (3)

where r(¢) is the center-of-mass position at time ¢, D, is the
Stokes-Einstein diffusion coefficient, ¢. is the crossover time
between ballistic and diffusive motion, and v, is a typical
center-of-mass velocity induced by the active noise.

Fig. 3b shows that the total center-of-mass diffusion coefficient
of our short semiflexible chains in the passive bath fits well with a

Soft Matter, 2020, 16, 5609-5614 | 5611
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Fig. 3 Quantification of the anisotropic center-of-mass dynamics. (a) The total mean-square displacement (MSD) of chains of two different lengths
(N =3and N =15) in an active bath. Dashed and dash-dotted vertical lines indicate the crossover time t. between the superdiffusive and diffusive regimes
for N = 3and N = 15, respectively, and solid lines are fits to eqn (3). (b and c) Diffusion coefficients as a function of chain length N, in (b) a passive bath
(motility buffer) and (c) in an active bacterial bath. (d) Ratio between the diffusion coefficients in active and passive baths as a function of N. (e) Measured
crossover time t. as a function of N. (f) Ratio between the diffusion coefficients in directions parallel (D) and perpendicular (D ;) to B, showing that the
ratio in bacterial bath is somewhat larger than the equilibrium (passive) system. Dashed line shows the theoretical limit for the ratios in passive bath.
Magnetic field amplitude: B = 3.1 mT. Error bars indicate one standard deviation across independent experiments.

Zimm-like power-law scaling D oc N ".*> While Zimm®® solved
analytically the equations in his model at the case of large particle
number N, our experimental observation is in agreement with
previously reported results for short semiflexible chains in a
passive bath.*® Our measured exponent y ~ 0.53 is somewhat
smaller than the theoretical value y =~ 0.6 predicted for a
3-dimensional chain in the limit N — 0,*” probably due to
the quasi-2-dimensional dynamics and the fairly short chains
considered. We also find that both D; and D, follow similar
power-law scaling, but with somewhat different exponents.

The corresponding diffusion coefficients in the active bath,
obtained by fitting the MSDs to eqn (3), are shown in Fig. 3c.
Clearly, both D and D, are about an order of magnitude larger
than the corresponding thermal diffusion coefficient (see
Fig. 3d), yielding a value between Te; ~ 2650 K (N = 1) and
Tegr & 5880 K (N = 3), assuming that Teg/To = Dactive/ Dpassive- FOT
N =7, the case also studied in Fig. 2, we find T =~ 3650 K, i.e.,
about twice as large as the value obtained from the internal
chain dynamics (Ter & 1760 K). This once again highlights the
fact that transient short-time properties (such as the internal
chain dynamics analyzed in Fig. 2) often yield different
dynamics than the steady-state long-time properties, such as
the center-of-mass diffusion, even when they can individually
be analyzed in terms of an effective temperature, thus showing
the limitations of simplified thermodynamic descriptions of
active systems.

We furthermore observe that both the parallel and perpendicular
active diffusion coefficients are non-monotonic in the chain

5612 | Soft Matter, 2020, 16, 5609-5614

length N, with a maximum diffusion coefficient for N = 2.
A similar effect has previously been observed for spherical tracers
in an E. coli suspension,*® where the maximum in D was observed
for particle diameters of ~2-10 pm, comparable to our maximum
diffusion at a chain length of ~8 pum. Despite the different
geometry of spheres and chains, this agreement indicates that
the size-dependent behaviour is a direct consequence of the active
bath properties, such as the bacteria size and concentration, rather
than of the precise particle geometry. (Note, furthermore, that this
maximum in diffusivity is different from that observed in ref. 19,
which occurs for much longer chains, and is explained by shape
fluctuations due to chain flexibility.)

In Fig. 3e, we show that this non-monotonicity is caused by
an initial increase of the crossover time . as a function of chain
length N, as, for a constant v,, D will increase monotonically
with t. according to eqn (3). Since v, monotonically decreases
with particle size due to the increased friction of the chain, D
develops a peak at an intermediate value of the particle size.

This increase in ¢, with chain length is also in accordance
with what was measured previously for spherical particles in
ref. 38. This size-dependent crossover time can have several
explanations, for example effects due to nonlinearities in the
swimmer flow fields leading to size-dependent tracer advection
in accordance with Faxén’s law, or changes in the bacterial
trajectories due to the presence of the chain leading to more
persistent swimmer-chain scattering events for longer chains.

In spite of the greatly enhanced values compared to the
passive case of both the parallel (D) and perpendicular (D)

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Density dependence of the center-of-mass dynamics. (a) The total
diffusion coefficient D and (b) the ratio D;/D ., as a function of the two-
dimensional bacterial density n at the liquid—air interface for N = 7.
Magnetic field amplitude: B = 3.1 mT. Error bars show one standard
deviation across independent experiments.

components of the diffusion coefficient, we find that their ratio
Dy/D, (Fig. 3f) remains above 1, similar to that in the thermal
(passive) system, although with a somewhat higher ratio than
in the passive case for large N: in the passive case, our results
are in accordance with the bulk prediction D|/D, — 2 for large
N,?® while in the active bath the ratio approaches a value of
Dy/D, ~ 3 for the range of chain lengths considered here. This
finding is qualitatively different from the anisotropic diffusion
measured for free ellipsoidal tracer particles in an E. coli
suspension in ref. 29, where a reversal in the anisotropy was
measured, i.e., Dj/D, < 1; we will discuss the possible origins
of these differences in more detail below.

In Fig. 4a, we investigate the dependence of the center-of-
mass dynamics on the bacterial concentration n. These results
reproduce the linear dependence of D on n previously observed
for spherical tracers,>»**° indicating that the enhanced diffusion
is a single-particle effect and not due to collective or correlated
motion between bacteria, in which case a superlinear behavior is
to be expected.”” Furthermore, in Fig. 4b, we observe that the
measured value of the ratio Dy/D, is a weakly increasing
function of the bacterial concentration, again contrasting the
results of ref. 29, where D|/D, was found to be a strongly
decreasing function of n for ellipsoidal particles in the same
range of bacterial concentrations.#

As mentioned above, our self-assembled chains are very stiff
due to the external magnetic field, and exhibit small fluctuations
about their rigid rod limit. In other words, in our system the
radius of gyration®” is very close to Na where a is the radius of the
particles. Therefore, the internal chain fluctuations are unlikely
to be responsible for this different behavior. While the difference
in particle geometry (particle chain versus ellipsoid) between the
studies might explain moderate quantitative differences, they
seem unlikely to lead to a qualitative change in behavior. Instead,
this difference is probably due to differences in experimental
conditions and setups. First of all, the linear dependence of D on

i The two-dimensional bacterial concentration in ref. 29, assuming one mono-
layer on each interface, ranges between 6.0 x 10° mm ™2 < n < 2.4 x 10° mm 2.
The two-dimensional bacteria concentration in our experiments is approximately

n ~ 3.5 x 10* cells mm ™.

This journal is © The Royal Society of Chemistry 2020
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n (Fig. 4) indicates that our system does not feature collective
behavior, while the anomalous relationship between D and D |
in ref. 29 occurred in the regime where collective motion (“active
turbulence”) was observed. While we work in similar concen-
tration regimes as in ref. 29, the presence or absence of such
collective motion can also be strongly dependent on the details of
the experimental geometry used. Secondly, the results in ref. 29
were obtained in a free-standing soap film (approximately 15 pm
thick). Since the ellipsoidal tracers in ref. 29 were large enough to
effectively be confined between the film interfaces (the long axis
had a length of ~28 um), direct collisions between bacteria and
tracers were facilitated compared to the case of a three-dimensional
suspension.”™** In contrast, in the experimental geometry used in
our study, the bacteria are free to swim in three dimensions
(although they tend to accumulate near the interface), while the
chain is effectively confined to the liquid-air interface by gravity.
Thus, the number of direct collisions will be lower, and the
advection of the chain will instead be dominated by long-range
hydrodynamic scattering events; such hydrodynamic scattering has
previously been shown to dominate the observed enhanced
diffusion of spherical tracer particles in three-dimensional
E. coli suspensions.®® Changing this subtle balance between
long-ranged hydrodynamic advection and direct collisions may
strongly alter the chain dynamics in a non-trivial way.

4 Conclusions

In this study, we have investigated the internal and center-of-
mass dynamics of a self-assembled colloidal chain composed of
magnetic particles in an active bath containing swimming
E. coli. We found that both the internal dynamics and the
center-of-mass diffusion are strongly enhanced, by an order of
magnitude or more, compared to those in the passive bath. Our
results are furthermore broadly consistent with an “effective
temperature” description, although with different magnitudes
for the short-time internal chain dynamics and the long-time
center-of-mass dynamics, thus highlighting the limitations of
such simplified thermodynamic descriptions of active systems.
We furthermore reproduced the anomalous, non-monotonic
size dependence of the diffusion coefficient previously observed
for spherical particles,*® and showed that it is due to an initial
increase of the crossover time ¢. between the superdiffusive and
diffusive regimes in the mean-square displacement. In qualitative
contrast to previous results for anisotropic particles in E. coli
suspensions,”® we however found that the ratio D|/D | between
the components of D parallel and perpendicular to the direction
of the applied magnetic field is similar to, although slightly larger
than, the equilibrium (passive) case within the full range of
bacterial densities considered. While the origin of this qualitative
difference is not obvious, it might be due to the absence or
presence of collective motion among bacteria, as well as subtle
but important differences in the experimental geometries
altering the balance between direct collisions and long-range
hydrodynamic advection. Our results thus indicate that the observed
tracer dynamics will depend sensitively on the experimental

Soft Matter, 2020, 16, 5609-5614 | 5613


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0sm00318b

Open Access Article. Published on 10 June 2020. Downloaded on 10/20/2025 5:57:43 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

characteristics of the “active bath” in a given system, and that
this balance is strongly dependent on the details of the experi-
mental geometry. In particular, one cannot expect 2-dimensional
and 3-dimensional active matter models to be qualitatively
equivalent, since the role of direct particle collisions will be more
important in two dimensions than in three dimensions, at the
expense of hydrodynamically induced forces. Our observations
thus call for further experiments in well-controlled experimental
geometries to elucidate the complex dynamics of isotropic and
anisotropic objects in active baths.
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