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Active transport of cargo-carrying and
interconnected chiral particlesy

@ Hossein Vahid, ° Pietro Luigi Muzzeddu, ¢

d and Abhinav Sharma  *?°

Bhavesh Valecha,
Jens-Uwe Sommer

Directed motion up a concentration gradient is crucial for the survival and maintenance of numerous
biological systems, such as sperms moving towards an egg during fertilization or ciliates moving towards
a food source. In these systems, chirality—manifested as a rotational torque—plays a vital role in
facilitating directed motion. While systematic studies of active molecules in activity gradients exist, the
effect of chirality remains little studied. In this study, we examine the simplest case of a chiral active
particle connected to a passive particle in a spatially varying activity field. We demonstrate that this
minimal setup can exhibit rich emergent tactic behaviors, with the chiral torque serving as the tuning
parameter. Notably, when the chiral torque is sufficiently large, even a small passive particle enables the
system to display the desired accumulation behavior. Our results further show that in the dilute limit,
this desired accumulation behavior persists despite the presence of excluded volume effects.
Additionally, interconnected chiral active particles exhibit emergent chemotaxis beyond a critical chain
length, with trimers and longer chains exhibiting strong accumulation at sufficiently high chiral torques.
This study provides valuable insights into the design principles of hybrid bio-molecular devices of

the future.

|. Introduction

Active matter systems represent a broad class of nonequilibrium
systems that convert environmental energy into directed motion,
enabling them to respond to external stimuli.' One of the most
well-known forms of directed transport in such systems is chemo-
taxis, the ability of microorganisms like Escherichia coli to navigate
chemical gradients.® Bacteria achieve this via a run-and-tumble
strategy, adjusting their motion in response to nutrient
gradients.”® Synthetic analogs of chemotaxis, such as phoretic
Janus colloids with catalytic coatings, have been experimentally
realized, demonstrating self-propulsion in response to chemical
gradients.>*

To model chemotaxis theoretically, various approaches have
been developed. Simple active Brownian particle (ABP) models®
capture self-propulsion and persistence but typically lead to
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accumulation in low-fuel regions due to orthokinesis.'*™"?

To overcome this limitation, explicit coupling to concentration
gradients,"*'® feedback mechanisms,"”™*° and external control
via light or magnetic fields>**>> have been proposed. It has also
been demonstrated that the presence of torques aligning the
self-propulsion of active particles, either parallel or anti-parallel
to activity gradients, can suppress or enhance their tactic behavior,
respectively.”>>* More recently, alternative strategies have been
devised, in which directed motion arises as an emergent property
without external feedback. Examples include coupling an active
particle to a passive particle,* active colloidal molecules with fixed
orientations,”® and chains of active particles.””

A relatively underexplored aspect of chemotactic transport is
the role of chirality, which is ubiquitous in both biological
locomotion and synthetic active systems. Chirality introduces
an intrinsic rotational component to active motion, fundamen-
tally altering transport properties.*®>° Many biological micro-
swimmers, such as bacteria,>**! sperm cells,**** and flagellated
algae,** exhibit helical or rotational swimming due to internal
asymmetries. Advances in fabrication techniques have enabled the
design of artificial chiral active particles, including colloidal
spinners, magnetic rotors, and chiral granular particles, revealing
novel transport properties.**>® Chirality has also been shown to
suppress wall adhesion and give rise to surface currents,*® induce
phase separation,*® generate spontaneous angular momentum in
active crystals,*" and break time-reversal symmetry leading to
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unidirectional wave propagation®” and topologically protected
excitations."?

In this work, we introduce chirality as a control parameter
in active-passive transport. Our modeling closely follows the
approach developed in our previous works.>>” We explore
the impact of chirality on the accumulation of a passive cargo
attached to an active chiral particle within an activity gradient.
Our results demonstrate that chirality fundamentally changes
the transition to chemotaxis: even when the passive particle
is small, a sufficiently large chiral rotational torque enables
preferential accumulation in high-activity regions. This is in
contrast to previous findings, where a large passive particle was
required to induce chemotaxis.”® We further emphasize the
robustness of the effect of chirality by performing simulations
with excluded volume effects.

Additionally, chirality is naturally present in biological active
systems composed of elongated structures, such as cytoskeletal
filaments** and bacterial protofilaments.”> We extend our
analysis to chains of chiral active particles. We find that while
monomers and dimers accumulate in the low-activity regions,
trimers accumulate in the high-activity regions at high chirality
levels. As chirality increases in longer chains, their accumula-
tion in high-activity regions becomes more pronounced.

[l. The model

We consider a two dimensional system of a chiral active particle
and a passive particle interacting through a force F(r) in
a spatially varying activity field (see Fig. 1). We model this
active-passive composite with the overdamped Langevin
dynamics given by the following coupled stochastic differential

equations:
drp 1 1 2T
— =-F++ — 1
G = F A+ S0, (12)

Fig. 1 Schematic of composites of a chiral active particle (orange) con-
nected to a passive particle (grey) via a harmonic spring in a spatially varying
activity field. The color bar below the schematic indicates the gradient in the
activity field increasing in magnitude from left to right. The number of curved
arrows indicates the strength of the chiral torque on the active particles about
an axis perpendicular to the plane. Here, w, < wp < w.. Composites with a
small torque on the active particle accumulate in low-activity regions
(composite a), whereas those with a large chiral torque accumulate in
high-activity regions (composite b). Furthermore, for a very large chiral torque
on the active particle, a small passive particle is sufficient to facilitate
accumulation in high-activity regions (composite c).

do
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Here, r; and r, are the coordinates of the active and passive
particle, respectively. The friction coefficient of the passive
particle is g times that of the active particle, which is given
by 7. For spherical active and passive particles in a Newtonian
fluid, q is the ratio of their radii (sizes). The interaction force
between the active and passive particles is modeled as a
harmonic spring force F = —k(r — lo)F, where r = r; — r,, the
spring constant is k > 0 and the rest length is /,. The self-
propulsion force of the active particle, whose magnitude is
given by fy(ry), is aligned with the rotational degree of freedom
P = (cos0, sin @), where 0 is the polar angle measured with
respect to the x-axis. f; will henceforth be referred to as the
activity field. The active particle also experiences a constant
chiral torque w, in the direction perpendicular to the plane of
motion, as well as rotational diffusion characterized by the
diffusion coefficient Dg. The temperature 7 of the thermal bath
is measured in units such that the Boltzmann constant kg is set
to unity. The stochastic terms &;, & and # are zero-mean
independent Gaussian white noises, with correlations:

(G ® &) =18(t—1"),
(n(@n(1") = o(t =1").

with ® denoting the outer product and i € {1,2}.

The dynamics of the active-passive composite can be equi-
valently described by the collective coordinates, which we
identify as the center of friction R and the bond coordinates
r, defined as:

(2)

1

q
=—r+—r,
—1 ql 2

l+g¢g (3)

r=r;—r.

To analyze the spatial regions where the active-passive
composite preferentially accumulates in the long-time limit, it
is convenient to express the evolution equation for the one-time
joint probability density P(R,r,0,t) = P. Since the stochastic
dynamics in eqn (1) is Markovian, this is simply given by the
Fokker-Planck equation:*°

0

1 1
Zp - _ . P
% Vi { Jfsp

1 T
S ———VgP
l+gqy R}

l+gqvy
1 1 1 . 1 T
e A

— wOyP + DROFP.
Here, the symbol - represents a single contraction, Vg and

V, represent derivatives with respect to R and r, and 0y is the
rotation operator in two dimensions.
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We are interested in the spatial regions where the active—
passive composite preferentially accumulates in the steady
state. To this end, we attempt a coarse-grained description of
our system at the mean-field level akin to the analysis in ref. 25
and 47-51, where we use the center of friction as a proxy for the
position of the composite. This interpretation holds whenever
the typical distance between the two particles is sufficiently
small compared to the characteristic length scale of variation of
the activity field. This gives us access to physically relevant
fields such as the position density, orientation, etc. Particularly,
we begin by performing a Cartesian multipole expansion of the
probability density P in the eigenfunctions of the operator d,:*®

PR,r,0,t)=¢+0o-p+u:(pp—1/2) + O(P), (5)

where ¢, ¢ and p are functions of R and r, and : denotes a
double contraction. Specifically, these correspond to the posi-
tional probability density, the average polarization, and the
nematic tensor, respectively. The term ®(P) contains the depen-
dencies on all the higher-order modes. Projecting eqn (4) onto
the respective eigenfunctions, we obtain a hierarchy of time-
evolution equations for the modes (¢, o, ,. . .), details of which
can be found in the ESI.{ Importantly, we note that the slowest
mode of the dynamics is the positional probability density
2n¢(R,r, 1) = [dOP(R,r,0,t), obtained by integrating out the
rotational degree of freedom p. In fact, ¢(R,rt) is a conserved
quantity and satisfies a continuity equation:

o T 1 11
R e el
1 l+ql T+ ©
-V g ey T )
Y

Additionally, the orientation field ¢(R,r,t) = [dOpP(R,¥¢,0,1),
which is related to the conditional average of the polarization
vector p at fixed position of the active-passive composite, evolves
in times as:

B 1/ 1 .
8_01‘- = — (DRl —we) -6 — ;(1 T qu —Q—V,.) (fs9)
» ()
_ ;ﬂv,, -(Fo) + O(V#),

where the dependence on the higher-order modes is captured in
O(V#?). It is important to note that 6(R,rt) is a fast mode due to
the presence of the sink term (Dxl — we) - ¢ = L6, where ¢ is
the Levi-Civita tensor in two dimensions. The eigenvalues of the
matrix L govern the decay-timescale of the orientation field 6. This
implies that ¢ can be approximated to be quasi-static at the
timescale of variations in ¢. Furthermore, we assume that the
activity field is slowly varying in space, i.e., the gradients of fy(R)
are (i) small compared to the persistence length of the chiral
active particle, and (ii) small compared to the separation between
the active and passive particles. This assumption implies that
¢(R,rt) also has small spatial variations, as well as, the contri-
bution from the higher-order modes O(V#*) to eqn (7) can be

neglected. The details of the coarse-graining and the validity of the
approximation can be found in the ESL¥

The quasi-stationarity of a(R,r,t), combined with the assump-
tion of small spatial variations in the activity field, allows for the
closure of the hierarchy of the system of equations without
requiring information from higher-order modes. These are known
as the adiabatic approximation and the small gradients approxi-
mation, respectively. Furthermore, we integrate out the bond
coordinate r from the continuity equation in eqn (6) and derive
an effective drift-diffusion equation for the probability density
p(R, 1) =2n[dr¢(R,r, 1) of the collective coordinate of the active-
passive composite:

Ip(R, 1)
ot =~ Ve J’ (8)
= V- [V(R)p(R) ~ Vi - (D(R)p(R))].

Here, the effective diffusion coefficient D(R) now depends
on R and is given by:

1 T 1 1

PR =37 +q)22—vzf82(R)[LT' ®)

Notably, D(R) has an antisymmetric part, which is a hall-
mark of odd-diffusive systems.”>>® The effective drift V(R) can
be written in terms of D(R) as:

V(R) = (11 —%[L[(l —gl+(1+ q)B}[L*‘)vR -D(R). (10)

where the matrix B reads

gk (1+q)k \
B = y[L(ﬂ+ ; I]_). (11)

We consider the activity field to vary only along the x-direction
in the remainder of this study. Then, symmetry arguments
dictate that the steady state density also varies only along the
x coordinate. The stationary probability flux along this direction
is then given by:

Jx(x) = _%pa\‘Dxx - D.K\‘&\‘ﬂ) (12)

where D,, denotes the xx element of the effective diffusion
coefficient given in eqn (9). Furthermore, we show below that
the quantity ¢, which we call the tactic parameter, determines the
accumulation behavior of the composite. Upon imposing a zero-
flux condition along this direction, we obtain the steady state

density:

1 —¢/2

Dr 1 1 o

e —-R > -
+DR2+w21+q2yT

p(x) o (13)

We find that the steady state density of our active—passive
composite is determined by the sign of the exponent ¢. When
€< 0(>0), p(x) follows the same (opposite) trend as fy(x),
i.e., the composite accumulates where the activity is high (low).

As shown in the following, the tactic parameter depends on the
interaction F between the chiral active particle and the passive
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particle, the ratio of mobilities g and the chiral torque w.
Specifically, we consider two cases for the force F in our analy-
tical treatment: force due to a spring with zero rest length and,
force due to an infinitely stiff spring.

We first consider the case of a harmonic spring with zero
rest length. In this case, the tactic parameter is given by the
expression:

(14+Q*)(1+471)

=1—-¢——* 14
¢ T+ (14)
where we have introduced non-dimensional parameters
Q = wp,
(14 kg (15)
@

which express the chiral torque and the spring relaxation time
in units of the persistence time 1, = D; ' of the active particle
due to rotational diffusion, respectively.

The steady state density given by eqn (13) and (14) is shown
in Fig. 2, for the case of a sinusoidally varying activity field. The
accumulation of the active-passive composite can be reversed
from low-activity regions to high-activity regions by increasing
the chiral torque Q. In the limit of vanishing chiral torque, the
tactic parameter (eqn (14)) reduces to

q

Im e=1-—
1+

Q-0

, (16)

Fig. 2 Steady state density distribution (top panel) of the active—passive
composites connected via a spring with lp = O for different chiral torques
on the chiral active particle. The solid lines are plotted using the theoretical
result (egn (13) and (14)) and the symbols are obtained from Langevin
dynamics simulations of egn (1). The accumulation behavior of the
composite is controlled by the intensity of the chiral torque Q for a fixed
size of the passive particle. The composite accumulates in regions of high-
activity for rapidly spinning active particles and in regions of low-activity
for slowly spinning active particles, respectively. The bottom panel shows
the activity field fy(x) = 40[1 + sin(2nx/L)] experienced by the chiral active
particle. The y-axis in the top panel is normalized with the bulk density,
defined as pp, = 1/L, where L = 100 is the simulation box size with periodic
boundary conditions. The parameters of the simulation are kg7 = 1.0,
k=14.0,7=10,Dg =10.0, g = 2.0, and the integration time step At = Dg x 107>,

25 which focused on an

as previously reported in the study,
active Brownian particle coupled to a passive particle. In this
case, the passive particle has to be at least as large as the active
particle (g > 1) for the composite to accumulate in high-activity
regions. However, when the active particle experiences a chiral
torque, even composites with a passive particle much smaller
than the active particle (g < 1) can accumulate in high-activity
regions, provided the chiral torque is sufficiently large. This
finding is depicted in the left panel of Fig. 3. This indicates that
the accumulation behavior of the active-passive composite can
be tuned by applying a chiral torque to the active particle or by
changing the size of the passive particle. We show this in the
right panel of Fig. 3, where, for every value of the chiral torque,
there exists a critical size of the passive particle beyond which
the tactic behavior of the active-passive composite is reversed.

The preferential accumulation of the composite can be quali-
tatively understood as follows. Consider that the persistence time
of the chiral active particle is smaller than the relaxation time of
the spring connecting the two particles. The chiral active particle
probes the neighborhood of the passive particle, locally sampling
the activity gradients. This gives rise to a net pull on the passive
particle towards the high-activity region. Since the persistence
time of the active particle can be tuned via the chiral torque,
i.e., it becomes smaller than the spring relaxation time with
increasing €, the tactic behavior of the composite can be
switched from accumulation in low-activity regions to high-
activity regions by increasing the chiral torque. It also follows
that there is no tactic transition in the extreme case of
k — oo(e — 1), in which case the spring relaxes instanta-
neously. This scenario corresponds to the chiral active particle
and the passive particle being on top of each other.

Tuning the persistence time of the active particle via the
chiral torque provides a handle on controlling the tactic beha-
vior of composites. However, when fixing the distance between
the chiral active particle and the passive particle via a rigid
bond, the tactic behavior of the composite is independent of
the persistence time and is determined by g alone. The tactic
parameter (see ESIT) then reads

e=1-4, (17)
same as reported in ref. 25 for two dimensions. This is shown
in Fig. 4 for a sinusoidal variation of the activity field, where the
transition in the accumulation behavior is obtained only by
changing the ratio g.

To determine whether chemotaxis persists in the presence of
excluded volume effects, we performed simulations of dimers
where bonded particles interact via the Weeks-Chandler-Ander-
son (WCA) potential, given by Uwca(r) = 4¢ [(%) lz—(%) 6} +eé

21/6 21/6

forr < o, and Uyyca(r) = 0 for r > 0. Here, ¢ represents the
interaction strength, ¢ is the characteristic length scale of the
interaction, and r denotes the center-to-center separation distance
between two particles. We considered two cases: (1) where non-
bonded interactions are absent and (2) where nonbonded parti-
cles also interact via the WCA potential.
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Fig. 3 Left: Comparison of steady state density distributions for the two extreme cases of the chiral torque Q. In particular, when the chiral active particle
is spinning slowly (red), and the passive particle is twice the size of the chiral active particle, the composite accumulates in low-activity regions. Whereas,
when the chiral active particle is spinning extremely fast (purple), the composite accumulates in high-activity regions even for a passive particle half the
size of the chiral active particle. The symbols represent simulations with the same parameters and the sinusoidal activity field as in Fig. 2. They are in
excellent agreement with the theoretical predictions (solid lines). Right: State diagram in (q,Q) for yD,/k = 0.75. The solid black curve represents the
minimum size of the passive particle needed to reverse the accumulation behavior of the active—passive composite. Particularly at large values of the

chiral torque, a small passive particle can facilitate this transition.

Fig. 4 Steady state density distribution (top panel) of the active—passive
composites connected via an infinitely stiff spring for different sizes (q) of
the passive particle. The solid lines are the analytical predictions (eqn (13)
and (17)) and the symbols are obtained from Langevin dynamics simula-
tions of eqn (1). Unlike in Fig. 2, the size of the passive particle determines
the steady state accumulation: the composite accumulates in regions
of high-activity for larger passive particles and in regions of low-activity
for smaller passive particles respectively. The bottom panel shows the
activity field fs(x) = 20[1 + sin(2nx/L)] experienced by the chiral active
particle. The y-axis in the top panel is normalized with the bulk density,
defined as pp, = 1/L, where L = 100 is the simulation box size with periodic
boundary conditions. The parameters of the simulation are kg7 = 1.0,
k=500.0,7y=1.0,Dg=20.0, 2 =0.2, [p = 3.0 and the integration time step
At = 5Dg x 107

Fig. 5 presents the density profile along the x axis for
dimers with g = 2, k = 30, and /, = 1.5. Panel (a) corresponds
to case 1, where only bonded particles interact via the WCA
potential. As expected, dimers with a chiral torque of Q@ = 0.2

Fig. 5 The steady state density distribution of active—passive composites
with g = 2 connected via a spring with /g = 1.5 and k = 30. The y-axis is
normalized by the bulk density p,. The sinusoidal activity field is the same
as in Fig. 2, given by f(x) = 20(1 + sin(2nx/L)). Panel (a) compares the results
for case 1, where bonded particles interact via the WCA potential with ¢ = 1.
For reference, results for fully noninteracting dimers (i.e., neither bonded
nor nonbonded interactions) with ¢ = 0 are also shown. The accumulation
behavior of the composite is influenced by the strength of the chiral torque
Q. Panel (b) presents results for case 2, where, in addition to bonded
interactions, nonbonded dimers also interact via the WCA potential (¢ = 1).
These results are compared with fully noninteracting dimers. The para-
meters of the simulation are Q = 1.2, kg7 = 1.0, y = 1.0, Dg = 10.0, and the
integration time step At = 5Dg x 1076,

on the active particle accumulate in low-activity regions, and
including WCA interactions between bonded particles has no
observable effects. In contrast, for Q = 1.2, where dimers
accumulate in the high-activity regions, introducing WCA
interactions between bonded particles slightly reduces the
chemotactic response. Panel (b) presents the results for case 2.
In the dilute limit, chemotaxis remains robust, with dimers
accumulating in high-activity regions. As the bulk density
increases, particle collisions lead to reorientations, which
consequently reduce the accumulation in the high-activity
regions slightly.
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[1l. Conclusion & outlook

Directed motion toward regions of high concentration is a
defining feature of living systems, spanning length scales from
protein complexes to bacteria. In this work, we demonstrate
that a minimal model system composed of a chiral active
particle coupled to a passive particle, can exhibit preferential
accumulation as an emergent property. Particularly, when the
chiral active particle and the passive particle are connected by
a rigid rod, the transition from accumulation in low-activity
regions to high-activity regions depends solely on the size of the
passive particle, similar to the previous studies.*>*” In contrast,
when the coupling is mediated by a harmonic spring of zero
rest length, the crossover is determined by the chiral torque.
Additionally, we observe that this preferential accumulation is
possible even when the chiral active particle is coupled to a
small passive particle, provided the chiral torque is sufficiently
large, which deviates from previous findings. Our results
demonstrate that even when excluded volume effects are con-
sidered, accumulation in high-activity regions remains robust
in the dilute limit, further underscoring the effect of chirality as
a control parameter. The mechanism underlying the preferen-
tial accumulation involves the anchoring effect of the passive
particle, which allows the chiral active particle to explore the
activity gradients and leads to the composite effectively drifting
up the gradient. Moreover, our results show that when chiral
active particles are connected into chains, they accumulate in
high-activity regions at sufficiently high Q for chain lengths
exceeding three monomers (¢f Fig. SI 1 of the ESIT). Previous
theoretical studies suggested that directed motion can emerge
when two chiral active particles with equal and opposite
torques are coupled, creating a tug-of-war effect.’® In contrast,
we show that dimers with the same torque direction experience
a cumulative chiral effect that suppresses chemotaxis, even at
very high chiral torques. This can be attributed to the reduction
of the persistence time of the active monomers in the presence
of chirality, in which case short chains preferentially accumu-
late in low activity regions.””

Chiral active matter is ubiquitous in nature, where chiral sym-
metry breaking at the cellular and subcellular levels contributes
to bilateral asymmetry in organisms, organs, and tissues.”” *'
At the cellular scale, active torques generated by the actomyosin
cytoskeleton induce chiral symmetry breaking,®* while membrane-
anchored motor proteins produce rotational forces that drive
flagellar motion and cell propulsion.’*** Beyond biological
systems, chirality plays a crucial role in practical applications,
enabling functionalities such as particle sorting®*® and
synchronization.®”®® At the millimeter scale, vibrots provide a
well-controlled experimental platform for studying chiral active
matter,’*””? with tunable chiral torques achieved through bris-
tle configurations. These systems can also be assembled into
polymeric chains connected by springs.”* Chiral active granular
particles have similarly been realized by breaking translational
symmetry.”>’® At the microscale, recent experiments have
shown that amoeboid cell motility can be enhanced by coupling
them to passive beads.”” Our results offer a theoretical framework

that can be tested in experimental systems where chirality
emerges from symmetry breaking in body shape or self-
propulsion mechanisms. Possible microscale realizations
include active colloids, such as L-shaped particles confined using
optical tweezers, or catalysis-coated synthetic swimmers.>*”®
Advances in fabrication techniques, such as glancing angle metal
evaporation, now allow precise control over the spin rates of
catalytic Janus swimmers, enabling systematic investigations of
chiral active dynamics.”®

Our model does not account for the hydrodynamic inter-
actions between the active-passive composite with the sur-
rounding solvent, a class of models known as dry active matter
models.> An intriguing extension of this work would involve
incorporating hydrodynamic effects into the modeling, which
we delegate to future studies.

Data availability

The code for calculating the steady state positional probability
density of the active-passive composite can be found at https://
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for this study is version v1.0.1.
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