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ABSTRACT: Active systems are made of agents, each of which takes energy from the environment and converts it to directed
motion. Therefore, by construction, these systems function out of equilibrium and cannot be described using equilibrium statistical
mechanics. Though the most studied aspect has been the collective motion of active particles, the motion at the individual particle
level in crowded media is also of prime importance. Examples include the motion of bacteria in hydrogels, single cell migration as a
way to search for food or escape from toxic agents, and synthetic active agents transporting through soft crowded media. This review
presents an overview of our understanding of single active probe dynamics in crowded media from computer simulations. The active
probe is a Janus or a dumbbell-shaped particle, and the medium is made of crowders that are either sticky or repulsive to the probe
and could be frozen or mobile. The density and the topology of the crowders also play an important role. We hope our in silico
studies will help to elucidate the mechanism of activity-driven transport in crowded media in general and design nanomachines for
targeted delivery.

1. INTRODUCTION paradigmatic examples of non-equilibrium events occurring in
the biological realm. In recent years, researchers made
significant and growing efforts to uncover the underlying
physics and explore their applications in diverse fields. This
leads to the development of novel strategies for designing
artificial microswimmers and nanoswimmers like Janus
particles,”” chiral particles, and catalytic nanomotors'® that
are capable of self-propulsion to mimic their biological
counterparts.

In general, the motion of passive particles is governed by
equilibrium thermal fluctuations owing to random collisions
with the surrounding fluid molecules,® while the active
particles are driven by the interplay between random
fluctuations and self-propulsion that drives them out of
equilibrium." To describe the motion of active particles,
researchers have proposed different models, such as active

Active matter refers to a system, made of constituents, each of
which is driven out of equilibrium by consuming energy from
the environment and converting it to a directed motion.'
Molecular machines like kinesin or myosin motor proteins
inside biological cells trigger the movement or transport of
biomolecules and lead to the intrinsic out-of-equilibrium state
of these systems.” The nature of these living and active matter
systems implies broken detailed balance, nonthermal fluctua-
tions, and violation of the fluctuation—dissipation relation,
which makes their theoretical description particularly a
challenging task." They feature many novel behaviors such as
the activity-driven phase separation” or large-scale collective
motion” that are not achievable by systems at equilibrium, and
their properties can be explained and understood only within
the framework of non-equilibrium physics. In biological
systems, force generation by ATP hydrolysis and directed
motion of cells are essential in cellular processes, including cell
motility, cell multiplication, and intracellular transport.” The
processes such as oscillations of the mitotic spindle during
asymmetric cell division,” microbial pathogens in stomach
mucus, periodic flagellar beating for locomotion, or motility of
spermatozoa by ciliary beating through cervical mucus are the
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Figure 1. Snapshot of a self-propelled Janus probe in (A) polymers with sticky zones and (B) binary mixture of colloids with sticky and nonsticky
interactions (in both cases, the magenta part of the Janus probe has an attractive interaction with blue colored beads). A schematic illustration of
the direction of self-propulsion toward the (C) nonsticky face and (D) sticky face of the self-propelled Janus probe. Reproduced and customized
with permission from ref 9. Copyright 2020 Royal Society of Chemistry.

Brownian particles,l’9 active Ornstein—Uhlenbeck par-
ticles,'”"" and run and tumble particles.' The dynamics of
active Brownian particles become the central focus of the
physical and biophysical research communities. In the last few
decades, several studies are reported, which try to reveal the
physics behind the novel features exhibited by the active
Brownian particles in complex media.”"'~'* However, the real-
life situations are quite different, and hence there is a growing
interest in understanding the dynamics of these active
Brownian particles in complex environments such as porous
soils, sediments, and living tissues. There are multiple factors
like crowding and local heterogeneity that either enhance or
limit the diffusion of active agents moving through these
complex media for performing their assigned tasks.

In this review, we provide a guided tour through our
previous attempts to understand the physics underlying the
motion of active agents in crowded environments. In free
space, the active probe particles freely diffuse in the available
space,' whereas the same active probe behaves differently in
the crowded environment as it experiences different types of
interactions with the crowders. In addition, there exist other
crucial factors such as activity, the density of crowders,
heterogeneity, and the microarchitecture of the environment,
which play a significant role in deciding the dynamics of the
active probes in the crowded media. We portray how the
translational and rotational dynamics of the active Janus
particle change in a two-dimensional viscoelastic and non-
viscoelastic environments with either attractive or repulsive
interaction with the media.” The Janus particle exhibits a
nonmonotonic behavior in rotational dynamics with area
fraction, while the translational dynamics monotonically
decrease. Then we describe how the shape of the Janus
probe affects the dynamics by investigating the translational
and rotational dynamics of the self-driven rigid dumbbell in a
2D polymer gel.'> Subsequently, the effect of confinement and
crowding on the transport of the self-propelled spherical probe
is discussed in detail by considering a spherical tracer in a
polymer-grafted cylindrical channel.”” In general, we find that
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the dynamics is qualitatively faster with increasing self-
propulsion in all of these cases, but the magnitude of the
enhancement depends on the architecture, crowding density,
and interactions of the medium.

This review is organized as follows: section 2 describes the
modeling and dynamical features of active Janus probe in
polymeric as well as in colloidal solutions. Coupling—
decoupling behavior of the active Janus probe with area
fraction is included in section 3. Section 4 is devoted to
dynamical changes happening to the chemically symmetric and
asymmetric rigid dumbbell in 2D polymer gel, and section S
presents the effect of the interplay of crowding and
confinements on the dynamics of a spherical active probe
particle inside the polymer grafted narrow cylindrical channel.
Finally, section 6 summarizes the important aspects and
indicates potential future research directions.

2. ACTIVE JANUS DIFFUSION IN POLYMER AND
COLLOIDAL SOLUTIONS

Inspired by the remarkable performance of biological motors
and pumps, researchers engineered function-specific hybrid
biosynthetic nanomotors.'® A generic model of self-propelled
swimmers is the well-celebrated active Brownian particle
(ABP). The motion of the Janus probe in free space is well-
studied. The translational and rotational dynamics of an active
Janus particle show different dynamical features compared to
the passive case. The translational dynamics display a steady
three-step growth as short time diffusion, intermediate
superdiffusion, and an enhanced diffusion at a long-time
limit. However, the same Janus probe in the crowded medium
has qualitatively different dynamics, where it frequently
encounters crowders, and these crowders could be repulsive
or sticky in nature. Further, to examine how the dynamics of
swimmers change in crowded media, a minimalistic model of
active Janus particle is modeled as a rigid body made of two
spherical particles of the same size, separated by a constant
distance ¢. This Janus particle is then introduced in a polymer
solution, made up of N, polymer chains, each consisting of M
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Figure 2. (A) Log—log plot of {(Ar*(z)) vs 7 and (B) (A&*(7)) vs 7 for the self-propelled Janus probe subjected to different F, in purely repulsive
polymers (dotted lines) and polymers with sticky zones (solid and dashed lines) (e = 2.0) for ¢ = 0.165. In the plots, the solid and dashed lines
represent the case with self-propulsion toward the sticky face and nonsticky face, respectively. Reproduced and customized with permission from ref

9. Copyright 2020 Royal Society of Chemistry.

= 100 beads (Figure 1A) or in a nonviscoelastic environment,
composed of only monomers, which we refer to as colloids
(Figure 1B). The viscoelastic crowders are modeled as
colloidal beads connected by finitely extensible nonlinear
elastic potential:

ij = "max
Tmax

2
ke T
_ Smacp g [—I ) , ifr, <r
Veene(r) = 2

= 00, otherwise (1)

where r;; is the distance between two neighboring monomers in
the polymer chain with a maximum extension r,,,,, and k¢ is the
spring constant. To implement a nonviscoelastic crowded
environment, the medium is filled with disconnected
monomers (colloids) (Figure 1B). A pair of monomers, either
free or connected, interact via repulsive Weeks—Chandler—

Andersen (WCA) potential:'”

12 6

- +e, ifr, < 266
- j ij ij ij

Vivea(r) = T T

0, otherwise
(2)

where r;; is the separation between a pair of monomers in the
medium, €; is the strength of the interaction, and o;
determines the effective interaction diameter. For a medium
of nonadhesive (nonsticky) crowders, the interaction between
both halves of the Janus probe and the polymers is modeled by
the WCA potential (eq 2). On the other hand, each spherical
particle in the Janus probe can interact differently with the
monomers in the medium. Here, the probe is called the Janus
particle, where one-half of the Janus is nonsticky, while the
other is sticky which interacts repulsively (Figure 1C,D) via
WCA potential (eq 2) and attractively via the Lennard-Jones
(LJ) potential:

12 6
0y Oj;
U Pl .
dell— - |— ifr. <r
ij ) ij — "cut
VLJ(") = tij 1ij
0, otherwise (3)
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where r;; is the separation between the “sticky” monomers and
the attractive part of the Janus probe, €; is the strength of the
interaction with an interaction diameter o; = oy, and the
Lennard-Jones cutoff length r,, = 2.50jy. The other (non-
adhesive) half of the Janus probe interacts repulsively with all
of the monomers via the WCA potential (eq 2) but with
interaction diameter ojy. Also, with the nonadhesive
monomers (red in Figure 1A,B), both particles in the Janus
probe interact via the WCA potential with the interaction
diameter ojy. The energy is measured in terms of thermal
energy kT, and we consider € = 2 according to this unit. The
interaction diameter is oy = 1.250, where ¢ is the unit of
length. For all simulations, the Lennard-Jones parameters (o
and €) and mass m are the fundamental units of length, energy,

2
and mass, respectively. Therefore, the unit of time is 7 = /2%
£
. The Janus particle parameter is { = 0.6 so that its shape
anisotropy is not significant. The area fraction (¢) is defined as
2

¢ = N7 where N = Np X M is the total number of

4L, X Ly

particles in the medium with diameter 6, and L, and L, are the
lengths of the simulation box.

The dynamics of all of the particles in the system with mass

m and position r(t) at time ¢ are simulated using the following

Langevin equation:

dzri(t) drl ac
=1, —ZVV(ri—r,)+fi(t)+f ‘
j

e dt
(4)

Here, r; represents the position of all of the particles except the
ith particle, V(r) = Viy + Viwca + Vepng and is the resultant
pair potential between the ith and jth particle. Note that V;; =
0 for purely repulsive interactions, Viycy = O for attractive
interactions, and Vpgyg = 0 for free colloids in the
environment. ¥ is the friction coefficient which is related to

the Gaussian noise through
(1, () =0, (f,(t)f, (t")) = 2dyksT5,,5(t" — t") )

where kg is the Boltzmann constant, T is the temperature, &
represents the Dirac delta function, o and f represent the
Cartesian components, and d is the dimensionality. The term
£ denotes the self-propulsion term for the active particles. For
Janus particles, i = En in eq 4, where F, is the strength of
the propulsion force and n is the unit connecting vector
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Figure 3. (A) Log—log plot of (Ar*(z)) vs 7 and (B) (A&%(z)) vs 7 for the self-propelled Janus probe in the purely repulsive polymers (dotted
lines) and in purely repulsive colloids (solid lines) for ¢ = 0.165. Reproduced and customized with permission from ref 9. Copyright 2020 Royal

Society of Chemistry.

between the two centers of the Janus probe. For passive
monomers in the crowded environment, we set F, = 0. All of
the simulations are performed using LAMMPS,** employing
the Langevin thermostat and equation of motion integrated
using the velocity Verlet algorithm in each time step.

The dynamics of a free particle is well-described in the
literature." The passive free Janus probe is diffusive at all times,
whereas the free self-propelled Janus probe shows an enhanced

translational mean square displacement ((Ar’(7))), with
distinct three regions: short-time diffusion, intermediate
superdiffusion, followed by long-time diffusion with an
enhanced diffusion coefficient. However, the rotational

dynamics (A0*(7)) remains unaffected by self-propulsion as
the rotational motion is solely governed by the thermal
fluctuations. Hence, the persistence time, 7y, is the same for all
values of F, when crowders are not present in the medium.
When the polymers are introduced in the media, the dynamics
show entirely different behavior compared to the Janus probe
in free space.” In order to see the effect of interaction between
the Janus probe and the crowders, the area fraction of the
polymers is kept constant at ¢ = 0.165. In one set of
simulations, both the Janus halves interact repulsively with the
monomers of the polymers. The passive Janus displays
intermediate subdiffusion due to the presence of transiently
surrounded polymers and achieves the diffusive limit at longer
times (Figure 2A). However, for the active Janus probe, the
self-propulsion helps the Janus probe to escape from the steric

barrier created by these polymers, and (Arf (7)) shows a three-
step growth similar to free self-propelled Janus probe, unlike
that of a passive Janus probe in repulsive polymers (Figure
2A). Surprisingly, the presence of polymers results a three-step

growth in (A0*(7)) similar to (Ar’(7)), unlike a free self-
propelled Janus probe (Figure 2B). When the self-propulsion
F, increases, both translational and rotational dynamics
steadily increase, and this implies that the activity always
helps the Janus probe to escape from the polymer chain
cavities compared to the passive case. A similar trend in
rotational dynamics has been observed by Gomez-Solano et al.
in an experiment where they notice an enhanced diffusion in

(AO*(7)) for a self-propelled Janus probe in a viscoelastic
environment,” when compared to the passive Janus particle.
However, in their study, the Janus probe was much bigger than
the polymers in the solution. Du et al. investigated the active
Brownian particle diffusion in polymer solutions in 3D using

computer simulations.”> They reported a nonmonotonic
dependence of the long-time diffusion coefficient on the
particle size. They propose that the nontrivial dependence
results from the competition between persistent motion of the
active Brownian particle and the length-scale-dependent
effective viscosity that the particle experiences in the polymer
solution.”

Next, the binding zone is introduced on the polymer chain
by making the central beads attractive to one-half of the Janus
probe, while the other half interacts repulsively with all of the
monomers. The translational and rotational dynamics slow
down due to the sticky zone and show a strong intermediate
subdiffusion compared to the Janus probe in the purely
repulsive polymer solution (Figure 2). The Janus probe is
pulled in by the sticky zones of the polymers, which leads to

this overall decrease in (Ar’(7)) and (A6*(r)) compared to
the purely repulsive polymer solution. However, this reveals
that the presence of viscoelastic polymers results enhancement
of rotational dynamics as a function of increasing activity,
unlike the free Janus case where the rotation is independent of
the activity. The local heterogeneity persists within a length
scale comparable to the probe size, and the direction of
propulsion of the Janus probe relative to its sticky face plays a
crucial role in controlling the dynamics. The direction of self-
propulsion toward the nonsticky face (Figure 1C) facilitates
faster translation and rotation compared to the case where the
direction of self-propulsion points toward the sticky face
(Figure 1D) (the dashed and solid lines, respectively, in Figure
2). This depicts that the self-propulsion outward from the
nonsticky face helps in escaping from the sticky traps created
by the polymer chains. The qualitative trend remains the same
for the nonviscoelastic crowders (colloids) obtained by
removing the bond connecting the monomers of the polymers
but shows faster translational and rotational dynamics of the
Janus for a fixed F, (Figure 3). This implies that the
viscoelasticity is not a necessary condition to see enhancement
in rotational dynamics compared to a free Janus probe. The
dynamics is faster in colloidal solutions than the viscoelastic
polymers. The origin of the rotational enhancement observed
is due to the additional torque arising from the activity-
dependent interactions between the Janus probe and the
passive crowders. Since the monomers are connected in the
viscoelastic case, the motion of individual polymer beads is
constrained compared to that of the free colloidal beads. In a
viscoelastic environment, the Janus probe is restricted inside

https://doi.org/10.1021/acsomega.2c04709
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, for the self-propelled

Janus probe in different area fractions ¢ of the polymers having sticky zones (¢ = 2.0) (A—C) and binary mixture of attractive (¢ = 2.0) and
repulsive colloids (D—F) for different F,. Reproduced and customized with permission from ref 9. Copyright 2020 Royal Society of Chemistry.

cavities created by long chains leading to a diminution of
diffusivity compared to the colloid crowders. In support of our
studies, it has been recently shown that in a bath of passive
silica tracers, tagged self-propelled Janus particles show
enhancement in rotational dynamics with an increase in self-
propulsion force.” However, they did not capture any
nonmonotonic variation of rotational dynamics of the active
Janus with the area fraction of the bath particles.

3. COUPLING—-DECOUPLING OF TRANSLATIONAL
AND ROTATIONAL DYNAMICS OF JANUS PROBE
IN CROWDED MEDIA

One of the crucial factors that decides the motion of a probe
particle in crowded media is the crowding density. The
architecture of the media, available free space, and the
interactions from the surrounding particles essentially depend
on the crowding density. For a two-dimensional system, the
crowding density is quantified using the area fraction (¢). The
area fraction is varied by keeping F, constant, and it is found
that the translational motion monotonically decreases, while
the rotational dynamics interestingly shows a nonmonotonic
behavior with increasing area fraction (Figure 4). The
rotational diffusivity increases up to intermediate ¢ and then
decreases for larger ¢ (Figure 4B,E). The nonmonotonic
behavior in the motion leads to coupling or decoupling
between the translational and rotational dynamics. The
translational and rotational diffusions remain coupled as long
as the ratio of the respective diffusion coeflicients remains
constant. The rotation of a free Janus particle is purely
governed by the thermal diffusion, thus the ratio of
F
translational and rotational diffusion coefficients (%) is a
R
constant. However, any deviation of this ratio from the
constant value should result from the decoupling of transla-
tional and rotational motions."” This is a sophisticated way to
determine the coupling and decoupling behavior of the
dynamics of the Janus probe. The coupling and decoupling
between the translational and rotational dynamics were
reported previously by Edmond et al. in an experimental
study of the dynamics of the tetrahedral tracer colloidal
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clusters in a dense amorphous suspension of colloidal spheres
using high-speed confocal microscopy.'” Similarly, Zou et al.
observed a coupling—decoupling behavior in translational and
rotational diffusion of glass-forming liquid of monodisperse
soft Janus particles near the glass transition temperature,
though for a passive system.”’ Spatial heterogeneity in the
medium results in such a decoupling.”® Thus, for a free self-
propelled Janus particle, translational and rotational motions
are always coupled. The behavior changes in the crowded
media. For the passive Janus probe (F, = 0), the ratio of
translational and rotational diffusivity of Janus probe in the

Dy . o
presence of crowders — became independent of ¢, indicating
DR

a coupling between translational and rotational diffusion at all
densities. However, the active Janus probe exhibits intriguing
change as the diffusivity ratio shows a strong dependence of ¢,
as it shows a minimum at intermediate ¢. This behavior
becomes more pronounced for higher values of F, (Figure
4C/F). For larger ¢, the ratio approaches the free Janus value.
The decoupling behavior is due to the nonmonotonic changes
in the rotational dynamics of the Janus probe. The Janus probe
is surrounded by obstacles, and the mean free path of the
probe decreases with increasing ¢b. The reorientation events
also change the direction of motion, and the Janus probe with
enhanced diffusivity translates to a different location followed
by the rotation as it encounters the obstacles. These
interactions lead to further random rotation and result in
increased rotational diffusivity as a function of F, at smaller ¢.
At larger ¢, these rotations get suppressed as sufficient free
space is not available for the probe to rotate owing to the
crowding. On the other hand, the translational diffusivity
decreases monotonically with increasing ¢, as the translational
motion gets suppressed due to the steric hindrance coming
from the obstacles. Altogether, the physics describing the
enhancement in translational and rotational dynamics of the
Janus probe provides a detailed understanding of the transport
of the self-powered machines through complex media, where it
encounters multiple interactions and competing factors.
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Figure S. (A) Snapshot of chemically asymmetric self-driven rigid dumbbells inside the polymer gel (brown color; springs are shown as solid lines).
A schematic representation of (B) trapping, rotation, and (C) mesh-to-mesh transition events of the self-driven rigid dumbbells in the polymer gel.
The white arrows indicate the direction of self-propulsion. Reproduced and customized with permission from ref 12. Copyright 2022 Royal Society

of Chemistry.

4. SELF-DRIVEN RIGID DUMBBELLS IN POLYMER GEL

Understanding the motion of the probe particle in the crowded
medium is imperative in designing self-propelled artificial
devices which can be used as a potential candidate for targeted
drug delivery in crowded'® and heterogeneous environments
like biological cells. There exist a series of factors that control
the transport of these microswimmers through the crowded
space. The interplay between the shape, interactions, and self-
propulsion determines how efficiently a probe moves through
the dense space. Further, to understand how the asymmetry of
the Janus probe impacts the transport in a crowded
environment, a chemically symmetric and asymmetric self-
driven rigid dumbbell in polymer gel was created on a 2D
lattice (Figure S). The translational and rotational dynamics of
the self-driven rigid dumbbells were investigated to unveil the
impact of chemical symmetry or asymmetry on the transport of
an active extended Janus particle through dense polymeric gel
media. Macromolecular crowding plays a vital role in deciding
the motion of active agents through physiological environ-
ments, such as living cells, where the biomolecules are
transported through the networks formed by biofilaments or
molecules diffusing through the chromatin networks inside the
eukaryotic nuclei. The biomolecular transport depends on the
effective diffusion of biological swimmers. These probes, while
moving through the confined dense space, encounter frequent
collisions and interact intensely with the crowders. To mimic
these microswimmers in crowded space, a self-driven rigid
dumbbell is modeled by connecting two circular discs each of
size 0.50 via harmonic spring potential.

(’ij - "0)2
2 (6)

Here, ky; = 30 is the spring constant, and r is the equilibrium
distance between the two halves of the rigid dumbbell (5! =
0.56), which is constant throughout the simulations, and it
ensures that the dimers are always translating and rotating as a
single rigid body. Next, the crowded environment is modeled
by creating a bead—spring polymer gel on a 2D graphene
lattice, and each of these trivalent lattice sites is occupied by

‘/harmonic(rij) = kH

monomers of the same diameter, ¢ (Figure S), and are
connected to the neighboring monomers through the finitely
extensible nonlinear elastic (FENE) spring potential (eq 1).
The distance r; between two neighboring monomers in the
polymer gel with a maximum length r,, = 2.50 and k¢ = 3 is
the force constant, which accounts for the stiffness of the gel.
The nonbonded gel monomer—monomer, two halves of the
rigid dumbbells, and the rigid dumbbell with the monomers of
the polymer gel interactions is set as purely repulsive and
modeled by the Weeks—Chandler—Andersen (WCA) potential
(eq 2)." In this case, the rigid dumbbell is chemically
symmetric as both the halves interact similarly to the crowders.
Further, the chemical asymmetry is achieved by making one-
half of the dumbbell interact attractively with the monomers of
the polymer gel via the Lennard-Jones potential (eq 3). Here,
r;; is the separation between one-half of the rigid dumbbell and
monomers of the gel, € is the strength of the interaction
(stickiness) with an interaction diameter o; and the Lennard-
Jones cutoff length r ., = 2.50.

The Langevin equation (eq 4) is implemented to describe
the dynamics of a particle with mass m and position r,(t) at
time ¢, interacting with all of the other particles in the system.
In eq 4, m is the mass of particles, r,(t) is the position of ith
particle at time ¢, y is the friction coefficient, and the total
potential energy of the system can be written as V(r) = Vgpyg +
Vharmonic + Vi + Viwca, Where Vigyg is the spring potential for
the polymer gel, V},monic is the spring potential connecting two
halves of the rigid dumbbell, V;; is the attractive potential, and
Viwca corresponds to the excluded volume potential. Thermal
fluctuations are captured by the Gaussian random force f(t),
satisfying the fluctuation—dissipation theorem given by eq S.
The activity is modeled as a propulsive force Fn, where F,
represents the amplitude of active force with the orientation
specified by the unit vector n connecting the centers of the two
spherical discs which form the rigid dumbbell. The self-
propulsion term Emn is zero for the passive polymer gel
particles. In the case of the asymmetric dumbbell, two
directions of self-propulsion are considered, either outward
from the sticky face or nonsticky face, but acting always along
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Figure 6. Log—log plot of (A) (Ar*(z)) vs 7 and (B) (AG*(z)) vs 7 of the attractive (¢ = 1.0) self-driven symmetric dumbbell in 2D polymer gel for
different F,. Reproduced and customized with permission from ref 12. Copyright 2022 Royal Society of Chemistry.

the bond. The activity is expressed in terms of a dimensionless

Eo
. Therefore, F,
kT

= 0 corresponds to the passive case. For each simulation, the
system is initialized by randomly placing five self-driven rigid
dumbbells inside the polymer gel packed inside a square box of
length 520 (Figure 5). Periodic boundary conditions are set in
all directions. All of the simulations are performed using the
Langevin thermostat, and the equation of motion (eq 4) is
integrated using the velocity Verlet algorithm in each time step.
All production simulations were carried out for § X 10° steps
after relaxing the system long enough where the integration
time step was considered to be 5 X 107* and the positions of
the particles were saved every 100th step. This also ensures the
equilibration of the polymer gel with an average mesh size
Omesh ~ 1.70.

To understand the dynamical properties of the rigid
dumbbell, the time-ensemble-averaged translational and rota-

quantity Peclet number, Pe defined as Pe =

tional mean square displacements, (Ar’(7)) and (A@*(7)), are
computed. Here, r, is the center of mass position and 6 is the
angle between x-axis and body axis of the dumbbell.'> For

computing (AG*(7)), the cumulative angle @ is calculated from
the simulation; therefore, the angle difference is no longer
bounded by 27.° A chemically symmetric dumbbell with both
halves sticky (¢ = 1) to the monomers of the polymer gel is
considered and investigated for the effect of self-propulsion on
its transport inside the polymer gel. The self-propulsion always
results in faster dynamics with increasing F,, as shown in

Figure 6. (Ar’(7)) shows a short-time subdiffusion as the
symmetric dumbbell gets caged inside the polymer mesh due
to the stickiness between the dumbbell and the polymer gel. At
intermediate time, the subdiffusive behavior becomes more

pronounced for the passive case, while (Ar’(7)) for the self-
driven symmetric dumbbell grows faster as a function of
increasing F, (Figure 6). Also, for smaller activities, the self-
driven symmetric dumbbell shows a subdiffusive behavior
owing to the confined motion inside the polymer mesh for a
very short time. As time progresses, activity dominates and
performs a persistent motion, which results a superdiffusive
behavior. At the longer time, the directed motion is
randomized due to the collisions and reorients, which help
the symmetric dumbbell to reach the diffusive limit; that is,

(ArX(7)) is linear in time with an enhanced diffusion
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coeflicient. Self-propulsion helps the symmetric dumbbell to
make a series of transitions between the meshes and explore a
larger space inside the gel. Further, to unravel the effect of self-
propulsion, crowding, and the stickiness of the network
particles on the rotational dynamics of the symmetric

dumbbell, (A8*(7)) is computed as a function of activity F,

(Figure 6B). An activity-induced splitting of (A°(z)) curves
(Figure 6) is observed for the symmetric dumbbell inside the
polymer gel, unlike the self-driven probe in free space. Similar

to translational motion, (A@*(z)) also shows enhancement
with increasing the self-propulsion. At the intermediate time,

(AO*(7)) exhibits a subdiffusive behavior, which is more
prominent for the passive as well as for the smaller F, values,
and at higher F,, the subdiffusion changes to superdiffusion

(Figure 6B). At longer time, (A@*(z)) displays the diffusive
behavior with an enhanced diffusion coefficient. The self-
propelled dumbbell encounters the polymer gel particles more
frequently and undergoes frequent rotations. This results from
the additional activity-induced torque responsible for the
enhancement in rotational motion of the self-driven dumbbell
compared to the passive dumbbell. When the dumbbell is self-
propelled, it has faster translational motion and also while
moving encounters the gel particles more frequently than when
it is passive. Since the probe is asymmetric in shape, it
undergoes rotations while colliding with the gel monomers. A
self-propelled dumbbell undergoes more frequent rotations,
resulting from the torque generated by interacting with the
medium, which increases with the magnitude of the self-
propulsion.

The chemically symmetric dumbbells have identical faces.
But to obtain a better understanding of the role of the
chemistry of the probe, one has to consider the probe as a
chemically asymmetric particle, which is achieved by
introducing repulsive and sticky interactions on the two
different halves of the rigid dumbbell. Here, the direction of
self-propulsion also plays a crucial role, like the self-propelled
Janus probe. The effects of chemical asymmetry and direction
of self-propulsion on the dynamics of the rigid dumbbell are
studied by comparing it with the chemically symmetric

dumbbell. (Arf(r)) and (A6*(r)) for the chemically
asymmetric dumbbell show enhancement in both translational
and rotational dynamics with qualitatively similar trends in
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Figure 7. Log—log plot of (A) (Ar*(7)) and (B) (A@*(7)) vs the lag time 7 of the passive and self-driven sticky (¢ = 1.0) symmetric dumbbell,
asymmetric dumbbell with self-propulsion along the sticky half, and self-propulsion along the nonsticky half in 2D polymer gel for different F,.
Reproduced and customized with permission from ref 12. Copyright 2022 Royal Society of Chemistry.
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Figure 8. Plots of P(Ax; 7) for the symmetric sticky (€ = 1.0) dumbbell as a function of F, at different lag times 7z (0.5, S, 50, and 500) (A—D). The
solid lines represent the Gaussian fittings. Reproduced and customized with permission from ref 12. Copyright 2022 Royal Society of Chemistry.

comparison to the symmetric case (Figure 7). The symmetric
dumbbell gets trapped inside the polymer gel due to the higher
effective sticky interaction coming from the two halves of the
dumbbell having an attractive interaction with the gel, while for
the asymmetric dumbbell, one-half interacts repulsively with
the polymer gel and reduces the chances of getting caged in the
dense polymer gel. Apart from this, if the direction of self-
propulsion is toward the nonsticky half of the asymmetric
dumbbell, it always facilitates the escape of the dumbbell from
the polymer mesh traps (Figure SC). Thus, the asymmetric
case exhibits enhanced translational and rotational dynamics
compared to their symmetric counterpart (Figure 7). The
enhanced rotation is due to the extra torque that arises from
the force imbalance due to simultaneous repulsive and
attractive interactions experienced by the two halves of the

chemically asymmetric rigid dumbbell compared to the
symmetric case. The directional effect has already been
reported previously for a self-propelled Janus probe.” However,
at very high F,, the activity dominates and the chemical
asymmetry or the direction of self-propulsion does no longer
have any effect on the dynamics of the rigid dumbbell as the

(Ar’(7)) and (A@*(7)) curves are indistinguishable from each
other for F, = 40 (Figure 7). Recently, Klett et al. studied the
self-diffusion of flexible passive dumbbells in crowded two-
dimensional solutions.® They focused on the effects of the
crowding fraction and of the particle structure on the diffusion
characteristics. They reported that the crowded system of
dimers exhibits two distinct diffusion regimes attributed to the
crowding-induced transition from a purely viscous to a
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Figure 9. Plots of P(Ax; 7) for the comparison of asymmetric dumbbell with self-propulsion along the sticky (e = 1.0) half (arrow toward blue
half), self-propulsion along the nonsticky half (arrow toward red half), and symmetric dumbbell in the polymer gel for F, = 0, S, and 40 at different
lag times 7 (0.5, S, 50, and 500) (A—D). Reproduced and customized with permission from ref 12. Copyright 2022 Royal Society of Chemistry.

viscoelastic behavior of the diffusion environment upon
increasing crowding fraction.” We consider a rigid dumbbell
in the polymer network, and hence our model differs from
their system in terms of the dumbbell properties and density of
crowders.

4.1. Mesh-to-Mesh Motion of a Self-Driven Rigid
Dumbbell inside the Polymer Gel. It is important to
understand how the rigid dumbbell moves through the
polymer gel as the gel contains the small connected mesh-
like architecture that controls the diffusion of particles. One of
the standard methods to capture the nature and behavior of
the diffusion of probe particles is using the van Hove
correlation function, P(Ax;t). The self-part of the van Hove
correlation is calculated as P(Ax;7) = (5(Ax — (x(t + 7) —
x(t)))) of the dumbbell displacement in one dimension (along
the x-direction in this case). This analysis can provide insights
on the Gaussian and non-Gaussian nature of the diffusion at
short, intermediate, and long times. This done by fitting
respective P(Ax;7) with the corresponding Gaussian distribu-
tion fittings for the Brownian motion,

1 Ax?
P(aw; 7) = L ewp( 35
the P(Ax; 7) of the symmetric dumbbell curves merge for
smaller F,, and the distributions become broader for larger
values of F, (Figure 8). As time progresses, the dumbbell
explores more space inside the gel, and P(Ax;r) becomes
broader with increasing activity. At intermediate time, P(Ax;
7) exhibits central multiple peaks with increasing F, (Figure 8).
The observed behavior is due to the adjacent mesh-to-mesh
motion of the self-driven dumbbell. In general, the active probe
in confinement tends to move toward the boundary of the
confinement to escape if there is a chance. Thus, the

)>.8’12’15 At very short time,
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occurrence of multiple central peaks is a characteristic of the
mesh-to-mesh motion of the dumbbell. Similarly, multiple
central peaks in the van Hove function were reported
previously in theoretical studies of tracer particle dynamics in
an elastic active gel.”' More recently, such side peaks were
observed in experiments involving tracer particles in an active
gel. The activity was caused by the plasmodial oscillation of the
slime mold Physarum polycephalum.'* Further, increasing F,
results in more numbers of central peaks, as the self-propulsion
facilitates the mesh-to-mesh motion of the dumbbell (Figure
8). In the long-time limit, the density profile broadens due to
the diffusive motion of the self-driven dumbbell. For the
passive case, the distribution fitted well and P(Ax; 7) curves
start deviating from Gaussianity with increasing F, and is more
prominent at the intermediate time limit. At long times, the
self-driven dumbbell reaches the diffusive regime, and the
distributions exhibit Gaussianity (Figure 8). The asymmetric
dumbbell also exhibits a qualitatively similar trend in the
density profile, but P(Ax; 7) curves are more broadened
compared to the symmetric counterpart (Figure 9). Also, the
directional effects persist here, as well, like the previous case.”
The self-propulsion toward the nonsticky half has a broader
distribution than the sticky half and the symmetric dumbbell.
The self-propulsion toward the sticky half promotes trapping,
while self-propulsion along the nonsticky half helps in escaping
the asymmetric dumbbell, causing the P(Ax; 7) distribution to
be broader. However, at very high F,, the activity dominates
over the chemical asymmetric effects, and direction of
propulsion force leads to the distribution curves merging and
falling on top of each other (Figure 9).
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Figure 10. (A) Top view and (B) side view of the snapshot of a representative tracer particle (red) inside the polymer (green) grafted cylindrical
channel with rigid walls (magenta). The wall particles are made transparent in the side view to show the grafted polymers clearly. Here, the size of
the tracer is the same as that of a monomer. Reproduced and customized with permission from ref 15. Copyright 2022 Royal Society of Chemistry.
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Figure 11. Log—log plot of (82*(7)) vs 7 for the (A) passive tracer particle at different €, (B) self-propelled tracer at different F,, and (C) (62%(7))
vs 7 at different F, in the polymer-grafted cylindrical channel. Reproduced and customized with permission from ref 15. Copyright 2022 Royal

Society of Chemistry.

5. ACTIVE PARTICLE TRANSPORT IN A
POLYMER-GRAFTED CYLINDRICAL CHANNEL

The diffusion of probe particles of different length scales is
always important in the context of biological processes. In
cellular processes, the combined efforts of multiple factors
maintain the smooth functioning of the cell and its biological
functions. Thus, in real-life situations, there exist many factors
that significantly affect the dynamics or the transportation of
probe particles, such as activity, size, and shape of the probe
particles, and its interactions with the local environment.”'>"?
Among these processes, the macromolecular transport through
the cellular channels in biological systems is of interest to
researchers, where, along with crowding, confinement plays a
crucial role. Cellular channels, like the nuclear pore complex
(NPC), allow a bidirectional transport of ions and proteins
across the nuclear envelope by passive diffusion through the
channels. To investigate the dynamics of active agents through
such a crowded channel, a spherical self-propelled particle in a
cylindrical channel with polymers grafted on the inner wall is
studied (Figure 10)."> The cylindrical channel of height 24¢
and radius 90 is grafted with a total of 75 polymer chains, each
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containing 12 monomers of diameter 6, and is connected by
FENE potential (eq 1) (Figure 10). The maximum displace-
ment of the bond connecting the neighboring monomers is
fmax = 50 with the stiffness constant ki = 7. The repulsive
interactions between the polymer beads and the wall particles
are modeled via the purely repulsive Weeks—Chandler—
Andersen (WCA) potential (eq 2). For the case where the
probe particle interacts attractively with the monomers of the
grafted chain, it is modeled by the Lennard-Jones potential (eq
3).

The Langevin equation (eq 4) is implemented to simulate
the dynamics of a particle with mass m and position r,(t) at
time f, interacting with all the other particles in the system.
The thermal fluctuations are captured by the Gaussian random
force given by eq S. Note that F, = 0 for the passive particles.
The activity term £*“ = Fn, which represents the magnitude
of the active force F, with orientation specified by the unit
vector n. The change in orientation follows dn/dt = 5(t) X n,
where 7(t) is the Gaussian distributed stochastic vector with
(n(t)) = 0 and time correlations given by (#,(t)n,(t") =
2Dp8,p0(t" — t")), where Dy is the rotational diffusion
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Figure 12. (A) Side view and (B) top view of the trajectory of the tracer particle in the polymer grafted cylindrical channel for different F,.
Reproduced and customized with permission from ref 15. Copyright 2022 Royal Society of Chemistry.
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Figure 13. P(r) of the tracer particle in the polymer-grafted cylindrical channel with (A) different ¢ for F, = 0, (B) different F, for ¢ = 1.5, and (C)
different € for F, = 50. Reproduced and customized with permission from ref 15. Copyright 2022 Royal Society of Chemistry.

coeflicient. The unit vector n can be expressed in the form of
spherical coordinates.”” The system is equilibriated for 10’
steps after placing the tracer inside the polymer-grafted
cylinder. The simulations are carried out for 5 X 10% steps
where the integration time step is considered to be 5 X 107
and the position of the tracer particle is recorded every 100th
step.

The dynamical properties of the probe particle are quite
different in the confined system compared to the same probe
in free space. The confinements restrict the motion of the
probe and provide this additional competing factor along with
the self-propulsion, interactions, and crowding. In the narrow
channel, the transport of the probe differs from the usual
transport pathways as along the radial direction the confine-
ment created by the cylindrical wall restricts the movement,
while along the cylinder axis it is free to move. It is equally
important to check how the dynamics changes along the radial
directions where it encounters the wall as well as the cylinder
axis (along the cylindrical axis a periodic boundary condition
has been imposed) for obtaining a deeper understanding of the
probe transport through the narrow channel. Initially the
difference can be studied by analyzing the time-and-ensemble
averaged translational mean square displacement of the probe

along the cylinder axis ({(5z*(7))) as well as along the radial

((6(x* + y*)(2))) directions as a function of lag time 7 for
different self-propulsion forces F, (Figure 11B,C). The passive
probe is subdiffusive inside the polymer-grafted cylindrical
channel (Figure 11A). On the other hand, the motion of the
self-propelled spherical probe in the cylindrical channel grafted

with polymers shows a three-step growth in (8z*(7)): short-

time normal diffusion, intermediate superdiffusion, and a long-
time enhanced diffusion along cylinder direction (along the z-
axis) similar to typical active Brownian particle as a function of
increasing F, (Figure 11B)."> However, the dynamics along the

radial directions is quite different as (5(x*> + y*)(z)) exhibit a
saturation at the long-time limit owing to the confinement
created by the wall particles of the cylindrical channel (Figure
11C). This behavior is absent for smaller values of F,, as the
probe particle is not able to reach the wall of the cylinder to
feel confinement.

Biological systems, such as cells, are heterogeneous,
crowded, and have boundaries. Hence, the transport of agents
through crowded confined spaces is imperative to understand
the mechanism behind daily life activities. The importance of
spherical probe transport through polymer-grafted cylindrical
channel lies in this context. The interaction strength
(stickiness), self-propulsion, grafting density, etc. play a vital
role here. When the grafted polymers are purely repulsive
(WCA), the passive probe prefers to move through the free
pore-like space available between the grafted polymers along
the cylinder axis, resulting in a diffusive behavior. However,
when the probe and polymers possess an attractive interaction,
the dynamics of the probe particle slows down as the tracer
particle gets trapped inside the grafted polymeric zone,
resulting in subdiffusive behavior at the intermediate time,
which becomes more pronounced with increasing € (Figure
11A)."> Making the probe self-propelled, the behavior changes
as the self-propulsion turns the subdiffusion to superdiffusion
at the intermediate time (Figure 11B). The activity helps the
tracer particle to escape from the grafted polymeric zone, and
the dynamics get faster with increasing F, compared to the
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passive counterpart. At higher F,, the dynamics of the self-
propelled tracer becomes much faster and frequently changes
its directions as it repeatedly encounters the grafted polymer
chains, loses the specificity, and goes deep into the grafted
polymeric area near the wall of the cylinder (Figure 12).
Consequently, the self-propelled particle explores most parts of
the narrow channel by frequently changing the directions with
higher F, value (Figure 12).

The self-propelled probe covers most of the space inside the
cylindrical channel, and the probability density P(r) portrays
the probe displacement along the radial directions where it
encounters the grafted polymers. P(r) gives the probability
density of finding the tracer along the radial direction. For the
purely repulsive passive probe, P(r) is maximum at the
cylindrical axis of the channel and gradually decreases toward
the wall of the cylinder (Figure 13). This implies that the
probe prefers to stay in the hollow pore-like space in the
central region than the crowded polymeric zone. The density
profile changes drastically when the probe is sticky to the
polymers as P(r) shows a maximum density at the grafted
polymeric zone toward the wall region and a low density at the
central region (Figure 13). The attractive interaction
significantly drags the probe toward the grafted polymeric
zone from the center, and the maxima shifts to larger values of
r as a function of increasing r (Figure 13). When the probe is
self-propelled, P(r) shows more broader and flat density profile
with increasing F,. However, for a very high F, range, the active
probe prefers to stay close to the wall confinement which
results in a narrow distribution. This is reflected irrespective of
the stickiness as the probe spends more time close to the wall
of the cylinder for all values of €. It is equally probable to have
the tracer everywhere inside the cylindrical channel for higher
values of F,. Adding to this, further insights on the probe
dynamics are obtained from the analysis of the van Hove
function. It is a standard tool for studying the Gaussian or non-
Gaussian nature of the dynamics of the probe.'”'® The
distribution becomes narrower with increasing € and can be
well-fitted by Gaussian distributions."> In contrast, the
dynamics shows a non-Gaussian behavior with a broader
probability density profile as a function of increasing F, due to
the self-propelled motion of the probe."”” The self-propelled
probe transport can provide useful insights into the active
transport facilitated by biological pumps or motor molecules.'®
A deeper understanding of the transport mechanism will help
scientists to design hybrid biosynthetic nano- or micro-
transporters by incorporating motor proteins into artificial
systems.

6. SUMMARY

We conclude this review by briefly highlighting the recent
progress that enabled us to attain a better understanding of the
dynamics of active probes in complex environments. We
describe the transport of the active Janus probes in different
environments and how the interactions, crowding density,
nature of the media, activity, and the direction of self-
propulsion influence the transport process. The translational
dynamics exhibit a monotonic decay, while the rotational
diffusion shows a nonmonotonic behavior with an increasing
area fraction of the crowders. This further leads to a
decoupling of translational and rotational dynamics at the
intermediate area fractions. Then we portray how the chemical
symmetric-asymmetric nature of the probe impacts the
dynamics in dense media. The chemical asymmetry facilitates
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the escape of the probes from the mesh confinement, and this
results in a faster translational and rotational dynamics.
Moreover, in addition to crowding the biological systems
possess confinements. This provides additional complexity in
understanding the dynamics of the probe particles. One has to
consider the combined effect of confinements as well as the
crowders to account for the transport mechanism in such a
case. Here, we discuss how one can efficiently transport the
active probe through a narrow channel where crowding,
interactions, and activity are interplaying. In most of the cases,
moderate activity and stickiness help the smooth transport of
the probe. Because higher activity randomizes the movement
and also reduces the specificity. The dynamics of the self-
propelled probe in complex environments is greatly influenced
by various factors such as activity, crowding density, the shape
of the probe, and the confinements present in the environ-
ments. Recently, researchers have started investigating the
dynamics of active probes in static environments like ordered
or disordered porous media.”*~>* This is definitely a future
direction to explore, since porous media are omnipresent in
biological systems, such as biological tissues and also serving as
the natural habitat for many cell types. To obtain a
comprehensive understanding of the underlying physics and
the mechanism of the dynamics of these active probes in
crowded space one has to consider the effect of all these
competing factors. Altogether our model reveals some of the
key features of the active probe dynamics in complex media,
and further development and studies are required to attain
more deeper understanding of these systems. A better
understanding may help the scientists and engineers to design
efficient, powerful, and better-performing artificial self-driven
transport machines in crowded environments, which are

considered to be next-generation drug delivery systems.'®
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