
Brownian dynamics of cylindrical capsule-like particles in a 
nanopore in an electrically biased solid-state membrane

Journal: Physical Chemistry Chemical Physics

Manuscript ID CP-ART-08-2021-003965.R1

Article Type: Paper

Date Submitted by the 
Author: 24-Nov-2021

Complete List of Authors: Wells, Craig; Clarkson University, Physics
Melnokov, Dmitriy; Clarkson University
Gracheva, Maria; Clarkson University, Physics

 

Physical Chemistry Chemical Physics



Brownian dynamics of cylindrical capsule-like particles in a nanopore in an electrically
biased solid-state membrane

Craig C. Wells, Dmitriy V. Melnikov, and Maria E. Gracheva∗

Department of Physics, Clarkson University, Potsdam, NY 13699

We use Brownian dynamics simulations to study the motion of cylindrical capsule-like particles
(capsules) as they translocate through nanopores of various radii in an electrically biased silicon
membrane. We find that for all pore sizes the electrostatic interaction between the particle and
the pore results in the particle localization towards the pore ’s center when the membrane and the
particle have charges of the same sign (case 1) while in case of the opposite sign charges, the capsule
prefers to stay near and along the nanopore wall (case 2). The preferential localization leads to all
capsules rotating less while inside the pore compared to the bulk solution, with a larger net charge
and/or particle length resulting in a smaller range of rotational movement. It also strongly affects
the whole translocation process: In the first case, the translocation is due to the free diffusion along
the pore axis and is weakly dependent on the particle charge and the nanopore radius while in the
second case, the translocation time dramatically increases with the particle size and charge as the
capsule gets “stuck” to the nanopore surface.

I. INTRODUCTION

The detection and characterization of biomolecules
[1–5] has been a growing field of interest with an in-
crease in number of research studies focused on nanopore-
based applications and the advancement of biosensing
technologies [6–11]. This rapid nanopore-based identi-
fication technology is frequently made possible by ana-
lyzing the ionic current blockade trace produced by a
molecule translocating a nanopore embedded in a mem-
brane [12–19]. A system such as this works by having
the nanoporous membrane separate two chambers filled
with electrolyte solution, one where biomolecules initial
reside in (the cis chamber), and the chamber they are
encouraged to translocate into (the trans chamber) via
the nanopore.

Nanopores can also be utilized with particles whose
shape and orientation affect the ionic current trace in a
way that may be more difficult to interpret, such as for
a non-globular molecule like a cylinder or capsule. In
particular, cylinder-shaped particles have been the focus
of several investigations [15, 16, 20–26]. For example,
one experimental study [15] focused on unique features of
the ionic current profile for a rod-shaped, silicon dioxide
particle translocating a nanopore with irregularities to
distinguish objects of different shapes. The results of
the same investigation suggest that the rods will rotate
while translocating the nanopore. Another study [16]
found that nanorods will tumble (a ”tumble” refers to the
capsule’s major axis rotating over itself in the direction
of the pore axis) while translocating a glass nanopipet,
thus resulting in a current blockade dependent on the
rod’s angular orientation. In general, however, analysis
of ionic current traces for these particles proved to be a
challenge due to their unique shape and motion [27].

∗ Author to whom correspondence should be addressed. Electronic
mail: gracheva@clarkson.edu

One way to further our understanding of particle
transloctaion dynamics is by employing computational
modelling. This way, it is possible to investigate fine fea-
tures of the molecule translocation process that would
otherwise be difficult to observe experimentally. There
are many ways to approach a nanopore system via
modelling, from extremely detailed atomic level models
[28, 29] to simpler models that yield broader statistical
information on the system [30–33]. Atomic level mod-
elling can be expensive in computational resources and
time, while modelling particles using Brownian dynamics
(BD) and rigid, coarse-grained structures [34] consider-
ably reduces the computational cost and provides a good
agreement with atomic level approaches.

In this work, the translocation dynamics of cylindrical
capsule-like particles (hereby referred to as capsules) is
studied using a BD model. Particles of various lengths
and charges are studied to explore how each affects the
particle’s behavior in the pore. Additionally, different
pore sizes and electric biases applied to the membrane are
investigated to understand how the electric environment
modifies the particle’s movement [35, 36].

This work is organized as follows: The particle, system,
and the computational model are described in Sec. II. In
Sec. III, the results of our simulations are presented and
discussed. Our findings are then summarized in Sec. IV.

II. METHOD

We consider a semiconductor membrane made of sil-
icon (Si) with an 8 Å thick negatively charged surface
layer of silicon dioxide (SiO2) with volume charge den-
sity of −4 × 1020 e/cm3 (corresponding to a surface
charge density of −0.32 e/nm2), where e is the elemen-
tary charge. An aqueous KCl electrolyte solution of bulk
concentration CKCl = 0.1 M fills a cis and trans cham-
bers separated by the L = 260 Å thick membrane and
connected by a cylindrical nanopore of radius Rp = 40 Å
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FIG. 1. Schematic diagram of the simulated system (not to
scale). The silicon membrane with electric bias of Vm is cov-
ered by a negatively charged layer of silicon dioxide. The par-
ticle’s movement is restricted by a large bounding box while
in the cis chamber, represented by the dashed lines above the
pore. The membrane reference frame with x, y, and z-axes
originates at the bottom, center of the pore.

FIG. 2. The simulated capsule and its center of mass reference
frame (x′, y′, z′). Capsule orientation angle θ is the angle
between the +z′-direction and the capsule’s major axis.

to 60 Å as shown in Fig. 1. A capsule is initially placed in
the cis chamber, requiring it to translocate the nanopore
to move into the trans chamber. An electric bias of
Vm = ±1 V is applied to Si, resulting in a positive
or negative overall effective surface charge, respectively
[37, 38]. The system’s electric potential, φ(r), is numeri-
cally calculated using the Poisson-Nernst-Planck (PNP)
approach, as described in our previous works [35, 39].
The dependence of the electric potential and electric
field in and around the nanopore on the applied mem-
brane bias and membrane surface charge are discussed in
greater detail elsewhere [37, 38].

In this work, we approximate a capsule of various
length and charge through a coarse-grained method de-
veloped earlier [36, 38] and illustrated in Fig. 2. A capsule
particle is comprised of N overlapping spheres (N ranges
from 3 to 11) fixed in relative positions as a rigid body
where each sphere has a radius Rb = 5 Å and a point
charge qi = 0, −1e, −2e concentrated at each sphere’s
center. The ratio between the particle’s length Lc and
width 2Rb, p = Lc

2Rb
= N+1

2 , can be used to define the per-

pendicular/parallel translational and the rotational drag
coefficients relative to the capsule’s major axis as [40, 41]:

ξ⊥ =
4πηLc

ln (p) + 0.839 + 0.185/p+ 0.233/p2
, (1)

ξ‖ =
2πηLc

ln (p)− 0.207 + 0.980/p− 0.133/p2
, (2)

ξR =
πηL3

c/3

ln (p)− 0.662 + 0.917/p− 0.050/p2
, (3)

where η = 10−3 Pa·s is the solution viscosity.

The movement of the capsule in the nanoporous sys-
tem is simulated using BD approach, discussed fully in
our previous studies [36, 42] and is similar to the method
developed in Ref. [41]. The translational motion of the
particle’s center of mass position rcm(t) [36] in the direc-
tions parallel and perpendicular to the capsule’s major
axis can be determined as

rcm‖(t) = rcm‖(t− δt) +
N∑
i=1

Fi‖
δt

ξ‖
+

√
6δtkbT

ξ‖
n‖,

(4a)

rcm⊥(t) = rcm⊥(t− δt) +
N∑
i=1

Fi⊥
δt

ξ⊥
+

√
6δtkbT

ξ⊥
n⊥,

(4b)

where rcm = (rcm‖, rcm⊥), nT = (n‖,n⊥) is a random
three-dimensional vector with components uniformly dis-
tributed between interval [-1, 1] [38, 43, 44], δt = 1.0
ps is the time step, and the position of each bead ri,
i = 1 . . . N is then updated in the membrane refer-
ence frame. In Eqs. (4a) and (4b), the second term
is due to the net external forces Fi = (Fi‖,Fi⊥) com-
puted at the previous time step t − δt and applied to
each bead. This force is due to the hard-sphere particle-
membrane Lennard-Jones (LJ) interaction energy with
LJ radii of 2.5 Å and the electrostatic potential energy,
qiφ(ri) [35, 42]. The last term of Eqs. (4a) and (4b) de-
scribes stochastic effects on translational motion. Since
the external electrolyte bias is held at zero, the hydrody-
namic force on the particle is negligible and omitted.

Due to the capsule shape of the particle, rotational
Brownian motion must be considered to accurately model
its change in orientation. This change is effectively de-
scribed by the angle δΩ by which particle’s major axis
turns and which in the center of mass (x′, y′, z′) coordi-
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FIG. 3. Capsule center of mass motion over the course of a
single simulation (qi = −2e, Vm = 1 V, N = 5, Rp = 60 Å)
while the particle is inside of the pore.

nate system can be computed as [36]:

δΩ =
N∑
i=1

(ri − rcm)× Fi
δt

ξR
+

√
6δtkbT

ξR
nR. (5)

Here, the first term represents the net torque due to ex-
ternal forces, determined by the same potential energies
as in Eqs. (4a) and (4b) and the second term is a random
torque responsible for stochastic rotation.

III. RESULTS AND DISCUSSION

A. Capsule’s Position and Orientation Inside the
Nanopore

Using the above BD approach, we study how mem-
brane potentials of Vm = ±1 and nanopores with radii of
Rp = 40 Å, 44 Å, 48 Å, 52 Å, 56 Å, and 60 Å affect the
dynamics of capsules constructed of N = 3, 5, 7, 9, and
11 beads where all beads have the same radius of Rb = 5
Å (capsule length Lc = 20 Å, 30 Å, 40 Å, 50 Å, and
60 Å) and the same bead charge of qi = 0, −1e or −2e.
A single simulation starts with the particle placed at a
random position and orientation inside the bounding box
in the cis chamber and ends when the particle translo-
cates into the trans chamber via the nanopore. This way,
we are able to determine the capsule’s dynamics in the
nanopore (0 < z < L) including how frequently it rotates
during the translocation process. About 1600 transloca-
tion simulations for each set were executed, ranging be-
tween approximately 800 to 6000 CPU hours of compu-
tational time for all simulations for each case (due to the

FIG. 4. The probability of the capsule’s orientation angle θ
while in the pore (computed using equal solid angles Ω), P (Ω),
for qi = −2e at Vm = ±1 V, and qi = 0, in the following cases:
(a) Rp = 40 Å, N = 5 (Lc = 30 Å), (b) Rp = 40 Å, N = 11
(Lc = 60 Å), (c) Rp = 60 Å, N = 11 (Lc = 60 Å). The
solid lines indicate angles θup = 60◦ and θdown = 120◦ (see
Sec. III C).
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total translocation time dependency on the simulation
conditions). An example of a single simulation showing
the capsule’s center of mass trajectory while inside the
nanopore is shown in Fig. 3. We can see that in this
particular case the particle tends to move along the wall.
This trace shows that the particle is most likely to be lo-
cated near the membrane surface due to the electrostatic
attraction between the negatively charged particle and
nanopore with effectively positive charge.

Fig. 4 shows how a capsule’s orientation in the pore
(defined through the angle θ between the particle ma-
jor axis and nanopore axis, see Fig. 2) is influenced by
particle size and charge, pore size, and membrane bias.
Regardless of the particle charge and/or membrane bias,
the capsule is discouraged from rotating away from the
pore axis when the particle’s length increases, as demon-
strated by the increase of the probability P (Ω) of the
capsule’s angle θ at θ → 0◦(180◦) when comparing N = 5
(Fig. 4(a)) to N = 11 (Figs. 4(b) and 4(c)) because
of the repulsion from the membrane surface preventing
longer particles from exhibiting a horizontal orientation
(in xy-plane). Also, for all cases considered in Fig. 4,
the capsule’s major axis is most often oriented along the
pore axis when qi = −2e and Vm = 1 V (a similar but
less prominent trend also emerges when qi = −1e and
Vm = 1 V, not shown). This is due to the particle’s at-
traction toward the membrane surface inside the pore,
which in turn restricts its ability to rotate near the wall
(and therefore its propensity to tumble, see Sec. III C).

When the capsule length is small compared to the
pore radius (Lc < Rp), the particle’s probability P (Ω)
is weakly dependent on θ for Vm = −1 V regardless of its
charge, also seen in Figs. 4(a) and 4(c). This is because
in this case the particles are discouraged from being close
to the wall (due to the LJ and repulsive electrostatic in-
teractions for qi 6= 0) and there is enough space inside
the pore for the capsule to rotate. This is not so for
more narrow pores, as seen in Fig. 4(b) when Rp = 40 Å

and N = 11 (Lc = 60 Å). When the capsules are more
restricted in their rotational movement, the neutral par-
ticle with qi = 0 is less likely to be oriented along the
pore axis compared to the negatively charged particle
subject to negative membrane bias because in this case
the effective pore radius is smaller so that it becomes
more difficult for the particle to rotate and the probabil-
ity P (Ω) of finding the particle oriented along the pore
axis (θ → 0◦ or 180◦) increases.

To understand where capsule’s are positioned in the
nanopore, histograms for the probability of the cap-
sule’s radial center of mass location in the pore (Rcm)
for annuli of equal area in the xy-plane, P (Axy), are
computed (Fig. 5). The radial position of the particle
while in the pore for qi = −2e, Vm = 1 V, N = 5,
Rp = 40 Å, Fig. 5(a), reveals that the capsule’s center of
mass has the highest probability of being located toward
the membrane surface. When qi = −2e for Vm = −1 V
(Fig. 5(a)), the P (Axy) is large near the center of pore,
as the capsule is repelled from the membrane surface.

FIG. 5. The probability of the capsule’s center of mass lo-
cation P (Axy) in the radial direction, Rcm, while inside the
pore (using computed equal area Axy concentric circles) for
pore radius Rp = 40 Å. (a) qi = −2e (N = 5), Vm = ±1 V,
(b) qi = −1e (N = 5), Vm = ±1 V, (c) qi = 0, N = 5 and
N = 11.
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This trend is less obvious for qi = −1e (Fig. 5(b)), where
the particle’s peak probability is still located close to the
membrane wall but the maximum P (Axy) is halved com-
pared to the qi = −2e case, and the particle spends sig-
nificantly more time near the center of the pore. This is
because the attractive electric interaction in this case is
not strong enough to overcome the stochastic effects and
repulsive particle-membrane LJ interaction, and there-
fore, a particle will have a non-negligible probability of
being found towards the center of the pore.

For a small neutral particle that can more freely rotate
inside the nanopore (N = 5 in Fig. 5(c)), P (Axy) remains
nearly constant until the particle is close enough to the
membrane wall, and P (Axy)→ 0. In Fig. 5(c), it is also
seen for a long neutral particle (N = 11) that P (Axy)
is larger for smaller Rcm, as a longer particle will have a
tendency to orient itself along the pore axis (see Fig. 4(b))
with the capsule’s center of mass near the pore center.

B. Translocation Dynamics

Next, we consider how capsule’s translocation time, tt,
depends on its length and charge. We define transloca-
tion time as the time it takes for a capsule to move from
the cis chamber into the trans chamber via the nanopore
in one successful attempt (without returning back to the
cis chamber). The average translocation times 〈tt〉 vs.
pore radius Rp for select capsule sizes (N = 5, N = 9,
and N = 11) are shown in Fig. 6. For all cases observed,
smaller capsule sizes and increased pore radius result in
a shorter 〈tt〉. This is due to the shorter capsules hav-
ing a smaller drag coefficient, reduced LJ particle-wall
interactions, and a reduced electrostatic interaction with
the wall compared to larger capsules in a more confined
space of nanopores with smaller radius.

When the capsule and membrane are both negatively
charged (or the capsule is neutral), translocation times
are the lowest with similar values (∼ 1 µs) which do
not increase significantly with the bead’s number N .
This result is due to capsules being repelled from the
pore walls, producing quick translocations but with many
failed translocation attempts. The fact that 〈tt〉 for neg-
atively charged particles and Vm < 0 is very close to the
values for the neutral particle suggests that the particles
are driven by free diffusion along the pore’s axis. In this
case, 〈tt〉 ≈ L2ξ‖/6kbT (shown by a horizontal dashed
line in Fig. 6) for most capsule sizes independent of the
pore radius, and consistent with results for the mean first
passage times [45].

On the other hand, when the applied membrane bias
is positive, Vm > 0, the particle’s motion is inhibited
so that the translocation times are longer, and there are
fewer failed attempts to translocate from the cis into the
trans chamber since the particle is attracted to the pore
surface, making it less likely for the capsule to escape
from either end of the pore once inside. As can be ob-
served from Fig. 6, in this case the average transloca-

FIG. 6. The capsule’s average translocation time, 〈tt〉 vs.
nanopore radius Rp for (a) N = 5, (b) N = 9, and (c) N = 11:
(O) Vm = −1 V, qi = −2e; (4) Vm = −1 V, qi = −1e; (◦)
qi = 0; (�) Vm = 1 V, qi = −1e; (�) Vm = 1 V, qi = −2e
(inset). The horizontal dashed and dotted line correspond to
free diffusion times L2ξ‖/6kbT and L2ξ⊥/6kbT , respectively.
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tion time changes linearly with the particle’s net particle
charge, 〈tt〉 ∝ Nqi when qi = −1e and 〈tt〉 ∝ exp(Nqi)
for qi = −2e resulting in a dramatic increase in translo-
cation time values (∼ 40 µs for qi = −2e vs. ∼ 2.5 µs
for qi = −1e, N = 11, for example). The escalation of
the average translocation time values can be attributed
to the capsule’s electrostatic interaction with the mem-
brane being the dominating factor in its motion through
the pore (corresponding to the biased diffusion case [45]),
especially for longer capsules and smaller pores since in
this case the capsule is forced to be oriented along the
pore axis more often which encourages strong capsule-
pore interactions (the particles effectively “sticks” to the
wall along the entire length of the particle). Note also a
strong dependence of the translocation time on the pore
radius: As Rp decreases, the translocation time increases
which is consistent with the particle-pore interaction be-
coming stronger with decreasing curvature of the pore.

C. Tumbling Dynamics

Next, we focus on how the membrane bias, the pore
radius, and size/charge of the capsule affect the parti-
cle’s tumbling dynamics as it translocates through the
nanopore. Using the orientation angle θ between the
capsule’s major axis and the pore’s axis (see Fig. 2
and Sec. III A), a single ”tumble” is defined by the
capsule’s major axis rotating from an upper threshold
(θup = 60◦) to a lower threshold (θdown = 120◦) ori-
entation or vice versa. These values of θup(down) were
chosen since for a freely moving particle (subjected only
to a stochastic force), the expectation value, 〈θ〉, for

0◦ < θ < 90◦ is 〈θ〉 =
∫ π/2
0

θ sin(θ)dθ = 1 rad ≈ 60◦

(〈θ〉 =
∫ π
π/2

θ sin(θ)dθ = (π − 1) rads ≈ 120◦ when

90◦ < θ < 180◦).

The average time required for the capsule to rotate
from θup to θdown successfully in a single attempt, 〈ts〉,
is primarily determined by the free rotational diffusion
when 〈ts〉 ≈ ξR(θup − θdown)2/6kbT . Since longer cap-
sules have a larger value of ξR, 〈ts〉 increases from 0.8
ns for N = 3 to 7.0 ns for N = 11 (see inset in Fig. 7
for N = 5, histograms for other N are similar). De-
spite capsules with the same N but different charges and
in different electrostatic environments having similar 〈ts〉
values, the frequency of tumbling inside the nanopore ex-
hibited by these particles can differ greatly. Therefore,
an average time for a particle to tumble that includes the
particle’s failed tumbling attempts, referred to as 〈tθ〉, is
much greater than ts, as seen in Fig. 7, and is consider-
ably more dependent on the system’s parameters.

To establish how the capsule’s tumbling dynamics is
influenced by nanopore system properties, we investigate
the average tumbling rate, i.e., the number of tumbles
per µs, 〈ωt〉 = 1/〈tθ〉, for each set of parameters. For all
cases studied, the 〈ωt〉 of the capsule in the bulk is higher
compared to 〈ωt〉 inside of the nanopore (see Fig. 8 where

FIG. 7. Histograms of total tumbling times, tθ, and (inset)
only successful tumbling attempts, ts, for N = 5, qi = −2e
capsules in a Rp = 40 Å, Vm = 1 V pore. The averages 〈tθ〉
and 〈ts〉 extracted from the histograms are 15.5 and 1.7 ns,
respectively.

the dashed line is for the bulk). We can also see in Fig. 8
that the shorter the capsule (smaller N), the higher the
〈ωt〉, due to the smaller rotational drag and less number
of attempts needed to complete a tumble. Additionally,
a more narrow pore exhibit smaller 〈ωt〉, revealing how
a more confined space reduces the ability for the capsule
to tumble.

For most cases studied, particularly those with larger
N , the tumbling rate 〈ωt〉 for the neutral particle was
higher than for capsules with qi = −1e, Vm = 1 V, which
in turn had higher 〈ωt〉’s than for qi = −2e, Vm = 1 V
cases. The cases with qi = −2e exhibit a particular sharp
drop in tumbling rates from ∼ 65 µs−1 for N = 5 to
∼ 0.25 µs−1 for N = 11. As discussed earlier, the cap-
sule’s “sticking” to the membrane wall discourages rota-
tions (see Figs. 4 and 5), which is why long capsules with
charge qi = −2e tumble the least.

On the other hand, the effects that N , Rp, and qi have
on the 〈ωt〉 for a negatively biased membrane are not as
straightforward. For small N (N = 5, Fig. 8(a)), the rate
of tumbling for negatively charged particles in a Vm =
−1 V pore is about the same (it is even slightly higher
for N = 3, not shown) as 〈ωt〉 for a neutral capsule. A
trend begins to emerge when the capsule becomes longer
(N = 9, Fig. 8(b)) and pore radius decreases (Rp =

40 Å) in which case, qi = −2e particles have a smaller
〈ωt〉 than capsules with qi = −1e as well as the neutral
particle case. As N increases further, this difference in
tumbling rates extends to larger pore radii, see Fig. 8(c)
for N = 11.

When Vm = −1 V, the particle is repelled from the
membrane surface via the electrostatic repulsion as well
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FIG. 8. The capsule’s tumbling rate, 〈ωt〉, for Rp = 40 Å
to 60 Å for parameters: (O) Vm = −1 V, qi = −2e; (4)
Vm = −1 V, qi = −1e; (◦) qi = 0; (�) Vm = 1 V, qi = −1e;
(�) Vm = 1 V, qi = −2e; Dashed line is for qi = 0 in free space
(outside of the pore). The capsule lengths studied include (a)
N = 5, (b) N = 9, and (c) N = 11.

as the particle-membrane LJ interactions. For smaller
capsules, the repulsion has little effect on the tumbling
rate because it can easily rotate completely regardless
of its position in the nanopore. When N increases, the
particle’s ability to freely rotate becomes inhibited as the
effective pore radius for the negatively charged particles
subject to a negative membrane bias is much smaller than
for the neutral particle. As a result, it becomes more
difficult for the capsule to have angle θ to change by
a large amount from 〈θup〉 to 〈θdown〉 to ensure a full
rotation and hence, the tumbling rate decreases.

By combining the data presented in Figs. 6 and 7, we
also note that despite the fact the lowest tumbling rates
occur for the opposite effective charges on the particle
and the membrane (when qi < 0, and Vm = 1 V), the
total average number of rotations during a translocation
time is larger in this case than when Vm = −1 V (∼ 10
vs. 4 for N = 11, qi = −2e, Vm = 1 V and Vm = −1 V).
This is due to an increase in time it takes the capsule
to go through the pore with the particle spending most
of the time being “stuck” next to the membrane surface
and only occasionally managing to rotate.

IV. CONCLUDING REMARKS

In this work, we studied the interactions that affect
cylindrical capsule-like particles orientation and motion
through a solid-state nanopore. The movement of rigid,
rod-like structures comprised of overlapping spherical
beads is modeled using a BD method alongside a PNP ap-
proach. We investigated how the applied membrane bias,
pore radius, and particle size/charge relate to capsule lo-
cation and orientation while translocating the nanopore.
The purpose of considering these parameters and the re-
sulting particle dynamics were to reveal how they con-
tribute to the particle’s propensity to tumble inside the
nanopore.

We find that the parameter that influences the tum-
bling frequency the most is the particle’s size, with
shorter capsules rotating more frequently than longer
capsules. However, other factors such as pore width also
play a role, resulting in smaller tumbling rates due to
the space confinement. We also find that neutral cap-
sules tend to not favor any particular orientations if they
are short but will mostly align itself along the pore axis
if they are long compared to the nanopore radius.

The particle-membrane LJ interactions influence
charged capsules in a similar way to neutral capsules,
but the electric force changes the particle dynamics in
those cases. For negative particles subjected to a positive
membrane bias, the attraction toward the wall results in
the capsule typically orienting itself along the pore axis.
These trends are emphasized for longer and more nega-
tively charged particles resulting in the decrease of the
particle’s rate of tumbling while greatly increasing the
time it takes for it to translocate the nanopore.

The dynamics of negatively charged particles subjected
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to a negative membrane bias is not as intuitive. For short
capsules/wide pores, such particles have the largest tum-
bling frequencies, close to bulk values (∼ 10% lower).
When the capsule is longer (or the pore is more nar-
row), the rate of tumbling decreases. Furthermore, the
capsules with a greater negative charge tumble less as
the electrostatic interaction focuses particle motion along
the pore’s axis precluding its frequent rotations. This fo-
cusing also affects the translocation time, resulting in it
being governed by free diffusion independent of the cap-

sule’s length and charge.
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[41] H. Löwen, Physical Review E 50, 1232 (1994).
[42] C. C. Wells, D. V. Melnikov, J. T. Cirillo, and M. E.

Gracheva, Physical Review E 102, 063104 (2020).
[43] D. L. Ermak and J. McCammon, The Journal of chemical

physics 69, 1352 (1978).
[44] N. Watari, M. Doi, and R. G. Larson, Physical Review

E 78, 011801 (2008).
[45] S. Redner, A guide to first-passage processes (Cambridge

university press, 2001).

Page 8 of 8Physical Chemistry Chemical Physics


