Published on 25 January 2022. Downloaded on 5/8/2024 12:18:43 PM.

PCCP

¥ ® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Phys. Chem. Chem. Phys.,
2022, 24, 2958

Received 29th August 2021,
Accepted 14th January 2022

DOI: 10.1039/d1cp03965b

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

Craig C. Wells, "= Dmitriy V. Melnikov ‘2 and Maria E. Gracheva (= *

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

rsc.li/pccp surface.

1 Introduction

The detection and characterization of biomolecules'™ has been
a growing field of interest with an increase in number of
research studies focused on nanopore-based applications and
the advancement of biosensing technologies.®"" This rapid
nanopore-based identification technology is frequently made
possible by analyzing the ionic current blockade trace produced
by a molecule translocating a nanopore embedded in a
membrane.’**® 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
investigations.”>'®>°2®  For example, one experimental
study™® focused on unique features of the ionic current profile
for a rod-shaped, silicon dioxide particle translocating a nano-
pore with irregularities to distinguish objects of different
shapes. The results of the same investigation suggest that the
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rods will rotate while translocating the nanopore. Another
study'® 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®’.

One way to further our understanding of particle transloctaion
dynamics is by employing computational modelling. This way, it
is possible to investigate fine features of the molecule trans-
location 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®**® to simpler models that yield broader statistical
information on the system.**** Atomic level modelling can be
expensive in computational resources and time, while modelling
particles using Brownian dynamics (BD) and rigid, coarse-grained
structures® considerably 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.**>®
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This work is organized as follows: The particle, system, and
the computational model are described in Section 2. In Section
3, the results of our simulations are presented and discussed.
Our findings are then summarized in Section 4.

2 Method

We consider a semiconductor membrane made of silicon (Si)
with an 8 A thick negatively charged surface layer of silicon
dioxide (SiO,) with volume charge density of —4 x 10*° e cm
(corresponding to a surface charge density of —0.32 ¢ nm™2),
where e is the elementary charge. An aqueous KCI electrolyte
solution of bulk concentration Ckq = 0.1 M fills a cis and trans
chambers separated by the L = 260 A thick membrane and
connected by a cylindrical nanopore of radius Ry, = 40 Ato60 A
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 V,, =+1 V is applied to Si,
resulting in a positive or negative overall effective surface
charge, respectively.*”*® The system’s electric potential, ¢(r),
is numerically calculated using the Poisson-Nernst-Planck
(PNP) approach, as described in our previous works.***° The
dependence of the electric potential and electric field in and
around the nanopore on the applied membrane bias and
membrane surface charge are discussed in greater detail
elsewhere.?”®

In this work, we approximate a capsule of various length and
charge through a coarse-grained method developed earlier®®>®
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 R, =5 A

X trans

Fig.1 Schematic diagram of the simulated system (not to scale). The
silicon membrane with electric bias of V,, is covered by a negatively
charged layer of silicon dioxide. The particle’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.
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Fig. 2 The simulated capsule and its center of mass reference frame (x’,
y'. Z'). Capsule orientation angle 0 is the angle between the +z’-direction
and the capsule’s major axis.

and a point charge g; = 0, —1e, —2e concentrated at each sphere’s
center. The ratio between the particle’s length L. and width 2Ry,

L. N+1
PRy 2
parallel translational and the rotational drag coefficients relative

, can be used to define the perpendicular/

to the capsule’s major axis as:***!
£ = 4mnL, (1)
" In(p) + 0.839 + 0.185/p + 0.233/p?’
£ = 2mn L. @)
I In(p) — 0.207 + 0.980/p — 0.133/p’
Ll /3
¢r 2/ 3)

" In(p) — 0.662 + 0.917/p — 0.050/p*

where 7 = 107 Pa s is the solution viscosity.

The movement of the capsule in the nanoporous system is
simulated using BD approach, discussed fully in our previous
studies®**? and is similar to the method developed in ref. 41.
The translational motion of the particle’s center of mass
position r.,(¢)*° in the directions parallel and perpendicular
to the capsule’s major axis can be determined as

N8t [6dtk,T
Fom( (1) = Fem) (1 = 80) + > Fil\g_ + é—bnny (4a)
i=1 I I
N8t |63tky T
Fem (1) = Fem1 (1 = 80) + Y Fiig—+ n,, (4b)
— &L &L

where Irem = (Tem|s Yemp), Dr = (7, mp) is a random three-
dimensional vector with components uniformly distributed
between interval [—1, 1],****** &t = 1.0 ps is the time step,
and the position of each bead r;, 7 = 1,..., N is then updated in
the membrane reference frame. In eqn (4a) and (4b), the second
term is due to the net external forces F; = (F;, F; | ) computed at
the previous time step ¢ — 6¢ 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 A and the
electrostatic potential energy, ¢;¢(r).>>**> The last term of
eqn (4a) and (4b) describes stochastic effects on translational
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motion. Since the external electrolyte bias is held at zero, the
hydrodynamic 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 described by the angle 52
by which particle’s major axis turns and which in the center of
mass (X', ¥, z') coordinate system can be computed as®®:

N
ot 66tky, T
0Q = ri—r X Fi_ +
2= rem) < Fig o4y [ =

nR. (5)

i=1

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

3 Results and discussion
3.1 Capsule’s position and orientation inside the nanopore

Using the above BD approach, we study how membrane potentials
of V;,, = £1 and nanopores with radii of R;, = 40 A 44 A 484, 524,
56 A, and 60 A affect the dynamics of capsules constructed of N =
3,5, 7,9, and 11 beads where all beads have the same radius of
Ry, =5 A (capsule length L. = 20 A, 30 A, 40 A, 50 A, and 60 A) and
the same bead charge of ¢; = 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 translocates into the ¢rans 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 trans-
location simulations for each set were executed, ranging between
approximately 800 to 6000 CPU hours of computational time for
all simulations for each case (due to the 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 located 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 0 between the particle major 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
demonstrated by the increase of the probability P(Q2) of the
capsule’s angle 0 at 6 — 0°(180°) when comparing N = 5
(Fig. 4(a)) to N = 11 (Fig. 4(b and 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 ¢; = —2e and V;,, = 1 V
(a similar but less prominent trend also emerges when g; = —1e
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Fig. 3 Capsule center of mass motion over the course of a single
simulation (g; = —2e, Vim =1V, N =5, R, = 60 A) while the particle is
inside of the pore.

and V;, = 1V, not shown). This is due to the particle’s attraction
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 Section 3.3).

When the capsule length is small compared to the pore
radius (L. < Rp), the particle’s probability P(Q) is weakly
dependent on 6 for V,,, = —1 V regardless of its charge, also
seen in Fig. 4(a and c). This is because in this case the particles
are discouraged from being close to the wall (due to the L] and
repulsive electrostatic interactions for g; # 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 R, = 40 A
and N = 11 (L. = 60 A). When the capsules are more restricted in
their rotational movement, the neutral particle with g; = 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
probability P(Q) of finding the particle oriented along the pore
axis (@ — 0° or 180°) increases.

To understand where capsule’s are positioned in the nanopore,
histograms for the probability of the capsule’s radial center of
mass location in the pore (R.n) for annuli of equal area in the
xy-plane, P(4,,), are computed (Fig. 5). The radial position of the
particle while in the pore for g; = —2¢, Vi =1V, N=5, R, = 40 A,
Fig. 5(a), reveals that the capsule’s center of mass has the highest
probability of being located toward the membrane surface. When
g; = — 2e for V,,, = —1 V (Fig. 5(a)), the P(4,,) is large near the center
of pore, as the capsule is repelled from the membrane surface.
This trend is less obvious for ¢q; = —1e (Fig. 5(b)), where the
particle’s peak probability is still located close to the membrane
wall but the maximum P(4,,) is halved compared to the g; = —2e
case, and the particle spends significantly more time near the

This journal is © the Owner Societies 2022
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Fig. 4 The probability of the capsule’s orientation angle 0 while in the
pore (computed using equal solid angles Q), P(Q), for q; = —2e at V,,, = £1V,
and g; = 0, in the following cases: (a) R, =40 AN =5 (L. =30 A), (b) R, = 40 A,
N=11(.=60A), ()R, =60 A N =11 (L. = 60 A). The solid lines indicate
angles 0, = 60° and Ogown = 120° (see Section 3.3).

center of the pore. This is because the attractive electric inter-
action in this case is not strong enough to overcome the stochastic
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Fig. 5 The probability of the capsule’s center of mass location P(A,,) in
the radial direction, R, While inside the pore (using computed equal area
A,y concentric circles) for pore radius R, = 40 A @) gi=—-2e(N=5),Vy,=
+1V, (b)gi=-1le(N=5),V,=+1V,(c)g =0, N=5and N = 11.
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effects and repulsive particle-membrane 1J interaction, and
therefore, 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(A,,) remains nearly constant
until the particle is close enough to the membrane wall, and
P(A,,) — 0.1In Fig. 5(c), it is also seen for a long neutral particle
(N = 11) that P(A,y) is larger for smaller R, 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.

3.2 Translocation dynamics

Next, we consider how capsule’s translocation time, ¢, depends
on its length and charge. We define translocation 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 (#) vs. pore radius R, 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 (). This is due to the shorter capsules
having 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 ps) 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 (¢,) for negatively charged particles and V,, < 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, (t,) ~ L*¢;/6k,T (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*.

On the other hand, when the applied membrane bias is
positive, V;,, > 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 ¢rans 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 observed from Fig. 6, in this case the average
translocation time changes linearly with the particle’s net
particle charge, (¢) oc Ng; when ¢; = —1e and (¢) oc exp(Ng,)
for g; = —2e resulting in a dramatic increase in translocation
time values (~40 pus for g; = —2evs. ~2.5 us forg;= —1e, N=11,
for example). The escalation of the average translocation time
values can be attributed to the capsule’s electrostatic inter-
action with the membrane being the dominating factor in its
motion through the pore (corresponding to the biased diffusion
case™), 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 inter-
actions (the particles effectively “sticks” to the wall along the
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Fig. 6 The capsule's average translocation time, (t;) vs. nanopore radius
Rpfor(@N=>5(b)N=9,and (c) N = 11: (V) V,, = =1V, g; = —2¢; (A) Vi, =
—1V,qg;=-1e; (0)q;=0; (O) Vn=1V, g, = ~1le; ©) Vn=1V, g, = — 2e
(inset). The horizontal dashed and dotted line correspond to free diffusion
times L2¢,/6k,T and L?¢ | /6k,T, respectively.
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entire length of the particle). Note also a strong dependence of
the translocation time on the pore radius: As R, decreases, the
translocation time increases which is consistent with the
particle-pore interaction becoming stronger with decreasing
curvature of the pore.

3.3 Tumbling dynamics

Next, we focus on how the membrane bias, the pore radius, and
size/charge of the capsule affect the particle’s tumbling
dynamics as it translocates through the nanopore. Using the
orientation angle 6 between the capsule’s major axis and the pore’s
axis (see Fig. 2 and Section 3.1), a single “tumble” is defined by the
capsule’s major axis rotating from an upper threshold (0, = 60°) to
a lower threshold (Ogown = 120°) orientation or vice versa. These
values of Oypaown) Were chosen since for a freely moving particle
(subjected only to a stochastic force), the expectation value, (0), for

0° < 6 < 90° is (0)=[0sin(0)d0=1 rad ~60°
((0) = [3/,0sin(0)d0 = (n — 1) rads ~ 120° when 90° < 0 <
180°).

The average time required for the capsule to rotate from 6y, to
Odown successfully in a single attempt, (¢}, is primarily determined
by the free rotational diffusion when (t;) ~ &g(0yp — Odown)*/6kpT.
Since longer capsules have a larger value of g, (¢;) 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). Despite capsules with the
same N but different charges and in different electrostatic
environments having similar (z;) values, the frequency of
tumbling inside the nanopore exhibited 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 (¢p), is much greater than ¢, as seen
in Fig. 7, and is considerably more dependent on the system’s
parameters.

0.06

0.05

0.04

0 20 40 60 80 100
to [ns]
Fig. 7 Histograms of total tumbling times, ty, and (inset) only successful
tumbling attempts, t,, for N = 5, g; = —2e capsules in a R, = 40 AVn=1V

pore. The averages (t;) and (t;) extracted from the histograms are 15.5 and
1.7 ns, respectively.
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To establish how the capsule’s tumbling dynamics is influ-
enced by nanopore system properties, we investigate the

(we) [ps™]

40 15 50 55 60
R, [A]

Fig. 8 The capsule’s tumbling rate, (w), for R, = 40 A to 60 A for
parameters: (V) Viya = =1V, q; = =2e; (A) Vin = — 1V, g, = —1le; (O) g; =
0; (O)Vm=1V,q;= —1e; 0©) Vin =1V, g; = —2e; dashed line is for g; = 0 in
free space (outside of the pore). The capsule lengths studied include
(@ N=5,(b)N=9,and (c) N = 11
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average tumbling rate, i.e., the number of tumbles per ps, (w,) =
1/(ty), for each set of parameters. For all cases studied, the (w,) of
the capsule in the bulk is higher compared to (w,) inside of the
nanopore (see Fig. 8 where the dashed line is for the bulk).
We can also see in Fig. 8 that the shorter the capsule (smaller N),
the higher the (®,), due to the smaller rotational drag and less
number of attempts needed to complete a tumble. Additionally,
a more narrow pore exhibit smaller (w,), 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 (w,) for the neutral particle was higher than for
capsules with ¢; = —1e, V;;, = 1 V, which in turn had higher (w;)’s
than for g; = —2e, V;;; = 1 V cases. The cases with g; = —2e exhibit
a particular sharp drop in tumbling rates from ~ 65 us™* for N =
5to ~0.25 ps ' for N = 11. As discussed earlier, the capsule’s
“sticking” to the membrane wall discourages rotations (see Fig.
4 and 5), which is why long capsules with charge ¢; = —2e
tumble the least.

On the other hand, the effects that N, R;,, and g; have on the ()
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 V;;, = —1 V pore is about the same (it is even slightly
higher for N = 3, not shown) as (w,) for a neutral capsule. A trend
begins to emerge when the capsule becomes longer (N =9, Fig. 8(b))
and pore radius decreases (R, = 40 A) in which case, ¢, = —2e
particles have a smaller (w,) than capsules with g; = —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 V,;, = —1V, the particle is repelled from the membrane
surface via the electrostatic repulsion as well 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 0 to change by a large amount from (0,;,) to
(Ogown) to ensure a full rotation and hence, the tumbling rate
decreases.

By combining the data presented in Fig. 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 ¢g; < 0, and V,, = 1 V), the total average
number of rotations during a translocation time is larger in this
case than when V;;, = -1V (~10vs. 4 for N=11, ¢; = —2e, Vy, =
1V and V,, = —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.

4 Concluding remarks

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

We find that the parameter that influences the tumbling
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 capsules 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 negatively 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 to a
negative membrane bias is not as intuitive. For short capsules/
wide pores, such particles have the largest tumbling frequencies,
close to bulk values (~10% lower). When the capsule is longer
(or the pore is more narrow), 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 focusing
also affects the translocation time, resulting in it being governed
by free diffusion independent of the capsule’s length and charge.
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