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An accurate characterization of the polyelectrolyte properties of actin filaments might provide a deeper
understanding of the fundamental mechanisms governing the intracellular ionic wave packet
propagation in neurons. Infinitely long cylindrical models for actin filaments and approximate
electrochemical theories for the electrolyte solutions were recently used to characterize these
properties in in vitro and intracellular conditions. This article uses a molecular structure model for actin
filaments to investigate the impact of roughness and finite size on the mean electrical potential, ionic
density distributions, currents, and conductivities. We solved the electrochemical theories numerically
without further approximations. Our findings bring new insights into the electrochemical interactions
between a filament's irregular surface charge density and the surrounding medium. The irregular shape
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Accepted 17th February 2022 of the filament structure model generated pockets, or hot spots, where the current density reached
higher or lower magnitudes than those in neighboring areas throughout the filament surface. It also

DOI: 10.1035/d1ra09280d revealed the formation of a well-defined asymmetric electrical double layer with a thickness larger than
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1. Introduction

Actin filaments and microtubules constitute a significant
component of the cytoskeleton. Recently, they have gained
a reputation as conducting nanobiowires forming an optimized
information network capable of transmitting ionic waves in
neurons.'® These polyelectrolytes are also potentially useful for
the fabrication of dense arrays of electrical interconnections in
3D chips,”® semiconductor nanowires using quantum dots-
actin conjugation,” bio-nanotransporters based on actin-gold
nanowires'®* and iontronic devices.'> However, the under-
lying biophysical principles and molecular mechanisms that
support the ionic conductance and transport along actin fila-
ments are still poorly understood. Approximate theories using
infinitely long cylindrical filament models have become
a powerful tool to characterize the electrical conductivity
properties of these polyelectrolytes. For instance, the high
surface charge of the polyelectrolyte, usually present in physi-
ological conditions, causes an inhomogeneous arrangement of
counter- and co-ions forming an electrical double layer (EDL)
around its surface. The accumulation of these ions builds up an
ionic conductivity and capacitance layer intrinsic to the EDL.**'*
Recently, we introduced a multi-scale approach for infinitely
long cylindrical filaments in electrolyte solutions which has
been shown to capture non-trivial contributions of the diffuse
part of the EDL to the ionic conductivity and capacitance.****
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that commonly used for symmetric models.

These contributions revealed remarkable dependence on the
electrolyte fluid composition, the filament electric surface
potential, the ionic strength, and EDL width. As a result, the
electrical conductivity in intracellular conditions showed lower
values than those predicted for in vitro experiments, while the
opposite result was obtained for the capacitance. Moreover, the
effects of surface irregularities were neglected in these predic-
tions. Additionally, the linear approximation to the Poisson-
Boltzmann (PB) equation was used to calculate the EDL
properties.

Certainly, more accurate approaches and realistic filament
models might elucidate the global and the local ionic trans-
port properties. In this work, we performed numerical calcu-
lations on a molecular structure for actin filaments using
commercial software Comsol Multiphysics® to investigate the
impact of surface irregularities on the polyelectrolyte proper-
ties of these filaments in in vitro and intracellular conditions.
We also implemented the non-linear Poisson-Boltzmann
(NLPB) equation to more accurately account for the electro-
chemical effects on the surface of the filament and the EDL.
For simplicity, we didn't consider dissipative and damping
forces. We determined the ionic conductivity, the capacitance,
the radial and longitudinal current density profiles, the mean
electric potential, the radial ionic concentrations, and the
axial velocity profiles. Our results are compared with those
obtained recently using an infinitely-long cylindrical model**
to reveal the effects of the filament roughness and finite size
on these quantities.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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2. Approach

The details on the hydrodynamic and electrical theories, and
boundary conditions implemented in Comsol Multiphysics®
software are described in the Appendix.

2.1. Molecular structure model for actin filaments

We retrieved a biological structure unit model and topology
information for actin filaments from the RCSB Protein Data
Bank in pdb format.’* We used software Phenix'” and Mathe-
matica® to generate the molecular structure for the biological
ensemble of 25 G-actin monomers. This ensemble of 25
monomers enables the double helices to make two full turns
along the filament, which allows a better understanding of the
surface roughness effect on the ionic current distribution. This
structure was processed using the molecular visualization
software VMD." The STL triangular mesh was smoothed using
the QuickSurface feature in VMD to increase computational
efficiency using a Resolution of 2.5, a 4.0 Radius Scale, 11.5
Density Isovalue, a Grid Spacing of 2, and a medium Surface
Quality. The mesh was subsequently imported into Comsol
Multiphysics®?° (see Fig. 1). The resulting filament geometry is
characterized by a volume V¢ =5 365 700 A3, a surface area A; =
245 700 A% and length L¢ = 767.24 A.

Fig.1 (a) Molecular structure obtained using VMD's QuickSurf feature.
(b) Smoothed mesh imported into Comsol. (c) Simplified (cylinder)
model obtained using the dimensions of the smoothed mesh.

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

Additionally, we used the default configuration and the
Charmm force field** in the web application pdb2pqr** to add
hydrogens and assign atomic charges and sizes into the fila-
ment molecular structure. The resulting output file in pqr
format was used to sum all the atomic charges in the filament.
This calculation yields a molecular structure charge of Qf =
—350¢, e being the elementary unit charge. The filament surface
charge was estimated assuming a homogeneous charge distri-

bution as o¢ = Q¢/Af = —0.002282 C m 2.

2.2. Cylindrical filament and electrolyte models

We also simulated in Comsol a spherocylindrical filament model
with finite-size L. and effective radius R. (see Fig. 1c). A high
geometrical and electrical similarity between the molecular
structure and finite-size cylindrical models is achieved by setting
Q.= Qp= —350e, L. = Ly = 767.24 A, and A. = 2TRL. + 4TR2 = A¢
= 245700 A% As observed in Fig. 1c, the surface area of the
cylindrical model is the sum of the cylinder surface and the two
hemispherical surface ends. The surface area relation yields
a value for the effective cylinder radius R. = 45.557 A. Addition-
ally, the finite-size cylinder model preserves the molecular struc-
ture surface charge density, namely ¢. = ¢ = — 0.002282 C m >,

We also consider the infinitely-long, azimuthally symmetric
cylinder model introduced in ref. 14. In this work, we charac-
terize the filament with the same surface charge density and
radius characterizing the finite size cylinder for comparison
purposes. Details about the governing equations and mathe-
matical formulation of this model are described in ref. 14.

The intracellular and in vitro conditions are defined in ref.
14. The molar concentration parameters for the intracellular
solution are 140 mM K*, 4 mM Cl~, 75 mM HPO,>~, and 12 mM
Na® at 310 K, whereas for the in vitro solution are 100 mM K"
and 100 mM CI™ at 298 K. To effectively run the computational
model, both the molecular structure and finite-sized cylindrical
models were enclosed by a larger cylindrical domain (5L, long
and 10R. wide) representing the surrounding electrolyte
medium.

3. Results

The approach and parameters introduced in Section 2 were
used in Comsol simulations for the molecular structure and
finite-size cylindrical filament models to determine the radial
and longitudinal current density profiles, the mean electric
potential (MEP), the radial ionic concentrations, the axial
velocity profiles, and the total current and resistance around the
filament. We used software JACFC* to perform the corre-
sponding numerical calculations for the infinitely long,
azimuthally symmetric cylinder model.

3.1. Mean electric potential

In Fig. 4, we compare the MEP profiles at the cross-section plane
location x = 0 (middle filament length) for the molecular
structure and finite-size cylindrical filament models in intra-
cellular electrolyte solutions. While the finite size model shows
a high azimuthal symmetry on the MEP values, the molecular
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structure filament model displays a notorious angular depen-
dence arising from the surface irregularities. Indeed, the fila-
ment's shape results in larger or smaller radii depending on
orientation. For instance, the shape of the filament at 240°
results in a radius of approximately 58 A, whereas the radius at
315° is almost 40% smaller (approximately 38 A). This radius
difference affects the MEP profile, as the smaller radius (38 A at
315°) yields an electronegativity of —22 mV on the surface,
whereas the larger radius (58 A at 240°) reaches —19 mV. A
similar asymmetry on the MEP values was also observed for in
vitro conditions. A three-dimension MEP representation is given

View Article Online
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in Fig. 9a and b for intracellular and in vivo electrolyte solutions,
respectively. The irregular shape of the molecular structure
model generates hills and valleys where the MEP can reach
higher or lower magnitudes than those in neighboring areas
throughout the filament surface. Additionally, a colorful two-
dimension representation of the asymmetric MEP behavior
predicted by the molecular structure and finite-size cylindrical
filament models is visualized in Fig. 2 and 3 for intracellular
and in vivo conditions, respectively. These figures show the data
obtained at the left border (x = Ly/16), center (x = L¢/2), and right
border (x = 7L¢/16) cross-sectional planes of the filament. These
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Fig.2 Measurements for intracellular electric potential (V) as a function of angle, ¢ (°), and separation distance, R (A), on the left column and as
cross-sectional views perpendicular to the filament's longitudinal axis on the right column. Both columns include measurements for the filament
at the center, left, and right borders, as well as at the center of the cylinder model.
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Fig.3 Measurements for in vitro electric potential (V) as a function of angle, # (°), and separation distance, R (A), on the left column, and as cross-
sectional views perpendicular to the filament's longitudinal axis on the right column. Both columns include measurements for the filament at the
center, left, and right borders, as well as at the center of the cylinder model.

planes are defined as parametric surfaces described in eqn (13).
With this setup, the MEP was calculated as a function of the
polar angle, 6, and the radial separation distance r. Moreover,
the yellow color represents the MEP value in bulk solution,
whereas the blue color is the corresponding value inside and on
the filament surface. In between, the color gradient represents
the MEP values in the EDL. In the right columns, the white
circles within the filaments come from the cylindrical to
Cartesian coordinates transformation, as no MEP values were
considered in these figures for distances shorter than 38 A. As
a unique feature of this representation, the asymmetric

© 2022 The Author(s). Published by the Royal Society of Chemistry

behavior of the MEP is represented by the deviation of the
contour line delimiting the different color layers from a vertical
line (figures in column 1) or circle (figures in column 2) in polar
or Cartesian coordinates, respectively. Clearly, the results for
the finite size model (row 4) at the middle of the filament length
show a high azimuthal symmetry on the MEP values. Whereas,
the comparison between the figures in row 4 (finite size model)
and the figures in rows 1-3 (molecular structure model)
provides details about the impact of azimuthal and axial
asymmetries of the molecular structure on the MEP values.
Additionally, the comparison between each row in Fig. 2 and the
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corresponding in Fig. 3 reveals the effects of the electrolyte
condition on the MEP values. Despite the filament's irregular
shape and electrolyte condition, Fig. 2 and 3 reveal a well-
defined, asymmetric thin layer around the filament surface,
similar in thickness to the one observed around the finite-size
cylinder model. The color gradient width between the blue
and yellow represents the EDL thickness, its value is ~14 A and
remains approximately the same regardless of the axial loca-
tion. Similar results are observed in in vitro conditions;
however, the EDL thickness is slightly larger (~18 A) than in the
intracellular condition. This result is in agreement with the
infinitely-long cylinder model predictions in which the expo-
nential decay rate of the MEP in the EDL is proportional to the
Debye length.

Additionally, Fig. 5 shows the comparison between the
azimuthally and axially averaged MEP obtained for the molec-
ular structure and finite-size cylindrical filament models, and
the result for the infinitely-long, azimuthally symmetric cylinder
model under intracellular and in vitro conditions.

It can be seen that the solution obtained for the infinitely-
long cylinder model and that averaged for the finite-size
cylinder models are in very good agreement. As a result, the
filament length considered in this work (even larger) for the
cylindrical model does not play a significant role in the
Poisson-Boltzmann equation solution. While it reproduces
the trend, the averaged molecular structure model solution
for MEP in intracellular conditions is slightly higher in
magnitude compared with those obtained for the other two
models. Whereas, a lower magnitude is noticed in in vitro
conditions. Moreover, the averaged molecular structure
model solution in intracellular condition decays slower than
its in vitro counterpart. Thus, while the filament's irregular
shape does have a local impact on the MEP (Fig. 4), the
averaged (global) electrical properties of actin filaments can
be described accurately using azimuthal and axial symmetric
cylindrical models.

Electric Potential (V)
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Fig. 4 Mean electric potential (V) as a function of the separation
distance R (A) obtained for the three models using intracellular elec-
trolyte conditions: analytical solution (magenta dashed line), simplified
cylinder solution (black dash-dotted line), and more realistic filament
solution (solid lines). Measurements for the filament were obtained at
three different angles: 60° (blue), 135° (green), 240° (red), 315° (cyan).
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Fig. 5 Mean electric potential (V) as a function of the separation
distance R (A) for (a) intracellular and (b) in vitro conditions. In both
graphs, the blue solid line is the angular average obtained for the
filament, the black dotted line is the solution obtained for the cylinder
model, and the red dashed line is the analytical solution.

3.2. Radial ionic concentration profiles

In comparison to the angular dependence observed on the MEP
magnitude (Fig. 4), the impact of the filament's irregular shape
on the ion concentration profiles around the filament surface is
broadened. This is because the inhomogeneous ionic concen-
tration distributions in the EDL obey the Boltzmann statistics
(eqn (11)) where counter-ions accumulation and co-ions
depletion around the filament surface depends exponentially
on the MEP and the ionic valence magnitudes. An illustrative
example of this phenomenon is given in Fig. 6a where potas-
sium concentration profiles are plotted as a function of the
radial separation distance from the filament axis. Each curve
represents the concentration profile for a given orientation at
the left border cross-section plane of the filament (x = L¢/16).
According to the asymmetric impact observed on the electric
potential, there is a higher number of ions accumulated in the
regions where the distance between the axis and the surface of
the filament is smaller and vice versa. For instance, the potas-
sium concentration on the filament surface is ~320 mM and
~280 mM at 60° and 240° respectively. A colorful representation
of the asymmetric ion concentration behavior in polar and
Cartesian coordinates is visualized in Fig. 6b. The asymmetric
accumulation of potassium ions in the EDL is given by the
deviation of the contour curve delimiting the yellow and blue
zones from a vertical line or circle in polar or Cartesian

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.6 Angular comparison of potassium concentration on the surface
of the filament at the left border of the filament (x = L/16): (a) line
graph showing the concentration profile for the filament at different
angles (solid lines), as well as the profiles obtained from the cylindrical
model (black dashed line) and the theoretical model (red dashed line).
The evaluation angles are 0° (blue), 60° (green), 90° (red), 135° (cyan),
240° (magenta), 315° (yellow). (b) Concentration around the filament
surface as a function of distance and angle (right) and in Cartesian
coordinates (left).

coordinates, respectively. Overall, the asymmetric effects vanish
in the bulk solution for radial distances larger than 70 A.

Similar to the analysis done in Fig. 5 on the MEP, Fig. 7
shows the comparison between the azimuthally and axially
averaged ionic concentration distributions obtained for the
molecular structure and finite-size cylindrical filament models,
and the result for the infinitely-long, azimuthally symmetric
cylinder model under intracellular and in vitro conditions. In
this case, the results obtained for the theoretical show ionic
concentration levels at the surface that underestimate those
values obtained for the molecular structure and finite-size
cylindrical models. These differences are found in both intra-
cellular and in vitro solutions, but are more significant for ion
species with large concentration gradients (see, for instance, the
curve for potassium ions in Fig. 7a). This discrepancy is partially
due to the approximations introduced in the theoretical model.
In particular, it uses the azimuthally and axially symmetric
linearized MEP solution, which does not account for ion
condensation, filament roughness, and finite-size effects on the
ionic distributions. Additionally, small differences between the
symmetric and asymmetric models prediction on the MEP
values may generate substantial deviations for the ionic
concentration distributions, since the asymmetric contribu-
tions generated in the molecular structure model from the MEP
values are increased exponentially. As a result, these asym-
metric contributions may be partially canceled out when aver-
aging over the angular and axial coordinates.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 lonic concentrations (mM) as a function of the separation

distance R (A) for (a) intracellular and (b) in vitro electrolyte solutions. In
both figures, the solid line is the angular average obtained for the
filament, the dotted line is for the cylinder, and the dashed line is for
the analytical solution. Moreover, the ionic species are differentiated
by color: blue is sodium (Na), green is chlorine (Cl), cyan is hydrogen
phosphate (HPO,), and red is potassium (K).

3.3. Axial velocity profiles

The velocity of the surrounding electrolyte is driven by the
electrochemical interaction between the actin filament and the
surrounding media. The electrolyte representing an intracel-
lular environment has a higher ionic bulk density when
compared with its in vitro counterpart, making it more difficult
for the different ions to move and, therefore, reaching a lower
bulk velocity than the one predicted for the in vitro solution.
Fig. 8 displays the averaged velocity profiles predicted by the
three models as a function of the radial separation distance.
While the theoretical model predicts a bulk velocity of
0.43 m s ' for the intracellular electrolyte, the molecular
structure and cylinder models predict a bulk velocity closer to
0.46 m s~ . This discrepancy is even smaller in the case of the in
vitro electrolyte. This small difference can be attributed to the
approximations used in each model. The analytic expression for
the velocity profile in the theoretical model is proportional to
the MEP, and the asymptotic value for large separation
distances represents the uniform velocity magnitude in the bulk
solution. This quantity depends on the zeta potential which is
the MEP value at the slipping plane position. Since this position
is not well defined in this model, it is usually approximated as
the sum of the cylinder and the ion radii. While this

RSC Adv, 2022, 12, 6314-6327 | 6319
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Fig. 8 Velocity profile (m s™) as a function of the separation distance
R (A) for (a) intracellular and (b) in vitro electrolyte solutions. In both
graphs, the blue solid line is the angular average obtained for the
filament, the black dotted line is the solution obtained for the cylinder
model, and the red dashed line is the analytical solution.

approximation is not implemented in the other two models, the
system is numerically solved in Comsol using a finite box size.
As it was noted for the averaged MEP results, the molecular
structure model further showcases a slower decay with the
separation distance arising from the average effect of the
surface irregularities. These differences between models,
however, become negligible in the current density calculations,
as discussed in Section 3.4.

3.4. Radial and longitudinal current density profiles

In this section, the solutions obtained for the MEP, and the
velocity and ionic concentration profiles, are used to calculate
the current density profiles (eqn (12)).

Fig. 9 shows a three-dimension illustration of the MEP and
ionic current density around the filament molecular structure.
The arrow field represents the total current density's direction
and magnitude in the EDL in intracellular and in vitro condi-
tions. The roughness displays pockets, or hot spots, where the
current density can reach higher or lower magnitudes than
those in neighboring areas throughout the filament surface. It
is also shown that the total current density vector changes the
direction following the surface irregularities. These results
indicate that the filament molecular structure plays a funda-
mental role in the local distribution and transport of ions along
the surface.

6320 | RSC Adv, 2022, 12, 6314-6327
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b)

Fig. 9 Total current density (A m~2) and electric potential (V) around
the filament model for (a) intracellular and (b) in vitro conditions. In
both figures, the arrow field indicates the direction and magnitude of
the total current density (heat map colors) and the surface color
indicates the electric potential (rainbow colors).

We analyzed the ionic current density vector predicted by the
molecular structure and finite-size cylindrical models in terms
of its longitudinal and radial direction components to facilitate
the comparison with those theoretical model predictions. With
the two-dimension colorful representation in polar and Carte-
sian coordinates used for the MEP, Fig. 10 and 11 illustrate the
asymmetric longitudinal current density behavior for intracel-
lular and in vitro conditions, respectively. In this case, the white
contour line appearing in the figures represents the filament
surface since there is no current inside the filament's domain.
Alike the EDL displayed in Fig. 2 and 3, the color gradient shows
an asymmetric thin layer formed in the current density
components around the filament surface. This is because the
current densities depend primordially on the MEP values.
Additionally, the behavior of the longitudinal current density
varies drastically depending on the electrolyte type. Analogous

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra09280d

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

Open Access Article. Published on 23 February 2022. Downloaded on 3/8/2026 6:41:31 AM.

(cc)

Paper

%107
8.5

Left Border

S 300
()
S
< 200
<
2100
<

0

50

1.5

100 150

Distance, R (A)

Right Border x10”

8.5
S 300
3
= 200 B
9
2100 75
<
0
50 100 150
Distance, R (A)
Center x10”
8.5
5 300
-
= 200 8
&
()]
£ 100 75
0
50 100 150
Distance, R (A)
Cylinder x10”
8.5
5 300
(0]
i)
< 200 8
9
2100
< 7.5
0
50 100 150

Distance, R (A)

View Article Online

RSC Advances

Left Border x107
8.5
100
= 8
: O
>
7.5
-100
-100 0 100
X (A)
7
Right Border x10
8.5
100
— 8
>—
7.5
-100
-100 0 100
X (A)
Center x10”
8.5
100
=< 8
2o OJ
>—
-100 75
-100 0 100
X (A)
Cylinder x10”
8.5
100
>—
-100 7.5
-100 0 100
X (A)

Fig. 10 Intracellular longitudinal current density (A m~2) as a function of angle, 6 (°), and separation distance, R (A), on the left column, and as
cross-sectional views perpendicular to the filament's longitudinal axis on the right column. Both columns include measurements for the filament
at the center, left, and right borders, as well as at the center of the cylinder model.

to the MEP magnitude behavior, the longitudinal current
density values decrease monotonically from the filament
surface in in vitro conditions. However, it drops significantly
within the first 10 A away from the surface, followed by
a continuous increase until reaching the bulk value in intra-
cellular conditions. This behavior may be in part due to the
balance and competition arising in intracellular conditions
between the electro-osmotic and convection contributions given
in eqn (8) to calculate the longitudinal current density. These

© 2022 The Author(s). Published by the Royal Society of Chemistry

discrepancies are manifest in Fig. 12 and 13, which show the
azimuthal and axial average of these components and compare
them with those results obtained for both the infinitely long
and finite-size, azimuthally symmetric cylinder models.

It is noted that despite the differences pointed out earlier
about velocity, electric potential, and concentration profiles,
the results obtained with the finite-size cylinder model and the
theoretical model are in close agreement for both longitudinal
and radial current density profiles under both intracellular
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as a function of angle, 6 (°), and separation distance, R (A), on the left column, and as cross-

sectional views perpendicular to the filament's longitudinal axis on the right column. Both columns include data for the filament at the center, left,
and right borders, as well as at the center of the cylinder model. The white space within the filament and cylinder (right column) is due to the
transformation from cylindrical to Cartesian coordinates, as no data were taken inside the filament's domain.

and in vitro solutions. On the other hand, the molecular
structure model results differ from their cylindrical counter-
parts on the in vitro radial current density profile, mainly
(Fig. 13b). Since the radial current density depends basically
on the MEP gradient values (eqn (8)), these differences arise
from similar deviations displayed in Fig. 3 for the averaged
MEP in in vitro conditions.

6322 | RSC Adv, 2022, 12, 6314-6327

3.5. Total ionic currents and resistances

The radial and longitudinal current density solutions for the
finite-size cylinder and molecular structure models were inte-
grated over the polar angle and the radial distance to obtain the
total ionic current values at each of the fifteen cross-sectional
equispaced planes (eqn (16)). Subsequently, we used Ohm's
law to calculate the total resistances. In the longitudinal direc-
tion, the voltage drop is given by the external voltage stimulus

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Longitudinal current density (A m~2) as a function of the
separation distance R (A) for (a) intracellular and (b) in vitro electrolyte
solutions. In both graphs, the blue solid line is the angular average
obtained for the filament, the black dotted line is the solution obtained
for the cylinder model, and the red dashed line is the analytical
solution.

imposed on the system (AV = 0.15 V). In contrast, it is calculated
in the radial direction as the electric potential difference
between the filament surface and the outer plane of the EDL.
The results for the resistance along the molecular structure axis
are shown in Fig. 14. While the radial and longitudinal resis-
tances behave uniformly under intracellular electrolytes, the
results in in vitro show increased resistances at both ends of the
filament.

This resistance increase represents, at most, a 3% deviation
from the overall average resistance throughout the filament axis.
This small difference is found in both radial and longitudinal
directions. Furthermore, the effect of the ends in in vitro elec-
trolytes is not replicated when investigating the results of the
finite-size cylinder model. Therefore, we attribute these discrep-
ancies to the reduced electrochemical interaction occurring at
the filament ends, leading to a lower current density and, thus,
a higher resistance in that area (see left and right border panels of
Fig. 11). Due to the slight deviation incurred by this increase, we
consider the effects of the filament ends negligible in the total
current density and resistance calculations.

The total current density and resistance for the molecular
structure and finite-size cylinder models were calculated by
averaging their values over the fifteen cross-sectional equi-
spaced planes. We used software JACFC* to calculate these
quantities for the infinitely-long, azimuthally symmetric
cylinder model. The results for the in vitro and intracellular
conditions are reported in Tables 1 and 2, respectively.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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model, and the red dashed line is the analytical solution.

,2)

Overall, the results obtained in intracellular conditions for
the finite-size cylinder and the molecular structure models are
in very good agreement with those obtained for the theoretical
model. With the most significant deviation being 5% in the
total radial current obtained for the molecular structure model,
we concluded that the shape impact on the global electro-
chemical phenomena occurring at and around the filament
surface is minimal. Similarly, the total radial current obtained
for the finite-size cylinder model in in vitro conditions resulted
in an 8% deviation from the theoretical model prediction. This
deviation, nonetheless, was compensated by the MEP as the
total radial resistance with both electrolytes did not surpass 3%.
Additionally, the total longitudinal currents and resistances
obtained for the finite-size cylinder and molecular structure
models with both electrolyte types did not exceed a 3% devia-
tion from the theoretical model results.

This comparison further establishes that a more realistic
model provides a higher level of insight into the local behavior
of the electrochemical phenomena occurring at and around the
filament surface. Moreover, the cylindrical models can accu-
rately describe the global trends for such electrochemical
phenomena.

4. Conclusion

In this article, we used a molecular structure model for actin
filaments and electrochemical theories to investigate the

RSC Adv, 2022, 12, 6314-6327 | 6323
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Fig. 14 Resistance values along the filament axis in the (a) longitudinal
and (b) radial directions. In both graphs, the blue line indicates in vitro
conditions and the red line indicates intracellular conditions.

impact of roughness and finite size on their polyelectrolyte
properties.

The approach was shown to capture non-trivial contributions
to the mean electric potential and electrical conductivity arising
from the interactions between an actin filament molecular
structure and the surrounding ions accumulated around its
surface. In particular, it revealed pockets, or hot spots, where the
ionic current density and electric potential can reach higher or
lower magnitudes than those in neighboring areas throughout

View Article Online

Paper

the filament surface. It also predicted the formation of a well-
defined asymmetric electrical double layer around the filament
surface, similar in thickness to the one observed around the
finite-size cylinder model. The EDL thickness predicted from the
electric potential calculations for intracellular conditions is
smaller than its in vitro counterpart. This finding agrees with the
theoretical model predictions in which the MEP decay
throughout the EDL is a function of the Debye length.

The asymmetric contributions on the polyelectrolyte prop-
erties of actin filaments mostly canceled out when averaging
over the angular and axial coordinates, which is a clear indi-
cation that utilizing a filament structure geometry is needed for
understanding the electrochemical phenomena occurring on
the molecular structure surface, while a simplified model
provides sufficient information to determine the global
behavior of the phenomena around the structure. Future
directions of this work include the implementation of a time-
dependent formulation to account for dissipative and
dumping forces including explicit ionic particle sizes and
solvent friction. We will also consider inhomogeneous filament
surface charge densities to model the impact of the atomic
charge distribution associated with the amino acid sequence
throughout the molecular structure surface.

5. Appendix

5.1. Hydrodynamic and electrical theories

The electrostatic and creeping flow modules for equilibrium
conditions were used to carry out the simulations for the
molecular structure filament and the finite-length cylindrical
models in Comsol Multiphysics®.

The electrostatics interface solves Gauss' law for the electric
field E and mean electric potential V

VD=p,.E=-VV (1)

where D is the displacement field, and p, = F>_c;z; [C m ] is the
space charge density defined over the electrolyte domain (F being
the Faraday constant, and ¢; and z; being the ionic species molar
concentration and charge, respectively). The displacement and

Table 1 Total current and resistance comparison between filament, cylinder, and theoretical models for the in vitro case

Longitudinal Longitudinal resistance Radial current Radial resistance
Model current [10~° A] [107 Q] [107° A] [107 Q]
Filament 3.02 4.96 1.40 1.67
Cylinder 2.99 5.01 1.37 1.66
Theory 3.06 4.91 1.49 1.68

Table 2 Total current and resistance comparison between filament, cylinder, and theoretical models for the intracellular case

Longitudinal Longitudinal resistance Radial current Radial resistance
Model current [10° A] [10” Q] [10° A] [10” Q]
Filament 3.53 4.24 1.56 1.18
Cylinder 3.56 4.21 1.47 1.21
Theory 3.46 4.33 1.48 1.21
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electric fields are related by the constitutive relation D = &y¢,E,
where ¢, is the material relative permittivity (2 for the filament
and 78.3 for the electrolyte solution). Furthermore, a constant
surface charge density condition ps = ¢ was applied to the fila-
ment surface, and a zero charge condition n-D = 0 was applied to
the outer surface of the surrounding medium, due to the elec-
troneutrality condition of the bulk solution.

The creeping flow interface solves Navier-Stokes equations
for an incompressible flow. Given the nature of our system, we
can neglect the inertial term and the pressure gradient, and
assume an incompressible fluid. Thus making the governing
equations be as follows

0=V-K+F (2)
pV-u=0 3)

The first term on the right-hand side of eqn (2) refers to the
viscous stress K = nV-u, 7 is the fluid viscosity, F is the external
electric force applied to the system per unit of volume, p is the
fluid density, and u is the fluid velocity. In our system, the
external electric potential differential (AV = 0.15 V) drives the
fluid motion along the filament axis; therefore, a uniform
volume electric force condition is placed on the surrounding
medium domain

F= {vaxa 0, 0} (4)

where p, is the space charge density, and E, = VV/L, stands for
the external electric field magnitude per unit of a monomer
length (L, = 54 [A]). With no other force acting on the system,
a free flow boundary condition was placed on the faces of the
surrounding medium perpendicular to the filament

(K]n = —fon (5)

where the normal stress is set equal to f, = 0 as the fluid is free to
move in either direction. Additionally, two separate wall condi-
tions were applied: a no-slip condition on the filament surface
(eqn (6)), and an electro-osmotic condition on the surfaces of the
surrounding medium parallel to the filament (eqn (7)),

u=20 (6)
u = UeoEy + uy (7)

G€ofr

Here, pe, = — is the electro-osmotic mobility (s is the zeta

potential of the filament, defined as the average electric
potential on the filament surface), and E, = E — (E-n)n with E
being the electric field solved for with the electrostatics
formulation. Additionally, the fluid velocity far away from the
filament is estimated by Uy = feoFEy-

5.2. Ionic current density characterization

The mean electric potential V and the axial velocity v, profiles
are used in Comsol to determine the radial and longitudinal
current density profiles, the radial ionic concentrations, and the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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total current around the filament's molecular structure and
finitely-long cylinder models.

Considering the longitudinal axis of the computational fila-
ment model is along the X-axis, the current density in Cartesian
coordinates is calculated as

av av
- =kE. ; = —k— = —k—
J k x T VxPe, J} ay , Je 9z (8)
with
k= F222i2u,‘c,‘ (9)

representing the electrolyte conductivity, and

Pe = FZZI'CI'

(10)

describing the total charge density distribution. Here, the
parameter F represents the Faraday constant, and the parame-
ters z;, and u;, stand for the valence and mobility of ionic species
i, respectively. Additionally, the ionic concentrations are char-
acterized by the Boltzmann distribution

—; FV
RT
Ci = ¢ €

where c;o is the bulk concentration of species i, charge of species
Z;, R is the gas constant, and T is the electrolyte temperature.

It is convenient to express the current density in polar
coordinates to compare the results with the cylinder models.
Using eqn (8), we can write

(11)

Jlong :Jx: Jrad = \/ Jy2+']22 (12)
with a parametric surface defined as
x = Xo, y = rsin(6), z = r cos(f) (13)

where X, is a fixed position along the X-axis, r is any distance
between the surface of the filament and 100 A away from the
surface, and ¢ is the angle measured around the filament
surface (perpendicular to the filament axis) ranging between
0 and 2.

5.3. Averages and integrals

To properly compare the theoretical, finite-size cylinder, and
filament models, we implemented a coordinate system

y%vx

Fig. 15 Three equally-spaced, perpendicular evaluation planes along
the filament axis used to obtain electric potential, concentration,
velocity, and current density values to calculate angular averages.
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transformation in the filament model such that the surface of
the filament would be located at the same distance as the radius
of the theoretical and cylinder models. This transformation was
implemented using Matlab as a shift in the raw data obtained
from Comsol. Additionally, the Comsol measurements were
obtained at fifteen different planes. These planes were
perpendicular to the filament axis and equally-spaced
throughout the filament. An illustration with three planes can
be observed in Fig. 15.

As an illustrative example, we will describe these calculations
for the intracellular electric potential (see Fig. 2). At a given
distance R near the filament surface, the electric potential will
vary drastically as a function of the angle as observed on the left
column of Fig. 2. However, any measurement taken along the
filament surface contour, will have a similar magnitude
regardless of the angle, as observed in the right column of
Fig. 2. For this reason, the coordinate system transformation
enabled the angular average calculation which, in the case of
the electric potential, is determined as.

1

EP(x,r) = " > Valx,r) (14)
where EP(x,r) is the electric potential as a function of distance
along and perpendicular to the filament axis, n, = 200 is the
number of angles used in the measurement, and Vj(x,r) is the
electric potential measured following the filament surface
contour. This calculation was performed at each one of the
fifteen planes (determined by x) and for contour surfaces at
different distances away from the filament surface (determined
by r) to obtain the average quantities discussed in Section 3.
Moreover, given the filament model asymmetry, we calculated
the average between all fifteen planes to obtain the overall
average of the electric potential throughout the filament model.
This overall average is used to compare the three models in the
following sections and is expressed as.

1

EPu(r) = o= > JEP(1) (15)
where EP(r) represents the overall behavior of the electric
potential in the filament model as a function of distance away
from the filament surface, n, = 15 is the number of equally-
spaced, perpendicular planes, and EP.(r) = EP(x,r) is the
angular average electric potential obtained for each plane.
Furthermore, the electrical double layer (EDL) thickness can be
assessed from the computational results, thus allowing the
calculation of the total current via a double integral method
based on the setup employed for the average calculations
described earlier. For instance, the total ionic current I in the
EDL at the location x = X, can be calculated using the double
integral of the current density as a function of distance and
angle

I1(Xy) = JJ J(r,0,Xo)r drd@ (16)

To implement this formulation, the values of current density
obtained as a function of distance and angle from the plane

6326 | RSC Adv, 2022, 12, 6314-6327
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located at x = X,,, were exported as a table and rearranged using
Matlab to calculate the double integral using the Trapezoidal
method. Once the total current for all planes is obtained, the

. . VS S
resistance was calculated using Ohm's law as R = —> where
T

Vsys is the potential differential applied on the system, and Ir is
the average total current obtained from the fifteen evaluation
regions.
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