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Featured Application

This study provides theoretical insight into how membrane-associated silica-coated mag-
netic nanoparticles may transiently alter local electroporation conditions, offering a basis
for future experimental investigations of nanoparticle–electroporation interactions.

Abstract

Electroporation outcomes are governed by the local electric field distribution and transmem-
brane voltage, both of which may be altered by nanoscale elements positioned near the cell
membrane. In this study, we developed a two-dimensional finite-element electromagnetic
model to investigate the effect of a membrane-proximal silica-coated superparamagnetic
iron oxide nanoparticle cluster during a trapezoidal electroporation pulse. The model cou-
ples electric and magnetic field components with a membrane electroporation formulation
based on Smoluchowski-type pore-density dynamics. Simulations were performed with
and without a nanoparticle positioned 5 nm from the membrane, considering different
cytosol and extracellular medium conductivities. The results show that the nanoparticle
induces a highly localized perturbation of the electric field, whose magnitude depends on
the sampling region and conductivity contrast. Transmembrane voltage is modestly and
transiently modulated during pulse rise time, whereas the effect is limited during the pulse
plateau. Pore-density analysis further indicates that the nanoparticle does not induce a
generalized increase in electroporation-related parameters and may locally reduce pore
density near the nanoparticle–membrane interface. Overall, the model identifies transient
and conductivity-dependent nanoscale field redistribution caused by membrane-proximal
silica-coated magnetic nanoparticles, while highlighting the need for three-dimensional
modeling and experimental validation before inferring electroporation enhancement.
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1. Introduction
Cell electroporation can be exploited in clinical treatments to improve the perme-

ability of biological cell membranes and deliver molecules like chemotherapy agents or
genes [1–6]. This physical modality uses sequences of nominally rectangular but physically
trapezoidal voltage pulses, due to finite rise and fall times, to generate locally an electric
field able to rearrange temporarily the cell membrane and open aqueous pores able to
improve cellular uptake [2,5,7]. It is well known that electric field distribution depends on
electric properties of materials and at the macroscopic level, some analyses are presented
in [8–15]. Moreover, some authors investigated membrane-related phenomena on a tissue
scale using numerical models [14,16–19]. The use of nanoparticles has multiple potential
applications in medicine, such as drug vectors, hyperthermia agents, internal electrodes or
in immunotherapy [20–31]. In previous studies, various nanoparticle (NP) functionaliza-
tion strategies have been developed to improve their accumulation within specific organs
or tissues. Such approaches have been extensively explored for applications including
magnetic fluid hyperthermia, magnetic resonance imaging (MRI) contrast enhancement,
and targeted drug delivery systems based on magnetic nanoparticles [20,24,30,32–39]. In
addition, several studies have proposed the use of externally applied magnetic fields to
actively guide magnetic nanoparticles toward predefined anatomical targets, thereby im-
proving spatial targeting and local accumulation at the desired site [27,40–42]. In this paper,
the NPs are investigated as perturbation elements of the electric field distribution, once
they have reached the proximity of a cell membrane.

In order to improve electroporation without increasing the external electric field,
Lekner [43] proposed the use of small conducting objects (micro-conductors) to locally
enhance the electric field distribution in the tumor area, where the micro-conductors are
injected and external electric pulses are applied.

To study the influence of small objects, namely the nanoparticles, the electromagnetic
problem has to be studied at the cell level, as in [44–47]. The influence of conductive
nanoparticles was theorized by using numerical simulations. For instance, Lekner predicted
the enhancement of electroporation in the presence of microelectrodes made of conductive
prolate [43], which could, according to simulations developed therein, enhance the external
electric field up to 100 times. Such an amplification was noted for prolate structures with an
aspect ratio of 15.7, when aligned with the lines of the electric field. Conversely, the electric
field on the surface of conducting spheres could be amplified three times the external
field [43]. Indeed, in the quest to attain this attractive phenomenon, experiments have
been performed by several research groups. Authors generally reported a limited effect of
tested spherical and rod-shaped gold nanoparticles for electroporation enhancement. Even
in the case of gold nanospheres, the predicted three-times field amplification was never
observed experimentally. Interestingly, in some reports [48–51], a marginal improvement
of electroporation was achieved.

Importantly, as also noted by Lekner [43], the field strength rapidly decreases with in-
creasing distance from either pole of the conducting prolate or the surface of the conducting
sphere. Therefore, some groups have proposed the use of magnetic structures, which can be
magnetically oriented and concentrated in close proximity to cellular membranes with the
use of an external magnetic field gradient. Such structures could be used as internal elec-
trodes acting as transducers of an external time-varying magnetic field [22,25]. However, it
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is important to note that, in order to translationally move along a magnetic field gradient
and thus be effectively magnetically guidable, single-core superparamagnetic nanoparti-
cles generally possess insufficient magnetic moment. Conversely, multicore assemblies
exhibit markedly enhanced magnetic moments and hence also magnetic responsiveness
and translational movement ability.

Within this perspective, the effect on electric field distribution and transmembrane
voltage in a region around the cell membrane in the presence of a silica-coated multicore
magnetic nanoparticle is investigated. Such nanoparticles, namely the silica-coated super-
paramagnetic iron oxide nanoparticle (SPION) clusters [52], were considered because of
their excellent magnetic responsiveness. The assembled nanoparticles cluster is spherical
and can be considered as one nanostructured entity, namely one magnetic nanoparticle
(NP) [20]. Such clusters preserve the superparamagnetic properties [20] and could be first
guided to the proximity of a cell membrane. Once attracted to the site of interest (namely,
the proximity of a cell membrane), the external magnetic field could be removed, and
electric pulses could be applied.

To solve the electromagnetic problem and compute the transmembrane potential,
among the different possible numerical approaches proposed in the literature (see, for
example, [12,16,19,45,53–56]), a transient problem was considered in this contribution,
as suggested in [12,14,57]. In order to account for the electroporation phenomenon, the
morphological modification of the cell membrane due to electrically induced pores is
herein modeled by introducing a current density source on the membrane domain. Such
current, governed by the Smoluchowski approximation of the pore-density dynamic Np(t),
introduces a new differential equation that has to be solved together with the Maxwell
equation on the membrane. The idea is to analyze the effect of the transient phase of the
voltage pulse on the electric field distribution near the cell membrane in the absence and
presence of a nanoparticle, considering also the magnetic field component. In particular,
the effect of an electric field, due to a trapezoidal-shaped voltage pulse with a predefined
rise time (i.e., the transient part of the pulse before the plateau) applied to the system, was
analyzed at different time instants, belonging to the rise time interval and to the pulse
plateau. In this way, the transient effect occurring during the voltage pulse rise from 0 V
to the plateau value is investigated by solving the coupled electromagnetic problem and
electroporation phenomenon in the time domain.

2. Materials and Methods
2.1. Numerical Problem

The 2D section of the problem geometry is represented in Figure 1. A square box with
a side length of 100 µm represents the box where a circular section of a spherical cell is
positioned in the center (Figure 1a). In general, this 2D geometry is used in the microscopic
scale evaluation [45,58–61]. The cell diameter in the proposed geometry is 19 µm (radius
9.5 µm) with a membrane thickness of 7 nm. The cell membrane, a bilayer of phospholipid
molecules, is made of a lossy dielectric material. Outside the cell membrane, the medium is
represented with constant electrical conductivity. Close to the cell membrane, a silica-coated
NP is positioned, and corresponding details are represented in Figure 1d–e. Nanoparticles
have a magnetic core with a diameter of ~80 nm and are covered with a ~10 nm-thick silica
layer with a total nanoparticle diameter of ~100 nm. A NP distance-cell membrane of 5 nm
was considered herein.

Figure 1 also shows the details of the mesh of the geometry at different scales, from the
overall domain to the one at the smallest scale, showing the cell membrane and silica coating
of the magnetic nanoparticle. The thin domain included a layered mesh with 3 rectangular
elements per layer close to the domain boundary. The typical mesh has 180,000 domain
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elements and 100,000 vertex elements, leading to a quite complex numerical problem. The
thin silica shell was modeled as a meshed physical domain with silica properties reported
in Table 1.

 
Figure 1. Geometry with mesh details and voltage pulse applied to the domain boundary: (a) applied
voltage pulse, (b) geometry and mesh of the entire domain with cell geometrical details, (c) NP and
cell membrane relative positioning, (d) zoom around the NP showing its composition and (e) detail
of the membrane and NP regions.

Table 1. Electric properties of the materials; [NU] = no unit, NP = nanoparticle.

Electrical Conductivity
σ [Sm−1]

Relative Permeability
µr [NU]

Relative Permittivity εr
[NU]

Cytosol 0.1–1 1 60
Membrane 5.6 × 10−5 1 11.7

Cell culture medium—CCM 1.34 1 80
Low conductivity medium—LCM 0.2 1 80

Magnetic NP core 5 × 10−4 1.86 50
NP Silica oxide 10−13 1 3

Typical electric properties of the material, including electrical conductivity, relative
dielectric permittivity and relative magnetic permeability, are reported in Table 1. In
particular, cytosol, depending on cell type, can range between 0.1 and 1 S/m and relative
dielectric permittivity εr = ε/ε0 ε0 = 8.854 × 10−12 F/m; the absolute permittivity of the free
space can vary between 80 and 150 [53,54,58,62–65]. The typical membrane conductivity
is in the order of 10−5–10−7 S/m and was fixed here to 5.6 × 10−5 S/m with a relative
permittivity close to 10 [25,58,66,67]. Depending on its composition, cell culture media
can have an electric conductivity ranging between 0.2 S/m and 1.5 S/m, with a relative
dielectric- permittivity close to that of water, i.e., 80 [60,67,68]. Finally, the electrical
properties of NPs have been selected according to the data reported in [22,69–71].
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2.2. Magnetic and Electric Problem

In the geometry in Figure 1, the electric and magnetic field problems are solved using
Finite Element Analysis (FEA) to compute electric field distribution in the domain due to
the application of one electroporation pulse and considering the pore formation on the cell
membrane. In particular, a trapezoidal-shaped pulse 100 µs long with not-null rise and
fall time fixed to 10 µs is considered and adopted in accordance with the typical values
provided by existing clinical electroporators, such as the one manufactured by Igea (Igea
S.p.A. Carpi, Modena, Italy) [72–74]. The proposed model is used to predict the effect of
magnetic NPs outside the cell membrane. Considering both the electric and magnetic field
in the dielectric material, the field problem is solved in the magnetic vector potential A, and
electric scalar potential, V, by the A-V formulation using Comsol Multyphysics AC/DC
module (https://www.comsol.com, COMSOL AB, Stockholm, Sweden [last access 5 July
2026]) software tool [12,75–77]:

∇× 1
µ
∇× A = Jtot (1)

with
Jtot = σE +

∂D
∂t

(2)

in which the electric field value E and the electric displacement field D are derived from

E = −∂A
∂t

−∇ Vand D = ε E (3)

where µ is the permeability of the material, σ is the material conductivity and ε is the
electric permittivity of the medium, in which the problem is solved. The uniqueness of the
magnetic vector potential was ensured by imposing the Coulomb gauge:

∇ · A = 0

Substituting Equations (2) and (3) into Equation (1), the following Ampère’s law
equation was solved:

∇× 1
µ
∇× A + σ

(
∇V +

∂A
∂t

)
+ ε

(
∇∂V

∂t
+

∂2A
∂t

)
= 0 (4)

given the current-continuity equation:

∇ ·
[

σ

(
∇V +

∂A
∂t

)
+ ε

(
∇∂V

∂t
+

∂2A
∂t

)]
= 0 (5)

It has to be noted that the corresponding total current density in Equation (2) was evaluated
as the sum of conduction (i.e., σE) and displacement (i.e., ∂D

∂t = ε ∂E
∂t ) current densities.

The Dirichlet conditions are imposed at the electrodes. On the bottom electrode, a
0 V potential was fixed and the faced electrode was energized by the voltage pulse with
a plateau potential of 10 V. This way, a nominal electric field of 1000 V/cm is generated
between 100 µm distance electrodes, considering here the vacuum or the presence of
an homogenous dielectric medium. Moreover, Neumann conditions apply on external
boundaries of the square sides that are not electrodes. Initial conditions correspond to
zero field in the whole domain, except in the cell interior, for which a potential of −20 mV,
named resting potential, is imposed. In fact, the potential in the cell interior is not null.
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It is expected that displacement current contribution affects the problem solution in
the transient phase of the pulse, in the rise and fall time interval, while a constant current
solution in the constant plateau part of the pulse should be prevalent.

It is worth noting that the present study uses a two-dimensional planar model to
represent the real three-dimensional cell–nanoparticle system. This approximation allows
the local interaction between the nanoparticle, the extracellular medium, the membrane,
and the cytosol to be investigated with sufficiently high spatial resolution, particularly in
the nanometric membrane and silica-shell regions. However, the electric field perturbation
generated by a finite spherical nanoparticle in 3D exhibits a different spatial decay from
that obtained in a 2D cross-sectional model. Consequently, the present results should be
considered primarily as a comparative analysis of the trends associated with different con-
figurations with and without the nanoparticle, rather than as direct quantitative predictions
of the full three-dimensional system.

2.3. Membrane Electroporation: Smoluchowski Solution for Membrane Conductivity

The electroporation of the cell membrane can be modeled as a multiphysics prob-
lem that merges the electromagnetic problem with the morphological modifications of a
phospholipidic bilayer due to a strong electric field. By considering the asymptotic approx-
imation of the Smoluchowski equation for electroporation that describes the time evolution
of the pore population density of transient aqueous pores due to an externally applied
electric field [13,45,59,78,79] at the cell membrane domain, a current density contribution,
Jep, is considered:

Jep = −Npiepir (6)

This current density vector is directly dependent on the pore density, i.e., the number
of pores per unit of surface area Np th, which appear on the cell membrane in case of
electroporation phenomenon onset, and the current in a single pore of a fixed radius, iep.
The current density Jep acts as an increment of the membrane current at a point P along the
membrane that reflects in a local, time-varying and nonlinear increase in the membrane
electrical conductivity. This current also induces a lowering of the electric potential in
the cell membrane electroporated area, being a current directed towards the cell center
according to the unit vector ir.

By defining the transmembrane voltage (TMV) Vm as the difference between the
electric potential evaluated on the external membrane boundary, Vext, and on the internal
membrane boundary, Vint:

Vm = Vext − Vint (7)

The pore density Np in a point P along the cell membrane can be expressed as a function
of Vm and computed, solving the following ordinary differential equation in the case of a
fixed pore radius, rp (fixed to 0.79 nm):

dNp(P, t)
dt

= α e
( Vm(P,t)

Vep )
2
(

1 −
Np(P, t)
Np0(P, t)

e
−g( Vm(P,t)

Vep )
2
)

(8)

where Np0 is the equilibrium pore density, g the electroporation coefficient, and Vep the
characteristic voltage for electroporation. The current iep is given by:

iep = iep(P, t) =

πσr2
p

h

(
e

q
kT Vm(P,t) − 1

)
e

q
kT Vm(P,t) w0e(w0−n q

kT Vm(P,t))−n q
kT Vm(P,t)

w0−n q
kT Vm(P,t)

− w0e(w0+n q
kT Vm(P,t))

+n q
kT Vm(P,t)

w0+n q
kT Vm(P,t)

Vm(P, t) (9)
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where w0 is the energy barrier inside the pore, h the thickness of the membrane, σ the
conductivity of the aqueous solution inside the pore, q the electron charge, T the absolute
temperature, and k the Boltzmann constant; n is the relative size of the entrance region of
the pore and rp is the pore radius [78]. The values of parameters for Equations (8) and (9)
are in Table 2.

Table 2. Parameters of the pore model. NU = Not Unit.

Parameter Name Symbol Value

thickness of the membrane h 7 (nm)
conductivity of the aqueous solution inside the pore σ 1.3 (Sm−1)

absolute temperature T 273.15 + 25 (K)
relative size of the entrance region of the pore n 0.15 (NU)

characteristic voltage for electroporation Vep 258 (mV)
electron charge q 1.602 × 10−19 (C)

energy barrier inside the pore w0 5.25 (eV)
Boltzmann constant k 1.380649 10−23 (JK−1)

pore radius rp 0.79 (nm)
Pore Creation rate coefficient α 10−9 (m−2)

Electroporation constants g 2.46 (NU)
equilibrium pore density Np0 1.5·10−9 (m−2)

A single effective time-dependent density (i.e., N(t)) with a fixed pore radius is often
used in the literature [80,81]. This is a mathematical simplification that helps to reduce
the problem complexity. It is well known that this is an approximation that ignores the
physical reality that pore sizes may fluctuate and grow, leading to larger pores in regions
exposed to high electric fields [82]. This phenomenon is not accounted for here, and all
evolving defects are considered at a set represented by the thermodynamic equilibrium
value (here assumed 0.79 nm). Then, the additional pores opened on the cell membrane
contribute with an additional current component and here, Jtot of Equation (2) becomes

Jtot = σE +
∂D
∂t

+ Jep = σE + ε
∂E
∂t

+ Jep (10)

As a consequence, on the membrane domain, a multiphysics problem is established
and has to be solved in the three variables: vector potential A, electric potential V and
density of pores Np.

While the Smoluchowski equation used to calculate pore density is highly temperature-
dependent, the temperature rise in our system can be considered neglectable. Precisely,
given the volume fraction of nanoparticles with respect to the medium, the heating would
only stem from the properties of the medium, and would not exceed 0.3 ◦C (for the highest
conductivity medium). The reported temperature estimate concerns bulk heating only and
does not address possible nanoscale interfacial temperature gradients. In fact, even if the
100 nm NP is potentially a heating source, the volume in which it is inserted attenuates any
appreciable heating effect.

2.4. Computation Problem

The proposed simulation approach is based on a continuum/effective model. The
nanoparticles are not described at the atomistic scale; instead, their electromagnetic effects
are introduced through effective material properties. This modeling strategy is consistent
with the approach adopted in several previous scientific works dealing with nanoparticle-
mediated electroporation, where FEM-based models have been successfully used to de-
scribe the macroscopic field distribution and the resulting response of systems containing
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nanoscale inclusions [22,47,48,62]. All these models are well established and all based on
the one previously developed for FEA by Krassakowa et al. [45,59] to study electroporation
effects, for instance, the ones proposed by [18,44,58,60,66].

The numerical problem was solved using the A-V formulation according to the equa-
tions defined in Section 2.2 in all domains except the membrane, where the equations
of Section 2.3 are considered, including the Np variable also. In order to investigate the
effect of different medium conductivities jointly with NP influence, the study is conducted
by changing the cytosol, σc, and cell culture media, σcm, conductivities in the two main
cases, with and without the NP. In particular, fixing the problem geometry (NP-membrane
distance 5 nm, NP diameter 100 nm, silica layer thickness 5 nm) as described in the model
section, the pulse rise time (fixed to 10 µs) and pulse length (fixed to 100 µs), the following
combinations of electrical conductivities were analyzed:

1. σc = 0.1 Sm−1 and σcm = 0.2 Sm−1

2. σc = 1 Sm−1 and σcm = 0.2 Sm−1

3. σc = 0.1 Sm−1 and σcm = 1.34 Sm−1

4. σc = 1 Sm−1 and σcm = 1.34 Sm−1

For each combination of parameters, the electric field strength E, the potential V along
a line, and the TMV on the membrane domain were evaluated. The electric field strength
and the electric potential are sampled along the two red lines represented in Figure 2a,
labeled L0 and L1, and evaluated at the four-time instants marked by red points in Figure 2c.
These time instants are located during the rise time (t1, t2 and t3), where the displacement
current component superposed to the conduction component is expected, and during
the pulse plateau (t4), where the conduction current should be prevalent, whereas the
displacement current is expected to be negligible. The TMV is evaluated, at the same time
instants, on the boundary of the cell membrane region as the difference between the electric
potential in the internal and the external membrane boundary.

  
(a) (b) (c) 

10 μs 10 μs80 μs

10 V
t4= 50 μst3= 10 μs

t2= 5 μs

t1= 1 μs

Figure 2. (a) Detail of the NP Region Of Interest (ROI), where the red line shows the sampling domain
for the electric field strength and potential; (b) detail of the NP-cell membrane region with the point
P1 and P2 used to compare the electric field strength and potential in the parametric analysis; (c) time
instants at which the analysis is conducted.

The conduction and displacement current maps and those concerning the electric field
were visualized at the four time instants for all configurations in the region close to the
nanoparticle and compared with those obtained without the nanoparticle.

Finally, the electric field and electric potential in the two main cases, with and without
the NP, for all the configurations were compared at the point P1 and P2 marked in Figure 2b
in order to evaluate the effect in the cell membrane region close to the NP.
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A mesh sensitivity analysis was performed by comparing three meshes with different
levels of discretization: a coarse mesh, the one adopted in presented simulations, and a
refined mesh. The quantities of interest, namely the electric field in 10 points located in the
region of the NP and cell membrane at some representative time instants, varied by less
than 0.7% between the adopted one, with 185,944 elements (24,600 in the thin regions), and
refined meshes, with 318,444 elements (49,232 in the thin regions). Therefore, the adopted
mesh was considered sufficient for the present parametric study.

2.5. Magnetic Nanoparticles

The modeled magnetic nanoparticles correspond to silica-encapsulated SPION clusters,
which are commercially available from Nanos Scientificae Ltd. (Nanos SCI, Ljubljana,
Slovenia). These structures are synthesized in a microemulsion, where a large number
of maghemite nanoparticles (γ-Fe2O3; size ~10 nm) are self-assembled into spherical
nanoparticle clusters, and subsequently encapsulated with a layer of silica, as described
elsewhere [83]. The nanoparticle cluster size is subsequently unified by high-gradient
magnetic separation, as described in [52]. The presented model includes the magnetic
properties/permeability of the NP core, but does not simulate magnetic guidance fields.
The static or dynamic external magnetic field that could be used to position the NPs was
thus not included in the FEM simulation.

2.6. Magnetic Nanoparticles Properties

The magnetic properties of aqueous suspensions of NPs were characterized using
a Vibrating Sample Magnetometer option of PPMS (Physical Properties Measurement
System manufactured by Quantum Design) [84]. The study of the magnetization (M in
(emu/cm3)) as a function of an applied external field (H in (Oe)) at room temperature was
used to evaluate the relative magnetic permeability, µr, used in the simulations. Since M
is measured in emu/cm3 and H is in Oe, µr is obtained as µr = 1 + 4π M

H and reported
in Table 1.

The magnetic nanoparticles also have a negative surface charge (with a zeta potential
of −25 mV at pH = 7 [52]), which was not considered in the simulation. It is worth noting
that in aqueous environments these particles develop an electric double layer, which might
screen the local electric field at the nanoscale.

3. Results and Discussion
The numerical results in Figure 3 show the electric field around the cell at 50 µs and

inside the cell considering the four cytosol, σc, and cell culture media, σcm, combination
conductivities. Outside the cell, the electric field strength is approximately 1000 V/cm in
the entire area except in proximity to the cell, where it varies between 100 and 1600 V/cm
depending on media conductivities. Also, in the cell cytosol, the electric field strength
assumes different values depending on the cytosol and medium conductivities and in this
case, the electric field strength varies between 150 and 800 V/cm. Conversely, Figure 4
reports the electric field strength in a ROI in the proximity of the cell membrane in the
absence (Figure 3a) and presence (Figure 3b) of the NP. Each figure in the panel shows the
color map of the electric field strength when the cell is surrounded by a specific medium
described with the corresponding electrical conductivity and can be used to compare the
effect of different cell culture mediums (CCM) in the electroporation protocol (e.g., CCM of
RPMI type with σ = 1.34 S/m or CCM of low conductivity (LCM) with σ = 0.2 S/m).

Each column in the panel furnishes the field strength at a fixed time instant during
the time-varying applied input, the 10 V amplitude trapezoidal-shaped voltage pulse that
ideally generates a uniform electric field of 1000 V/cm in the space between the 100 µm
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distant parallel plate electrodes of the created capacitor, where the ROI is, if a homogeneous,
linear and isotropic dielectric material is considered in this area. The simulation results also
explore the perturbation effect locally created by the NP made of a magnetic nanocluster
covered by a dielectric thin layer of silica (SiO2) that is expected to influence the field
uniformity in the ROI.

Figure 3. Electric field strength in the entire model for different conductivities combinations of the
cell (middle) or the pulsation medium: (a) σc = 0.1 Sm−1 and σcm = 0.2 Sm−1, (b) σc = 1 Sm−1 and
σcm = 0.2 Sm−1, (c) σc = 0.1 Sm−1 and σcm = 1.34 Sm−1 and (d) σc = 1 Sm−1 and σcm = 1.34 Sm−1.

Figure 4 reports the color map related to the region close to the nanoparticle in four
different time instants: the first three are located on the pulse rise time, whereas the last
one is on the pulse plateau. Color maps are reported considering the four combinations
of medium-cytosol conductivities listed in the materials and methods paragraph: two
different conductivities for the surrounding medium and cytosol are considered. For all the
considered cases, the ideal uniform 1000 V/cm of electric field strength is never obtained
in the ROI up to 50 µs. The 1000 V/cm is reached in the whole model (shown in Figure 3)
and, in some cases, close to the NP (see column 4 in Figure 4b). By comparing the rows
of the panels (Figures 3 and 4), it is evident that the conductivities of the surrounding
mediums and cytosols affect the overall electric field intensity in the ROI and, in particular,
in the region close to the NP. Moreover, the NP (Figure 4b) modifies the electric field
distribution with respect to the field found in the media alone (Figure 4a). Importantly,
Figure 5 shows a zoomed region of Figure 4b, highlighting the electric field distribution in
the region between the NP and the cell membrane at four different time instants and for
all four combinations of the electric conductivities of the cytosols and cell mediums. In
particular, the electric field strength outside the cell is larger when the cell medium is less
conductive, i.e., σcm = 0.2 Sm−1. Moreover, the electric field strength is larger when the
cytosol conductivity is lower, i.e., σc = 0.2 Sm−1.

The electric field strength evaluated along the two red lines in Figure 2a is represented
in Figure 6, considering the four analyzed cases for cytoplasm and medium conductivities.

Figure 6a shows the case along the line L0 that cuts the NP in the middle, whereas
Figure 6b analyzes the electric field strength on the line L1 that is tangential to the NP’s
edge. It can be noted that the presence of the NP affects the electric field in the cytosol and
in the region between the cell membrane and NP during pulse rise time with respect to
the NO-nanoparticle conditions. The red dashed line marks the electric field strength at
1000 V/cm and during the pulse rise time, and the difference in the electric field strength
with and without the NP can be evidenced at the 5 and 10 µs times. In particular, the
electric field strength in the cell cytosol is lower considering the NP with respect to the case
without the NP, as also remarked in Table 3.
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(a) 

(b) 

Figure 4. Color maps of electric field distribution (a) without and (b) with a magnetic nanoparticle
at the 4 considered time instants (1, 5, 10 and 50 µs) on the pulse diagram, for an applied nominal
electric field of 1000 V/cm.
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Figure 5. Enlarged view of the color map showing the electric field distribution in the region between
the nanoparticle and the cell membrane at the 4 considered time instants (1, 5, 10 and 50 µs) on the
applied pulse diagram.

Considering line L1 (Figure 6b) that samples the electric field on a vertical line just
outside the NP, it can be noted that the presence of the NP modifies the distribution of the
electric field. The horizontal dashed red line marks the 1000 V/cm level and it can be noted
that the electric field in the NP ROI can be higher when the NP is considered.

Table 3 reports the electric field strength evaluated along line L0 in cytosol and medium
at the membrane boundary at the two points, P1 and P2, marked in Figure 2b for the four
time instants marked in Figure 2c. In particular, the electric field strength was evaluated
in cytosol, Eint, i.e., the region internal to the cell, and in medium, Eext, i.e., the region
external to the cell. Moreover, the difference between Eint and Eext, Ed(i) = Eext − Eint, with
i = NP(nanoparticle) or NoNP(No-nanoparticle), is evaluated and it is positive or negative
depending on the material conductivity. It is positive when the cytosol conductivity, σc,
is larger than the medium conductivity, σcm, and negative in the inverse situation. It can
be noted that the percentage variation with respect to the case without NP is constant
for all the time instants analyzed when the cytosol conductivity is low, σc = 0.1 (S/m),
and it is larger when the cytosol conductivity is 1 S/m. When the cytosol conductivity is
σc = 1 (S/m), the entity of the percentage variation depends on the medium conductivity
and it is larger for the time instant in the plateau (i.e., at 50 µs). In particular, the electric
field strength is reduced by the presence of the NP if the evaluation points are located on
the line L0. Nevertheless, considering the line L1, the electric field strength when the NP is
close to the cell membrane is larger with respect to the case without the NP (data in Table 3).
In fact, in the presence of the NP, the electric field in the medium is larger than the one
in the absence of the NP. Nevertheless, the electric field difference Ed(i) between cytosol,
Eint, and medium, Eext, is inferior to the one obtained without the NP, except in the case
for which cytosol conductivity is higher than medium conductivity, i.e., σc = 1 (S/m) and
σcm = 0.2 (S/m). In the case in which cytosol and medium conductivities are 1 and 1.34, the
percentage difference between Ed(i) values is negative in the pulse plateau and positive in
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the pulse rise time. This means that in pulse rise time, Ed(i) in the presence of NP is larger
than that without NP and at the plateau, it has a contrary behavior.

(a) 

(b) 

Figure 6. Electric field along red lines schematized in Figure 2a, (a) L0 and (b) L1 with (upper row)
and without (lower row) magnetic nanoparticle corresponding to the four conductivity combinations
(color lines in the upper legend) at the three time instants (5, 10 and 50 µs) on the pulse diagram.
Dashed line mark the 103 V/cm level.

Considering the data in Table 4 refer to points P1 and P2 on the line L1, it can be noted
that the electric field in the medium is larger than the one obtained in the ROI without
the NP in all examined cases. The Ed(i) quantities have a different behavior than the one
that occurs along Line L0 and the difference is larger than that of the cases analyzed in
Table 3. This is in accordance with the data in Figure 4. In particular, along L1, the resulting
percentage difference in the electric field between medium, Eext, and cytosol, Eint, i.e., Ed(i),
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depends on the considered case. Moreover, it is, in general, larger than that in the previous
case (Table 3). With the NP, it is positive and larger than in the case without NP when σc

(S/m) > σcm (S/m). Considering the other cases for which σc (S/m) < σcm (S/m), Ed(i) is
positive if σc = 1 and σcm = 1.34 S/m, whereas it is negative in the other two cases.

Table 3. Electric field strength at the four time instants marked in Figure 2c evaluated at the two points,
P1 and P2, on line L0 marked in Figure 2b for the case with and without the silica-coated NP. Difference
between Eint and Eext, i.e., Ed(i), percentage difference between the Ed(i) quantity with NP, Ed(NP)
and without NP, Ed(NoNP).

NP
NO
NP

σc (S/m) σcm (S/m) 1 µs 5 µs 10 µs 50 µs 1 µs 5 µs 10 µs 50 µs

Eint (V/cm)—P2 69.4 347.0 694.0 694.0 69.8 349.0 697.9 697.9

Eext (V/cm)—P1 33.9 169.5 339.1 339.1 34.9 174.4 348.8 348.8

Ed(i) = Eext − Eint(V/cm) 0.1 0.2 −35.5 −177.5 −354.9 −355.0 −34.9 −174.6 −349.1 −349.1

∆E(Ed(NP) − Ed(NoNP))(%) 1.67 1.67 1.67 1.67

Eint (V/cm)—P2 10.2 51.2 110.1 141.9 10.3 51.5 113.8 162.0

Eext (V/cm)—P1 50.1 250.4 537.9 693.3 51.5 257.5 568.5 809.3

Ed(i) = Eext − Eint(V/cm) 1 0.2 39.8 199.1 427.8 551.4 41.2 206.0 454.7 647.3

∆E(Ed(NP) − Ed(NoNP))(%) −3.33 −3.33 −5.92 −14.81

Eint (V/cm)—P2 81.5 407.3 814.7 815.9 81.5 407.7 815.4 816.7

Eext (V/cm)—P1 5.9 29.7 59.4 59.5 6.2 30.8 61.6 61.7

Ed(i) = Eext − Eint(V/cm) 0.1 1.34 −75.5 −377.6 −755.2 −756.4 −75.4 −376.9 −753.8 −755.0

∆E(Ed(NP) − Ed(NoNP))(%) 0.19 0.19 0.19 0.19

Eint (V/cm)—P2 13.1 65.4 470.2 521.2 13.1 65.5 516.5 585.8

Eext (V/cm)—P1 9.5 47.7 342.9 380.1 9.8 49.1 385.2 436.9

Ed(i) = Eext − Eint(V/cm) 1 1.34 −3.5 −17.7 −127.3 −141.1 −3.3 −16.4 −131.3 −149.0

∆E(Ed(NP) − Ed(NoNP))(%) 7.93 7.93 −3.07 −5.27

Figure 7 shows the TMV on the cell membrane region for all the four analyzed
combinations of the cytosol–medium conductivities at three time instants (5 and 10 µs,
located on the pulse rise time, and at 50 µs, located on the pulse plateau). It can be noted
that nanoparticles positioned in the proximity of the cell membrane modulate the TMV
during pulse rise time (evident at 5 and 10 µs). In particular, the TMV is lower in point
P1 on the line L0 when the magnetic NP is close to the cell membrane. In Figure 7, the
zoomed images evidence the effect of NP in the TMV that is locally distorted. Considering
the data in Table 5, the electric potential evaluated at the points P1 and P2 on the line
L0, marked in Figure 2b, for the four time instants marked in Figure 2c, is reported,
whereas Table 6 reports the electric potential evaluated at the point P1 and P2 on the line
L1. In these tables, the potential in cytosol and medium, Vint and Vext respectively, their
difference Vd(i) = Vext − Vint (V), with i = NP(nanoparticle) or NoNP(No-nanoparticle),
that corresponds to Vm in Equation (7) and the percentage difference between the Vd(i)
quantity with NP, Vd(NP) and without NP, Vd(NoNP), are reported.
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Table 4. Electric field strength at the four time instants marked in Figure 2c evaluated at the two
points, P1 and P2, on line L1 marked in Figure 2b for the case with and without the silica-coated NP.
Difference between Eint and Eext, i.e., Ed(i), percentage difference between the Ed(i) quantity with NP,
Ed(NP) and without NP, Ed(NoNP).

NP
NO
NP

σc (S/m) σcm (S/m) 1 µs 5 µs 10 µs 50 µs 1 µs 5 µs 10 µs 50 µs

Eint (V/cm)—P2 69.6 348.1 696.2 696.2 69.8 349.0 697.9 697.9

Eext (V/cm)—P1 56.8 283.9 567.7 567.7 34.9 174.4 348.8 348.8

Ed(i) = Eext − Eint(V/cm) 0.1 0.2 −12.8 −64.2 −128.5 −128.5 −34.9 −174.6 −349.1 −349.1

∆E(Ed(NP) − Ed(NoNP)) (%) −63.2 −63.2 −63.2 −63.2

Eint (V/cm)—P2 10.3 51.4 112.1 153.7 10.3 51.5 113.8 162.0

Eext (V/cm)—P1 83.9 419.7 908.0 1203.5 51.5 257.5 568.5 809.3

Ed(i) = Eext − Eint(V/cm) 1 0.2 73.7 368.3 795.9 1049.8 41.2 206.0 454.7 647.3

∆E(Ed(NP) − Ed(NoNP)) (%) 78.8 78.8 75.0 62.2

Eint (V/cm)—P2 81.5 407.5 815.1 816.4 81.5 407.7 815.4 816.7

Eext (V/cm)—P1 9.8 48.8 97.6 97.7 6.2 30.8 61.6 61.7

Ed(i) = Eext − Eint(V/cm) 0.1 1.34 −71.7 −358.7 −717.5 −718.6 −75.4 −376.9 −753.8 −755.0

∆E(Ed(NP) − Ed(NoNP)) (%) −4.8 −4.8 −4.8 −4.8

Eint (V/cm)—P2 13.1 65.4 498.7 562.1 13.1 65.5 516.5 585.8

Eext (V/cm)—P1 15.8 79.0 589.5 658.4 9.8 49.1 385.2 436.9

Ed(i) = Eext − Eint(V/cm) 1 1.34 2.7 13.6 90.8 96.3 −3.3 −16.4 −131.3 −149.0

∆E(Ed(NP) − Ed(NoNP)) (%) −182.6 −182.6 −169.1 −164.7

Figure 7. TMV with (upper row) and without (lower row) magnetic nanoparticle at three time
instants (5, 10 and 50 µs) on the pulse diagram.
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Table 5. TMV at the five time instants marked in Figure 2c evaluated at the two points, P1 and P2, on
line L0 marked in Figure 2b for the case with and without the silica-coated NP. Difference between
Vint and Vext, i.e., Vd(i), percentage difference between the Vd(i) quantity with NP, Vd(NP), and
without NP, Vd(NoNP).

NP NO NP

σc (S/m) σcm (S/m) 1 µs 5 µs 10 µs 50 µs 1 µs 5 µs 10 µs 50 µs

Vint (V)—P2 0.57 2.83 5.66 5.66 0.57 2.83 5.66 5.66

Vext (V)—P1 0.65 3.27 6.53 6.53 0.65 3.27 6.54 6.54

TMV = Vd(i) = Vext − Vint (V) 0.1 0.2 0.09 0.43 0.87 0.87 0.09 0.44 0.87 0.87

∆V(Vd(NP) − Vd(NoNP)) (%) 0.57 0.57 0.57 0.57

Vint (V)—P2 0.51 2.55 5.10 5.12 0.51 2.55 5.10 5.12

Vext (V)—P1 0.64 3.19 6.36 6.26 0.64 3.19 6.37 6.27

TMV = Vd(i) = Vext − Vint (V) 1 0.2 0.13 0.64 1.26 1.13 0.13 0.64 1.27 1.14

∆V(Vd(NP) − Vd(NoNP)) (%) 0.57 0.57 0.60 0.80

Vint (V)—P2 0.58 2.89 5.77 5.78 0.58 2.89 5.77 5.78

Vext (V)—P1 0.68 3.40 6.79 6.79 0.68 3.40 6.79 6.79

TMV = Vd(i) = Vext − Vint (V) 0.1 1.34 0.10 0.51 1.02 1.02 0.10 0.51 1.02 1.02

∆V(Vd(NP) − Vd(NoNP)) (%) 0.09 0.09 0.09 0.09

Vint (V)—P2 0.51 2.56 5.32 5.39 0.51 2.56 5.32 5.39

Vext (V)—P1 0.68 3.38 6.62 6.56 0.68 3.38 6.62 6.57

TMV = Vd(i) = Vext − Vint (V) 1 1.34 0.16 0.82 1.30 1.17 0.16 0.82 1.30 1.18

∆V(Vd(NP) − Vd(NoNP)) (%) 0.09 0.09 0.33 0.39

Table 6. TMV at the four time instants marked in Figure 2c evaluated at the two points, P1 and P2, on
line L1 marked in 2b for the case with and without the silica-coated NP. Fig. Difference between Vint

and Vext, i.e., Vd(i), percentage difference between the Vd(i) quantity with NP, Vd(NP), and without
NP, Vd(NoNP).

NP NO NP

σc (S/m) σcm (S/m) 1 µs 5 µs 10 µs 50 µs 1 µs 5 µs 10 µs 50 µs

Vint (V)—P2 0.57 2.83 5.66 5.66 0.57 2.83 5.66 5.66

Vext (V)—P1 0.65 3.27 6.53 6.53 0.65 3.27 6.54 6.54

TMV = Vd(I) = Vext − Vint (V) 0.1 0.2 0.09 0.43 0.87 0.87 0.09 0.44 0.87 0.87

∆V(Vd(NP) − Vd(NoNP)) (%) 0.24 0.24 0.24 0.24

Vint (V)—P2 0.51 2.55 5.10 5.12 0.51 2.55 5.10 5.12

Vext (V)—P1 0.64 3.19 6.37 6.26 0.64 3.19 6.37 6.27

TMV = Vd(i) = Vext − Vint (V) 1 0.2 0.13 0.64 1.26 1.14 0.13 0.64 1.27 1.14

∆V(Vd(NP)−Vd(NoNP)) (%) 0.25 0.25 0.25 0.29

Vint (V)—P2 0.58 2.89 5.77 5.78 0.58 2.89 5.77 5.78

Vext (V)—P1 0.68 3.40 6.79 6.79 0.68 3.40 6.79 6.79

TMV = Vd(i) = Vext − Vint (V) 0.1 1.34 0.10 0.51 1.02 1.02 0.10 0.51 1.02 1.02

∆V(Vd(NP) − Vd(NoNP)) (%) 0.04 0.04 0.04 0.04

Vint (V)—P2 0.51 2.56 5.32 5.39 0.51 2.56 5.32 5.39

Vext (V)—P1 0.68 3.38 6.62 6.57 0.68 3.38 6.62 6.57

TMV = Vd(i) = Vext − Vint (V) 1 1.34 0.16 0.82 1.30 1.18 0.16 0.82 1.30 1.18

∆V(Vd(NP) − Vd(NoNP)) (%) 0.04 0.04 0.12 0.13
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Table 5 reports the values of the TMV evaluated in cytosol and medium regions at the
membrane boundary at the two points, P1 and P2, on the line L0 marked in Figure 2b for
the four time instants marked in Figure 2c. In particular, the TMV is evaluated in cytosol,
Vint, i.e., the region internal to the cell, and in medium, Vext, i.e., the region external to
the cell. Moreover, the difference between Vext and Vint, TMV = Vd(i) = Vext − Vint (V),
with i = NP(nanoparticle) or NoNP(No-nanoparticle), is evaluated and it is positive at
every time point. The amplitude of the difference Vd(i) is different considering various
combinations of material conductivities. The larger differences occur during the plateau
when the cytosol conductivity is 1 S/m, where the conduction phenomena prevail, and it is
minimum in the rise time when the medium conductivity is 1.34 S/m. Considering the data
in Table 6, related to the two points, P1 and P2, on the line L1, the percentage difference of
TMV between the case with and without the NP is lower with respect to the case in Table 5
and related to the point on the line L0. This way, the local increment of the electric field
along line L1 has a detrimental effect on the TMV, considering only one NP.

Figure 8 shows the electric potential on the line L0 (where the points P1 and P2 are
located) evaluated at four time instants marked in Figure 2c. The electric potential increases
during the pulse rise time. From Table 4 and Figure 8, it can be evidenced that on the points
P1 and P2, the electric potential in the presence of the NP increases in the medium region
and decreases in the cytosol regions. Then, the Vd(i) is larger where the NP is close to the
cell membrane. At the end of the transient and in the plateau region, the electric potential
in the cytosol is the same in both cases, with and without NP.

Figure 8. Electric potential along the L0 red line in Figure 2a with (upper row) and without (lower
row) magnetic nanoparticle at three time instants (5, 10 and 50 µs) on the pulse diagram.

Overall, the results based on numerical simulations indicate that a silica-coated mag-
netic nanoparticle adjacent to the cell membrane locally perturbs the electric field (Figure 4),
and this perturbation depends on the medium surrounding the NP. Importantly, as shown
in Figure 6, this perturbation can result in field reduction in some regions (Figure 6a related
to line L0), as well as local enhancement in other regions (Figure 6b related to line L1),
namely the nanoparticle’s edge.

The biologically relevant Figure 6 shows TMV modulation, where the magnetic silica-
coated NP increases the local transmembrane voltage during the pulse rise time, but has
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little, if any, effect once the pulse reaches the plateau. The relative maximum increase in
TMV is 0.8% and, in general, depends on the conductivity conditions. It is maximum on the
line L0 where the external electric field is less influenced by the NP. The field-perturbation
effect is therefore transient, local, geometry-dependent, and strongly influenced by the
conductivity contrast between cytosol and extracellular medium.

Figure 9 shows the pore-density dynamics in the four parameter combinations eval-
uating Np as a function of the time at the point P2 in Figure 2b on the cell membrane. It
is evident that material conductivities affect the pore density and then the beginning of
electroporation phenomena.

 
(a) (b) 

Figure 9. Pore density at the point P2 in Figure 2b on the cell membrane as a function of the time
(a) without the NP and (b) considering the NP at 50 µs.

Finally, Figure 10 shows the pore density evaluated along the membrane domain at
two time instants (10 and 50 µs). These time instants are more relevant since the pore
density is increased with respect to the basal value of 1.5·109. The effect of the nanoparticle
can be observed in the red rectangle and appears as a local reduction of pore density. The
percentage difference between the pore density with and without the NP at three relevant
time instants is reported in Table 7. The negative value shows the decrement of pore
density in the presence of the nanoparticle in the proximity of the point P2. Moreover, the
different material conductivities influence the pore density more when the conductivity
gap between the conductivities is larger. Table 8 shows the percentage difference between
the pore density with and without the NP in the plateau (at 50 µs), which is positive, in
the points before the curve maximum that occurs in the position 44.8 µm in Figure 10. At
these points, this percentage difference is positive; then, the magnetic NP increases the pore
density at some points in the membrane. The percentage difference in position 30.5 µm,
i.e., a point in the cell membrane at 90◦ with respect to NP position, is reported in order to
show that there is a minimum in the percentage difference, that is few orders of magnitude
with respect to the ones in positions between 40 and 50 µm (the curve is symmetric for the
given geometry).

Table 7. Pore-density Np at the point P2 in Figure 2b at three relevant time instants (5, 10 and 50 µs)
for the case with and without the silica-coated NP. Fig. Percentage difference between the Np(i)
quantity with NP, Np(NP), and without NP, Np(NoNP).

Np(NP) (1/m2) Np(NoNP) (1/m2) ∆Np(Np(NP)-Np(NoNP)) (%)

σc (S/m) 0.1 1 0.1 1 0.1 1 0.1 1 0.1 1 0.1 1

σcm (S/m) 0.2 0.2 0.2 1.34 0.2 0.2 0.2 1.34 0.2 0.2 0.2 1.34

5 µs 1.5·109 1.5·109 1.5·109 1.52·109 1.5·109 1.5·109 1.5·109 1.5·109 0.0 0.0 0.0 −0.03

10 µs 1.59·109 6.96·1012 4.33·109 2.56·1014 1.6·109 9.13·1012 4.41·109 2.85·1014 −0.76 −23.75 −1.75 −10.36

50 µs 4.81·109 5.14·1013 2.33·1011 3.91·1014 5.27·109 6.93·1013 2.39·1011 4.45·1014 −8.64 −25.78 −2.80 −12.11
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(a) (b) 

Figure 10. Pore density along the cell domain for the cases without NP (top row) and with NP
(bottom row) for the four combinations of material conductivities at the time instant times (a) 10 µs
and (b) 50 µs corresponding to the rise time middle and plateau middle, considering the trapezoidal
pulse diagram.

Table 8. Pore density Np at some points along the cell membrane (at 30.5 µm and in the red area
in Figure 8) at 50 µs for the case with and without the silica-coated NP. Fig. Percentage difference
between the Np(i) quantity with NP, Np(NP), and without NP, Np(NoNP).

Np(NP) Np(NoNP) ∆Np(NP-NoNP) (%)

σc (S/m) 0.1 1 0.1 1 0.1 1 0.1 1 0.1 1 0.1 1

σcm (S/m) 0.2 0.2 0.2 1.34 0.2 0.2 0.2 1.34 0.2 0.2 0.2 1.34

position (µm)

30.5 1.50·109 1.50·109 1.50·109 1.50·109 1.50·109 1.50·109 1.50·109 1.50·109 8.70·10−8 8.12·10−7 2.36·10−8 4.77·10−7

40.0 1.76·109 1.84·1012 7.81·109 8.81·1013 1.76·109 1.83·1012 7.81·109 8.81·1013 0.006 0.280 0.008 0.075

42.5 3.46·109 3.84·1013 9.93·1010 3.77·1014 3.46·109 3.83·1013 9.93·1010 3.76·1014 0.042 0.347 0.016 0.071

43.6 4.63·109 6.02·1013 1.86·1011 109·109 4.63·109 5.99·1013 1.86·1011 4.27·1014 0.065 0.518 0.019 0.165

43.9 4.88·109 6.42·1013 2.07·1011 4.36·1014 4.88·109 6.38·1013 2.07·1011 4.35·1014 0.068 0.628 0.019 0.232

44.4 5.19·109 6.89·1013 2.33·1011 4.45·1014 5.19·109 6.82·1013 2.33·1011 4.43·1014 0.008 0.900 −0.006 0.485

44.5 5.22·109 6.93·1013 2.36·1011 4.46·1014 5.22·109 6.87·1013 2.36·1011 4.44·1014 −0.078 0.823 −0.037 0.530

44.8 4.81·109 5.14·1013 2.33·1011 3.91·1014 5.27·109 6.93·1013 2.39·1011 4.45·1014 −8.640 −25.783 −2.802 −12.106

The presented results show the effect of one silica-coated magnetic nanocluster on
the electric distribution in a region close to the cell membrane during electroporation
pulse application. This study includes a transient simulation and conduction and displace-
ment current were considered, while the magnetic component is also included, since the
magnetic core has a not-unitary relative magnetic permeability, close to 1.86. Although
magnetic permeability formally enters Maxwell’s equations through the A–V formulation,
the relatively low permeability value of the iron oxide core (µr = 1.86), combined with the
absence of external magnetic excitation and the transient low-frequency regime considered
here, suggests that magnetic contributions to the observed electric field perturbation are
expected to remain secondary compared with conductivity- and permittivity-driven effects.
Consequently, we do not interpret the observed local field redistribution as evidence of a
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biologically relevant magnetoelectric coupling mechanism, but rather as a consequence
of local electromagnetic heterogeneity introduced by the nanoparticle structure. A ded-
icated sensitivity analysis specifically varying µr would be required to fully isolate the
contribution of magnetic permeability, but such analysis falls beyond the scope of the
present study.

While our model can be considered informative, we recognize that our model does
not represent the complex realities of a biological experiment, where nanoparticles do not
remain perfectly stationary at a fixed 5 nm distance from the membrane, as they might
undergo Brownian motion, electrophoretic drag induced by the external electric pulses,
hydrodynamic flows and other perturbations. Furthermore, in vitro experiments rarely
feature perfectly isolated single cells with uniform cytosol conductivity in a perfectly
homogeneous medium, as well as isolated nanoparticles.

4. Conclusions
This numerical study shows that a silica-coated magnetic nanoparticle positioned in

close proximity to the cell membrane can locally perturb the electric field distribution during
an electroporation pulse. The perturbation is highly localized, depends on the nanoparticle–
membrane geometry, and is strongly influenced by the conductivity contrast between
the cytosol and the extracellular medium. Although local changes in transmembrane
voltage are observed during the pulse rise time, their magnitude remains modest and they
largely disappear once the pulse reaches the plateau. Importantly, the nanoparticle does
not produce a uniform enhancement of electroporation-related parameters; depending
on the location considered, it may increase or reduce the local electric field, and the pore-
density analysis indicates a local decrease near the nanoparticle under several conductivity
conditions. Therefore, the main outcome of the model is not a generalized enhancement of
electroporation, but the identification of transient nanoscale field redistribution induced
by a membrane-proximal silica-coated magnetic nanoparticle. These results should be
interpreted as comparative trends within a 2D effective-medium model and require future
3D modeling and experimental validation before conclusions can be drawn on magnetic
nanoparticle-assisted electroporation efficacy.
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