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Abstract— The feasibility of using time-varying magnetic field
as a contactless cells permeabilization method was demonstrated
by experimental results, but the underlying mechanism is still
poorly understood. In this study a numerical analysis of the
transmembrane potential (TMP) at cell membranes during
permeabilization by time-varying magnetic fields was proposed,
and a first quantification of mechanical stress induced by the
magnetic and electric fields and hypothesized to play an
important role in the permeabilization mechanism was carried
out. TMP values induced by typical in-vitro experimental
conditions were far below the values needed for membrane
permeabilization, with a strong dependence on distance of the
cell from the coil. The preliminary assessment of the mechanical
pressure and potential deformation of cells showed that stress
values evaluated in conditions in which TMP values were too low
to cause membrane permeabilization were comparable to those
known to influence the pore opening mechanisms.

Clinical Relevance— Results represent a significant step
towards a better comprehension of the mechanism underlying
cell membrane permeabilization by time-varying magnetic
fields.

I. INTRODUCTION

Increasing cell membrane permeability and enhancing
molecular transmembrane transport mechanisms is of
fundamental importance for enabling innovative delivery of
drugs, antibodies and genetic material into cells, thus offering
a wide range of application, including delivery
chemotherapeutic drugs [1-2], immunotherapy of cancer and
neurodegenerative diseases [3], and DNA vaccine delivery [4-
5]. The best known and most used technique for creating pores
in biological membranes is based on the use of high amplitude
pulsed electric fields and it is wusually referred as
electroporation [6]. Although many advantages and the
continuous evolution of the electroporation protocols towards
better effectiveness and efficiency, a direct contact between
the electrodes and the tissues is always required, involving
serious drawbacks [7-8], and making difficult to use the
technique for wide range treatments, such as vaccination
campaigns.

Recently, the use of time-varying magnetic fields (Pulsed
ElectroMagnetic Fields (PEMF)) was proposed as a
completely non-invasive membrane permeabilization method.
Both in vitro [9-13] and in vivo [14-15] studies showed that,
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even if the efficiency is lower than the one achieved by
classical electroporation approach, the use of PEMF induced
permeabilization of cells.

The main hypothesis about the mechanism of
permeabilization is that the electric fields induced by the time
varying magnetic field cause a change in transmembrane
voltage, similarly to the mechanism achieved by classical
electroporation protocols, but when estimating the amplitude
of the electric field they were found to be 100-1000 times
lower from those commonly obtained by conventional
electroporation [16].

This suggests that the mechanism of membrane
permeabilization by time varying magnetic field could be
influenced by other physical phenomena. A recent hypothesis
towards this direction suggested that PEMF cell
permeabilization could be influenced by hydrostatic pressure
induced by the gradient magnetic fields [17-19]. This
mechanical stress, additional to radial pressure on cell
membrane due to the interaction between surface charges and
the induced electrical field, could influence the stretch-
activated gating of ion channels, and potentially affect the pore
opening energetic balance [17-19]. To the best of our
knowledge, the mechanical stress of cell membrane was never
quantified in realistic in vitro experimental conditions.

In this study a numerical analysis of the time-dependent
TransMembrane Potential (TMP) at cell membranes due to an
externally applied PEMF is proposed. The in vitro
experimental conditions described in [11] were simulated
taking into account cell models with different geometrical
characteristics and placed at different distances from the
magnetic field source. The two components of the mechanical
pressure on cell membrane due to the interaction between free
charges and induced electric field and due to the gradient of
the magnetic field were quantified.

II. MATERIALS AND METHODS

A. Experimental Set up

The simulated experimental set-up was the one described
in [11]: the biological cell was located in a region surrounded
by 66 wound coils consisting of 11 windings stacked in six
layers, with a cylindrical hole at the core. The average radius
of the coils from the axial center was equal to 3.75 mm, and
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the cell was supposed to be placed in a range of positions with
distances from the innermost radius of the coil in the range
0.01 - 4 mm. The magnetic pulse was approximated as a half
period sinusoid with frequency equal to 33 kHz and amplitude
equal to 5.5 T.

The cell was modeled by a three-layered spherical model,
composed by three homogenous, isotropic regions: the
extracellular medium (0#), the membrane (1#), and the
intracellular cytoplasm (2#). To assess the influence on the
TMP of the modeled geometrical characteristics of the cell, the
external cell radius and the membrane thickness were
hypothesized to vary in the ranges reported in Table I. The
dielectric permittivities and conductivities in the three regions
€0, €1, & and oo, 01, G2, respectively, are reported in Table 1.

B. Evaluation of transmembrane potential

The electric field induced by the time-varying magnetic
field in the biological media is:

E=-04/0t-VV (1)

where A is the magnetic vector potential induced by the
current in the coil. In spherical coordinates (r, 6, ¢) centered in
the coil the two components 4, = Ap = 0, while the third
component is [20]:

A= (oNI(H)a)/4n [(cos(¢) do)N(r+a’-2aRsin (0)cos(9)) (2)

where a is the coil radius, /(¢) the current flowing in the
coil, N the number of turns of the coil, py is vacuum
permeability, and R is the radial distance between a field point
and a point on the ring. By converting 4 to a Cartesian frame
centered at the coil, translating to the cell center, and
converting to spherical coordinates (r’, 6°, ¢”) centered in the
cell center, it is possible to obtain the 4., Ao- and A,
components.

The potential V' was the electric scalar potential due to
charge accumulation that appears from the application of a
time-varying magnetic field [21]. In charge-free regions, V'
was obtained by solving Laplace’s equation V?/=0. In
spherical coordinates (r’, 6°, @), the solution for Laplace’s
equation can be written as:

V= (Cy ¥ +D, %) sind'cos¢' 3)

where C,, D, were unknown coefficients (n = 0,1,2). The
unknown coefficients were obtained by considering the
conditions of continuity of the electric potential, and the
normal component of the electric current density at each of
boundary between cell regions, the finiteness of the electric
potential inside the cell and the uniformity of the electric field
at an infinite distance from the cell.

C. Mechanical pressure

Two contributions to the mechanical pressure on cell
membrane were quantified: the “electric stress” component,
due to the interaction between free charges and induced
electric field [21] and the “magnetic stress” component, due
to the gradient of the magnetic field [18].

As to the “electric stress”, it was quantified by the approach
described in [21]: the free charges densities at the
medium/membrane and at the membrane/cytoplasm
interfaces (psoi(r,0,¢) and ps;2(7,0,p)) were evaluated as

psoi(r’, 0, @) = e1Eir — goEor  for r’=R" @)
psi2(1r’, 0, ¢) = e2Eor — €1E1r for r’ =R
where E, is the radial component of the electric field in
each layer. The radial component of the stress was [21]:
Pr'oi="% (Eiw + Eor ) psor forr’=R* )
Priio="% (Eir +Ear)psiz forr' =R
For the thin, uncompressible membrane, the net radial
electric stress was defined as PEr’ = Pr’o; + Pr’s».
As to the component of the stress due to the gradient of the
magnetic field, it was calculated as defined by [19]:
PM = B grad(B) (yc-ym) Volume /(2o Surface) (6)
where y. and y,, are the magnetic susceptibility of the cell
and the extracellular medium, respectively, o is vacuum
permeability, Volume is the volume of the cell, Surface is the
cell cross-sectional area parallel to the magnetic gradient
vector, and B and grad(B) are amplitude and spatial gradient
of the magnetic field. Surface was defined as the membrane
cross-sectional area, discarding the contribution of the cross-
sectional areas of the cytoskeleton [19], while the difference
of magnetic susceptibility was fixed equal to 9 * 107,

TABLE [

DIELECTRIC PROPERTIES AND GEOMETRICAL CHARACTERISTICS OF CELL
MODEL

Dielectric properties of cell layers

& (F/m) o (S/m)
Extracellular medium 5.93%1071° 0.55
Membrane 1.035%10°1° 1.26 * 107
Cytoplasm 5.93%1071° 0.55
Geometrical characteristics

min max

External radius of the cell 5 um 25 um
Membrane thickness 3 nm 10 nm

III. RESULTS

Fig. 1 shows, as an example, the temporal behavior of TMP
in the point of maximum polarization (fig.1a) and the
distribution of the module of TMP along the cell surface in the
instant of maximum polarization. The cell was modeled
considering external radius and membrane thickness equal to
10 pm and 10 nm, respectively, and a distance from the cell
center to the innermost radius of the coil equal to 0.75 mm.
The polarization of the cell membrane is dependent on the
geometry, and the maximum absolute values of TMP were
equal to 0.0367 V.

(a) (b) P

Figure 1. Temporal behavior of TMP in the point of maximum
polarization (a) and regional values of TMP of the spherical cell membrane
in the instant of maximum polarization (b).

Fig. 2a shows the dependence of the maxima TMP values
from the external radius and membrane thickness of the
spherical cell model, when the cell is placed at a very small
distance, equal to 0.1 mm, from the innermost radius of the
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coil. As a comparison, the TMP critical value equal to 1.032 V
at which the phenomenon of pores creation is assumed to be
activated [22] is reported. For all the modeled cell dimensions
the TMP were far below the critical value for pores opening.
The cell model with larger radius showed higher TMP values,
while the membrane thickness appeared to be very slightly
influential. Fig. 2b shows maxima TMP values when
considering cells with different radii and membrane thickness
equal to 10 nm placed at different distance from the innermost
radius of the coil. Whatever the cell could be placed, TMP
values were always far below the critical value for pores
opening.
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Figure 2. Dependence of TMP on cell dimensions (external radius and
membrane thickness) (a) and on distance from the coil internal radius (b).
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Figure 3. Dependence of “electric stress” on cell dimensions (external
radius and membrane thickness) (a) and on distance from the coil internal
radius (b).

2

)
IS
=}
=3
3

2
)

(a) (b)

Z 8000

N/m

3000 t

ic field (

S 6000

9
=1
S
S

4000

0 magne!

1000 t

= ot k‘. =
3 4 5 6 7 8 9 10 0 1 2 3 4
Membrane thickness (nm) Distance from coil internal radius (mm)

~
S
S
=3

Pressure due to magnetic field (N/m?

Pressure due

=)

R*=5um R* =10 um R" =25 um

Figure 4. Dependence of “magnetic stress” on cell dimensions (external
radius and membrane thickness) (a) and on distance from the coil internal
radius (b).

Fig. 3a shows the “electric stress” values for a cell placed
at very small distance equal to 0. mm from the innermost
radius of the coil (corresponding to TMP values shown in fig.
2(a)) and their dependence on the cell radius and membrane
thickness. Cell models with larger radius and smaller
membrane thickness showed higher pressure levels, with the
highest value equal to 81.19 N/m? for a cell with radius and
membrane thickness equal to 25 um and 3 nm, respectively.
Fig. 3(b) shows the “electric stress” values corresponding to

TMP values shown in fig. 2(b) when considering cells with
different radii and fixed membrane thickness, equal to 10 nm,
placed at different distance from the innermost radius of the
coil. The “electric stress” showed a behavior similar to the
TMP values, with higher values for cells placed at a short
distance from the coil. The highest observed “electric stress”
value was equal to 41.8 N/m?, for a cell with radius equal to
25 um, placed at a distance of 0.05 mm from the coil.

Fig. 4a shows the “magnetic stress” values for a cell placed
at very small distance equal to 0.1 mm from the innermost
radius of the coil (corresponding to TMP values shown in fig.
2(a) and to “electric stress” values shown in fig. 3(a)) and their
dependence on the cell radius and membrane thickness. Cell
models with larger radius and smaller membrane thickness
values showed higher pressure levels, with the highest value
equal to 8856 N/m? for a cell with radius and membrane
thickness equal to 25 pm and 3 nm, respectively. Fig. 3(b)
shows the “magnetic stress” values corresponding to TMP
values shown in fig. 3(b) when considering cells with different
radii and membrane thickness equal to 10 nm, placed at
different distance from the innermost radius of the coil. The
“magnetic stress” showed higher values for cells placed at a
short distance from the coil, with and highest observed
“magnetic stress” value equal to 3868 N/m?, for a cell with
radius equal to 25 um placed at a distance of 0.05 mm from
the coil.

IV. DISCUSSION

This study focused on the assessment of the time-
dependent cell transmembrane potential occurring when
applying Pulsed Electromagnetic Field to achieve the cell
membrane permeabilization. TMP was assessed simulating
the in vitro experimental conditions described in [11]. Results
showed that the TMP values were far below the critical value
needed to enable pore openings.

As to the influence of cell geometric parameters (i.e.,
membrane thickness and cell radius) on TMP, results showed
that variations in cell radius have a strong influence on TMP,
while membrane thickness was slightly influential.

As expected, a strong dependence of the TMP values on
distance of the cell from the coil was observed, but whatever
the position of the cell the TMP values were found to be well
below the critical value needed for the pore creation. These
findings are coherent with results by previous modelling
studies [23-24]: in [23] the authors found that with a
waveform with frequency equal to 25 kHz and amplitude
equal to 5.5 T, the maximum TMP value was found equal to
0.5V, far below the critical value for pores opening, while for
a faster signal with rise time equal to 10 ns (and thus higher
frequency components) it was possible to reach TMP values
higher enough to enable pore opening. Similarly, also in [24]
it was found that signals with higher frequency contents
caused higher TMP values, but still all the signals investigated
by the authors did not reached TMP values high enough for
assuring pore openings.

Despite these modeling findings, in literature several in-
vitro studies found that, although with a lower efficiency
compared to conventional electroporation approach, the use
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of PEMF induced permeabilization of cells [9-13, 16]. In [11]
PEMF with amplitude 5.5 T, duration of 15 ms and dB/dt
equal to 10° T/s, similar to the pulse modelled in this study,
was used to increase membrane permeability of Chinese
Hamster Ovary (CHO) cells, finding a percentage up to 70%
of permeabilized cells. Similarly, in [9] CHO cells exposed to
magnetic pulses of amplitude 2.2 T and duration 250 ps,
showed an increase of transmembrane molecular transport.
A possible explanation about this discrepancy between
modeling and experimental results could be the presence of
other physical phenomena influencing the permeabilization
mechanism. To investigate the effect due to mechanical stress
on cell membrane, both induced by the spatial gradient of the
time varying magnetic field and by the concentration of
surface charge on the membrane and its interaction with the
induced electric field, both the ‘“electric stress” and the
“magnetic stress” were quantified. Both the components
showed a strong influence on cell geometrical characteristics
and distance from the coil. At the same conditions, the
“magnetic stress” showed higher values compared to the
“electric stress”. This suggest that the gradient of the
magnetic field could play a fundamental role in enhancing the
probability of pore openings in realistic in-vitro conditions.
The total levels of mechanical stress observed when
considering pulses similar to the ones used in-vitro studies
may be sufficient to affect the cell functionality through
stretch-activated gating of ion channels [25] and to influence
the energy balance governing pore opening [21]. In future
studies it would be interesting to simulate actual deformation
of the cell membrane, to quantify the effective influence of
stretch-activated channels on pore opening mechanisms.

V. CONCLUSION

This study focused on the quantification of the TMP
occurring when using time varying magnetic fields to
permeabilize cell membrane. A preliminary assessment of the
mechanical pressure on cells during in vitro PEMF
permeabilization suggests that the stress values could
influence the pore opening mechanisms. This was the first
attempt towards a quantification of these mechanical
contributions hypothesized to be responsible of the apparent
discrepancy between modelling and experimental data. In
future study it would be interesting to include these
components in the modelling of pore opening dynamics, to
contribute to a better comprehension of the phenomena
underlying the mechanism of cell membrane permeabilization
by time varying magnetic field.
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