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Abstract—Electric pulses can create pores and/or render cell
membranes permeable, and this effect has been studied for
decades. Applications include cell membrane permeabilization for
gene electrotransfer, drug delivery, and related electrochemother-
apy, as well as tissue ablation. Here, we probe the use of
time-varying magnetic fields to modulate the transmembrane
voltage (TMYV) across cell membranes through numerical simula-
tions. This could be a contactless, noninvasive technique. Results
show that the induced TMYV values exceeding the 1 V threshold
for electroporation could be achieved for short duration pulsing
with fast rise and fall times. The strongest response is then
predicted to occur when the lateral distance between a cell and
the center of a current carrying coil equals the coil radius.
The induced TMV is shown to peak when the gradient in the
magnetic potential is the largest. However, with the more realistic
but longer microsecond pulse stimulation systems, the induced
TMYV is much smaller. Hence, developing shorter pulses or fast
rise times is critical for achieving membrane poration based on
time-varying magnetic fields. Other effects could also focus on the
use of nanoparticles (including magnetic materials) for possible
heating for synergistic enhancements of transport through tumor
cell membranes.

Index Terms—Cellular poration, magnetic stimulation,
modeling, time-varying fields, transmembrane potential.

I. INTRODUCTION

LECTRIC pulses can create pores in biological mem-

branes which enhances material transport across affected
cells. This effect termed “electroporation,” dates back about
two hundred years [1]. Much later, Neumann et al. [2] used
pulsed electric fields to temporarily permeabilize cell mem-
branes to deliver deoxyribonucleic acid (DNA) into cells,
and coined the term “electroporation.” More recent applica-
tions include gene electrotransfer [3]-[6], electrochemother-
apy [7], [8], drug delivery [9], [10], and controlled immuno-
therapy [11]-[13]. Progress in the past ten years has led to the
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use of high-intensity (~50-100 kV/cm) nanosecond duration
pulsed electric fields [14]-[16]. Using electric pulsing, the
following processes have been demonstrated: 1) the release
of intracellular calcium which is an important messenger [17]
for calcium internalization through electroporation for novel
electrochemotherapy [18], [19]; 2) the shrinkage of tumors in
rats [20], [21]; 3) temporary blockage of action potential in
nerves [22]; 4) activation of platelets for wound healing [23];
and 5) neuronal action potential triggering [24]. Furthermore,
the application of nanosecond duration and high-field pulses
prevents (or reduces) heating, though not necessarily for the
longer microsecond durations. The nanosecond pulsed electric
fields could circumvent issues such as muscle contraction and
possible burns when applied in vivo and allow for treatments in
close proximity to critical structures and/or large vessels [25].
More progress in this field, based on irreversible electropora-
tion and longer pulse durations, has been demonstrated by the
Davalos group [26], [27].

However, exposure of biological cells and tissues to mag-
netic fields has not been studied much. Most of the research
studies till date have focused on pulsed electric field treat-
ment relying on electrode contact. An even newer modality
that holds promise is based on the interactions of magnetic
fields with living cells and tissues. Progress in experimental
techniques has resulted in the burgeoning development of new
approaches to target and observe the effects of magnetic fields
at the intracellular and molecular levels [28]—-[30]. The first
successful stimulation of nerves using magnetic fields was by
Polson et al. [31] in 1982. Since then, pulsed magnetic fields
have been used in transcranial magnetic stimulation (TMS),
which has been effective in the treatment of depression [32],
seizures [33], Parkinson’s disease [34], and in diagnostics [35].

When exposed to a time-varying magnetic field, neural
tissue can be stimulated by an induced electric current,
which creates/imposes a voltage across cell membranes and
could trigger an action potential. As a possible application,
one can anticipate the manipulation of mitochondrial poten-
tial. Mitochondria, an important cellular organelle, has been
involved in a large range of physiological processes such as
supplying cellular energy, signaling, cell differentiation, and
even cell death [36]. Their large negative membrane potential
(about —180 mV) is the main driving force in the regulatory
processes [37] and has been associated with cell death in aging
and in many neurological disorders [38], [39].

Consequently, analysis of magnetic field effects is of sig-
nificance in understanding bio-functional changes, potential
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Fig. 1. Schematic of a current carrying coil above biological cells.

treatment possibilities for neurological diseases, and to ascer-
tain the dose dependencies and potential threshold limits. Also,
while medical applications based on electroporation require
the application of electric pulses via electrodes inserted into
tissue, pulsed magnetic fields would allow treatment without
the use of invasive electrodes. This advantage could lead to an
expansion of bioelectric treatments by allowing clinicians to
affect any target within the body in anoninvasivemanner. Since
time-varying currents can induce magnetic fields and give
rise to ac electric fields based on Lenz’s law and Maxwell’s
equations, it becomes germane to probe magnetic stimulation
in the context of cell function manipulation.

In this article, an analysis of the time-dependent develop-
ment of electric fields at cell membranes due to an externally
applied magnetic field is presented based on numerical simu-
lations. The parameter space for the magnetic stimulation for
bringing about membrane poration is discussed. Our results
focus on the time-dependent magnetic vector potential and
the resulting induced transmembrane voltage (TMV). It thus
constitutes a feasibility study for the possibility of generat-
ing suitable TMVs for cell membrane poration via Faraday
induction for a contactless approach.

II. MODEL DETAILS

Fig. 1 shows the basic geometry used in this modeling effort.
A ring of radius “a” is shown to carry an ac current [ (t), with
the coordinate system (x, y, z) having its origin at the center of
the ring. This current carrying ring shown in Fig. 1 is displaced
by distances of ¢, and c; (along the y- and z-axes) from
the center of a spherical cell. For concreteness, the induced
electric field (Ejq) and TMV at this chosen cell are assumed
to be of focal interest to the present calculations. Calculations

of these quantities here involved the following sequence.
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First, the magnetic vector potential produced by the ac current
is calculated. The expressions are well-known, especially in
the reference frame centered at the current carrying ring.
In spherical coordinates, A, = Ay = 0, while the third
component takes the form [40]

_wNI@a [ cos(p)dy

4r 0 /r? 4+ a% — 2aRsin(@)cos(p)
where N represents the number of turns of the circular coil and
R the radial distance between a field point and a differential
element on the ring. Equation (1) can alternatively be cast in

terms of the complete elliptic integrals of the first and second
kind (K (m) and E(m), respectively) as

poNI(1)a
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where m = (4a(x2 + y2)1/2a2 + x2 + y2 + Z2 4

2a(x? + y*)'/?). Next, expressions for the magnetic vector
potential are obtained in a reference frame at the center of
the spherical cell. This is done by converting A to a Cartesian
frame centered at the ring, and then, using a translation to the
cell center. Thus, the components of A in the Cartesian frame
become

A, = —sin(p)A, = —[y/&* +yH)'?14,  (3a)
Ay = cos(p)A, = [x/(x* +yH)'?1A, (3b)
and, A, = 0. (3¢)

Upon translation to a new rectangular system centered at the
cell, the components become

Ay = —[(' = ¢))/ (" + (' = )14, (4a)

Ay = X/ + (' =)D 14, (4b)

and, A, = 0. (4c)
Finally, converting the co-ordinates back to the spherical

system centered at the cell, one obtains the following expres-
sions for the magnetic vector potential:

Ay = Ay sin(@’) cos(p’) + Ay sin(@) sin(p’)  (5a)

Ay = Ay cos(0) cos(p’) + Ay cos(@') sin(p’) (5b)

and, Ay, = —Ay sin(p’) + Ay cos(p’). (5¢)
The radial component of the total electric field induced (E)
is then given by E,= —jwA, — VV. The scalar potential
V appears due to charge accumulation that appears from the
application of a time-varying magnetic field [41]. Expressions

for the scalar potential are known and, for spherical geometry,
can be expressed as

V(r,0,p) = Dor*sin(@) cos(p), for Ry <r < 00

(6a)
V(r,0,9) = (Ci + D1/r?)sin(0) cos(p),
for R_ <r < Ry (6b)
and, V(r,0, ¢) = Cysin(0) cos(p), for 0 <r < R_ (6¢)
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Fig. 2. Current waveform is taken to excite the 25-turn coils of radius “a”
to create the time-dependent magnetic field. The four time instants “a,” “b,”
“c,” and “d” shown correspond to 105, 130, 165, and 180 ns.

where Dy, Dy, C;, and C, are constants that can be determined
from the continuity in potential and current density, while
R_ and R, are the inner and outer radii of the cell membrane.
The condition on potentials at the two interfaces (r = R_ and
r = R, with membrane thickness d = R, — R_) yields

Dy/R} = CiR} + Dy/R%.
and C,R_ = C\R_+ D/R*.

(7a)
(7b)

Similarly, continuity between the normal component of the
current density across either sides of the two interfaces yields

Sol—jwBoC/2 +2Dy/ R3]

= $i[—jwBoC/2+2D/R} — Ci] (8a)
Si[—jwBoC/2 +2D/R> — C]
= S[—jwByC/2 — —(C] (8b)

where Sy = ooy + jweou, S| = o, + jowe, and S, = o; +
jwe;. Hence, based on (7) and (8), the scalar potential in all
the regions (i.e., intracellular, membrane and extracellular) can
be uniquely determined. Using the magnetic vector potential
from (5), the entire induced electric field at the membrane is
then known.

III. SIMULATION RESULTS

The input excitation current waveform that was assumed
to feed a bundle of 25 turns of coil of radius “a” is shown
in Fig. 2. It consisted of a narrow trapezoidal pulse having a
50-ns ON time, and 10-ns rise and fall times. Practically, it is
difficult to achieve such short pulses with rapid nanosecond
rise and fall times due to the coil inductances. However,
this presents the best case scenario and is used as an initial
numerical test.

The results obtained from the present simulations are given
and discussed next. Details of the various parameters used
for the modeling are provided in Table I. Simulation results
for the dependence of the magnetic vector potential on the
separation between the coil and the cell (parameters ¢, and c;)
are discussed next. Figs. 3 and 4 show the results for A,
for different values of the parameters. The value of A, is
seen to exhibit maxima when the separation parameter (c,)
equaled the coil radius (a), as seen in Fig. 3. Furthermore,

TABLE I
LI1ST OF PARAMETERS USED IN THE SIMULATIONS

Parameter Value
Radius of coil ("a”) 0.15m
Number of turns in the coil 25
Cell radius ["R= (R++R)/2)"] 10 microns
Membrane thickness ("d") 5nm
Coil axis-cell distance ("c,") 0.05 m
Coil center to the cell plane ("c,"”) 0.08 m
Membrane permittivity ("e,,") 7 g
Medium permittivity ("y,") 80 g
Cytoplasm permittivity ("g;") 80 g
Membrane conductivity ("a,,") 107 S/m
Medium conductivity ("ooy") 0.2 S/m
Cytoplasm conductivity ("o;") 0.02 S/m
Pulse ON time 50 ns
Pulse rise time 10 ns
Pulse fall time 10 ns
Time step 1 ps
Simulation time 500 ns
Pulse peak value 500 A
Sampling frequency 1 THz
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Fig. 3. Magnetic vector potential variation with separation (c,) between the
centers of the cell and coil for different coil radii.

the magnetic vector potential A, is predicted to reduce (Fig. 4),
as the distance of the coil center from the cell increases.
Ultimately, the success of applying a magnetic field (or the
driven source current in the coils) depends on the ability to
porate cell membranes. The threshold for such poration is
often taken to be about 1 V, though in principle, at lower
voltages the process could occur though over a longer time.
Hence, it is germane to quantify the TMV predictions for
such magnetic stimulation. The results for the TMV as a
function of azimuthal angle across the surface (p) and time
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Fig. 4. Magnetic vector potential variation with coil radius for different c,
and ¢, distances.
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Fig. 5. TMV variation with angular displacement and time for an as spherical
cell at different times. (a) Profile with azimuthal angle ¢. (b) Variation with
polar angle 6.

are shown in Fig. 5(a). Due to the oscillating nature of the
applied waveform, both positive and negative TMV values
are predicted. Furthermore, the peak magnitudes can be seen
to exceed the 1 V threshold, implying there is potential for
successful poration by such magnetic stimulation. The TMV
as a function of polar angle across the surface (f) and time are
shown in Fig. 5(b). The peak values, as expected, are predicted
to be at 90°.

The development of the TMV can perhaps be better under-
stood by looking at the potential profiles. Such a result is
shown in Fig. 6 at four different times. These were at 105 ns
(when the input pulse reaches the halfway of the rising edge),
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Fig. 6. TMV across the cell surface at four different time instants of:

(a) 105 ns, (b) 130 ns, (¢) 165 ns, and (d) 180 ns.

then at the 130 ns instant (during the input pulse on time),
a snapshot after 165 ns (when the input pulse reached the
halfway of the falling edge), and a potential surface at 180 ns
(10 ns after the input pulse was zero). The induced voltage
depends on the rate of change of flux reversal (i.e., the flip
in the flux direction) and, hence, is guided by the rising or
falling edge of the current pulse. This aspect was emphasized
and shown in Fig. 2. As a result, the induced TMV values are
predicted to be different at various times. The highest values
occur when the rate of change of current is high.

For completeness, a few different values of the biological
parameters were also used to probe the dependencies of TMV
outcomes on conductivity and/or permittivity. For example,
larger values for the membrane-, as well as the intra and extra-
cellular media conductivities, have been reported [42], [43].
For example, the conductivity of blood can also be higher in
the ~0.6—1.0 S/m range. So for completeness, the role of these
parameters was also probed next.

The role of conductivity variations was first gauged by
choosing a different combination of values. The permittivities
of the extra- and intracellular media were fixed at 80 ¢
and 60¢(, respectively, while the membrane permittivity was
at 9.8¢p. Results obtained for the time-dependent TMV are
shown in Fig. 7. The same input excitation shown in Fig. 2
was used. Based on the plots, lower conductivities (leading to
smaller time-varying currents) are predicted to yield smaller
membrane voltage buildup. In all cases, the values of ~1 V
or higher could be reached.

The membrane conductivity was not seen to be important in
influencing the TMV, as long as the value remained at a low
level. For example, changing the conductivity of membrane
from 1077 to 10~ S/m did not change the TMV; and so,
this is not shown in the figure. Fig. 8 shows the simulation
results obtained with changes in the membrane permittivity.
The conductivities of the intracellular medium (o;), medium
(0,), and membrane (o,) were at 0.8, 1.2, and 107° S/m,
respectively. As might be expected, the lowest permittivity
(which would then result in the highest electric field at a
given displacement vector) gave rise to the highest TMV.
But in any event, TMV values above the electroporation
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Fig. 7. Time-dependent TMV predicted for the current excitation shown
in Fig. 2. Different value combinations of conductivities were used.
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Fig. 8. Simulation results for the time-dependent TMV obtained for different
membrane permittivity values.

threshold of ~1 V could be attained for such short waveforms
assumed.

A recent report [44] demonstrated increased transport into
cells based on the magnetic stimulation using microsecond
pulses. For comparison, a waveform similar to (but not exactly
the same as) that used by Novickij ef al. [44] and shown
in Fig. 9 was used to model TMV development. The biological
cell was assumed to lie in the region surrounded by 66 wound
coils consisting of 11 windings stacked in six layers, with a
cylindrical hole at the core. In the simulations, the average
radius of the coils from the axial center was 3.75 mm. The
biological cell was taken to be at the center of the coil stack
(c; = 0) and radially near the innermost set of coils. Results
shown in Fig. 10 for the above microsecond stimulation
indicate a fairly robust TMV response. A peak value of ~0.5 V
is predicted.

IV. DISCUSSION

Electric current pulses, which can produce time-varying
magnetic fields, were shown to be capable of inducing electric
potential at cell membranes. The transmembrane potential gen-
eration was based on Maxwell’s principle of voltage induction
from time-varying magnetic fields. The advantage of such
stimulation is that it presents the possibility of contactless
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Fig. 9. Magnetic flux density B(t) waveform used for the simulations and
similar to that reported by Novickij et al. [44].
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Fig. 10. Simulation results for the TMV for the magnetic waveform shown
in Fig. 9 and cell location at the center of the coil stack and radially next to
the innermost set of coils.

operation by relying on “action at a distance.” The main
objective was to obtain quantitative assessments of the TMV
values based on such a modality.

The strongest response was predicted when the lateral
distance between cells and the coil center would equal the coil
radius. Also, in the present modality, the TMV peaks were
shown to depend on the gradient in A,, which would be at
locations different from the gradients in the electric potential.
The next natural step for such evaluations would then be to
couple the induced TMV for obtaining the poration dynamics.
The latter could be analyzed based on the Smoluchowski
approaches [9], [45], [46].

The response from time-dependent magnetic fields of longer
time durations indicated a much lower TMV generation. The
presence of inductances associated with the current-carrying
coils in practical systems is a natural impediment in causing
delays and slowing the rate of magnetic field build-up. Such
constraints would make it difficult to achieve short-duration
pulses or fast-rising waveforms in the submicrosecond time
scales. However, this practical difficulty could conceivably
be offset by attempting to induce localized heating of cell
membranes by the external excitation and promoting syner-
gistic effects. As is well known, the temperature increase (as
well as temperature gradients) can aid bioeffects, promote
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electropermeabilization, and aid transport across mem-
branes [47], [48]. A possibility in this connection might be
to use magnetic nanoparticles (MNPs) to enhance local fields
and concentrate the energy absorption in selected areas. Simple
simulations have demonstrated that such MNPs could be
positioned very close to the membrane, or even possibly enter
the cell [49] because of their small size. If so, the combined
use of magnetic stimulation, with MNPs that can attach to
cells (or even tumor masses) via specific binding agents,
could facilitate localized heating, or even hyperthermia-based
killing with minimal collateral damage. A recent and useful
development in this regard has been the development of
cobalt- and manganese-doped, iron oxide magnetic nanoparti-
cles (CoMn-IONP) encapsulated in biocompatible PEG-PCL
(poly(ethylene glycol)-b-poly(e-caprolactone))-based nanocar-
riers. These can form nanoclusters with a high heating
capacity [50].

Finally, for completeness, it may be mentioned that even
ordinary (and easily available) gold nanoparticles (NPs) could
play a useful role in overcoming weaknesses of the magnetic
(or electromagnetic) stimulation modality. For example, very
recent experiments conducted on Chinese Hamster Ovary cells
and Escherichia coli suggest that Au NPs can act as distributed
nanoelectrodes and enhance high-intensity pulsed electromag-
netic field effects at plasma membranes [51]. So then, apart
from any heating benefits that could be garnered, the local
electric field enhancements based on the local nanoelectrode
concept could also work to build higher TMV magnitudes.
These are all possibilities that merit further study.

V. SUMMARIZING CONCLUSION

Ultrashort (~50 ns) and high electric fields (~100 kV/cm)
have been proposed and subsequently used over the past
two decades for biomedical applications using contacted tech-
niques. The advantages of low-energy deposition for this
modality include a low probability for collateral damage to
neighboring tissues. The ability to affect internal organelles is
another feature of the shorter electrical pulses. However, this
technique has the disadvantage of being invasive and requires
electrical contacts. On the other hand, electric fields can be
generated through electromagnetic induction based on time-
varying currents at a distance by creating alternating magnetic
fields. Up until now, pulsed magnetic fields have already been
used in applications such as TMS, in treatment of depression,
seizures, and for Parkinson’s disease. Being a noncontacted
technique, this modality could be used to treat any part of the
body.

In this contribution, the possibility of generating transmem-
brane potentials (TMVs) across a cell membrane from such an
externally placed set of current carrying coils was assessed.
The results for short-duration current pulsing showed that
TMV values exceeding the 1 V threshold for electropora-
tion [52], [53] could be achieved at manageable current mag-
nitudes. Furthermore, it was demonstrated that the strongest
response would occur when the lateral distance between a
cell and the coil center equaled the coil radius. A lower
magnetic vector potential was predicted for higher separation
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between centers of the coil and the cell. However, with
the more realistic but longer microsecond pulse stimulation,
the induced TMV was predicted to be smaller. A value of
~0.5 V was obtained, which is still fairly robust. It is possible
though that the cellular transport of drugs, calcium, or other
ions for therapeutic applications with such longer magnetic
pulses might be slower and not very efficient. The delays for
transport with lower induced TMV is well known [54]. In this
regard, multiple pulsing could be attempted to boost bio-
effects. Another useful strategy would be to develop shorter
pulses at relatively high currents or fast rise times. Future work
could also focus on possible local field enhancements based
on NPs or the use of magnetic NPs with longer pulses for
concentrated energy absorption in the vicinity of tumor cells
for aiding transport, or destruction by hyperthermia.
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