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Abstract 

Background: Although experimental results proved the feasibility of using time-varying 

magnetic field as a contactless cells permeabilization method, the underlying mechanism is 

still poorly understood. In this study a numerical analysis of the time-dependent 

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, hypothesized to play an important role in the permeabilization 

mechanism, was carried out.  Methods: Starting from the simulation of real in vitro 

experimental conditions, the analysis was widened quantifying the influence of pulse 

frequency, cell dimension and distance of the cell from the magnetic field source. 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 was quantified in all those 

conditions in which the TMP values were not high enough to cause membrane 

permeabilization. Results: TMP values induced by typical in-vitro experimental conditions 

were far below the values needed for membrane permeabilization, with a strong dependence 

on pulse frequency and distance of the cell from the coil.  Conclusion: The preliminary 

assessment of the mechanical pressure on cell membrane 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 pores opening mechanisms. Results represent a 

significant step towards a better comprehension of the mechanism underlying cell membrane 

permeabilization by time-varying magnetic fields.   

 

Keywords— Cell transmembrane potential, Contactless cell poration, High Pulsed Magnetic 

Fields, Magneto Cell Permeabilization.  
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1. Introduction 

The use of pulsed electric field to create pores in biological membranes resulting in transient 

membrane permeability increase is a well-known method of conditioning of molecular 

transmembrane transport mechanisms usually referred as “electroporation” [1]. The opening 

of such pores enables introducing drugs, antibodies and genetic material into cells, thus 

offering a wide range of application, including delivery of chemotherapeutic drugs [2-3], 

immunotherapy of cancer and neurodegenerative diseases [4], and genetic transfection, e.g. 

for RNA and DNA vaccination [5-6].  

Whatever its application, the electroporation protocols are constantly being developed to 

improve the efficacy of the treatment. An efficient permeabilization can be obtained by 

optimizing the pulse parameters, such as the pulse amplitude, shape, pulse duration, 

repetition rate and the total number of pulses. This lead to develop different stimulation 

protocols, e.g. based on pulses with high intensities and duration in the sub-microsecond to 

nanosecond time scale [7-9], or high-frequency bipolar pulse protocols [10]. All conventional 

electroporation protocols require direct contact between the electrodes and the tissues. 

Different types of electrodes can be used, either for non-invasive stimulation, using e.g. plate 

electrodes, or for invasive stimulation, such as needle electrodes inserted into the tissue. The 

use of invasive stimulation is the most effective in electroporation protocols, but suffers from 

the drawbacks common to all invasive procedures and makes difficult to use the technique 

for broad range treatments, such as vaccination campaigns. Moreover, whatever the pulse 

parameters and electrodes configuration used, the application of electric pulses can show 

other drawbacks, such as presence of electrochemical reactions in the electrode electrolyte 

interfaces [11], or the possible electrical breakdown between the electrodes [12]. 

Recently, some studies focused on the use of time-varying magnetic fields (Pulsed 
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ElectroMagnetic Fields (PEMF)) to achieve reversible membrane permeabilization by a 

completely non-invasive method [13-19]. The expectations from using this contactless 

technique are due to the fact that, avoiding the use of electrodes, all previously described 

electroporation drawbacks would be overcome, with many advantages such as lower costs 

and less patient discomfort, making possible the use of the techniques in a wide range of 

treatments. Both studies using PEMF in vitro [13-17] and in vivo [18-19] demonstrated that, 

even if the efficiency is lower than the one achieved by conventional electroporation 

approach, the use of PEMF induced permeabilization of cells. As the influence of the 

magnetic field component of the PEMF is poorly understood and the magneto-driven 

permeabilization mechanism is hypothetical, current accepted hypothesis for the mechanism 

of permeabilization of cells is that the pulsed magnetic field induces pulsed electric fields, 

resulting in the increase of transmembrane potential, similarly to the conventional 

electroporation [20]. However, the estimated induced electric fields levels resulted to be 100–

1000 times lower from those commonly used for membrane permeabilization by 

conventional electroporation [20], thus suggesting that other aspects could influence the 

phenomenon. 

Recent studies [21-23] hypothesized that PEMF cell permeabilization could be influenced by 

hydrostatic pressure induced by the high time-varying magnetic fields. Hydrostatic pressure, 

influencing the stretch-activated gating of ion channels, potentially affects the pores opening 

energetic balance [21-23]. This contribution could be additional to radial pressure on cell 

membrane, due to the interaction between surface charges and the induced electrical field 

[24], enhancing the probability of permeabilization of the cell. To the best of our knowledge, 

the mechanical stress of cell membrane was never quantified in realistic in vitro PEMF set 

up. 
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A first step towards a better comprehension of the magneto-permeabilization phenomena 

involves the characterization of the cell TransMembrane Potential (TMP) considering the 

influence of different parameters, such as pulse frequency, cell dimension and distance from 

the magnetic field source. Although some efforts in this direction were made in two previous 

modelling studies [25-26], a complete characterization of the extent of the influence of these 

parameters when considering a real in vitro experimental set-up is lacking. Moreover, even 

if the contributions of the mechanical stress due to the electrical and magnetic fields were 

hypothesized to play a role in the permeabilization dynamics, no previous study estimated 

their values in PEMF cell permeabilization.    

Therefore, in this study a numerical analysis of the time-dependent transmembrane potential 

at cell membranes due to an externally applied PEMF is proposed with two aims: first, to 

estimate the TMP values in in vitro PEMF experimental conditions. The starting point was 

the simulation of the real in vitro experimental conditions used in a previous experimental 

study [15], and then the analysis was then widened with the purpose of quantifying the 

influence of pulse frequency, cell dimension and distance from the magnetic field source on 

TMP. The second aim of the study was evaluate 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 in all those conditions in which the TMP values induced by PEMF were 

not high enough to cause the membrane permeabilization. The systematic evaluation of these 

mechanical contributions in PEMF cell permeabilization is a complete novelty and would 

contribute to give a better comprehension of the phenomenon, thus opening new 

opportunities for the effective development of experimental protocols and devices based on 

this technique. 

2. Materials and Methods 
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2.1 Experimental setup 

 
Fig. 1.  Simplified experimental geometry representing the coil and its centered Cartesian (x,y,z) 

and spherical coordinates (r,θ, φ) and the spherical cell model and its centered Cartesian (x’,y’,z’) and 

spherical coordinates (r’, θ’,φ’) (fig.1a); example of magnetic flux density B(t) pulse approximated 

as an half period sinusoid with frequency equal to 33 kHz. 

Fig. 1 shows the geometry of the source of the time-varying magnetic field, consisting of a 

coil in which time-varying electric current flows, (fig.1a) and the pulse (fig.1b) similar to the 

one presented by Novickij et al. [15] here used for the assessment of the transmembrane 

potential. The biological cell was assumed to be positioned in a region surrounded by 66 

wound coils consisting of 11 windings stacked in six layers, with a cylindrical hole at the 

core. The radius of the coils from the axial center was set equal to 3.75 mm, while the cell 

was supposed to be placed in a variable position defined by the two coordinates x and z 

(ranges of variation of x and z are reported in Table I). The magnetic pulse was approximated 

as a half period sinusoid (see fig.1b) of amplitude 5.5 T. Different pulses with frequency 

varying in the 3 kHz - 50 MHz range were simulated. 

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#). In order to assess the influence on the TMP of the geometrical characteristics 



8 

 

of the cell model, 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 were ɛ0, ɛ1, ɛ2 and σ0, σ1, 

σ2, respectively. The values of the dielectric properties corresponding to each of the 

considered pulse frequencies were modeled according to the Debye equation [27]: 

𝜀∗(𝑓) =  𝜀∞ +
𝜀𝑠 − 𝜀∞

1 + 𝑗𝑓/𝑓𝑟𝑒𝑙𝑎𝑥
+

𝜎𝑑𝑐

𝑗𝜀02𝜋𝑓
                                          (1) 

where εs and ε∞ are the permittivity value under static conditions and at extremely high 

frequencies, respectively, ε0 is the vacuum permittivity, frelax is the relaxation frequency, and 

σdc is the static conductivity of the medium. The Debye parameters of each cell layer, defined 

according to [27], are reported in Table II. 

Starting from this configuration, we applied the following methodology, here briefly 

described. For each of the simulated stimuli, the induced electric field and voltage in each 

point of the cell and the extracellular medium were derived by equations described in the 

following section 2.2 “Evaluation of transmembrane potential”; then, based on the time 

dependent values of the TMP, the estimation of the time evolution of the pore density on the 

cell membrane  was assessed by equations described in the section 2.3 “Asymptotic Model 

of Electroporation”. Finally, for all these conditions in which no pores opening was observed, 

the mechanical stress on the cell membrane due to the electric and magnetic fields was 

assessed by equation described in the section 2.4 “Mechanical pressure”.   

2.2 Evaluation of transmembrane potential 

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

[28]: 

𝐸⃗ = −
𝜕𝐴 

𝜕𝑡
− ∇𝑉                                                                    (2) 
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where A is the magnetic vector potential induced by the current in the coil. In spherical 

coordinates (r, θ, φ) centered in the coil the two components Ar = Aθ = 0, while the third 

component takes the form [29]: 

𝐴𝜑 = 
𝜇0𝑁𝐼(𝑡)𝑎

4𝜋
∫

cos(𝜑) 𝑑𝜑

√𝑟2 + 𝑎2 − 2𝑎𝑅 sin(𝜃) cos (𝜑)

2𝜋

0

                                 (3) 

where a is the coil radius, I(t) the current flowing in the coil, N the number of turns of the 

coil, μ0 is vacuum permeability, and R is the radial distance between a field point and a 

differential element on the ring. By converting A to a Cartesian frame centered in the coil, 

translating to the cell center and converting to spherical coordinates (r’, θ’, φ’) centered in 

the cell center, it is possible to obtain the Ar’, Aθ’ and Aφ’ components. 

The potential V of Eq. 2 is the electric scalar potential due to charge accumulation that 

appears from the application of a time-varying magnetic field [24]. In charge-free regions, V 

was obtained by solving Laplace’s equation ∇2𝑉 = 0. In spherical coordinates (r’, θ’, φ’), 

the solution for Laplace’s equation can be written in the form: 

𝑉𝑛 = (𝐶𝑛𝑟′ + 𝐷𝑛𝑟′
−2) 𝑠𝑖𝑛𝜃′𝑐𝑜𝑠𝜑′                                                  (4) 

where Cn, Dn were unknown coefficients (n = #0,#1,#2). The unknown coefficients were 

obtained by considering the following interfaces and boundary conditions:  

1. the potential was continuous across the boundary of two different media, i.e., to the 

extracellular medium/membrane interface (#0/#1), and to the cell membrane/intracellular 

cytoplasm interface (#1/#2); 

2. the normal component of the current density was continuous across two different 

media: 

𝑆0𝐸0𝑟′ − 𝑆1𝐸1𝑟′ = 0     for r’ = R+ 

𝑆1𝐸1𝑟′ − 𝑆2𝐸2𝑟′ = 0     for r’ = R- 

 (5)  



10 

 

where Sn is defined as the complex conductivity of each layer, Enr’ is the radial component 

of the electric field in each layer and R+ and R- are defined as the external and internal 

radii of the cell. 

3. The electric field at an infinite distance from the cell was not perturbed by the 

presence of the cell. 

4. The potential inside the cell was finite. 

Hence, based on eq. (4), the scalar potential in all the regions (i.e., intracellular, membrane 

and extracellular) can be uniquely determined. Using the magnetic vector potential from (eq. 

3), the induced electric field at the membrane is then known. 

For each point P* of the external cell membrane, the TMP was defined as the difference of 

electric potential in P* and the electric potential in its geometric projection on the internal 

cell membrane boundary.  

TABLE I 

RANGE OF VARIATIONS OF PARAMETERS 

 min max 

Cell coordinate x 0 mm 3.74 mm 

Cell coordinate z 10 μm 1 mm 

Pulse frequency (and 

corresponding stimulus 

duration) 

3 kHz 

(16.7 ms) 

50 MHz 

(10 ns) 

External radius of the cell 5 μm 25 μm 

Thickness of cell membrane 3 nm 10 nm 

 

TABLE II 

DIELECTRIC PROPERTIES OF CELL LAYERS 

 εs  ε∞ frelax 

(MHz) 

σdc 

(S/m) 

Extracellular 

medium 

67.00 5.00 17900 0.55 

Membrane 11.70 4.00 179.85 1.1*10-

7 

Cytoplasm 67.00 5.00 17900 0.55 
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2.3 Asymptotic Model of Electroporation 

The Smoluchowski equation [30] in its full form describes the biophysical mechanisms of 

creation and destruction of hydrophilic membrane pores when an electric field is induced in 

proximity of the cell membrane: 

𝑛𝑡 + 𝐷𝜕𝑟 (−
𝜑𝑟

𝑘𝑇
𝑛 − 𝑛𝑟) = 𝑆(𝑟)                (6) 

where n(r,t) denote the pores density distribution function, D is the diffusion constant of 

pores, φ(r) is the pore energy, k is the Boltzmann constant, T is the absolute temperature, and 

S(r) is the source term that represents the creation and the destruction of pores. To assess the 

dynamic of pores opening, the asymptotic version of the Smoluchowski equation derived in 

[31] was here applied: 

𝜕𝑁

𝜕𝑡
=  𝛼𝑒

(
𝑇𝑀𝑃
𝑉𝑒𝑝

)
2

(1 −
𝑁

𝑁0
𝑒

−𝑞(
𝑉𝑚
𝑉𝑒𝑝

)
2

)                                           (7) 

Eq. (7) describes the rate of creation and destruction of hydrophilic membrane pores per local 

membrane area N as a function of the TMP. Constant values Vep = 258 mV, q = 2.46, α = 

109, and N0 = 1.5 × 109 m−2 were adopted as in [31], being N0 the “equilibrium value” of pore 

density when TMP = 0. 

The phenomenon of pores creation is assumed to be activated at a fixed time instant t∗ in a 

point P∗, when TMP reaches a critical value, i.e., Vcrit = 4Vep = 1032 mV [31]. When the TMP 

reaches a value equal or higher that Vcrit, a fast variation occurs in the number of induced 

pores, making the pores density exceeding its equilibrium (N >>N0) with a very high time 

derivative [31]. 

2.4 Mechanical pressure 

To obtain a first evaluation of the mechanical pressure on cell membrane when the TMP was 
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found to be lower than the critical value for pores opening, two contributions to the 

mechanical pressure on cell membrane were considered: the component “electric stress” due 

to the interaction between free charges and induced electric field [22] and the component 

“magnetic stress” due to the gradient of the magnetic field [24]. 

As to the first component, it was evaluated by the same approach followed by [22]: the free 

charges densities at the medium/membrane and at the membrane/cytoplasm interfaces 

(ρs01(r,θ,φ) and ρs12(r,θ,φ)) were evaluated as: 

𝜌𝑠01(𝑟′, 𝜃, 𝜑) =  𝜀1𝐸1𝑟′ − 𝜀0𝐸0𝑟′ for r’ = R+ 

𝜌𝑠12(𝑟′, 𝜃, 𝜑) =  𝜀2𝐸2𝑟′ − 𝜀1𝐸1𝑟′ for r’ = R- 

(8) 

where Enr’ is the radial component of the electric field in each layer. The radial component 

of the stress was defined as the product of the charge and the average of the electric field on 

both sides of the interface surface [22]: 

𝑃𝑟′01  =
1

2
(𝐸1𝑟′ + 𝐸0𝑟′) 𝜌𝑠01 for r’ = R+ 

𝑃𝑟′12  =
1

2
(𝐸2𝑟′ + 𝐸1𝑟′) 𝜌𝑠12 for r’ = R- 

(9) 

For the thin, uncompressible membrane, the net radial electric stress was defined as the sum 

of the above two terms, or PEr’ = Pr’01 + Pr’12. 

As to the component of the stress due to the gradient of the magnetic field, it was calculated 

as defined by [24]: 

𝑃𝑀 = 
(𝜒𝑐 − 𝜒𝑚)𝑉𝑜𝑙𝑢𝑚𝑒

2𝜇0𝑆𝑢𝑟𝑓𝑎𝑐𝑒
B∇𝐵                                                       (10) 

where χc and χm are the magnetic susceptibility of the cell and the extracellular medium, 

respectively, μ0 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 ∇𝐵 are 

amplitude and spatial gradient of the magnetic field. More specifically, Surface was defined 
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as the membrane cross-sectional area, discarding the contribution of the cross-sectional 

areas of the cytoskeleton [23], while the difference of magnetic susceptibility was fixed 

equal to 9 * 10-6. 

 

3 Results 

 

Fig. 2.  Regional values of TMP of the spherical cell membrane in the instant of maximum 

polarization.  

 

Fig. 2 shows, as an example, the distribution of the module of TMP in the instant of maximum 

polarization along the cell surface for a pulse frequency equal to 33 kHz, i.e., simulating 

experimental conditions like the one described in [15]. The cell was modeled considering 

external radius and membrane thickness equal to 10 μm and 10 nm, respectively, and a 

distance from the cell center to 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. 
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Fig. 3 shows the dependence of the maxima TMP values from the external radius and 

membrane thickness of the spherical cell model, for four different pulse frequencies equal to 

33 kHz (fig. 3a), 100 kHz (fig. 3b), 500 kHz (fig. 3c), and 10 MHz (fig. 3d), when the cell is 

placed at a very small distance, equal to 0.1 mm, from the coil. For pulse frequency equal to 

33 kHz, the cell model with larger radius showed slightly higher TMP values, while the 

membrane thickness appeared to be not influential. For frequencies equal to 100 and 500 kHz 

both cell radius and membrane thickness were found to be influential, with higher TMP 

values for larger cells and thicker membranes, while for higher frequencies (e.g., 10 MHz) 

only the membrane thickness was found to influence the TMP values.   

 

Fig. 3.  Dependence of TMP on cell dimensions, for pulse frequencies equal to 33 kHz (fig.3a), 100 

kHz (fig.3b), 500 kHz (fig.3c), and 10 MHz (fig.3d), where R+ is the cell external radius and Vcrit is 

the TMP critical value at which the pores opening is assumed to be activated.  

Fig. 4a shows the dependence of maxima TMP values on the frequency content of the pulse, 

for cell models of different radius placed at a distance equal to 0.1 mm from the coil. As 

expected, higher pulse frequencies (and thus shorter stimuli) caused higher TMP values, due 

to the higher dB/dt ratio. In particular, the critical value for pores creation was reached for 
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pulses with frequencies equal to 300 kHz, 7.5 MHz and 25 MHz for cell with radii equal to 

5, 10 and 25 µm, respectively. Fig. 4b shows maxima TMP values when considering cells 

with radius and membrane thickness equal to 10 μm and 10 nm, respectively, placed at 

different distances from the coil, for different pulse frequencies. When using pulse 

frequencies equal to 33 and 100 kHz, the TMP values were always far below the critical 

value for pores opening, thus meaning that whatever the cell could be placed, the TMP values 

were never high enough to cause the pores to open. At higher frequencies equal to 500 kHz 

and 1 MHz only cells placed at a short distance (0.05 and 0.1 mm, respectively) were found 

to reach TMP values high enough to allow pores opening, while when considering a pulse 

frequency equal to 50 MHz, cells placed up to 1 mm from the coil were found to show TMP 

values higher than the critical threshold Vcrit.  
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Fig. 4.  Dependence of TMP on pulse frequencies (fig.4a) and on the distance from the coil internal 

radius (fig.4b) (Vcrit indicates the TMP critical value at which the pores opening is assumed to be 

activated).   

Fig. 5 shows the pores density time evolution for three conditions: “under threshold”, that is 

when the TMP values were far below the critical value for pores opening (i.e., most of 

conditions analyzed in this study); “threshold”, that is when the TMP values were almost 

equal to the critical value, but not high enough to allow pores density to exceed the 

equilibrium status with very high time derivative; and “Over threshold” condition, that is 
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when TMP values were above the critical value. For most of conditions previously analyzed 

in this study (i.e., for most combination of cell dimensions, distance from the coil and pulse 

frequency) the pores density time evolution was found to be the one described by the “under 

threshold condition”, therefore with no opening of pores. A quantification of the mechanical 

pressure on cell membrane that occurs in this “under threshold condition” was therefore 

carried out in terms of “electric stress”, considering the interaction between free charges and 

induced electric field, and “magnetic stress”, considering the effect of the gradient of the 

magnetic field. 

Fig. 6 shows the dependence of the “electric stress” on the cell radius and membrane 

thickness: for pulse frequency equal to 33 kHz (fig. 6a), 100 kHz (fig. 6b) cells with larger 

radius showed higher pressure levels, whatever membrane thickness values, while for pulses 

with higher frequency smaller cells showed higher pressure levels than larger cells, up to 

4000 N/m2. Fig. 7(a) shows the “electric stress” values corresponding to TMP values shown 

in fig. 4(a), for different pulse frequencies when considering cells with radius and membrane 

thickness equal to 10 μm and 10 nm, respectively, placed at different distance from the coil 

(missing electric stress values correspond to TMP values higher than pores opening 

threshold). The “electric stress” showed a behavior similar to the TMP values, with higher 

values for cells placed at a short distance from the coil and for higher frequencies. Among 

all the considered conditions, the highest observed mechanical pressure value was equal to 

4090 N/m2, for a cell with radius and membrane thickness equal to 5 µm and 8 nm, 

respectively, placed at a distance equal to 0.054 mm from the coil when a 1 MHz pulse was 

applied. 
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Fig. 5. Pores density time evolution for three conditions: “under threshold”, “Threshold”, “Over 

threshold”.  

 

Fig. 6.  Dependence of “electric stress” in “under threshold” condition on cell radius and 

membrane thickness, for pulse frequencies equal to 33 kHz (fig.6a), 100 kHz (fig.6b), 500 

kHz (fig.6c), and 10 MHz (fig.6d), where R+ is the cell external radius.   
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Fig. 7. Dependence of the “electric stress” (a) and of the “magnetic stress” (b) in “under threshold” 

condition on the distance from the coil internal radius.  

 

Fig.7(b) shows the component of the mechanical stress due to the gradient of the magnetic 

field, as hypothesized by [23], vs. the distance of the cell from the coil, for a cell with radius 

and membrane thickness equal to 10 µm and 5 nm. The maximum level of the “magnetic 

stress” was found to be equal to 1238 N/m2, when considering a very low distance from the 

coil.  
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4 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. As a first step, the TMP was assessed simulating the in vitro experimental 

conditions described in [15]. Results showed that the TMP values were far below the critical 

value needed to enable pores opening. The analysis was then widened with the aim of 

quantifying the influence on TMP of pulse frequency, dimensions of the cell model (i.e., 

external radius and membrane thickness) and distance from the magnetic field source.  

To investigate the role of cell geometric parameters (i.e., membrane thickness and cell radius) 

on the TMP, different membrane thicknesses and cell radii were considered. Results showed 

that while variations in membrane thickness have a strong influence on TMP mostly at higher 

frequencies (from 100 kHz to 50 MHz), differences in cell radius were mostly influential 

when considering lower frequencies stimuli (i.e., up to about 500 kHz). This is coherent with 

results described in [27] about the use of nanosecond pulsed electric field for cell membrane 

poration. In [27] the authors hypothesized that at lower frequencies, the capacitive effect, 

controlled by the cell size, could be predominant in determining the TMP value. 

As expected, a strong dependence of the TMP values on frequency content of pulse and on 

distance of the cell from the coil was observed. For higher frequencies, higher dB/dt induced 

higher electric field, with a clear dependence on the distance from the coil. For frequencies 

lower than 500 MHz whatever the position of the cell, the TMP values were found to be well 

below the critical value needed for the pore creation. When considering higher frequencies, 

the distances from the coil at which the cell showed TMP values comparable to the pores 

critical value become larger: e.g., considering a 50 MHz pulse cells located until distance of 

0.75 mm from the coil showed TMP values higher 1.032 V. Only when considering pulse 
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frequencies higher than 500 MHz, TMP values were found to be enough to assume the pores 

opening whatever the position of the cell inside the investigated volume. These findings are 

coherent with results by previous modelling studies [25-26]: in [25] the authors found that 

with a signal with frequency equal to 25 kHz and amplitude equal to 5.5 T, the maximum 

TMP value was found equal to 0.5 V, 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 

[26] it was found that with higher frequency pulses it was possible to reach higher TMP 

values, but still all the signals investigated by the authors did not allowed reaching TMP 

values high enough for assuring pores opening. 

Despite all these findings, in literature several in-vitro studies based on the use of pulses and 

experimental conditions similar to the ones simulated in this study found that, although with 

a lower efficiency compared to conventional electroporation approach, the use of PEMF 

induced permeabilization of cells [13-17, 20]. In [15] PEMF with amplitude equal to 5.5 T, 

duration of 15 ms and dB/dt equal to 106 T/s, similar to pulse with frequency equal to 33 kHz 

used in this study, where used to increase membrane permeability of Chinese Hamster Ovary 

(CHO) cells, finding a percentage up to 70% of permeabilized cells. Similarly, in [13] CHO 

cells were exposed to magnetic pulses of 2.2 T peak strength and 250 μs duration, obtaining 

an increase of transmembrane molecular transport.  

A possible explanation about this discrepancy between modeling and experimental results 

could be due to the presence of other underlying mechanisms in the experiments, including 

an effect due to mechanical stress on cell membrane induced by the spatial gradient of the 

time varying magnetic field, as suggested by [21-23]. This “magnetic stress”, additional to 

the “electric stress” induced by the concentration of surface charge on the membrane and its 
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interaction with the induced electric field, could cause deformation and could enhance the 

permeabilization of the cell. To investigate that, here, both the “electric stress” and the 

“magnetic stress” were quantified in the “under threshold” conditions, i.e., in all those cases 

in which the TMP values were not high enough to enable pores opening. As to the “electric 

stress”, a strong influence of frequency and distance from the coil was observed, coherently 

with findings of a previous study about radial pressure induced by transcranial magnetic 

stimulation protocols [24]. The highest “electric stress” value was found to be equal to 3871 

N/m2, for a cell with radius and membrane thickness equal to 5 µm and 8 nm, placed at a 

distance of 0.05 mm from the coil when a 10 MHz pulse was applied. When considering 

pulses similar to the ones used in the in-vitro studies, with frequencies in the order of tens of 

kHz, the “electric stress” showed lower values. For a 33 kHz pulse, a cell with radius and 

membrane thickness equal to 10 µm and 5 nm was found to be subjected to an “electric 

stress” with values varying from 0.076 to 33 N/m2, depending on the position of the cell. 

When considering the “magnetic stress”, i.e., the mechanical stress due to the spatial gradient 

of the magnetic field, higher values were observed, with a maximum equal to 1238 N/m2. 

Due to its formulation [23], this contribution was not dependent on pulse frequency. 

Comparing the “electric stress” and the “magnetic stress” contributions, the second one 

appeared to be greatly influential mostly for low frequencies pulses, i.e., in conditions similar 

to the ones used in in-vitro study, while considering higher pulse frequencies the two 

contributions were found to be comparable. These results 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.  

As this study provides the first numerical estimation of the mechanical pressure due to 

electric and magnetic contributions during PEMF cell permeabilization in in-vitro 
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experiments, and as no experimental data about the mechanical stress were derived in 

previous studies, no direct comparison of the observed levels of mechanical stress with 

previous numerical or experimental data was possible. However, the total levels of 

mechanical stress observed when considering pulses similar to the ones used in-vitro studies 

were similar to those observed e.g., in atomic force microscopy [32]. The observed levels of 

mechanical stress could influence not only the behavior of mechanosensitive ion-channels, 

i.e., ion-channels known to modify their activity in responses to mechanical stimuli [33-34] 

thus influencing the electric properties of the cell membrane, but also the energy balance that 

governs the pores opening mechanism [21]. 

Molecular dynamics approach has been extensively used for simulating mechanisms of 

membrane perturbation during the application of electric pulses giving important insights 

about the molecular mechanisms of electroporation in lipid bilayers [35], but no study was 

found to be focused on the use of PEMF for cell permeabilization. However, when 

considering the electroporation approach, it was found that the magnitude of the electric field 

across the cellular membrane required to observe membrane permeabilization is correlated 

with the lateral pressure active on hydrophilic headgroup as well as in the hydrophobic core 

region [36-37]. Even if this is not a direct support to the present study’s findings, it could be 

an evidence that physical phenomena different from the purely electromagnetic ones, such 

as the mechanical stress induced on membrane by the electric and magnetic fields, could play 

a fundamental role in cell permeabilization. 

As a final remark, in this study the TMP and mechanical stress due to electric and magnetic 

fields were assessed considering the influence of cell radius and pulse frequencies, while 

disregarding the influence of other aspects, such as cell type, shape, or aggregation, as well 

as the dielectric properties. Previous studies assessed the influence of these aspects on the 
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cell permeabilization dynamics when using electroporation, finding that TMP depended on 

the shape and orientation of the cell in the electric field, as well as the proximity of other 

structures such as neighboring cells [38-39], and the dielectric properties [40-41]. As to 

PEMF cell permeabilization, a systematic assessment of the influence of all these sources of 

variability is lacking: in future studies it would be interesting to consider also these sources 

of variability, assessing how they influence both the TMP and the mechanical stress values 

due to the magnetic and electric fields.  

 

5 Conclusion 

This study focused on the quantification of the TMP occurring when applying PEMF to 

achieve cell membrane permeabilization, assessing the influence of pulse frequency, cell 

dimension and distance from the coil. A preliminary assessment of the mechanical pressure 

due to both electric and magnetic field components during in vitro PEMF permeabilization 

suggests that the stress values were comparable to those found in literature to influence the 

pores 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 pores opening dynamic, to obtain a better description 

and to contribute to a better comprehension of the phenomena underlying the mechanism of 

cell membrane permeabilization by PEMF.  
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