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Abstract – In bioelectromagnetics it can be crucial
to estimate electric quantities at the microscopic scale,
to establish a connection between the external applied
field and the observed effects. Here we present a
microdosimetric study based on a 2D realistic model of
a cell and its endoplasmic reticulum. The analysis is
quantified in terms of electric field and transmembrane
potential induced by an external applied 10 ns pulsed
electric field. This study opens the way to numerically
assisted experiments for control and biomanipulation of
cells and subcellular organelles.

1. Introduction

Microdosimetry is required for evaluating the
spatial, temporal, and spectral distributions of electro-
magnetic (EM) fields imparted to cellular and subcel-
lular structures, such as cell membranes and organelles
[1]. Recently, several works addressing this issue have
been published [2, 3], and a great interest has come also
from the key role that microdosimetry plays in
estimating the transmembrane potential (TMP) induced
by the pulsed electric field in the electroporation of cells
and tissues [4–7].

A microdosimetric study requires two basic steps:
the setup of a suitable dielectric and geometrical model
and the choice of an appropriate EM solution. The most
common choice for the model is the three-layered cell
[1–8], which includes cytoplasm, a plasma membrane,
and an extracellular medium. Some models consider
simplified intracellular compartments such as the
endoplasmic reticulum, nucleus, or bound water layers
[9–11]. Concerning the choice of appropriate EM
solution, the most popular one is a quasi-static
approach. Indeed, at the single-cell level, even in the

microwave range, the involved wavelength is much
greater than the cell size (millimeter versus microme-
ter). To consider the frequency dependence of the
induced field, the complex permittivity of the cellular
compartments is used in the models.

Microdosimetric analyses are very useful in
dealing with ultrashort pulsed electric fields (of
microsecond and nanosecond duration), that are able
to effectively electropermeabilize the cell membranes
when overcoming a given induced TMP threshold [12].
Nanosecond pulses, with amplitudes of the order of
megavolts per meter, due to their higher frequency
content, permeabilize the subcellular membranes (en-
doplasmic reticulum [ER] membranes) [13]. The ER is
a large, dynamic structure that serves many roles in the
cell, including calcium storage, protein synthesis, and
lipid metabolism [14]. Hence, in recent years micro-
dosimetric models including compartments like the ER
have attracted increasing interest.

In this article, we present a 2D realistic model of a
single cell and its ER. Microdosimetric analysis of the
electric fields, the TMP induced by the pulsed electric
field, and membrane pore densities occurring at the
levels of plasma and ER membranes are presented when
the sample is exposed to a pulsed electric field of 10 ns.

2. Modeling Realistically Shaped Cell
Organelles

To obtain a 2D microdosimetric model represen-
tative of the real biological target, images obtained by
confocal microscopy using staining techniques were
used to identify different cell regions, following the
techniques described in [15, 16]. Realistic cell models
were imported into COMSOL and electric properties as
in [16] were assigned to the different compartments.
The 10 ns pulsed electric field was varied from 4 MV/m
to 8 MV/m. The steady-state problem has been solved
in the Electric Currents mode considering: 1) the
Electric Currents application mode of the AC/DC
module (time-dependent study); and 2) the boundary
ordinary differential equations and differential-algebra-
ic equations application of the Mathematics module.
For all boundaries, continuity conditions were set.
Moreover, the Contact Impedance condition was
imposed on the cell and ER membranes. The pore
formation dynamics were studied through the asymp-
totic model proposed by DeBruin and Krassowska [17],
using the same formulas and parameter values reported
in [16]. Membrane conductivity in electroporation
conditions is calculated as the sum of the equilibrium
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membrane conductivity and the conductivity changes
due to the formation of pores in the membrane, as in
[18].

3. Results

A systematic analysis of the effects induced on the
plasma and the ER membranes was performed through
a time-domain study implemented for a trapezoidal 10
ns electric pulse (2 ns rise and fall times). Four different
pulse amplitudes were simulated—4 MV/m, 6 MV/m,
7 MV/m, and 8 MV/m—to identify the field intensity
necessary for poration onset of the membranes of the
biological system ‘‘cell with ER’’.

The electric field distributions and the current
densities around the cell and in the ER were normalized
to the amplitude of the extracellular field (7 MV/m).
These data are shown for three time instants of the
applied pulse (1 ns, 10 ns, and 11 ns; left column of
Figure 1) and three different regions of the domain of
interest (right column of Figure 1). At t ¼ 10 ns, when
the electric pulse is at the end of its plateau (Figure 1b),
the plasma membrane is porated, and consequently the
electric field within the cell is higher, probably due to
the pore conduction that becomes more important than
passive displacement currents [19].

Moreover, as the irregular shape of the ER
membrane causes changes in the intensity and direc-
tions of the electric field, the intracellular electric field
is distributed nonuniformly, as better evident in the
zoomed regions 1, 2, and 3 of Figure 1d. At half of the
fall time (t¼ 11 ns, Figure 1c), the internal electric field

decreases following the external one, but in those
regions where the induced electroporation was exten-
sive, a higher electric field is sustained for some time
after the pulse end. To perform a more quantitative
evaluation of the phenomenon, the TMP induced by the
applied electric field was considered; the TMP is equal
to the line integral across the membrane thickness d of
the electric field induced in the membrane itself
TMP ¼

R
d

E � dl
� �

, and it represents a valid indicator
of the occurrence of electroporation. Indeed, when the
TMP passes a specific threshold, pore creation starts.
Experimental studies report different electroporation
thresholds, ranging from 0.2 V to 1 V depending on cell
type and experimental conditions [13]. Figure 2b shows
the TMP evaluated at different selected points (small
circles in Figure 2a). The TMP of the plasma membrane
is chosen at the red circle, and that of the ER at the blue,
cyan, and green circles in Figure 2a. The TMP for the ER
ranges from 20% to 80% of that of the plasma mem-
brane, depending on the chosen position. This suggests
that a 10 ns pulsed electric field is potentially able to
partially porate the ER with electric field values slightly
greater than the ones needed to porate the plasma
membrane. This result is clearly related to the frequency
content of the pulsed electric field (up to 100 MHz) that
can partially shortcut the plasma membrane.

Consequently, nanosecond pulses can penetrate
the cell and induce a remarkable TMP value for the
ER membrane, with differences related to the irregular
shape of the organelle and the selected points. The
TMP induced by the four selected extracellular fields
(4 MV/m, 6 MV/m, 7 MV/m, 8 MV/m) at the plasma
membrane (red point) and the blue point at the ER
membrane are reported in Figure 2c and 2d, respec-
tively. These results show that an extracellular field of
4 MV/m is not sufficient to induce a TMP � 1 V,
chosen here as permeabilization threshold. The region of

Figure 1. Electric field distribution and current density streamlines at
(a) 1 ns (half rise time), (b) 10 ns (the end of the pulse plateau), and (c)
11 ns (half fall time) on the cell and ER for an external field of 7 MV/
m. The legenda on the graph are reported in megavolts per meter.
Zoomed areas corresponding to the selected windows (1, 2, and 3 in b)
are shown in (d).

Figure 2. Induced TMP as a function of time for (a) the four selected
points for (b) a selected applied pulse amplitude of 7 MV/m and (c)
for the red point on the plasma membrane and (d) the blue point on
the ER for different external pulse amplitudes (4 MV/m, 6 MV/m,
7MV/m, 8 MV/m).
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the plasma and ER membranes identified by the selected
points reaches 1 V already at 6 MV/m, whereas other
regions of the ER membrane show a different behavior,
with a TMP estimated at those points , 1 V also for an
applied field of 7 MV/m (Figure 2b).

This trend is confirmed by the TMP along all the
boundaries of the domain of interest at the end of the
pulse plateau (t ¼ 10 ns), reported in Figure 3. For an
amplitude of 7 MV/m, the plasma membrane reached
the same TMP value at the anodic and cathodic poles
with inverted polarity. The plasma transmembrane
voltage increases to approximately 1.5 V in 10 ns
before the onset of reversible electrical breakdown,
representing an evident signature of electroporation [20,
21]. It is interesting to note that ER membranes behave
nearly identically to the plasma membrane in their
response, with an inverted polarity, as expected (Figure
3b). As is better visible in the zoomed regions 1 and 2 in
Figure 3, the TMP of the ER membrane has different
values depending on the position of the observation
points. The extremely folded ER membrane experiences
different TMP, since the cosine law in Schwan’s
equation [8] loses its validity in irregular structures, as
reported in [13, 22].

4. Conclusions

The aim of this work was to consider irregularly
shaped cells and organelles and perform a systematic
analysis for an applied external field lasting 10 ns. Some
results have been presented stressing the importance of
realistic ER modeling in a 2D model. An important
point addressed in this article is the possibility of
relating electroporation phenomena occurring at the
cellular level to those on a subcellular scale via a fast
but reliable and realistic model, opening the way to
numerically assisted experiments for control and
biomanipulation of cells and subcellular organelles.

5. References

1. F. Apollonio, M. Liberti, A. Paffi, C. Merla, P. Marracino,
et al., ‘‘Feasibility for Microwaves Energy to Affect
Biological Systems via Nonthermal Mechanisms: A
Systematic Approach,’’ IEEE Transactions on Microwave
Theory and Technique, 61, 5, May 2013, pp. 2031-2045.
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