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Abstract

Nanosecond pulsed electric fields (nsPEFs) with their wide
frequency content, are recently known to be able to interact
with cellular and subcellular membranes inducing
reversible membrane permeabilization for biomedical
applications. To improve treatments efficacy, lipid vesicles
are studied and designed as smart delivery system able to
respond to nsPEFs. In this work, authors report the study
of an experimental bench suitable for in vitro exposure of
cells and liposome nanocarriers to nsPEFs, compliant with
the wideband requirements for nanosecond pulses. A
multiphysics modelling able to predict cell and liposome
nanoelectroporation is proposed to define the
characteristics of signals to be used in experiments.

1 Introduction

Nanosecond pulsed electric fields (nsPEFs) with amplitude
in the order of MV/m can interact with biological tissue,
ie. inducing the formation of aqueous pores on
phospholipid bilayers that determines an increase of
membrane permeability and the easily entry of therapeutic
compounds, genetic materials and biomolecules inside the
cell [1].

To both protect these molecules and reduce their toxicity
with healthy tissue, stimuli-responsive nanocarriers, also
called smart drug delivery systems, are studied as
promising tools able to deliver the transported compounds
in response to an internal or external trigger (such as pH,
temperature, magnetic and electric fields) [2]. Among
biocompatible lipid nanoparticles, liposomes, which are
phospholipid vesicles composed by a bi-layered membrane
like plasma membrane, are able to transport both
hydrophobic and hydrophilic compounds, easily produced
and targeted to achieve specific tissue [3].

In this context, a challenging aim is to use nsPEFs as
actuators of drug delivery from liposomes, increasing
liposome membrane permeability, and simultaneously
providing the uptake inside the target cell of compounds
across the plasma membrane. In the last years numerical
studies obtained promising results investigating the
feasibility to nanoelectroporate a solution of liposomes
(with diameter ranging from 100 to 1000 nm) in absence
[4] and presence of a cell as extracellular and/or
intracellular particles [5,6].

Recently, the experimental feasibility to nanoelectroporate
liposomes with nanosized dimension using a train of 10 ns-

duration pulses and intensities in the order of MV/m has
been proven in [7] using standard electroporation parallel
plate sample holder filled with liposomes solution.
Moreover, to overcome the known technological limits of
the parallel plate system in terms of impedance matching
and give the chance to expose a wide range of conductivity
samples authors proposed in [8,9] a grounded coplanar
waveguide (GCPW) system compatible with the use of
nsPEFs.

Here authors provide the experimental characterization of
the nsPEFs signal transmitted in the GCPW exposure setup
for solutions of high conductivity. Moreover, through a
sophisticated 3D microdosimetry both in frequency and
time domain, they give the numerical feasibility to
simultaneously nanoelectroporate cell and liposomes with
the same electric field intensities as a starting point for
setup in vitro drug delivery experiments.

2 Materials and Methods

2.1 Experimental bench setup and nsPEFs
signal characterization

The complete experimental setup to expose in vitro
samples, is described in [9] and here briefly reported in Fig.
1-A: a ns pulser (FPG 10-1INM10, FID Technologies,
Germany) is connected to port 1 of the GCPW through a
high voltage coaxial cable and connectors. The port 2 of
the GCPW is connected to a 50-Q matching load. The
experimental bench is completed with a couple of high
voltage probes (TT-HVP 2739, Testec, Germany), able to
detect the nsPEFs signal and connected to an oscilloscope
(RTO2014, Rohde & Schwarz, Germany) to acquire the
signal in time.

The nsPEFs generator delivers a sequence of pulses,
characterized by: (i) 10 ns as duration at half maximum
amplitude;(ii) rise/fall times of about 2 ns; (iii) intensities
ranging from 2 to 10 kV; (iv) pulse repetition frequencies
(PRF) from 1 to 1000 Hz. Here authors characterize the
signal delivered by the generator connected to the
oscilloscope through a series of four attenuators and setting
the generator at 10 kV and PRF of 2 Hz.

The GCPW system here proposed is reported in detail in
Fig. 1-B and has been previously fabricated as in [8] and
described in [9]. Main dimensions of the structure are
reported as follows: (i) 120 mm in total length; (ii) 50 mm
in width; (iii) 1.524 mm in height; (iv) 2 mm in gap width.



The teflon sample holder for solutions, placed at 60 mm
from the port 1, is 11 mm in diameter, 8§ mm in heigh and
2 mm in wall thickness.

A set of measurements has been performed to characterize
the nsPEFs signal in a saline solution sample, considered
as a benchmark for future in vitro drug delivery
experiments. Electrical conductivity of the saline solution
is 1.4 S/m (evaluated as in [7]). Specifically, this
conductivity is typical of in vitro experiments of studies on
human mesenchymal stem cells (MSCs) [10,11].

2.2 Microdosimetric model

In order to provide the feasibility to nanoelectroporate both
plasma membrane and liposome during nsPEFs exposure,
3D numerical simulations have been performed using the
software COMSOL Muliphysics v 5.5. The 3D model
shown is reported in Fig. 1-(C,D), with main dimensions as
in Table 1. The extracellular medium is represented by a
box with 70 um in height, like the electrodes thickness in
the GCPW system [12], in which an ellipsoidal shaped cell
is placed (Fig. 1-C) together with a group of 5 liposomes
near the upper pole of the cell (Fig. 1-D). Cell size has been
chosen referring to real MSCs cells [10,11].

Plasma and liposome membrane are set as boundary
conditions. The front and back sides of the box are set to
the ground and potential electrode, respectively.
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Figure 1. A) Experimental setup in place for nsPEFs
characterization and exposures with GCPW system. B)
Detail of the GCPW system with a sample holder and the
two HV probes. C) 3D model of the extracellular medium
sorrounding cell and liposomes. D) Detail of the 5
liposomes randomly distributed near the cell.

Dielectric parameters, reported in Table 1, are set
considering previous studies in literature [7,10,13].
Dielectric dispersion parameters have been set as in
[13,14].

Spectral response of cell and liposomes has been studied
from 1 kHz to 1 GHz, with E field=1 V/m, to confirm that
above B-relaxation, within the frequency content of ultra-
short pulses the two response are fully comparable.

The electromagnetic problem has been solved both in
frequency and time domain using the Electric Currents
mode of the AC/DC module in Comsol.

The application of a 10 ns-duration pulse on this model has
been studied with E field intensities from 2 to 10 MV/m, in
line with amplitudes used in literature [4,5,7,10]. The pore
density kinetics has been evaluated using the asymptotic
equation firstly proposed by De Bruin and Krassowska [15]
for cell electropermeabilization.

Table 1. Material properties used in microdosimetric
models.

Dimension
Properties of materials o [S/m €

P [s/m] v [um]
. Box

Extracellular solution 1.4 67 600x300x70
Plasma membrane 1.1x107 11.7 0.005

Ellipsoid:

Cytoplasm 0.3 67 210%60x25
Liposome membrane 1.1x107 11.7 0.005
Liposome inner 0.35 67 0.800

solution

Pore density kinetics depends on the induced
transmembrane potential (TMP) changes in time and
determines the increase in membrane conductivity,
reducing the insulating properties of the membrane.
According to this model [7], membrane conductivity
depends not only on pore density (N) values but also on
TMP, temperature, pore conductivity and pore radius.
Therefore, in this work for the first time the evolution in
time of pore radius has been investigated, considering the
pores as a homogeneous population [16] and solving the
time dependent equation as follows [17]:

dr _ D (TMP? Fnax myf1
dt kT {1+rh/(r+rt) ‘8 (r) r 27'[)/ T 27T}/eff7' (1)

where 5 is the effective surface tension and is described
as follows:
, 2y -y

Yerr =2V — Gy )
Pore density and pore radius kinetics have been solved
using two Boundary ODEs and DAEs modes of Comsol for
plasma and liposome membranes. All parameters have
been set as in [17]. In literature the thresholds for achieving
electroporation are a TMP > 1V and N> 10" m?.

3 Results

3.1 nsPEF exposure setup and signal
characterization

Fig. 2-A shows the results of the signal delivered from the
generator, reported as the average signal of a train of about
10 pulses + standard deviation showing a good agreement
with a trapezoidal shape. Results of the signal measured
inside the sample holder filled with 1.4 S/m solution
sample are shown in Fig. 2-B as the normalized average
signal of a train of about 20 pulses + standard deviation.
Here, the signal almost preserves the 10 ns duration, even
if the probe is in contact with the teflon holder. These
results confirm the good broadband behaviour of the
GCPW to be used as nsPEFs exposure system.
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Figure 2. Average (solid curves) + standard deviation
(dashed curves) of the signals delivered from the generator
(A) and detected on the sample solution holder (B),
respectively in red and green curves.

3.2 3D microdosimetric study results

The frequency analysis in the range (103-10° Hz) confirms
the role of shape and dimensions of cell and liposomes. Fig.
3-A shows that for both cell and liposomes membranes the
TMP maintains the typical low-pass filter behaviour [18]
in terms of maximum and average values. The overall trend
is in accordance with analytical results in literature [5], here
the B-relaxation occurs at 10* Hz and 10° Hz respectively
for cell and liposomes membranes. Considering the

frequency content of 10 ns pulse, with the first lobe of
about 100 MHz, the similar behaviour above B-relaxation
is confirmed.

Fig. 3-B reports the spatial distribution of the TMP
evaluated at the pulse plateau (t=10 ns) for the cell, while
Fig. 3-C for the liposomes. In line with [5], the TMP values
overcoming the threshold for electroporation are located to
the poles of both cell and liposomes facing the electrodes,
while lower values are shown at the equators.

Fig. 4-A shows that the pore radius, starting from a value
of 0.51 nm [17] for unperturbed membranes, strongly
increases in time due to the 10 ns pulse application in both
cell and liposome membranes, already for E field
intensities of 3 and 4 MV/m. Applying higher E field
values of 7.5 MV/m, we reach nanoporation of both cell
and liposome membranes. In particular, Fig. 4-B shows
that when pore density in cell membrane is about 2%
(demonstrated to be a threshold for electroporation of cells
[10]), a 20% of porated membrane is achieved for
liposomes. Increasing E field amplitude up to 8 MV/m we
obtained 10 % of poration for the cell and above 35 % for
liposome. This is perfectly compatible with the planned
experiments, where while we aim to strongly porate the
liposomes to facilitate the release of their cargo, we need to
moderately porate the cells to preserve their viability.
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Figure 3. A) Induced TMP in frequency on cell (gree curves) and liposome (blue curves) in terms of maximum and average
values (solid and dashed curves respectively). B) TMP spatial distribution on cell and liposome membranes at t=10 ns evaluated
for E field= 7.5 MV/m. C) Detail of the TMP distribution on liposome membranes.
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Figure 4. A) Pore radius evolution in time for plasma membrane and liposome membrane (solid and dashed/dotted curves
respectively) applying 3 and 4 MV/m (magenta and green, respectively). B) Results of % of membrane fraction porated for cell
and liposomes (solid and dashed/dotted curves respectively), for E field intensities of 7.5 and 8 MV/m.



4 Conclusion

An experimental bench for nsPEFs drug delivery
application with a GCPW as exposure system has been
presented and characterized when a train of 10 ns pulses at
high intensities is applied. A 3D microdosimetric model
has been built in order to evaluate the possibility to
simultaneously nanoelectroporate cell and liposomes using
a single 10 ns pulse.

The increase of pore radius on membranes has been
detected for E field values starting from 3 MV/m. Time
evolution of pore radius provides more information on the
not yet deeply known mechanisms of electroporation and
gives the chance to design in vitro drug delivery
experiments with GCPW system and a train of nsPEFs.
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