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Abstract

Electroporation has become a powerful technological platform for the electromanipulation of
cells and tissues for various medical and biotechnological applications. Recently, nanoporation
based on nanosecond pulsed electric fields (nsPEFs) has gained great attention due to its
potential to permeabilize the membrane of small vesicles. Here, the authors propose and char-
acterize, both experimentally and through multiphysics modeling, a grounded coplanar wave-
guide compliant with the wideband requirements for nanosecond pulses to be used for
experiments of drug delivery with liposomes activated by nsPEFs.

Introduction

An earlier version of this paper was presented at the 50th European Microwave Conference
and was published in its proceedings where a preliminary experimental characterization of
the structure as well as microdosimetric analysis were given [1].

Pulsed electric fields of ultra-short duration and high intensity are known to induce cell
membrane electroporation, i.e. an increase of membrane permeability due to a rearrangement
of the phospholipid bilayer with a consequent pore formation, that facilitates biomolecules,
nucleic acids, peptides, and/or proteins to cross the membrane [2].

Recently, nanoporation based on nanosecond pulsed electric fields (nsPEFs) has gained
great attention due to its potential to permeabilize the membrane of small vesicles for drug
delivery applications [3–6].

Drug delivery methodologies are becoming more and more interesting strategies for
pharmacological therapies; versatile nanocarriers, produced from a variety of materials such
as metals and inorganic materials, polymers, but more often lipid compounds [7, 8], are
used to carry the specific drug to the target site. The breakthrough is nowadays represented
by smart drug delivery, defined as an “on demand” delivery at the cell site, which exploits
nanovectors sensitiveness to external stimuli [9]. Among the lipid nanocarriers, liposomes
are mostly studied as smart drug delivery carriers [10–13] due to their easy production,
high biocompatibility, and versatility.

External pulsed electric fields can represent an excellent “smart actuator” of the release and,
as such, are investigated in electrochemotherapy and gene delivery applications [3–6, 14]. In
this context, the authors demonstrated that nsPEFs are particularly suitable for these drug
delivery applications since they can interact with both cellular and liposomal membranes
[5, 6, 14] and can be used as an external trigger, as recently experimentally validated in [3,
4], opening the way to liposome drug delivery systems mediated by nanoelectroporation.

However, when dealing with systems for generating and delivering nsPEFs to a selected tar-
get, rigorous care must be taken in the exposure system used for experiments: one specific fea-
ture of nsPEFs is related to their extremely short time duration (ns) and consequently their
broad frequency content, up to a few GHz, which makes that a wideband exposure system
should be preferred [15, 16]. Moreover, the high intensity of nsPEFs (MV/m) propagating
along the system demands careful attention in avoiding electrical discharges which may
cause performance degradation.

With respect to what presented in [1], in this paper authors fully characterize (both experi-
mentally and through multiphysics modeling) a grounded coplanar waveguide (GCPW) com-
pliant with the wideband requirements for nsPEFs to be used for experiments of drug delivery
with liposomes. The use of planar wideband structures as exposure systems was already pro-
posed in the past for real-time electrophysiology applications [17, 18], while grounded copla-
nar waveguides have been proposed in [19, 20] for in vitro applications, and used in [21] for
ex-vivo experiments of pulsed electric fields of hundreds of ns duration.
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Here, the new GCPW system is intended to overcome the lim-
itations of impedance matching often present in current experi-
ments for nanoporation of nanosized liposomes [6], which
make use of a standard parallel plate cuvette. In that case,
researchers are forced to use a low conductivity medium to
enhance the transmitted signal [3]. The new system will permit
the use of liposome solutions with a broad range of conductivity
values, hence improving the coupling of the electric field with the
medium, as recently demonstrated by numerical investigations on
liposome nanoporation [5, 14]. In fact, those studies showed that
lower electric field intensities were needed to activate liposomes if
the external conductivity of the liposome solution was increased.

We characterized such a system to be used as a suitable expos-
ure setup able to generate pulses of 10 ns (rise and fall time of
about two ns) with intensities up to 10 kV and to deliver the
undistorted nsPEFs to the liposome solution due to the GCPW
broadband behavior up to a few GHz. The avoidance of electro-
magnetic interference with laboratory equipment is guaranteed
by the grounded structure. Easy accessibility to the biological sam-
ple during experiments is possible thanks to the planar waveguide
where the sample is placed over the exposure system [22].

Starting from preliminary investigations shown in [1], here the
authors organized the paper as follows. First, the complete numer-
ical characterization of the electric field distribution in GCPW
without and with a 400 μl sample holder placed in the middle of
the strip is given. Successively, the characterization of the GCPW
in the frequency domain is performed both experimentally to
evaluate the S11 and S21 parameters in the absence and presence
of the sample holder and numerically to compare the frequency
behavior of the empty structure with measurements. The experi-
mental characterization is also performed in the time domain, to
study the nsPEFs signal transmitted through the GCPW in the
absence and presence of the sample holder filled with five solutions
of different conductivities. Specifically, the authors evaluate the sig-
nal transmitted as a function of position on the coplanar system (at
3, 6, and 9 cm from the excited port 1) and of voltage (from 4 to 8
kV). Finally, a multiphysics microdosimetric model of liposomes
exposed to nsPEFs investigates the induced electrical quantities,
the transmembrane potential, and the pore density evolution as a
function of the electric field applied and the number of pulses
delivered, providing a non-linear dependence of liposome nano-
poration on the electric field amplitude.

Materials and methods

Numerical characterization of the GCPW

The GCPW was modeled using the ANSYS HFSS (v. 15.0) soft-
ware, as presented in previous work [19]. A first analysis was car-
ried out in the time domain with a pulsed signal coming from a
50-Ω feeding coaxial cable excited by a lumped port. The applied
signal had a trapezoidal waveform, 10 ns long, with rise and fall
time equal to 2 ns, and voltage equal to 1 V (see Fig. 1). The tran-
sient solution was sampled every 1 ns.

The GCPW was fabricated on a three-layer RO4003C lamin-
ate, the dielectric substrate has permittivity εr = 3.55 and a thick-
ness of 1.524 mm. Here, the GCPW has been analyzed alone and
with the sample holder used in the experimental characterization.
It was modeled as a hollow cylinder of Perspex (εr = 5.5) with an
internal radius of 5.5 and 1 mm thick wall. The holder was filled
with 400 μl of saline solution (εr = 85; σ = 0.7 S/m) and placed on
the GCPW, as shown in Fig. 1. The conductivity assigned to the

solution in numerical analysis was one of the intermediate values
used for the experimental characterization.

A second analysis with ANSYS HFSS (v. 15.0) software was
performed in the frequency domain to evaluate the scattering
parameters of the empty structure in the frequency range up to
500MHz, well above the main lobe of the 10 ns pulse (below
100MHz).

Figure 1 shows the simulated model with the main geometric
parameters: L = 120 mm; A = 50 mm; H = 1.524 mm; s = 3.35 mm;
w = 2 mm; d = 11 mm; h = 8 mm.

Experimental characterization of the GCPW

A preliminary characterization of the exposure system in the time
domain was presented in [1], showing encouraging results in
terms of the quality of the signal propagating along the GCPW.
In particular, the signal at the output of the generator was mea-
sured and results showed a shape similar to the ideal trapezoidal
pulse with rise and fall time of 2 ns and a duration of 10 ns (as the
duration at half maximum amplitude).

Here, a characterization of the GCPW structure in terms of the
scattering parameters was performed with a Vector Network
Analyzer (E8363C Agilent), in the frequency range up to 500MHz,
well above the spectral content of 10 ns pulses. Specifically, the
set of measurements was performed in the absence and presence of
the sample holder filled either with distilled water or with NaCl
solution.

Then, a complete and exhaustive characterization of the system
was performed using the experimental bench adopted in [1] and
briefly reported here in Fig. 2. Figure 2(a) shows the schematics of
the setup, Fig. 2(b) shows the setup itself in place, and Fig. 2(c)
shows the description of the equipment used as (1) an R&S oscil-
loscope (RTO2014, Rohde & Schwarz, Germany) to measure and
collect the signal in time; (2) a nanosecond pulser (FPG
10-1NM10, FID Technologies, Germany); (3) a high-voltage
(HV) coaxial cable and connectors; (4) a couple of HV probes
(TT-HV probes 2739, Testec, Germany), able to detect the signal
transmitted to the exposure system with a spatial resolution of the
field probe of about 1 mm; (5) the exposure system represented by
the GCPW; (6) a 50-Ω matching load to close the experimental
chain.

In accordance with a measurement procedure used for cuvette
exposure system, as in [3, 23, 24], in order to obtain the experi-
mental characterization of the bench, authors have performed
the following steps: (i) the GCPW has been fed by the nanosecond

Fig. 1. Geometric model of the GCPW structure used for numerical characterization
applying a 10 ns duration pulse.

664 Laura Caramazza et al.

https://doi.org/10.1017/S1759078721000441 Published online by Cambridge University Press

https://doi.org/10.1017/S1759078721000441


pulser in a range from 4 to 8 kV to evaluate the transmission of
pulses with rise and fall time of 2 ns and a duration of 10 ns; (ii)
the signal has been detected along with three positions in the
GCPW system, shown in Figs 3(a)–(c), respectively, at 3, 6,
and 9 cm from port 1, to evaluate possible distortions; (iii)
finally, measurements of the signal inside the Perspex sample
holder containing 400 μl solution with conductivity values ran-
ging from 5.6 × 10−4 up to 1.4 S/m, has been done (see Fig. 4).
The conductivity values of each solution sample were previously
measured using a Precision LCR Meter E4980A from Agilent,
as in [3, 6]. This last step has been performed to characterize
the exposure system in presence of different host solutions
that could contain nanosized lipid vesicles for drug delivery
applications.

Fig. 2. (a) Scheme of the experimental bench. (b) Experimental bench setup in place. (c) Table of the equipment composing the exposure bench and shown in (b).

Fig. 3. Detail of the exposure bench during the experimental characterization along the GCPW line, at 3 cm (a), at 6 cm (b), and at 9 cm (c) from port 1.

Fig. 4. Detail of the exposure bench during the experimental characterization per-
formed in the presence of a 400 μl sample holder placed at the center of the
GCPW line.
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Modeling the electropulsation of nanosized lipid vesicles

To numerically study the feasibility of electropermeabilize lipid
vesicles applying a train of nsPEFs, a microdosimetric model
has been used with COMSOL Multiphysics v. 5.3. The geomet-
rical model, described for the first time in [1], is composed of
five liposomes randomly distributed, characterized by a 130 nm
radius, and 5 nm membrane thickness (implemented in the
model using a contact impedance setting). Liposomes are placed
in a two-dimensional rectangular box representing the external
solution, with dimensions of about 1 μm× 0.7 μm. Moreover, in
order to simulate a larger geometrical model, periodic conditions
were set at the lateral boundaries of the box (see Fig. 5).

In thismodel, the application of a train of nsPEFs on the distribu-
tion of liposomes is simulated considering electric field applied of 8.5,
8.7, 8.8, and 9MV/m, in order to evaluate the number of pulses that
has to be applied to obtain electropermeabilization of liposomes. The
pulses are delivered at a repetition frequency of 2 Hz.

To perform this set of simulations, three physics were added to
the model using three different modules: (i) the electric currents
module from AC/DC mode, to solve the quasi-static electromag-
netic problem, (ii) the heat transfer in fluids module, to evaluate
possible temperature changes in time, and (iii) the boundary ordin-
ary differential equations and differential-algebraic equations, to
study the kinetics of pores on the liposomes membrane, as in [1,
3, 25]. According to the literature, the interaction between lipid
vesicles and ultra-short and intense electric fields induces the
increase in time of the induced potential across the lipid mem-
brane, known as transmembrane potential (TMP), up to a thresh-
old value, and the simultaneous formation of transient pores across
the membrane, determining the consequent increase of membrane
conductivity in time. The number of pores is modeled in the litera-
ture as a spatial pore density (N ) [3, 26–28], whose kinetics
depends on the TMP evolution in time with the following equation:

dN
dt

= ae
TMP(t)
Vep

( )2

1− N(t)
N0

e
−q TMP(t)

Vep

( )2
⎡
⎣

⎤
⎦ (1)

The parameters in equation (1) are reported in Table 1, as in [25].
In accordance with the literature, to obtain the membrane

poration, both the TMP and the spatial pore density should over-
come their threshold values of 1 V and 1014 m−2, respectively.

Usually, unipolar pulses are used in nsPEFs applications, how-
ever, some in vitro studies experimentally investigated the role of
bipolar nsPEFs on the electropermeabilization effect [29, 30]. In
this regard, microdosimetric studies could be a powerful tool to

understand the phenomena determining the possible decrease
of membrane electropermeabilization.

For what concerns unipolar nsPEFs, microdosimetric simulations
investigate the effect on the lipid membrane of a single pulse with
different durations, determining the electric field value able to porate
biological membranes [5, 6, 14]. Recently, in [3, 31] the authors
numerically investigated the response occurring when a train of
nsPEFs is applied in order to consider possible cumulative mechan-
isms; the main issue to study such a train is related to a temporal
multiscale problem that determines a huge computational cost.

In particular, the pore density kinetics (see equation (1))
[27, 28], describes both pores creation (pulse-ON) and their reseal-
ing (pulse-OFF), but the two phenomena occur with two different
timescales in the order of ns and s, respectively, for pore formation
and pore resealing. This difference in timescale could be considered
as a sort of “memory effect” of pore density kinetics and used for
electro-stimulate lipid bilayer with a train of nsPEFs with electric
field intensity lower than what needed with one single pulse.

Starting from preliminary results reported in [1], the microdo-
simetric simulations were performed to study liposome nanopora-
tion and pore density kinetics “memory effect” when applying a
train of pulses with different electric field amplitudes.

In the model, the conductivity of the solution was chosen as
the value of σ = 0.7 S/m in the middle of the range of experimen-
tal conductivity values, in line with the numerical characterization
of the exposure system (see “Numerical characterization of the
GCPW”). All the physical parameters used in these simulations
are reported in Table 2, according to the experimental data and
the literature [3–5, 32, 33].

Results

Numerical evaluation of GCPW exposure system with nsPEFs
signal

Figure 6 shows the numerical E field distributions for the empty
GCPW (Fig. 6a) and inside the solution (Fig. 6b and 6c). All

Fig. 5. The geometric model used for the microdosimetric study. The model is ideally repeated in space, due to periodic boundary conditions set at the lateral
boundaries.

Table 1. Parameters of the pore density kinetics model [25].

Symbol Value Description

α [m−2 s−1] 109 Electroporation parameter

Q 2.46 Electroporation constant

Vep [V] 0.258 Characteristic voltage of electroporation

N0 [m
−2] 1.5 × 109 Equilibrium pore density
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distributions are normalized to the maximum values and calcu-
lated on the horizontal xy plane (Fig. 6a and 6c), and on a vertical
yz plane passing through the bottom of the sample holder (Fig.
6b). Results shown in Fig. 6 were extracted at the time when
the E field reaches its maximum value (t = 10 ns).

As evident from Fig. 6(a), the E field is confined in a small
region, almost 1 cm wide in correspondence with the two gaps
and the central strip. Therefore, to have a homogeneous exposure
of the sample, we chose a sample holder with a 5.5 mm radius
(Fig. 6(c)). Conversely, despite along the z-axis the E field sharply
decays with the distance from the GCPW surface (Fig. 6(b)), a
uniform exposure (homogeneity higher than 80%) is achievable
if liposomes are placed in a layer on the bottom of the sample
holder (Fig. 6(c)).

GCPW experimental characterization results

Scattering parameters of the GCPW are reported in Fig. 7 for the
empty structure (simulation solid red curve, measurements
dashed red curve), distilled water (dashed green curve), and
NaCl solution (dotted magenta curve), in comparison with the
spectrum magnitude (solid grey curve) of the nsPEFs signal mea-
sured from the generator output. The simulated and measured
curves are in very good agreement.

Figure 7(a) shows that the sample solutions worsen the |S11| at
50 MHz from −50 dB (air) to −40 dB and at 500 MHz from −30
to −20 dB, thus indicating that, after all, a very good matching is
maintained in the whole range. As shown in Fig. 7(b), the
variety of media on the GCPW system does not affect the
transmission coefficient |S21| profile in the frequency range up
to 1 GHz with values ranging from −0.1 to 0 dB, while the fre-
quency content of the nsPEF signal is mostly confined to frequen-
cies up to 100MHz.

For what concerns the HV time-domain measurements, Fig. 8
(a) shows the nsPEFs signal measured at 3, 6, and 9 cm from port
1, with an input voltage of 6 kV. The profile in time of the mea-
sured voltage is characterized by rise and fall time of about 2 ns
and duration of the pulse of 10 ns. Moreover, Fig. 8(b) shows
the detected voltage signal in terms of peak value as a function
of the input voltage, from 4 up to 8 kV, for all the distances.

The second part of this characterization was performed meas-
uring the signal inside the sample solution, mimicking the final
target of an in vitro drug delivery application. In this regard,
the results are shown in Fig. 9, where the signals are reported
as a function of the five different solution samples investigated,
each characterized by a different conductivity from 5.6 × 10−4

up to 1.4 S/m, exploring the entire range of possible in vitro solu-
tion samples, like the ones used in the literature for lipid vesicles
[3, 6, 14, 34] and cells [35, 36]. Although the peak values of the

curves reported in Fig. 9 are reduced with respect to the input
potential, due to the fact that the measures were performed
with the potential HV probe in contact with the insulating bottom
of the Perspex sample holder, the signal waveform is maintained
for all the solution samples.

Results of the microdosimetric study

In order to give an estimate of the possibility to induce the elec-
tropermeabilization of lipid vesicle membranes with the GCPW
exposure system, the results of the multiphysics microdosimetric
investigation are shown in Fig. 10 for an E field = 8.8 MV/m
and applying a train of 10 nsPEFs at the repetition frequency of
2 Hz. Here, we focused on the response of lipid vesicles to the
nsPEFs application in terms of induced electric field, current
density, and pore density evaluation. In particular, Fig. 10(a)
shows the spatial distribution of the current density at t = 10 ns
for the first applied pulse; this quantity has higher values in the
narrow space between liposomes, considering the vesicle–vesicle
interaction due to the high density of liposome distribution.
Moreover, in Fig. 10(a), the E field is reported as arrows whose
size depends on the field magnitude. The arrows show that the
presence of liposomes affects the E field direction and focuses it
between the vesicles, both enhancing the electrical stimulus on
specific vesicles and shielding for other ones. Hence, also the
values of the induced TMP in lipid vesicles are affected, as
shown in Fig. 10(b) for the first pulse at t = 10 ns, together with
the arrows of the E field. In accordance with the literature [37],
the TMP distribution values are generally lower at the equator
and higher at the poles of the vesicles, reaching 1.22 V, slightly
above the reference value of 1 V for the beginning of electropor-
ation. Looking at the pore density, which depends on TMP values,
it is possible to observe that while this never reaches the threshold
of 1014 m−2 [14] at the first pulse (Fig. 10(c)), the threshold is
overcome at the 10th pulse (see Fig. 10(d)) in specific vesicles
exhibiting high TMP values. The study of this random distribu-
tion of liposomes highlights how the vesicle–vesicle interaction
influences the nanoporation. More results on the application of
a sequence of intense and ultra-short pulses are given in
Fig. 11. Specifically, Fig. 11(a) shows the pore density as a func-
tion of the number of applied pulses for different E field inten-
sities: 9 MV/m (yellow circle marker), 8.8 MV/m (green curve),
8.7 MV/m (blue curve), and 8.5 MV/m (red curve). Simulations
were stopped either when the poration threshold was overcome
or at the applied 20th pulse. A grey dashed line indicates the
pore density electroporation threshold of 1014 m−2 [14, 25].
From the figure, it is possible to observe that, while an E field
of 9MV/m is able to nanoporate the liposomes at the first
pulse, six pulses are needed with 8.8 MV/m, and the threshold
is not reached during the first 20 pulses for the E field values of
8.7 and 8.5 MV/m. Results of Fig. 11(a) for an applied E field
of 8.7 and 8.5 MV/m were fitted with a third-grade polynomial
to extrapolate that the minimum number of pulses necessary to
nanoporate the liposome solution is, respectively, 29 and 40
pulses, as shown in Fig. 11(b) for all the four E field intensities.

Finally, the number of pulses as a function of the applied E
field (Fig. 11(c)) was fitted with a second-grade polynomial to
extrapolate the minimum number of pulses necessary to electro-
porate the liposome solution for a wider range of E field ampli-
tudes, from 9MV/m down to 1MV/m. This last curve can be
used to plan the number of pulses to be delivered in experiments.
Considering, for example, an input from the generator of 8 kV, the

Table 2. Physical quantities reported in the model to simulate the suspension
of liposomes.

Properties of
materials

External
solution Membrane

Internal
solution

σ [S/m] 0.7 1.1 × 10−7 0.35

εr 85 11.7 85

Cp [J/(kgK)] 4185.5 2000 4185.5

ρ [kg/m3] 993.2 951.1 993.2

k [W/(mK)] 0.62 0.2 0.62
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potential measured in the exposure system is about 6 kV, and we
can estimate an electric field of about 3 MV/m roughly dividing
the potential by the 2 mm gap of the structure. In this regard,
Fig. 11(c) shows that, due to the highly non-linear profile of the
curve, applying a sequence of nsPEFs with 3MV/m amplitude,
around 2000 pulses will be necessary to start electroporation of
a solution of nanosized liposomes.

This is in line with what already found in [3], where feasibility
experiments on liposome nanoporation were carried out with
2000 nsPEFs delivered at 2 Hz with a maximum electric field of

14MV/m, using a standard parallel plate cuvette filled with lipo-
some solution with external medium conductivity of 0.03 S/m.

Moreover, in these microdosimetric modeling, temperature
changes in liposome solution during nsPEFs application were
evaluated. Figure 12 shows the temperature spatial distribution
for the E field of 8.8 MV/m, at 10 ns (Fig. 12(a)) and 100 ns
(Fig. 12(b)) of the 10th pulse. Here surface arrows describing
the gradient of temperature are reported and they underline the
effect of lateral boundary conditions as a way to widen the simu-
lation model. The temperature increase during nsPEFs application

Fig. 6. Results of the numerical simulations. (a) Top view of the GCPW with the E field distribution. (b) Side view of the GCPW with the E field distribution on the
central section of the solution sample. (c) Top view of the GCPW with the E field distribution at the bottom of the sample holder.

Fig. 7. Results of the scattering parameters |S11| and |S21| simulations and measurements of the GCPW system, respectively, in (a) and (b), in the absence (simu-
lation solid red curve, measure dashed red curve) and the presence of the sample holder filled with distilled water (dashed green curve) and NaCl solution (dotted
magenta curve). The solid red curve represents the numerical results of the empty structure. The magnitude of the nsPEF signal spectrum is reported in a grey curve.
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of about 0.15°C at 10 ns (panel A) is almost totally reduced at 100
ns (panel B) thanks to the heat exchanges with the external
environment.

Finally, our results show that, in order to remotely activate
nanosized lipid vesicles for drug delivery applications, it is pos-
sible to use a train of nsPEFs, choosing the best compromise
between the number of pulses and the intensity of the E field
applied, with minimal temperature increase.

Discussion

Liposomes as vesicular systems have attracted increasing attention
as a means to improve drug delivery systems, due to their possi-
bility to encapsulate both hydrophobic and hydrophilic cargos, to
be used in passive and active targeting and to enhance drug
bioavailability and therapeutic effects. The new challenge is the pos-
sibility to control their delivery bymeans of nsPEFs hence inducing
nanoeletroporation, opening the way to an electromagnetic based
smart drug delivery system. In this context, great attention is
devoted to systems able to deliver, in an appropriate way, the high
intense ultra-short electric field pulse, avoiding distortion of the

signal and guaranteeing the proper high intensity along with its
propagation. The standard way to deliver nsPEFs to liposome sam-
ples is based on two parallel plate cuvettes. In particular, nanoelec-
troporation as a way to remotely activate lipid vesicles for drug
delivery purposes has been recently demonstrated by the authors
using a standard cuvette as an exposure system [3]. However, in
these cases, particular attention has to be given to the transition
between the cuvette and the feeding coaxial cable. Moreover, in
the case of such standard sample holders, only liquid solutions
with very low values of conductivity can be used, due to reflections
coming from the load impedance dependence on the solution con-
ductivity. Conversely, results on numerical investigations of nano-
poration of lipid vesicles suggest the use of higher conductivity
solutions to easily permeabilize the lipidmembranewith lower elec-
tric field amplitudes [5, 6, 14].

Wideband GCPW, such as the one presented in this paper,
represents a good choice for nsPEFs exposure systems devoted
to applications of liposome nanoporation, overcoming the limita-
tions of impedance matching of standard parallel plate cuvette [6].
The system preserves in a good way signal integrity, even when
using the highest intensities. Moreover, the system is able to
expose liquids of different conductivity values with a wide range
of variability, mimicking the ones commonly used as a buffer
for liposome solutions. The multiphysics modeling supports the
outcome that the threshold for poration of liposome membrane
is overcome for at least one pulse of 9 MV/m and a train of six
pulses of 8.8 MV/m and a curve of the minimum number of
pulses to nanoporate is provided as a function of the E field inten-
sities; this suggests that the present system is good to be used for
liposome application looking at the best compromise between
nsPEFs train length and pulse amplitude. The numerical results
of temperature changes suggest that heat transfer occurs due to
nsPEFs application, but thanks to the ultra-short duration of
each pulse and the low pulse repetition frequency, heat exchange
with the environment can take place.

Conclusion

This work provides a complete characterization of an exposure
system to be used for delivering nsPEFs to a target made from
a solution of lipid vesicles. A numerical simulation in the time
of the exposure system demonstrates that the transmission of

Fig. 8. (a) Nanosecond pulse signal measured in time along the exposure system line, at 3, 6, and 9 cm from port 1, setting the generator at 6 kV. (b) Peak values
detected measuring the signal along the exposure system line and setting the input potential from the generator at 4, 6, and 8 kV.

Fig. 9. Signals measured inside the five sample solutions with conductivities from
5.6 × 10−4 to 1.4 S/m and the input voltage of 6 kV.
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the E field is homogeneous along the system, as expected.
Moreover, from numerical outcomes, we provide that it is possible
to use this structure to expose liposome samples to a homogenous
E field generated by the application of nsPEFs signal.

A full experimental and numerical characterization of the
entire laboratory bench is proposed, considering the absence
and the presence of a solution sample, mimicking an in vitro
experimental condition, in a wide range of solution conductivities.

Fig. 10. (a) Current density spatial distribution and E
field arrows reported at 10 ns of the first pulse. (b)
TMP spatial distribution on the membranes of lipo-
somes and E field arrows reported at 10 ns of the first
pulse. (c) Pore density spatial distribution on the mem-
branes of liposomes and E field arrows reported at 10 ns
of the first pulse and (d) the 10th pulse.

Fig. 11. (a) Evolution of the pore density profile in log scale reported at every 10 ns for a train up to 20 pulses. The pore density threshold is reported as a grey
dashed line. (b) The minimum number of pulses to nanoporate liposomes as a function of the E field intensities investigated. (c) Simulation data of the minimum
number of pulses to nanoporate liposomes (violet triangle markers) reported together with the second-grade fitting curve (R2 = 0.8995).

Fig. 12. Temperature spatial distribution together with
temperature gradient arrows evaluated at 10 ns (a)
and 100 ns (b) for the 10th pulse of the simulation
with an E field amplitude of 8.8 MV/m.
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Finally, a microdosimetric study is proposed to numerically evalu-
ate the response of liposome suspension as drug delivery systems.
The microdosimetric results give an estimate of the possibility of
nanoelectroporate liposomes modulating E field intensity and
many pulses.
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