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In electrochemotherapy two conditions have to be met to be successful – the electric ﬁeld of suﬃcient amplitude
and suﬃcient uptake of chemotherapeutics in the tumor. Current treatment plans only take into account critical
electric ﬁeld to achieve cell membrane permeabilization. However, permeabilization alone does not guarantee
uptake of chemotherapeutics and consequently successful treatment. We performed a feasibility study to determine whether the transport of cisplatin in vivo could be calculated based on experiments performed in vitro. In
vitro, a spectrum of parameters can be explored without ethical issues. Mouse melanoma B16-F1 cell suspension
and inoculated B16-F10 tumors were exposed to electric pulses in the presence of chemotherapeutic cisplatin.
The uptake of cisplatin was measured by inductively coupled plasma mass spectrometry. We modeled the
transport of cisplatin with the dual-porosity model, which is based on the diﬀusion equation, connects pore
formation with membrane permeability, and includes transport between several compartments. In our case,
there were three compartments - tumor cells, interstitial fraction and peritumoral region. Our hypothesis was
that in vitro permeability coeﬃcient could be introduced in vivo, as long as tumor physiology was taken into
account. Our hypothesis was conﬁrmed as the connection of in vitro and in vivo experiments was possible by
introducing a transformation coeﬃcient which took into account the in vivo characteristics, i.e., smaller available
area of the plasma membrane for transport due to cell density, presence of cell-matrix in vivo, and reduced drug
mobility. We thus show that it is possible to connect in vitro and in vivo experiments of electrochemotherapy.
However, more experimental work is required for model validation.

1. Introduction

for a successful treatment. In standard electrochemotherapy treatment,
after intravenous or intratumoral injection of chemotherapeutic delivered electric pulses enhance the uptake of chemotherapeutics into
tumor cells [18–20]. In electrochemotherapy, chemotherapeutics cisplatin and bleomycin are commonly used as described in the Standard
Operating Procedures [19, 21]. Starting in the late 1980s [22–24] with
preclinical experiments, followed by clinical studies [25, 26], intratumoral injection of cisplatin was introduced into the Standard Operating Procedures of the electrochemotherapy [19] and is now a wellestablished therapy in clinics across Europe [10, 11]. Cisplatin enters
cells by passive (diﬀusion) as well as active (endocytosis, pinocytosis,
macrocytosis, membrane transporters) mechanisms [27–29]. Tumor
cells can become resistant to cisplatin due to several mechanisms;

When biological cells are exposed to short high-voltage pulses, the
permeability of the cell membrane increases, presumably due to pore
formation following electroporation. As a result, membrane-impermeant molecules can pass the membrane [1–4], presumably through
newly formed pores. If cells recover, electroporation is called reversible.
If the damage is too severe and cells die, electroporation is called irreversible. Electroporation is used in biotechnology [5], food processing [6, 7] and medicine [8, 9], e.g. electrochemotherapy [10, 11], gene
electrotransfer [12, 13], irreversible electroporation as an ablation
technique [14, 15] and transdermal drug delivery [16, 17].
In electrochemotherapy, transport of chemotherapeutics is critical
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also include thermal relations [60].
We focused on the electrochemotherapy and drug transport after
delivery of electric pulses, i.e., electroporation. We performed a feasibility study to determine whether it is possible to model drug transport
in vivo based on the data obtained in vitro. Our hypothesis was that in
vitro membrane permeability coeﬃcients could be used to model the
transport of cisplatin in vivo. We used chemotherapeutic cisplatin as its
intracellular mass can be determined via measuring the mass of Pt by
inductively coupled plasma mass spectrometry [61] which is a very
sensitive and precise method. We exposed suspension of mouse melanoma cells to electric pulses in the presence of cisplatin and measured
the intracellular mass of Pt. We used the dual-porosity model to calculate the in vitro permeability coeﬃcient as a function of pulse number
and electric ﬁeld. We performed in vivo experiments on mouse melanoma tumors and measured the intracellular and extracellular Pt mass,
the mass of Pt in the serum, the mass of Pt bound to the DNA and
components other than the DNA (i.e., proteins and lipids). We built a 3D
numerical model of a tumor and by using the in vitro permeability
coeﬃcient calculated the mass of Pt in a tumor. We conﬁrmed our
hypothesis and determined that a transformation from in vitro to in vivo
was possible by introducing a transformation coeﬃcient which took
into account the smaller available area of cell membrane for transport
due to cell density, and presence of cell-matrix in vivo. Our model could
describe the amount of intracellular Pt and Pt in the interstitial fraction
in a mouse melanoma after electroporation. We show that the transport
at the cell level (in vitro) could be connected with the tissue level (in
vivo) and this connection could eventually be used in treatment planning. In future, however, diﬀerent tumor types and drugs should be
tested with our model to establish whether in vitro – in vivo connection
is valid also under diﬀerent experimental conditions than currently
tested in our present study.

modiﬁed transport or detoxiﬁcation, or increased DNA damage repair
[29]. However, if the mechanism of resistance depends on membrane
restriction of cisplatin uptake or increased pumping out of the cell, the
resistant and non-resistant cells were shown to respond similarly to
electroporation in vitro [30]. The situation in vivo was diﬀerent, as
electroporation was more eﬀective on parental than cisplatin-resistant
tumors, and it can only be hypothesized that additional factors could be
present. Cisplatin is known to have negative side eﬀects, among them
nephrotoxicity, ototoxicity, nausea, depending on the cisplatin concentration and administration of the drug [31]. When injected, it accumulates in diﬀerent organs (blood, liver, kidneys, brain) [32]. Electrochemotherapy oﬀers a possibility to deliver lower dose than in
chemotherapy while increasing local eﬀectiveness. When treating patients with electrochemotherapy, we can follow the Standard Operating
Procedures where electrode geometry, parameters of electric pulses,
chemotherapeutic dose, and administration route are predeﬁned [19,
21]. When tumors are outside the standard parameters, we can use
variable electrode conﬁguration [33]. With variable electrode conﬁguration, we need a treatment plan where the position of the electrodes
and electric pulse parameters are optimized to oﬀer suﬃcient tumor
coverage with above-threshold electric ﬁeld [34–38]. Current treatment
planning procedure could be upgraded by introducing a model of
transport to the treatment plan. In this case, the spatially and temporally dependent number of intracellular cisplatin molecules could be
calculated. Number of bleomycin molecules which must enter the cell
to cause cell death has already been determined to be a few thousand
[39]. If a similar dependency, i.e., a necessary number of internalized
molecules to cause cell death, would also be revealed for cisplatin,
treatment eﬃcacy could be more precisely predicted.
Usually, experiments are ﬁrst performed in vitro and then translated
to in vivo. However, it is diﬃcult to compare the transport during
electroporation in vivo and in vitro. In in vitro experiments with single
cell suspensions, the solute surrounds the cells, and the transport of
solute occurs via diﬀusion. Solute can pass cell membrane where the
membrane is permeabilized. The transport in the extracellular space is
not limited. If there is enough of solute in the extracellular space, the
transport stops when a cell membrane reseals after electroporation. The
transport through the membrane can be directly linked to cell membrane permeability [40]. In vivo, the initial solute concentration varies
spatially. All the solute available can enter cells before the membrane
reseals and although cell membrane is still permeable, it does not enter
cells anymore, i.e., the extracellular compartment can be locally depleted [41]. The transport of solute occurs via diﬀusion and convection
[42]. Cells are close together which decreases the possible area for the
uptake and decreases the induced transmembrane voltage due to electric ﬁeld shielding [41]. Already in spheroids, it was shown that
transport of small molecules was spatially heterogeneous, cells inside
the spheroid contained less of solute than cells at the rim of the
spheroid due to established concentration gradient [42, 43]. Electric
pulses cause vasoconstriction [44] which limits the transport of solute
in or out of a tumor and prolongs its exposure to chemotherapeutic. In a
tumor, increased interstitial pressure, heterogeneous perfusion, defective lymphatic circulation, binding of the drug to non-target molecules
and metabolism additionally aﬀect the transport [45–48].
Modeling is advantageous since it decreases the number of necessary experiments and facilitates understanding of the underlying processes. Several models of the increased uptake of molecules after electroporation exist. For example, statistical models which describe the
data well but do not include speciﬁc transport mechanisms [49], the
kinetic scheme of electroporation [50, 51], (electro)diﬀusion through a
permeable membrane or a single pore [52–56] and pharmacokinetic
models [57, 58]. We, however, decided to use the dual-porosity model
[40, 59] which is based on the diﬀusion equation, connects pore formation with membrane permeability, and includes transport between
several compartments - in our case between the intracellular space, the
interstitial tumor fraction and the peritumoral environment, and can

2. Materials and methods
2.1. In vitro experiments
2.1.1. Cell preparation
Mouse skin melanoma cell line B16-F1 was grown until 80% conﬂuency in an incubator (Kambič, Slovenia) at 37 °C and humidiﬁed 5%
CO2 in Dulbecco's Modiﬁed Eagle's Medium (DMEM, cat. no. D5671,
13.77 mS/cm, 317–351 mOs/kg). The cell line was tested to be mycobacterium free. DMEM was supplemented with 10% fetal bovine
serum (cat. no. F7524), 2 mM L-glutamine (cat. no. G7513) and antibiotics (50 μg/ml gentamycin (cat. no. G1397), 1 U/ml penicillinstreptomycin (cat. no. P11–010, PAA, Austria)) and was in this composition also used as electroporation buﬀer and for dilution of the
samples.
The cell suspension was prepared by detaching the cells by 10×
trypsin-EDTA (cat. no. T4174), diluted 1:9 in Hank's basal salt solution
(cat. no. H4641). Trypsin was inactivated with the DMEM containing
10% fetal bovine serum. For electroporation, cells were centrifuged
(5 min, 180 g, 21 °C) and resuspended in DMEM containing 10% fetal
bovine serum at concentration 2.2 × 107 cells/ml. The chemicals were
from Sigma Aldrich, Germany, unless noted otherwise.
2.1.2. Cell electroporation
The 3.3 mM stock cisplatin (Accord Healthcare, Poland) was diluted
in 0.9% NaCl, according to the manufacturer's instructions, and prepared fresh for each experiment. Right before experiments, 120 μl of
cell suspension was mixed with a required quantity of cisplatin to
achieve the desired concentration (usually 100 μM, unless noted
otherwise). 60 μl of the cell suspension was transferred between the
2 mm stainless-steel electrodes [62], and pulses were delivered with a
commercially available BetaTech electroporator (Electro cell B10, BetaTech, France). We varied the pulse number (1, 4, 8, 16, 32, 64) and
the electric ﬁeld (0.4 kV/cm, 0.6 kV/cm, 0.8 kV/cm, 1.0 kV/cm, 1.2 kV/
34
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cm) while pulse duration was 100 μs and repetition frequency 1 Hz. The
remaining 60 μl was used as a control and was transferred between the
electrodes, but no pulses were delivered. 50 μl of the treated and control
sample was transferred into 15 ml centrifuge tubes. 10 min after pulse
delivery (unless noted otherwise), the samples were diluted 40× in full
DMEM and vortexed. Samples were then centrifuged (5 min, 900 g,
21 °C) and the supernatant was separated from the pellet. Until the Pt
mass measurements, the samples were stored at −20 °C.
The following parameters were tested during establishement of our
protocol: 1) the eﬀect of extracellular cisplatin (1 μM, 5 μM, 10 μM,
20 μM, 50 μM, 100 μM, 200 μM, 330 μM) on the intracellular Pt mass 2)
time interval (5 min, 10 min or 20 min) between pulse delivery and
dilution on the intracellular Pt mass, 3) the binding of cisplatin to
proteins from fetal bovine serum by using DMEM with or without fetal
bovine serum as the electroporation buﬀer, 4) we also determined the
resealing time by adding 100 μM cisplatin 2 min, 5 min, 10 min and
20 min after pulse delivery. In the experiments mentioned in this
paragraph, 8 × 100 μs pulses at 1.0 kV/cm and 1 Hz repetition frequency were delivered.

2.4. Animals
Eight-week-old female C57Bl/6 mice (Envigo Laboratories, Udine,
Italy) were used in experiments. At the beginning of the experiments,
their body weight was between 18 and 20 g. All procedures were performed in compliance with the guidelines for animal experiments of the
EU Directives, the permission of the Ministry of Agriculture and the
Environment of the Republic of Slovenia (Permission no. U34401–1/
2015/16), which was provided based on the approval of the National
Ethics Committee for Experiments on Laboratory Animals. Mice were
kept in a speciﬁc pathogen-free environment with 12-h light/dark cycles at 20–24 °C with 55% ± 10% relative humidity and given food
and water ad libitum.
2.5. Treatment and sample collection protocol
One day before the experiment, mice were shaved on their right
ﬂank. Tumors were induced in the right ﬂanks of the non-anesthetized
mice with subcutaneous inoculations of 106 B16-F10 melanoma cell
suspensions in 100 μl of a physiological solution prepared from cell
culture in vitro. The treatment was performed 6–7 days post-inoculation
when tumors reached volumes of 35–40 mm3. Tumor volume was
measured using a vernier caliper. The tumor volume was calculated
using the following formula:

2.1.3. Cell death - irreversible electroporation
Survival after electroporation (without cisplatin) was assessed with
two diﬀerent assays. Short-term irreversible electroporation was measured 1 h after the treatment on ﬂow cytometer by the propidium iodide
uptake. The long-term irreversible electroporation was measured 24 h
after the treatment by a metabolic assay. Cells were prepared the same
way as described under Cell preparation. Electroporation was performed as described in Cell electroporation section, but we added 0.9%
NaCl instead of cisplatin.

V = π × e1 × e2 × e3 ÷ 6

(1)

where e1, e2, and e3 are three orthogonal diameters of the tumor [63].
During the treatment, mice were under isoﬂurane (Izoﬂuran Torrex
para 250 ml, Chiesi Slovenia, Ljubljana, Slovenia) anesthesia. To obtain
precise application of electroporation mice were initially anesthetized
with inhalation anesthesia in the induction chamber with 2% (v/v) of
isoﬂurane in pure oxygen and afterward, the mouse muzzle was placed
under inhalation tube to keep mice anesthetized during the experiment.
In experiments from [63], mice were randomly divided into three experimental groups, consisting of three animals per group. The three
groups were: 1) control group, where we intratumorally injected 80 μl
of physiological solution, 2) cisplatin group, where we injected 80 μl of
cisplatin (40 μg of cisplatin) and 3) cisplatin and electroporation group,
i.e. electrochemotherapy, where we injected 80 μl of cisplatin (40 μg of
cisplatin) and after 2 min delivered electric pulses. Pt mass in these
three groups was determined 60 min after injection as described in
[63].
In the scope of this paper, additional two groups were used with
three mice per group. The treatment consisted of an intratumoral injection of 80 μl cisplatin (40 μg of cisplatin). After two minutes, tumors
were excised, removed from the overlying skin and weighted. The blood
was collected from the intraorbital sinus using glass capillary tubes. In
the ﬁrst group, we measured Pt in a whole tumor, and in the second
group, Pt in several tumor compartments (serum, single cell suspension,
extracellular matrix, DNA) [63]. For total tumor Pt content detection,
tumors were frozen at −20 °C until analysis was performed.

2.1.3.1. Short-term irreversible electroporation. After application of
electric pulses, cells were incubated at 37 °C for 30 min. During these
30 min cells resealed. We added propidium iodide (Life Technologies,
USA) in ﬁnal concentration 136 μM. As reversibly electroporated cells
were already resealed, only irreversibly electroporated cells stained.
After 5 min in the propidium iodide, we measured ﬂuorescence on the
ﬂow cytometer (Attune NxT; Life Technologies, USA). Cells were
excited with a blue laser at 488 nm, the emitted ﬂuorescence was
detected through a 574/26 nm band-pass ﬁlter, and 20.000 events were
acquired. Two distinct peaks were formed on the histogram of
ﬂuorescence and percentage of dead cells was determined with
Attune NxT software (Life Technologies, USA).
2.1.3.2. Long-term irreversible electroporation. Long-term death was
assessed 24 h after electroporation with the MTS test (CellTiter 96®
AQueous One Solution Cell Proliferation Assay (MTS), Promega, USA).
20.000 cells per well were transferred into in a 96-well plate in
triplicates and then incubated for 24 h. 20 μl of the MTS was added
per well, and after 2 h at 37 °C, the absorbance at 490 nm was measured
with a spectroﬂuorometer (Tecan Inﬁnite 200; Tecan, Austria).
2.2. Statistical analysis

2.6. Platinum measurements

The statistical analysis was performed in SigmaPlot (v11.0, Systat
Software, USA). We performed the t-test when the normality test
passed, or the Mann-Whitney rank sum test when the normality test
failed.

For Pt determination inductively coupled plasma mass spectrometry
(ICP-MS) was used.
2.6.1. Sample digestion
All dilutions of the samples were made with ultrapure water
(18.2 MΩ cm) obtained from a Direct-Q 5 Ultrapure water system
(Merck Millipore, USA). Nitric acid (65% HNO3) and hydrogen peroxide (30% H2O2) were obtained by Merck Millipore, USA.
Samples of cell pellet were digested with 200 μl of concentrated
nitric acid, 200 μl of concentrated hydrogen peroxide and heated
overnight at 90 °C in the heating oven (Binder GmbH, Tuttlingen,
Germany). After the digestion, the samples were ﬁlled up to 5 ml with

2.3. In vivo experiments
In the in vivo experiments, part of the experimental data was reused
[63] (mass of the Pt 60 min after the treatment). We additionally performed experiments where we determined the mass of the Pt 2 min after
injection which corresponds to the time-point when electric pulses were
applied to determine the initial conditions of our model.
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The resealing time constant was determined by describing the resealing data with a curve:

MilliQ water and measured by ICP-MS.
Samples of supernatant ﬂuid were digested with one ml of concentrated nitric acid, one ml of concentrated hydrogen peroxide and
heated overnight at 90 °C in the heating oven. After the digestion, the
samples were ﬁlled up to 10 ml with MilliQ water and 2.5-times diluted
before ICP-MS measurements.
Samples from the in vivo experiments were digested at 90 °C for
approximately 36 h in 0.2 to 2.0 ml of a mixture of concentrated nitric
acid and hydrogen peroxide (1:1). After obtaining clear solutions,
samples were adequately diluted with MilliQ water before ICP-MS
measurements.

t
f (t ) = C exp ⎛− ⎞
⎝ τ⎠

Where C denotes the intracellular Pt mass if cisplatin is present at
the moment of pulse delivery, τ is the resealing time constant or time
when 63% of the pores/defects are resealed [64], and t is the time
elapsed since the end of pulse delivery.
In vitro, we used the dual-porosity model [40] to calculate the
permeability coeﬃcient. In Matlab (R2017a, Mathworks Inc., USA) we
calculated the permeability coeﬃcient (P) at t = 0 s which corresponds
to P0 by solving the diﬀerential equation:

2.7. Inductively coupled plasma – mass spectrometry measurements
Mass concentrations of Pt in the digested samples were determined
by the use of mass spectrometry with inductively coupled plasma (ICPMS) against an external calibration curve using Ir as an internal standard. Calibration standard solutions of Pt were prepared from Pt stock
solution (1000 μg Pt/ml in 8% HCl), obtained from Merck (Darmstadt,
Germany), and diluted in 2.6% nitric acid. Experimental conditions for
the ICP-MS instrument (Agilent 7900 ICP-MS instrument, Agilent
Technologies, Tokyo, Japan), summarized in Table 1, were optimized
for plasma robustness and adequate sensitivity.
For evaluation of the accuracy of the analytical method (digestion
procedure and ICP-MS analysis), the same quantity of cell pellet was
spiked with 20 μl of 500 ng/ml ionic Pt solution to reach ﬁnal Pt concentration of 10 ng/sample, while the supernatant ﬂuid was spiked with
20 μl of 50 μg/ml ionic Pt solution to reach ﬁnal Pt concentration of
1000 ng/sample. Spiked samples were digested in the same way as
described before. Recoveries (the ratio between the measured and expected Pt concentrations) were 101 ± 2% (N = 4) and 98 ± 1%
(N = 4) for spiked cell pellets and spiked supernatant ﬂuids, respectively.

∂cint
t 3
= P0 exp ⎛− ⎞ (cint − cext )
∂t
⎝ τ ⎠R

2.8.2. In vivo
Model of a tumor was constructed in Comsol Multiphysics® (v5.3,
Comsol AB, Stockholm, Sweden). The tumor was modeled as a sphere
with radius 2.03 mm which corresponds to 35 mm3, i.e., the average
volume of a tumor when the in vivo treatment was performed. Assuming
spherical symmetry, we modeled only 1/8 of the tumor, i.e., one octant
of the sphere (photo of a tumor is available in the Supplemental
Material). We used physics-controlled mesh with extra ﬁne element size
and conﬁrmed that with decreasing element size, the calculated intraand extracellular Pt mass did not change signiﬁcantly. In Comsol, two
equations were coupled and calculated in a whole tumor. In the intracellular space:

∂cint
3P (t )
=−
(cint − cext ) k
∂t
R

2.8.1. In vitro
From the in vitro results, we calculated the coeﬃcient of membrane
permeability to Pt (P). In vitro, the model of transport was relatively
simple – the initial concentration of the extracellular cisplatin was the
same for all the cells, there was enough of cisplatin so that we could
consider the extracellular cisplatin concentration constant. The whole
cell was surrounded by cisplatin which could enter from all sides, depending on the permeability of the membrane. By changing the pulse
number and voltage, we obtained the permeability coeﬃcient as a
function of pulse number and electric ﬁeld intensity. Permeability
coeﬃcient was a direct measure of membrane permeability.

∂cext
3P (t ) (1 − f )
= Dcddp ∇2 cext +
(cint − cext ) k
∂t
R
f

Micromist
Scott
Ni
1550 W
15.0 l/min
1.05 l/min
0.1 rps
8.0 mm
0 ml/min
5.0 V

193

(5)

Where cint and cext denote the intracellular and extracellular concentration, respectively, Dcddp is the diﬀusion coeﬃcient of cisplatin in
the extracellular tumor space, P is the permeability coeﬃcient, timedependent due to membrane resealing, R is the cell radius in vivo
(6.25 μm) [66], f is the fraction of cells in a tumor (37%) [66, 67], and k
is the transformation coeﬃcient which transforms the data from the in
vitro to the in vivo conditions. The initial conditions were
cint(t = 0) = 0 mM and cext(t = 0) = 1.6 mM. P was determined in the
in vitro experiments. The boundary conditions for the intracellular
concentration were no ﬂux on all boundaries and for extracellular
concentration, no ﬂux in the inner boundaries of a tumor and
cext(r = 2.03 mm) = 0 mM at external boundaries.
In a model, we varied parameters k and Dcddp and calculated the
intracellular and extracellular Pt mass for each combination of k and
Dcddp when k was between 0 and 1 in steps of 0.2 and Dcddp was between
2 × 10−8 cm2/s and 8 × 10−5 cm2/s in steps of 0.2 decades. Then, we
determined a global minimum and sampled the space around it with
higher resolution by changing k from 0.3 to 0.5 by 0.1 and Dcddp from
1.5 × 10−6 cm2/s to 2.5 × 10−6 cm2/s by 0.1 decades. The ﬁnal values
of the parameters k and Dcddp were chosen as the values with which we
achieved the best agreement with a measured mass of Pt in vivo and
were the global minimum.

Type/Value

195

(4)

And in the extracellular space:

Table 1
ICP-MS operating parameters for determination of elements.

Sample introduction
Nebulizer
Spray chamber
Skimmer and sampler cone
Plasma condition
Forward power
Plasma gas ﬂow
Carrier gas ﬂow
Nebulizer pump
Sample depth
He gas ﬂow
Energy discrimination
Data acquisition parameters
Isotopes monitored
Isotopes of internal standards

(3)

for the external concentration cext (100 μM), the resealing constant τ
(2.29 min), in vitro cell radius R (8.1 μm) [65], and initial conditions
cint(t = 0 s) = 0 μM. The permeability coeﬃcient was a function of time
as the permeability decreased with time due to membrane resealing.

2.8. Modeling

Parameter

(2)

Pt
Ir
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Fig. 1. Eﬀect of extracellular cisplatin (Cext) concentration on intracellular Pt
mass when 8 × 100 μs pulses of 1 kV/cm were delivered at repetition frequency
1 Hz (mean ± standard deviation). The results could be ﬁt well with a linear
function y = kcextwith k and R2 of 0.2672 and 0.99 for the treated and 0.0228
and 0.92 for the control cells, respectively. Each data point was repeated 3–5
times. Except for 1 μM extracellular cisplatin where the measured values were
below the detection threshold of 0.005 ng and we could not evaluate statistical
signiﬁcance, all electroporated samples were statistically diﬀerent from the
corresponding control samples (P ≤0.03).

Fig. 2. Eﬀect of incubation time after pulse application on the intracellular Pt
mass when 8 × 100 μs pulses of 1 kV/cm were delivered at repetition frequency
1 Hz and 100 μM extracellular cisplatin (mean ± standard deviation). Already
5 min after pulse delivery a plateau was reached. Each data point was repeated
3–6 times. All treated samples were statistically diﬀerent from the corresponding control (P ≤0.001). There was a signiﬁcant diﬀerence between 2 min
and 5 min exposure of treated samples (P = .02), other comparisons were not
signiﬁcant.

3. Results
3.1. In vitro experiments
First, we performed experiments to determine the eﬀect of extracellular cisplatin concentration, incubation time, fetal bovine serum,
and the resealing time on the Pt uptake. From Fig. 1 we can see that the
intracellular Pt mass was linearly dependent on the extracellular cisplatin concentration in control as well as in the electroporated cells.
Thus, we decided to perform all subsequent experiments with 100 μM
extracellular cisplatin and scaled our results to any concentration in the
tested range. In Fig. 2 we can see that 5 min after pulse delivery we
reach a plateau in the intracellular Pt mass. We thus decided to perform
all subsequent experiments with 10 min incubation time after electroporation. Next, we tested whether the presence of serum in the electroporation medium aﬀects cellular uptake of Pt (Fig. 3). There was no
statistical diﬀerence between the uptake with or without serum. In
Fig. 4 we can see how the membrane resealed after pulse application.
When describing the data with a ﬁrst-order dynamics (Eq. (2)), we
determined that the resealing time constant was 2.29 min. 10 min after
pulse delivery was cell membrane resealed which corroborates results
shown in Fig. 2.
In Fig. 5 intracellular Pt mass is shown as a function of pulse number
and electric ﬁeld intensity. We can see that the highest uptake was
achieved with eight pulses of 1.2 kV/cm (35 ng of Pt per sample). With
higher pulse number or higher electric ﬁeld, the intracellular Pt mass
decreased, presumably due to increased cell death, i.e., reduced cell
number in the sample. To explore hypothesis of cell death contribution,
we also performed experiments evaluating cell death. Results are shown
in Fig. 6 - in Fig. 6a is the short-term cell death measured by ﬂow cytometry one hour after the treatment and in Fig. 6b is the metabolic
activity measured by MTS assay 24 h after the treatment. We can see
that the results obtained with both assays correlate well. Survival starts
to decrease at electric ﬁelds above 0.6 kV/cm for any pulse number
tested. With 1, 4 or 8 pulses even at the highest electric ﬁelds, the
survival was not yet aﬀected. For calculating the permeability coeﬃcients, we have to take into account cell death and correct the

Fig. 3. Eﬀect of the presence of serum in the electroporation medium on intracellular Pt mass (mean ± standard deviation). There was no statistical difference in pulsed and control cells when serum was or was not present. Each
data point was repeated 3–5 times.

permeability coeﬃcient.
Due to increased cell membrane permeability, diﬀerent molecules
and ions can enter the cell in diﬀerent concentrations, depending on
their size, molecular weight and charge. Small molecules (several
hundred Da – e.g., propidium iodide, lucifer yellow, cisplatin, yo-pro1®) were shown to enter cells in 90–100% of their extracellular concentration [68]. In our experiments, we calculated intracellular cisplatin concentration in comparison to extracellular cisplatin concentration (Fig. 7). We reached 80% of the extracellular concentration
with eight pulses of 1.2 kV/cm (Fig. 7a). Lower cell membrane permeability or cell death decreased this percentage in case of other pulse
parameters. We took cell death into account by normalizing the intracellular concentration to the survival as determined by ﬂow
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intracellular and extracellular cisplatin concentration. The concentration is just an approximation since the concentration in the tissue/
tumor is most likely heterogeneous. Results are shown in Table 2.

Pt mass/sample (ng)

25
Electroporation
Control
1st order model

20

3.3. Modeling
By using the dual-porosity model, we calculated in vitro permeability coeﬃcient. We also took into account that the permeability
coeﬃcient is time dependent due to cell membrane resealing. We assumed that during resealing, the permeability of the plasma membrane
decreases exponentially with time, which has been conﬁrmed experimentally and by modeling [64, 69, 70]. Thus, the permeability coeﬃcient also decreases exponentially with time. The resealing coeﬃcient
was obtained by ﬁtting Eq. (2) to results, shown in Fig. 4 and optimizing the τ to obtain the highest R2 value of the model. In Fig. 8a we
can see the permeability coeﬃcient P0 at t = 0 s, i.e., when electric
pulses were applied, and the cell membrane was fully permeabilized
and in Fig. 8b, how the permeability coeﬃcient changed with time P(t).
For the in vivo conditions, we modeled transport in a tumor modeled
by a sphere consisting of intra- (tumor cells) and extracellular (interstitial fraction) space. In each compartment, the transport was described by the dual-porosity model. We determined the optimal diﬀusion coeﬃcient to be 2.1 × 10−6 cm2/s and the optimal transformation
coeﬃcient to be 0.3. We obtained temporal and spatial dynamics of Pt
uptake in the intra- and extracellular space. To compare results of the
simulation with experimental results [63], we simulated the transport
one hour after pulse delivery. In the model, the Pt mass achieved plateau sooner since cell membrane resealed in 10 min (Fig. 4) but we
simulated one hour more to be able to compare the simulation results
with the experimental results. Results are shown in Table 3.
The concentration of Pt in a tumor one hour after electroporation as
calculated by the model was heterogeneous with higher concentration
in the center of a tumor and gradually decreasing to the rim of a tumor,
where concentration was 0 mM (Fig. 9). Therefore, we compared the
mass of Pt which was calculated as an integral over the corresponding
volume fraction to the measured Pt mass in the in vivo experiments.
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Fig. 4. Membrane resealing after 8 × 100 μs pulses of 1 kV/cm were delivered
at repetition frequency 1 Hz and 100 μM cisplatin (mean ± standard deviation). Membrane resealed with a ﬁrst-order dynamics with a time constant
2.29 min which is shown in red. Each data point was repeated 4–6 times. 2 and
5 min data point was statistically signiﬁcantly diﬀerent between electroporated
and corresponding control samples (P ≤0.001 for 2 min and P = 0.045 for
5 min). There was also a statistical diﬀerence between 2 min and 5 min electroporated samples (P = 0.002). All other comparisons were not signiﬁcant.
(For interpretation of the references to colour in this ﬁgure legend, the reader is
referred to the web version of this article.)

4. Discussion
Our aim was to determine whether it is possible to model the
transport of chemotherapeutics in electrochemotherapy of tumors in
vivo based on experiments performed in vitro. On cell suspension, experiments are easier to perform, there are no ethical issues, and a large
spectrum of parameters can be explored. We could thus perform experiments in vitro and explore a large parameter space of electric pulses.
We then connected our results with the readily available in vivo results
and determined that a connection in vitro – in vivo was possible. Our
study thus nevertheless requires more experiments to determine whether the connection in vitro – in vivo could also be obtained in other
tumor types and with bleomycin.
The long-term goal of our work is to include a model of transport in
treatment planning of electrochemotherapy. In treatment planning of
electrochemotherapy, a critical experimentally determined electric ﬁeld
of permeabilization [71, 72] or statistical models [62, 73, 74] are used
to determine which area will be permeabilized/aﬀected and which not.
Permeabilization alone, however, does not guarantee treatment eﬃcacy
[10]. For successful electrochemotherapy, a suﬃcient amount of chemotherapeutics has to enter tumor cells and bind to DNA (the main
target of cisplatin) or target other molecules in the cell to prevent future
cell division and cause cell death. Current treatment plans of electrochemotherapy lack a model of transport and drug uptake in a tumor and
the cells. A number of internalized bleomycin molecules has been
correlated with the biological eﬀect and established that a few thousand
bleomycin molecules cause mitotic death while several million cause
cell death similar to apoptosis [39, 75]. A similar analysis should also
be done in future for cisplatin.

Fig. 5. Eﬀect of a number of pulses and the electric ﬁeld on the intracellular Pt
mass. 8 × 100 μs pulses were delivered at repetition frequency 1 Hz and
100 μM extracellular cisplatin (mean ± standard deviation). Each data point
was repeated 3–5 times. Data points were compared to the control. Comparison
was not signiﬁcant for 0.4 kV/cm and 1, 4 or 32 pulses; for 0.6 kV/cm and 1, 4,
8 or 64 pulses, for 0.8 kV/cm and 1 or 4 pulses. All other data points were
statistically signiﬁcant (P ≤0.05).

cytometry (Fig. 6a) and obtained graph in Fig. 7b. There we can see that
we obtain uptake higher than 100% and is increasing with increasing
electric ﬁeld and pulse number.
3.2. In vivo experiments
We measured the intra- and extracellular Pt mass and by taking into
account the size of cells and their volume fraction also calculated the
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Fig. 6. Decrease in cell survival due to irreversible electroporation. (a) Survival determined by ﬂow cytometry, one hour after electroporation and (b) by the MTS
survival assay, 24 h after electroporation (mean ± standard deviation). The legend is valid for both ﬁgures. Each data point was repeated 3–6 times. In (a) the
statistically signiﬁcant points with respect to the control were 0.8 kV/cm and 32 or 64 pulses, 1 kV/cm at 8, 16, 32 or 64 pulses and 1.2 kV/cm at 16, 32 or 64 pulses
(P ≤0.03). In (b) the statistically signiﬁcant points with respect to the control were 0.4 kV/cm at 8, 32 and 64 pulses, 0.8 kV/cm at 64 pulses, 1 kV/cm at 1, 32 or 64
pulses, 1.2 kV/cm at 8, 32 and 64 pulses (P ≤0.03).

In our paper, we showed that it is possible to connect the in vitro
experiments with the in vivo experiments. By using the dual-porosity
model, we accurately calculated the Pt mass in the intra- and extracellular tumor space. Our model could eventually be used to predict
treatment eﬃcacy from a number of molecules delivered to cells as a
function of the electric ﬁeld in the tissue.

Table 2
Intra- and extracellular Pt mass and the corresponding cisplatin concentration,
based on the measured volume of each tumor 2 min after injection of cisplatin
(initial conditions, when electric pulses are applied, t = 0) and at t = 60 min
after the therapy (cisplatin + electroporation, i.e., electrochemotherapy). From
the results at 60 min we subtracted the Pt in the control samples (without
electroporation) to focus only on the increased uptake of cisplatin after electroporation. The intracellular Pt masses at t = 0 min and t = 60 min were statistically diﬀerent (P < .02), i.e., the intracellular Pt mass was higher after the
treatment than before. The extracellular Pt mass before and after the treatment
was not statistically diﬀerent.

4.1. Experimental part

Intracellular Pt mass
Extracellular Pt mass
Intracellular cisplatin
concentration
Extracellular cisplatin
concentration

1.4

Fraction of extracelluar cisplatin

Fraction of extracelluar cisplatin

In vitro, we used mouse melanoma B16-F1 cells and in vivo, tumor
from mouse melanoma B16-F10 cells. B16-F1 and B16-F10 cells vary
only in their metastatic potential [76]. In vitro, increased uptake of
molecules after electroporation is relatively easy to determine using
ﬂuorescent dyes and techniques like ﬂuorescent microscopy, ﬂow cytometry, spectroﬂuorometry [77]. In vivo, the increased uptake of molecules after electroporation is challenging to assess. 57Co-bleomycin
[78], 111In-bleomycin [79], 99mTc-DTPA [80], 51Cr-EDTA [81], gadolinium [82], lucifer yellow [83] and cisplatin [22, 23, 30, 84–88] were
used previously. Cisplatin is a Pt-based chemotherapeutic what allows
to calculate the concentration of cisplatin by measuring Pt mass in a
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Fig. 7. The fraction of the extracellular Pt concentration, present in the intracellular compartment (mean ± standard deviation). a) Cell death was not taken into
account, and the intracellular Pt concentration was almost 80% of the extracellular cisplatin concentration. b) Results of the uptake were corrected for cell death as
determined by ﬂow cytometry one hour after the treatment. The maximal value of the intracellular Pt concentration was almost 140% of the extracellular cisplatin
concentration. The legend is valid for both ﬁgures.
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Fig. 8. The permeability coeﬃcient determined by the dual-porosity model for conditions, where survival was 100%. a) Permeability coeﬃcient at t = 0, i.e., just
after exposure to electric pulses. b) Permeability coeﬃcient as a function of time when 8 × 100 μs pulses were delivered at 0.4 kV/cm and 1 Hz repetition frequency
on a semi-logarithmic scale. The permeability coeﬃcient on (b) was used in the in vivo model.

diﬀusive and not electrophoretic or endocytic which is in accordance
with an already published study [89]. We decided to perform experiments at 100 μM and because of the linear dependency, results could be
scaled to any concentration in the tested range. 100 μM concentration
was used because it is in a similar range as used in other in vitro studies
[24, 90–92] and higher cisplatin concentration caused higher intracellular Pt mass which enabled to more accurately distinguish between intracellular masses at similar pulse parameters. 2) Fetal bovine
serum added to the growth medium consists mostly of proteins. Cisplatin unspeciﬁcally binds to proteins [61] and also to collagen [93]
which represents 5–10% of the matrix. The time dynamics of cisplatin
binding to proteins is in a range of hours [61, 94, 95]. Cisplatin, bound
to proteins, is biologically inactive [96]. Our results in vitro show that
binding of cisplatin to proteins in the fetal bovine serum in the ﬁrst
10 min was negligible (Fig. 3). Because cisplatin was observed to bind
to proteins in a time-range of hours-days, we did not include cisplatin
binding in the tumor model. 3) When we tested the inﬂuence of incubation time after electric pulse application, we determined that a
plateau is reached after 5 min (Fig. 2). Thus, we decided to wait in all
our experiments for 10 min after pulse application when the uptake due
to electroporation ended. The reason for reaching a plateau could be
that the increased uptake of molecules after electroporation is much
faster than the passive diﬀusion or active mechanisms, which exist in

Table 3
Experimentally determined and modeled mass of Pt in the intracellular and
extracellular space of a tumor 1 h after the treatment with electrochemotherapy
[63].

Intracellular Pt mass
Extracellular Pt mass

Experiments [63]

Model

67 ng
666 ng

65 ng
664 ng

known volume. The mass of Pt can be measured precisely even for very
low amounts by inductively coupled plasma mass spectrometry. As Pt
mass is easily determined in vitro as well as in vivo, we used cisplatin in
our study. Another possibility for Pt detection is attaching a contrasting
agent as a ligand to the Pt.
Before exploring the parameter space by changing the number of
applied electric pulses and electric ﬁeld, we tested 1) at what extracellular cisplatin concentration we should perform the experiments, 2)
if fetal bovine serum can be present in the medium, 3) how long should
we incubate cells after pulse delivery and 4) what was the eﬀect of
membrane resealing on intracellular Pt mass. 1) We determined that
with increasing extracellular cisplatin concentration, also intracellular
Pt mass increased. The dependency was linear which indicates that the
increased uptake of molecules after electroporation was mostly

Fig. 9. Modeled spatial dependency of Pt concentration 1 h after pulse delivery in mol/m3. (a) Intra- and (b) extracellular Pt concentration. Spatial distribution is
heterogeneous in both cases. The spatial coordinate is given in mm. Please, note diﬀerent scales of the concentration on a) and b).
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function of tissue morphology and decreases with increasing cell volume fraction and matrix volume fraction. It remains to be tested if the
transformation coeﬃcient can be used over several values of parameters of electric pulses and cisplatin concentration and if transformation coeﬃcient is a function of experimental conditions (e.g., tumor
cell volume fraction) [66].
Our initial conditions of the in vivo model were homogeneously
distributed 1.6 mM cisplatin in the tumor interstitial fraction. Initial
cisplatin concentration was determined from experiments by excising
tumors 2 min after cisplatin injection when usually electric pulses were
applied. According to our calculations, the initial cisplatin concentration in a tumor (1.6 mM) was similar to the concentration injected
(1.65 mM), which means that by injecting cisplatin we washed out the
interstitial ﬂuid and replaced it with cisplatin. Thus, part of cisplatin
volume was lost due to washout from the tumor, but the remaining
cisplatin was not diluted in the interstitial fraction, and it remained at
(almost) initial concentration. Initial cisplatin distribution was determined from the literature [23, 100]. Solutes are washed out relatively quickly from small tumors and with some delay from larger tumors [100]. In [23] it was determined that electrochemotherapy
treatment was most eﬃcient when electric pulses were delivered
0–5 min after intratumoral cisplatin injection. This time scale indicates
that in the ﬁrst 5 min after intratumoral injection the cisplatin distribution in a tumor is approximately homogeneous and not yet washed
out of a tumor. 0–5 min was a similar time range as used in our experiments (2 min) implying that approximating the initial cisplatin
distribution in the model as homogeneous is justiﬁed. In future, for
experimental determination of initial cisplatin distribution, a technique
like imaging mass cytometry could be used [93]. At 60 min after the
treatment, the cisplatin concentration was the highest in the center of
the tumor, which corresponds to previously published data – in [83] a
ﬂuorescent dye was injected, and in the tissue sections it can be seen
that the dye reached its highest concentration in the center of the
sample.
The volume fraction of cells in a tumor was calculated by the
method presented in [67] - the surface fraction of cells determined on a
slice is a good approximation of volume fraction. We used experimental
data [66] where the volume fraction of cells and cell matrix and cell
size in B16-F1 mouse melanoma tumors were assessed. We calculated
cell volume fraction of 37% in tumors. Since a tumor has a high cellular
fraction in comparison to our in vitro results, we took that into account.
The high volume fraction of cells decreases the induced transmembrane
voltage due to electric ﬁeld shielding [41, 101]. Considering the calculations in [102, 103] we can determine that the induced transmembrane voltage in cells in vivo is 76–88% of the one induced on a single
spherical cell. The average radius of cells in vivo was determined to be
6.25 μm [66] which is less than the average in vitro radius of
8.1 ± 1.1 μm [65] which means that according to Schwann equation,
the induced transmembrane on the cells in vivo is 77% of the in vitro
induced transmembrane voltage. We thus have to take into account the
decrease in induced transmembrane voltage due to cell proximity and
smaller cells in vivo. Considering this, the induced transmembrane
voltage in vivo is approximately 60% of the one induced on cells in vitro
at the same external electric ﬁeld. The voltage-to-distance ratio delivered to a tumor by parallel plate electrodes was 1.3 kV/cm. It was
numerically determined that the electric ﬁeld in a tumor was inhomogeneous [38], and in the center of a tumor, it was 0.6 kV/cm.
Taking into account the lower induced transmembrane voltage on the
cells in vivo, the conditions in vivo correspond to when 0.34–0.4 kV/cm
is delivered in vitro. Thus, the in vitro permeability coeﬃcient when
eight 100 μs, 0.4 kV/cm at 1 Hz were applied in vitro was used in the
tumor model. We also took into account cell resealing after pulse application and the decrease in cell permeability coeﬃcient. From the in
vitro results, we determined the time constant of resealing was 2.29 min
which is in agreement with the in vivo data (Fig. 2 in [23]). When eight
pulses at 0.4 kV/cm were delivered the survival was still 100% (Fig. 6),

the cells. Namely, it was shown that without electroporation, intracellular cisplatin concentration increases in a time-range of hours, in
vitro as well as in vivo [32, 97] The additional mechanisms could contribute to a higher transport and increase in the uptake on a longer
timescale. To focus only on the modeling uptake due to electroporation,
we subtracted the mass of the Pt in the control samples from the mass of
Pt in treated samples when calculating the permeability coeﬃcient and
comparing the results of our model with the experiments.
Electrochemotherapy is usually performed with 8 × 100 μs pulses.
However, we wanted our model to be valid in a larger parameter space,
which would enable its use also with other pulse parameters. Thus, we
applied in vitro 1 to 64 pulses. With increasing pulse number and
electric ﬁeld, the intracellular Pt mass increased with a peak at eight
100 μs pulses of 1.2 kV/cm (Fig. 5). We calculated the volume of all
cells (≈2 mm3) in a sample and using the measured Pt mass in the cells
calculated the intracellular Pt concentration. We determined that the
intracellular Pt concentration is up to 80% of the extracellular cisplatin
concentration (Fig. 7a). The high percentage is in agreement with the
mass of the cisplatin (300 g/mol) [68]. With some parameters of electric pulses, we were already irreversibly electroporating cells (Fig. 6)
which also aﬀected the determination. The uptake was decreased as can
be observed in the shape of the curves in Fig. 5, i.e., we reach maximum
at lower pulse number (eight pulses at 1.2 kV/cm or 16 pulses at
1.0 kV/cm) and then with increasing pulse number the uptake decreases. We thus normalized the percentage of intracellular cisplatin
concentration to survival and obtained values higher than 100%
(Fig. 7b) which indicates that either 1) cisplatin binds to DNA and
concentration gradient increases, and/or 2) cell death was not the only
reason for decreased uptake, and/or 3) some other cell death assay
would be more suitable, and/or 4) active mechanisms additionally
transport cisplatin into cells. We determined that eight pulses are the
optimal number to be delivered which is consistent with the standard
electrochemotherapy protocol [19, 21]. In our in vivo model, we used
the permeability coeﬃcient when cell survival was 100%.
In the in vivo experiments, we injected 26 μg of Pt by intratumoral
injection of 80 μl of cisplatin in 35 mm3 tumors. The volume of injection
was twice the volume of a tumor because we reused the data from [63]
to follow the 3Rs of the animal experiments [98]. Most of the injected
Pt was not measured. When a tumor was excised 2 min after cisplatin
injection, we determined that 27% of the injected Pt was still present in
a tumor and the serum. A part of cisplatin was lost due to lower tumor
volume than injection volume and due to washout of cisplatin from the
tumor. When a tumor was excised after 1 h, we determined that in a
tumor and serum there was 2% of the injected Pt in the control samples
(cisplatin injection, no electroporation) and 7% in the treated (cisplatin
injection and electroporation) samples. Thus, in vivo, the majority of
cisplatin was unaccounted for. Part of cisplatin was lost due to the used
methodology (when the tumor was mechanically disintegrated and
during blood collection) and part of cisplatin could accumulate in different organs and cause unwanted side eﬀects [99].
4.2. Modeling part
Our model is based on a hypothesis that cell membrane permeability in vitro and in vivo is similar when cells are exposed to the same
electric ﬁeld and pulse parameters. However, the transport in vivo is
decreased in comparison to the transport in vitro due to the hindered
transport of molecules in the in vivo environment due to the cell matrix,
lower diﬀusion coeﬃcient of molecules in the interstitial space and
close cell contacts. The transformation of the transport model from the
in vitro to the in vivo environment is challenging. We can use the in vitro
permeability coeﬃcient in the in vivo model, as long as we take into
account the geometric characteristics of tissue (cell volume fraction,
cell matrix volume fraction, cell size). We took the characteristics into
account by decreasing the transport by the transformation coeﬃcient.
In our model, we assume that the transformation coeﬃcient is a
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vivo experiments are needed, preferably with diﬀerent tumor types. Our
current hypothesis is that diﬀerent tumor types will aﬀect the diﬀusion
coeﬃcient of cisplatin and the transformation coeﬃcient in the interstitial tumor fraction depending on the volume fraction of cells in the
tumor, both decreasing with the increased volume fraction of cells in
the tumor. Also, diﬀerent sizes and volume fractions of cells in diﬀerent
tumors aﬀect the induced transmembrane voltage [102, 103]. Permeability coeﬃcient for diﬀerent tumor types should be calculated from
the experiments on corresponding cell types in vitro as diﬀerent cells
exhibit diﬀerent sensitivity to electric pulses [112]. 5) We modeled
intratumoral cisplatin delivery as suggested in the Standard Operating
Procedures of electrochemotherapy [19, 21]. However, for our model to
be useful for intravenous (i.v.) drug delivery, additional steps would
have to be performed to determine the initial spatial drug concentration
in the tumor. In the i.v. delivery, the drug has to overcome several
obstacles before entering the tumor – it has to extravasate from the
blood vessels, reach the tumor, overcome the increased interstitial
pressure and distribute throughout the interstitial tumor fraction [48,
105]. Modeling diﬀerent delivery routes is a large ﬁeld of ongoing research [48]. Diﬀerent delivery routes could be coupled to our model
and calculated separately as a ‘pre-model’.
In future, upgrades to our model are possible. We could include
kinetics of the binding of cisplatin to the DNA and resulting cell death
as was previously described at a cell level [113–116]. With our model,
we could predict not only the intracellular cisplatin concentration but
also cell death as a function of the electric ﬁeld in the tissue and injected cisplatin dose. For this, however, we would need to additionally
determine the number of molecules in the cell to achieve cell death.
To conclude, we designed our feasibility study as a test whether in
vivo drug transport could be calculated from results of the in vitro experiments. Since we obtained positive results, more experiments are
now warranted to validate our model in a wider range of experimental
conditions with respect to tumor type, choice of the drug and administration route. We aim to decrease the number of in vivo electrochemotherapy experiments, as in vitro experiments should give adequate results without the need for extensive parameter testing in vivo.

and there was no need for permeability coeﬃcient correction. The
calculated value of 0.4 kV/cm is also in agreement with the literature
where 0.4 kV/cm is usually assumed to be a threshold of electroporation for a tumor [83, 104].
In tumors, the transport diﬀers from normal tissues, as tumors have
an abnormal vasculature and increased interstitial pressure which facilitates cisplatin washout [105, 106]. In the interstitial space, two
mechanisms of transport are present – diﬀusion and convection. The
diﬀusion in tissues is lower than in water as tissue structures obstruct
the transport. In the literature, values of diﬀusion coeﬃcient for cisplatin or similar molecules are reported in the range of
0.1–0.7 × 10−6 cm2/s [107–109] which is less than the value we determined in our model (2.1 × 10−6 cm2/s). Electric pulses cause a
vascular lock which is present in the time range of hours, although
blood ﬂow is to some extent restored in ﬁrst 15 min [44]. It is possible
that the diﬀusion constant in our study is higher because a part of the
transport out of a tumor was due to convection, while we limited our
analysis to diﬀusion. However, convection introduces a new unknown
parameter (velocity) in the model, and here we decided to model the
transport as only diﬀusive. Also, vasoconstriction due to electric pulses
decreases convective transport from the tumor. In future, the convective transport could be included, but experimental data are needed
ﬁrst.
All models include simpliﬁcations. In our model, the following
simpliﬁcations were made and should be considered. 1) The tumor was
modeled as a sphere, and its physiology was considered to be homogeneous throughout the tumor. Also, the initial intracellular concentration and the electric ﬁeld in the tumor were considered to be
homogeneous. 2) In vivo, one combination of parameters of electric
pulses was tested (1.3 kV/cm voltage over the distance between the
electrodes, 8 × 100 μs pulses applied at 1 Hz repetition frequency). 3)
We modeled the uptake of one chemotherapeutic, i.e., cisplatin. 4) We
modeled one tumor type, i.e., melanoma. 5) We modeled one route of
administration, i.e., intratumoral.
The justiﬁcations for the simpliﬁcations are the following. 1) We
modeled the tumor as a symmetrical sphere, thus decreasing the complexity of the model and time of calculation, which was justiﬁable because mouse melanomas used in our experiments were spherical due to
a localized injection during inoculation. Further, its necrotic areas were
distributed throughout the whole tumor (a photo and the histology of
the tumor are available in the Supplemental File). However, our model
also supports other geometries; the only adaptations required would be
those of the geometry and the mesh. In reality, the electric ﬁeld in the
tumor is inhomogeneous [38, 83] which could be later included as
spatially dependent permeability coeﬃcient. We approximated initial
cisplatin distribution in the tumor as homogeneous and the cisplatin
concentration at the external border of a tumor to be 0 mM, although in
reality there is a smooth transition in the concentration between intraand extratumoral cisplatin. However, the initial spatial cisplatin distribution after intratumoral delivery was to the best of our knowledge
not yet determined. The size of the cells in vitro is statistically distributed [57] which could in future be included in the calculation of the
permeabilization coeﬃcient. 2) We have applied electric pulses in vivo
at only one pulse number, duration, and electric ﬁeld. Thus our model
is strictly speaking only valid at 1.3 kV/cm voltage over the distance,
8 × 100 μs pulses between the electrodes, which nevertheless is a
standard treatment parameter in electrochemotherapy. 3) The model
was tested with cisplatin, which is one of the two drugs used in electrochemotherapy treatments and its intracellular mass after electroporation has been determined under diﬀerent experimental conditions
[22, 23, 30, 63, 84–87]. Another molecule used in electrochemotherapy
is bleomycin [18] whose concentration can be determined by liquid
chromatography coupled to high-resolution mass spectrometry, as only
recently demonstrated [110, 111]. Similarly, any other molecule whose
intracellular concentration we can determine, could be used in the
model. 4) Our model was tested on only one type of a tumor, more in

5. Conclusions
With electrochemotherapy, we can eﬀectively treat tumors with a
combination of delivering chemotherapeutics and electric pulses. To
predict the treatment outcome or optimize the position of the electrodes, we ﬁrst calculate the electric ﬁeld distribution. We use the critical electric ﬁeld for reversible electroporation to determine reversibly
electroporated area, i.e., the area where electrochemotherapy would be
eﬃcient. In this study, we introduced a model of drug transport that
described the transport of cisplatin after intratumoral injection and
application of electric pulses in subcutaneous mouse melanoma tumor.
We modeled the transport of chemotherapeutic between several compartments – tumor cells, interstitial tumor fraction, and peritumoral
environment using the dual-porosity model. We described the uptake of
cisplatin in vivo by using the permeability coeﬃcient from in vitro experiments. By optimizing the parameters of the treatment in vitro, a
large spectrum of parameters could be easily tested, and a number of
experiments on animals could be reduced. We demonstrated that it is
possible to connect the experiments at the cell level (in vitro) to the
tissue level (in vivo). By including the calculation of the drug transport
into treatment planning of electrochemotherapy, the precision of the
outcome could be increased. More experimental work is however
needed to validate our model using diﬀerent tumor types, chemotherapeutics, and their delivery routes.
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