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ABSTRACT

Electroporation is employed ever more frequently and broadly to deliver energy to tissues and liquid
media in various applications, thus answering questions on the associated electrochemistry and elec-
trode material alteration is becoming important. The aim of the present study is firstly to introduce and
elucidate the basic relations between voltage, current, electrical impedance, and heat generation in the
medium, and secondly, to characterize electrode material alteration due to pulse delivery, both by per-
forming an in vitro and an in-silico study. Saline was used as a(n) (over)simplified model medium repre-
senting biological tissue, and exposed to high-amplitude, high-current electroporation pulses of varying
duration, polarity, and pulse repetition rate. The controlled experiment was conducted by using seven dif-
ferent electrode metals of high purity, delivering pulses using three different protocols, and concurrently
or sequentially measuring as many physical properties as available (electric current, voltage, electrode-
electrolyte impedance, temperature). The intent is to present a multi-physics approach to what is oc-
curring during procedures such as in vivo electrochemotherapy, gene delivery and in vitro gene trans-
fection, intracardiac irreversible electroporation/pulsed-field ablation, or indeed electroporation in liquid
food products such as juice. Modelling is also used to see whether it is possible to detect, via electrical
measurements, any alterations in medium properties (e.g. composition) due to electrochemical effects,
and if any such effects can be decoupled from the ohmic and thermal effects. Water electrolysis was ob-
served indirectly (gas production), but not detected by electrical measurements during pulse application.
Reactions at the electrodes alter the electrode electrical properties depending on the electrode material
as expected, which might be important especially in applications where the same electrodes are used for
delivery of electroporation pulses and also for sensing small electrical signals such as ECG for example.
The demonstrated approach using saline as a model medium allows for rapid validation, and can more
easily be developed further, as compared to experiments with more complex electrode materials (e.g.
alloys), media (e.g. fluids, growth media, biological cell suspensions), or tissues.

© 2020 The Author(s). Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

of the aspects that remains poorly investigated is however general
electrochemistry. Hereby we mean an ensemble of products and

Electroporation is a phenomenon of increased electrical conduc-
tivity and permeability to mass transfer of the biological cell mem-
brane. It occurs if a sufficiently large gradient of the electric field
across the membrane is established [1,2]. Parameters of the pulse
protocols (amplitude, duration, electrode geometry, etc.) for deliv-
ering the required energy to target suspension of cells or tissue are
extensively researched, and used in many applications [3-6]. One
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consequences of Faradaic reactions at the electrode-electrolyte in-
terface, facilitated by the electric current flowing through an elec-
trolyte. This process is inseparably associated with delivering high-
voltage pulses between an electrode pair in a conductive medium
[7].

Development of electroporation applications in the food pro-
cessing industry sparked an interest in associated electrochemical
reactions, leading to several studies on the subject [8-15]. Elec-
trochemical reactions in the food industry are important to un-
derstand and control due to food safety, quality (sensory percep-
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tion), and from the technological perspective due to electrode foul-
ing [8,9,14]. Safety is also related to the nature of electrode corro-
sion causing ion release, and the relative toxicity of the released
metal ions that can find their way into food. However, on the
grounds that exposure time of the food product to the treatment
and retention time in treatment chamber are rather short, the im-
pact of electrochemical reaction by-products to food safety ap-
pears not to have been under close scrutiny. The lack of interest
can also be attributed to adoption of corrosion-resistant materials
for manufacturing electrodes, such as titanium, which is a recom-
mended metal to be used in pulsed electric field delivery systems
[16]. On the other hand, there is a strong resurgence of interest
in electroporation as a tissue ablation treatment, and high stan-
dards and regulations require of new treatments that their safety
and efficacy be rigorously and repeatedly demonstrated by their
proponents. Among the biomedical applications, it is possible to
identify at least four main areas of focus: gene therapy including
DNA vaccination by means of gene electrotransfer (GET) [17], elec-
trochemotherapy (ECT) [18], irreversible electroporation (IRE) for
cancer treatment [19], and cardiac ablation for treatment of atrial
fibrillation [20-23].

Irreversible electroporation as a means of ablating tissue in
treating atrial fibrillation is in preclinical steps with regards to
interventional cardiac electrophysiology, with proven efficacy of
the technique by preclinical studies [21]. Over the more conven-
tional thermal/radiofrequency or cryoablation techniques, electro-
poration offers several benefits, e.g. good tissue specificity, induc-
tion of apoptosis in tissue rather than necrosis, and greater safety
for adjacent structures [22,24,25]. Much the same as with thermal-
based techniques for cardiac ablation, there are limitations to irre-
versible electroporation in its use for cardiac ablation. For example,
it has previously been conjectured that in order to achieve suc-
cessful long-lasting treatment effects, the electrodes need to be in
good contact with tissue [26]. Recent numerical simulations indi-
cate that proximity of the electrode to target tissue rather than di-
rect contact is sufficient for successful ablation [27]. Irrespective of
this, the contact area and quality will also affect thermal relations
in treated tissue and surrounding blood, which can affect forma-
tion of coagula (denatured blood proteins) on the electrodes for
high electrode temperatures [28]. Moreover, if the applied pulses
have a significant DC component to them or their individual phase
duration is too large, water electrolysis will lead to release of gases
and formation/coalescence of bubbles. Having entered the blood
stream, bubbles may cause damage, such as an embolism [29-34].
Good characterization of the phenomenon of water electrolysis and
its consequences inside a beating heart is therefore of great impor-
tance for ensuring safety of the technique.

One direction in literature dealing with electrochemistry at the
electrodes in the liquid medium during electroporation [7,11,13] is
treating the subject as if grounded in the theory of the low-voltage
electrolytic and/or galvanic cell. These cells - for reasons of practi-
cal importance and industrial interest - have been thoroughly in-
vestigated (as e.g. in the field of electroplating [35]). These tradi-
tional electrolytic/galvanic cells significantly and importantly dif-
fer in a number of aspects from the electroporation electrolytic-
type cell formed by the anode(s), cathode(s), and the cell suspen-
sion or tissue. The first aspect is the difference in frequency con-
tent; while DC fields and currents are used in industrial processes
such as galvanization, in electroporation, short rectangular pulses
(monophasic or biphasic) are commonly delivered that are of ei-
ther low, medium, or high frequency content. The frequency spec-
tra of voltage/current for typical electroporation protocols show
significant energy at higher frequencies (refer to Materials & Meth-
ods and Fig. 2b). Secondly, voltage amplitude of electroporation
pulses is several orders of magnitude greater than found in indus-
trial applications such as e.g. batteries or hydrogen fuel cells. Field
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strengths can reach MV/m and the associated electric current can
reach tens or even hundreds of amperes. Albeit the energy is de-
livered on a very short timescale [36], the amount of energy is
still considerable. This places us into the poorly chartered terri-
tory of AC, high-voltage electric field electrochemistry, which we
argue is different from the more familiar low-amplitude DC elec-
trochemistry. Field strengths of 1 MV/m (in bulk electrolyte, higher
fields can be reached in electric double layers at electrode surfaces)
are two to three orders of magnitude shy of non-linear, non-ohmic
field effects such as the Wien effect or the dissociation field effect
[37]. That is not to say that a linear relationship between the volt-
age and the resulting current is to be automatically presupposed.
We can state with certitude that a linear relationship will not be
observed in biological cell suspensions or tissues for known and
studied reasons [38-40]. However, by simplifying (reducing) com-
plex biological material to the simplest electrolyte (pure saline), we
have a chance to study the basics of electrochemistry using the
simplest possible model of biological cell/tissue medium.

One of the principal tasks of the present study is to evaluate
the (non)linearity of the voltage-current relationship, for which -
if observed - we would be prepared to offer a few possible ex-
planations. Electrode voltage and current densities at the electrode
surface drive Faradaic reactions of water electrolysis (water disas-
sociating to hydrogen protons and hydroxide ions), metal corro-
sion (metal ions release from the electrode), and electrode oxida-
tion. These processes can affect the delivery of subsequent pulses
by changing not only the chemical composition (and electro-
/physicochemical properties in turn!) of the solution, but also the
chemical composition and properties of the electrode surface (see
Fig. 1). Perhaps more importantly, in vivo applications, electrodes
delivering the treatment can also be used for sensing, i.e. for di-
agnostics purposes or synchronization with normal physiological
functions. For example, in electroporation for treating atrial fibril-
lation, the electrodes used for treatment may also be used for ob-
taining intracardial electrograms [22]. Changing properties of elec-
trodes is undesirable, as it can lead to amplification or attenua-
tion of the signal received from the electrodes during sensing. It is
also conceivable that thermal sensors (e.g. thermocouples) be inte-
grated into the pulse-delivering electrodes to monitor the temper-
ature at the electrode-tissue or electrode-blood interface. This is
important for minimizing risk of electrode fouling by protein de-
posits and formation of potentially dangerous coagula that could
embolize and enter the blood stream. We have set out to evaluate
how important electrode material alteration is by measuring the
pre- to post-pulse impedance of the electrode-electrolyte system.
We compare impedance measured for a repeatedly used electrode
pair with impedance of a “new” (i.e. refurbished surface) electrode
pair during consecutive repeats. The findings are relevant not only
in the domain of biomedicine, where repeated reuse of electrodes
in labs and veterinary practices can be problematic, but also in
food engineering [41]. Devices are already reaching the market us-
ing electroporation in combination with ohmic heating to process
food, intended for both professional and domestic use [42].

The other direction examining electrochemistry of electropora-
tion focuses on the effects of products of water electrolysis, i.e. H™
and OH™ ions, causing pH changes - an acidic front at the anode,
and an alkaline front at the cathode side [43]. These pH changes
can be so intense as to be damaging to the cells (pro- and eukary-
otic) and tissues, to an extent that allows for a treatment called
“electrolytic ablation”. In electrolytic ablation, the strong acidic and
alkaline front advancing through the tissue during application of
electric current are used to ablate the tissue [44-47]. Strongly
acidic or alkaline medium can also result in transient or permanent
changes in molecules, e.g. it can cause DNA denaturation and per-
manent damage through depurination and strand breakage [48-
50].
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Fig. 1. Photos demonstrating macroscopically observable changes and phenomena evidencing electrochemistry at the electrodes. Experiments for preparing all presented
photos were performed in 0.9% saline. (a) hydrogen gas production by water electrolysis at the cathode and subsequent bubble formation/coalescence (pure gold electrode)
during application of eight 100 pus monophasic pulses - the sequence of images demonstrates appearance of many smaller hydrogen gas bubbles at the moment of pulse
delivery, causing the light illuminating the electrode to refract on the bubbles, resulting in a “glow” effect, and coalescence of smaller bubbles to form larger ones, (b) metal
corrosion (aluminum cathode and anode, before and after extensive use in experiments), the strong etching of the tip is evident - a phenomenon particularly characteristic
of aluminum electrodes, and (c) oxidized anode (pure titanium) tip - the discolored part of the anode was submerged in saline during pulse delivery. Images of electrodes
in subfigure a. following the 4th pulse and before the ten seconds after the last pulse delivery are omitted from presentation, see video in the supplementary materials for

a complete chronological sequence.

Another important aspect when analyzing the voltage-current
relationship in an electrolyte solution is the effect of Joule heating
[38,51]. Electrical conductivity of saline (solution of NaCl in water)
substantially increases with temperature (dependence is stronger
than that of pure water [52,53]), thus increasing the current at a
given voltage. The reason is that current, Joule heating, and con-
ductivity are interlocked in a positive feedback loop (a case of pos-
sible thermal runaway). Performing any sort of precise conductiv-
ity measurements therefore requires careful control of the temper-
ature. A model simulation was set up to delineate the impact of
any electrochemistry to saline conductance or impedance from the
contribution of heating. The simulation enables us to theoretically
estimate how conductivity would behave, were it only for the ef-
fect of increased temperature. The 3D dynamical model is being
fed with the applied pulses recorded during the in vitro experi-
mental run. The simulation couples the physics of electric currents,
Joule heating, and heat transfer in liquids in order to simulate the

resulting current, which is compared to experimentally recorded
data.

To demonstrate some of the electrochemical phenomena at the
macro scale observed during experiments, we present Fig. 1, which
shows some of the effects observed at or on the electrodes. Elec-
trode corrosion is a known and ubiquitous problem, mitigated by
frequent changes of electrodes and/or using less reactive (noble)
metals and materials. Another potential issue is the formation of
oxygen, chlorine, and hydrogen bubbles. Regardless of whether the
bubbles are thermally or electrochemically produced, their forma-
tion and circulation along the blood stream pose challenges due
to their potentially pathological effects to tissues such as brain
and/or renal microinfarctions, etc. [29-34]. For an ultrasound im-
age of hyperechoic areas in liver during electrochemotherapy at-
tributable to bubbles forming and migrating with blood flow, see
figures in [54]. Video of hydrogen gas bubbles forming at the
cathode in 0.9% saline can also be found among the supplemen-
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tary materials to this paper (selected frames are presented as part
of Fig. 1).

Fig. 1 demonstrates why further studies of electrochemistry in
electroporation are necessary, and why, with the work presented
herein, we have quite literally just barely scratched the surface of
the subject in hand.

2. Materials and methods
2.1. in vitro experiments

We used 0.9% saline solution, in present time commonly re-
ferred to as normal or physiological saline. We refer to it in the
title of this paper under its original name “indifferent fluid” for
reasons explained in [55], and in continuation simply as saline for
brevity. Saline is a commonly used model of blood plasma or inter-
stitial fluid, kept simple enough for permitting theoretical analysis
of results. The saline was prepared as a 0.9% (w/v) NaCl in water
solution using water for ultratrace analysis (cat. no. 14211, Sigma-
Aldrich) and 99.999% pure NaCl (cat. no. 204439, Sigma-Aldrich,
USA). To confirm whether thusly prepared pure saline is a good
approximation of a medium normally used for cell electroporation
in vitro in terms of conductivity, we also performed a limited set of
voltage and current measurements using the cell growth medium
Nutrient Mixture F-12 Ham (cat. no. N6658, Sigma-Aldrich, USA).

Electric pulses using three different electroporation protocols
were applied to the saline using needle electrodes made of seven
different metals of high purity and/or metal alloys of known com-
position. Voltage and current were recorded in sequential capture
(segmented memory) mode with a DSO (digital storage oscillo-
scope) LeCroy HDO6104A-MS (Teledyne LeCroy, USA), while solu-
tion temperature was continuously recorded during pulse delivery.
For temperature sensor location, refer to Fig. 8a. Impedance before
and after pulse delivery was measured over a wide spectrum of
frequencies with a Keysight E4980A (Keysight Technologies, USA)
impedance analyzer utilizing the two-electrode method. The au-
thors are aware of and fully acknowledge the limitations and dis-
advantages of using a two-electrode method for impedance mea-
surements in lieu of the three- or four-electrode approach, how-
ever, as demonstrated in continuation (see Fig. 10 discussion), this
choice was intentional.

The three electroporation protocols were chosen such that the
ensemble consisted of one well-established protocol (in fields of
ECT and IRE) and two protocols of short biphasic pulses (see
Fig. 2a). The use of biphasic pulses has seen a strong resurgence
recently in electroporation research due to several alleged bene-
fits over longer, monophasic pulses, namely: i) more tolerable and
less intense muscle contractions due to lower degrees of indirect
or direct muscle stimulation [56-58], and ii) a better charge bal-
ance and reduced post-pulse polarization. Shorter biphasic pulses
are associated with less pronounced electrochemical phenomena
at the electrodes, are more likely to have a locally neutral pH im-
pact (alternating anode-cathode), and less intensively promote ox-
idation/metal erosion. In aid of interpretation of the following pro-
tocols description, bold letters in the text correspond to designa-
tions in Fig. 2a. Protocol 4-5-4-800: positive phase pulse of 4 s,
interphase delay of 5 ps, followed by a negative phase pulse of 4
ps (this 4-5-4 sequence forms one biphasic pulse p;), followed by
an 800 ps inter-pulse delay, a single such group (Gy) of 100 (p; to
P1oo) biphasic pulses was delivered in a single train (T;); and Pro-
tocol 1-1-1-1000: 1 ps positive phase pulse width, 1 ps interphase
delay, followed by a negative phase pulse of 1 ps width, with a
1000 ps (1 ms) inter-pulse delay, 400 such biphasic pulses (p; to
Paoo) Were delivered in a single group (Gq) of a single train (Ty).

For the monophasic pulse protocol, we chose the standard elec-
trochemotherapy protocol [59] of 8 pulses (p; to pg), all 100 ps
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Fig. 2. Pulses used in experiments and simulations; (a) generalized schematic
representations of pulse protocols consisting of biphasic (upper subfigure) or
monophasic (lower subfigure) pulses as visual aids in understanding durations of
pulses and delays; (b) amplitude-normalized Fourier single-sided spectra of the
pulse protocols used in the study. The bulk of the energy of the monophasic 100 ps
pulses is in the DC to about 10 kHz range, while the two biphasic pulse protocols’
energy peaks are in the higher, 50-200 kHz range, and their DC component tends
towards zero since they are biphasic.

Table 1

A summary presentation of the three pulse protocols used.
Parameter/Protocol “4-5-4-800”  “1-1-1-1000”  “8 x 100"
No. of pulses delivered 100 400 8
Mono- vs. biphasic biphasic biphasic monophasic
Repetition frequency* [Hz] 1230 997 3
Single phase length 4 1 n/a
Single pulse length* [us] 13 3 100
Interphase delay [us] 5 1 n/a
Inter-pulse delay [us] 800 1000 999,900

* Both phases together with the inter-phase delay (where applicable) form a

single pulse.

long [23], monophasic, with 1 Hz repetition frequency (inter-pulse
delay of 999.9 ms), with no reversal in polarity. Only one group
(Gq) of 8 pulses in a single train (T;) was delivered. This protocol
is henceforth referred to as Protocol 8 x100. For a clearer overview
of the three protocols used, protocol parameters are collected and
presented in Table 1.
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Fig. 3. Treatment chamber schematic. The 3D model as presented was drawn in COMSOL Multiphysics. Complete model on the left; (a) microcentrifuge, (b) electrodes, (c)

saline, and (d) air.

Fig. 2b presents an amplitude-normalized Fourier single-sided
spectrum of the three pulse protocols representing the frequency
content of used signals. Notice the Protocol 8 x 100 amplitude
spectrum differs significantly from the remaining two protocols,
its amplitude extending well into the DC range of frequencies; we
thus expect to see more pronounced electrochemistry effects (pro-
duction of gas, change of electrode impedance, ...) with this pro-
tocol.

The pulse number for each protocol was chosen such that all
three protocols would, were the voltage-current relationship and
electrical conductivity completely frequency-independent, yield
precisely the same energy delivered within a single train of pulses.
The total pulse train duration (time during which the pulse is
“ON”, in food applications also termed total treatment time) is equi-
librated across the three protocols, totaling 800 ps. Voltage at the
electrodes as set on the generator was 500 V in all cases except in
the part of the study performed to establish the voltage-current re-
lationship, where it was set at either 100, 200, 300, 400, or 500 V
(see Fig. 6).

For the treatment chamber, a standard 2 mL microcentrifuge
tube (ISOLAB, Germany) was used with a custom 3D-printed top
through which three holes were drilled; two holes for the two
electrodes, and one for the optic fiber temperature probe. The
electrodes were cylindrical in shape, of 1 mm diameter, spaced
5 mm apart cylinder center-to-center. The geometry is given in
Fig. 3 and can also be found among the supplementary materi-
als. The temperature probe was inserted through the third hole
in the plastic top located slightly (by 1 mm) off the hypothetical
center line drawn through both the electrode holes, and equidis-
tant to the two electrodes. The temperature was recorded using
an OpSens optical thermometer PSC-D-N-N with single channel
module PSR-G1-10-100ST (OpSens Solutions Inc, Canada) and an
OTG-MPK5 fiber optic temperature sensor from the same manu-
facturer. The optic sensor used has a response time lower than
225 ms and high accuracy of + 0.3 °C over its operating range
of 20 to 45 °C. The chamber was partially filled with 1.1 mL
of 0.9% saline, and electrodes were immersed into the saline
such that the distance between the bottom of the electrodes
and the bottom of the plastic top of the microcentrifuge was
exactly 25 mm. This configuration results in 10.5 mm of each
electrode being immersed in saline for a total area of 33 mm?

(i.e. the surface of the electrode immersed in saline, per one
electrode).

Electrode materials were of high purity, pairs of electrodes
were made from: platinum electrodes 99.99% pure Pt (cat. no.
PT005155, Goodfellow Cambridge); stainless steel 304 (cat. no.
FE225150, Goodfellow Cambridge) composed of 17-20% Cr, < 2%
Mn, 8-11% Ni, < 800 ppm C and Fe balance; titanium was 99+%
pure grade-2 titanium (Gema Fast, Netherlands); nitinol (Ni/Ti al-
loy) was nitinol Niti#1 (Fort Wayne Metals, Ireland) composed of
54.5 - 57.0% Ni, max. 500 ppm C, max. 500 ppm N + O, max.
50 ppm H and Ti balance; tantalum used was 99.9% pure Ta (cat.
no. TA005160, Goodfellow Cambridge); gold was 99.99% pure Au
(cat. no. AU005170, Goodfellow Cambridge); and the platinum-
iridium alloy was 99.9+% pure Pt/Ir 90/10 (cat. no. 900817, MaTecK
(Germany)).

For the purposes of producing video recordings and images
of bubble release and electrode erosion as presented in Fig. 1,
we used an unbranded digital microscopic camera with adjustable
zoom (1x to 1000x) and focus. For the bubble release recordings,
the electrodes were immersed into saline inside cell culture flasks
of 25 cm? growth area (TPP, Switzerland) and video was recorded
through one of the two optically transparent polystyrene sides of
the vessel. Cell culture flasks were used exclusively for recording
bubble release videos due to their optic properties and were not
used elsewhere in this study. In all other geometrical aspects (e.g.
inter-electrode distance, electrode diameter, depth of immersion
into saline), the bubble release setup is identical to the setup using
microcentrifuges.

The complete experimental setup can be found in Fig. 4. Ad-
ditional components not previously mentioned involve a laptop
computer for recording the temperature (via an Ethernet link)
and impedance (via a USB link), and also controlling a custom-
made relay switchbox (University of Ljubljana, Faculty of Electri-
cal Engineering, Laboratory of Biocybernetics) that permits fast
manually- or software-controlled timed switching of electrodes be-
tween the pulse generator and the impedance analyzer. The com-
plete schematics of the circuit board of the switchbox are avail-
able among the supplementary materials. Pulse generator used
was a tablet-controlled laboratory unit custom designed and built,
H-bridge based digital amplifier with 1 kV MOSFETs (DE275-
102N06A, IXYS, USA) [60].
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Fig. 4. The complete experimental setup. From left to right: Optical thermometer (1) and a sequencing DSO (2) with high-frequency, high-voltage (3) and high-current
(4) probes, impedance analyzer (5) and computer-controlled relay switchbox (6), microcentrifuge stand (7) and pulse generator (8) with an additional externally-housed
capacitor (9) and tablet control unit (10), and a laptop computer (11) for data acquisition and switching control.

2.2. In silico modelling

COMSOL Multiphysics (COMSOL AB, Sweden) was used to
model the microcentrifuge and the saline with immersed elec-
trodes to simulate the experimental setup with geometry shown
in Fig. 3. The model involves Electric Currents and Heat Transfer in
Liquids physics and features a time-dependent study whereby ei-
ther heat transfer and electric currents are modelled concurrently
(during the pulse “ON” time), or heat transfer exclusively (dur-
ing the pulse “OFF” time). The Electric Currents and Heat Trans-
fer physics are coupled via the electric current (Joule heating) and
conductivity of saline; electric current through the saline as an
ohmic load generates heat, which raises conductivity, which in
turn augments the current. During the pulse “OFF” time, heat dis-
sipates to an extent which is an effect particularly important for
pulse protocol 8 x 100. Heat transfer is included by means of the
Heat Transfer in Solids and Fluids physics in COMSOL, which effec-
tively means we are modelling conduction (w/o mixing) through a
liquid and through solid electrodes. Microcentrifuge tube is consid-
ered an ideal isolator, i.e. heat conservation principle applies to the
system. Heat generation due to current flow is modelled via inclu-
sion of the Electromagnetic Heating Multiphysics module, coupling
the Electric Currents physics describing the electrical relations in
the system with the aforementioned Heat Transfer in Solids and
Fluids physics for the thermal model.

The time-dependent electric currents model requires prescribed
voltage at the electrodes as a boundary condition. We prepared a
suitable experimentally recorded pulse train sample for each pulse
protocol that was sampled on the DSO at high frequency, then fil-
tered and decimated using MATLAB (Mathworks, USA), and im-
ported into COMSOL as interpolation functions (in COMSOL termi-
nology). The raw signals and their filtered counterparts are pre-
sented for a single 100 ps pulse (Protocol 8 x 100) in Fig. 5. Note
that we neglect the effects of electrode polarization on the re-
sults of the simulation, since the voltages on the electrodes dur-
ing pulses are on the order of hundreds of V, orders of magnitude
above the voltage drop on the ionic double layer. The output of the
simulation is the resulting current flowing between the two elec-
trodes, obtained from the model by means of ordinary surface in-
tegration of the normal current density (designated ec.nf by COM-
SOL) along a single electrode. This resulting calculated current can
then be compared against the experimentally recorded current for
analysis.

Note that voltage and current pulse shapes for biphasic pulses
are similar in terms of noise and transient phenomena to the Pro-
tocol 8 x 100 examples in Fig. 5, and so are omitted from the pa-
per for brevity. Also note that consecutive pulses will look almost
identical to the first pulse for the voltage signal, however the cur-

rent will slightly increase in amplitude due to conductivity changes
brought about by Joule heating.

3. Modelling the current distribution

In order to support our modelling approach, we present a short
theoretical introduction, based on COMSOL's documentation on ap-
plicability and use of the primary, secondary, and tertiary current
distributions, as available from [61,62].

The electrolyte is an ionic conductor, wherein the net current
density can be described as:

il:FZZiNi (1)
i

where i, denotes the current density vector (A/m?) in the elec-
trolyte, F is the Faraday constant (C/mol), and N; the flux of species
i (mol/(m?2s)). The electrolyte charge number is denoted z. The
flux of an ion in an ideal electrolyte solution can be described
by the Nernst-Planck equation, which accounts for the flux of so-
lute species by convection, migration, and diffusion, as follows in
Eq. (2):

N; = ciu — ziup ;F¢;Vg — DV ¢ (2)

In Eq. (2), ¢; is the concentration of the ionic species i (mol/m3),
D; is the diffusion coefficient for ion i (m?/s), uy,; the mobility of
ionic species i in the given electrolyte (s-mol/kg), ¢; is the elec-
trolyte potential, and u the velocity vector (m/s).

Inserting the Nernst-Planck equation (Eq. (2)) back into the ex-
pression for current density (Eq. (1)), we obtain:

. D;
lIZUFZZiCi_FZV(PlZZizRi-}Ci_F VZZ{D,‘C,’ (3)
i i i

where we have also substituted the mobility for its resolved term
of D;/RT. The principal governing equation is the conservation of
current, which in general must include the electrolyte current
source term Q; (A/m3):

V=0 (4)

The conservation of charge must be respected throughout, and
in general it must also be conserved at the interface of the elec-
trode and the electrolyte. Between these two domains, current is
transferred either by an electrochemical reaction (i.e. electrolysis
or Faradaic current), or by dynamic charging or discharging of the
charged double layer of ions at the surface of the electrode, which
is called capacitive or non-Faradaic current.

If we can assume that one or more of the terms in Eq. (3) are
sufficiently small to be negligible, equations simplify. There are
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Fig. 5. Experimentally recorded pulse voltage (a-c) and current (d-e) and the corresponding filtered and decimated signals. The raw signal as captured is shown in blue,
decimated signal in red. Subfigures (a) and (d) are zoomed in along the ordinate to render noise and amplitude dynamics more visible, while (c) and (f) show the pulse
turn-off transitory phenomenon and the effect of filtering to its elimination before the signal is imported for use into COMSOL. Signals featured in this figure are captures of
Protocol 8 x 100, where only the first pulse (out of 8 in a train delivered at 1 Hz) is shown. (For interpretation of the references to colour in this figure legend, the reader

is referred to the web version of this article.)

three different current distribution classes in electrochemical anal-
ysis (the primary, secondary, and tertiary current distribution),
which one of them is applicable depends on assumptions. These
are chosen depending on the relative influence of different con-
tributing factors affecting the current distribution (convection vs.
migration vs. diffusion) when analyzing the Nernst-Planck equa-
tion.

The primary current distribution accounts only for losses due to
solution resistance, neglecting the impact of finite rate of electrode
kinetics and concentration-dependent effects. The charge transfer
in the electrolyte is assumed to obey Ohm'’s law. This supposition
is based on two important assumptions: firstly, we assume elec-
trolyte electroneutrality, i.e. )" z;c; = 0; and secondly, we assume

1
composition variations in the electrolyte to be negligible (homoge-
neous electrolyte). These assumptions leave us only with the mid-
dle term on the right-hand side of Eq. (3), which results in Ohm’s
law for electrolyte current density.

. D;
i = *F2V¢lzzz‘2ﬁci (5)
i

Note that the assumption of electroneutrality is reasonable for
an aqueous electrolyte solution, but not necessarily for biological
systems where charge separation on the ion-selective membrane
can occur.

For considering only the primary current distribution, an-
other assumption must be made concerning the conditions at the
electrode-electrolyte interface. If we can assume that the electrol-
ysis reaction is fast enough, it is possible to neglect the finite rate
of electrode kinetics, then the potential difference at the electrode-
electrolyte interface should not significantly deviate from its equi-
librium value. This means there should be an absence of an ac-
tivation overpotential, and an arbitrary current density can occur
anywhere along the surface of the electrodes through electrolysis.
If so, then the primary current distribution only depends on the
geometry of the anode and of the cathode.

If the above assumptions can be made, the electric current den-
sity is as given by Eq. (5), and the system governing equations are
thus

V.(-oVe¢) =0 (6)

o:FZZzizﬁc,- (7)
where o denotes electrical conductivity (S/m).

4. Results and discussion
4.1. Pulse protocol and the voltage-current relationship

In order to determine whether electrode-saline system behaves
as an ohmic load for electroporation protocols tested, we first per-
formed a simple experiment to see if the voltage-current relation-
ship is indeed linear, at least in the stationary state of the pulse,
i.e. after the transient response of the system has passed. The
same experiment was then simulated using the COMSOL model to
see if it can predict the measured currents, which it successfully
managed. The initial electrical conductivity of saline was obtained
from tabulated data by interpolation or extrapolation, based on the
given concentration of NaCl and saline temperature [53,63,64]. For
analysis we took the initial current values after the transient phe-
nomenon or “capacitive charging spike” (see Fig. 5) in current due
to electrode polarization and (re)orientation of water dipoles in the
saline can be considered complete, and before the onset of signifi-
cant changes in conductivity due to Joule heating of the saline (re-
fer to moment of sampling, ts, in Fig. 5). The results are presented
in Fig. 6.

As Fig. 6 clearly demonstrates there is a remarkably linear re-
lationship between the voltage at the electrodes and the current
through the electrolyte. This relationship was verified also in the
growth medium (i.e. F-12 Ham - data not presented), from which
we can conclude that 0.9% saline is a good model for delivering
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Fig. 6. The electric current as a function of voltage for the three pulse protocols at
five different voltages in the range of 100 to 500 V.

pulses in the growth medium from an electric perspective. Were
we to use smaller voltages (within range of mV or up to a few
V), we would expect to see a nonlinear relationship, since elec-
trode kinetics (finite rate of electrolysis), and limited diffusion rate
play an important role at low voltages. This confirmation of the
ohmic behavior of our electrode-electrolyte system is important
as it justifies the use of the simpler Electric Currents module in
COMSOL. At this point we should also demonstrate, by means of
a quick calculation, that the solution composition remains largely
unaffected by water electrolysis. Experimental current amplitude
was just shy of 10 A. For 8 pulses of 100 us, this equals 0.0076 C
of charge, which results in the electrolysis of about 4 x 10~8 mol
water, which is less than 0.07% of the total amount of water in the
microcentrifuge tube; meaning that the chemical composition of
the medium remains largely unaffected by water electrolysis.

4.2. The coupled temperature-current model - effect of heating on
saline conductivity

As previously mentioned, the electric current flowing through
saline at a constant voltage is expected to rise due to Joule heat-
ing of the medium. Heating the medium will increase its electri-
cal conductivity, rising the current. The 0.9% saline exhibits a de-
pendence of the electrical conductivity on the temperature, in the
range of about 2.3 to 2.5%/ °C [53,63]. The increase in current can
be seen during the pulse (intra-pulse), provided the pulse is long
enough to result in considerable heating of the saline. There can
also be noticeable heating from one pulse to the next (inter-pulse)
if the pause between pulses is sufficiently short. The intra-pulse

Table 2
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current augmentation due to changes in medium conductivity can
be observed for the case of Protocol 8 x 100, see Fig. 5; while the
voltage begins to drop during the second half of the pulse, the cur-
rent is still augmenting, albeit marginally. In case of a purely ohmic
load, this can only be interpreted as direct consequence of in-
creased saline conductivity. We have confirmed this by performing
an EIS (electrical impedance spectroscopy) analysis of the saline
over a range of temperatures and estimated conductivity from the
high-frequency impedance. For further information, refer to the re-
sults comments accompanying Table 2.

Our model, provided with the voltage signal u(t) at the elec-
trodes and the conductivity as a function of temperature curve
- o(T), simulates the electric current density distribution i(tg) at
the beginning of the pulse. This current results in inhomogeneous
Joule heating Q(i), and we obtain the resulting temperature distri-
bution T(ty) within the saline. This distribution is, during the next
time step (voltage remains constant or changes according to the
input voltage signal u(t)), used to recalculate the electrical conduc-
tivity o(t;) distribution according to the o(T) curve. This conduc-
tivity is then used to obtain the electric current density distribu-
tion i(t1), and so forth until the end of the simulation. Fig. 7 illus-
trates this process with a current density distribution and a tem-
perature distribution at the end of a single 100 ps pulse. Note that
the measured conductivity during the pulse is about 50 €2, which
may seem low upon first evaluation of the setup geometry. How-
ever, as the current density distribution in Fig. 7b clearly shows,
current flow lines deviate in the radial direction. Current is thus
dispersed over a wider area/greater volume, and the effective area
for current to flow is effectively much larger than if the electrodes
were parallel plates of equal dimensions as needles, and with the
medium only present in between the electrodes.

Most significant weakness of the presented experimental ap-
proach stems from the method of measuring and recording tem-
perature during pulse application, the accuracy of which is im-
portant for model validation purposes, but unfortunately the mea-
surement exhibits strong sensitivity to sensor placement due to
small chamber dimensions, comparably large size of the temper-
ature sensor, and inhomogeneity in current and heat distributions
due to use of thin needle electrodes (use of plate electrodes would
have helped in this respect). It is with considerable difficulty that
we can ensure the tip of the temperature sensor is placed consis-
tently into the microcentrifuge into precisely the same point every
time (relative to the electrodes). For experimentation we have en-
deavored to prepare and maintain the temperature sensor setup to
be as stable as possible by making the plastic tops of microcen-
trifuge tubes thick enough, so that the opening through which the
sensor is inserted also acted as a guide, stabilizing the sensor in
the axes x and y (see Fig. 8) that are perpendicular to the axis of
insertion (i.e. z). In the direction along the electrode insertion (z
coordinate in the model, see Fig. 3), repeatability can be improved
if we aim for such depth of needle electrode insertion so that the
needle electrode tips are aligned with the tip of the sensor when

Experimentally recorded relative current increase from first to last pulse vs. the corresponding current
increase as predicted based on temperature increase, for all three tested pulse protocols. Gold (Au) elec-
trodes were used for experiments to limit the effects of electrode oxidation, pitting, etc. Voltage was

500 V in all experiments used to produce the table.

Absolute error

Relative predicted to
measured Measured Predicted measured
current temperature relative current current
increase [%] rise [K] increase [%] increase [%]
Protocol 8 x 100 3.12 1.47 3.17 0.05
Protocol 4-5-4-800 2.97 1.40 3.02 0.05
Protocol 1-1-1-1000  4.27 1.93 4.19 —-0.08
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distribution at the end of the first 100 us pulse (Protocol 8 x 100). The base (ambient) temperature was 299.15 K (26 °C), which augmented locally to a maximum of
302.30 K (29.15 °C) at the hottest point close to the tip of the electrodes at the end of the 100 ps pulse. Note: The color legend in subfigure c) is capped at 2 K.
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Fig. 8. Validation of the dynamic model of voltage-current relations in saline; (a) red dot indicating the approximate location of the temperature sensor tip in the experi-
mental setup, (b) simulated temperature dynamics for one train of 8 pulses of 100 us delivered at 1 Hz (Protocol 8 x 100) at the point identified in the preceding subfigure,
with comparison to the experimentally measured temperature at that point. Gold (Au) electrodes were used for experiments. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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viewed from the side of the tube. We performed several experi-
ments using a secondary temperature probe to make sure the pri-
mary temperature gauge remained within the specified range for
dynamics, resolution, and accuracy.

Fig. 8 conveys the approximate location of the temperature sen-
sor tip as used in the experiments for model validation. We mea-
sured the temperature slightly off-center, i.e. about 1 mm from the
plane in which the two electrodes lie, and equidistant to the two
electrodes. From the strategic point of view the chosen location is
not ideal, as the temperature gradient can be substantial at this
point (see Fig. 7). It is, however, the position in which - given the
chosen geometry and setup - it was easiest to achieve good re-
peatability of sensor positioning. Given a more elaborate measure-
ment setup, we would have opted for a location approximately 4-
5 mm higher along the z axis, i.e. somewhere right in the middle
of the submerged part of the electrode lengthwise.

Although the simulated temperature does not exactly match the
experimentally determined curve, the comparison must be made in
light of the simplifications and assumptions we have made during
model construction. Our proposed explanation is that there is an
unaccounted-for effect of cooling at the point of analysis, which
becomes evident after pulse 6. The point under examination is
cooled either via the metal electrodes and wires, or, more likely,
via some other transfer mechanism (e.g. convective flow within
the tube). This additional cooling results in the temperature drop-
ping more rapidly during pauses in between pulses, in contrast to
the simulation. The apparent discrepancy in rise time during the
pulse can be attributed to limited dynamic response of the sensor,
which is unable to keep up with the almost instantaneous (as sim-
ulated) temperature rise. In order to incorporate the impact of sen-
sor’s finite response time, we imported the obtained temperature
dynamics from COMSOL into MATLAB, where it was filtered using
a first-order Butterworth filter with a cut-off frequency of 5 Hz
(sensor’s response time is around 200 ms). The resulting filtered
curve fits the measured signal much better. See Fig. 8b to compare
the measured signal (in black) to the simulated (blue line) and
to the simulated and filtered with the low-pass first-order filter
(red line).

To determine if the increase in current within a train of pulses
is due to a rise in temperature alone via its effect on conduc-
tivity, or whether there are other contributions to be considered,
we analyzed the current increase for the three protocols and com-
pared the measurements to the predicted current increase, if we
only take into account the increase in medium conductivity due to
the increase in temperature. The results of analysis are collected in
Table 2.

Note that in order to obtain data collected in Table 2, columns
1-2, each experiment was performed six times using the same
protocol, with the two furthest outliers of the six takes excluded
from the final average. Electrode surface was refurbished between
every repetition of the experiment to ensure minimal impact of
oxide formation, if any. The third column in Table 2, Predicted rel-
ative current increase, is the result of a calculation based on EIS
(electrical impedance spectroscopy) measurements of the saline at
different temperatures over a range of 10 °C in the frequency range
corresponding roughly to the power spectra of the pulses (ex-
cluding the lower frequencies where polarization effects are pro-
nounced). In other words, conductivity of the solution was care-
fully measured using the impedance analyzer over a range of tem-
peratures at high frequencies, and the temperature coefficient of
the solution was thus precisely determined. The temperature coef-
ficient, given the corresponding increase in temperature by either
1.47, 140, or 1.93 °C, is calculated to be responsible for an increase
in current as given in column 3, Table 2. The value of this coeffi-
cient is 2.15%/°C, which falls close to the temperature coefficients
reported in the literature [53,63].
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Fig. 9. Temperature profiles for the three protocols as recorded by the optical sen-
sor immersed in saline during pulse application. Total pulse train duration is also
drawn in aid of comparing and interpreting temperature dynamics. Note that train
length amplitude (0.25, 0.5, and 1.0) bears no significance and was arbitrarily cho-
sen to prevent curves from overlapping.

For all protocols we found a near perfect match between the
measured increase in current from the beginning of the train of
pulses to its end and the calculated or predicted current. Result is
marginally better for Protocol 8 x 100 and Protocol 4-5-4-800, rel-
ative error is only about 1.6-1.7%, while for Protocol 1-1-1-1000,
the discrepancy (error) is somewhat larger with 1.9% relative er-
ror. This can still be considered a good match, especially consider-
ing the difficult nature of controlling the position of the tip of the
temperature sensor.

In order to try and understand why different protocols result
in varying degrees of relative current increases during pulse appli-
cation, it would be necessary to do more experimental as well as
simulation studies using a different protocols and tightly controlled
measurements on an improved experimental setup. A possible ex-
planation that we can offer at this stage revolves around the dura-
tion of an individual pulse train. Given that protocols are matched
to their “ON” time, we are delivering about the same energy (volt-
age and current are comparable, thus energy - this has been ex-
perimentally verified), but over a shorter period of time. Apply-
ing current at higher power bears the consequence that, locally,
as heat will not have had the time to dissipate outside the area
where it is generated, a limited volume of increased temperature
mainly along the longitudinal plane in which lie both of the elec-
trodes (the XZ-plane, refer to Fig. 7) will be formed. This area of
high current density and high temperature will experience an in-
crease in conductivity disproportionately larger as compared to the
area outside of the “hot spot”, which in turn increases the current
density along the already preferential current path. The process is
self-sustaining and results in a more heterogeneous current density
and temperature distribution, with relationship between the pulse
power and the ability of the electrolyte to dissipate heat being cru-
cial governing factors of this process. Following this rationale, it is
possible to explain the difference between Protocol 8 x 100 and
Protocol 1-1-1-1000 (also see Fig. 9), but not between Protocol 1-
1-1-1000 and Protocol 4-5-4-800. The latter is five times shorter in
total duration of the train of pulses as compared to the former yet
exhibits a smaller overall increase in current over its total dura-
tion. The underlying phenomenon is probably more complex than
described above and requires further investigation.

Fig. 9 shows temperature profiles measured roughly in the
vicinity of the point indicated in Fig. 8a. The signals have been fil-
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tered with a first order low-pass Butterworth filter to remove noise
with amplitude of about +0.1 °C. The signal very clearly demon-
strates the low pulse repetition frequency of the Protocol 8 x 100,
whereby each and every consecutive temperature increase is at-
tributable to a particular pulse in the series of eight pulses. Differ-
ence in rise time between the two biphasic protocols is not as pro-
nounced as it was expected (and as is evident from simulations)
due to the limited response time of the temperature sensor and
overall thermal inertia of the system.

Note that the amplitude of the temperature profile characteris-
tic of Protocol 1-1-1-1000 is statistically significantly different from
the amplitudes of temperature response of both Protocol 4-5-4-
800 and Protocol 8 x 100, while there is no statistically significant
difference between the amplitudes of temperature profiles of Pro-
tocol 8 x 100 and Protocol 4-5-4-800. In all cases the T-test on
6 samples was done using p < 0.05. Simulations show this is to
be expected; The Protocol 4-5-4-800 delivers all the energy in just
81.3 ms, while the corresponding time for Protocol 1-1-1-1000 is
about five times that and equals 401.2 ms. These times are both
too short with respect to time constants of heat transfer by con-
duction given the geometry of the system and sensor positioning,
and thus if electric currents (and therefore power) are the same
for both protocols, the almost instantaneous temperature rise will
be the same in amplitude. Variability in amplitude among different
measurements as shown in Fig. 9 can be attributed to sensor posi-
tioning and other variables that are imperfectly controlled. What is
different both in simulation and as observed from measurements if
comparing Protocol 1-1-1-1000 and Protocol 4-5-4-800 is the dy-
namics of temperature. We see a more rapid increase in tempera-
ture for Protocol 4-5-4-800 as well as an earlier onset of thermal
dissipation, resulting in a more rapid decrease in temperature as
compared to Protocol 1-1-1-1000.

4.3. Electrode material and impedance measurements

To analyze the impact of electrolysis and related chemical re-
actions at the electrode-electrolyte interface to properties of metal
electrodes, we performed impedance measurements before and af-
ter delivery of each train of pulses for all three protocols. Electro-
chemical phenomena at the electrodes during electrode polariza-
tion and passing of faradaic current are numerous and, in some
cases, extremely complex and demanding for analysis. Different
metals also tend to behave differently and are susceptible to a
number of processes. These processes can cause irreversible dam-
age or alter the metal’s surface properties. Treatment of such phe-
nomena in any detail is outside the scope of any general approach.
This part of the study therefore focuses only on what we can learn
about changes in electrical properties of the electrodes. In other
words, we have attempted to quantify the extent to which pass-
ing high-voltage, high-current electric pulses in saline alters the
impedance of the electrodes made of various metals, which is an
indicator of how well the electrodes will be able to subsequently
conduct current if much smaller voltages are applied, such as is the
case in sensing bioelectrical signals, a problem we have alluded to
already in the Introduction.

Since formation of oxidative layers on the surface of electrodes
is known to have an impact on their impedance [65], we mea-
sured the impedance of the electrodes before as well as after the
pulse, and refurbished (by polishing) the electrode surface between
consecutive measurements using ultra-fine 1500 and 2000 grit
wet sandpaper. Ideally, we would have analyzed the impedance
in-between the pulses to track temporal evolution of changes to
the electrodes, however, due to available equipment, experimental
setup, and high pulse repetition frequencies, this has proven not to
be feasible. In continuation of this impedance study, we measured
impedance before and after delivery of three consecutive trains of

1
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pulses using the same protocol, and these measurements are to
be contrasted with those obtained when intermittently (i.e. in be-
tween pulse deliveries) polishing the electrode surface with sand-
paper. For easier presentation and comparison, we opted not to
present before and after measurements separately, but calculated
the ratio of post-pulse to pre-pulse impedance, which is defined as
Z = Rs + jwCs, where w is 27f, f being the measuring frequency, Rs
is the series resistance, and Cs the series capacitance as measured
by the impedance analyzer using a two-electrode method and
50 mV measuring voltage amplitude. The ratio of absolute values
of impedances post- to pre-pulse, r,, is therefore a dimensionless
unit of which value lower than 1 indicates that the impedance has
dropped post-pulse with respect to the initial, while values greater
than 1 indicate an increase in impedance with respect to the ini-
tial, i.e. that of refurbished electrodes. For intermittently polished
electrodes (i.e. surface refurbished in between pulse deliveries),
the experiment consisting of a single train delivery was repeated
three times, so an average value of r, is presented. Repeatability
among the three takes is high, with standard deviation typically
below 0.05 for frequencies below 5 kHz where electrode polariza-
tion effects are impacting the two-electrode impedance measure-
ments, and below 0.01 above 5 kHz where the said effects are less
prominent. For sequential delivery without intermittent refurbish-
ing of electrodes, a single experiment consisting of three consecu-
tive pulse train deliveries was performed, and ratio of impedances
is calculated based on the measurement before train 1 and that
after train 3. Results are graphically collected in Fig. 10.

Fig. 10 presents the results of after-pulse with respect to before-
pulse delivery electrical impedance measurements that were per-
formed in 0.9% saline for pure gold, titanium, tantalum, platinum,
and alloys nitinol, platinum-iridium, and stainless steel 304, using
all three protocols used in the study. Interpretation of Fig. 10 indi-
cates that for all metals and alloys except nitinol, for which results
are highly inconclusive (and seem not to indicate a clear trend),
and are therefore omitted from further discussion, we were able
to detect a change in impedance spectra, particularly at lower fre-
quencies of 50 Hz to 50 kHz. In general, monophasic pulses (Proto-
col 8 x 100) affect the impedance more than biphasic pulses (Pro-
tocol 1-1-1-1000 and 4-5-4-800), an effect possibly attributable
to the phenomenon of electrode corrosion/etching altering interfa-
cial capacitance (rougher surface). Our experimental observations
also corroborate the suppositions mentioned in the Materials and
Methods section; we expected to find evidence of less intense elec-
trochemical phenomena for shorter, biphasic pulses as compared
to longer, monophasic ones. This was repeatably found to be the
case, judging also from bubble formation and coalescence observa-
tions, as well as differences in electrode visual appearance (change
in color), i.e. appearance of an oxidized surface layer (Fig. 1).

Of all six remaining metals under consideration, nitinol having
been excluded, only tantalum exhibits an increase - as opposed to
a decrease - in low-frequency impedance post-pulse. This increase
in tantalum electrode impedance is an effect possibly attributable
to rapid formation of an oxidative layer on the surface of the elec-
trode. It remains to be investigated whether this trend would con-
tinue with successive trains of pulses. Despite being strongly af-
fected by monophasic pulses, change of tantalum impedance is
insignificant for biphasic pulses if electrodes are refurbished, i.e.
surface-polished between deliveries (see red and grey curves for
tantalum in Fig. 10), as is the case with pure titanium and plat-
inum. If refurbishing electrode surface between pulse deliveries is
not an option and electrode impedance is important, of the tested
metals, platinum and titanium seem most suitable for use.

These results have practical implications. They alert to an im-
portant consideration that must be given to pulse delivery and use
of electrodes as contacts for electrical sensing in light of their ma-
terial composition. Depending on the material of the electrodes
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Fig. 10. Results of post- to pre-pulse two-electrode impedance measurements. Ratio r, for seven metals/metal alloys in the frequency range of 50 Hz to 1 MHz. Note that
the y axis scale for tantalum is in significantly broader range than for the other metals/alloys (denoted by the red circle). (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)

(e.g. tantalum vs. stainless steel vs. titanium), and the pulse pro-
tocol, electrodes may be altered by pulse delivery such that any
measuring signal originating at these same electrodes can be re-
ceived attenuated, the same, or amplified as compared to before
pulse delivery.
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The amplification or attenuation of the signal received through
post- in comparison to pre-pulse delivery electrodes is frequency
dependent and affects lower frequencies more intensely than
higher. The lower frequencies, for which we measured the largest
difference in impedance, are also the most problematic, for two
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reasons; firstly, measurements in this range are prone to error
due to electrode polarization if using the two-electrode method
in electrical impedance spectroscopy [66], and secondly, important
biomedical signals tend to contain most significant information at
lower frequencies rather than higher. For example, in intracardial
ECG, the bulk of the useful signal is in the range of 30 to 100 Hz if
using bipolar leads. Irrespective of whether we were able to mea-
sure accurately the absolute value of the electrode-electrolyte sys-
tem impedance due to the use of the two-electrode (instead of the
four-electrode) method, the results presented herein give the rel-
ative measure of post- to pre-pulse impedance, reducing any sys-
temic error introduced by the two-electrode method that is prob-
lematic due to electrode polarization at low frequencies. It is also
important to note that in routine clinical, research, and industrial
applications of electroporation, any measurements of electrical or
other physical properties of the treated system will involve elec-
trodes that are also used for delivering the pulses, without the
benefit of additional two electrodes reserved for measurement pur-
poses only. In other words, changes in impedance that we were
able to detect using our approach, could present a potential prob-
lem in applications of electroporation as a treatment.

The potential negative effects of electrochemistry at the elec-
trodes are not to be taken lightly. In existing literature on clinical
or industrial protocols employing electroporation, accounts con-
taining descriptions of cleaning or refurbishing of electrodes are
seldom encountered. Users of this technology must beware that
although organic solvents can help with removal of organic mat-
ter from the electrodes to prevent or at least mitigate the phe-
nomenon of electrode fouling, these solvents are unlikely to undo
consequences of faradaic reactions and associated alterations of the
electrodes (etching, pitting, oxidation, etc.) and restore the elec-
trodes to their original state. We have demonstrated that if ef-
fects of pulse delivery to the electrodes must be kept at a min-
imum, biphasic pulses should be preferred over monophasic, and
that the electrodes be regularly cleaned or replaced with new
ones. Although single-use cuvettes are available, it is far more
cost-effective to reuse them more than for the intended single
use, a practice not to be dismissed due to numerous “instruc-
tions” on the Internet regarding “cleaning” and reusing them. Users
should beware their results can be affected by not only the pa-
rameters of their treatment under their control, but also by the as
yet poorly elucidated electrochemistry, associated with delivery of
high-voltage, high-current pulses. As an example from clinical use;
it is known in the field of electroporation applications for veteri-
nary oncology that electrodes are at times subjected to multiple
usages between treatment sessions without their surfaces being
refurbished, or indeed continuously reused without any testing and
control to ensure their electrical properties remain within speci-
fication. The electrode surface suitability and adherence to speci-
fications is of utmost importance for successful delivery of pulses
during electrochemotherapy or irreversible tumor ablation as these
surfaces represent the conduit via which electrical energy is deliv-
ered to the target tissue. More must be done to make clinicians
using electroporation in veterinary medicine aware of this, since
there is considerable risk that they are more likely to reutilize the
same pair of electrodes beyond manufacturer specification com-
pared to their colleagues working with human patients.

5. Conclusions

We have set out to demonstrate the need for an in-depth
look at electrochemical relations at the electrodes and electrolyte
during electroporation, especially for applications where the elec-
trochemistry might have an important impact to the treatment
outcome. We have offered a detailed description of an experi-
mental setup featuring both a well-defined geometry and a well-
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characterized electrolyte for in vitro experimentation. This setup
lends itself favorably to numerical modelling, and, provided one
is capable of obtaining and recording as much information on the
physical variables of the system as possible with sufficient accu-
racy, it is possible to obtain a good agreement between experimen-
tal observations and model simulation predictions.

Future research directions indicated point towards advanced
modelling of phenomena related to metal corrosion/erosion, gas
bubble formation and migration, pH changes, and the effects of
acidic/alkaline medium at the electrode surface (redox reactions).
Since 0.9% saline was found to be similar enough to e.g. a nutri-
ent mixture (cell growth medium, often used as an electropora-
tion medium) in its electrical properties, it can serve as a suitable
model for the medium surrounding cells in an in vitro environment
during electroporation. We thus propose a possibility of tackling
more challenging considerations of high-voltage electrochemistry
by building upon a solid framework constructed using this hum-
ble, simple indifferent fluid.
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