Industrial Electronics for Biomedical Applications:
Electroporation, a New Cancer Treatment

Abstract — Industrial electronics comprises a wide range of transversal and multidisciplinary
technologies and applications that enabled human progress since the emerging of this scientific discipline
in the XX century. Among the many present challenges, biomedical applications are one of the most
important and rewarding ones due to the complexity and magnitude of the problems to be solved, and their
inherent relation with the most important aspects in the human being’s hierarchy of needs: health and well-
being. In spite of great achievements, cancer treatment remains a major goal for the whole humanity
because the various forms of cancer may affect all of us, whatever the age, gender or life style, and because
of its terrible consequences not only for the patients but also for the caregivers and closely-related persons.
Thus there is still a need of new and effective tools to prevent, treat, cure and palliate the effects of cancer
in our society. In this context, a promising tool to fight against cancer has emerged, cell electroporation,
which is based on applying short electric field pulses to the tissue to be treated to obtain appropriate
biological effects. Industrial electronics has and will have a significant impact in the research and clinical
application of this technology by providing the required power electronic converters, control architectures,
electromagnetic analysis and design, and measurement systems in a multidisciplinary context.

This paper aims to present the current state-of-the-art and future challenges of electroporation as a
promising cancer treatment tool, where industrial electronics is called to play a key role. Firstly, industrial
electronics applications in medicine and, specifically, pulsed power applications, are discussed. After that,
the current status of cancer treatment and the fundamentals, historic evolution and biomedical applications
of electroporation are reviewed, with special emphasis in the multidisciplinary approach required. The
different technologies to implement high-voltage generators are discussed, future perspectives are drawn
and different applications with experimental evidences are presented. This paper concludes highlighting the
importance of industrial electronics in electroporation-based cancer treatment, opening a new window for

improved cancer treatments.

Index Terms — Electroporation, biomedical applications, high voltage generators, power electronics,
cancer treatment.
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Fig. 1. Biomedical applications of industrial electronics.

I. INTRODUCTION TO INDUSTRIAL ELECTRONICS IN BIOMEDICAL APPLICATIONS

Industrial electronics (IE) plays currently a key role in biomedical applications, and with the many
advances in the different enabling technologies, it is called to be a major facilitator for future and
innovative treatments. This includes advances in different industrial electronics fields such as robotics,
instrumentation, electronic sensing circuits, communications, or power electronics [1], among others. It is
also remarkable that biomedical applications require a highly multidisciplinary approach, where IE acts as a
unifying technology allowing the development of complex systems. In this context, a wide range of
applications have been developed (Fig. 1), ranging from diagnosis and monitoring systems, to treatment,
prosthetic, and implant systems.

Considering diagnosis and monitoring systems, IE has enabled the development of a wide range of
ultrasound imaging [2], magnetic resonance [3] and X-ray [4] systems, which are among the most popular
and widely used diagnosis systems. Monitoring systems for diabetes [5] and hypoglycemia [6] have also
contributed to improve the quality of life of many people around the world. IE has also enabled the design
of electromagnetic-based biomedical research systems [7], and arbitrary waveform generators for diagnosis
[8].

Once the correct diagnosis is achieved, treatment is the next step where IE acts as a facilitator. Robotic

systems [9] for surgical [10] procedures have started a revolution in surgical technology, enabling higher



precision levels and remote procedures that were not possible before. Besides, electrosurgical systems [11]
are routinely used daily around the globe, including electro-surgical generators for tissues cut and
coagulation [12], or radio-frequency (RF) [13] and microwave (MW) [14] for ablation procedures.
Controlled drug release [15] and electric stimulation [16, 17] systems are also representative examples of
IE technology being applied to biomedical applications. Finally, nanoparticle heating systems are an
example of power electronic systems applied to promising treatment techniques by means of controlled
heating and/or drug release [18, 19].

Many times, after the treatments, different kinds of prosthetic and implants are required to recover
functionality and improve the patient quality of life. In this context, miniaturization of power converters
[20] and communications [21, 22] have enabled the design of highly portable and reliable implants.
Robotic-aided movement [23] has also made possible to recover movement when one or several extremities
are damaged or missing. Also, sensors [24] and alternative energy sources [25] and energy harvesting [26]
systems have enabled the development of smarter and long-lasting electrified prothesis. In this sense,
wireless power transfer systems [27-32] is a hot-topic research line as these systems have also permitted
powering different kind of biomedical implants from cochlear to heart implants or data logging systems.

Among these applications, the use of pulsed power in medicine is one of the most relevant examples
where IE plays a key role. Applications include a wide range of diagnosis and treatment systems where the
pulsed energy is applied in many different ways. Firstly, mechanical energy is applied through ultrasound-
generating systems that have been developed for both diagnostic [2] and treatment [33] applications, being
one of the most common application fragmenting and disintegration of renal calculi (also termed kidney
stones). Electrical stimulators include a wide range of devices that can used for electric current stimulation,
with applications such as muscle or neural tissue stimulation [34], or less-invasive magnetic field
stimulation [35]. Pulsed radiofrequencies are applied for ablation or pain treatment [36] as well as for
electrosurgery [37]. Higher pulsed electromagnetic energy is used for magnetic resonance [3] and X-ray [4]
systems. Pulsed energy can also be applied in the form of light, being LASER use its main application. This
technology has been mainly applied for precision surgery, becoming very popular in ophthalmology [38]
where retinal laser photocoagulation is performed, or for less invasive surgery such as prostate ablations
[39]. Pulsed electromagnetic fields (PEMF) are also applied to promote bone and cartilage regeneration. In
this case, low energies are applied. The effect is non-thermal and the therapeutic effects result from a direct
effect of the electromagnetic fields on the Adenosine receptor A2a. Finally, the application of pulsed
electric fields results in biological tissue treatment through the induction of controlled and desired cell
changes. Among these applications, electroporation and its applications to cancer treatment will be deeply

discussed in this paper.



These tools and techniques, and many others, are examples of the IE elements applied in medicine, with
many of them involved in the long-lasting fight against cancer. The aim of this paper is to present
electroporation (EP) as a relevant cancer treatment technique where industrial electronics plays a key role
to develop modern and versatile systems. The current cancer status and electroporation techniques will be
discussed in Section II, focusing also on the necessary multidisciplinary research. Section III will detail the
state-of-the-art power electronic technologies applied to electroporation. Section IV will present the
available electronic medical equipment for electroporation and an application example of an innovative

system. Finally, Section V will draw the final remarks and future perspectives for EP.

II. ELECTROPORATION AND INDUSTRIAL ELECTRONICS: STRATEGIC ALLIES FOR NEW TREATMENTS

A. Cancer: In Need of new Treatments

Cancer is the general name given to a collection of related diseases. All of them have in common that a
certain group of cells begin to divide without control, and spread into other tissues, surrounding or far from
the primary starting point. It usually creates important functional disorders and eventually leads to the
patient death. According to the World Health Organization (WHO), nowadays cancer has become the
second death cause in developed countries, only after hearth failures. Moreover, world statistics predicted
by the American Cancer Society (Fig. 2) foresees a 50% increase in worldwide new cases, up to 21 million
per year, and 60% deaths increase, up to 13 million. Considering this scenario, cancer prevention,
diagnosis, and treatment have become priorities in our modern societies with a huge socio-economic

impact.
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Fig. 2. Predicted cancer evolution (Source: American Cancer Society, cancer.gov).



Nowadays, the main treatments against cancer (Fig. 3) include surgical resection, radiofrequency (RF) or
microwave (MW) ablation, chemotherapy, radiation therapy, immunotherapy and modern targeted
therapies. All of them can be used alone or in combination to try to reach patient cure or cancer and side-

effect symptoms alleviation, and they are briefly discussed in the following lines.
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Fig. 3. State-of-the-art cancer treatments.

Surgical resection, when possible, is still the primary treatment for most cancer cases. It consists in
removing the tumoral tissue using surgical procedures. After that, the obtained tissue is analyzed to ensure
that the contour is free of tumor cells to minimize the possibilities of relapse. Despite being curative in
many cases, it cannot be applied in those cases where the tumor localization cannot be easily accessed, or
the affected region is too irrigated and/or contains vital structures that need to be preserved. Modern
alternatives to this procedure are RF or MW ablation [40]. These are thermal techniques based on
increasing locally the temperature in order to kill the cells of the area to be treated. The main challenge of
these techniques is to ensure that the tumor has been completely covered by a sufficient temperature
increase, especially due to the cooling of blood irrigation. Because of this, these methods are prone to
tumor relapse. The last treatment in the group of physical treatments commonly applied is radiation
therapy, based on selectively applying radiation to the tissue volumes to be destroyed. This technique
provides easier access to zones difficult to be treated, but it is seldom curative, and it is commonly used in
combination with other treatments or to alleviate cancer symptoms. Within these physical treatments, IE is
a key enabling technology to build electrosurgical, ablation, and radiotherapy systems.

Chemical agents are also used to treat cancer, being chemotherapy a very usual one nowadays just after



surgery. Chemotherapy uses drugs to kill fast-growing cells with the important benefit of acting throughout
the whole body. It is used to try to achieve curation, control of cancer growth or alleviate symptoms,
usually in combination with other physical treatments. Despite its benefits, its success rate is still rather low
and highly dependent on the patient, and can have important side effects due to its inherent toxicity.
Modern chemical treatments include also immunotherapy and targeted therapies. Immunotherapy consists
on using the patient’s immune system to fight cancer either by stimulating it or by providing external
immune agents, e.g. monoclonal antibodies. Despite being an alternative to chemotherapy with far less side
effects, the effectivity is still insufficient, and more research is required. Finally, targeted cancer therapies
use drugs specially designed to affect growth and spread of cancer by interfering with specific molecules
present in cancer tissue. Unlike standard chemotherapy, it does not affect to normal fast-growing cells,
providing a more effective treatment and less side effects. However, it still requires major research efforts
to identify and exploit molecular targets for a wider variety type of cancers.

As a conclusion, nowadays there is a wide range of cancer treatments being applied, taking advantage of
different advances in key enabling technologies in many areas, where IE plays a key role in some of them.
However, none of them still offers a perfect solution that can be applied to all types of cancer and patients.
For this reason and considering the major socio-economic relevance of this topic in our society, it is
essential to investigate new treatments to provide additional tools against cancer. In this context,
electroporation arises as a new and promising therapy able to treat cancer in those cases where
electroporation-based treatments possess advantages such as fewer side effects and lower costs (both, in the
materials, e.g. devices, drugs, and in human working forces for exploitation, control, and maintenance), and
in cases where classical techniques cannot be applied. Next subsection discusses basic elements of

electroporation, applications, and its related power electronics technology.
B. Fundamentals of electroporation

Electroporation consists on applying intense and short electric field pulses to biological tissues in order to
cause cell membrane permeabilization, leading to different effects depending on the electric field
parameters [41]. The main interaction between the electric field and cell membrane translates in an induced
voltage that is added to the “natural” resting transmembrane voltage present in all cell types. Theoretical
descriptions have predicted the dependency of this induced transmembrane voltage on the frequency,
duration or intensity of the applied electric field according to Schwan equation [42]. Fundamental studies
have demonstrated that if this induced voltage exceeds a threshold value (estimated in the order of a few
hundreds of mV across the membrane), electroporation is triggered. The underlying molecular mechanisms
of electroporation are still unknown and are nowadays investigated by many groups. The most accepted

theory explains the increased permeabilization state in the cell membrane by a change in the lipid structure



due to the penetration of water in the inner parts of the membrane during electric field exposure, with the
subsequent generation of hydrophilic pores. Molecular dynamics, an in silico investigational approach has
brought a number of insights on this process supporting this theory [43]. Experimental evidences are still to
come.

If the applied electric field is strong enough, the process leads to a permanent cell membrane disruption
and thus the cell death. This is called irreversible electroporation (IRE). On the contrary, if the electric field
does not reach the IRE threshold, the cell is able to recover and to come back to its previous state, and the
process is called reversible electroporation (RE). IRE is commonly used as a method to kill cells, whereas
RE is used to permeabilize the tissue and facilitate the interchange (incorporation or externalization) of

molecules across the membrane. Fig. 4 shows an example of RE and IRE application to a mammalian cell.
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Fig. 4. Electroporation: reversible (left) and irreversible (right) processes [44].

The three basic elements of any electroporation treatment are then: 1) the biological sample under
treatment that can range from single cells to whole tissues both from animal or plant origin; 2) the
application electrodes, which is the part of the system responsible for the electric field delivery and 3) the
electric field generator, which is the electronic system responsible of generating and controlling the electric
field to be applied.

Regarding the characteristics of the electric field pulses applied, there is a wide range of possible values
that have been used in the literature and that need to be adjusted depending on the application [45, 46]. In

[47], a detailed review of the pulses used in clinical studies is made. In general, the electric field intensities



range from some hundreds of V/cm up to several tens kV/cm, with pulse duration ranging from few ns to
hundreds of ps. These two parameters are highly correlated and a reduction in one of them is translated into
an increase in the other for achieving a similar effect. Other additional parameters as the waveform used are

discussed in the next section.
C. Electroporation Applications for Cancer Treatment

Electroporation phenomena were initially described by J.A. Nollet in 1754 [48], where the effects of
electric sparks into human and animal skin was described. After that, during the XIX century there was a in
increasing interest on the research of the uses of electricity, although most of them were thermal and
electroporation was not explicitly cited [49]. During the XX century, there was a renewed interest in
applications of electricity in medicine. Initially, most of the research was focused to reversible
electroporation, where applications to cell fusion in 1989 [50] and electrochemotherapy in 1991 were
described [51-53]. Later, at the beginning of the XXI century, the interest in IRE increased and it was
described as an ablating method for tumors [49]. Since then, a significant number of clinical applications of
IRE to tumor ablation [47] and RE to electrochemotherapy [54] have been reported.

In the last decade, applications of electroporation have spread from alimentary applications, such as food
processing [55] and disinfection [56, 57], to biomedical applications, such as gene transfection [58],
electrochemotherapy [59] or tissue ablation [60]. This paper will focus on biomedical applications of
electroporation for cancer treatment, and the industrial electronics technology enabling these techniques,
which is discussed in the next subsection.

The potential applications of electroporation in cancer treatment are the reason behind the growing
interest of many research groups around the world. Both modalities of electroporation (reversible and
irreversible) are successfully used in the treatment of cancer with differentiated mechanisms of action (Fig.
5). One of the main advantages of electroporation is that it is a general phenomenon applicable to all cell
types, what enables its use in very different cancer types. Here below, the two main applications of
electroporation to cancer treatment, and their advantages, are explained in detail. Additionally, other

electroporation-related approaches against cancer are also explained.
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Fig. 5. Examples of clinical applications of electroporation. a) Schematic representation of the treatment of superficial skin
cancers with non-invasive plate electrodes. b) Example of bone metastases treatment with needle electrodes (adapted from
[61]). ¢) Schematic representation of needle electrodes placed around a tumour in the liver. d) Computed tomography images
of a pancreatic tumor and the inserted needles for treatment by irreversible electroporation (reproduced from [62]).

IRE tissue ablation. As previously explained, when the parameters of the electric pulses exceed a certain
threshold, the electric field exposure leads to cell death. Usually, trains of about 80 electric pulses of about
100 ps at relatively low repetition frequencies, hundreds of ms, are employed [63, 64]. This procedure is
used as a focal ablation technique to locally eliminate the exposed cancer tissue [60]. However, unlike
other thermal ablation techniques, it has been demonstrated that cell death caused by irreversible
electroporation is not based on a thermal effect. For this reason, IRE is not affected by the heatsink effect of
blood perfusion, so a more controlled tissue ablation can be done. Additionally, another important
advantage of IRE over other techniques is that part of the cell deaths observed is caused by apoptosis and
not only by necrosis [65], which leads to a less harmful process and a faster recovery. Besides, tissue
structures, like nerves and blood vessels, are kept functional after treatment. For this reason, IRE can be
applied in areas where surgery or thermal ablation are not applicable. Since it is a fast treatment, it can also
be applied several times to ensure its effectivity and prevent tumor relapse.

Nowadays, IRE is used in the clinical practice to treat different types of internal cancer with success rates
similar to the competing techniques. Its efficacy and safety have been assessed for a number of different
cancer types like liver, lung, pancreatic, prostate, etc. [66]. For example, in the case of pancreatic cancer,

this is promising technique due to the preservation of important structures around tumor tissue, however its



efficacy is still limited [67]. Currently, different strategies have been proposed to improve the efficacy and
facilitate the applicability of IRE. Among these, proper treatment planning assisted by electromagnetic
simulations, image-guided electrodes positioning [68] or reduction in the undesired effects of IRE using
new modulation patterns [69] are under development. These improvements will help promoting the
establishment of IRE as a first treatment option in the future.

Electrochemotherapy. The antitumor electrochemotherapy (ECT) was the first clinical application of the
electroporation [51]. It consists in the combined use of hydrophilic cytotoxic drugs and electric pulses.
Usually, 8 electric pulses of 100 us and 1300 V/cm transcutaneous pulses are applied, or 1000 V/cm pulses
delivered through invasive needles, at a repetition frequency of 1 or 5000 Hz [70, 71]. The electric pulses
are delivered to cause the reversible electroporation of the cells, offering the hydrophilic drugs the
possibility to enter the cells and kill them. Bleomycin is the preferred drug because of its difficulties to
enter the cells in the absence of the cell membrane (electro)permeabilization [72]. Bleomycin is also very
interesting to use because it kills only the cells that divide, therefore mainly the tumor cells inside the
volume exposed to the reversibly permeabilizing electric pulses. Therefore, if bleomycin is administered
intravenously [70, 71], the margins of the tumors can be safely and conveniently treated, preventing further
local recurrences.

ECT can be applied both for internal and superficial (cutaneous and subcutaneous) tumors, with excellent
aesthetic results (due to the very low toxicity on the normal tissues). Efficacy of the ECT is also due to the
effects of the electric pulses on the neovascularization of the tumors (the pulses cause a transient vascular
lock).

Effectiveness of the ECT is also due to the fact that the combination of the electric pulses and bleomycin
causes what is called an immunogenic cell death [73], which means that the direct effect of the electric
pulses plus bleomycin combination is able to wake up the immune system of the host. The combination of
ECT and immunotherapy can result in a very efficient and safe systemic treatment of the cancer (while the
ECT alone is only a local treatment) [74]. However, ECT, with respect to the other local ablative treatments
like surgery, IRE, ablathermia, and even radiotherapy, is not just an ablative procedure as it is able to
respect the normal cells located in the treated volume, allowing also for a safer and larger convenient
treatment of the margins. Thus ECT use is expanding in the EU and elsewhere, and its use is also rapidly
progressing in the veterinary clinics [75].

Other applications in cancer. Other applications of electroporation in cancer treatment include gene-
transfer related procedures. The spontaneous uptake of nucleic acids (which are hydrophilic molecules, like
Bleomycin) by cells in vitro is almost inexistent and in vivo extremely reduced [76]. The use of

electroporation for gene transfer in vivo was initiated 20 years ago, using 8 or 10 long pulses of 5 ms [77]



or 20 ms [78] duration. For tumor treatment, two approaches emerged, the electrotransfer of the gene
coding for a cytokine (a protein active in the immune system) like the interleukin 12, or the transfer of a
gene coding for a tumor specific protein against which the body will “vaccinate” (that is, develop a specific
immune response that will destroy the cells exposing this protein, therefore the tumor cells). The IL-12
electrogene transfer has been already employed in clinical trials to treat human [79] and animal [80]
patients. Electroporation is very attractive to be used as a delivery method for DNA-based vaccines [81,
82]. The DNA vaccine is injected intradermally, intramuscularly or intratumoraly followed by the
application of the electric pulses (usually with duration in the millisecond range), resulting in the
intracellular uptake of the vaccine and subsequent gene expression [83]. The safety and the economical
reduction of this treatment as well as the possibility of repeated administrations make this technique an

attracting possibility that has been already used in preclinical and clinical studies [83].

D. Synergetic multidisciplinary research

In order to address the significant challenge of cancer treatment by means of electroporation, it is evident
that a multidisciplinary approach was needed. This research involved several different research areas,
usually distant, not well communicated and with very different working methodologies, including, but not
limited to, electrical, biomedical and materials engineering, biology and histopathology, radiology and
interventional radiology, and surgery, among others. All these research areas provided different point of
views to the same problem and shared the same objective, providing a common global view to guide the
research process. This helped and will continue to help leading the research process towards complete
electroporation systems which not only satisfy the electrotechnical specifications, typically the area of
interest of IE, but also ensure the treatment correct application, the ergonomic use and safety for both the
patient and medical staff, the optimization of the desired biological outcomes and the achievement of a
sustainable therapy that can be implemented considering, not only technical and biomedical results, but
also logistic and cost considerations. Besides, and since this is a clinically oriented multidisciplinary
research, there are significant bio-ethical considerations that must be carefully addressed regarding animal
tests and, the final goal, the treatment of human beings for cancer cure/mitigation. Only when all these
aspects are carefully considered and the multidisciplinary team shares a clear common goal, the synergies

between the teams can come to positive results for a complex problem in a complex working environment.

III. HIGH VOLTAGE GENERATORS FOR ELECTROPORATION

Generation of complex waveforms has been a necessity for many medical applications [8].

Electroporation is not an exception, and it requires high voltage generators in order to generate the required



electric field to perform either RE or IRE processes [84].

As mentioned before, electroporation outcomes change significantly with the parameters of the applied
electric field. Consequently, there are certain characteristics that high voltage generators in this field must
fulfill. Fig. 6 summarizes the main characteristics desired for modern high-voltage generators for

electroporation.
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Fig. 6. Desired features for high voltage generators for electroporation applications.

Firstly, generators are generally required to operate under electric isolation to provide safe treatment for
both the practitioners and the patients in order to avoid the hazard of electric shock or interference with
other equipment. Also, it is desirable to be modular to be scalable and easily integrated into the whole
operating room equipment.

As described before, regarding the pulse characteristics, a wide range of intensities and durations can be
used. Moreover, some specific applications of electroporation, such as gene transfection, require the
dynamic modification of the intensity of the applied field in order to optimize the procedure. For this
reason, it is essential that the generator can accommodate a wide range of output voltages, being typically
at least in the range of several kV coupled to high output currents of tens of amps or more. In addition to
this, pulse width has also an important effect on the whole electroporation process. Typically, pulse width
is set to be in the range of hundreds of pus. However, recent studies have proposed the use of shorter pulses,
in the range of one or a few s, in order to reduce undesired muscle stimulation, being this technique called
H-FIRE [69]. Also, millisecond pulses alone or in combination with us pulses are routinely used for gene
electrotransfer [85]. Finally, nanosecond range pulses have also been extensively used in the field of
electroporation [86]. For this reason, fast power devices are also required. Last, but not least, the output
impedance of the generator is an important parameter, since it determines the effective electric field applied

to the load and, consequently, the treatment repeatability and effectiveness. For this reason, it is desirable to



have an output impedance as low as possible that guarantees a stable and controlled electric field applied.
As it will be later discussed, it is not always possible for all the technologies and employed loads.

The typical waveforms of the voltage pulses that are usually applied during electroporation processes are
summarized in Fig. 7. Nowadays, many EP processes use exponential-decay pulses (Fig. 7 (a)), especially
when fast pulses or very high voltages are required. This approach started with early developed generators
which were based on Marx generators. With the advance of the technology, square wave pulses were
preferred (Fig. 7(b)), since the time above a certain electric field threshold is important and can be
controlled in a very precise way, while the dynamics of the rise and fall times, which are determined by the
switching devices and topology (and usually limited due to EMC issues), does not usually impact on pulses
efficacy [87].

Considering square-wave voltage, it was later determined that bipolar pulses (Fig. 7 (c)) are interesting in
order to ensure zero mean output voltage value and prevent electrolysis effects, which may degrade
electrodes and the tissue under treatment. This led to the use of inverter power converters able to provide
bipolar output voltage. Finally, in some applications, in order to improve the effectivity of EP and reduce
treatment time, pulses can be arranged in bipolar train of pulses (Fig. 7 (d)). These are limited by the total

delivered energy, and the time between trains of pulses is chosen to avoid any thermal effect.
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Fig. 7.Typical pulses applied in electroporation: (a) exponential decay (capacitor discharge), (b) square-wave pulse, (c)
bipolar square-wave pulse, and (d) bipolar train of pulses.



In the past, several families of high-voltage generators for EP have been proposed (Fig. 8). These can be

classified into transformer-based inverters, capacitor-based inverters, and resonant inverters.
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Fig. 8. High-voltage generators summary and comparison. The three main families, transformer-based (TX), capacitor-based
and resonant topologies, are compared. The main desired features for electroporation are considered including isolation
capabilities, pulse amplitude control, bipolar operation, pulse width control and arbitrary waveform generation, output
impedance (high/medium/low) and modularity.

The first group of converters, transformer-based inverters, relies on the use of a transformer to provide
both isolation and voltage boost (Fig. 9). These converters can easily reach high voltages [88] and, for this,
reason, these are commonly used for those applications that require the highest applied field amplitudes,
e.g. food processing or disinfection. However, due to the use of the transformer (Fig. 9(a)), these topologies
cannot generate arbitrary waveforms, and they are limited to a narrow operating range, i.e. amplitude and
frequency, in which they are designed for. Another important limitation is that the output impedance is
determined by the transformer (Fig. 9(b)). This leads usually to a high impedance that, depending on the
load, may degrade the output voltage waveform, leading to non-predictable electroporation results (Fig.
9(c)). For these reasons, this family of generators is gradually being dropped from biomedical applications

and only used on very high voltage applications.



Vg ]Z

(@)

eq
ZP
| |
Vg Zm j Z qu
)

(b

Ideal Worst case

()
Fig. 9. Transformer-based high voltage generators for electroporation: (a) general approach, (b) input/output impedance

detail, and (c) output waveforms.

Capacitor-based inverters are the second family of converters (Fig. 10(a)). These converters use a
capacitor bank to store the energy plus an inverter to provide unipolar/bipolar output voltage. Several
topologies have been applied, including Marx generators, single-stage voltage source inverters, or modular
multi-level approaches [44, 89-91]. The main challenge when using this approach is to achieve very high
output voltage, which may require the use of multi-level topologies and high-voltage power devices, as
well as the appropriate design of the energy storage system. Otherwise, the exponential-decay voltage

waveform previously discussed (Fig. 10(b)) would be generated in the worst-case condition.
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Fig. 10. Capacitor-based high voltage generators for electroporation: (a) general approach, and (b) output waveforms.



Finally, as mentioned before, some special applications of EP require the generation of high voltages
during few nanoseconds. For these applications, resonant or quasi-resonant topologies are usually applied,
providing high voltage gain in a simple manner. Different topologies have been studied in the past for
nano-second EP generators [92, 93], including also Marx generators or Blumlein networks [94]. The main
drawbacks of these topologies are that they do not provide isolation and there is no or little control to the

output voltage due to the high output impedance and effect of parasitic elements.

IV. MEDICAL ELECTRONIC EQUIPMENT FOR ELECTROPORATION

A. Electroporation pulse generators

As it has been previously discussed, IRE generators require a number of desired features to be used in a
flexible way during research and clinical procedures. Nowadays, commercially available generators for
biomedical applications of electroporation [95] follow the capacitor-based approach, and can be classified
into two groups. Firstly, generators for in vitro processing of tissue uses usually the capacitor-discharge
technique, being able to deliver up to 3 kV and few amps, with a discharging capacitance in the range of
few mF. On the other hand, generators for clinical applications are designed to operate with the same
voltage, i.e. 3 kV, limited usually by the power devices, but higher current capabilities, up to 50 A [96].

Despite the availability of commercial generators, there is a wide gap for innovation and improvements
such as improved voltage and current ratings, versatility of the output waveform, and quality of the output
signal. Considering this background, next subsection presents an application example where a highly

versatile generator has been designed, implemented and tested for high-volume liver IRE ablations.
B. Electrodes

Electrodes for tissue electroporation are based mainly in two geometries [84]: parallel-plate and needle
electrodes. The former achieves homogeneous electric fields whereas the latter provide higher versatility
for in-vivo applications. Parallel-plate electrodes are consequently used in those cases where electric field
homogeneity is essential and a very easy accessibility to the tissue to be electroporated achievable. For
these reasons, this geometry is often limited to in-vitro electroporation and certain in-vivo superficial
electroporation as in the treatment of small cutaneous tumor nodules [97]. In spite of these restrictions,
recent studies have also shown the application of these structures to internal organs such as liver [98] or
pancreas [99] during intraoperative procedures.

Despite inhomogeneity issues [100], needle electrodes are the preferred electroporation electrodes for
large as well as for subcutaneous and internal organs because they are minimally invasive [84]. These

electrodes can be applied percutaneously, with the help of imaging systems to avoid damaging vital



structures, or during open surgery. Commonly, when tumor nodules are large, several needle repositioning
are required to cover the whole tumor area [101]. Alternatively, large electrode arrays can also be used
[102].

Advanced and modern trends in electrode design are aimed to improve the effectiveness of the
electroporation process and to simplify it. Among the most promising developments, it is worth noticing
the design of needle-based arrays able to cover wider areas in a single treatment [103], comb-shaped
electrodes to reduce the required voltage for IRE [104], or the design of single-needle bipolar electrodes to

minimize the number of required needle insertions [105].
C. Application example: Large-volume in-vivo IRE ablation

Considering the previously discussed IRE considerations and technical requirements, a new versatile
high-voltage generator for electroporation was designed and built [44]. The proposed generator features a
versatile multi-level structure that enables obtaining up to 10 kVpp and 400 App with the benefits of using
a voltage-source inverter, i.e. low output impedance. Besides, its FPGA-based control architecture provides
full control flexibility, enabling configurable pulse shape.

Nowadays, the commercially available solutions for clinical applications in humans are mainly restricted
to the Nanoknife© generator (Angiodynamics, USA) for the IRE and the Cliniporator© generator (IGEA,
Italy) for the Electrochemotherapy and the gene electrotransfer. In veterinary medicine, the ELECTROvet
EZ (Leroy Biotech, France), the OnkoDisruptor (Biopulse, Italy), the VET CP 125 (Vet Cancer, Brazil),
among others, are also used to treat tumors in dogs, cats and equines. In addition to this, several
commercial systems are available for cells electroporation in vitro, i.e. in cuvettes (BTX, Leroy Biotech,
Eppendorf, Bio-Rad, among others), that provide suitable test-benches for research and small-scale
production. However, all these systems are typically limited to 3 kV and few tens of amps. Besides, control
capabilities as well as bipolar voltage generation are often unavailable. For these reasons, the proposed
converter enables the improvement of the current state-of-the-art generators and opens the window for new
IRE techniques. Currently, research efforts are being oriented towards the development of generators with
improved waveform versatility [106], higher voltage [107], and frequency [108] capabilities.

The proposed generator is currently being used in the study of the ablation of large portions of liver tissue
[109], not possible before with the current technology [98]. These tests performed in the Aragon Center for
Biomedical Research were approved and followed all the stablished ethical procedures. Fig. 11 shows a
general view of the experimental prototype (a), detailing the power converter composed of 1 control board,
1 bus-charge board and 5 bipolar 1-kV output modules, and (b) the parallel-plate electrodes used during pig

liver IRE experiments.



(@ (b)

Fig. 11. Experimental prototype: (a) 10-kV output voltage versatile generator and (b) 3-cm parallel-plate electrode placed in
the liver tissue to be treated.

Different representative waveforms of the electroporation process are shown in Fig. 12. In (a), several
unipolar pulses are detailed, whereas in (b), a typical train of bipolar pulses in order to avoid electrolysis is
represented.

The performed experiments proved the feasibility of the proposed converter for IRE applications. In a
wider sense, this development is an example of the relevance of industrial electronics for biomedical
applications and the potential benefits for society arising from synergies between industrial electronics and

biomedical research.
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Fig. 12. Main waveforms during in-vivo electroporation in pig liver tissue: (a) Unipolar modulation and (b) Bipolar modulation.
From top to bottom: Output voltage (2 kV/div) and output current (5 A/div).



V. FINAL REMARKS

This paper has reviewed a relevant application of industrial electronics applied to biomedical
applications, making special emphasis in the potential benefits and necessary collaboration between
industrial electronics specialists and medical practitioners. As it has been previously discussed, design of
high voltage generators for electroporation is a challenging task due to the high requirements in terms of
voltage amplitude, controllability, isolation, and output impedance. Nowadays, electroporation has already
been acknowledge as a key tool for cancer treatment [110, 111] with growing importance, despite
significant challenges must still be faced [112]. The future of this technology will require the development
of versatile generators [44] that overcome all these limitations and provide useful tools for research,
laboratory and clinical treatments. To achieve this goal, several industrial electronics technologies will play
a key role. Research on advanced topologies will be essential, as well as the use of faster and higher voltage
devices, such as silicon carbide and gallium nitride devices [113]. Also, advanced control architectures and
strategies [114] will be required in order to accurately control the generator, monitor and optimize the
treatment, and guarantee the safety for both the patient and the medical team. Considering this context,
there is a brilliant future for industrial electronics technology applied to electroporation to be seen in the
years to come.
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