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Abstract
Aim: Electrochemotherapy is a local drug delivery approach aimed at treatment with palliative intent of cutaneous and subcutaneous tumour
nodules of different histologies. Electrochemotherapy, via cell membrane permeabilising electric pulses, potentiates the cytotoxicity of nonpermeant or poorly permeant anticancer drugs with high intrinsic cytotoxicity, such as bleomycin or cisplatin, at the site of electric pulse
application.
Methods: An overview of preclinical and clinical studies is presented, and the treatment procedure is further critically evaluated.
Results: In clinical studies electrochemotherapy has proved to be a highly efficient and safe approach for treating cutaneous and subcutaneous tumour nodules. The treatment response for various tumours (predominantly melanoma) was w75% complete and 10% partial
response of the treated nodules.
Conclusions: Electrochemotherapy is a new, clinically acknowledged method for the treatment of cutaneous and subcutaneous tumours. Its
advantages are high effectiveness on tumours with different histologies, simple application, minimal side effects and the possibility of
effective repetitive treatment.
Ó 2007 Elsevier Ltd. All rights reserved.
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Introduction
Several novel tumour-targeting and drug delivery
approaches in cancer treatment are currently undergoing
intensive investigation in order to increase the therapeutic
index, among them physical approaches such as tissue electroporation. Electroporation of tissue increases the membrane permeability of cells, specifically in the area that is
exposed to the applied electric pulses.1,2
In the past 25 years, electroporation has proved to be
effective in facilitating the transport of different molecules
across the plasma membrane. By using short intense electric pulses, the plasma membrane becomes permeable to
molecules otherwise deprived of membrane transport
mechanisms. When a cell is exposed to an electric field,
for instance when electric pulses are applied to the tissue,
due to its geometrical and material properties, transmembrane potential is induced across the cell plasma membrane
(Fig. 1). If the induced transmembrane potential is
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sufficiently high, structural changes leading to increased
membrane permeability are induced. Although the exact
mechanism operating at the molecular level and the various
structures has not yet been fully elucidated, a flow of molecules was demonstrated through areas of the membranes
in regions where the highest absolute value of the induced
transmembrane potential was observed after exposure of
cells to electric pulses (Fig. 2). The use of square-wave
electric pulses of suitable duration and amplitude preserves
the viability of cells, allowing for resealing of the cell
membrane a few minutes after the application of electric
pulses.1e4
Electroporation-based cancer treatment approaches are
currently undergoing intensive investigation in the field of
drug delivery and gene therapy. Their first biomedical
application in the treatment of cancer came in the form
of electrochemotherapy, which, since its beginnings in the
late 1980s, has evolved into a clinically verified treatment
approach for cutaneous and subcutaneous tumour nodules.5e7 Electrochemotherapy is defined as a local treatment
which, via cell membrane permeabilising electric pulses,
potentiates the cytotoxicity of non-permeant or poorly
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Figure 1. Transmembrane potential induced on a melanoma cell and measured with potentiometric dye di-8-ANEPPS. (A) Fluorescence image of a cell
acquired during electric field exposure (100 V/cm). Bar represents 10 mm. (B) Changes in fluorescence of the cell obtained by subtracting the control image
(not shown) from the image with pulse. White arrow shows the path along which the potential was measured. (C) The potential along the perimeter of the cell.
Solid curve, measured values; dashed curve, numerically calculated values (numerical model not shown).3

permeant anticancer drugs with high intrinsic cytotoxicity
at the site of electric pulse application.

In vitro and in vivo studies
Since electroporation can facilitate drug transport
through the cell membrane only for poor or non-permeant
molecules, suitable candidates for electrochemotherapy
are limited to those drugs that are hydrophilic and lack
transport systems in the membrane. Several chemotherapeutic drugs were tested on cells for potential application
in combination with electroporation; these include daunorubicin, doxorubicin, etoposide, paclitaxel, actinomycin D,
adriamycin, mitomycin C, 5-fluorouracil, vinblastine,
vincristine, gemcitabine, cyclophosphamide, carboplatin,
cisplatin and bleomycin. Electroporation of cells increases
the cytotoxicity of some of these drugs anywhere from 1.1
up to several thousandfold. However, only two of these
drugs have been identified to date as potential candidates
for electrochemotherapy of cancer patients: bleomycin and
cisplatin.4

The transport of bleomycin across the non-permeabilised
plasma membrane is achieved by carrier proteins that internalise it via the endocytotic pathway. This process is limited
by the low number of carrier proteins exposed at the cell surface, as well as by withdrawal of these proteins from the
membrane due to endocytosis. Hence, this mechanism limits
the uptake of bleomycin and its cytotoxicity.4,8 The exposure
of cells to electric pulses, and consequent membrane electroporation leading to increased membrane permeability,
enables the direct access of bleomycin to cytosol and transport to DNA, where a few hundred molecules are needed
for its cytotoxicity. Therefore, electroporation of cells
potentiates the cytotoxicity of bleomycin up to several
thousandfold, as reported in the initial study by Mir and
confirmed by several consecutive studies.4,9
Cisplatin transport through the non-permeabilised
plasma membrane is also hampered. Only 50% of cisplatin
is transported through the plasma membrane by passive diffusion, whereas the rest is transported by carrier molecules.
The overall flux across the plasma membrane is thus limited. Electroporation of the plasma membrane enables
increased flux and accumulation of the drug in cells, which

Figure 2. Visualisation of regions of the membrane where electroporation-mediated transport of molecules occurs. (A) Fluorescence of the cell at 150 ms,
(B) 1500 ms, and (C) 3 min after pulse delivery. The cell was exposed to a single (650 V/cm) rectangular electric pulse. A fluorescent marker, propidium
iodide, was added to the cells before the electric pulse was applied to visualise the permeabilised regions of the cell membrane. Bar represents 10 mm.
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results in an increase of cisplatin cytotoxicity by up to
80-fold.10 This increase in cisplatin uptake and DNA
adduct generation is significant; however, it is still lower
than in the case of bleomycin.4
Due to the observed increase in bleomycin and cisplatin
cytotoxicity and the fact that bleomycin and cisplatin are
commonly used drugs, further in vivo studies evaluating
the antitumour effectiveness of electrochemotherapy have
concentrated predominantly on these two drugs.
Extensive in vivo studies were performed on different
animal tumour types, either transplantable or spontaneous.
High antitumour effectiveness of electrochemotherapy was
demonstrated on fibrosarcomas, melanoma, and carcinomas
in mice, rats and rabbits; good clinical results were also
obtained in veterinary medicine on cats, dogs and
horses.11e15 In these studies solid subcutaneous tumours in
the muscle, liver or brain, being either sarcomas, carcinomas,
melanoma or neuroblastoma, were used to demonstrate the
antitumour effectiveness of electrochemotherapy. Also, the
drug administration route (intravenous or intratumoural),
drug dosage, timing of its administration and electrical
parameters were elaborated. It was determined that the drugs
may be injected either intravenously or intratumourally and
electric pulses applied to the tumours within a few minutes
thereafter (8 electric pulses; amplitude over distance
1300 V/cm, duration 100 ms; frequency 1 Hz). In these
studies it was demonstrated that with drug doses that have
minimal or no antitumour effectiveness, high (up to 75%)
complete responses of the electrochemotherapy-treated
tumours were obtained.4,10,11 The drug doses used were so
low that they had no systemic toxicity. Also the application
of electric pulses to the tumours had no antitumour effectiveness and no systemic side effects. Local side effects were
contractions of the muscles underlying the treated area, but
muscle contractions and associated pain are present only
during the application of electric pulses.

Active mechanisms of electrochemotherapy
The principal mechanism of electrochemotherapy is the
electroporation of cells in tumours, which increases drug
effectiveness by enabling the drug to reach the intracellular
targets. This increased drug uptake in tumours has been
demonstrated for bleomycin and cisplatin: the accumulation of these two drugs in tumours was increased two to
fourfold, compared to tumours without electroporation.16,17
Furthermore, a twofold increase in cisplatin DNA adducts
was determined in electroporated tumours.17
Besides membrane electroporation, the application of
electric pulses to tissues induces a transient but reversible
reduction of blood flow.18 The 80% decrease in tumour
blood flow immediately following the application of electric pulses induces drug entrapment in the tissue for several
hours, providing more time for the drug to act.19 Tumour
blood flow returns to normal in tumours within 24 h after

the application of electric pulses; whereas in normal tissue
the restoration is faster, within several hours.4,18,20
The cytotoxic effect of electrochemotherapy is not
limited only to tumour cells in the tumours. Electrochemotherapy acts also on stromal cells, including endothelial
cells in the lining of tumour blood vessels, resulting in their
death, abrogation of tumour blood flow and consequently a
cascade of tumour cell death surrounding the vessels. This
vascular disrupting mechanism of electrochemotherapy
contributes to its antitumour effectiveness and has been
demonstrated for both bleomycin and cisplatin.19,21
Differences in the antitumour effectiveness of electrochemotherapy were observed between immunocompetent and
immunodeficient experimental animals, indicating the
involvement of immune response in antitumour effectiveness. The observed tumour growth delay in immunocompetent mice was twice as long as in immunodeficient mice,
and a high percentage (80%) of tumours were cured, whereas
none were cured in immunodeficient mice.22 Due to massive
tumour antigen shedding in organisms after electrochemotherapy, systemic immunity is induced and can be upregulated by additional treatment with biological response
modifiers such as IL-2, IL-12, GM-CSF and TNF-a.4,23,24
Clinical studies
History
The first clinical study was published in 1991 on head
and neck tumour nodules,5 which was thereafter followed
by several others.25e29 Most frequently single or multiple
cutaneous or subcutaneous melanoma nodules were treated
but nevertheless response was demonstrated in breast and
head and neck cancer nodules, as well as Kaposi’s sarcoma,
hypernephroma, chondrosarcoma and basal cell carcinoma.6 The studies were conducted on either recurrent or
primary tumour nodules in one treatment session or repetitive sessions till tumour response. An extensive and
detailed review on the results of these phase II studies,
according to the tumour type, drug used in electrochemotherapy and cancer centre has recently been published
elsewhere and is beyond the scope of the present publication.6 For the purpose of the present article the results of
those trials have been condensed in Table 1 as studies
before ESOPE trial.
In brief, in melanoma, electrochemotherapy with bleomycin given intravenously resulted in 45% complete responses
Table 1
Clinical response to electrochemotherapy in the ESOPE clinical trial and
previous clinical studies
Electrochemotherapy

Patients

Nodules

Response (%)
PD

NC

PR

CR

OR

Before ESOPE study
ESOPE study

247
41

1009
171

6
5

11
10

19
11

64
74

83
85
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whereas given intratumourally in 77% complete responses.
After electrochemotherapy with cisplatin the compete
response rate was 67% when cisplatin was administered
intratumourally and 48% when administered intravenously.
In non-melanoma tumours (squamous cell carcinomas of
head and neck, basal cell carcinoma of the skin, breast adenocarcinoma, salivary gland adenocarcinoma, hypernephroma) similar results were obtained: electrochemotherapy
resulted in 53% complete response rate when bleomycin
was given intravenously; 63% complete responses when
bleomycin was given intratumourally; and 58% complete
responses when cisplatin was given intratumourally.
ESOPE trial
However, these clinical studies were performed with
slightly variable treatment protocols, different electrodes
and different electric pulse generators. Thus there was
a need for a prospective non-randomised multi-institutional
study. This study was conducted by a consortium of four
cancer centres gathered in the ESOPE project funded under
the European Commission’s 5th Framework Programme.
Treatment response after electrochemotherapy according
to tumour type, drug used, route of its administration and
type of electrodes was tested.30 The results of this study
can be summarised as follows:
 An objective response31 rate of 85% (73.7% complete
response rate) was achieved for electrochemotherapytreated tumour nodules, regardless of tumour histology
and drug or route of administration used. The cutaneous
and subcutaneous nodules of melanoma were treated
predominantly, breast cancer, colon cancer, squamous
cell carcinoma of the skin, squamous cell carcinoma
of cervix, Kaposi and leiomyosarcoma cutaneous and
subcutaneous tumour nodules were treated too in
decreasing sequence.
 At 150 days after treatment, the local tumour control
rate for electrochemotherapy was 88% with bleomycin
given intravenously, 73% with bleomycin given intratumourally and 75% with cisplatin given intratumourally,
demonstrating that all three approaches were equally
effective in local tumour control.
 Treatment of tumour nodules located in previously irradiated areas was equally as effective as those that were
not in previously irradiated areas (objective response
rate 88.2% vs. 81.4%, respectively).
 Side effects of electrochemotherapy were minor and tolerable (muscle contractions and pain sensation). The
acceptability of the treatment was demonstrated by interviewing the patients; 93% of them responded that
they would be willing to accept the treatment next
time if it would be indicated.
In all clinical studies reported to date, including the
ESOPE study, 288 patients have been treated: 782 tumour
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nodules were treated by electrochemotherapy with bleomycin and 398 tumour nodules were treated by electrochemotherapy with cisplatin. The results of the ESOPE study are
comparable to previously reported results on the effectiveness of electrochemotherapy (Table 1).6,30
Limitations of electrochemotherapy
Electrochemotherapy is a local treatment, which has
been mainly used when other modalities of local tumour
control have failed. Its main drawback is that it cannot be
used for the treatment of deep tumours, because currently
only electrodes for treatment of cutaneous and subcutaneous tumours have been designed and produced. Furthermore, there is a lack of comparative studies with other
local treatments, such as radiotherapy and isolated limb
perfusion, which should obviously be initiated. For safety
reasons electrochemotherapy is not recommended in
patients with cardiac pacemakers and patients on anticoagulant therapy.
Treatment procedure
Electrochemotherapy is a procedure that combines
a membrane non-permeant or poorly permeant cytotoxic
drug having an intracellular target, such as bleomycin or
cisplatin, with the application of short intense electric
pulses causing increased membrane permeability. The prerequisite for effective electrochemotherapy is a sufficient
drug concentration and distribution within the tumour, as
well as an adequate electric field distribution (Fig. 3).
Therefore exact procedures for either systemic or local
drug delivery, using either bleomycin or cisplatin, followed
by the application of electric pulses, need to be followed for
each specific clinical condition. Hence, standard operating
procedures (SOP) using an electric pulse generator, Cliniporator (IGEA, s.r.l. Carpi, Modena, Italy), have recently
been published.33
Injection site, timing and drug dosage
The key issue in electrochemotherapy is to assure that the
drug is present in the tumour when electric pulses are applied.
Bleomycin can be delivered intratumourally or systemically,
whereas cisplatin should be injected intratumourally to
achieve the best results. When the drug is delivered systemically, electric pulses need to be delivered to the tumour
site during the pharmacokinetic peak, which was reported
to be between 8 and 28 min in humans;34 for intratumoural
application, however, the pulses need to be delivered from
1 min to 10 min after drug injection.17,26 The dose for
bleomycin intravenous injection is 15 000 IU/m2, while for
intratumoural injection the dose for bleomycin is approx.
500 IU/cm3 and for cisplatin approx. 1 mg/cm3, depending
on the tumour volume.33
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Figure 3. Principle of electrochemotherapy. Non-permeant or poorly permeant anticancer drug with intracellular target, injected either systemically or intratumourally, surrounds tumour cells. Application of adequate electric pulses causes an increase in membrane permeability, which allows for the entrance of
anticancer drug into the cells to exert its cytotoxic action (redrawn from32).

Characteristics of electric pulses
The electric pulses delivered were in most reported cases
eight pulses of 100 ms duration delivered at 1 Hz, or more recently 5 kHz repetition frequency.6,30 These pulses proved to
be optimal for the cell penetration of ‘‘small drugs’’, such as
bleomycin and cisplatin, provided that the local electric field
established in the target tissue, i.e. tumour, was sufficiently
high. Such an electric field can be obtained at amplitudes
above 1000 V for parallel plate electrodes with a distance
of 8 mm. The local field in the target tissue, however, depends
on electrode geometry and electrode placement. Thus the
choice and placement of electrodes need to be carefully selected with respect to the shape and size of the tumour, and
appropriate pulse amplitudes need to be selected as well.1
Types of electrodes
Although there are different types of electrodes available
on the market,35 in principle two different types of electrodes exist: plate electrodes and needle electrodes. Plate
electrodes are used for the treatment of skin or superficial
lesions (Fig. 4). The depth of penetration of the effective
electric field is rather small, and it depends on the distance
between the electrodes: the greater the distance, the deeper
the penetration of the electric field into the tissue, given that
a larger voltage needs to be applied between both
electrodes.
Needle electrodes are of two kinds: needles are positioned either in two parallel rows or in a circular (hexagonal) array. In contrast to plate electrodes, needle electrodes
must be inserted throughout the tumour tissue up to the
deep tumour border (Fig. 4).1

Regardless of the type of electrode, whether plate or needle, the electric field is highest around the electrode and
between the electrodes, but drops off very rapidly outside
the electrode array (Fig. 4). Thus, if the tumour is larger
than the distance between the electrodes, the entire tumour
can be efficiently treated by moving and placing electrodes
adjacently for each consecutive electric pulse application.
Because of the structural heterogeneity of tissues, including
tumours, the electric field which should be established in
tumours for the permeabilisation of cells is difficult to determine.36 It is therefore critical to apply the suggested pulse
amplitude for different types of electrodes, as provided by
the manufacturers of clinical electroporators.
Single or multiple tumour nodules can be treated, even
up to 100 nodules can be treated in one electrochemotherapy session.37 Single treatment can result in complete eradication of tumour nodules with up to several years
remission, however if the treatment is not effective the
treatment could be repeated at monthly intervals. Bigger
tumours of more than 3 cm in size can be successfully
treated by repetitive application of electric pulses to the
tumour until the whole tumour area is covered. By using
needle electrodes tumours of up to 2 cm in thickness can
be treated.
Clinical uses
Electrochemotherapy has proved to be effective in various cutaneous tumours.6,30 Currently, its main use is as
a palliative treatment of cutaneous and subcutaneous
tumour nodules with different histologies after all other
treatment modalities have failed or proved insufficient.
Most frequently it is used in the treatment of multiple
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Figure 4. Types of electrodes, electric field distribution and application of electric pulses to tumours. Plate (left) or needle electrodes (right) are used noninvasively and invasively, respectively. The application of high voltage electric pulses via plate electrodes has a different electric field distribution compared
to needle electrodes. Plate electrodes are more appropriate for tumours on the surface, not situated deep in the tissue. Needle electrodes have an electric field
distribution that is predominantly limited to the area between the electrodes and to the tips of the electrodes, so that the needle needs to be inserted at least to
the entire depth of the tumour. In both cases larger tumours can be treated by repositioning the electrodes so that the entire tumour volume is totally covered
by a sufficiently high electric field.

cutaneous metastases of melanoma when they cannot be
surgically excised due to their number or localisation. In
such cases long-term remissioneup to several yearsecan
be obtained (Fig. 5).27,29,38
Electrochemotherapy can also be used as a cytoreductive
treatment before surgical resection in an organ-sparing
treatment attempted. It has been used in such a setting
before a sphincter-sparing resection of anal melanoma39
and in digital chondrosarcoma, rescuing the finger from
amputation.40
Furthermore, it could be used to treat basal cell carcinoma on the face with the intent to obtain a cure. Its beneficial antitumour effects have been proved, giving better
cosmetic results than excisional surgery.41

Current development and future medical applications
of tissue electroporation
Since electrochemotherapy with bleomycin or cisplatin
has been shown to act synergistically with radiotherapy in
preclinical studies, its use can be foreseen for the radiosensitisation of cutaneous tumours, predominantly in the palliative treatment of progressive disease.42,43
Further development is focused on the treatment of
internal tumours by development of endoluminal electrodes. This technological development could be used
either for electrochemotherapy or gene electrotransfer.44
The use of electroporation technology in gene therapy is
termed gene electrotransfer. Although this approach needs
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Figure 5. Typical response of melanoma nodule after treatment with electrochemotherapy. A scab forms after treatment, which exfoliates after approximately
2 months. In the treated area the pigmentation remains for a long time.

further development in order to achieve better electrotransfer of different kinds of nucleic acids (siRNA, plasmid
DNA, oligonucleotides), its clinical use can be foreseen
in the near future.45,46 The first phase I/II clinical studies
are ongoing.47
In electrochemotherapy, electroporation is used as
a means for the delivery of cytotoxic drugs into cells,
with the intent of eradicating cancer cells. However, the
application of electric pulses with higher amplitudes48 or
nanopulses,49 which leads to the irreversible electroporation of cells and consequently to cell death, was suggested
to be used instead of electrochemotherapy for tumour ablation. This technology is still under development, though.

The tumour blood modifying effect of electroporation
could be used for activation of bioreductive drugs specifically in tumours, as has already been demonstrated for
tirapazamine.50 And we must keep in mind the vasculardisrupting effect of electrochemotherapy, which could be
further exploited with other specific treatment modalities.
Conclusions
Electroporation-based treatments are one success story
of the translation of new technology into clinical practice.
Electrochemotherapy with either bleomycin or cisplatin
is effective in local tumour control of cutaneous and
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subcutaneous tumour nodules of different histologies,
resulting in up to w75% long-term complete responses of
treated tumours. After the progress of electrochemotherapy
into broader clinical practice, next will be gene electrotransfer for gene therapy.
Key educational points
Electrochemotherapy is a local treatment which combines treatment with chemotherapeutic drugs and tissue
electroporation, i.e. application of short, intense electric
pulses to the tumour. Application of electric pulses potentiates the cytotoxicity of chemotherapeutic drugs by permeabilising the cell membrane of the cells at the site of
electric pulse application, allowing for increased transmembrane transport of non-permeant or poorly permeant anticancer drugs, such as bleomycin or cisplatin, which
possess high intrinsic cytotoxicity.
 The treatment of tumour nodules of different histologies,
using appropriate instrumentation and procedures, results
in w75% complete response of the treated nodules.
 The tumour should be adequately covered by the applied
electric pulses; plate electrodes are designed for the
treatment of superficial tumours, while needle electrodes
are more suitable for exophytic or tumours lying deeper
in the tissue.
 Electrochemotherapy can currently provide immediate
clinical benefits in patients with multiple cutaneous
and subcutaneous metastases which are not suitable for
surgical removal.
 As well as in electrochemotherapy, electroporation is
used in gene electrotransfer for gene therapy.
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