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BIOMEDICAL APPLICATIONS OF ELECTROPORATION 

Several novel tumor-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. 

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. Although the exact mechanism operating on the molecular 

level and the various structures has not yet been fully elucidated, a flow of 

molecules was demonstrated through areas of membranes in regions where 

the highest absolute value of the induced transmembrane potential was 

observed after exposure of cells to electric pulses. 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 [1]. 

Electroporation-based cancer treatment approaches are currently 

undergoing intensive investigation in the field of drug (electrochemo-

therapy) and gene (electrogene therapy) delivery [1,2].  
 

ELECTROCHEMOTHERAPY 

The first biomedical application of electroporation 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 
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approach for cutaneous and subcutaneous tumor nodules. 

Electrochemotherapy is defined as a local treatment which, via cell 

membrane permeabilising electric pulses, potentiates the cytotoxicity of 

non-permeant or poorly permeant anticancer drugs with high intrinsic 

cytotoxicity at the site of electric pulse application. 

Since electroporation can facilitate the drug transport through the cell 

membrane only for poorly or non-permeant molecules, suitable candidates 

for electrochemotherapy are limited to those drugs that are hydrophilic and 

lack transport system in the membrane. Several drugs were tested; however, 

only two drugs have been identified as potential candidates for 

electrochemotherapy of cancer patients. The first is bleomycin, which 

cytotoxicity in vitro can be potentiated up to several-1000-fold by 

electroporation of cells. The second is cisplatin. Electroporation of cells 

exposed to cisplatin increased the cisplatin cytotoxicity by up to 80-fold.  

Bleomycin and cisplatin were tested in electrochemotherapy protocol 

on a number of animal models in vivo. High antitumor 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. Also, the drug 

administration route (intravenous or intratumoral), drug dosage, timing of its 

administration and electrical parameters were elaborated. It was determined 

that the drugs may be injected either intravenously or intratumorally and 

electric pulses applied to the tumors within a few minutes thereafter. In 

these studies it was demonstrated that with drug doses that have minimal or 

no antitumor effectiveness, high (up to 75 %) complete responses of the 

electrochemotherapy-treated tumors were obtained. The drug doses used 

were so low that they had no systemic toxicity. Also the application of 

electric pulses to the tumors had no antitumor 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. 

The principal mechanism of electrochemotherapy is the 

electroporation of cells in tumors, which increases drug effectiveness by 

enabling the drug to reach the intracellular targets. This increased drug 

uptake in tumors has been demonstrated for bleomycin and cisplatin: the 

accumulation of these two drugs in tumors was increased two to fourfold, 

compared to tumors without electroporation. Furthermore, a twofold 

increase in cisplatin DNA adducts was determined in electroporated tumors. 
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Besides membrane electroporation, the application of electric pulses 

to tissues induces a transient but reversible reduction of blood flow. The 

80 % decrease in tumor 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. Tumor blood flow returns to normal 

in tumors within 24 h after the application of electric pulses. 

The cytotoxic effect of electrochemotherapy is not limited only to 

tumor cells. Electrochemotherapy acts also on stromal cells, including 

endothelial cells in the lining of tumor blood vessels, resulting in their 

death, abrogation of tumor blood flow and consequently a cascade of tumor 

cell death surrounding the vessels. This vascular disrupting mechanism of 

electrochemotherapy contributes to its antitumor effectiveness and has been 

demonstrated for both bleomycin and cisplatin. 

Differences in the antitumor effectiveness of electrochemotherapy 

were observed between immunocompetent and immunodeficient 

experimental animals, indicating the involvement of immune response in 

antitumor effectiveness. Due to massive tumor antigen shedding in 

organisms after electrochemotherapy, systemic immunity is induced and can 

be up-regulated by additional treatment with biological response modifiers 

such as IL-2, IL-12, GM-CSF and TNF-α [1,3,4].
 

 

CLINICAL STUDIES ON ELECTROCHEMOTHERAPY 

The results of several clinical studies have confirmed the preclinical 

data described above: high antitumor effectiveness of electrochemotherapy 

with bleomycin and cisplatin on cutaneous and subcutaneous tumor nodules 

with different histology was demonstrated.  

The first clinical study was published in 1991 on head and neck tumor 

nodules, which was thereafter followed by several others. These clinical 

studies demonstrated the antitumor effectiveness of electrochemotherapy 

using either bleomycin or cisplatin, given intravenously or intratumorally. In 

addition to single or multiple cutaneous or subcutaneous melanoma nodules, 

a response was demonstrated in breast and head and neck cancer nodules, as 

well as Kaposi’s sarcoma, hypernephroma, chondrosarcoma and basal cell 

carcinoma. 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 multi-institutional study, 

which was conducted by a consortium of four cancer centers gathered in the 

ESOPE project funded under the EU 5
th

 Framework Programme. In this 

study, treatment response after electrochemotherapy according to tumor 
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type, drug used, route of its administration and type of electrodes was tested. 

The results of this study can be summarized as follows: (1) An objective 

response rate of 85 % (74 % complete response rate) was achieved for 

electrochemotherapy-treated tumor nodules, regardless of tumor histology 

and drug or route of administration used. (2) At 150 days after treatment, the 

local tumor control rate for electrochemotherapy was 88 % with bleomycin 

given intravenously, 73 % with bleomycin given intratumorally and 75 % 

with cisplatin given intratumorally, demonstrating that all three approaches 

were equally effective in local tumor control. (3) Side effects of 

electrochemotherapy were minor and tolerable (muscle contractions and 

pain sensation). 

The studies that followed demonstrated the same antitumor 

effectiveness as the ESOPE study. Currently electrochemotherapy is in 

clinical use in more than 60 European cancer centers for treatment of 

cutaneous tumor nodules. Predominantly melanoma metastases were 

treated; therefore electrochemotherapy has been included also into European 

guidelines for treatment of melanoma [5,6].  

Furthermore, the technology is being developed also for the treatment 

of deep seated tumors. With development of new generation of electric 

pulse generators, tumors located in liver, muscle or bone can be treated, 

using long needle electrode that are inserted into the tumor or the 

surrounding normal tissue [7]. On the 1
st
 Users meeting for 

electrochemotherapy in Bologna, Italy in 2010, the first promising clinical 

results were reported. In this way electrochemotherapy will broaden its 

clinical indications and will be even better accepted in clinical practice.  
 

ELECTROGENE THERAPY 

Another application of electroporation is introduction of nucleic acids 

into the tissues like tumors, muscle or skin (electrogene therapy). The use of 

electroporation for transfection of cells dates back to 1982, when Neumann 

et al. demonstrated increased uptake of plasmid DNA into mouse lyoma 

cells using electroporation. Gene electrotransfer to tissues was introduced 

by Titomirov et al. in 1991, who used electroporation for transfection of 

skin of newborn mice with plasmid DNA. After this first study, the use of 

gene electrotransfer to tissues grew rapidly. Optimization studies aiming to 

optimize the parameters of electric pulses for application of gene 

electrotransfer to different tissues, as well as studies dealing with the 

therapeutic effect of gene electrotransfer were performed. Therapeutic 
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applications of gene electrotransfer were focused mainly on two fields: 

DNA vaccination against infectious disease, and cancer gene therapy [8,9].  

Among different therapeutic genes, such as p53, STAT3, IL-2, AMEP 

that were tested in preclinical studies of electrogene therapy, electrogene 

therapy with interleukin-12 (IL-2) was the most thoroughly evaluated, even 

in combination with radiotherapy. To date, only intramuscular electrogene 

therapy with IL-12 was tested in combination with local radiotherapy. 

Combined treatment was evaluated on established subcutaneous sarcoma 

tumors and on induced lung metastases. IL-12 electrogene therapy repeated 

three times with one tumor irradiation applied 24 h after the first electrogene 

therapy resulted in up to 100 % tumor cures. Prophylactic electrogene 

therapy performed 24 h before irradiation resulted in almost complete 

reduction of lung metastases and a 1.3 fold dose-modifying factor was 

determined when electrogene therapy was combined with graded irradiation 

doses (Figure 1) [10]. 

 

 
Figure 1. Antitumor effectiveness of radiotherapy combined with 

electrogene therapy with IL-12 on induced lung metastases: A – lung from 

control untreated mouse; B – lung of mouse treated with 4 Gy irradiation 

and C – lung from mouse treated with combined therapy. 

 

Electrogene therapy in oncology is also at the clinical stage of testing. 

It has been used for treatment of tumors of small animals like dogs and also 

horses, with significant antitumor effect, demonstrating the feasibility and 

effectiveness of this treatment. Furthermore, the treatment has been 

translated also into the human clinic; the latest report by Daud et al. [11] has 

demonstrated that electrogene therapy with IL-12, of melanoma tumor 

nodules in patients that have progressive disease, is effective and the 

patients have significant benefit of it. In Slovenia we also initiated the first 

gene therapy trial on melanoma patients with plasmid DNA encoding 

antiangiogenic gene and we are in preparation for the IL-12 gene therapy trial. 
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