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Electric field induces structural changes in plasma membrane

• Cell membrane permeabilization
that induces:
• Destruction of the cell membrane
• Insertion of proteins into cell membrane
• Introduction of small molecules
• Introduction of large molecules
• Cell fusion

Advanced Micro and Nano Electrochemical Systems



We distinguish reversible and irreversible electroporation

• Reversible electroporation preserves cell viability, therefore the electric field, pulse 
duration and number of pulses needs to be adjusted for specific biomedical application

• Irreversible electroporation destructs the cell membrane and this is the means for cell 
death

Reversible 

Irreversible
(nonthermal)• Depends on:

• Electric filed strength
• Exposure duration

Irreversible
(thermal)

Reversible

Irreversible
(nonthermal)



Biomedical applications of electroporation in different 
disciplines of medicine

Reversible 
electroporation

Irreversible 
electroporation

Oncology
Tumor treatment

Infectiology
Vaccines

Angiology
Vascular malformations

Oncology
Tumor treatment

Cardiology
Cardiac arrythmias

Electroporation,
medicine: 380



Different commercial electroporators
are available:

• BTX: GEMINI X2

• Invitrogen: Neon 
• Intracel: TSS20
• IGEA: Gene Drive
• Leroy: Beta-tech B10
• Societe Jouan: JOUAN
• FID GmbH: FPG 20-1NM4
• IGEA: Cliniporator Vitae
• Pulse Biosciences: CellFX
• …

http://lbk.fe.uni-lj.si/ic/

The technology is based on application of 
electric pulses to tissues
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Clinical applications of reversible electroporation

Reversible 
electroporation

Oncology
Tumor treatment

Infectiology
Vaccines

Angiology
Vascular malformations



Electrochemotherapy and gene electrotransfer
in tumor treatment

Tumor treatment

Cutaneous tumors
• Head and neck
• Trunk and limbs
• Gynecological
• Breast

Deep seated 
tumors
• Liver
• Bone
• Soft tissues
• Colon, rectum
• Pancreas

Melanoma

Non-melanoma
• Basal cell carcinoma
• Squamous cell 

carcinoma
• Soft tissue sarcoma
• Metastases

Kaposi‘s sarcoma

Carcinomas

Sarcomas

Metastases



Timeline of clinical electrochemotherapy

Campana LG et al. EJSO 2019



What is electrochemotherapy ? 
Electrochemotherapy - procedure

Marty and Sersa et al. EJC Suppl 2006



Which drugs can be used?
Increased cytotoxicity of chemotherapeutic drugs

• Effective for hydrophilic 
drugs with hampered 
transport through the 
plasma membrane

• Drugs that have clinical 
applicability:
Bleomycin (BLM)
Cisplatin (CDDP)
Calcium Chloride (CaCl2)

BLM

CDDP



Electric pulse generator and electrodes for 
cutaneous tumors

Finger - Orthogonal

Finger - Longitudinal

Adjustable
Hexagonal

Adjustable 
Linear

Hexagonal

Plate

Linear  

Single long needle electrodes



Standard Operating Procedures for ECT

Deciding treatment strategy based on number and size of tumors to be treated



Electrochemotherapy as local drug delivery

Advantages
• Increase in therapeutic 

index:
• Increase in 

antitumor efficacy of 
the administered 
chemotherapeutic 
drug.

• Less side effects, 
because lower 
doses are needed 
for the treatment.



Possible locations of the tumors

Cutaneous tumors –
locations:

• Head and neck
• Trunk and limbs
• Gynecological 
• Breast

Leonardo da Vinci



Effectiveness of electrochemotherapy on cutaneous tumors

Which tumors can be treated?
• Malignant melanoma
• Basal cell carcinoma
• Breast cancer
• Squamous cell carcinoma
• Kaposi‘s sarcoma
• And others…..

Clover A.J.P. et al. EJC 2020



Examples of tumors treated:

Melanoma

Basal cell carcinoma

Squamous cell 
carcinoma

Kaposi‘s sarcoma



Recent article on ECT

ECT showed antitumor activity and a favorable safety profile in patients 
with complex cSCC for whom there was no widely accepted standard of care. 
Better results were obtained in primary and small tumors (<3 cm)
using intravenous bleomycin administration.



Tumor treatment

Cutaneous tumors
• Head and neck
• Trunk and limbs
• Gynecological
• Breast

Deep seated 
tumors
• Liver
• Bone
• Soft tissues
• Colon, rectum
• Pancreas

Melanoma

Non-melanoma
• Basal cell carcinoma
• Squamous cell 

carcinoma
• Soft tissue sarcoma
• Metastases

Kaposi‘s sarcoma

Carcinomas

Sarcomas

Metastases

Electrochemotherapy and gene electrotransfer in tumor treatment



The technology is adapted for treatment of deep seated tumors

• Electrodes for different uses:
• A: Intraoperative
• B: Intraoperative or pecutaneous
• C: Endoscopic
• D: Laparoscopic

Campana LG et al. EJSO 2019



Examples of therapeutic approaches

• Intraoperative
• Percutaneous
• Endoscopic
• Laparoscopic

Hansen F. H. et al. Endosc Int Open. 2020



Is it effective?
• Liver

• Colorectal metastases (CRC)
• Hepatocellular carcinoma (HCC)

• Bone
• Soft tissue
• Colon, rectum
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ECT of liver tumors
Conclusions
• Electrochemotherapy of 

colorectal liver metastases 
proved to be feasible, safe 
and efficient treatment 
modality

• It was shown that ECT has a 
specific place in difficult to 
treat metastases, located in 
the vicinity of major hepatic 
vessels, not amenable to 
surgery or radiofrequency 
ablation. 



Is it effective?

• Liver
• Colorectal metastases
• Hepatocellular 

carcinoma
• Bone
• Soft tissue
• Colon, rectum
• Pancreas
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Is it effective?

• Dodaj članek in podčrtaj 
rezultat

• Liver
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• Hepatocellular carcinoma
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Electrochemotherapy and gene electrotransfer in tumor treatment

Tumor treatment

Cutaneous tumors
• Head and neck
• Trunk and limbs
• Gynecological
• Breast

Deep seated 
tumors
• Liver
• Bone
• Soft tissues
• Colon, rectum
• Pancreas

Melanoma

Non-melanoma
• Basal cell carcinoma
• Squamous cell 

carcinoma
• Soft tissue sarcoma
• Metastases

Kaposi‘s sarcoma

Carcinomas

Sarcomas

Metastases



Gene electrotransfer in treatment of cutaneous tumors

Melanoma in transit metastases

• Plasmid coding for interleukin 12 (IL-12)
• Intratumoral plasmid injection
• Application of electric pulses

• Effectiveness
• Regression of treated tumors
• Regression of regional untreated 

metastases



Tavokinogene telseplasmid

Intervention/treatment Condition or disease Phase

Biological: Tavokinogene telseplasmid
Biological: Pembrolizumab
Device: ImmunoPulse

Stage III/IV Melanoma Phase 2

Biological: Tavokinogene telseplasmid
Biological: Pembrolizumab
Device: Immunopulse
Drug: nab paclitaxel

Triple Negative Breast
Cancer

Phase 2

Drug: Tavokinogene telseplasmid
Drug: Nivolumab
Device: OncoSec Medical System

Melanoma Phase 2

Currently ongoing clinical trials

• Plasmid coding for interleukin 12 (IL-12)
• Used in multiple preclinical and clinical studies

Intervention/treatment Condition or disease Phase
Biological: Tavokinogene telseplasmid
Device: OncoSec Medical System

Head and Neck 
Squamous Cell 
Carcinoma

Phase 2

Biological: Tavokinogene telseplasmid
Device: OncoSec Medical System

Merkel Cell Carcinoma Phase 2

Completed clinical trials



CAR- and TCR-T cell–based therapy

• Advantages of electroporation:
• Relatively high viability and transfection efficiency
• High expression of transgene
• Simple, safe and inexpensive

Bertoletti A. and Tanoto T. A., Biotechnol Progress. 2021



• Enables generation of CAR-NK cells with 
transient expression of antitumor transgene

Harris E and Elmer JJ, Biotechnol Progress. 2021Schmidt P. et al., Frontiers in Immunology 2021 



Proposed model of in situ vaccination with ECT, boosted by 
immunogene therapy with IL-12

Sersa et al. Cancer Immunol 
Immunother 2015

ECT

GET Immuno

ECT + GET



ECT as in situ vaccination boosted with IL-12 GET

• For the abscopal effect we need 
• Immunostimulation
• Immuno Checkpoint Blockade

• The immunostimulation can provide higher response rate and possibly 
also the effect on distant metastases, with influence on survival.

ECT

GET

ECT+GET



Future directions

• Optimization of gene therapy schedule protocol

• Translation in clinical practice: project „Next Generation of Cancer 
Gene Therapy: From Genes to Production and Clinics“



Standard 
treatment

In vitro research

In vivo research

Clinical study
phase I/II

Su
rv

iv
al

ECT+GET

ECT
GET

Time

Development of a platform 
for translation of gene 
therapy for cancer into the
clinics



SmartGene.si: A platform for development, manufacturing 
and clinical testing of DNA based therapeutics

• Construction of DNA vector containing therapeutic genes

• Preclinical testing on cell culture and mice models

• Electroporation device and method for plasmid DNA delivery to cells. 

• Development and validation of analytical and potency methods

• Development of manufacturing process

• Design and set up of „Smart“ GMP facility.

• GMP manufacturing

• Clinical study



Time-line of the project



Non-clinical study for approval of phase I clinical study
Based on:
• EMA guidelines for advance therapies
- EMA/CAT/80183/2014 (Quality, preclinical and clinical aspects of gene therapy medicinal products),
- EMA/CAT/852602/2018 (Guideline on quality, non-clinical and clinical requirements for investigational advanced therapy medicinal

products in clinical trials),
- EMEA/CHMP/GTWP/125459/2006 (Guideline on the non-clinical studies required before first clinical use of gene therapy medicinal

products),
- EMA/CPMP/ICH/286/1995 (ICH guideline M3(R2) on non-clinical safety studies for the conduct of human clinical trials and marketing

authorisation for pharmaceuticals),
- EMA/CHMP/ICH/646107/2008 (ICH guideline S9 on nonclinical evaluation for anticancer pharmaceuticals),
- EMEA/273974/2005 (Guideline on non-clinical testing for inadvertent germline transmission of gene transfer vectors),
- CPMP/BWP/3088/99 (Note for Guidance on the Quality, Preclinical and Clinical aspects of gene transfer medicinal products),
- CPMP/SWP/1042/99 Rev 1 Corr (Guideline on repeated dose toxicity),
- Reflection paper: Expectations for Biodistribution (BD) Assessments for Gene Therapy (GT) Products.

Scientific advice
• EMA/CHMP/SAWP/19705/2020  based on 

our question and presentation of our study
and meeting with the EMA experts. 

• Slovenian GLP guidelines (Uradni list RS,
št. 38/00 in 2/04)

14.1.2020

http://www.uradni-list.si/1/objava.jsp?sop=2000-01-1857
http://www.uradni-list.si/1/objava.jsp?sop=2004-01-0083


SmartGene.si 
clinical trial
completed

Treatment with intratumoral IL-12 of basal cell carcinoma

ClinicalTrials.gov identifier (NCT number): NCT05077033



In vivo studies were performed to determine the
efficacy (pharmacodynamics), pharmacokinetics,
toxicity, tolerability and immunogenicity of the
pmIL12 plasmid. The studies were performed in
CT26 murine tumours.

Time line of in vivo experiments

Non-clinical study SMG-01



Plasmid DNA coding for IL-12
Therapy and tumor inducible 

promoter
Antibiotic gene resistance 

free
Compliant with the EMA guidelines

OUR PRODUCT: plasmid encoding IL-12 for first in 
human use



Production of the drug product

Experience in:
• Development and validation of 

analytical and potency methods
• Development of manufacturing

process

GMP facility and
manufacturing



ALL THE PROCESS WAS WITH THE AIM TO TEST THE
PRODUCT (PLASMID FOR IL-12) IN FIRST IN HUMAN
CLINICAL TRIAL in Europe

The design of the trial was approved by EMA 
„scientific advice“ and JAZMP, and National
Ethical Committee

Study completed in June 2023

Groselj et al. Radiol Oncol 2022



Phase I: Treatment of the Head and Neck Skin Tumours
with Interleukin 12 Gene Electrotransfer

• Phase I exploratory study.
• Basal cell carcinoma in head and neck region.

• Dose escalation study: adapted 3+3 design.
3-6 patients/dose level; 3 dose levels (3-18 

patients); 0,5, 1 and 2 mg; volume of injection: 1/4 of
tumor volume.
• Exploratory study; therefore, no formal sample 

size calculation is needed. 
• The design (3 + 3 design) and the corresponding 

sample size are usual for phase I trials in 
oncology.

• Descriptive statistics will be used.
Groselj et al. Radiol Oncol 2022



Objectives of the study protocol



Safety and tolerability

Safety
• AE:

1 patient: mild pain 2 days after GET
1 patient: edema in the treatment area 2 days after GET

• SAE: NO

Before GET                    Application of electric pulses   2 days after GET           7 days after GET              1 month after GET



Tolerability

• Well tolerable

• Health slightly better after treatment, no changes in quality of life

Table 2: Patients' self evaluation of health and quality of life by EORTC QLQ-C30 (max value: excellent 7).

Health Quality of life

Cohort Patient Before
treatment

Day 7 Day 31 Before treatment Day 7 Day 31

1
phIL12: 0.5 mg/ml

SMG 01 6 6 6 6 6 6

SMG 02 4-5 4-5 5 5 5 6

SMG 03 6 6 6 6 6 6

2
phIL12: 1 mg/ml

SMG 04 5 5 7 5 5 7

SMG 05 5 7 7 6 7 7

SMG 06 4 4 4 4 4 4

3
phIL12: 2 mg/ml

SMG 07 5 6 6 7 7 7

SMG 08 5 5 4 5 5 4

SMG 09 7 7 7 7 7 7

Median 5 6 6 6 6 6



Secondary objectives

I. Pharmacokinetics and biodistribution
Determination of serum levels of IL-12 cytokine.

II. Pharmacodynamics
Determination of tumour IL-12 and IFN-γ levels in tumour biopsies.
Determination of plasmid DNA in tumour biopsies.

III. Feasibility of recruitment
Evaluation of the appropriateness and execution of the treatment and follow up procedures.

IV. Determination of recommended dose for confirmatory studies
Measurement of pharmacodynamics data and selection of the phIL12 dose that produces 
IL-12 expression in the tumours with best biological activity, infiltration of the immune cells 
and no toxicity.



I. Pharmacokinetics and biodistribution

Determination of serum levels of IL-12 cytokine
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Effects on serum levels of B lymphocytes, T lymphocytes and NK cells
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Graphs showing the evaluation of immune cell infiltration (A), IL-12 (B) and 
IFN-γ (C) staining together with the representative figures of patient SMG 
08 on day 8 after the treatment (D,E,F; Yellow arrows presenting infiltration 
of immune cells; black arrows showing the positive cells for IFN-γ)

Time 

point

HE IL-12 IFN-γ Sum Immunoscore

Concentration 

of phIL12 

(mg/mL)

Day 8 SMG01 1 1 1 3

8.5 0.5 mg/ml

SMG02 0.5 0 0 0.5

SMG03 2 1 2 5

SMG04 1 2 0 3

12 1 mg/ml

SMG05 3 2 0 5

SMG06 3 1 0 4

SMG07 3 2 0.5 5.5

16.5 2 mg/ml

SMG08 2 2 1 5

SMG09 3 2 1 6Table presenting the immunoscore of three different parameters: Immune cell 
infiltration, IL-12 and IFN-γ positivity for all patients at day 8 and 31 after IL-12 GET. 

Immunoscore

An immunoscore was calculated based on the 
positivity of all three parameters—HE, IL-12, and 
IFN-γ staining. The analysis revealed that the 2 
mg/ml groups exhibited the highest immunoscore
on day 8 compared to the other two groups.



Response rate



Results of the clinical
trial were just published



Clinical trial (Phase I/II): Treatment of the 
Head and Neck Skin Tumors with the 
combination of electrochemotherapy or
radiotherapy and gene electrotransfer of
Interleukin 12 

Bleomycin i.v.

ECT ECT + GET (IL-12)

pIL-12 i.t.

Electroporation or
irradiation

t0 + [8 – 40] min

t0

t0 + 3 min

Clinical development –further steps



Intratumoral application of pcaIL-12 & ECT bleomycin

• Basset
hound

• female
• 6 years

• Mastocytoma
• Right sole of hind leg 2.6 

cm3

• Two treatments 4 weeks
apart

• (PR 0.4 cm3 after first th.)
• Patohistological grade (II)

1 week after the first therapy 1 month after the second therapy

2 months after the second
therapy

6 months after the second
therapy

Lampreht Tratar U, Milevoj N, Cemazar M, et al .Int
Immunopharmacol. 2023 May 20;120:110274. doi: 
10.1016/j.intimp.2023.110274.



Combined treatment of ECT and Pembrolizumab

• Advanced skin melanoma
• ECT contributed to response with

immune checkpoint inhibitors

Campana LG et al., Cancers 2021



Clinical applications of reversible electroporation

Reversible 
electroporation

Oncology
Tumor treatment

Infectiology
Vaccines

Angiology
Vascular malformations



Electroporation for delivery od DNA vaccines

• GET – Gene Electrotransfer

• Target tissue becomes the 
producer of the transfected 
gene
• Skin
• Muscle

PLASMID



Electric pulse generator 
for skin



Reversible electroporation 

• DNA Vaccines
• Cancer vaccines
• Infectious diseases



Development of T cell therapy strategies for hepatitis B 
virus induced hepatocellular carcinoma



Clinical applications of reversible electroporation

Reversible 
electroporation

Oncology
Tumor treatment

Infectiology
Vaccines

Angiology
Vascular malformations





Similarities between tumor vasculature and vascular
malformations



The first record of electrosclerotherapy

Dermatologic Surgery 2020

Control

BEST

BLM



Bleomycin
electrosclerotherapy - BEST

Intratumoral bleomycin 
injection

Electrochemotherapy 
(ECT)

Tumor measurement

Immediately after ECT Immediately after ECT 5 min after ECT

Patient treated at the Institute of Oncology Ljubljana

Patient treated at the Institute of Oncology Ljubljana



Bleomycin
Electrosclerotherapy

Before treatment

3 weeks
5 weeks

10 weeks 18 months

• High-flow head and neck vascular
malformation

• Selective artery catheterization 
and angiography of the right facial 
artery to adequately visualize 
tumor vascularisation

• Low dose intratumoral BLM 
injection

• 15 applications of electric pulses
• Complete remission after 18 

months

Treatment



Attempt to standardize
the treatment



Current Operating Procedures for BEST

Indications for BEST of vascular 
malformations
• Patients with a low-flow vascular 

malformation (venous, lymphatic, capillary, 
mixed type) suitable for BEST, i.e.: injection 
of bleomycin and safe placement of 
electrodes into the vascular malformation 
are technically feasible.

• Patients with a low-flow malformation poorly 
responding or recurring after previous 
treatment(s).

• Contraindications for BEST of vascular 
malformations

• Pregnancy and lactation.
• In adults, previous bleomycin exposure with a 

cumulative dose greater than 100 000 IU.
• In children, previous bleomycin exposure greater than 

1300 IU/kg (taking into account the increasing weight 
of the child). 

• In case of abnormal respiratory results/chest 
pathology (including previous severe or long COVID) 
in consultation with a pulmonologist, special care is 
required, and bleomycin exposure may be 
contraindicated.

• In patients with impaired renal function, the dose of 
bleomycin should be reduced at least by 1/3. 

• Known allergy or hypersensitivity to bleomycin.
• Presence of significant central venous drainage 

precluding sclerotherapy. Muir T et al. Radiol Oncol 2024



Current Operating Procedures for BEST

Recommended preparation and dosing of intralesional injection

Bleomycin has confusing unit nomenclature and care should be taken to ensure predictable dosing. Historically, 
bleomycin dosage is described in terms of mg potency, where 1 mg-potency corresponds to 1 Unit or 1 000 
International Units. Because 1 mg potency is not always equivalent to 1 mg weight, the International Unit measure is 
preferred.

Muir T et al. Radiol Oncol 2024



Current Operating Procedures for BEST

Muir T et al. Radiol Oncol 2024



Before treatment with BEST After 3 weeks

After 6 weeks After 12 weeks



• Patient referral and suitability for BEST treatment
• Local or general anesthesia
• Safety of BLM administration
• Route of BLM administration
• Bleomycin dose
• Volume of drug solution
• Interval between BLM injection and application of el. pulses
• Choice of electrodes
• Coverage of the vascular malformation with el. pulses

Open questions for BEST standardization:



Biomedical applications of electroporation in different 
disciplines of medicine

Reversible 
electroporation

Irreversible 
electroporation

Oncology
Tumor treatment

Infectiology
Vaccines

Angiology
Vascular malformations

Oncology
Tumor treatment

Cardiology
Cardiac arrhythmias



Development of irreversible electroporation - IRE



Applications of IRE treatment

• Liver tumors
• Hepatocellular carcinoma
• Colorectal liver metastases
• Cholangiocarcinoma

• Pancreatic tumors
• Adenocarcinoma of 

prostate
• Kidney
• Lung

Reversible 

Irreversible
(nonthermal)

Irreversible
(thermal)

Reversible

Irreversible
(nonthermal)

Schematic 
representation of IRE 
treatment of a tumor:

Jourabchi N. et al. Gastrointestinal Intervention 2014 



Colorectal liver metastases



Pancreatic cancer

Immune cell activation

Post IRE

(Pre) IRE

Timmer E.F.F. et al. Techniques in Vascular 
and Interventional Radiology 2020 



Prostate cancer

Ting F. et al. Prostate Cancer and Prostatic Diseases 2016



Biomedical applications of electroporation in different 
disciplines of medicine

Reversible 
electroporation

Irreversible 
electroporation

Oncology
Tumor treatment

Infectiology
Vaccines

Angiology
Vascular malformations

Oncology
Tumor treatment

Cardiology
Cardiac arrhythmias

Pulsed electric field
cardiac ablation: 89



IRE in arrhythmia-related cardiovascular disease

McBride S. et al., Clinical medicine 2021



Technological advancements



Focal 
Solutions

Boston Scientific Affera Galaxy Medical Acutus

Device Farapoint Sphere-9
Lattice-Tip catheter

CENTAURI generator AcQFORCE

Ongoing Trials PERSAFONE II
PERSAFONE III

Sphere-9 IDE
Sphere-Per-AF IDE

PFA-AF SPACE-AF 
ECLIPSE-AF

Anatomical 
Solutions

Medtronic Boston Scientific Biosense
Webster

Affera Adagio Kardium Abbott Utrecht 
Group

Device PulseSelect
Loop catheter

Farawave
Pentaspline catheter

Varipulse Sphere-PVI iCLAS
PFCA

Globe
Spherical Array

Circular catheter

Ongoing Trials PULSED AF IDE ADVENT IDE
FARA FREEDOM

admIRE IDE SPHERE PVI
(FIH)

PsAF
(FIH)

PULSE-EU FIH

PFA technology landscape for cardiac ablation 

Information gathered from public sources With courtesy of



Biomedical applications of electroporation are gaining 
more attention and is fast developing technology

Reversible 
electroporation

Irreversible 
electroporation

Oncology
Tumor treatment

Infectiology
Vaccines

Angiology
Vascular malformations

Oncology
Tumor treatment

Cardiology
Cardiac arrhythmias

Electroporation; 380



1. Nuclear Medicine
2. Radiomics
3. Innovative Radiotherapies
4. Innovative Surgery
5. Physical Methods of Ablation
6. Cell Therapies
7. Ex-vivo Testing of Agents

https://jane-project.eu/

NoE on Hi-tech medical resources:

RFA (radiofrequency ablation)
MWA (microwave ablation)
HIFU (high focussed 

ultrasound)
Cryotherapy
Electroporation based therapies
• Irreversible electroporation
• Electrochemotherapy

https://jane-project.eu/

https://jane-project.eu/
https://jane-project.eu/
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