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ElectroporaƟ on is a phenomenon involving the formaƟ on of pores in cell membranes under 
the infl uence of short high-voltage electric pulses. Depending on the pulse parameters, it 
can be either reversible or irreversible. Reversible electroporaƟ on (RE) is widely used in 
biology and medicine, including in electrochemotherapy (ECT) and gene electrotransfer 
(GET). In contrast, irreversible electroporaƟ on (IRE) is an innovaƟ ve, non-thermal method 
of tumour ablaƟ on, based on the permanent disrupƟ on of cell membranes leading to cell 
death – primarily through programmed apoptosis rather than necrosis. IRE is disƟ nct from 
convenƟ onal ablaƟ on techniques that rely on energy sources such as radiofrequency, mi-
crowaves, laser light, or cryoablaƟ on, as it does not uƟ lize thermal eff ects. This facilitates 
the precise removal of cancerous lesions located in proximity to temperature-sensiƟ ve 
structures, such as blood vessels, bile ducts, or nerves. The eff ecƟ veness of IRE therapy is 
conƟ ngent the design and confi guraƟ on of applicators, which are responsible for delivering 
electric pulses to the Ɵ ssue. The objecƟ ve of this study is to provide a comprehensive 
review the current technological soluƟ ons employed in applicators designed for IRE, with 
parƟ cular emphasis on the construcƟ on of these applicators, types of electrodes used, 
spaƟ al arrangements, material properƟ es, and other operaƟ onal parameters. The paper 
sets out to present and compare the available types of applicators used both clinically 
and experimentally, highlighƟ ng their impact on the eff ecƟ veness of ablaƟ on procedures. 
Special aƩ enƟ on is given to understanding the biological and physical foundaƟ ons of 
the electroporaƟ on phenomenon as the basis of this groundbreaking cancer treatment 
method.
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the technical complexity of the procedure [45]. 
The eff ecƟ veness of thermal ablaƟ on ranges from 
80% to 90%, however,  depending on the locaƟ on 
of the tumour, there is a risk of thermal injury to 
surrounding Ɵ ssues and organs that are not the 
target of the procedure.

Irreversible electroporaƟ on (IRE) is defi ned as 
the process in which a strong electric sƟ mulus 
is applied to a cell, resulƟ ng in the loss of 
homeostaƟ c balance and subsequent cell, which 
can occur within a Ɵ me frame ranging from a few 
minutes to several hours. As indicated by reports  
from the late 1990s, this process not only has the 
potenƟ al to result in necrosis but also the iniƟ aƟ on 
of apoptosis, which  is a form of programmed cell 
death. This consƟ tuted the iniƟ al indicaƟ on that 
electroporaƟ on could be useful as a non-thermal 
ablaƟ on technique [13]. IRE was iniƟ ally applied for 
non-thermal bacterial inacƟ vaƟ on, such as in water 
and food sterilizaƟ on [56]. Numerous subsequent 
and ongoing studies have explored its applicaƟ ons 
in oncology (e.g., non-thermal ablaƟ on of tumours 
in the liver, kidneys, lungs, skin, brain), cardiology 
(e.g., treatment of arrhythmias, parƟ cularly 
atrial fi brillaƟ on), as well as in dermatology, 
otolaryngology, gynaecology, gastroenterology, 
and ophthalmology. IRE operates by applying 
controlled, high-voltage electric fi elds (typically 
500–3000 V/cm) to tumour Ɵ ssues, thereby 
inducing the formaƟ on of nanopores in the cell 
membranes. If the pulses are suffi  ciently strong, 
the resultant damage is irreversible, triggering 
apoptosis without inducing thermal eff ects. In 
contrast to RFA and  MWA, IRE has been shown to 
preserve the extracellular matrix, blood vessels, 
connecƟ ve Ɵ ssue, and nerves. This preservaƟ on 
helps prevent complicaƟ ons such as bleeding, 
infecƟ on, or loss of organ funcƟ on, making IRE 
parƟ cularly valuable for tumours located near 
criƟ cal anatomical structures [62,63]. A key factor 
infl uencing the eff ecƟ veness of IRE therapy is the 
applicator used to deliver the electrical pulses 
[3]. The design, geometry, and materials of these 
applicators aff ect the electric fi eld distribuƟ on, 
which directly determines the extent and precision 
of ablaƟ on [9]. High conducƟ vity materials such 
as stainless steel and Ɵ tanium ensure effi  cient 
energy transfer, while fl exible materials like niƟ nol 
enable adaptable electrode shapes. Furthermore, 
innovaƟ ve coaƟ ngs including nanoparƟ cle-based 
and polymeric layers are being explored to improve 
biocompaƟ bility and reduce Ɵ ssue adhesion 
[7,17,27,40].

INTRODUCTION

ElectroporaƟ on, as a method of creaƟ on of pores 
in cell membranes using short, high-voltage pulses, 
has been known since the mid-20th century [1]. 
The medical applicaƟ on of electroporaƟ on began 
in 1982 with the pioneering work of Neumann and 
colleagues, who uƟ lised pulsed electric fi elds to 
temporarily permeabilise cell membranes, thereby 
enabling the delivery of foreign DNA into cells [42].

Reversible electroporaƟ on (RE) is a process 
occurring under the infl uence of high voltage 
electric pulses with specifi c parameters, leading to 
the formaƟ on of pores in the cell membrane with 
diameters of approximately 1–10 nm, which reseal 
within a few minutes. The increase in membrane 
permeability, pore formaƟ on, and induced 
biological eff ects are conƟ ngent on parameters 
such as pulse amplitude, number, and duraƟ on. 
RE has been used to introduce water soluble 
molecules into cells (electrochemotherapy). 
Furthermore, it enabled the delivery of DNA into 
cells (gene electrotransfer), as well as transdermal 
drug delivery [13].

AblaƟ on is a medical method that involves 
the deliberate destrucƟ on of Ɵ ssue to achieve a 
therapeuƟ c eff ect. Its  use extends to oncology, 
as well as in cardiology, ophthalmology, 
otolaryngology, gynaecology, and gastroenterology 
[1,2, 6, 44,70, 72].

Thermal ablaƟ on in oncology is a well-
established and widely used method for treaƟ ng 
tumours of the liver, kidneys, lungs, and other 
organs when a paƟ ent is unwilling or unable to 
undergo surgery [67]. Planned thermal Ɵ ssue 
destrucƟ on primarily involves the uƟ lisaƟ on of 
microwave and radiofrequency energy, laser light, 
localised freezing (cryoablaƟ on) and high intensity 
focused ultrasound (HIFU) [15]. Radiofrequency 
ablaƟ on (RFA) is currently the most commonly 
used technique. It has shown to have a high level 
of reliability in the treatment of hepatocellular 
carcinomas (HCCs) up to 5 cm in size, liver 
metastases up to 3 cm, and some extrahepaƟ c 
tumours, including those that develop in the 
lungs, kidneys and bones [55]. Microwave ablaƟ on 
(MWA), a more recently introduced thermal 
ablaƟ on technique, operates at a higher frequency 
than RFA. However, the distribuƟ on of microwave 
energy is more diffi  cult to control, which may result 
in unintended damage to surrounding Ɵ ssues [55]. 
Argon-based cryoablaƟ on is primarily used to 
destroy tumours in the kidneys, lungs, and bones 
[4]. Laser ablaƟ on (LA) is primarily employed in the 
treatment of hepatocellular tumours, however, 
its clinical acceptance is relaƟ vely limited due to 
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in close proximity of vital anatomical structures such 
as blood vessels or bile ducts, where the effi  ciency 
of tradiƟ onal thermal techniques is limited. A meta-
analysis of  6 studies involving 807 paƟ ents and 
1115 tumour lesions reported a complete ablaƟ on 
rate of 86% (95% CI: 81%–90%) [73]. ComplicaƟ on 
rates were deemed to be acceptable, with the 
majority being mild; complicaƟ ons occurred in 23% 
of paƟ ents (95% CI: 17%–28%), and severe events, 
such as biliary or intesƟ nal fi stulas, were rare [73].

Pancreatic Cancer
PancreaƟ c cancer is the seventh most common 

cause of cancer-related deaths on a global scale, 
accounƟ ng for 432,242 fataliƟ es in 2018. Its 
incidence is rising, and survival rates have shown 
liƩ le improvement [29]. Findings of clinical studies 
indicate that IRE is an eff ecƟ ve treatment for 
paƟ ents with locally advanced pancreaƟ c cancer 
(LAPC). A meta-analysis of three studies involving 
3,862 paƟ ents showed signifi cantly improved 
overall survival (HR = 0.46; 95% CI: 0.28–0.74) 
and progression-free survival (HR = 0.38; 95% 
CI: 0.24–0.60) for those treated with IRE versus 
standard therapies [66]. CombinaƟ on therapies 
are garnering increased aƩ enƟ on. A retrospecƟ ve 
study demonstrated  increased survival rates in 
LAPC paƟ ents treated with IRE, chemotherapy, 
and PD-1/PD-L1 inhibitors, compared to those 
receiving IRE and chemotherapy only [28]. Animal 
models have revealed increased infi ltraƟ on of CD8+ 
lymphocytes and macrophages post-IRE, suggesƟ ng 
synergy with immune oncological treatments [31]. 
IRE represents a valuable therapeuƟ c opƟ on for 
LAPC, especially when used with chemotherapy 
and immunotherapy. Further studies are needed to 
clarify long-term outcomes and risks.

Prostate Cancer
According to the World Health OrganizaƟ on 

(WHO), prostate cancer was the third most 
commonly diagnosed cancer in 2020. The incidence 
of the condiƟ on varies is subject to signifi cant 
regional variaƟ ons, ranging from 6.3 to 83.4 cases 
per 100,000 individuals [57]. An analysis of 471 
IRE procedures across various stages of prostate 
cancer with over six years of follow-up revealed 
a 90% recurrence-free survival rate. Urinary 
conƟ nence was preserved in all paƟ ents, with only 
3% experiencing severe erecƟ le dysfuncƟ on aŌ er 
12 months [19].

A systemaƟ c review of 14 studies involving 899 
paƟ ents found tumour recurrence rates within 
the ablaƟ on zone ranged from 0% to 38.9%, 
and outside the zone from 3.6% to 28%. At 12 

This review aims to provide a comprehensive 
overview of applicators used in IRE therapy, focusing 
on their construcƟ on, material composiƟ on, and 
technological development. It is imperaƟ ve to 
comprehend these factors in order to opƟ mise 
the precision, safety, and eff ecƟ veness of tumour 
ablaƟ on procedures using IRE.

IRREVERSIBLE ELECTROPORATION IN 

TUMOR ABLATION

Irreversible electroporaƟ on (IRE) is a minimally 
invasive, non-thermal technique that is increasingly 
uƟ lised in tumour ablaƟ on, parƟ cularly in cases 
where the lesion is in close proximity to criƟ cal 
structures. While IRE preserves extracellular matrix 
and vascular integrity, clinical implementaƟ on is 
encumbered by several challenges, including treaƟ ng 
large or irregular tumours, procedure complexity 
and high equipment costs. A comprehensive 
understanding of both its advantages and limitaƟ ons 
is imperaƟ ve for the opƟ misaƟ on of its therapeuƟ c 
applicaƟ ons [69]. 

The advantages of IRE include its ability to target 
Ɵ ssues with high precision, minimize collateral 
thermal damage and allow rapid post-procedural 
recovery. These features render it parƟ cularly 
suitable for tumours in anatomically challenging 
locaƟ ons where convenƟ onal thermal ablaƟ on 
techniques (e.g., radiofrequency or microwave 
ablaƟ on) carry elevated risks [33]. It is imperaƟ ve to 
consider the limitaƟ ons and challenges inherent in 
this process. IRE is generally less eff ecƟ ve for large or 
irregularly shaped tumours, as achieving complete 
coverage may require mulƟ ple electrode placements 
[76]. The procedure necessitates meƟ culous pre-
procedural planning and imaging guidance to ensure 
opƟ mal electric fi eld distribuƟ on. Furthermore, 
IRE equipment is costly, and the procedures are 
typically performed under general anaesthesia. 
PotenƟ al complicaƟ ons include transient pain, 
muscle contracƟ ons, and, when applied near the 
heart, arrhythmias [28]. Understanding both the 
benefi ts and limitaƟ ons of IRE is crucial for selecƟ ng 
appropriate clinical scenarios and maximising 
therapeuƟ c outcomes.

Liver Cancer
Liver cancer is the sixth most prevalent form 

of cancer on a global scale, with 749,000 new 
diagnoses annually. It is the third leading cause of 
cancer-related deaths, responsible for 692,000 
fataliƟ es, comprising approximately 7% of all cancer 
cases [58]. IRE has been shown to off er a promising 
soluƟ on for liver tumours, in parƟ cular those located 
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reported transient haematuria (11 paƟ ents) and 
asymptomaƟ c perirenal hematomas (7 paƟ ents) 
as the most common adverse events, with no 30-
day mortality and 62 of 63 paƟ ents discharged 
within 24 hours. Imaging follow-up of 55 paƟ ents 
indicated a complete response in 78% [21]. Given 
the limited sample sizes and short follow-up 
periods documented in the majority of reports, IRE 
is currently recommended only for highly selected 
cases, including paƟ ents with tumours adjacent to 
criƟ cal structures, those deemed unfi t for surgery 
or when thermal ablaƟ on is contraindicated. In 
order to achieve a more precise defi niƟ on of the 
role of IRE in renal cancer treatment, it is necessary 
to conduct larger, prospecƟ ve, and preferably 
randomised studies.

In all the tumour locaƟ ons discussed, the 
choice of ablaƟ on technique is determined 
by the paƟ ent’s clinical condiƟ on and current 
therapeuƟ c standards. In the treatment of liver 
and kidney cancers, the prevailing methods 
remain RFA, MWA, and cryoablaƟ on, which have 
been shown to yield high rates of local tumour 
control, parƟ cularly for lesions measuring <3–4 
cm. In pancreaƟ c cancer, thermal techniques 
have limited applicability due to temperature 
associated risks, whereas in prostate cancer HIFU 
and cryoablaƟ on are gaining popularity within 
focal therapy. Against this background, IRE stands 
out for its capacity to eff ecƟ vely treat tumours 
located in close proximity of structures suscepƟ ble 
to temperature-induced injury, such vessels, bile 
ducts and nerves. In the majority of comparisons, 

months post treatment, urinary conƟ nence was 
restored to baseline in 58% of paƟ ents, with slight 
deterioraƟ on in 25% of paƟ ents. ErecƟ le funcƟ on 
improved from a baseline of 44%–75% to 55%–
100%, demonstraƟ ng funcƟ onal benefi ts [53].

IRE off ers a favourable balance between 
oncologic control and preservaƟ on of urinary and 
sexual funcƟ on, making it suitable for localized 
prostate cancer. However, further research in the 
form of randomised trials is necessary in order to 
compare the outcomes of the treatment to radical 
prostatectomy and radiaƟ on therapy [32].

Kidney Cancer
Kidney cancer is the thirteenth most prevalent 

form of cancer in terms of global incidence, 
accounƟ ng for 2.4% of cases with over 330,000 
diagnoses annually [59]. The exploraƟ on of 
IRE as a treatment small renal masses (SRMs) 
is an area of increasing interest, parƟ cularly 
in cases where convenƟ onal methods, such as 
parƟ al nephrectomy or thermal ablaƟ on, are 
contraindicated. Despite the fact that IRE boasts 
certain advantages, including minimal invasiveness, 
preservaƟ on of surrounding structures and beƩ er 
renal funcƟ on retenƟ on, the available oncological 
data remain limited. The outcomes reported, such 
as local recurrence-free survival (LRFS) and overall 
survival (OS), are generally comparable or slightly 
inferior to standard thermal techniques (e.g., 
RFA, cryoablaƟ on) [21]. The majority of studies 
consist of small cohorts, for instance, a systemaƟ c 
review of 10 studies including 83 paƟ ents 

Fig. 1.  Eff ecƟ veness of Irreversible ElectroporaƟ on (IRE) in the treatment of cancers in diff erent locaƟ ons. The data are 
derived from clinical studies on liver, pancreaƟ c, prostate, and kidney cancers. The values represent complete 
ablaƟ on rates, overall survival, and recurrence-free survival from selected studies.
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Table 1. summarizes the main types of IRE 
applicators, with an emphasis on their design, 
materials, and funcƟ onal advantages. Needle 
electrodes are the most commonly used due to 
their versaƟ lity, allowing precise tumour inserƟ on 
under imaging guidance and eff ecƟ ve membrane 
disrupƟ on. In comparison, plate electrodes are 
beƩ er suited for superfi cial or fl at organ tumours, 
providing a uniform electric fi eld across the 
target area. MulƟ -electrode arrays facilitate the 
treatment of large or irregularly shaped tumours, 
with fl exible arrangements ensuring consistent 
energy distribuƟ on and opƟ onal temperature 
monitoring for safety. Finally, fl exible or niƟ nol 
based electrodes off er enhanced manoeuvrability 
in diffi  cult-to-access regions, with shape-memory 
properƟ es that maintain electrode integrity while 
adapƟ ng to anatomical constraints. Building 
on these established applicator types, ongoing 
innovaƟ ons in materials, electrode confi guraƟ ons, 
and integraƟ on with imaging technologies are 
further expanding the reach, precision, and 
safety of IRE. The subsequent secƟ on presents a 
comprehensive literature review examining how 
diff erent applicator types infl uence the effi  cacy 
of IRE in treaƟ ng tumours located in anatomically 
challenging regions, aiming to idenƟ fy best 
pracƟ ces and guide the development of next 
generaƟ on applicator technologies.

Among the applicator types discussed, needle 
based electrodes (including the mulƟ -needle 
NanoKnife system) represent the only soluƟ on that 
is fully established in clinical rouƟ ne. Conversely, 
plate electrodes, fl exible niƟ nol-based applicators, 
and the majority of mulƟ -electrode array concepts 
are used predominantly in preclinical studies or 
early clinical feasibility trials. The signifi cance of 
these disƟ ncƟ ons lies in their ability to facilitate 
comprehension of the technologies that have 
demonstrated clinical effi  ciency and those that 
remain in a state of experimental development.

IRE has demonstrated effi  cacy comparable to that 
of thermal methods, however, its safety profi le is 
clearly more favourable in anatomically challenging 
locaƟ ons where thermal damage is a concern. For 
this reason, IRE serves as a complementary rather 
than compeƟ ng modality to thermal ablaƟ on and 
is primarily selected when convenƟ onal thermal 
techniques are contraindicated.

TYPES OF APPLICATORS USED IN 

IRREVERSIBLE ELECTROPORATION

The choice of applicator is of fundamental 
importance in achieving uniform electric fi eld 
distribuƟ on during IRE, which is essenƟ al for 
eff ecƟ ve tumour ablaƟ on while sparing healthy 
Ɵ ssues. Various applicators have been developed 
to address diff erent anatomical locaƟ ons and 
tumour sizes (Figure 2).

Fig. 2.  Mechanism of Electroporation and Factors 
Aff ecƟ ng IRE Effi  cacy. The diagram illustrates 
the difference between reversible (RE) and 
irreversible electroporaƟ on (IRE), highlighƟ ng 
IRE’s main advantages: non-thermal action, 
precise ablation near critical structures, and 
apoptosis induction. Key factors influencing 
IRE eff ecƟ veness include electrode geometry, 
material properƟ es, and spaƟ al confi guraƟ on of 
the applicator.

Type of Applicator DescripƟ on Materials Key Features / Advantages

Needle Electrodes 
[16,59]

Most common IRE devices; 
straight or slightly curved needles 

inserted directly into tumour 
Ɵ ssue.

Stainless steel, 
Ɵ tanium

Percutaneous or laparoscopic inserƟ on; imaging-guided; high 
voltage pulses induce irreversible membrane disrupƟ on; advan-
ced designs include mulƟ -faceted or expandable Ɵ ps; real Ɵ me 

imaging integraƟ on; improved spaƟ al control.

Plate Electrodes 
[61]

Two fl at plates placed on either 
side of the tumour. Ideal for su-
perfi cial or fl at-organ tumours.

Titanium, 
stainless steel

Creates homogeneous electric fi eld; even energy distribuƟ on; 
can be used externally or internally for deeper tumours.

MulƟ -Electrode 
Arrays [38]

MulƟ ple electrodes arranged in 
grids or custom confi guraƟ ons for 

large or irregular tumours.

Flexible, biocompa-
Ɵ ble (e.g., Ɵ tanium)

Ensures consistent electric fi eld distribuƟ on; used in open or 
laparoscopic surgery; some include temperature sensors to 

prevent thermal injury.

Flexible / NiƟ nol 
Based Electrodes 
[73]

Electrodes with enhanced fl exibi-
lity for diffi  cult to access regions.

NiƟ nol 
(nickel-Ɵ tanium 

alloy)

Shape memory properƟ es allow bending and returning to origi-
nal shape; improves manoeuvrability while maintaining integrity.

Tab. 1.  Types of IRE applicators and their characterisƟ cs.
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uƟ lised a variety of electrode confi guraƟ ons 
and parameters, most commonly the NanoKnife 
system, to ablate tumours in organs such as the liver, 
pancreas, prostate, and kidneys. IRE demonstrated 
parƟ cular advantages in the treatment of tumours 
located in close proximity of blood vessels and 
other criƟ cal anatomical structures, off ering 
precise ablaƟ on with reduced thermal damage 
compared to convenƟ onal techniques, such as RFA. 
However, it has been reported that the procedure 
is both Ɵ me-consuming and costly. A number 
of studies explored novel electrode materials 
and nanotechnology-based enhancements (e.g., 
folate conjugated nanocrystals, magnetoelectric 
nanoparƟ cles), highlighƟ ng the potenƟ al of IRE 
as a safe, selecƟ ve and minimally invasive cancer 
treatment that warrants further large-scale clinical 
validaƟ on.

The majority of the studies included in this 
review evaluate applicators already implemented 
in clinical pracƟ ce, parƟ cularly commercially 
available needle electrodes, such as the NanoKnife 
system. A smaller subset of publicaƟ ons concerns 
novel electrode geometries or material innovaƟ ons, 
which are currently limited to preclinical or early 
phase clinical evaluaƟ on. It should be noted that 
while systems such as NanoKnife represent fully 
clinically established plaƞ orms, several of the 
invesƟ gated electrode types (e.g., nanoparƟ cle 
enhanced electrodes, bipolar novel designs, or 
funcƟ onalized nanocrystal-assisted systems) 
remain experimental and have yet to be adopted in 
rouƟ ne clinical seƫ  ngs.

Analysis of Publication and Citation 
Trends in the Web of Science Core 
Collection 

A supplementary search was performed in the 
Web of Science Core CollecƟ on using the term 
“irreversible electroporaƟ on”. Surprisingly, this 
search yielded only a single record, which was a non-
research, industry focused report from Clarivate 
describing medical technologies predicted to 
impact clinical care in 2024 [10]. It was determined 
that this record did not consƟ tute primary scienƟ fi c 
literature and did not include data relevant to IRE 
applicator design, it was excluded from further 
analysis. This fi nding underscores a limitaƟ on of 
WoS indexing in relaƟ on to this subject area, given 
that a signifi cant number of seminal IRE studies are 
indexed in PubMed but are absent from the WoS 
Core CollecƟ on.

MATERIAL AND METHODS

A comprehensive review of the scienƟ fi c 
literature available in the PubMed database was 
conducted to idenƟ fy publicaƟ ons that substanƟ ate 
the clinical applicaƟ ons and signifi cance of 
irreversible electroporaƟ on (IRE) technology in 
oncology therapy. The objecƟ ve of this review was 
to collect substanƟ al scienƟ fi c evidence pertaining 
to the effi  cacy and safety of IRE in cancer treatment. 
In order to gain a deeper technical understanding 
of the design and operaƟ onal principles of 
applicators used in IRE procedures, the scope of 
the search was expanded to encompass a variety of 
online sources, including manufacturers’ websites, 
technical publicaƟ ons, user reports and patent 
descripƟ ons. This mulƟ faceted approach enabled 
a more comprehensive overview of current 
technological soluƟ ons.

PubMed Database Search
In order to idenƟ fy relevant scienƟ fi c 

publicaƟ ons focusing on applicators used in 
tumour ablaƟ on via irreversible electroporaƟ on 
(IRE), the following search query was applied in the 
PubMed database:

(((“Applicators for Tumour AblaƟ on”) AND 
(“Tumour AblaƟ on”)) AND (“Irreversible 
ElectroporaƟ on”)) OR (“IRE ablaƟ on”)

As at 27 February 2025, this query yielded 630 
publicaƟ ons. The applicaƟ on of fi lters served to 
restrict the results to studies published within 
the last decade and which were available in full-
text format free of charge, narrowing the results 
to 361 arƟ cles. These arƟ cles were then screened 
specifi cally for discussions about applicators used 
in IRE technology. The inclusion criteria were:
– Explicit focus on IRE applicators with detailed 

informaƟ on on their design and use.
– Provision of technical aspects relaƟ ng to how 

applicators contribute to the eff ecƟ veness and 
safety of tumour ablaƟ on.

– Oncology related applicaƟ ons involving IRE 
technology.

Exclusion criteria included:
– Studies on IRE use outside oncology (e.g., non-

tumour treatments).
Following a rigorous screening process, 11 

publicaƟ ons were selected for detailed analysis, 
having met all the specifi ed criteria. These studies 
provided valuable insights into the materials used 
in IRE applicators and their impact on procedure 
eff ecƟ veness and safety in oncology. Table 2. 
summarizes experimental, preclinical, and clinical 
studies invesƟ gaƟ ng the use of IRE in the treatment 
of various cancer types. The reviewed studies 
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used in electroporaƟ on procedures, all aimed at 
improving electric fi eld uniformity, safety, ablaƟ on 
effi  ciency and minimizing Ɵ ssue damage. Complex 
mulƟ -electrode systems, such as MPPE and BP4T/
BP8T, facilitate the generaƟ on of mulƟ direcƟ onal 
electric fi elds enhanced beƩ er control over the 
treated volume. OperaƟ ng at voltages of up to 
3000 V, these devices allow eff ecƟ ve treatment of 
larger tumour areas while limiƟ ng thermal eff ects. 
Electrodes with controlled Ɵ ssue contact, including 
the wet balloon-based wIRE and magneƟ cally 

Supplementary Analysis of Online 
Sources: Technical and Practical Overview 
of IRE Applicators (2020–2025)

To complement the systemaƟ c review of 
scienƟ fi c literature (PubMed), an extended search 
targeƟ ng technical and pracƟ cal publicaƟ ons 
on IRE applicator designs was conducted (Table 
3). These sources provide detailed engineering 
insights not always covered in clinical studies. 
The studies reviewed in Table 3. present a wide 
range of electrode designs and technologies 

ArƟ cle Technolo-
gy Used

Applicator Area of 
ApplicaƟ on

Technical Parameters Applicator 
Materials

Results/Relevance for IRE

Liu, B. [36] IRE vs. 
RFA

NanoKnife Liver cancers Electric fi eld: 1500 V/
cm; Pulse length: 90 
μs; Pulses per cycle: 
70; AcƟ ve electrode 

length: 1 cm

NA IRE showed high effi  cacy in ablaƟ on of tu-
mours located in close proximity of vessels, 
with fewer complicaƟ ons compared to RFA, 

but the procedure was more Ɵ me-consu-
ming and expensive.

Hsiao, CY. 
[23]

IRE NanoKnife PancreaƟ c 
cancer

Voltage: 1500–3000 
V/cm; Pulse duraƟ on: 

70–90 μs; Number 
of pulses: 90; Needle 
Ɵ p length: 0.5–4 cm; 

Electrode spacing: 
1.3–2.5 cm

19G ne-
edles with 
echogenic 

Ɵ ps

Review highlights theoreƟ cal advantages 
of IRE for pancreaƟ c tumours, parƟ cularly 
in close proximity of criƟ cal structures, but 

lacks large scale clinical validaƟ on

Spiliopoulos, 
S.[64] 

IRE NanoKnife, 
IRE Gold

PancreaƟ c 
cancer  (sta-

ge II/III)

Voltage: 1400-3000 
V/cm; 90 pulses per 

cycle (70-90 μs); 
Target current: 20-50 
A; Electrode distance: 

7–24 mm

NA PotenƟ ally precise ablaƟ on; promising for 
tumours in close proximity of vessels; requ-

ires further validaƟ on

George, AK. 
[18] 

IRE NanoKnife Prostate 
cancer

Voltage: 1500–3000 V; 
Pulse duraƟ on: 100–

150 μs; 90–150 pulses; 
Pulse frequency: 1–3 

Hz; Range: 3–5 cm

NA Preliminary data suggest feasibility and 
safety; oncological outcomes pending

Ong, S. [44] IRE Monopolar 
19G needle 
electrodes

Prostate 
cancer

90 pulses; Pulse 
length: 70 μs; Current: 
20–40 A; Electric fi eld: 

1200–1800 V/cm

NA NarraƟ ve review highlights IRE as promising 
for low and intermediate risk prostate can-

cer; further clinical validaƟ on needed

Wang, Z.[68] IRE NanoKnife Renal cell 
carcinoma

AcƟ ve electrode 
length: 1–2 cm; 3–4 
electrodes; 70–90 

pulses; Pulse duraƟ on: 
70–90 μs; Voltage: 

2200–3000 V

NA Safe and eff ecƟ ve for RCC, preserves healthy 
Ɵ ssue

Lim, B. [35] IRE (prec-
linical 
beagle 
model)

Bipolar 
electrode 
(plaƟ num 

center, sta-
inless steel 

Ɵ ps)

Prostate 
cancer

Voltage: 500–700 V; 
Current: 1.75–2.22 A;  
Min. electric fi eld: 800 

V/cm

PlaƟ num, 
stainless 

steel

Eff ecƟ ve and safe bipolar electrode for 
prostate IRE with lower voltage and fewer 

complicaƟ ons in preclinical model

Jeon, SM. 
[27] 

IRE Needle elec-
trode, 21G 
diameter

Liver and 
pancreas 

cancer

Voltage: 1.5 kV/cm; 
Pulse duraƟ on: 100 μs; 

60 pulses

Stainless 
steel 

coated 
with poly-
dopamine 
nanopar-
Ɵ cles

Polydopamine nanoparƟ cle coated electro-
des enhance thermal eff ects and improve 

ablaƟ on effi  cacy in liver and pancreaƟ c 
cancers.

Colacino, 
KR. [11] 

IRE + 
CNC-FA

Folate 
conjugated 

cellulose 
nanocrystals

Cancer cells Electric fi eld: 500–600 
V/cm; IncubaƟ on 

10–20 min

CNC-FA Folate conjugated cellulose nanocrystals 
(CNC-FA) enhance selecƟ vity and cytotoxic 

effi  cacy of IRE in folate receptor posiƟ ve 
cancer cells

Bryant, JM. 
[5] 

IRE + 
MENP

Magneto-
electric na-
noparƟ cles

PancreaƟ c 
adenocarci-

noma

External magneƟ c 
fi eld: 2 kOe for 30 min 

during MRI

CoFe2O4 
core, 

BaTiO3 
shell

Non-invasive selecƟ ve cancer destrucƟ on 
using nanotechnology and magneƟ c fi eld; 

promising for precise pancreaƟ c cancer 
treatment

Scheff er, 
HJ.[61] 

IRE NanoKnife 
needle elec-

trodes

Liver tumo-
urs

Pulse: 1500 V/cm, 90 
μs; Total 100 pulses; 

Overlapping ablaƟ ons 
for larger tumours

Needle 
shaped, 20 
mm acƟ ve 

Ɵ p

Eff ecƟ ve ablaƟ on demonstrated in colorectal 
liver metastases in a single arm phase II 

clinical trial (COLDFIRE-2), showing promise 
for treaƟ ng larger liver tumours with over-

lapping pulses

Tab. 2.  Summary of Studies on Irreversible ElectroporaƟ on (IRE) ApplicaƟ ons in Cancer Therapy.
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Among the technical soluƟ ons reviewed, 
only standard monopolar and mulƟ -needle 
percutaneous electrodes have been approved and 
are currently widely used in clinical IRE procedures. 
Balloon-based wet electrodes (wIRE), magneƟ cally 
anchored electrodes (MAE), expandable 
laparoscopic arrays and microstructured or 
nanoporous electrodes remain in the research 
or prototype stage, with applicaƟ ons limited to 
laboratory seƫ  ngs or early feasibility studies. 
As such, their clinical use will depend on future 
validaƟ on regarding safety, reliability and 
integraƟ on with exisƟ ng IRE pulse generators.

Overview of Representative Patents 
Related to IRE Applicator Technology

To complement the scienƟ fi c literature review, 
a targeted search of the United States Patent and 
Trademark Offi  ce (USPTO), the European Patent 
Offi  ce (EPO), and the World Intellectual Property 

anchored MAE systems, off er stable and minimally 
invasive posiƟ oning, reducing the risk of mechanical 
injury and proving parƟ cularly useful in endoscopic 
or anatomically challenging sites. Monopolar and 
needle-based designs, such as those manufactured 
by AngioDynamics and Izzo, off er precise control of 
penetraƟ on depth and current distribuƟ on, thereby 
minimising the occurrence of electrical “hot spots” 
and are parƟ cularly well suited for laparoscopic 
or percutaneous intervenƟ ons. The integraƟ on of 
electroporaƟ on funcƟ onality with biocompaƟ bility 
and molecular delivery capabiliƟ es is achieved 
through the use of advanced materials and 
microstructured electrodes, including metal mesh 
systems coated with PCL and nanoporous needle 
electrodes (nEP).  These innovaƟ ons enable uniform 
electric fi elds, controlled molecular transport, 
and reduced collateral damage, thus represenƟ ng 
a signifi cant step forward in the precision and 
versaƟ lity of electroporaƟ on-based therapies.

ArƟ cle Applica-
tor Name

Type & Features Material Electrode Specs Pulse Generator & 
Parameters

Notes

López, A. 
[37] 

MPPE 
(MulƟ -

-Electro-
de Pulsed 
Electro-

poraƟ on)

MulƟ -electrode 
array allowing mul-
Ɵ direcƟ onal fi elds; 

square & round 
electrodes; cells 
0.5–1.5 cm (opt. 

0.75 cm)

Stainless 
steel & com-

posites

Electrode spacing: 
8 mm

MulƟ -channel pulse 
generator; up to 800 V, 
100 μs pulses, 100 ms 

intervals

Improved uniformity & 
eff ecƟ veness; less invasi-

ve; treats larger areas

Sheehan, 
MC. [62] 

wIRE 
(Wet 

Electrode 
IRE)

Electrode on ballo-
on catheter; saline 
column for energy 
delivery; non-con-

tact ablaƟ on

Medical gra-
de stainless 

steel

2.5 mm diameter, 10 
mm length; balloon 5F

Not specifi ed Inserted via gastroscope 
or guidewire; reduces 
Ɵ ssue damage risk

Hogenes, 
AM. [22] 

Mono-
polar 

electrode 
(AngioDy-
namics)

19G monopolar 
needle with advan-
ced insulaƟ on for 

current control

Stainless 
steel

AcƟ ve needle length 
1.5 cm; inter electrode 

distance 1.5 cm

BTX Gemini X2 (Harvard 
Apparatus)

Enhanced current pre-
dictability; reduced hot 

spot risk

Zhao, Y. [75] BP4T & 
BP8T 

electro-
des

Bipolar electrodes 
with Ɵ nes producing 

large, spherical 
ablaƟ on zones 

with low thermal 
damage

Metal + 
insulaƟ on

Inter electrode distan-
ces: 5, 10 mm

Amplitude 1500–3000 
V; number of pulses 60 

or 300

More energy-effi  cient, 
suitable for larger 

tumours

Ren, F. [54] MAE 
(Magne-
Ɵ cally 

Anchored 
Electro-

de)

Disc shaped elec-
trodes anchored 

magneƟ cally inside 
stomach on fl exible 

gastric tube

Stainless ste-
el, Nd₂Fe₁₄B 

magnets, 
photo-

polymer 
insulaƟ on

Disc electrodes: 8 mm 
diameter, 0.03 mm 

thick; magnets 3.0 mm 
& 9.8 mm high

BTX ECM 830; 500 V, 
100 μs, 99 pulses, 1 Hz

Stable anchoring witho-
ut pressure; improved 

posiƟ onal stability

Izzo, F. [26] Expan-
dable 

needle 
electro-

des

5-needle (20° 
angle) and 4-needle 

designs; polymer 
insulated stainless 

steel needles; adju-
stable depth

Stainless ste-
el + polymer

Needle diameter <0.7 
mm; penetraƟ on 

adjustable

Cliniporator Vitae; 
80–120 pulses; 100 μs; 

5 kHz

SelecƟ ve deployment for 
volume control; laparo-
scopic and endoscopic 

applicaƟ ons

Pelaez, F. 
[51] 

Metal 
mesh 

electrode

Disk shaped mesh 
electrodes integra-

ted with porous 
biomaterial scaff old; 

PCL coaƟ ng for 
biocompaƟ bility

304 stainless 
steel + PCL 

coaƟ ng

Mesh aperture ~0.35 
mm, wire diameter 

0.16 mm

BTX ECM 830; 
1500–2000 V/cm

Uniform electric fi eld in 
scaff old; designed for 

DTC capture

Lee, GW. 
[34] 

Nanopo-
re Needle 
Electrode 

(nEP)

3D needle with na-
nopore membrane 

(100 nm pores) 
enabling controlled 
molecule delivery 

and electroporaƟ on

PlaƟ num 
plaƟ ng on 
Ɵ tanium

2.7 mm between 
electrodes; lateral 

membrane opening

BTX ECM 830; bulk EP: 
200 V, 20 ms ×4; nEP: 40 

V, 2 ms ×99

Precise molecular deli-
very with minimal Ɵ ssue 

damage

Tab. 3.  Summary of Electrode Designs and Pulse GeneraƟ on Systems Used for Irreversible ElectroporaƟ on (IRE).
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pivotal importance to t the success of irreversible 
electroporaƟ on (IRE) therapy. IRE’s disƟ ncƟ ve 
mechanism involving the inducƟ on of irreversible 
nanopores in cell membranes to trigger apoptosis 
without thermal damage off ers disƟ nct advantages 
over convenƟ onal ablaƟ on methods, such as 
radiofrequency, microwave or cryoablaƟ on. 
However, achieving precise, reproducible and safe 
ablaƟ on depends criƟ cally on the characterisƟ cs 
of the electrodes and pulse delivery systems used.

MulƟ -electrode arrays, exemplifi ed by MPPE 
and BP4T/BP8T systems, demonstrate that 
complex electrode geometries can generate 
mulƟ direcƟ onal electric fi elds and enable uniform 
treatment of larger or irregularly shaped tumours. 
Their capacity to operate at high voltages, 
reaching up to 3000 V, enables eff ecƟ ve ablaƟ on 
while minimising collateral thermal eff ects, 
which is parƟ cularly important in the vicinity of 
temperature-sensiƟ ve structures. In a similar 
manner, electrodes designed for controlled Ɵ ssue 
contact, such as the wet balloon- based wIRE 
and magneƟ cally anchored MAE, provide stable 
posiƟ oning and reduce mechanical Ɵ ssue trauma. 
These innovaƟ ons enhance the safety profi le 
of IRE, parƟ cularly in endoscopic procedures or 
anatomically challenging sites.

Monopolar and needle-based applicators, 
including standard 19G needles and expandable 
designs, conƟ nue to be extensively uƟ lised due 
to their versaƟ lity and adaptability to a variety of 
tumour sizes and locaƟ ons. These designs off er 
precise control of electrode penetraƟ on depth and 

OrganizaƟ on (WIPO) databases was conducted 
to idenƟ fy representaƟ ve patents related to 
irreversible electroporaƟ on (IRE) applicators. 
Rather than providing an exhausƟ ve patent 
landscape, the objecƟ ve of this overview was to 
highlight major technological direcƟ ons that have 
shaped the development of IRE delivery systems. 
Table 4 presents representaƟ ve patents related to 
the development of irreversible electroporaƟ on 
(IRE) applicators. These patents illustrate major 
technological direcƟ ons, including mulƟ -needle 
and expandable electrode arrays, improved 
electrode materials, temperature controlled 
systems, imaging guided designs and minimally 
invasive or endoscopic approaches. While not 
exhausƟ ve, this selecƟ on demonstrates key 
engineering innovaƟ ons that have shaped modern 
IRE delivery systems.

Whilst the objecƟ ve of the present review was 
not to perform a formal patent analysis, this brief 
overview demonstrates the range of technological 
innovaƟ ons that have contributed to the evoluƟ on 
of IRE applicators. The patent landscape confi rms 
strong industrial acƟ vity directed at improving 
electrode geometry, material performance, 
imaging compaƟ bility and safety monitoring all 
consistent with the major trends idenƟ fi ed in the 
scienƟ fi c literature.

DISCUSSION

As demonstrated in the reviewed literature and 
technical analyses, the design of the applicator is of 

Patent number Year Offi  ce Title Category Relevance to IRE applicators

US 10,905,492 
B2 [46]

2021 USPTO Techniques for irreversi-
ble electroporaƟ on using 

a single-pole Ɵ ne style 
internal device commu-
nicaƟ ng with an external 

surface electrode

MulƟ -needle / expan-
dable arrays; minimally 

invasive systems; 
feedback control

Describes deployable Ɵ ne 
electrodes allowing adjustable 

spacing and larger ablaƟ on zones. 
Includes embodiments with 

impedance based feedback and 
versions suitable for minimally 

invasive access.

US 8,992,517 B2 
[48]

2015 USPTO Irreversible electropora-
Ɵ on to treat aberrant cell 

masses

MulƟ -needle arrays; 
imaging-guided designs

Covers mulƟ -needle electrode 
confi guraƟ ons opƟ mized for soŌ  
Ɵ ssue tumour ablaƟ on. Includes 
MRI and CT compaƟ ble needle 

arrangements.

US 9,867,652 B2 
[49]

2018 USPTO Irreversible electropora-
Ɵ on using Ɵ ssue vascula-
ture to treat aberrant cell 
masses or create Ɵ ssue 

scaff olds

Materials / coaƟ ngs; 
fi eld opƟ mizaƟ on

Describes electrode systems opƟ -
mized for anatomical structures, 
including improved surface dura-
bility and conducƟ vity enhancing 

treatments.

WO 2016164930 
A1 [50]

2016 WIPO System and method for 
irreversible electropo-
raƟ on with thermally 
controlled electrodes

Temperature controlled 
electrodes; materials 

engineering

Introduces thermal regulaƟ on 
sensors integrated into IRE elec-
trodes to prevent overheaƟ ng, 
along with improved material 

soluƟ ons to reduce carbonizaƟ on.

US 6,567,694 B2 
[47]

2003 USPTO Needle electrodes for 
mediated delivery of 

drugs and genes

Imaging compaƟ ble 
electrodes; minimally 

invasive arrays

Early electroporaƟ on needle-array 
design featuring image visible, 

echogenic needle construc-
Ɵ on. Forms conceptual basis 
for modern image guided IRE 

applicators.

Tab. 4.  RepresentaƟ ve patents related to IRE applicator technology.
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or severe complicaƟ ons, including thermal injury to 
bile ducts, bowel perforaƟ on, or damage to adjacent 
neurovascular bundles, occur far less frequently 
typically in <1–2% of procedures. However, their 
impact can be substanƟ al, occasionally requiring 
surgical or endoscopic intervenƟ on [12,24, 30].

Notwithstanding the risks associated with such 
events, thermal ablaƟ on techniques generally 
provide excellent oncological outcomes for 
tumours located at a safe distance from criƟ cal 
structures, oŌ en achieving complete ablaƟ on 
rates equal to or superior to those reported for 
IRE. In contrast, IRE has been shown to off er 
comparable oncological effi  cacy specifi cally in 
anatomically challenging sites, while markedly 
reducing the incidence of temperature-related 
injury. Thus, IRE does not necessarily demonstrate 
superiority thermal ablaƟ on in terms of tumour 
control. Rather, it shiŌ s the risk-benefi t balance 
in favour of safety when convenƟ onal methods 
would otherwise carry a non-negligible probability 
of severe complicaƟ on. Consequently, IRE is best 
understood as a technique that enables treatment 
in clinical scenarios where thermal ablaƟ on is 
feasible only with an elevated risk of criƟ cal adverse 
events, rather than as a universal alternaƟ ve to 
established thermal modaliƟ es.

CONCLUSION

Irreversible electroporaƟ on (IRE) is a promising 
non-thermal ablaƟ on technique that has been 
shown to preserve criƟ cal structures while 
eff ecƟ vely treaƟ ng tumours in challenging 
anatomical locaƟ ons. The design and confi guraƟ on 
of applicators including mulƟ -electrode arrays, 
needle and monopolar systems, and advanced 
microstructured electrodes directly infl uence 
treatment precision, safety and effi  cacy. 
InnovaƟ ons in materials, electrode geometry and 
integraƟ on with imaging and molecular delivery 
technologies have signifi cantly enhanced the 
versaƟ lity and clinical potenƟ al of IRE. ConƟ nued 
research and opƟ mizaƟ on of applicator designs, 
along with large scale clinical validaƟ on, are 
essenƟ al to fully actualise IRE’s potenƟ al as a 
minimally invasive, precise and safe modality for 
cancer therapy.

current distribuƟ on, reducing the risk of “hot spots” 
and improving overall treatment homogeneity. 
IntegraƟ on with imaging technologies, such as 
ultrasound, CT or MRI, further enhances placement 
accuracy and procedural safety.

Advancements in materials and microstructured 
electrodes, including metal mesh systems with PCL 
coaƟ ngs and nanopore needle electrodes (nEP), 
indicate a trend aimed at combining electroporaƟ on 
funcƟ onality with biocompaƟ bility and controlled 
molecular delivery. These designs enable precise 
targeƟ ng, minimize damage to surrounding Ɵ ssues, 
and open avenues for synergisƟ c approaches, 
such as drug delivery or immunomodulaƟ on. 
Furthermore, the use of fl exible materials, such as 
niƟ nol, enables applicators to navigate complex 
anatomical pathways while preserving their 
structural integrity and funcƟ onal capabiliƟ es.

Despite these technological advancements, 
several challenges remain. The clinical 
implementaƟ on of IRE necessitates meƟ culous 
consideraƟ on of tumour size, geometry and 
proximity to criƟ cal structures, as electric fi eld 
distribuƟ on is highly dependent on electrode 
confi guraƟ on and Ɵ ssue conducƟ vity. Moreover, 
high-voltage pulse generaƟ on, device cost and 
length of the procedure conƟ nue to represent 
pracƟ cal limitaƟ ons. Future research eff orts should 
focus on opƟ mising applicator design, standardising 
treatment protocols and conducƟ ng large scale 
clinical trials to validate long term outcomes and 
safety. The reviewed studies underscore that the 
evoluƟ on of electrode designs from simple needle 
electrodes to advanced mulƟ -electrode arrays and 
nanopore systems has signifi cantly enhanced the 
precision, safety, and versaƟ lity of IRE therapy. 
ConƟ nued innovaƟ on in materials, geometry 
and integraƟ on with imaging and molecular 
delivery techniques is likely to expand the clinical 
applicability of IRE, establishing it as a reliable and 
minimally invasive alternaƟ ve for the treatment of 
tumours in anatomically sensiƟ ve locaƟ ons.

Despite the evident benefi ts of IRE in the 
treatment of tumours in proximity of temperature-
sensiƟ ve structures, it is imperaƟ ve to recognise 
its limitaƟ ons and the relaƟ ve risks associated 
with convenƟ onal thermal techniques. Thermal 
ablaƟ on methods such as RFA, MWA, cryoablaƟ on 
and HIFU are associated with procedure related 
complicaƟ ons in 3–10% of cases, depending on 
the locaƟ on and size of the tumour. The majority 
of these adverse events are minor or moderate in 
nature, including post-ablaƟ on syndrome, transient 
pain and self-limiƟ ng bleeding. Clinically signifi cant 
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