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ARTICLE INFO ABSTRACT

Keywords: Electrochemotherapy (ECT) is a popular clinical anticancer treatment modality that combines chemotherapy
Cancer with electroporation to enhance drug uptake by tumor cells. One of its key advantages is the ability to use
Electrochemotherapy significantly reduced drug concentrations, thereby, minimizing cytotoxic effects on healthy cells and thus, side-
2;::;1?2;;“11255 effects of the therapy when compared to conventional chemotherapy. The therapeutic efficacy of ECT depends

upon two main components: pulsed electric field (PEF) parameters and physiochemical properties of anticancer
agents, including their molecular structure, mechanism of action, and tumor specificity. This review provides the
comprehensive survey of cytotoxic compounds that are either currently used or are under investigation for ECT-
compatibility. Bleomycin and cisplatin are most established drugs in this context, however, other compound such
as mitomycin C, doxorubicin, or calcium have showed encouraging outcomes in preclinical and clinical studies.
We have further analyzed the cytotoxic profiles, mechanisms of action, and therapeutic outcomes of various
agents, compatibility with pulsed electric field protocols based on data of clinical trials, in vivo and in vitro
models. Furthermore, we discuss and summarize other potential cytotoxic agent candidates, which have not been
yet tested in ECT context, which include chemotherapeutics and natural compounds categorized by their cyto-
toxic potential and synergy with electroporation.

1. Introduction cases are expected to nearly double, increasing from 20 million to over

35 million [8].

Cancer remains one of the leading causes of morbidity worldwide,
posing significant challenges to effective treatment [1]. Despite exten-
sive efforts to treat advanced cancers using diverse cytotoxic agents and
dosage regimens, significant improvements in treatment outcomes for
most cancer types have been limited over the past decade [2]. Notable
exceptions include chemotherapeutic successes such as vinca alkaloids
in acute juvenile leukemia, platinum-based therapies in testicular can-
cer, and cytotoxic drugs in gestational choriocarcinoma and Hodgkin
disease [3-6]. Unfortunately, this has not been the case for the majority
of other advanced solid cancers, which affect a significant amount of the
population. Each year, there are 19.3 million new cases of cancer
worldwide and almost 10.0 million deaths [7]. By 2050, annual cancer

Another critical obstacle in cancer treatment is the development of
multidrug resistance (MDR), a phenomenon wherein cancer cells adapt
to evade the cytotoxic effects of multiple chemotherapeutic agents
through mechanisms such as increased drug efflux, enhanced DNA
repair or altered drug targets. Addressing MDR has become a key pri-
ority in cancer research, with efforts focused on devising innovative
therapeutic strategies to overcome the complex and dynamic mecha-
nisms driving resistance, both from the onset of treatment and as the
disease evolves [9]. One possible solution for MDR is electro-
chemotherapy (ECT), which combines electroporation (EP) with
chemotherapeutic agents. ECT enhances effects of various drugs while
enabling the use of lower dosages, thereby minimizing the adverse
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effects [10]. It can also be used for patients who previously received
chemotherapy in drug-resistant cases [11].

Anticancer agents play an important role in the success of ECT,
however, the flexibility in terms of drugs that are used for ECT is quite
low. According to Clarivate Analytics Web of Science, the most
commonly used cytotoxic agents in papers focusing on ECT include
bleomycin, cisplatin and more recently calcium (Fig. 1).

The limited array of used anticancer compounds for ECT could be
influenced by several factors related to the specifics of the procedure.
Firstly, ECT is based on electroporation, therefore, due to application of
pulsed electric fields transient pores are formed in the cell plasma
membrane[13], which allow targeted intracellular delivery of drugs
[14]. The electroporation-induced pores are hydrophilic and their size
varies based on the used pulse amplitude/duration, which implies that
the molecular delivery is highly dependent on the passive diffusion
following pulse application[15]. As a result, in order to induce the
synergistic effect (i.e., successful ECT) the drug molecular size should be
big enough to prevent effective passive diffusion [16,17], however,
when pores are formed it should be capable of entering the cell —
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basically the cell plasma membrane should be the major barrier pre-
venting drug lethality[18]. Bleomycin (BLM) is one of such drugs, i.e., at
low concentrations the drug is nontoxic (limited diffusion), however,
when membrane is permeabilized bleomycin cytotoxicity increases by
more than 3 orders of magnitude, which made the drug the golden
standard for ECT [19]. Cisplatin (CP) is another popular drug for ECT
[20], however, it’s smaller in size and its’ effectiveness potentiation by
ECT is significantly lower when compared to bleomycin. Nevertheless,
both drugs are successfully used in clinics and the European Standard
Operating Procedures for Electrochemotherapy (ESOPE) are based on
these two compounds.

Recently, another modality of ECT has appeared — known as calcium
electroporation [21,22]. Opposite to bleomycin and cisplatin, the
method relies on natural cellular mechanisms involving calcium as a
universal messenger and destabilization of the cellular homeostasis by
delivering high concentrations of calcium inside the cells. As a result, the
cells experience extensive ATP depletion and are unable to return to the
homeostatic state — die [23]. Careful selection of the most suitable
chemotherapeutic agent is essential, as different cancers exhibit distinct
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Fig. 1. Most common keywords used in electrochemotherapy studies according to Clarivate Analytics Web of Science. Visualized using VOS viewer software [12],
version 1.6.18 (Leiden University). A filter of at least 5 minimum occurrences of the keywords has been used. Larger circle size indicates higher rate of occurrence of a

specific keyword.
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sensitivities to drugs. Simultaneously, the electric field parameters, such
as intensity and duration, must be contemplated and optimized to ach-
ieve maximal therapeutic outcomes while minimizing damage to sur-
rounding tissues [24].

This work aims to review electroporation and electrochemotherapy
and to evaluate existing and potential chemotherapeutic agents and
compounds for use with electroporation across different cancer types.
The goal is to highlight the newest therapeutic strategies that may
enhance the efficacy of ECT and identify potential candidates to be used
as cytotoxic agents.

2. Electroporation, its application, and mechanism of action

The effect of electric fields on cell permeability was first observed in
1957, and the idea of employing electric fields to modify cell membranes
has existed since then [25]. Electroporation occurs due to cell membrane
polarization and when the threshold cell’s membrane potential is
exceeded lipid reorientation results in the formation of hydrophilic
pores. The efficacy of electroporation is highly dependent on the pa-
rameters of the pulsed electric field, particularly the electric field
strength and duration, as illustrated in Fig. 2. The ESOPE pulses rely on a
sequence of 100 ps x 8 pulses, therefore, the amplitude of the pulse
determines the nature of induced electroporation (reversible or
irreversible).

Lower-dose PEF (below 600-700 V/cm) does not trigger significant
effect on biological tissues with ESOPE pulses, due to insufficient po-
larization of cell membrane (the critical transmembrane potential is not
reached). Increasing the amplitude to 800-1500 V/cm results in
reversible electroporation (RE), which is applicable for ECT or gene
transfer. As mentioned above, the phenomenon of RE enables intracel-
lular delivery of various hydrophilic compounds that are usually too
large to pass the cell membrane passively [26]. Further, an increase of
PEF amplitude triggers irreversible electroporation (IRE), which dam-
ages the cell membrane severely and the cells are not able to recover.
The technology is highly utilized as an ablation technique, and thus does
not depend on drugs.

This review focuses the ECT methodology (i.e., reversible electro-
poration) based on ESOPE protocols, which were initially published in
2006 [27] and updated in 2018 [28]. According to ESOPE, the pulses are
administered immediately or within a few minutes following the drug
injection, enhancing uptake into the targeted cells [29]. ECT enables the
possibility of employing medications with reduced concentrations,
which minimizes negative effects like systemic toxicity and damage to
healthy tissues [30],[31]. Initially, ECT was used mostly for cutaneous
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and subcutaneous metastasis and primary skin tumors [32-34]. Over
time, its use expanded to include tumors in the oral cavity, oropharynx,
and other mucosal regions [35-39]. Subsequently, the application was
extended to include deep-seated tumors [40-42]. Moreover, ECT has
been proven to be effective when standard treatment options are
exhausted or cannot be applied [43-52]. In addition, beyond its direct
cytotoxic effects on tumor cells, electrochemotherapy has been shown to
engage indirect mechanisms, including immunological activation [53,
54] and vascular disruption [55,56]. Nowadays, ECT is established as
one of the tools for the management of late-stage tumors or inoperable
cases. Fig. 3 summarizes the effects of electrochemotherapy.

As it was mentioned above, unlike RE, which temporarily opens cell
membranes to facilitate drug delivery, IRE targets cells directly,
providing a non-thermal ablation method without the introduction of
chemotherapeutic drugs. Due to its advantages — non-thermal and
highly precise ablation that spares surrounding critical structures, the
feasibility of targeting tumors located in anatomically challenging re-
gions - IRE is being used in treating colorectal cancer, pancreatic cancer,
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Fig. 3. Effects of electrochemotherapy on tumor and endothelial cells. The
direct effects on tumor cells include increased cell permeabilization, DNA
damage, cell death, and tissue destruction. Indirect effects on endothelial cells
involve similar mechanisms like increased cell permeability and DNA damage,
leading to cytoskeletal changes, increased vascular permeability, and reduced
tumor blood flow, ultimately contributing to cell death and immune
response activation.
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Fig. 2. Overview of microsecond range (100 ps x 8) electroporation effects based on electric field strength. Reversible electroporation (around <1500 V/cm) creates
temporary membrane pores, enabling applications like gene transfer and electrochemotherapy. Irreversible electroporation (>1500 V/cm) causes permanent
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metastatic sarcomas, and other areas of deeply seated tumors [57-60].
Moreover, IRE can potentially be considered as an immunomodulator,
when treating solid tumors too due to facilitation of the release of
intracellular tumor antigens, which act as an “in-situ tumor vaccine,”
inducing an antitumor immune response to destroy leftover tumor cells
after ablation while limiting local recurrence and distant metastasis [61,
62].

3. Mechanisms of action of standard ECT agents

Currently, the most widely used agents in ECT include bleomycin,
cisplatin and calcium. Other substances, such as mitomycin C, doxoru-
bicin, etc., have also been used in the context of ECT, however, the
incidence rate currently is dramatically lower. The summary of used
agents in the context of ECT and their mechanism of action are presented
in Fig. 4.

Since the most commonly used anticancer drugs in ECT are bleo-
mycin and cisplatin — their mechanisms of action are presented in more
detail in Fig. 5 A and B, respectively.

In case of bleomycin, electroporation transiently increases plasma
membrane permeability, thereby facilitating the intracellular delivery of
bleomycin. Inside the cell, bleomycin binds to DNA and chelates metal
ions, typically iron (Fe*), to form a bleomycin-Fe** complex. This
complex reacts with oxygen, generating reactive oxygen species (ROS)
such as superoxide and hydroxyl radicals [63,64]. ROS mediate oxida-
tive damage to DNA, inducing both single-strand and double-strand
breaks. This genotoxic stress interferes with critical cellular processes
such as DNA replication and transcription, ultimately leading to cell
cycle arrest and the initiation of apoptosis.

Cisplatin (cis-diamminedichloroplatinum(II) (CDDP)), effectiveness
in context of ECT was firstly demonstrated by Sersa et al. on SA-1, EAT,
and melanoma B16 tumors in mice [65]. Cisplatin-based electroporation
transiently increases plasma membrane permeability, thereby facili-
tating the intracellular delivery of cisplatin. Upon entry into the cell,
cisplatin undergoes hydrolysis, which leads to the formation of highly

Most frequent compounds in ECT
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reactive platinum complexes [66,67]. These complexes bind to DNA,
forming intrastrand and interstrand crosslinks between adjacent gua-
nine bases. The DNA crosslinks disrupt the structure of the DNA helix,
inhibiting DNA replication and transcription. This interference stalls the
cell cycle at the G2/M phase, prevents DNA repair, and ultimately leads
to apoptosis.

Bleomycin induces double-strand breaks in DNA, while cisplatin
forms DNA crosslinks, both of which disrupt DNA replication and
transcription processes [68,69]. EP is used as a physical method to
enhance the delivery of these drugs into cancer cells, improving their
cytotoxic effects and overall efficacy in tumor treatment.

The last established (already used in clinics) modality of electro-
chemotherapy is calcium electrochemotherapy, utilizing calcium ions,
which are not toxic by themselves, but play a critical role in the physi-
ology and biochemistry of cellular processes [70]. Under normal con-
ditions, calcium is tightly regulated within cells, however,
electroporation disrupts these regulatory mechanisms, allowing exces-
sive calcium to be internalized into tumor cells. This calcium overload
leads to a severe energy crisis, as the excessive ion influx depletes
cellular ATP levels [71,72]. The inability to replenish ATP results in
cellular necrosis, effectively killing tumor cells and offering a
non-chemotoxic therapeutic approach to cancer treatment. Calcium
electroporation mechanism of action is summarized in Fig. 6.

In case of calcium electroporation, EP enhances membrane perme-
ability allowing a substantial influx of calcium ions. The elevated
intracellular calcium concentration disrupts osmotic homeostasis,
contributing to cellular destabilization. Excess Ca** activates various
calcium-dependent enzymes, such as proteases, phospholipases, and
endonucleases, which can damage cellular structures and biomolecules
[73]. Moreover, high intracellular calcium impairs mitochondrial
function, leading to ATP depletion and the release of pro-apoptotic
factors. This sequence of events triggers cell death pathways, culmi-
nating in apoptosis or, in cases of severe cellular damage, necrosis.

Bleomycin Doxorubicin, 5-Fluorouracil Vinblastine
Causes DNA strand epirubicin Inhibits thymidylate Disrupts microtubule
breaks, leading to Intercalates into DNA synthase, leading to formation, inhibiting
cell death. and inhibits disrupted DNA synthesis proper chromosome
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Fig. 4. Overview of the most frequently used agents in electrochemotherapy and their mechanisms of action. The agents are categorized by their mode of action:
DNA-damaging agents (e.g., bleomycin, cisplatin) cause DNA strand breaks or form DNA crosslinks, leading to inhibition of replication and transcription. DNA
intercalators (e.g., doxorubicin, epirubicin) insert themselves between DNA strands, blocking topoisomerase II and halting DNA replication. Antimetabolites (e.g., 5-
fluorouracil, methotrexate) inhibit enzymes involved in nucleotide synthesis, leading to disrupted DNA and RNA synthesis. Microtubule disruptors (e.g., vinblastine,
paclitaxel) interfere with mitotic spindle formation, blocking cell division. Calcium ions, when delivered via electroporation, disrupt cellular ion balance, leading to

apoptosis or necrosis.
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4. Applications of other cytotoxic compounds in ECT

Most studies focus on bleomycin- or cisplatin-based ECT treatments.
However, recent research has broadened the scope to include other
promising agents, which can be used as an alternative or as an adjuvant
therapy. It also should be noted that these studies are focusing on the in
vitro effects unless specified otherwise. For instance, in 2014, Saczko
et al. explored the application of 5-fluorouracil (5-FU) alongside
cisplatin in ovarian carcinoma, chemo-resistant ovarian carcinoma,

noting enhanced cytotoxic effects on cancer cells with minimal damage
to healthy fibroblasts [74]. In the same year, Frandsen et al. highlighted
the success of calcium compounds (calcium chloride and calcium glu-
conate) and bleomycin on Chinese hamster lung fibroblast, Lewis lung
carcinoma, and human leukemia cancer cells while applying the same
parameters of PEF [75].

Camarillo et al. simultaneously investigated the effects of doxoru-
bicin, paclitaxel, tamoxifen, bleomycin, and curcumin on human breast
cancer cell lines in 2014 [76]. Electroporation increased drug delivery,
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effectively creating pores that allowed these chemotherapeutic agents to
penetrate the cell membrane. This supports the idea that combining
electroporation with low-dose chemotherapy enhances cancer cell
sensitivity. Most electroporated samples showed a reduced number of
viable cells.

Vasquez et al. [77] evaluated cisplatin and mitomycin C drugs on a
human bladder cancer cell line. The study concluded that ECT, either
with cisplatin or mitomycin C, was more effective than chemotherapy
alone in a bladder cancer model. It significantly enhanced cisplatin and
mitomycin C cytotoxicity, 6.6 and 30 %, respectively, leading to tumor
size reduction and improved treatment outcomes in vivo.

Alternative compounds like curcumin have also gained attention for
their anti-cancer properties. Ramachachandar et al. [78] demonstrated
curcumin’s enhanced efficacy against human promyelocytic leukemia,
acute myeloid leukemia, and cervical cancer cells when combined with
EP and with bleomycin-based ECT. The study has highlighted ECT
applicability for non-solid tumors.

Souza et al. [79] in 2017, have used equine sarcoid cells for research
of bleomycin, cisplatin and carboplatin applicability. The electropora-
tion increased the cytotoxic effects of bleomycin, cisplatin, and carbo-
platin on the equine sarcoid cell line by 5-fold, 4-fold, and 3-fold,
respectively. On the other hand, the proportion of surviving cells in the
group treated with the drug alone and the group treated with ECT
differed significantly. Carboplatin showed inferior efficacy and appli-
cability for ECT when compared to bleomycin or cisplatin-based
therapies.

Kranjc et al. [80] investigated a novel cisplatin-based treatment and
synthesized platinum compound trans [PtCl2 (3-Hmpy)2] (3-Hmpy =
3-hydroxymethylpyridine) (compound 2 or CP2) platinum compounds,
and found it effective against sarcoma cells [81]. Cell survival following
the ECT treatment was reduced in vitro in all examined sarcoma cells,
regardless of their intrinsic cisplatin sensitivity, however, this effect was

lesser than that of cisplatin. Nevertheless, the CP2 cytotoxicity
enhancement factor (5-fold) was the same in cisplatin-sensitive and
cisplatin-resistant cells.

In 2018, the applicability of ECT for rare tumors was also explored.
Michel et al. [82] analyzed the cytotoxic effect of cisplatin and leuco-
vorin calcium (LeuCa) on chondrosarcoma cells from lung metastasis
using primary cell culture cultivated from the patient. Both cisplatin and
LeuCa increased their cytotoxic effect when EP was applied. Although
combining cisplatin and LeuCa together increased their toxicity and
supported apoptosis, application of EP brought no advantage in terms of
efficacy.

In 2019, Fiorentzis et al. extended research on human normal
conjunctival and conjunctival melanoma cell lines, finding BLM-based
ECT effective without harming healthy conjunctival cells [83]. The in
vitro part of this study showed that neither MMC and 5-FU together with
EP did not significantly enhance the cytotoxic effect on CM cell lines,
which was not the case for BLM. MMC and 5-FU with or without EP
demonstrated higher cytotoxicity for the normal conjunctival cells,
while CM cells were resistant using a 3D spheroid model.

In 2019, Maczysnka et al. [84] researched another compound that
could potentially be used with ECT. In vitro research was conducted on
two metastatic cancer lines- an ovarian adenocarcinoma and melanoma.
Novel compounds- betulinic acid (BTA) and cisplatin were used. BTA
combined with EP exhibited similar efficacy to cisplatin with EP after 24
and 48 h in both cancer lines, and research findings indicate possible use
of the BTA in this context.

Drag-Zalesinska et al [85] determined the effect of cisplatin and
vinorelbine with EP on MDR of human small cell lung cancer cell lines.
Cisplatin and vinorelbine alone showed a dose-dependent effect on cell
viability. Combined with EP, both materials required reduced doses for
the same cytotoxic effect. Higher immunoreactivity was achieved when
EP was used as well.
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Oxaliplatin (OXA), another platinum-based chemotherapeutic agent
compatible with electrochemotherapy, has also demonstrated compa-
rable efficacy to conventional drugs such as cisplatin and bleomycin
[86]. This was shown in studies by Ursi¢ Valentinuzzi et al. (2018 and
2025) [87,88], which evaluated OXA’s effects on 4T1 and B16F10 cell
lines. Moreover, both studies confirmed that oxaliplatin induces
immunogenic cell death at rates comparable to those observed with
other tested chemotherapeutic agents.

The integration of electrochemotherapy (ECT) with immunotherapy
is gaining traction, with proven efficacy in various tumor models [89].
In 2021, Trotovsek et al. demonstrated that combining ECT with IL-12
immunogene therapy is effective against hepatocellular carcinoma
(HCC) [90], while Barca et al. reported similar benefits in cutaneous
squamous cell carcinoma (SCC) [91].

Alkis et al. [92] conducted in vitro research on two human brain
tumor cell lines. Human dermal fibroblast (HDF) cell lines were used to
control the effect. The 5FU compound and Zn(II) complex were used and
their cytotoxic activity was measured when applied together with EP.
The Zn(II) complex showed good cytotoxicity against brain tumor cell
lines, while it was safe on HDF healthy cells. The 5-FU exhibited less
cytotoxicity than the Zn(II) complex in brain tumor cell lines.

In 2022, Kreamer et al. [93] published a study on calcium electro-
poration with bleomycin to treat human uveal melanoma (UM) cell
lines. The study was performed in vitro, and in the 3D tumor spheroid
model and there were a total of four different cell lines used. In all four in
vitro and 3D spheroid cell cultures, there was a noticeable decrease in the
intracellular adenosine triphosphate (ATP) level after both calcium and
bleomycin ECT. In both 2D monolayer cell cultures and 3D tumor
spheroid models, the results point to a dose-dependent ATP depletion
with a broad range of sensitivity across the tested UM cell lines, control
groups, and the applied conditions. This study shows that both com-
pounds can be used for treating uveal melanoma and have possible
clinical application due to the minimal effect on surrounding tissues,
which is important when treating such a sensitive organ like an eye.

In 2022, Wolff et al. [94] conducted a study in which a new possible
compound- glutathione, was researched. The in vitro study was con-
ducted on Human melanoma, cutaneous cell carcinoma, squamous cell
carcinoma, Jurkat lymphoma, and acute myeloid leukemia cell lines. In
monotherapy, neither EP nor glutathione gave results. However, com-
bined glutathione with EP exerted strong cytotoxic effects and declined
metabolic activity in four skin cancer cell lines in vitro.

A study conducted by Rembiatkowska et al. [95] focused on
combining different anticancer drugs (bleomycin, cisplatin, metformin,
vinorelbine, and Dp44mT) with different PEF. The study revealed that
bleomycin-based ECT was more effective than cisplatin-based treat-
ments. Drug combinations, mainly bleomycin + cisplatin, led to syner-
gistic effects, while others (vinorelbine or Dp444mT) exhibited some
antagonism, especially in the most resistant cell lines.

The summary of the selected studies is presented in Table S1
(supplementary material). Studies involving mono-therapy with
cisplatin, bleomycin or calcium were not highlighted in the text due to
high availability of reviews on the topic, however, they are included in
the table for comparison purposes.

Most of the covered research focused on human cell lines, primarily
solid tumor cells, with fewer investigations on cancers like leukemia.
Solid tumors research included 16 cell lines derived from ovarian,
breast, bladder, pancreatic, and small cell lung cancers, as well as more
specific lines like radioresistant squamous cell carcinoma and metastatic
chondrosarcoma. Leukemia studies targeted malignant pathologies like
acute myeloid leukemia, promyelocytic leukemia, and T-cell leukemia.
Normal cell lines, including mal human fibroblasts, endothelial cells,
gingival fibroblasts, and others, were often employed as control groups
to better understand ECT mechanisms. Animal cells and in vitro models
were also involved, primarily murine cells- Chinese hamster lung fi-
broblasts and murine sarcoma cells, with in vivo experiments conducted
on murine models for uveal melanoma xenografts and colon cancer. A
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summary of the used compounds is described in Table 1.
5. Potential candidates for cytotoxic agents to be used in ECT

As mentioned above, various compounds have been researched
alongside electroporation: antitumor antibiotics (bleomycin, mitomycin
C), platinum-based chemotherapeutic agents (cisplatin, carboplatin),
taxanes (paclitaxel, docetaxel), topoisomerase inhibitors (doxorubicin,
irinotecan), antimetabolites (5-fluorouracil, gemcitabine), calcium
compounds (CaCly) [98-109]. Considering the listed drugs’ character-
istics and mechanisms of action, key qualities can be identified for
substances suitable for electrochemotherapy. The most important
criteria for a drug to be effective in ECT are:

1. High intracellular cytotoxicity: selected drugs should be highly toxic
inside the cell, inducing apoptosis or other cell killing mechanism
[110].

2. Low permeability in the absence of electric pulses: drugs in physio-
logical conditions should have limited ability to pass through cell
membrane passively to ensure selectivity of the treatment [111].

3. Tumor accumulation potential: the drug should preferentially accu-
mulate in tumor cells, minimizing systemic effects while maximizing
cytotoxicity within the tumor [112].

4. Low systemic toxicity: at the low doses typically used in ECT, the
drug should exhibit minimal systemic toxicity, reducing adverse ef-
fects on healthy tissues [113].

5. Synergistic interaction with electroporation: the intracellular de-
livery of the compound and cytotoxic effects should be significantly
enhanced when combined with electroporation [114].

6. Immune system stimulation: Certain compounds not only exert a
direct cytotoxic effect but also activate an immune response against
cancer, further enhancing therapeutic efficacy, which is beneficial
for the prevention of metastases [115].

The qualities required for alternative compounds that can be used in
ECT are summarized in Fig. 7. The listed characteristics of potential ECT
drugs are critical in determining their suitability. While primary features
such as tumor selectivity, low systemic toxicity, and compatibility with
electroporation are predominant, secondary characteristics also should
be considered. These may also include a short half-life to minimize
systemic effects, effectiveness in a low oxygen environment (as drugs
that rely on ROS against cancer cells could work worse in solid tumors,
which usually have a hypoxic zone due to rapid growth) [116]. Other

Table 1

Frequency based overview of substances and drugs used in ECT based on this
review. Values are based on Handbook of Electroporation by Miklavic et al. [96],
unless specified differently.

Substance / Molecular Mass Type Cytotoxicity Increase

Drug (g/mol) with EP

Bleomycin 1415.56 Hydrophilic 30-5000-fold

Cisplatin 300.05 Hydrophilic ~80 fold

Calcium ions 110.98 Hydrophilic < 100 fold
(CaCl2)

5-Fluorouracil 130.08 Hydrophilic ~1.25 fold

Doxorubicin 543.52 Less ~0.67 fold

Hydrophilic

Mitomycin C 334.32 Hydrophilic ~1.3-1.4 fold

Vinblastine 811.03 Hydrophobic 1-1.3-fold

Paclitaxel 853.91 Hydrophobic No increase

Docetaxel 807.88 Hydrophobic Limited studies

Betulinic Acid 456.70 Hydrophobic Limited studies

Leucovorin 511.51 Hydrophilic Limited studies
Calcium

Zn(II) 136-800 Varies Limited studies
Complexes

Curcumin 368.39 Hydrophobic Limited studies

Oxaliplatin 391.10 [97] Hydrophobic 2-10-fold [87]
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desirable traits include compatibility across diverse cancer types, the
production of non-toxic metabolites and etc. [117].

According to current knowledge and requirements, three main
groups of potential ECT drugs can be derived: 1) chemotherapy drugs,
and 2) natural compounds.

Chemotherapy Drugs. Emerging chemotherapy drugs with specific
properties are promising candidates for ECT, e.g., Sotorasib could be
considered. It was approved by the FDA in 2021 for non-small cell lung
cancer (NSLC). Sotorasib is poorly permeable throughout the cell
membrane without external stimuli, and simultaneously, it demon-
strates potential due to its mechanism of inducing apoptosis in KRAS-
mutated cancer cells, which are typically resistant to traditional
chemotherapy. KRAS mutations are common in aggressive cancers such
as NSCLC, colorectal, and pancreatic cancers. The poor membrane
permeability of Sotorasib, with a molecular weight of 560 g/mol could
be improved with electroporation, making it a strong ECT candidate
[118-120]. Similarly, Belzutifan was approved in 2021. It is a
hypoxia-induced factor 2-alpha (HIF-24) inhibitor and targets mostly
hypoxic tumors, primarily renal cell carcinoma. HIF-24 is a key regu-
lator of tumor growth, angiogenesis, and immune evasion in hypoxic
tumors. Belzutifan inhibits this gene and slows it down, which may
potentially reduce the growth of the tumor. Its 460 g/mol molecular
weight and limited permeability make it another promising candidate
for ECT [121-123].

Vemurafenib, a selective BRAF V600E inhibitor, targets the MAPK/
ERK signaling pathway and suppresses melanoma cell proliferation
[124]. While not typically used in ECT due to its lipophilic nature and
passive cellular uptake [125], its combination with ECT has showed
synergistic cytotoxic effects. Though, the treatment normally involves
bleomycin [125]. Concurrent vemurafenib treatment may sensitize
tumor cells by downregulating repair mechanisms and promoting
immunogenic cell death, thereby enhancing both direct cytotoxicity and
antitumor immune responses [126]. Another compound under investi-
gation is sunitinib — a multi-targeted tyrosine kinase inhibitor that
blocks VEGFR, PDGFR, c-KIT, and other signaling pathways involved in
tumor angiogenesis, proliferation, and survival [127]. Its broad mech-
anism of action makes it a promising candidate for ECT. Ongoing studies
are exploring its synergistic potential in combination with other treat-
ments, including electrochemotherapy. However, neither drug is
approved for use with ECT yet.

Antibiotics have shown promise as chemotherapeutic agents in ECT,
with bleomycin - the most successful ECT drug to date — serving as a key
example. There are potentially a few more antibiotics that could be
researched for ECT. For instance, mithramycin - an antibiotic whose
antitumoral effects are achieved by binding to GC-rich (guanine (G) and
cytosine (C)) DNA regions, owns the genes that regulate cell growth and
survival. Mithramycin blocks transcription factors like Spl, which
activate oncogenes involved in cancer proliferation, like c-myc and
surviving, and promotes apoptosis and cell cycle arrest. Mithramycin
has been researched for pancreatic, breast cancer, osteosarcoma, glio-
blastoma, and others. However, its amphiphilic nature and high mo-
lecular weight (1085 g/mol) limit its permeability and increase systemic
toxicity risk, making it a strong candidate for ECT applications
[128-131]. Another antibiotic, daunorubicin, binds to DNA and inhibits
topoisomerase II, causing DNA damage and apoptosis. While primarily
studied for hematological malignancies, it has also shown potential in
breast, ovarian, and small-cell lung cancer. It has poor membrane
permeability and a molecular weight of 528 g/mol, daunorubicin could
benefit from electroporation-enhanced delivery [132-135].

Natural Compounds. Natural compounds can also offer unique
opportunities in ECT procedures. One possible material to use is With-
aferin A. It is a natural material derived from the plant Withania som-
nifera (Ashwagandha). It is widely researched as an anticancer agent.
Yet, it has shown anticancer activity against breast and pancreatic
cancers by inducing reactive oxygen species (ROS), disrupting mito-
chondrial function, and activating p53 pathways to promote apoptosis.
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It is a compound with a molecular mass of 470 g/mol and has limited
permeability, suggesting it could benefit from electroporation
[136-138]. Another promising compound is Cannabidiol (CBD), known
for its analgesic and immunomodulating properties. CBD has demon-
strated anticancer effects inducing apoptosis in cancer cells, prolifera-
tion inhibition, enhancement of the immune system, and, in some cases,
increased cytotoxicity and effectiveness of other anti-cancerous drugs.
Its poor membrane permeability, and molecular weight of 315 g/mol
make it an intriguing candidate for further ECT research [139-142].

The summary of potential cytotoxic agent candidates to be used in
ECT is presented in Table 2.

6. Conclusions

Electrochemotherapy is a promising tool in oncology, allowing drugs
to enter cells that would otherwise not cross the cell membrane effec-
tively, making it especially useful for treating drug-resistant tumors. It
requires lower doses of chemotherapy compared to traditional methods
and is already used for cutaneous and subcutaneous cancers, and its
applications are expanding. The most commonly used drugs are bleo-
mycin and cisplatin. Bleomycin uptake during electroporation increases
300-5000-fold, while cisplatin achieves an ~80-fold increase. Calcium
EP has also emerged as a promising option, effectively inducing tumor
cell death in cancers such as melanoma, squamous cell carcinoma, and
breast cancer. Additionally, calcium EP has shown the potential to
overcome multidrug resistance and trigger immunogenic effects [143],
enhancing its therapeutic impact. Other medications, such as doxoru-
bicin, 5-fluorouracil, mitomycin C, and experimental substances, such as
Zn (II) complexes or curcumin, have also been investigated. Certain
chemicals have demonstrated promise, such as increasing the absorption
of doxorubicin in myeloma mice and raising the efficacy of MMC in
bladder cancer through improved drug delivery or curcumin in
increasing cancer cell death in cervical cancer and leukemia. The Zn (II)
complexes have shown selective cytotoxicity against brain tumor cells
while protecting healthy tissues, highlighting the ECT suitability even in
brain cancer treatment. Ongoing research into new drugs and improved
protocols continues to expand the potential of ECT as a targeted, less
toxic treatment for resistant cancers.
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Table 2

Summary of potential cytotoxic agent candidates to be used in ECT, where SCLCS- small cell lung cancer; KRAS- Kirsten rat sarcoma viral oncogene homolog; AML- acute myeloid leukemia.

Notes

Immune system stimulation

Systemic toxicity

Cytoxicity

Type, Molecular weight

Drug/

compound

Effective in SCLC with KRAS mutation, good for targeted ECT

applications

No known immune
stimulation

Well-tolerated at therapeutic

High toxicity in KRAS mutant cells
doses

Chemotherapy drug

560 g/mol

Sotorasib

Synergistic in BRAF-mutant melanoma when combined with

ECT; not effective alone due to lipophilicity

May promote immunogenic

cell death (ICD)

Severe toxicity; requires dose

management

High toxicity in BARF mutant cells

BRAF V600E kinase inhibitor

489.9 g/mol

Vemurafenib

Promising for ECT due to angiogenesis inhibition and immune

modulation; under investigation

Enhances response to
immunotherapy

Severe toxicity; requires dose

management

Effective in Renal cell carcinoma, GIST

and pNETs

Multi-targeted tyrosine kinase
inhibitor (TKI) 398.5 g/mol

Chemotherapy drug

460 g/mol

Sunitinib

Effective in renal cell carcinoma, hemangioblastoma; targets

hypoxic targets for potential synergy with ECT

Minimal immune response

Low toxicity in renal carcinoma

Effective in hypoxic tumors

Belzutifan

Effective in breast and pancreatic cancers; known for selective

cytotoxicity in cancer cells, good for ECT

Potential immune modulation

Minimal toxicity outside tumor

Cytotoxic, induces apoptosis, more

toxic to tumor cells

Natural Compound
470,6 g/mol

Withaferin A

Promising for glioblastoma and breast cancer; ECT may enhance

Modulates immune response
accumulation and immune benefits

Minimal toxicity outside cancer

cells

Cytotoxic and anti-proliferative
effects, some tumor specificity

Natural Compound

314,5 g/mol
Antitumor Antibiotic

CBD

(Cannabidiol)
Mithramycin

Used in testicular, breast cancers; suitable candidate for ECT to

reduce required dose and limit toxicity

Minimal immune activity

High systemic toxicity risk

High DNA-binding toxicity, could
more specific to tumor cells

1085 g/mol

Primarily used in AML; potential for solid tumors in ECT due to

limited permeability

Limited immune-stimulating

effects

Known systemic toxicity;

DNA-intercalating, highly toxic,

induces apoptosis

Antitumor Antibiotic
527,5 g/mol

Daunorubicin

requires dose management
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the work reported in this paper.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.biopha.2025.118451.
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