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Abstract

Electroporation is an essential biophysical process that involves the use
of pulsed electric fields to temporarily increase the permeability of cell
membranes. A comprehensive overview of the main clinical and biomedical
applications of cellular electroporation is provided here with a particular
focus on cancer therapy, genetics, and drug delivery. The review concen-
trates on the characterization of membrane stresses caused by electroporation
and their impact on cell membrane structure and dynamics. It analyses the
relationship between applied electric fields, cell geometry, and membrane
composition with the aim of developing mathematical models to simulate
cell geometries and the electroporation process. Furthermore, it identifies
both the beneficial effects and potential complications of the electropora-
tion treatment, as well as the various mathematical models that have been
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developed to simulate the effects of such treatments. The use of sophisticated
simulation algorithms enables an in-depth investigation of the intricate rela-
tionship between electrical parameters and cellular responses, facilitating a
comprehensive assessment of the efficacy and safety of the electroporation
procedures.

Keywords: Electroporation, nuclear and cell membrane permeability, drug
delivery, mathematical modeling, cancer therapy.

Introduction

The cell membrane, which is composed of a complex lipid—protein struc-
ture, delimits the outer boundary of cells and plays a fundamental role in
cellular homeostasis [1, 2]. In addition to its function as a physical barrier, it
acts as a biophysically and biochemically regulated interface, allowing the
selective exchange of molecules between the cytoplasm and extracellular
environment [3]. As observed by Catterall (2000), cell membrane potential
is mainly modulated by the ion exchange of potassium (K+), sodium (Na+),
and chloride (Cl-) through ion channels that are central to the maintenance of
ion homeostasis and cellular signal transduction [4]. Through a wide range of
transporter proteins, ion channels, and receptors, the cell membrane carefully
regulates the flow of ions and molecules, facilitating the uptake of vital
nutrients and removal of waste products [5, 6].

In addition to the transport of nutrients, the cell membrane also par-
ticipates in the translation of signals through biochemical mechanisms and
electrical stimuli. External messages are interpreted by specific receptors
on the membrane, triggering intracellular signals that affect vital processes
such as proliferation, differentiation, and immune response [7]. This inter-
action between the cell membrane and surrounding environment is critical
for maintaining physiological integrity and regulating cellular and tissue
functions.

Given the critical role of the cell membrane in regulating ion exchange
and maintaining cellular homeostasis, techniques that can temporarily alter
membrane permeability have significant biomedical applications [8]. Among
the different methods that allow the modification of the cell membrane,
electroporation has been widely used as a non-invasive technique to increase
cell membrane permeability [9]. The electroporation procedure consists of
applying a pulsed electric field of a specific intensity and duration to the
cell membrane, stimulating the formation of transient pores that promote ion
exchange between the cytoplasm and the surrounding environment.
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To optimize the electroporation process, numerous studies have been
conducted aimed at developing mathematical and simulation models capable
of reproducing the phenomenon [63]. These models are essential for under-
standing the interactions between the electric fields and cell membranes, as
well as for predicting how changes in electrophysical parameters may affect
treatment effectiveness.

Over the years, several models have emerged, each with a different
degree of complexity and accuracy. Some of these models are based on
differential equations that describe the dynamic behavior of cells under
electrical stress, while others use computer simulation-based approaches to
visualize processes at the microscopic level. These models made it possible to
identify the optimal methodologies for the application of the electroporation
technique, highlighting key parameters such as electric field strength, pulse
duration and lipid composition of the cell membrane. This computational
optimization made it possible to maximize the efficiency of the transfer of
substances within cells, while reducing the side effects associated with, e.g.,
cytotoxicity [65].

In terms of simulating the electroporation phenomenon, a specific finite
element method (FEM) software is utilized, which, through appropriate initial
parameters, enables the simulation of the behavior of biological material [11].
However, the simulation and implementation of models for nuclear electropo-
ration processes present several challenges. These challenges stem from the
fact that it is not possible to perfectly predict and simulate all aspects of the
electroporation process, as the simulation of physical and chemical processes
involves a calibration phase that is linked to the quality of stochastic data
from previously conducted studies [67, 68]. Additionally, the simulation of
the process allows for the development of customized protocols based on
the type of cell and the molecules to be introduced, ultimately resulting in a
prediction of transfection efficiency [12].

In this review, an in-depth analysis of the main aspects of electroporation
in the biomedical context will be conducted, with particular emphasis on the
critical issues associated with this technology. These critical issues, which
include the management of cell permeability, the control of cytotoxicity, and
the variability in individual responses to treatment, will require careful and
systematic evaluation. It is essential to address these challenges to ensure not
only the safety, but also the efficacy of clinical applications of electroporation,
thus allowing therapeutic protocols to be optimized and patient outcomes to
be improved. The latest clinical applications of electroporation will be exam-
ined, including innovations in cancer treatment and gene therapy. Emerging
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issues will be discussed, such as the need to optimize treatment protocols and
associated technologies, as well as the strategies to improve the integration of
pharmacological agents, to maximize therapeutic efficacy.

Finally, the main mathematical models that have contributed to optimiz-
ing the clinical and biological processes of electroporation will be analyzed.
These models provide a theoretical basis for understanding the dynamics
of cell permeabilization and offer predictive tools to improve treatment
protocols. The importance of these models in guiding future research and
facilitating the clinical application of the technique will be discussed, help-
ing to make electroporation an increasingly effective and safe therapeutic
strategy.

Electroporation Mechanism

Electroporation is a biophysical method that employs an electric field to the
cell membrane, triggering a range of biophysical and biochemical reactions.
These reactions are directly affected by the cell’s transmembrane tension,
which can be explained using various mechanisms and relevant parame-
ters [9]. A crucial factor in this technique is the transmembrane potential,
primarily influenced by the activity of sodium (Na+, 139.1 £ 0.6 mmol/l) [13]
and potassium (K+, 140-150 mmol/1) [14] ion channels. This potential, also
referred to as the membrane potential, represents the voltage differential
across the cell membrane. It plays a vital role in numerous cellular pro-
cesses, including maintaining cellular homeostasis, transmitting signals, and
controlling ion movement.

The electroporation process begins with the application of an electric
field, which will alter the distribution of charges on the surface of the cell
membrane [15]. This differentiation of charges causes an increase in the
trans-membrane voltage which, once a certain critical threshold is exceeded,
will lead to the formation of pores [16]. These pores will be characterized by
a certain temporary permeability, which will allow the passage of ions and/or
molecules inside the cell [17]. Pore formation is mediated through several
mechanisms, which are shown in Table 1 [18, 19].

In a cell’s resting state, the plasma membrane’s higher conductance
to potassium compared to sodium leads to potassium ions flowing out of
the cell, creating a negative membrane polarization known as the resting
potential [10]. However, external stimuli, such as nerve impulses or hormonal
signals, can swiftly activate sodium channels, causing a temporary change in
the transmembrane potential called the action potential [11]. The membrane
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Table 1 Mechanism of electroporation

Mechanism of

Electroporation Description

Puncture The energy of the electric field induces elongation and deformation of the
membrane, generating pores that allow the passage of ions and small
molecules.

Electro-osmotic  The electric field induces a movement of the solvent (i.e. water) through
the membrane, contributing to both the formation of pores and the
diffusion of molecules.

Ionic Variation in membrane potentially affects the activity of ion channels,
such as those for sodium and potassium, further affecting the ion balance
and stability of the membrane during and after electroporation.

potential, which is the electric potential difference between the cell’s interior
and exterior, is maintained at a stable value termed the “resting potential” in
quiescent cells, typically ranging from —70 mV to —40 mV in neurons. This
potential is essential for cellular function and homeostasis, providing energy
for active substance transport and facilitating signal transmission [12].
Polarization is crucial for proper cell function. When an electric field is
applied, it generates a new potential that overlaps with the cell membrane’s
resting potential. If the voltage applied to the membrane produces a trans-
membrane electric field below the critical threshold value, the membrane
responds elastically. This response preserves the membrane’s structural and
functional integrity, characterized by temporary deformation without pore
formation or permanent damage [13, 14]. Conversely, if the transmem-
brane potential surpasses a critical threshold, temporary pores form in the
membrane structure. This phenomenon enables the entry of molecules or
molecular complexes, such as therapeutic agents, into the cells [15].
Electroporation can manifest in two forms: reversible and irre-
versible [16]. In the reversible variant, the cell membrane pores can sponta-
neously seal after the electric field is removed, thus restoring the membrane’s
structural integrity [17]. This method specifically targets cell membranes,
leaving collagen structures and associated proteins unharmed, which offers a
significant benefit for tissue healing due to the limited damage [18]. Further-
more, while less pronounced than conventional techniques, there are thermal
advantages, provided the appropriate validity parameters are established [19].
Contemporary research has identified several crucial factors that affect
pore formation and reversibility during electroporation [22]. These encom-
pass transmembrane tension, pore density, average pore radius, and thermal
regulation during electric-field application. Adhering to these factors is
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essential for ensuring the effectiveness and safety of electroporation in
biomedical applications [23]. For instance, research by Pliquet et al. demon-
strates that the dynamic membrane resistance undergoes a notable change
when pulses ranging from 40 to 80 V are applied and stabilizes at resistance
values between 50 and 100 2 [24].

Optimizing Electroporation Parameters

When applying electroporation to cells, it is crucial to accurately identify
and adjust various parameters associated with the electrical impulse [34].
This process of parameter identification and adjustment is vital for achieving
effective and controlled outcomes [35]. Several factors must be considered
when applying electroporation to cells, as shown in Table 2.

The duration of electroporation-induced membrane permeability is mod-
ulated by factors such as the applied electric field strength, pulse duration, and
the specific lipid composition of the plasma membrane. Recent studies indi-
cate that, although electroporation induces a pronounced increase in mem-
brane permeability, cellular membranes are capable of rapidly restoring their
structural and functional integrity once the electric field is withdrawn [31].
This restoration is facilitated by intrinsic membrane repair mechanisms,
including pore closure and the reorganization of integral membrane proteins,

Table 2 Cellular factors that influence electroporation

Cell Parameter Description

Type Different cell types of exhibit variations in their susceptibility to
electroporation, partly determined by differences in membrane
lipid and protein composition. Therefore, it is important to adapt
the parameters of the electrical impulse according to the type of
cell being treated [20].

Size Cell size directly affects the distribution and strength of the
applied electric field. Cells of different sizes require suitable
electrical pulse parameters to ensure uniform electric field
penetration and homogeneous membrane response [21].

Orientation The orientation of cells relative to the electric field can
significantly affect the effectiveness of electroporation [22].
Density Cell density can affect the distribution of the electric field and the

spread of therapeutic agents through the cells. The optimal density
varies depending on the specific application and the characteristics
of the cell sample [23].
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which collectively re-establish membrane barrier function on a microsecond
timescale [32].

Several protocols have been developed that determine the optimal adhe-
sion conditions for a wide range of applications. The protocols include a
preliminary phase, in which the cells to be subjected to treatment (mam-
malian cells, plant cells, etc.), the type of substance to be introduced into
the cell (plasmids of DNA, RNA, oligonucleotides, proteins, etc.), and the
culture medium in which cell growth will take place will be identified [24].
Then there is a preparatory phase, in which the cell culture will be carried out
and the substances that are to be introduced into the cell will be prepared. At
the end of the preparatory phase, the cells will be mixed with the substance,
and then inserted into appropriate cuvettes for electroporation [25]. Once
everything has been prepared, the different parameters to be used for the
experiment will be set on the electroporator, such as the current intensity, the
duration of the pulse, the number of pulses, the time constant 7 inherent in the
discharge circuit, the type and concentration of the electroporation medium
and the temperature. The above parameters vary according to the cell to be
treated and, in the specific case of mammalian cells, which are reported in
Table 3.

The above parameters will require an optimization step, based on the
specifications of the cells, the substance to be introduced, and the experi-
mental conditions, to obtain better results in terms of cell transfer efficiency
and survival [25].

At the end of the electrical stimulation phase, the cells undergoing
treatment will be recovered, which must be incubated under appropriate
conditions. Finally, there is a phase of analysis of the treatment, in which
the efficiency of electroporation will be evaluated through specific methods,
such as PCR, with which we can verify the transfection of the substance into
the cells, the efficacy and cellular integrity.

Table 3 Electroporation parameters for mammalian cells

Parameters Value

Electric field strength 1500-2000 V/cm

Pulse duration 5-20 ms

Number of pulses 1-3

T 10-20 ms

Electroporation medium PBS or HBSS in appropriate concentrations

Temperature Constant at 37 °C (310 K, physiological temperature)
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Clinical Use of Electroporation

Electroporation, a multifaceted technique, finds applications in various
biomedical and biological fields, such as targeted intracellular drug delivery,
genetic therapy, cellular fusion, sterilization of tissues, and ablation [16].
A significant advancement in electroporation has been the incorporation
of pharmacological agents into its protocols. This progress has signifi-
cantly enhanced the effectiveness of cellular treatments, thereby increasing
electroporation’s utility in biomedical applications [33]. The protocols for
electroporation are meticulously designed to correspond with the particular
aims and cellular properties of the targeted tissue, enabling precise adaptation
to fulfil the needs of each experimental or clinical use [42, 43].

Electroporation-based drug delivery is a crucial medical therapy, particu-
larly in the administration of anticancer agents. This method creates transient
openings in cellular membranes, enhancing the uptake of specific drugs by
cancer cells [37]. This targeted approach offers a selective treatment option
that minimizes harm to adjacent tissues and reduces the adverse effects
commonly associated with traditional therapies [44].

Alongside electroporation, other novel techniques such as elec-
trochemotherapy are utilized in cancer treatment [45]. Electrochemotherapy
integrates electrical stimulation with drug therapy to target cancer cells. This
method has demonstrated effectiveness in selectively attacking cancerous
cells whilst preserving healthy surrounding tissue.

The process of electrochemotherapy involves the application of electrical
pulses in conjunction with the administration of drugs that are typically non-
permeable or have low permeability across cell membranes. The electrical
stimulation temporarily enhances membrane permeability, enabling cytotoxic
drugs to enter cancer cells more readily [46]. The drugs employed in this
protocol are generally cytotoxic agents that, despite their limited ability to
traverse cell membranes independently, exhibit potent intracellular activity
once inside the target cell. This strategy concentrates pharmacological agents
within cancer cells, thereby compromising their viability and reducing tumor
size [47].

A notable advantage of electrochemotherapy is its ability to selectively
target and destroy cancerous cells while limiting damage to adjacent healthy
tissue. This characteristic sets it apart from other treatments that may cause
more extensive collateral damage. However, like any medical procedure, it is
essential to carefully evaluate the risks and benefits of electrochemotherapy
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for each patient and cancer type, and to administer treatment under the
supervision of experienced healthcare professionals [48].

The electroporation is effective if the cells have a good permeabilization,
which is why the cells are subjected to an electric field. However, the electric
field will need to be as low as possible to ensure the safety of the proce-
dure. For this reason, appropriate electrodes must be carefully developed,
and appropriate parameters identified. In particular, the following types of
electrodes can be identified:

* Plate electrodes, used for surface treatments.

* Needle electrode, which allows localized treatment. Depending on the
geometry of the needle, we can process different sizes of areas. In
particular, the hexagonal needle electrode is an electrode that can treat
large areas.

The above electrodes can be made of surgical steel (AISI 316L) or
aluminum (the latter only for experimental purposes) [26].

Through several studies, conducted both in vitro and in vivo, it has been
possible to define standard parameters for the delivery of electrical impulses.
This involves 8 square wave pulses of 100 ps with a voltage of about 1000
V, delivered at a frequency of 1 Hz or 5 KHz. However, there are conflicting
experimental results in the literature regarding the efficacy of this therapy for
these frequencies, as several articles report therapeutic efficacy even at lower
frequencies and with higher efficiencies [27].

The comparison between high ionic conductivity and the permeability
state of the cell membrane poses a fundamental challenge in the current sci-
entific context, highlighting the limitations of existing mathematical models
in adequately understanding these phenomena. This complexity is intrinsic
to the intricate nature of the biophysical and molecular processes that govern
cell membrane dynamics [28, 29].

Current models, such as those based on membrane potential, are con-
figured as simplifications of the complex biological reality, treating the cell
membrane as a single homogeneous entity. However, this view neglects the
structural and functional variations present in the membrane, such as the pres-
ence of specialized lipid domains and the diversification in the distribution of
ion channels and membrane transporters [30, 31].

Existing models tend to overestimate the duration of the conduction state
compared to that experimentally observed in the permeability state. This
discrepancy could be attributed to the lack of a detailed representation of
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the molecular mechanisms involved in the passage of solutes across the
membrane, such as the formation of pores or transient ion channels [30, 32].

Further complications in the analysis of mathematical models arise from
the additional complexity introduced by the lipid bilayer structure of the cell
membrane, which is characterized by a wide range of molecular interactions
and phase dynamics that can significantly affect membrane permeability and
conductivity [33].

To address these challenges, it is necessary to develop more sophisticated
mathematical models that integrate a detailed understanding of cell mem-
brane structure and dynamics. Only through an in-depth analysis of such
models will it be possible to obtain an accurate and predictive understanding
of the behavior of the cell membrane in conduction and permeability states,
with significant implications for biological and medical research [16, 33].

Nuclear Electroporation

An important aspect that has emerged in recent years is the ability to deliver
electrical stimulation directly to the nucleus of a cell, a technique known
as nuclear electroporation. This method enables biological materials, such
as DNA, mRNA, or proteins, to be inserted directly into the nucleus of a
cell, bypassing the outer cell membrane, and resulting in a more targeted
therapy [34, 35]. Unlike traditional electroporation, nuclear electroporation
involves the creation of pores in the nuclear membrane through precise elec-
trical stimulation, ensuring a more efficient and targeted transfer of genetic
material.

The electrical stimulation of the cell nucleus is a more complex process
than that of the outer cell membrane due to the involvement of various phys-
ical and chemical processes within the cell [60]. Physical processes include
the conduction of electricity through cellular tissues and the generation of
electric fields that affect the behavior of molecules within the nucleus [61],
while chemical processes involve modulating the activity of nuclear proteins,
regulating ion channels, and altering biochemical reactions that occur within
the cell nucleus [62]. These factors contribute to the complexity of electrical
stimulation of the cell nucleus and highlight the need for further research to
optimize this technique for therapeutic use [38].

In recent years, the use of electroporation to introduce DNA strains into
cells for the purpose of producing vaccines has had a significant impact,
offering several clinical benefits [39]. DNA-based vaccines function by intro-
ducing a fragment of DNA into the cells of the human body that codes
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for a pathogen-specific antigen. The cells, upon reading this DNA, begin to
produce the antigen, which is then presented to the immune system [40]. This
process stimulates an immune response without the need to introduce a live
or attenuated pathogen into the body [41].

Electroporation provides several advantages in vaccine production. One
of its main benefits is its high efficiency in transferring DNA into cells. The
electrical pulses used in the technique create temporary pores in the cell mem-
brane, allowing DNA to easily enter cells [42]. This feature increases the like-
lihood of DNA internalization, thereby improving the overall effectiveness
of the transfection process [43]. Another crucial benefit of electroporation
is its safety. Unlike traditional methods that often utilize live or attenuated
viruses to transport genetic material, electroporation eliminates the need to
use pathogens. This significantly reduces the risks associated with accidental
infections, making the process safer for patients and healthcare profession-
als [44]. In addition, DNA-based vaccines can be rapidly modified to respond
to new pathogen variants, which is particularly useful in emergency situations
such as pandemics. This speed of adaptation allows for a timely response to
new viral threats, helping to control the spread of diseases more quickly [45].

Ultimately, the technology enables the expedited and cost-effective pro-
duction of vaccines. By adopting standardized and automated methods of
manufacturing, the time and expense required for production are significantly
reduced, allowing for the rapid production of large volumes of vaccines [46].
This capability is crucial for meeting the mass vaccination needs that arise
during outbreaks in a timely manner.

There exist multiple protocols that detail the steps for making vaccines
through electroporation, which is a complex and intricate process that neces-
sitates the use of advanced equipment [76]. The procedure commences with
the preparation of the DNA vector containing the desired antigen gene. This
vector, typically a plasmid, comprises regulatory elements that control gene
expression within host cells, which are chosen for their suitability in vaccine
production. The cells are then cultured and made ready for electroporation,
a process that creates pores in the cell membrane through which the DNA
can pass and enter the cell. Following the introduction of DNA into the
host cells, the process of gene expression can begin. The inserted DNA is
transcribed into messenger RNA (mRNA) and subsequently translated into
protein by cellular machinery. This protein is the specific antigen that will be
recognized by the immune system as foreign (Figure 1) [68]. Furthermore,
recent research has indicated that the immune response elicited in vivo is
only minimally affected by the concentration of the induced DNA, thereby
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Figure 1 Mechanism of enhancement of the immune response by electroporation.

demonstrating that plasma DNA vaccines retain their efficacy even when
stored at room temperature [69]. The modified cells expose the antigen on
their cell surface, thereby activating the patient’s immune system. This causes
a specific immune response against exogenous antigens, which may include
the production of antibodies and the activation of cytotoxic T cells. Also
important is the formation of an immune memory, which allows the immune
system to respond quickly and effectively in the event of reinfection [47].

Innovative Electroporation Applications

In recent years, electroporation has sparked increasing interest and devel-
opment in the therapeutic field, leading to the emergence of numerous
innovative applications. These applications are revolutionizing the treatment
of several diseases, improving the effectiveness of existing therapies, and
opening up new therapeutic possibilities.

Key areas of innovation include cancer immunotherapy [48], gene ther-
apy [29], cell and tissue therapy [49], antimicrobial therapy, skin and
dermatological therapy [50], and neuromodulation [51]. In each of these
fields, electroporation has demonstrated significant potential in improving
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the efficacy of treatments and offering new solutions for difficult-to-treat
conditions.

Through electroporation, it has been possible to obtain vaccines that have
significantly more marked responses in several clinical trials. Compared to
a traditional vaccine approach, the use of DNA plasmids allows for faster
vaccine production and lower cost. Furthermore, being stable at room tem-
perature, they can be transported and stored without the need for a cold chain,
thus obtaining several advantages from the point of view of emergencies [52],
as found during the SARS-CoV-2 pandemic in 2020 [53]. In this particular
case, several avenues have been explored, based on mRNA, DNA or inac-
tivated virus vaccines, which involve the use of electroporation to speed up
production times [54]. In particular, in the first phase of the epidemic, mRNA-
based vaccines were produced, which required a cold chain for the storage
and transport phase. For this reason, studies continued, which led to the cre-
ation of a plasmid DNA-based vaccine administered through electroporation,
with the aim of targeting the Spike protein receptor domain [55]. Through this
technique it was possible to observe strong immune and protective responses
in animal models, subsequently also being safe and immunogenic for human
use [56]. In this way, the aforementioned vaccines were cheaper to produce
and facilitated distribution in the various countries where both storage and
transport were complex. To make electroporation as effective as possible, a
mathematical model was developed that allowed the identification of the main
parameters of electric competition. These models have helped to speed up the
vaccine production process [57].

Moreover, the utilization of electroporation has enabled a deeper under-
standing of innovative strategies in cancer therapy, thereby paving the way
for the development of a new therapeutic modality that can be employed
in vivo. It allows for the introduction of therapeutic genes into cancer cells
with the objective of repairing genetic mutations or inducing programmed
cell death, as well as triggering specific immune responses [58]. This therapy
has undergone significant advancement in the treatment of pancreatic cancer,
where the sole traditional curative approach is surgical resection, which is
only effective in the early stages of the disease. As documented in the research
conducted by Gajewska-Naryniecka et al., the administration of high-voltage
pulses can destabilize the cell membrane of diseased cells, ultimately leading
to their death [59]. In addition to the pancreas, electroporation can also
be employed in the treatment of cancers in other organs, including the
prostate. The incidence of prostate cancer has increased significantly in recent
years, prompting the development of new, less invasive treatment techniques.
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Table 4 Clinical studies that use electroporation as an intervention therapy

Organ Therapeutic Aspect Literature

Pancreas  Irreversible electroporation should only be used as an intervention [61-63]
when the patient is presented with locally advanced metastatic
disease or is in the initial stages of cancer. In patients with advanced
cancer, this treatment is only likely to provide symptom relief. It is
important to note that the duration of response to treatment may
vary considerably between patients.

Prostate ~ Therapy can be performed when the metastasis is in the initial, [64, 65]
localized stage, affecting one or both lobes of the prostate. The
treatment has a favorable side-effect profile.

Liver The treatment may be applied in cases of unresectable liver tumors [66-69]
that do not respond to other clinical treatments or are in the early
stages of development. It has been demonstrated that this organ is
the most suitable for this treatment.

Lungs The efficacy of the treatment is contingent upon the tumor being [70-72]
unresectable or in an early stage of development. Once more, the
procedure is generally well tolerated by the patient, but its efficacy
is contingent upon the patient’s clinical status.

Breast The treatment is only applicable in specific cases, namely those [73-76]
where the tumor is diagnosed at an early stage or where surgical
intervention is not feasible. It should be noted, however, that this
clinical procedure is not applicable to all patients, as there are still
contraindications that require further study.

As demonstrated by Wang et al., radiofrequency stimulation can induce
cancer cell death while selectively sparing the cardiovascular and nervous
systems [60].

In addition to the previously referenced works, several studies published
in academic literature detail in vivo therapies utilizing irreversible electro-
poration, with the most contemporary studies outlined in Table 4. This table
shows the target organs for therapy, with an emphasis on therapeutic aspects
and the applicable treatment periods.

However, it should be noted that other factors related to the patient’s
psycho-physical state of health also influence the efficacy and success of
irreversible electroporation therapy.

Challenges in Electroporation: Keeping the Right Local
Temperature

The application of high-intensity electrical pulses induces an increase in the
temperature of the surrounding biological tissues. The temperature rise is
primarily due to the electrical resistance of the tissue to the flow of electric
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current. When a pulsed electric field is applied, water molecules within
the tissue accelerate their movement as they interact with the oscillating
electric field. This motion generates friction with neighboring molecules,
converting electrical energy into thermal energy through power dissipation
processes [77].

The increased temperature can significantly impact the electroporation
process and treatment outcomes. Specifically, a moderate temperature rise
can enhance cell membrane permeabilization by inducing a lipid phase transi-
tion [78]. At higher temperatures, the lipid bilayer of the membrane becomes
more fluid, increasing its susceptibility to pore formation and facilitating
the entry of molecules. This effect may improve the efficacy of drug or
therapeutic agent delivery to target cells [79].

Controlling the temperature rise during electroporation is crucial, as
excessively high temperatures can lead to irreversible damage to cells and
tissues. Elevated heat levels can cause protein denaturation, rupture of cell
membranes, and necrosis in surrounding tissues, thereby compromising both
the efficacy and safety of the treatment [80]. The major problems due to the
thermal effect and that develop during the treatment are shown in Table 5.

To mitigate the adverse effects of temperature increases during electro-
poration, various thermal management techniques are employed [80]. One
effective approach is the use of refrigerated electrodes, which dissipate
the heat generated during the treatment and help keep the temperature of
the treated tissues within safe limits. Another strategy involves cooling
the fluid surrounding the tissues to maintain consistent temperature control
throughout the electroporation process. Additionally, continuous temperature
monitoring during treatment allows for the prompt detection of any unwanted
increase, enabling adjustments to the electrical impulse parameters to ensure
optimal temperature control and minimize potential damage to surrounding
tissues [82—84].

To mitigate the challenges associated with temperature elevation dur-
ing electroporation, numerous advanced protocols and devices have been
developed in recent years [85]. These incorporate the integration of cool-
ing technologies, nanotechnology, computational simulation, and real-time
monitoring, elements that have contributed to the advancement of the field of
electroporation, enhancing treatment safety and precision [78, 86]. Table 5
presents the principal state-of-the-art protocols, characterized by reduced
heat generation and increased clinical efficacy [87]. However, as this tech-
nology remains in the developmental stage, certain clinical limitations and
operational challenges persist, which are also elucidated in Table 6.



272  Daniele Marazzi et al.

Table S Thermal problems of electroporation treatment

Thermal Effect Description
Overheating of Application of high-intensity electrical impulses can cause a
tissues significant increase in local temperature in surrounding tissues. This

overheating can damage cells and tissues, compromising the
effectiveness of electroporate treatment and potentially causing
undesirable side effects [81].

Protein Excessively high temperatures can lead to denaturation of proteins

denaturation present in tissues. Protein denaturation can alter the structure and
function of proteins, negatively affecting biological processes and
compromising the health of treated cells [79, 81].

Necrosis of Overheating can lead to necrosis, meaning the death of cells in nearby

surrounding tissues  tissue. This is like how intense heat can scorch the edges of a piece of
fabric, leaving it weakened or damaged beyond repair. In
electroporation treatments, if the surrounding tissue overheats, it can
suffer permanent damage, reducing the overall effectiveness of the
procedure by damaging areas beyond the intended target [82].

Changes in clinical ~ Variations in temperature during the electroporation process can

treatment efficacy significantly impact the effectiveness of therapeutic agent or molecule
delivery within target cells. If temperatures are too high or too low, the
transport of these agents across the cell membrane may be hindered,
thereby reducing the overall effectiveness of the treatment [83].

Non-specific effects  High temperatures can induce non-specific effects on treated cells,

on the cell including alterations to the cell membrane and loss of its structural
integrity. These effects can negatively impact cell viability and
function, thereby compromising the success of electroporate
treatment [79].

Analytical Study of Cell Geometry

The study of cell geometry has important implications in several areas of
biological and medical research. For instance, understanding the relationship
between cell shape and biological functions can provide valuable insights into
normal physiology and pathologies associated with alterations in cell shape,
such as cancer and degenerative diseases [95]. Indeed, in diseased tissues,
changes in the ECM composition and architecture influence the mechanical
characteristics and cell geometry [96].

Cell geometry analysis can be used to monitor the efficacy of therapeutic
treatments and to develop new strategies for the diagnosis and therapy of
diseases [97]. Ultimately, the analytical study of cell geometry represents a
powerful approach to explore the complexity and diversity of the cellular
world, opening up new perspectives for biomedical research [98].
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Table 6 Local temperature elevation management methods with clinical cases

Electroporation
Type

Description

Clinical Aspect

Low frequency
pulsed

Selective cooling
through of
nanotechnology

Pulse reduction in
microseconds and
nanoseconds

Cryogenic cooling

The low-frequency pulses allow
for greater heat dissipation
between pulses, thus reducing
the risk of overheating.

Nanoparticles facilitate heat
dissipation from target cells.
Researchers are studying gold
and silver metal nanoparticles,
which exhibit superior thermal
conduction compared to
biological tissues.

This is another solution to
minimize the increase in
temperature. Very short pulses,
in the order of microseconds or
nanoseconds, decrease the
amount of energy dissipated as
heat.

This is an experimental
technique that aims to limit heat
gain through local cooling of the
treated area before and after the

This method is especially
beneficial for treating thermally
sensitive organs like the liver and
pancreas, where slight
temperature rises can reduce
therapeutic efficacy or harm
nearby tissues [88, 89].

This is emerging as a clinically
beneficial strategy, particularly in
cancer therapies, where thermal
precision is critical to protect
surrounding healthy

tissues [90, 91].

This has been tested in both
animal and in-vitro models for
the treatment of tumors, reducing
thermal damage and improving
tolerability [92, 93].

This is used in tumors ablation
treatments, where strict thermal
control is essential to protect
surrounding tissues [62, 94].

electrical pulse.

The analytical study of cell geometry requires a multidisciplinary
approach that integrates knowledge from different areas, including biology,
mathematics, and computer science. To analyze the geometric characteris-
tics of cells accurately, it is crucial to understand the vast heterogeneity
present among different cell types, as well as the variations that can occur
in cell size, shape, and structure in response to different biological stimuli or
photo-physiological conditions [99].

The approach to cell geometry analysis requires the integration of differ-
ent methodologies and tools from different disciplines, in order to obtain a
comprehensive and detailed understanding of the geometric characteristics of
cells and their roles in biological processes [100]. Among the most common
methods used for the study of cell geometry is the use of light and electron
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microscopy, which allows cells to be visualized at high resolution. Fluores-
cence microscopy, in particular, allows the observation of specific cellular
components, such as the nucleus, cytoskeletons and organelles, through the
use of fluorescent markers [101, 102]. These images are then processed using
dedicated image analysis software, which allows parameters such as area,
perimeter, diameter, and complexity of cell shape to be measured [103].
Another technique that allows images to be acquired is scanning electron
microscopy (SEM). This technology makes it possible to visualize cells in
high resolution, acquiring high-resolution images of their structures. Ulti-
mately, light microscopy and SEM are the tools commonly used to examine
cell size and morphology [104].

In previous studies, advanced mathematical models and algorithms for
quantitative analysis of cell geometry have been developed. These mathemat-
ical models may describe the shape of cells in an accurate and reproducible
way, providing detailed information about their structure and geometric
properties [105]. For example, some algorithms can identify and quantify
cell protrusions, such as pseudopodia and phyllopod, which play a crucial
role in biological processes, such as cell migration and interaction with the
surrounding environment [106].

In particular, the use of specialized software makes it possible to extract
relevant geometric parameters directly from microscopic images. These
parameters include area, perimeter, eccentricity, and other parameters that
provide quantitative information about the shape and size of the cells [107].
These tools allow scientists to conduct in-depth analyses of cell geometry,
revealing important details about cell structure and dynamics in various
biological contexts. In parallel, mathematical, and computational analysis
plays a crucial role in the study of cell geometry [108]. Mathematical mod-
els and computational algorithms are developed to describe and simulate
the geometric behavior of cells in response to various conditions [109].
These models can help predict and understand the emergent geometric
characteristics of cells based on factors such as population density, the
surrounding microenvironment, and the mechanical properties of the cells
themselves [110].

Mathematical Models of the Cell Membrane

Many mathematical models use simplified geometry to describe the bio-
logical membrane, considering the membrane as an average non-dispersive
structure (Figure 2) [111]. Furthermore, to simplify the model, the thickness
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Figure 2 Mathematical model of the cell membrane.

of the cell membrane is not taken into consideration. Among the different
electroporation methods for simple geometries, a dynamic model concerning
pore radii was implemented [112].

In the context of examining the permeability of cell membranes, the
three-dimensional quasistatic formulation of Maxwell’s equations, which
encompass a set of fundamental partial differential equations in electromag-
netism, is applied [16]. By integrating these equations with the nonlinear
Smoluchowski equation, which illustrates the dynamics of pores, it is possible
to analyze in depth the process of pore formation and evolution within the cell
membrane [113].

The laws of dielectric dispersion, which elucidate the behavior of mate-
rials under alternating electric fields, have been specifically formulated and
incorporated into the numerical code utilized in this study. This incorporation
enables the consideration of dispersion effects within the model, thereby
enhancing its accuracy and facilitating improved adaptation to the cellular
context [114].

To address the complexity of pore dynamics and membrane conductivity,
a non-local mathematical model is adopted. In this context, pore density is
dependent on trans-membrane tension in a non-direct way, i.e. pore density is
not only determined by the applied tension, but also by indirect factors influ-
encing the membrane system [20]. This approach allows for more accurate
modelling of the spatial distribution of membrane conductivity, considering
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the non-local interactions that influence the formation and evolution of pores
in the cell membrane [115].

The irregular geometry of the cell can be managed, for example, by the
Gielis formula. This formula, based on the concept of the Super formula, rep-
resents a mathematical expression that allows the generation of complex and
irregular geometric shapes [116]. This formula, developed by mathematician
Johan Gielis, incorporates geometric parameters and trigonometric functions
to describe a wide range of shapes, which go beyond classic geometric figures
such as circles, squares, or ellipses [117].

In the context of cell geometry, the application of the Gielis formula
makes it possible to accurately model the complex morphology of cells,
considering their structural and morphological variations in different biolog-
ical contexts. This mathematical model can be used to accurately analyze
and represent the shape of cells in biological tissues, cell cultures, or other
experimental environments [118].

Using the Gielis formula allows scientists to obtain a detailed mathemat-
ical representation of the geometric characteristics of cells, providing useful
information for studying biological processes such as morphogenesis, cell
migration, and cell interaction with the surrounding environment. In addition,
it allows us to deal with the complexity of cell geometry in a rigorous and
accurate way, thus contributing to the understanding of biological structures
at a mathematical and computational level [119].

Finally, statistical analysis is often employed to assess geometric variabil-
ity between different cell populations or experimental conditions. Advanced
statistical techniques are used to compare and analyze geometric data from
different sources, allowing any correlations or significant differences in cell
geometry to be identified [120].

Theoretical frameworks grounded in mathematical models are essential
for investigating the composition and traits of cell membranes. These models
offer a precise and comprehensive depiction of the intricate molecular and
subcellular interactions that characterize the cell membrane. By employing
differential equations and advanced computational simulations, important
phenomena, such as lipid fluidity, selective permeability, and molecular trans-
port across the membrane, can be accurately modelled. This method enables
a thorough analysis of the molecular mechanisms that govern the activities
of the cell membrane, providing valuable insights into its structure and
functionality. There are several reasons for developing mathematical models
of cell membranes. First, the models enable the synthesis and organization of
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current knowledge about the structure and functioning of membranes, allow-
ing for a deeper understanding of such intricate biological systems. Second,
the models allow for the prediction of membrane behavior in response to
changes in environmental conditions or experimental manipulations, enabling
quantitative predictions to be made and scientific hypotheses to be tested.
Finally, the development of mathematical models can guide the design of
future experiments and the identification of new areas of research, thereby
helping to advance our understanding of cell biology.

The ability to predict the behavior of cell membranes in response to
external stimuli or changes in physiological conditions is one of the main
advantages of mathematical models [121]. These models allow a wide
range of scenarios to be explored virtually, anticipating membrane responses
to changes in ion concentration, transmembrane electrical potentials, or
exposure to chemical or physical agents [122]. Through the analysis of
simulations, it is possible to identify the molecular mechanisms underly-
ing membrane responses, better understanding the transport processes and
protein—lipid interactions that regulate cell function [123]. In addition, math-
ematical models allow the exploration of the role of cell membranes in more
biological contexts, such as in cell—cell interactions or cell communication.
The ability to model membrane dynamics within complex systems provides
valuable insights into the regulation of biological processes and can guide the
development of targeted therapies or diagnostic strategies [124].

This includes simulating certain phenomena, such as osmosis, ion bal-
ance, and various ion channel activities. In addition, the mathematical
models make it possible to accurately represent the complex interactions
that take place in and around cell membranes [123]. These models take
into account a wide range of factors, including the lipid composition of
the membrane, the presence and distribution of transmembrane proteins, ion
concentration gradients, and electrical potentials across the membrane [125].
Through mathematical equations, we can describe the selective permeability
of the membrane, the transport of molecules through it, and the molecular
interactions that occur on its surface [126].

Cell membranes, consisting of a phospholipid bilayer, represent a com-
plex structure characterized by a hydrophilic polar head and a hydropho-
bic lipid tail. Their thin size, typically between 5 and 100 nanometers,
makes them ideal for being modelled effectively through two-dimensional
approaches [123, 127]. This approximation is supported by the observation
of the radii of curvature of the cell surfaces, which are much greater than the
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thickness of the membrane, suggesting that the deformation occurs mainly on
the outer surface [128].

Since cells can take heterogeneous shapes, the first step in the study
of the membrane zone involves the analysis of cell geometry and flexural
factors [129]. To this end, several advanced theoretical models have been
developed over the years, including the “spontaneous curvature” model,
which uses the equation of the bending energy of the vesicle and the Helfrich
model. In particular, the latter model considers the membrane as a two-
dimensional elastic surface subject to deformation. The first step in deriving
geometry is to determine the total free energy of a deformed membrane. This
energy can be expressed through Equation (1).

F=05 kc/(Cl + Cy — Cy)? + ky(Cy — Co)%dA + 7{0 dA (1)

The parameters in the equation represent:

* k. represents the flexural modulus of the membrane.

* (' and C5 represent the main curvatures of the membrane.

» Cp represents spontaneous curvature. This parameter is very important,
as it will take into account how the membrane is structured, such as its
thickness and the number of layers that compose it.

* k; represents Gauss’s modulus, or torsion constant. If the deformation
turns out to be planar, it is overlooked.

* 0 as a stress profile. For simplify the models, this parameter was
considered trans-monolayer.

This model provides a mathematical description of the relationship
between membrane curvature and associated energy, thus offering a theo-
retical framework for understanding the different flexural properties of cell
membranes.

To define the theoretical membrane shape, it is necessary to derive the
minimum of the function Fj;,, which depends on both an area A and a
volume V' bound to the cell membrane. To solve this problem, we introduce
the Lagrange multipliers A, introducing relation (2).

OF = 6(Fumin + ApV + AA) )

The parameter 0 indicates the change in the function Fj,;,, and Ap
represents the difference in pressure between the outside and inside of the
membrane.
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Once the above equations have been defined, it will be necessary to
introduce relationships, based on the type of reference system, which will
allow the geometry of the membrane to be defined. This will lead to the
formulation of a system of differential equations, which allows the shape of
the cell membrane to be determined. However, because the problem has more
unknowns than equations, you will need to set appropriate boundary and edge
conditions for its solution [130].

Examples of the use of Helfrich’s model and the equation of membrane
liberated energy can be found in several studies on the biomechanics of cell
membranes and the morphology of lipid vesicles [131]. For example, a study
conducted by Seifert and Lipoweky applied Helfrich’s model to analyze the
deformation of lipid vesicles subject to adhesion and hydrodynamic flow.
Using this model, it was investigated how the interaction between vesicles
and solid surfaces influenced the shape and dynamics of lipid vesicles [132].

A recent study conducted by Bernard and colleagues presents a mathe-
matical model that focuses on spherical red blood cells, with the intent of
deepening the understanding of spherocytes and spherocytosis. The paper
provides a detailed classification of spherical solutions based on Helfrich’s
model, and includes an in-depth analysis of membrane stiffness and sphero-
cyte stability [133].

The work conducted by Basesu et al. introduced an advanced mathemati-
cal model to examine the finite deformation of cell membranes and to better
understand their local mechanical response. The proposed model is based
on the use of an isothermal function of free energy, derived from Helfrich
functions, per unit mass. This function is formulated based on the scalar
invariants of surface deformation and curvature. This approach allows an
accurate representation of the mechanical response of cell membranes, taking
into account their surface structure and the forces acting on them [131].

Subsequently, further mathematical models describing the mechanical
properties and dynamics of cell membranes were developed. For instance,
the Canham—Helfrich model extends Helfrich’s formalism by introducing an
additional term (k.) inherent in mean surface tension into the formulation.
This model was initially developed to explain the biconcave shape of the red
blood cell and then applied to other types of cells. The Canham—Helfrich
equation is reported, updated with the supplementary term k., in (3).

F = /0.5 k.(C1 + 02)2 + ki (Ch - Co) + 0 dA 3)
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This term is proportional to the difference between the instantaneous
mean curvature and the reference curvature. In particular, the mean curvature
is defined starting from the main curvatures (first term), in order to describe
the large-scale geometry of the membrane, such as the change in shape due
to the presence of localized curvatures [134].

Through the above relationship, it is possible to derive a free energy
density that allows us to define a spontaneous mean curvature that includes
information regarding the preferred natural form of the lipid bilayer.

Some studies use the Canham—Helfrich relationship to analyze the mor-
phology and mechanical characteristics of cell membranes in order to under-
stand phenomena such as vesicle formation, cell morphology, and membrane
fusion and fission processes. For instance, the work by Seguin and Fried
focuses on the derivation of the Canham-Helfrich relation to explain the
origin of spontaneous curvature, attributing it to the axial asymmetry between
the sheets constituting the lipid bilayer [135]. In another research the distribu-
tion of the phase field was analyzed to manage pearling instabilities, resulting
from the anchoring of amphiphilic polymers on a lipid vesicle. The primary
objective of the research was to identify and analyze the morphological
instabilities observed through examples, to obtain a deeper understanding
of the underlying mechanisms that regulate their appearance. It was shown
that by integrating the experimental data with the application of a polymer
on a global scale, using the Canham—Helfrich relation, at a concentration of
polymer anchors, the homogeneous pearl configuration is less energetically
favorable than an inhomogeneous configuration [136].

However, although the developed models are easy to interpret, they
present significant limitations at the computational level, resulting in diffi-
culties in accurately solving simulations. In particular, the algorithmic com-
plexity and the high demand for computational resources can compromise
numerical accuracy and stability, especially when dealing with phenomena
that require high spatial or temporal resolution.

Mathematical Models for Electroporation

Electroporation has been the subject of numerous experimental studies and
has found a wide range of practical applications in areas such as gene ther-
apy, drug delivery, and cell manipulation [137]. However, despite significant
progress in the understanding and practical application of electroporation, its
theoretical aspect remains a challenge [138].
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Figure 3 Mathematical models for electroporation.

There are several reasons why the theoretical aspect of electroporation is
complex and presents significant challenges:

* Complexity of physical interactions: Electroporation involves com-
plex interactions between electric fields, cell membranes, and intracel-
lular and extracellular fluids. These interactions can be highly nonlinear
and dependent on numerous factors, such as the strength of the electric
field, the duration of the electrical impulses, the chemical composition
of the cell membrane, and more [138, 139].

* Variations between biological systems: The properties of cell mem-
branes and the response of cells to electroporation can vary greatly
between different cell types, tissues, and biological species. This vari-
ation complicates the formulation of theoretical models that can be
applied universally and requires a more detailed and specific analysis
for each biological system [140].

» Limitations in experimental data: Although electroporation has been
extensively studied experimentally, there are still gaps in the avail-
able data and detailed information about the exact dynamics of the
phenomenon. These limitations can complicate the development and
validation of accurate theoretical models [8].

Understanding the exact mechanisms by which cell membranes undergo
and react to electroporation is still the subject of active research.
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The first mathematical model developed to simulate the behavior of the
cell membrane is based on the use of the Smoluchowski equation (Figure 3,
Equation (4)) [141]. This differential equation makes it possible to model the
kinetics of chemical reactions and the transport of particles in the environ-
ment surrounding the cell membrane, as well as to simulate the responses
of the membrane itself [142]. In particular, the differential equation makes it
possible to plot the trend over time ¢ of the probability density that a particle
is in a specific position and time instant.

OP(x,t)
ot

In Equation (4), P(x,t) is the probability density of finding a particle
at position z and at time ¢, D is the diffusion coefficient, which has the
following form D = kpT/67nr where kp is Boltzmann’s constant, 7" is
the temperature, 1 the kinematic viscosity of the fluid medium, and r is the
radius of the particle, and F'(x) represents the field of forces acting on the
particle [143, 144].

However, although it is a useful model for describing the diffusion of
particles in a field of external forces, it may encounter some limitations
when applied to electroporation. First, the equation assumes that the particles
behave like classical particles, ignoring any quantum or correlation effects
between particles that might contain their motion [145, 146]. This limitation
can be significant in small systems, such as nanoparticles or nanomaterials
involved in electroporation. To solve these challenges, analytical and numer-
ical models have been developed that allow electroporation and its effects
on different scenarios to be simulated [16]. These models allow for both
qualitative and quantitative characterization of the onset and dynamics of cell
pores, allowing you to examine how they vary in response to factors such as
electric field strength and the duration of electrical impulses [147]. Another
challenge concerns the interaction of particles with the electric field applied
during electroporation. Although the Smoluchowski equation includes a term
for external forces such as the electric field, the complexity and strength of
the electric field during electroporation can cause significant changes in the
cell membrane and the behavior of charged particles [148]. These effects
cannot be adequately modelled by Smoluchowski’s approach, which assumes
a linear dependence between the electric field and the resulting force on the
particles. In addition, during electroporation, the electric field can vary in time
and space, especially with the use of short, intense electrical pulses [149].
The Smoluchowski equation may not be able to accurately capture these

= DV?P(x,t) — V- (F(z)P(x,t)) 4
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dynamical variations in the electric field, which can significantly vary the
behavior of particles and their interaction with the cell membrane [150]. Phe-
nomena such as cell membrane polarization, which occur when the electric
field induces changes in charge distribution on the membrane, can also inter-
fere with the transfer of particles across the membrane during electroporation.
These effects cannot be adequately modelled by the Smoluchowski equation,
which does not take into account the specific interactions between particles
and the cell membrane [151].

Subsequently, more sophisticated models were introduced, such as the
Pastushenko model, which turns out to be closely related to electropora-
tion [152]. The above relation is a partial differential equation that describes
the transport of charged particles, such as ions or molecules, across a cell
membrane subjected to an external electric field [77]. Equation (5) provides
a mathematical description of the balance between the diffusive flux of
particles, governed by the concentration gradient, and the convective flux
caused by the effect of the electric field charge.

V- (DVe) —qcVp =0 ®)

In Equation (5), parameter c¢ indicates the concentration of the ionic or
molecular species of interest, g indicates the charge of the species, and ®
indicates the applied electric potential.

This equation represents the balance between the diffusive flux of the
particles, governed by the concentration gradient (first term), and the con-
vective flux due to the presence of the electric field (second term). The first
term indicates the net flux of particles due to their tendency to move from the
region of greater to that of lower concentration. The second term represents
the flux because of the electric field on charged particles, which pushes them
to cross the cell membrane [153].

In the context of electroporation, the Pastushenko equation can be used
to model the transport of ions, molecules, or nanoparticles across the cell
membrane during the application of electrical impulses. The diffusive term of
the equation considers the random motion of particles due to their tendency
to move from regions of higher to lower concentration. This is particularly
relevant during electroporation, as the application of electrical pulses can
cause a temporary increase in membrane permeability, allowing particles to
pass through temporarily formed pores [154].

On the other hand, the convective term of Pastushenko’s equation rep-
resents the particle flux induced by the interaction with the electric field
applied during electroporation. When the particles are charged, the electric
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field exerts a force on them, causing them to cross the cell membrane. This
convective effect is crucial to facilitate the transport of particles across the
membrane during electroporation and can be effectively described by the
Pastushenko equation [155].

However, the practical implementation of this model has some limitations
and challenges that can affect its validity and accuracy in fully describing the
phenomenon [25]. One of the main challenges is the simplifications inherent
in the model. Pastushenko’s equation assumes a uniform and isotropic cell
membrane, neglecting heterogeneity or complex structures present in the
membrane that could significantly influence particle behavior [156]. This
can lead to an inaccurate representation of transport across the membrane,
especially under non-uniform conditions or in the presence of specific regions
of the membrane that are more permeable or resistive [157].

Another important limitation concerns the applicability of the Nernst—
Planck equation, on which the Pastushenko equation is based, to describe the
diffusive flow of particles. The Nernst—Planck equation is only valid under
certain conditions, such as low concentration gradients and low electric field
values [158]. In situations where high concentration gradients and intense
electric fields are present, the Nernst—Planck equation may not be accurate
enough, and more complex models, such as the Poisson—Nernst—Planck
equation, which considers the effects of electric force on ion transport, may
be required [159]. In addition, the Pastushenko equation may not take into
account complex phenomena that can occur during electroporation, such
as the formation and dynamics of pores in the membrane, interaction with
membrane proteins, or cell membrane polarization [160]. These factors can
significantly affect particle transport and may require more detailed models
to be adequately represented [161].

Another aspect related to the problems on the development of theoretical
models for electroporation is the complexity of the multiscale interactions
involved, which include electric fields, cell membranes and intracellular
and extracellular fluids [162]. These interactions require a rigorous math-
ematical approach to be accurately described. In addition, the presence of
heterogeneity in biological tissues and variations in the properties of cell
membranes add further challenges to theoretical modelling, as such varia-
tions need to be taken into account in models [163, 164]. In addition, the
implementation of such models requires significant computational power and
long computational times, especially when considering the complexity of
the interactions and the need to include multiple variables and boundary
conditions [165]. Therefore, an important goal in the development of such
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models is the search for efficient computational methods that can reduce com-
putational cost and computational time without compromising the accuracy
of simulations [166, 167].

Challenges and Conclusions

Electroporation is an innovative therapeutic approach in the biomedical field,
with significant applications in cancer treatment and targeted drug deliv-
ery. This technique utilizes electrical impulses to increase cell membrane
permeability, facilitating the entry of molecules with specific geometric
characteristics into target cells. Preclinical and clinical studies indicate that
electroporation enhances therapeutic efficacy and reduces systemic side
effects, representing a significant advancement in cancer treatment strategies.
This method delivers chemotherapeutic agents or other therapeutic molecules
directly into tumor cells, enhancing treatment effectiveness while minimizing
systemic side effects compared with conventional therapies. Furthermore, it
enhances drug transport across cell membranes, thus enabling more targeted
and efficacious treatments. This is particularly advantageous for conditions
necessitating high specificity in therapeutic action.

Clinical application of electroporation faces technical and biological
challenges. Electrical impulses can increase tissue temperature, potentially
causing non-specific cell damage and compromising treatment safety, partic-
ularly in proximity to vital organs. The requisite current intensity to achieve
the desired effect varies by tissue type and treatment conditions, compli-
cating protocol standardization. High current intensity can also elicit side
effects such as pain and involuntary muscle contractions, affecting patient
acceptability and tolerability.

Developing mathematical models to describe cell membrane behavior
during electroporation is crucial. These models enhance understanding of
biomedical mechanisms, simulate electrical impulse effects on cells, and pre-
dict optimal pore-opening conditions. Integrating experimental data with the-
oretical analyses refined treatment parameters, reducing thermal damage risks
and improving therapeutic efficacy. Customizable models can account for
individual biological variations, such as cell membrane composition and tar-
get tissue characteristics, thereby improving targeted therapeutic approaches
and clinical outcomes. However, creating and validating models present
challenges due to computational and biological factors. A comprehensive
understanding of cell membrane biophysics and electrical interactions, along
with advanced mathematical and computational skills, is required. Acquiring
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high-quality experimental data for model validation turns out to be challeng-
ing, while the biological variability of models complicates the production of
effective for the equivalent clinical contexts.

Recent advancements in electroporation include novel vectors for drug
and nucleic acid transport, enhancing delivery efficacy and selectivity while
reducing diffusion to healthy tissues. Innovative technologies have facilitated
bespoke clinical applications in drug transport and cancer therapy. Clini-
cal studies demonstrate efficacy in treating tumors, infections, and genetic
diseases, thus revealing new therapeutic possibilities. The development of
targeted and customized protocols for therapeutic treatments is essential, as
current protocols may not be suitable for all patients, necessitating tailored
approaches for optimal treatment outcomes.

In summary, electroporation is a promising therapeutic approach with
significant potential. However, additional research is necessary to reduce
its potential negative consequences. The ongoing optimization of treatment
parameters and the development of more precise and manageable electro-
poration systems, aided by advanced mathematical models, are critical to
realizing the therapeutic potential of this technology while ensuring the
highest standards of patient safety and well-being. The incorporation of new
knowledge and technologies could thus facilitate the definitive establishment
of electroporation as a leading therapeutic tool in contemporary medicine.
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