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Abstract: Invasive infections caused by drug-resistant bacteria are a problem responsible for many
fatal cases, especially in burn wound care centers, while bacterial resistance to antibiotics is growing
dramatically worldwide. In this work, we utilize pulsed electric fields (up to 25 kV/cm × 750 ns) in
combination with low-concentration (1%) acetic acid for the inactivation of P. aeruginosa. An in vivo
superficial infection model is developed in BALB/C mice using a luminescent strain of P. aeruginosa.
We show that an up to 25 kV/cm electric field (3 kV, 1.2 mm gap), when combined with acetic
acid, induces a bacteriostatic effect, preventing further infection for up to 7 days after treatment.
Additionally, we evaluate antibodies against surface and intracellular P. aeruginosa bacteria antigens
following the treatment. It is shown that the levels of surface IgG and IgG1 antibodies are significantly
lower in the murine serum of electric-field-treated mice compared to the bacterial-infection-bearing
group of mice treated with acetic acid alone. The results of this work are useful as a proof of concept
for the development of novel clinical procedures to fight drug-resistive microorganisms responsible
for wound contamination and chronic wounds.

Keywords: acetic acid; bacteria; electroporation; P. aeruginosa; skin infection

1. Introduction

In recent years, the constant development of wound management techniques and
dressings to overcome chronic wounds and enable the effective treatment of wounds as-
sociated with hospital infections or burn wounds has been observed [1–3]. The trend is
shown in Figure 1. Such a demand for research is due to the increasing bacterial resistance
to antibiotics worldwide, due to several contributing factors, including inappropriate an-
tibiotic utilization in clinics and widespread use in the food industry [4]. Drug-resistant
bacteria and the associated infections result in high morbidity and mortality rates [5,6].
P. aeruginosa is one of the leading causes of hospital-acquired infections, which also justifies
the increase in scientific papers each year focusing on the multi-drug resistance of this
microorganism (Figure 1). Recent studies indicate an increasing variety of virulence factors
(especially toxins) in P. aeruginosa that is becoming a major concern for clinicians, while
P. aeruginosa has a higher chance of infecting immunocompromised hosts [7,8]. One of the
solutions is to perform preventive procedures for the control of infections with multidrug-
resistant microorganisms, e.g., removal of sinks in intensive care units, better processing
of waste water, etc. [9]. However, such solutions do not solve the problem completely,
but reduce the number of incidents. Therefore, the interest in the development of effec-
tive methods and approaches to treat bacterial infections is high and the topic remains
very relevant [10].
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Figure 1. The trend in the number of scientific works published in the past decade on the topic
of wound management. Percentages indicate the increase in the number of scientific papers each
year compared to the preceding year. Visualized based on the data from Clarivate Analytics Web
of Science (topic keywords: “wound management” and “Pseudomonas aeruginosa resistance”, access
date: 13 November 2022).

The chemical antimicrobial compounds used to treat wounds are usually limited by
their specific mechanism of bio-interaction, while extensive burn injuries are challenging in
terms of clinical diagnosis and the rapid definition of effective antimicrobial therapy [11].
Therefore, novel techniques have to be proposed to address the multi-drug resistance of
pathogenic and opportunistic microorganisms [12]. Ultimately, the approach should be
universal and non-specific to a certain microorganism.

One of these approaches is the use of acetic acid (AA), which is heavily employed in
hospitals to treat burn infections. The AA is applied topically within dressings and is well
tolerated by patients in small concentrations; however, with higher concentrations (e.g.,
5%), patients complain of stinging and pain on application of acetic acid to wounds [13,14].
Nevertheless, it does not encourage the evolution of multiple drug-resistant strains of
microorganisms in hospital environments; therefore, this method remains relevant for
thousands of years [15].

Another solution is to use physical methods such as photodynamic therapy or cold
plasma treatment. In the case of photodynamic therapy, frequently, an additional photo-
sensitizer has to be employed [16]. The direct exposure to plasma terminates the infection
by destroying the biofilm over it; therefore, it is considered a good treatment option for
wound healing [17]. The potential of pulsed electric fields (PEF) in this context has been
also highlighted recently [18–20].

Subjecting cells to high-intensity PEF results in a phenomenon known as electro-
poration [21]. The cells are polarized in an electric field, and when a certain threshold
transmembrane potential is reached, hydrophilic pores are formed in the membrane, en-
abling effective mass transfer [22]. If the intensity is further increased (amplitude, number
of pulses or duration), the process becomes irreversible and the cells die (i.e., irreversible
electroporation). This phenomenon is heavily used and is not limited to food processing
as a non-thermal sterilization method [23]. In vitro data suggest the promising combina-
tion of PEF with antimicrobials, enabling the sensitization of microorganisms to chemical
treatment [24–27]. Recently, our group has presented a proof of concept regarding the
application of PEF with AA, which results in the effective killing of bacteria on the skin sur-
face [5]. Nevertheless, it should be noted that a real contaminated wound is more difficult
to treat, since the bacteria colonize deeper layers of the skin. Moreover, the efficiency of the
method and the inflammation over time is still poorly covered in the literature. In 2021, Wu
et al. showed that an antimicrobial effect can be triggered when the burn wound is treated
by PEF; however, as a limitation, a skin fold between the electrodes is required to deliver
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the pulses, which is not always possible in a wound treatment context [28]. The lack of
precise measurements and evaluations of the penetration depth of PEF are highlighted as
the main limitations of the study.

Therefore, in this work, we developed an in vivo superficial P. aeruginosa infection
model and studied the potential of PEF + AA treatment. Application of PEF with a
chemotherapeutic agent is advantageous due to the synergy of both treatments, which
allows the inactivation of bacteria at significantly lower PEF intensities [5,29]. Additionally,
we have developed a finite element method (FEM) model to assess the penetration depth
of the treatment and proposed the application of tweezers—thus, there is no longer a
requirement to form a skin fold to deliver the pulses effectively. P. aeruginosa has been
selected as a model organism, since it is the predominant species responsible for up to
80% morbidity and mortality cases worldwide in the context of wound infections [30].
Due to the ability to form biofilms and various drug-resistive patterns, it is one of the
most relevant microorganisms causing serious health problems according to the World
Health Organization (WHO) [6]. Additionally, we have evaluated antibodies against
surface and intracellular P. aeruginosa bacteria antigens after the PEF + AA treatment to
characterize the immune response after treatment. The results of this work are useful for
the development of clinical procedures to fight drug-resistive microorganisms responsible
for superficial infections.

2. Materials and Methods
2.1. Electroporation Setup and Parameters

A square-wave 3 kV, 100 ns–1 ms, high-voltage pulse power generator was used for the
generation of the electric field [31]. As an applicator, tweezer electrodes (gap 1.2 mm) were
used, in accordance with a previously established in vivo model [5]. The bacteria-infected
flanks of mice (BALB/C) were treated with a pulsed electric field by iterative repositioning
of the electrodes to cover the whole region of interest (~10 mm diameter circle, ~78.5 mm2).
The treatment was limited to two PEF protocols: (1) 15 kV/cm × 750 ns × 1000 pulses
(charging voltage 1.8 kV) and (2) 25 kV/cm × 750 ns × 1000 pulses (charging voltage 3 kV).
Both were delivered with a predefined 15 kHz frequency.

A low concentration (1%) of acetic acid was used as an electrode–skin interface to
ensure a synergistic treatment similar to electrochemotherapy [32]. A total of 14 ± 5
repositions of the tweezer electrodes was required to cover the whole treatment area.

2.2. Bacterial Strain

Electrotransfection of P. aeruginosa ATCC27853 bacterial strain was performed with the
pAKlux2 plasmid (Addgene plasmid #14080), as was described previously [5]. Briefly, this
plasmid contains the luxCDABE operon obtained from luciferase (luxAB) and fatty acid
reductase (lux CDE) genes. Therefore, only the live bacteria are bioluminescent (Figure 2).
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For experiments, bacterial cells were cultured overnight in liquid Luria–Bertani
(LB) medium (10 g/L tryptone, 5 g/L yeast extract, 5 g/L NaCl) in a rotary shaker at
37 ◦C. Then, 1 mL of the cell culture (optical density (OD) = 1; 600 nm; 1.5 × 109 cells)
was transferred to 10 mL of fresh LB medium and grown for an additional 4 h at the
same conditions.

2.3. In Vivo Model

BALB/c mice were used in the experimental model (n = 30). The flanks of the ani-
mals were depilated using 8% Na2S×H2O and then washed with water. The mice were
anesthetized via intraperitoneal injection of ketamine (80 mg/kg) and xylazine (10 mg/kg).
A round (~10 mm diameter) area was defined for treatment, which was lightly bruised
with a sharp tweezer tip to create uniform skin irritation, similar to the tape stripping
technique [33]. When a homogeneous pinkish-red color of the skin surface was achieved
(due to mechanical damage), the suspension of bacteria in phosphate-buffered saline (PBS)
(OD = 8 at 600 nm) was transferred to the surface of the irritated skin using a pipette (50 µL)
and uniformly distributed across the area. After one hour, the mice were anesthetized again
following the same procedure and analyzed with the IVIS Spectrum (Caliper/Perkin Elmer,
Akron, OH, USA). The animals with bacterial contamination were treated with PEF and
100µL of 1% acetic acid was used as a skin–electrode interface.

The number of photons emitted due to bacterial bioluminescence was proportional
to the live bacteria contaminating the area; therefore, all the results were normalized to
the PEF-untreated control (1% acetic acid) to enable comparison among the efficacies of
various treatments.

Evaluation of bacterial contamination with and without the PEF treatment was per-
formed on days 3, 5 and 7.

The protocol was approved by the State Food and Veterinary Service (License Nr. G2-48).

2.4. Determination of Bacteria-Specific Antibodies

Antibodies (Ab) against surface and intracellular P. aeruginosa bacteria antigens were
determined. For this assay, P. aeruginosa bacteria (surface Ag) and bacterial lysate (intra-
cellular Ag) were used. The mice sera samples were obtained at day 0 and day 7. A small
volume of blood (no more than 200 µL) was collected from the tail veins of the mice and
the extracted serum was used for the detection of bacteria-specific antibodies. Bacterial cell
suspension (prepared according to Section 2.3 and re-suspended in PBS) was treated under
UV for 30 min. Bacterial lysates were prepared cells subjected to liquid nitrogen and then a
37 ◦C water bath; the procedure was repeated 10 times. For the determination of antibodies,
96-well plates (Nunc MaxiSorp, Thermo Fisher Scientific, Waltham, MA, USA) were used.
Each well received 50 µL of the appropriate bacterial suspension or lysate (equivalent to
8 × 105 bacteria per well). The coated plate was incubated at 4 ◦C overnight. Each well
was blocked using 150 µL of 10% fetal bovine serum (FBS) for 1 h at room temperature
(RT) with shaking. The bacteria-coated wells were incubated with diluted murine serum
(1:100) for 1 h at RT with shaking. Mixtures of biotin-labeled antibodies to mouse IgM (BD
Pharmingen, San Jose, CA, USA), IgG1, IgG2a, IgG2b, IgG3 (BD Pharmingen) were used
(1 h. RT). Then, 50 µL of streptavidin–horseradish peroxidase conjugate (BD Pharmingen)
was added, followed by 30 min incubation at RT with shaking. Bound conjugate was
detected colorimetrically using 100 µL of o-phenylenediamine dihydrochloride (OPD)
substrate containing 0.025 M NaCOOCH3 and 100 µL 35% H2O2. The color reaction was
stopped by adding 50 µL of 2 M H2SO4. The plates were washed 3 times with phosphate-
buffered saline with Tween (PBS-T) between each step. The optical density was read at
492 nm with a Synergy 2 microplate reader and Gen5 (v. 1.04.05) software (Biotek, Shoreline,
WA, USA). The background level was subtracted from the obtained optical density values
and the relative units (RU) were calculated. The antibody levels of mice after treatment
(PEF + AA or AA only, n = 8 in each group) were normalized to the antibody levels of mice
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before the treatment (n = 6; RU = 100). Controls included the following: non-coated wells,
bacteria-coated wells with PBST instead of serum and wells with no conjugate.

2.5. Finite Element Method Model

The three-dimensional mouse skin model was developed in COMSOL Multiphysics,
version 5.5 (COMSOL, Los Angeles, CA, USA). Due to the complexity of the skin structure
and lack of availability of electrical parameters of all the skin layers, some layers were
approximated as one, i.e., the dermis was combined with the epidermis and fat due to
comparable electrical properties [34–36]. The stratum corneum was not introduced in
the model due to light bruising, which was performed according to the procedure above
(Section 2.3). A summary of the model parameters is presented in Table 1.

Table 1. Summary of the finite element model parameters.

Parameter Value References

Dermis conductivity 0.2–0.4 S/m; 1 S/m a [34–36]
Dermis thickness 200 µm [37]

Muscle conductivity 0.62 S/m; 1.5 S/m a [35,38]
Muscle thickness 3 mm N/A

Electrode conductivity 1.4 × 106 S/m [39]
Acetic acid conductivity 0.13 S/m b; 0.5 S/m a [40,41]

Applied voltage 3 kV N/A
Electrode gap 1.2 mm N/A

Skin lump height 0.25 mm N/A
a modeled change in conductivity due to application of electric field pulses; b approximated using a linear
dependence; N/A—non-applicable.

One of the electrodes was selected as a ground with zero potential and the second
electrode was used as a terminal (3 kV); outer boundaries were electrically insulated.
Stationary analysis was performed.

The mesh and model structure are shown in Figure 3.
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Figure 3. The mesh structure of the skin treatment using tweezer electrodes.

The mesh was formed using tetrahedral finite elements with a minimum and maxi-
mum size of elements of 36 and 496 µm, respectively. The maximum growth rate of 1.4 was
selected. The total number of elements was 1,522,135.

For Joule heating evaluation, a COMSOL embedded model of skin tissue was used
(Bioheat Physics module sub-group) and a time-dependent simulation was performed.
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2.6. Statistical Analysis

All the data were analyzed using GraphPad 8.0.2 Prism 6 software (GraphPad Software
Inc., La Jolla, San Jose, CA, USA). A nonparametric Mann–Whitney U test was used to
compare the groups of mice. Differences with a p-value < 0.05 were regarded as significant.
In the graphs, the asterisk * indicates p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001.

3. Results

Firstly, the FEM model was used to characterize the treatment and the expected PEF
spatial distribution. The spatial distribution of the electric field when a 3 kV voltage was
applied between the electrodes is shown in Figure 4.
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Figure 4. The spatial distribution of the electric field during pulsed electric field treatment, where
(A) tissue conductivities are nominal and not affected by PEF; (B) tissue electrical conductivities are
increased due to permeabilization triggered by PEF; (C) Joule heating due to PEF application. A 3 kV
voltage is applied between the terminals (gap 1.2 mm). The electric field spatial distribution data are
shown in kV/cm.

It can be seen that the distribution of the electric field is non-homogeneous, with the
field being higher near the tips of the electrodes. In the simulation, it is assumed (and
based on available knowledge) that the first few pulses in the burst trigger irreversible
electroporation (Figure 4A), which results in a significant increase in the conductivity of
the separate layers (refer to Table 1). As a result, the spatial distribution of PEF is altered
(Figure 4B). It can be seen that the upper layers of the skin in the middle of the skin lump
are subjected to PEF exceeding 6 kV/cm, while PEF up to 25 kV/cm is reached in close
proximity to the electrodes. In general, the treatment is superficial, with low penetration
(<1 mm) to deeper tissue (i.e., muscle).
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The Joule heating effect was analyzed after the 1000 × 750 ns pulse burst delivered at
15 kHz (Figure 4C). It can be seen that in close proximity to the electrodes, the temperature
rises up to 61 ◦C, which is a 24 ◦C increase. Such an increase in temperature is in agreement
with established knowledge; however, it is indicative that a further increase in the input
energy is not possible.

Following the FEM analysis, the mice were treated with two nanosecond protocols
(1.8 kV × 750 ns × 1000 pulses and 3 kV × 750 ns × 1000 pulses) and acetic acid (1%).
In both cases, the gap between tweezer electrodes was 1.2 mm. A typical response to the
treatment is shown in Figure 5.
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voltage is applied between 1.2 mm gap electrodes) + 1% AA treatment. Red circle indicates region of
interest (ROI) where the luminescence signal was quantified. The number indicates the intensity of
luminescence in the ROI.

It can be seen that AA with a concentration as low as 1% does not result in a successful
treatment. The luminescence signal increased almost eight-fold on day 3, indicating an
increased number of bacterial cells, which is proportional to the luminescence.

At the same time, PEF + AA treatment results in the effective killing of bacteria.
Shortly after the treatment, the luminescence signal was beyond the detection limits of
our infrastructure. On day 3, in some experimental mice, a weak signal could be detected;
however, in general, it was lower when compared to the AA-only treatment.

The quantified results with both nanosecond protocols are shown in Figure 6. It can
be seen that there is a positive response to both treatments; however, the 3 kV treatment is
more effective.

The standard deviation is also significantly lower when the 3 kV protocol is employed,
which results in a statistically significant (p < 0.001) decrease in the luminescence signal
(i.e., bacterial viability) when compared to PEF-untreated mice. It should be also noted that
the variation in response may partly be dependent on the human factor and the accuracy of
electrode repositioning. A total of 14 ± 5 repositions of the tweezer electrodes was required
to cover the whole treatment area.

In order to determine the immune response to bacterial infection, IgM and IgG (IgG1,
IgG2a, IgG2b, IgG3) antibodies against P. aeruginosa surface and intracellular antigens were
evaluated. Based on the results presented in Figure 6, the study was limited to the 3 kV
protocol. The data are summarized in Figure 7.
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Figure 7. Relative units of immunoglobulin G isotypes IgG1, IgG2a, IgG2b and IgG3 antibodies in
blood sera of the control (PEF untreated) and PEF-treated (3 kV, 1.2 mm gap) mice. Whole bacteria
graphs represent the amounts of antibodies produced against surface antigens of P. aeruginosa and
bacterial lysate against intracellular antigens. The white columns represent the antibody levels
detected in the blood sera of control mice, and the gray columns represent the PEF-treated ones.
Asterisk (*) corresponds to statistically significant differences (* p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001).

As can be seen, the relative units of surface and intracellular IgM Ab in control and
PEF-treated mice’s blood serum had no statistically significant differences before and after
the PEF treatment. However, significant differences were observed when evaluating IgG
class Ab, regardless of whether they formed against surface or intracellular bacterial Ag.
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The relative units of surface IgG and IgG1 antibodies were significantly lower in the murine
serum of PEF-treated mice, compared to the bacterial-infection-bearing mice (treated
with AA only). At the same time, no significant differences between bacterial-infection-
bearing mice (treated with AA only) and PEF-treated mice groups were observed when
evaluating IgG2a and IgG2b antibodies against intracellular bacterial antigens. Moreover,
IgG3 antibodies against surface and intracellular bacterial antigens were significantly
increased in PEF-treated mice’s blood sera, compared to bacterial-infection-bearing mice
(treated with AA only).

4. Discussion

In this work, we have developed an in vivo superficial bacterial infection model
using clinically relevant bacteria (P. aeruginosa) and showed the application potential of
nanosecond electroporation for the killing of bacteria. We have improved the recent concept
presented by Wu et al. [28] and provided experimental data on bacterial growth dynamics
throughout the week, which was not possible with a previous model [5].

The proposed nanosecond methodology does not require us to create a skin fold,
which, in many clinical cases, is impossible due to the complex morphology of the wound
and surrounding tissue. We have shown that the tweezer electrodes can induce a sufficient
electric field for the inactivation of bacteria when combined with low concentrations of
acetic acid. This methodology is a hybrid of the tissue ablation [42,43] and electrochemother-
apy [44] methods, which are used in the cancer treatment context. In our work, based on
FEM simulation, we conclude that the small gap (1.2 mm) between the electrodes ensures
the superficial permeabilization of cells without affecting the deeper tissues. The inho-
mogeneity of the electric field should be compensated by a higher field intensity (in our
case, 3 kV at 1.2 mm gap) or unsatisfactory bacterial killing efficiency will be triggered
(Figure 6A).

The input energy of the proposed PEF protocols is lower compared to available
research on this topic [19,28]. Minimizing the energy is advantageous since a non-thermal
procedure can be ensured, while the application of bursts of microsecond pulses with
a high-intensity electric field results in significant Joule heating [45]. In our work, the
temperature rise based on FEM is >20 ◦C, which indicates the need to reduce the input
energy even further to ensure a non-thermal procedure. Additionally, moving towards the
shorter pulse duration range reduces muscle contractions [46] and potentially pain [47].

We have also used low-concentration acetic acid (1%), showing a synergistic effect with
electroporation (i.e., electrochemotherapy), which supports our preliminary in vitro [29]
and in vivo data [5]. It should be noted that we have modeled a superficial infection. In
essence, the skin was mechanically irritated for the bacteria to colonize. However, in the
case of chronic wounds, the methodology should be further optimized to account for the
possible non-homogeneity of the PEF spatial distribution due to the complex morphology
of the treatment area. Additionally, the method can be supplemented with various patching
and wound dressing techniques [48,49].

In terms of pulsing, the methodology can be also improved. We have used a 3 kV
charging voltage (limitation of our infrastructure) to induce up to a 25 kV/cm electric
field, which is sufficient to kill the bacteria with acetic acid; however, the application of a
higher-intensity electric field (but a shorter pulse duration and smaller number of pulses)
should potentially even further improve the input energy management [50]. The PEF
alone, without any chemotherapeutic agents, can be also used; however, the intensity of
PEF should be increased to ensure irreversible electroporation. As a matter for future
work, the application of high-frequency bipolar or MHz-range unipolar pulses should be
considered [51–53]. High-frequency bipolar pulses enable the mitigation of the impedance
changes and a more uniform treatment [54], while compressing the pulses to a MHz burst
significantly lowers the electroporation threshold [55,56]. However, in this case, the effects
of Joule heating should be considered and a trade-off between the input energy and the
resultant Joule heating should be sought.
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In this work, P. aeruginosa was used as a cell model. Gram-negative bacteria are one of
the most resistant types of microorganisms to PEF due to the specific structure of the cell
wall [57]. It implies that the proposed method is even more compatible with superficial
infections by fungi, yeast or Gram-positive bacteria due to their higher susceptibility to
PEF [58–60]. However, further in vivo research is required to confirm this hypothesis.

In terms of the immune response, we have shown that the PEF + AA treatment
triggers significant changes in the levels of surface IgG, IgG1 and IgG2 antibodies. After the
treatment, the response is comparable to the groups of mice without the infection (Figure 7,
control group “before”). IgG1 is one of the most functional subclasses of antibodies,
due to its superior affinity to FcγR, while IgG2 also plays an important role in targeting
polysaccharides and is commonly induced during bacterial infections [61,62]. Our data
indicate that the reduction in both IgG1 and IgG2 is associated with reduced bacterial
infection and an anti-inflammatory effect following the treatment, which shows no contrast
with data presented by Wu et al. [28].

As a limitation of our study, we could highlight the fact that it was a proof-of-concept
work, where we aimed to characterize the synergistic PEF + AA treatment compared to
AA-only treatment based on an available bioethical protocol. However, as a matter for
future work, it would be useful to characterize the effects of PEF alone and AA alone, and
to determine the optimal conditions and concentrations for PEF + AA treatment. Moreover,
the development of an in vivo wound model with the possibility to induce biofilms would
significantly improve the accuracy of the model and the treatment planning.

To conclude, nanosecond PEF + AA treatment shows promising results for the treat-
ment of superficial infections, while it requires further optimization in terms of pulse
parameters and the optimal concentration of AA. Acetic acid is routinely used in burn
wound contexts since it does not contribute to the development of drug resistance in bacte-
ria, while electroporation has been applied in clinics for decades to treat superficial and
deep-seated cancer. Therefore, the transition of the proposed methodology to a clinical
context is merely a matter of time due to the already established safety and treatment
planning measures. The available clinical electroporators can be employed.
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