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Abstract: Uniform electric field distribution in electroporation is crucial for achieving the
effective localized delivery of drug molecules. Currently, in vitro electroporation studies
on adherent cells lack a standardized test setup for obtaining consistent and repeatable
results, unlike in vitro electroporation studies on cell suspensions that use electroporation
cuvettes, which provide uniform electric field distribution. Considering this, we designed,
built, and tested a novel inset design for low-volume round well plates, such as the 24- and
96-well plates which are most commonly used in cell culture labs. The inset design was
realized using 3D printing and experimentally tested using potato phantoms and HeLa
cells. Finite element analysis (FEA) was used to compute the electric field distribution
in the round well plates with and without the inset. The FEA indicated that the electric
field contour map at the bottom of the well with the inset had a more uniform electric
field distribution, with an average value close to the expected 1000 V/cm. In contrast, it
was only 840 V/cm without the inset, indicating non-uniform electric field distribution.
Uniform electric fields were also obtained using the inset for the potato phantoms and the
HeLa cells, indicating the merit of the inset and its usability with low-volume cell culture
well plates, which enable the transfer of cells for various assays without additional steps,
as well as its cost-effectiveness.

Keywords: electroporation; electric field distribution; inset; 3D printing; finite element
analysis

1. Introduction
Electroporation (EP) uses voltage pulses to permeabilize cell membranes. Cell mem-

brane electroporation is used in clinical treatment to improve drug uptake (reversible
electroporation) or to destroy cells (irreversible electroporation) [1–4]. In Europe, re-
versible electroporation is a well-established clinical therapy, whereas irreversible elec-
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troporation is used in the USA to treat locally advanced, inoperable pancreatic and other
solid cancers [5–8].

Electroporation efficiency depends on the distribution of the electric field within the
target tissue [9]. Equation (1) gives the local electric field vector E (Vm−1) in a homogenous
biological tissue [10].

∂

∂x

(
σx(E)·

∂U
∂x

)
+

∂

∂y

(
σy(E)·

∂U
∂y

)
= 0 (1)

where x and y are the direction vectors, σ is the electrical conductivity (Sm−1) of an
anisotropic medium with σx and σy as the electrical conductivity tensorial components
that are function of E, U (V) is the electric potential with E = −∇U. However, biological
tissues are not homogenous, and cells are immersed in an extracellular matrix (ECM)
composed of collagen and other ECM components with different conductivities. It results
in a non-homogenous conductive environment and modifies the electric field distribution,
as demonstrated in [11].

A homogeneous electric field distribution is necessary for electroporation, as it en-
sures that all cells are exposed to the same electric field strength, leading to more con-
sistent and predictable results. With heterogeneous electric field distribution, some cells
would be exposed to a higher electric field strength than others. This can result in the
over-electroporation of some cells and the under-electroporation of others, which can
reduce the overall effectiveness of the treatment. Several studies have demonstrated
the importance of uniform electric field distribution in electroporation. For example,
Miklavčič et al. [12] showed the use of different electrode sets to obtain uniform electric
field distribution and a more effective antitumor response in a mouse model of elec-
trochemotherapy. Ivorra et al. [13] used conductive gels to homogenize the electric field
distribution to improve the antitumor efficacy of electrochemotherapy in sarcoma tu-
mors implanted in mice. Thus, external accessories are needed to obtain uniform electric
field distribution in adherent cell culture studies with round wells. These prior stud-
ies demonstrated that homogenizing the electric field distribution is vital for improving
electroporation-based treatments. However, the in vitro preclinical electroporation studies
on tissue or cell culture lack a standardized testing setup for achieving highly consistent
and repeatable results. The study by A. Briko et al. [14] used electroporation for tumors.
Here, the numerical simulations modeled electric field distribution for efficient electropora-
tion procedures, emphasizing the optimal electrode configurations for maximum tumor
coverage. Overlapping fields were necessary for tumors over 10 mm. The study suggested
a planning methodology based on the physical parameters, with limitations including the
need for 3D reconstruction and experimental validation for irregularly shaped tumors.

The homogeneity and uniformity of the electric field in a round well typical of a
standard culture plate is not guaranteed with the use of plate electrodes, since the electric
field is distributed not only throughout the bottom of the entire culture chamber where
there is a conductive medium but also adjacent to where the electrode is facing [15–17].
In particular, a not-uniform field in proximity of the electrode edge is generated, where
some cells can experience an electric field intensity that is lower than the level in the area
between the electrodes [16,18].

Considering this, in this study, we designed, built, and tested a novel inset design
that homogenizes the electric field distribution in low-volume round well plates, such as
24- and 96-well plates (Figure 1a), which are most commonly used in cell culture studies,
leading to electrical conditions similar to those of a cell suspension in an electroporation
cuvette (Figure 1b) or a Chamber SlidesTM System (Figure 1c). We designed an inset for
round wells to create a regular rectangular area well fitted by the plate electrodes. We built
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it using 3D printing and tested it on biological tissues, such as potato phantoms [19,20] and
HeLa cells. We also used finite element analysis (FEA) to model and simulate the electric
field distribution in low-volume round wells with and without the inset.
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2.2. Finite Element Analysis (FEA) 

The FEA model is a 3D geometry, representing the round well with an internal di-
ameter of D = 15 mm and a height of 20 mm for the 24-well round plate and D = 7 mm, 
with a height of 12 mm for the 96-well round plate. Figure 3 shows a cross-section, and 
Table 1 shows the dimensions. 

Figure 1. (a) 24-well plates with the proposed inset, (b) cell suspension cuvette, and (c) Chamber
SlidesTM System.

2. Materials and Methods
2.1. Inset Conceptualization

Figure 2 shows the proposed inset design, facilitating the electroporation of the potato
phantom samples and the HeLa cells in round well plates. The design consists of a slot for
parallel plate electrodes and a cylindrical structure specifically engineered to fit within a
round well. The inset slot maintains a consistent distance between the electrodes every
time electroporation is performed. Figure 2a shows the parallel plate electrodes through a
3D-printed inset, designed for a round well, inserted into a potato phantom sample at the
bottom of the round well. Figure 2b illustrates the transparent 3D view showing the sample
region. The bottom of the well inset creates a region for a uniform localized electrical field,
as shown in Figure 1c. It enables precise and controlled investigations.
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Figure 2. Illustration of the inset concept to obtain uniform electric field distribution (Not to scale).
(a) Parallel plate electrodes, with a 3D-printed inset, designed for a round well, inserted into a potato
phantom sample at the bottom of the round well. (b) Transparent 3D view showing the sample region.
(c) A cross-sectional view at the bottom of the well through the potato sample, with indicated electric
field distribution and insulated region by the non-conducting inset.

2.2. Finite Element Analysis (FEA)

The FEA model is a 3D geometry, representing the round well with an internal diameter
of D = 15 mm and a height of 20 mm for the 24-well round plate and D = 7 mm, with a
height of 12 mm for the 96-well round plate. Figure 3 shows a cross-section, and Table 1
shows the dimensions.
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Figure 3. Cross-section of the FEA mesh for the designed well inset.

Table 1. Dimensions of the 24- and the 96-well plates along with electrode thickness and gap.

Geometry 24—Well 96—Well

Diameter-D (mm) 16.20 7.15
Height-H (mm) 18.00 10.80
Width-W (mm) 10.00 3.30

Electrode thickness (mm) 1.00 0.10
Electrode gap (mm) 7.00 3.00

The electrodes were modeled as stainless-steel plates with thicknesses of 1 mm (plate
width 10 mm) or 0.2 mm (plate width 3.3 mm) for the 24- or the 96-well plates, respectively.
The plate gap was 7 mm or 2.9 mm for the 24- or the 96-well plates. The dotted area
represents the inset, made of 100% biodegradable, non-toxic, and odorless polylactic acid
(PLA) material. The gray rectangles represent the sections of the electrodes. FEA analyses
were performed with and without the inset. In both cases, the electrode position was
maintained at the same location for comparative study.

The plate electrodes were energized, applying a voltage difference U of 700 V or 290 V
to the 24- or the 96-well plates, respectively, to obtain a uniform electric field strength of
1000 V/cm. In the model, the PLA resin of the inset is a non-conducting material, while the
sample space at the bottom of the well has a conductivity of 0.2 S/m.

The FEA was performed as a conduction problem, using Altair Flux 3D software
(Altair Engineering, Troy, MI, USA, [21]), To estimate the electric field distribution in the
well volume, Laplace’s equation of scalar electric potential [22] is considered:

∇·σ(∇U) = 0 (2)

where σ is the electrical conductivity of the material. By imposing the Dirichlet condi-
tions [23] at the electrodes’ surfaces, the effect of the application of a 100 µs long rectangular
voltage pulse is studied as a stationary case by fixing one electrode potential at 0 V, and the
other one at the maximum pulse value, whereas the Neumann boundary condition was
applied [24] for the remaining external sides The mesh of the FEA model had 105,700 nodes
and 611,300 elements for the 24-well plate and 8000 nodes and 43,800 elements for the
96-well plate. The electric field strength was studied in two normal planes, XZ and YZ.

2.3. Inset Realization Using 3D Printing

After the FEA analysis, the inset for the 24-well plate was built using additive manu-
facturing (Figure 4).

The inset was designed using the Thinker Computer-Aided Design (CAD) software
(a free web app for 3D design developed under Autodesk Free Products License, Release
2024), ensuring they fit the plates precisely. A suitable biocompatibility PLA filament was
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selected for 3D printing [25]. The CAD design (Figure 4a) was then converted into a format
suitable for the 3D printer (STL), and the printing parameters were configured following
the manufacturer’s guidelines (Ultimaker [26]). The inset was meticulously constructed by
the 3D printer, layer by layer. After printing, care was taken to remove any imperfections,
and the fit was verified by testing the inset on the plates, ensuring that the electrodes
aligned parallelly. Before the experiment, the insets were sterilized using 70% ethanol and
1 h of UV exposure under a biological hood. These 3D-printed cylindrical insets served as
precise guides for the electroporation electrodes, enhancing the accuracy and consistency of
electroporation experiments on multi-well plates and eliminating round borders, where the
electric field has a lower strength with respect to the area between plates. Figure 4b shows
the same for the 96-well plate. All the dimensions for the inset are mentioned in Table 2.

Bioengineering 2025, 12, x FOR PEER REVIEW 5 of 19 
 

suitable for the 3D printer (STL), and the printing parameters were configured following 
the manufacturer’s guidelines (Ultimaker [26]). The inset was meticulously constructed 
by the 3D printer, layer by layer. After printing, care was taken to remove any imperfec-
tions, and the fit was verified by testing the inset on the plates, ensuring that the electrodes 
aligned parallelly. Before the experiment, the insets were sterilized using 70% ethanol and 
1 h of UV exposure under a biological hood. These 3D-printed cylindrical insets served as 
precise guides for the electroporation electrodes, enhancing the accuracy and consistency 
of electroporation experiments on multi-well plates and eliminating round borders, where 
the electric field has a lower strength with respect to the area between plates. Figure 4b 
shows the same for the 96-well plate. All the dimensions for the inset are mentioned in 
Table 2. 

 
(a) 

(b) 

Figure 4. 3D—CAD inset design showing the side view, perspective, transparent 3D view, top view, 
bottom view, and the 96-well plates along with actual 3D-printed part for: (a) 24-well plate inset; (b) 
96-well plate inset (all the dimensions for inset are mentioned in Table 2). 

Table 2. Dimensions of the 24- and 96-well plates’ with inset supplementation Figure 4a and Fig-
ure 4b. 

Figure 4. 3D—CAD inset design showing the side view, perspective, transparent 3D view, top view,
bottom view, and the 96-well plates along with actual 3D-printed part for: (a) 24-well plate inset;
(b) 96-well plate inset (all the dimensions for inset are mentioned in Table 2).



Bioengineering 2025, 12, 203 6 of 18

Table 2. Dimensions of the 24- and 96-well plates’ with inset supplementation Figure 4a and Figure 4b.

SN Parameter 24—Well Plate 96—Well Plate

1 Height (H1) 4 mm 2 mm
2 Height (H2) 20 mm 12 mm
3 Diameter (D1) 18 mm 10 mm
4 Diameter (D2) 15 mm 7 mm
5 Electrode space 7 mm 3 mm
6 Thickness 1 mm 0.1 mm
7 Width 10 mm 3 mm

2.4. Potato Phantom Preparation

Fresh potatoes of uniform size were selected for the study. These potatoes were bought
from the local market and were thoroughly washed and cleaned to remove any surface
impurities. Using a knife and cutting board, the potatoes were meticulously cut into
cylindrical shapes measuring 16.5 mm in diameter and 3 mm in height for the 24-well
round plate and 10 mm × 9 mm × 11 mm for a rectangular well chamber (Figure 5a).
Figure 5b shows a cylindrical potato in a 24-well plate.
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Figure 5. Potato sample: (a) Cut into cubes and cylindrical shape; (b) Cylindrical potato phantom
sample inside a 24-well plate.

Special attention was given to ensure that the potato phantoms had flat ends, which
was crucial for achieving consistent electroporation results. The prepared potato phantoms
were immediately electroporated and then stored at room temperature. After 24 h, a picture
of the sample surface was captured for further analyses.

2.5. Potato Phantom Experiments

The experimental setup includes potato samples cut to fit 24 or 96-well plates with
the inset. The stainless-steel plate electrodes are inserted, as shown in Figure 5b. The
potato samples are electroporated using EPS01 or the BTX-ECM830 voltage pulse generator
(Figure 6) following the electroporation protocol.
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2.6. Electroporation Protocol

The electroporation voltage pulses were applied using the EPS01 voltage pulse gener-
ator (Igea SpA, Carpi (MO), Italy [27]) or the BTX-ECM830 voltage pulse generator (BTX,
Holliston, MA, USA). A voltage difference of 700 V or 290 V was used to obtain a uniform
field of 1000 V/cm. The voltage pulses were applied using stainless steel electrodes with
two parallel plates of 30 mm long and a gap of 7 mm.

2.7. Cell Culture Studies

HELA cells (cervical cancer line), purchased from ATCC (https://www.atcc.org
(accessed on 15 September 2023)), were cultured in DMEM high glucose, supplemented
with 1% penicillin/streptomycin, 1% L-glutamine, and 10% FBS at 37 ◦C in a humified
atmosphere with 5% CO2 (SteriCult CO2 incubator, Thermo Electron Corporation, Waltham,
MA, USA). Cells (50 × 103) were seeded in 24-well plates (internal diameter 15 mm) or in
an 8-well chamber slide (section 10 × 9 mm) with 500 µL of cell medium.

Before electroporation, the medium was substituted with 300 µL of electroporation
buffer (10 mM K2HPO4/KH2PO4, 1 mM MgCl2, and 250 mM sucrose, pH 7.4 [28]) with
8 µL of propidium iodide (PI) solution (1 mg/1 mL). Eight voltage pulses were applied
using a plate electrode (side was 1 cm long with a gap of 7 mm). After electroporation, the
electroporation buffer was substituted with 300 µL of fresh medium and 5 µL of Hoechst
33342 (HOE) dye (1 mg/1 mL, Thermofisher, Waltham, MA, USA). While PI (red color)
indicates cell electroporation, HOE (blue color) stains all the cells.

After electroporation, the cell cultures were observed with an inverted microscope
Leica DI4000 (objective 20 × 0.35 DRY, camera DFC300FXR2-078921405). Both PI (excitation
538 nm, emission around 619 nm) and HOE (excitation 352 nm, emission around 455 nm)
were visualized. For each culture, all the wells were scanned at 2.5× or 5× magnification,
and red and blue images were recorded. The blue and red images were superposed using
the software, LAS AF Lite (4.0, Leica, Deer Park, IL, USA). All the recorded images were
composed in order to reconstruct the well bottom.

2.8. Image Analysis

The red levels of the intensity, measured in the range of 0–255, were analyzed using
ImageJ program (1.50d, National Institutes of Health, USA) in cell culture images with
fluorescence. The background intensity was determined by analyzing the color of areas
without cells. The red intensity was sampled along the parallel lines and in the rectangle.
The average intensity and median values were evaluated in the rectangles with the same
number of pixels positioned in different subareas on the image.

3. Results and Discussion
3.1. FEA Simulation: Electric Field Strength Distributions Along XZ

Figure 7 shows the XZ plane electric field strength distributions of the 24- and 96-well
plates using the FEA with and without the inset.

Without the inset, the electric field intensity is 1050 V/cm (average value) in both
the wells at the center. However, it varies from 900 V/cm to 500 V/cm at the edges,
indicating the non-uniformity of the electric field distribution (Figure 7a). This aspect will
lead to a non-uniform treatment of the total sample and is not a reliable evaluation of
the electroporation. Thus, a properly designed inset could be a solution to improve the
application of an electric field with the same homogeneity in all the parts of the treated
sample. Figure 7b shows the uniform electric field distributions of these wells, with the
proposed inset design, at an average intensity of 1050 V/cm throughout the volume.

https://www.atcc.org


Bioengineering 2025, 12, 203 8 of 18
Bioengineering 2025, 12, x FOR PEER REVIEW 8 of 19 
 

 
(a) 

 
(b) 

Figure 7. Electric field distribution contour along XZ plane for 24- and 96-well plate (a) without inset 
and (b) with inset. The color-coded legend shows the electric field value is V/m. 

Without the inset, the electric field intensity is 1050 V/cm (average value) in both the 
wells at the center. However, it varies from 900 V/cm to 500 V/cm at the edges, indicating 
the non-uniformity of the electric field distribution (Figure 7a). This aspect will lead to a 
non-uniform treatment of the total sample and is not a reliable evaluation of the electro-
poration. Thus, a properly designed inset could be a solution to improve the application 
of an electric field with the same homogeneity in all the parts of the treated sample. Figure 
7b shows the uniform electric field distributions of these wells, with the proposed inset 
design, at an average intensity of 1050 V/cm throughout the volume. 

3.2. FEA Simulation: Electric Field Strength Distributions Along YZ 

Figure 8 shows the YZ plane electric field distribution in a 24-well plate, with the cells 
on the bottom with the media. Both with and without the inset were simulated. Without 
the inset, the electric field distribution is non-uniform, ranging from 900 V/cm to 1100 
V/cm (Figure 8a). With the inset, the electric field is homogeneous at an intensity of 1050 
V/cm (average) (Figure 8b). Thus, using the inset will be advantageous when the electric 
field homogeneity is mandatory, as in the case of an in vitro study for determining the 
electroporation threshold. 

Figure 7. Electric field distribution contour along XZ plane for 24- and 96-well plate (a) without inset
and (b) with inset. The color-coded legend shows the electric field value is V/m.

3.2. FEA Simulation: Electric Field Strength Distributions Along YZ

Figure 8 shows the YZ plane electric field distribution in a 24-well plate, with the
cells on the bottom with the media. Both with and without the inset were simulated.
Without the inset, the electric field distribution is non-uniform, ranging from 900 V/cm
to 1100 V/cm (Figure 8a). With the inset, the electric field is homogeneous at an intensity
of 1050 V/cm (average) (Figure 8b). Thus, using the inset will be advantageous when the
electric field homogeneity is mandatory, as in the case of an in vitro study for determining
the electroporation threshold.
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3.3. FEA Simulation: Potatophantom Electric Field Strength Distributions Along XZ

Figure 9 shows the FEA simulated electric field maps using the potato phantom,
along the XZ plane distribution, for both with and without the inset for the 24-well plate
(Figure 9a) and the 96-well plate (Figure 9b). Figure 9a shows the uniform electric field
distribution of an intensity of 1000 V/cm along the line γ with the inset in a 24-well plate.
However, without the inset, the inhomogeneous electric field distribution with field values
ranges from 995 to 1020 V/cm, compared to 1000 V/cm as was designed. Figure 9b shows
the electric field sampled along the line γ of 970 V/cm for a 96-well plate. The electric
field strength at the electrode edge varies from 840 V/cm instead of 1000 V/cm in both the
24- and 96-well plates without the inset.
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3.4. HeLa Cells Experiments

The case of the 24-well plate was verified experimentally using HeLa cells in adhesion
and compared with a cell culture in a chamber slide. Both the cell cultures were electropo-
rated using the same electrode and electric field intensity, and the cells were stained with
blue and red dyes.

Figure 10 shows the electroporation of cells in adhesion cultured in a 24-well round
plate and in a chamber slide. Since blue dye marks all the cells, whereas red dye only marks
electroporated cells, the red and blue cells are a measure of cells electroporated and not
electroporated. A different shade of red intensity means that electroporation of the cell
membrane occurs with a difference in the number of pores [29–31]. Figure 10a represents
the round well in which the electrode is centered and does not cover all the well area. Here,
the white rectangle represents the area where the electrode is positioned in the cell culture.
It can be seen that the areas outside the white square are affected by the electric field and
are electroporated but at a different intensity, as evidenced by the lighter shade of red.
Figure 10b shows what occurs in a rectangular well of a chamber slide, where the electrode
fits the well shape. In this case, the electric field covers the entire chamber bottom, and the
cells are all red.
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In Figure 10a, the white star marks an area outside the electrode area but electroporated
(red cells), even if the red intensity is lower with respect to the one that occurs inside the
white rectangle. The white circle marks the area in proximity to the rectangle edge, where
the electric field in the simulation shows inhomogeneity. Figure 11 shows the lines and
points, where the red color of the images was analyzed for the round well case (Figure 11a)
and the chamber slide case (Figure 11b).
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Figure 11. Sampling areas in the cell images for the analysis. (a) round well in a 24-well plate and
(b) in a well of a chamber slide.

Figure 12 indicates the analysis of the red intensity observed inside the rectangles in
Figure 11. In each image, the area of rectangles is the same. The distribution of the red
levels depends on the position of the rectangle. For each experiment, the background level
was evaluated in areas without cells, as reported in Table 2.
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Figure 12. The frequency of red intensity on the analyzed rectangles for Figure 10. (a) a round well in
a 24-well plate and (b) a well in a chamber slide.

Table 3 reports the average and median values obtained along lines L1s and L2s and
in the squares Q1–Q5. From Figure 12, it is evident that in a round well, the electroporation
also occurs in areas outside the electrode shape and with decreasing intensity along the
border. Comparing these results with simulations in the same boundary area, the electric
field has a lower intensity with respect to the center. Then, cells receiving a lower electric
field intensity are consequently less affected by electroporation. However, in the rectangular
chamber slide, all the cells were electroporated with similar intensity, as revealed by the
analysis of the red intensity along the lines, L1s 2 L2s, and in the squares, Q4 and Q5.

These results support the simulation and demonstrate the necessity of a device that
can adapt the electroporation area to the plate electrode.
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Table 3. Electroporation intensity analysis: average and median values in the analysis area in
Figure 11.

Background Q1 Q2 Q3 Q4 Q5 L1s L2s

24 well plate—average 50 97 77 70 -- -- 85 ± 27 61 ± 12

24 well plate—median 88 61 55 -- -- 80 58

Chamber slide—average 80 -- -- -- 120 100 119 ± 35 115 ± 22

Chamber slide—median -- -- -- 114 96 107 111

3.5. Potato Phantoms Experiment

Figure 13 shows the electric field distribution in the potato phantoms, with and without
the inset. Here, the brown (dark) area illustrates the electroporated region. Without the
inset (Figure 13a), the electric field dispersed out of the volume delimited by the electrodes.
This correlates well with the FEA simulation results. The brown region extends out of
the region of interest, which might be problematic for in vitro and in vivo experiments for
which a localized uniform electric field is desired in the cell sample, as a variable electric
field intensity might affect the effect of electroporation treatment on the patients.
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With the inset (Figure 13b), the electric field distribution was confined within the
electroporated region—the brown color area. The electric field distribution correlated well
with the FE simulation when 1000 V/cm was applied. The brown color is more intense in
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3.6. Realized Devices

Figure 14 illustrates the realized device, sized for the 24 well plates (the up, bottom,
and lateral faces), while Figure 15a shows the electroporation obtained in a 24-well plate
using the inset, and Figure 15b illustrates the quantitative analysis. Lateral panels were
magnified in the center imager to show the electroporation efficacy.
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frequency of red intensity on the analyzed rectangular regions—A, B, C, and D.

The quantitative analysis of electroporation efficacy, as shown in Figure 15b was
conducted using fluorescence microscopy and intensity distribution measurements across
a sample area of 9 mm × 7 mm. The fluorescence intensity distributions were examined in
four distinct regions (A–D) of the electroporated sample, revealing remarkably consistent
patterns. The intensity profiles showed a prominent peak at approximately 60 arbitrary
units (a.u.) of red intensity, with Region C displaying the highest occurrence frequency at
around 13,000 counts. A secondary peak was noted near 75 a.u., followed by a gradual
decline in signal frequency beyond 100 a.u.

The spatial distribution of fluorescence, visualized through high-resolution microscopy,
exhibited uniform patterns across all sampled regions, with individual fluorescent spots
clearly distinguishable from the background. The microscopy data, accompanied by a 1 mm
scale bar reference, demonstrated comparable fluorescence patterns in the magnified views
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of regions A through D, indicating homogeneous electroporation efficiency throughout
the sample.

The consistency of the intensity distributions and spatial patterns across different
regions suggests that the electroporation conditions were highly reproducible, with the
majority of cells exhibiting similar levels of fluorescent marker uptake. This uniformity in
both the quantitative intensity profiles and qualitative microscopy observations confirms
the reliability and spatial consistency of the electroporation protocol.

4. Discussion
The use of potato phantoms as representative models for in vitro cell culture studies or

in vivo studies is common, as has been undertaken by various researchers [15–18,20,32–35].
Figure 16 shows the results obtained by Berkenbrock et al. [34] using a potato phantom.
They also obtained a brown region in the electroporated area.
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phantom sample; (b) the red contour line shows the brown areas on potatoes phantom after 24 h of
electroporation treatment using eight pulses of 100 µs at 1 Hz.

The use of potato phantoms is consistent with the notion of the 3Rs in animal testing,
i.e., reduction in the number of animals used, refinement of procedures to reduce distress,
and the replacement of animals with non-animal techniques [33,34,36]. This is possible
because potato phantoms have a similar texture and electrical conductivity to biological
tissues. They are readily available, easy to prepare, inexpensive, and are safer than working
with live animal subjects. In addition, their cellular structure provides a simplified analog
for preliminary investigations and exhibits relatively consistent electrical properties within
the same potato, contributing to the reproducibility of electroporation outcomes in a single
experiment [37]. The ease of shaping potatoes into uniform cylindrical or rectangular
phantoms akin to tumor dimensions makes them appealing for early-stage electroporation
studies [34]. Their vegetable nature simplifies handling and eliminates ethical concerns
and the need for Institutional Review Board (IRB) approval.

Biological tissues, such as potato phantoms, are anatomically and physiologically
complex structures [20,38]. In addition, with their high water content, relatively low
electrical resistance, uniform structure, and abundance and affordability, they are ideal for
preclinical studies [39]. They are composed of individual living cells in an extracellular
matrix [40]. The cell membrane consists of a thin (5 to 6 nm) nonconductive lipid bilayer.
Table 4 shows their dielectric properties [41].

Table 4. Dielectrical properties of potato tubers at 10 kHz and 1000 kHz.

Property Frequency (kHz) Potato

Capacitance (µF) 10 0.01628–0.0398
Capacitance (µF) 1000 0.001733–1.4165
Conductance (S) 10 0.0008167–0.03044
Conductance (S) 1000 0.0172–0.10153
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The dark color after 24 h of electroporation is due to the oxidation of phenolic com-
pounds in the potato [42]. Electroporation disrupts the cell membrane, which allows
phenolic compounds to encounter oxygen more easily. This can lead to a rapid browning
of the potato tissue. The dark color after 24 h of electroporation is an indication of the
distribution of the electrical field. The previous studies on potato electroporation have
shown the effect of electrical pulses and the distribution of electric field [20,34,43] with
different electrode arrangements. Our study has the potential to help future researchers to
standardize the adherent cell electroporation experiments using the inset.

The use of insets, such as cell culture insets, permeable culture insets, plate insets,
and tissue culture insets, is a common practice [44]. The insets are designed to maximize
biological relevance and novel cell culture applications [45]. Our study shows, in both the
potato experiments performed in 24- and 96-round-well plates and the FEA studies, that
due to the inset, the electric field distribution is more uniform. Electroporation of the cell
membrane occurs when a specific electric field strength threshold is overcome, and the
transmembrane potential is able to permeabilize the membrane at some points [46].

The experiments performed to determine the electroporation threshold require a
uniform electric field strength applied to the sample. The uniformity of the electric field
application in the entire well bottom is crucial, since theelectroporation is a threshold
phenomenon. Reversible electroporation occurs at a given electric field intensity range,
and at electric field intensities that are too high, cells were irreversibly electroporated.
Ivorra et al. [47] discussed that the best shape for a homogeneous electric field distribution
inside the sample is that of plate electrodes fitting the culture chamber. The plated cells were
an alternative to the use of cells in suspension. With suspension cells, the cell suspension
is placed in a special cuvette that is equipped with plate electrodes with a fixed gap
(1, 2, or 4 mm), which has the drawback that it is expensive and difficult to clean. Thus,
using the insets, experiments with plated cells are handier and more repeatable.

The insets, which are easy to clean with alcohol solution or sodium hypochlorite and
sterilized under UV, can be used to adapt the cylinder shape to a parallelepiped shape.
Thus, this inset type might be used for classical 96-well plates (internal diameter 5 mm)
with a reduced volume, where the inset with a plate electrode allows the application of
uniform electric field strength. The reusability of the proposed solution could help reduce
the plastic waste produced in laboratories and the experiment costs, making experiments
more reproducible.

The proposed device might also be useful in 3D culture [48], as it can be used to test
electroporation when the uniformity of the electric field requires stringent conditions. In
this case, the samples are more expensive with respect to classical 2D culture, and the
number of experiments used to test electroporation conditions had to be minimized.

Despite all their advantages, the use of insets, cells, and phantoms has certain lim-
itations, such as the absence of critical biological attributes of cancer tissues, including
extracellular matrix intricacies, vascularization, and the lack of essential cellular func-
tions [49]. Hence, while potato phantoms are valuable for elucidating electroporation
principles, they necessitate subsequent validation in more biologically relevant models.

5. Conclusions
A novel inset was designed and developed to obtain uniform electric field distribution

in low-volume cell culture plates, such as the 24-well plates, and was tested using potato
phantoms and HeLa cervical cancer cells. Our results indicate that using round well plates
for electroporation experiments with the proposed novel inset design offers uniform electric
field distribution, which contributes to effective electroporation results and reduces the
experiment cost.
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The inset is a practical device that might facilitate the uniform electroporation of cell
cultures in classical round well culture plates. This device could enhance the experimental
outcomes, since a cheaper classical culture plate can be used instead of a more expensive
electroporation cuvette or Chamber SlidesTM System.

Potato tissue is an excellent representation of in vitro and in vivo samples for testing
electroporation because it has a cellular and tissue structure similar to that of any live
biological tissue. Its change of color to brown (dark) after a few hours is a good measure of
the electroporation outcome.

The additional advantage of the presented inset design is that it can work for any
size and shape of cell culture plates. Using the inset, the electrode gap remains constant,
irrespective of the well type or electrode gap; hence, uniform fields could be achieved
consistently. There is no need for any complex electrode geometry, and it can be used with
simple everyday cell culture plates for electroporation research.
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