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Abstract: Gene electrotransfer (GET) is a widely used method for nucleic acids’ delivery into cells. We
explored, evaluated, and demonstrated the potential use of different pulse durations for introducing
plasmid DNA (pDNA) into cells in vitro and compared the efficiency and dynamics of transgene
expression after GET. We performed experiments on cell suspensions of 1306 fibroblasts and C2C12
myoblasts with four ranges of pulse durations (nanosecond, high frequency bipolar (HF-BP), and
micro- and millisecond). Six different concentrations of pDNA encoding green fluorescent protein
were used. We show that GET can be achieved with nanosecond pulses with a low pulse repetition
rate (10 Hz). The GET’s efficiency depends on the pDNA concentration and cell line. Time dynamics
of transgene expression are comparable between millisecond, microsecond, HF-BP, and nanosecond
pulses but depend greatly on cell line. Lastly, based on the data obtained in the experiments of
pDNA concentration effect on GET the model of the probability of pDNA and cell membrane contact
during GET was developed. The model shows that pDNA migration is dominated by diffusion for
nanosecond and HF-BP pulses and by electrophoresis for micro- and millisecond pulses. Modeling
results can provide valuable guidance for further experiments and interpretations of the results
obtained by various pulse protocols.

Keywords: gene electrotransfer; nanosecond pulses; high frequency bipolar pulses; electroporation;
plasmid DNA

1. Introduction

Gene electrotransfer (GET), or gene transfection by electroporation, is a widely used
method for nucleic acids’ delivery into cells based on the phenomenon of electroporation
where electric pulses cause temporarily increased cell membrane permeability [1]. GET has
been shown to markedly enhance the efficiency of naked plasmid DNA (pDNA) transfer,
and has been widely used to introduce nucleic acids into various types of cells in vitro, ex
vivo, and in vivo [1,2].

In clinical settings, GET is also considered as a promising method for the delivery of
CRISPR/Cas9 gene editing complexes [3]. GET can also be used for vaccination against
infectious diseases, with a DNA vaccine currently being developed for vaccination against
COVID-19 [4–6]. In oncology, GET is used for the treatment of and vaccination against
various cancers [7–10]. GET can also be used for ex vivo genetic engineering. More and
more treatments against cancers are based on the ex vivo genetic engineering of T cells to
express chimeric antigen receptors (CARs), which bind tumor antigens or tumor-associated
antigens in a human leukocyte antigen (HLA)-independent manner [11]. Viral vectors are
effective for the genetic engineering of human primary cells but have serious limitations
such as high manufacturing cost, long production timelines, and genotoxic risks derived
from their semi-random chromosomal integration profiles [12]. In contrast to viral vectors,
GET has become the simplest and most appealing nonviral deliver technology with its
ability to introduce diverse biomolecules to millions of cells per treatment. The limitation
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of most electroporation protocols used for cell therapy is, however, the low transfection
efficiency and cell death [13].

The efficiency of GET can be measured in different ways and may depend on the GET
application, most often as percentage of transfected cells (referred as GET in our paper),
which gives information about the percentage of cells that were successfully transfected
among the cells that survived the treatment [14]. This could be useful in applications where
cells which can rapidly multiply are used, such as bacteria. For applications of GET in gene
therapy, it may be crucial that the majority of cells survive the treatment. In this case, it
is important that the results of GET efficiency also include cell survival. GET efficiency
representing the percentage of transfected cells based on the number of cells that were
exposed to electric pulses is referred to as the overall GET in the paper [15]. Furthermore,
GET efficiency, if cells are transfected with fluorescent proteins, can be measured with
median fluorescence intensity (MFI), representing the quantity of produced transfected
protein [16]. This is important in applications where the goal is the production of high
levels of therapeutic proteins such as in DNA vaccination. In this paper, we present results
of GET in vitro using all three types of GET efficiency determination, namely, GET, MFI,
and overall GET.

In GET applications, pulse parameters (amplitude, duration, repetition frequency, and
number) are usually varied to achieve cell membrane permeabilization and at the same
time prevent excessive cell damage [17]. The choice of appropriate parameters of electric
pulses is one of the most relevant steps of GET. GET can be applied equally to all cell types
and at all stages of the cell cycle, but GET efficiency depends on and varies greatly between
different cell types. The origins of these differences are not yet well understood. Generally
smaller cells require a higher electric field to permeabilize their cell membrane. This is
an important consideration for ex vivo gene delivery, especially to hematopoietic cells.
Electroporation thresholds for different cells in a heterogeneous tissue thus vary [18,19].

Currently, gene transfer by electroporation is believed to rely on cell membrane
permeabilization and electrophoresis of pDNA during pulse delivery. Electrophoresis,
which is present during electric field delivery, acts on negatively charged pDNA molecules
and enables a higher number of pDNA molecules to come in contact with the cell membrane
than would do so solely by diffusion [20]. Small molecules (equal to or smaller than
15 bp [21]) can enter the cell with electrophoresis; however, large pDNA molecules form
aggregates on cell membrane during electric field delivery, which later enter the cell with
endocytosis [1,22–24]. Because of its role in the formation of pDNA aggregates during
electric field delivery, the lack of electrophoresis could represent an important weakness
for the use of short pulses in GET [25,26]. The presence of electrophoretic migration of
pDNA is the reason why, usually, long millisecond pulses are used for GET. Although
leading to efficient GET, these pulses are associated with triggering muscle contractions,
pH changes, and electrolysis at the electrode electrolyte interface causing electrochemical
reactions [27–33].

Recently suggested high-frequency bipolar pulses (HF-BP), first predominantly used
for irreversible electroporation applications–HFIRE [34]—were demonstrated to also enable
GET in vitro [15]. One of the characteristics of HF-BP pulses are reduced electrochemical
reactions and less metal ions released from the electrodes compared to longer pulses [29,35].
Furthermore, HF-BP pulses induce less muscle contractions and pain during pulse deliv-
ery [36–39].

In addition, nanosecond pulses have already been used for GET. When applying
200 ns pulses (10–18 kV/cm) in bursts of ten with a varied pulse repetition rate (up to
1 MHz), it was shown that with the increase in the pulse repetition rate from 100 kHz
to 1 MHz, GET increased, resulting in up to 17% GET with a minimal decrease in cell
survival [40]. Furthermore, it was shown that with 100 × 300 ns pulses delivered at 1 MHz
and at 5 kV/cm, up to 40% GET can be achieved, which is comparable to an efficiency of
4 × 100 µs, 1 Hz, 1.5 kV/cm pulse protocol [41].
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Interestingly, nanosecond pulses have been suggested to disrupt nuclear envelope
which could facilitate delivery of pDNA to the nucleus and thus increase GET [42–44].
Several papers have described using different combinations of nanosecond and milli- or
microsecond pulses with the attempt to improve GET. Firstly, it was shown that GET could
be increased about four times when cells were exposed to 3.5 ms pulse with 0.3 kV/cm
followed by 60 ns pulse at 60 kV/cm after 30 min [45]. However, these results were not
reproduced successfully. Later, no effects of nanosecond pulses on GET were observed
by applying 8 × 5 ms or 4 × 200 µs pulses delivered at 1 Hz followed by 10, 12, or
15 ns pulses delivered at 10 Hz [46]. However, when the order of pulse delivery was
reversed, a more pronounced effect of nanosecond pulses on GET was observed. Using the
electroporation approach with a combination of nanosecond (600 ns, 100 kHz, 50 kV/cm)
followed immediately by millisecond pulses (1 × 10 ms, 500 V/cm) more than doubled
transgene expression; at the same time, cell survival levels were similar as in standard
millisecond electroporation [42]. The combination of nanosecond pulses (23 × 60 ns, 1 Hz,
24 kV/cm) and millisecond electric pulses (1 × 5 ms, 50 V) led to a 40-fold increase in
GET if nanosecond pulses were applied first followed by millisecond pulse, but not in
the reverse order. This effect of nanosecond pulses was time restricted, with the highest
efficiency occurring when nanosecond pulses were delivered 5 min before millisecond
pulses [47].

Nanosecond pulses can potentially offer a solution to limitations that are present in
GET with longer milli- and microsecond pulses. Namely, some cells exposed to GET may
lose viability due to excessive heat, pH changes, and ionic imbalance [3]. Nanosecond
pulses decrease electrochemical reactions during pulse delivery and in in vivo settings
offer more patient-friendly treatment, with reduced muscle contractions [40,48]. Heating
is also decreased during nanosecond pulses application, which lowers the thermal effects
of treatment [48,49]. Nanosecond pulses widen the use of electroporation while also
having an effect on intracellular structures. It has been shown that nanosecond pulses
can penetrate the cell interior and permeabilize membranes of internal organelles, such as
endosomal vesicles, endoplasmic reticulum, nuclear envelope, and cytoskeleton, leading to
the disruption of intracellular vesicles, release of calcium from endoplasmic reticulum, and
immediate and prolonged loss of mitochondrial membrane potential [44,50–54]. Successful
GET with shorter (i.e., less than 10 µs) pulses in vitro is, however, mostly achieved with
high pDNA concentrations, which might be challenging to reach in in vivo settings, at least
over a larger volume [2].

Conventional GET, using micro- to millisecond-long pulses, generally relies on elec-
trophoresis to bring the pDNA molecules to the cell membrane for successful transfec-
tion [55]. However, for nanosecond duration pulses, electric field/electrophoresis might
not be present for sufficient time to ensure a pDNA cell membrane contact. Even with
HF-BP pulses, net electrophoretic movement is balanced out due to the bipolar nature of
pulses. For these pulses (nanosecond and HF-BP), pDNA molecules then have to rely on
diffusion to reach the cell membrane. Moreover, there is only a limited window of time
during which the cell membrane is permeable and competent enough to absorb pDNA
molecules for successful GET [1,56]. Therefore, depending on how far the pDNA molecule
is from the cell membrane, or how concentrated the pDNA solution is, the efficiency of GET
for the wide variety of pulse durations (nanosecond to millisecond) can be analyzed using
the framework of how electrophoresis and diffusion influence the probability of pDNA
molecule reaching the permeabilized cell membrane. A theoretical framework based on
the drift-diffusion equation of probability density and the one-dimensional Fokker–Planck
equation was used in this work to determine such probabilities [57]. A similar probabilistic
framework has also been used earlier to evaluate probabilities of successful pDNA translo-
cation through an electropore in the cell membrane, along with its qualitative comparison
to experimental GET efficiencies [58], and has also been compared to experimental pDNA
translocation efficiencies in model systems [59].
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The purpose of this paper is to explore, evaluate, and demonstrate the potential use of
different pulses for introducing pDNA into cells in vitro and to compare GET efficiency
and dynamics of gene expression after GET. We performed experiments in vitro, on cell
suspensions of immortalized human skin fibroblasts 1306 cell line and on C2C12 myoblasts,
covering a range of pulse durations from 200 ns to 5 ms, monopolar and the recently used
microsecond bipolar, so-called HFIRE pulses. To clarify the role of electrophoresis in the
transport of pDNA in the electroporation medium during GET with different durations of
electric pulses, we also developed a simple mathematical model that gives the probability
of pDNA contact with the cell membrane during GET and compared experimental results
with those calculated by the model.

2. Materials and Methods
2.1. Cells

Immortalized human skin fibroblasts 1306 cell line and C2C12 murine skeletal my-
oblasts cell line, both from European Collection of Authenticated Cell Cultures (cat no.
#90011887 and #91031101, respectively) were used. Cells were grown in 25–150 mm2 culture
flasks (TPP, Trasadingen, Switzerland) for 2–4 days in an incubator (Kambič, Semič, Slove-
nia) at 37 ◦C, in a humidified atmosphere of 5% CO2 in air for 1306 cell line and 10% CO2
in air for C2C12 cell line. 1306 cells were cultured in Eagle’s Minimum Essential Medium
(EMEM) growth medium (Sigma Aldrich, Darmstadt, Germany) supplemented with 15%
fetal bovine serum (Sigma Aldrich, Darmstadt, Germany), L-glutamine (StemCell, Van-
couver, BC, Canada), and antibiotics penicillin/streptomycin (PAA, Vienna, Austria) and
gentamycin (Sigma Aldrich, Darmstadt, Germany). C2C12 cells were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM) growth medium (Sigma Aldrich, Darmstadt, Germany)
supplemented with 10% fetal bovine serum (Sigma Aldrich, Darmstadt, Germany), L-
glutamine (StemCell, Vancouver, BC, Canada), and antibiotics penicillin/streptomycin
(PAA, Vienna, Austria) and gentamycin (Sigma Aldrich, Darmstadt, Germany).

For experiments cells in exponential growth phase were trypsinized using trypsin–EDTA;
5 g trypsin/2 g EDTA in 0.9% NaCl (Sigma Aldrich, Darmstadt, Germany) 10 × diluted in
Hanks’ Balanced Salt solution (Sigma Aldrich, Darmstadt, Germany). From the obtained cell
suspension, trypsin and growth medium were removed by centrifugation at 180× g for
5 min at room temperature (Sigma 3–15 K, Welwyn Garden City, UK). The cell pellet was
then resuspendend in EMEM growth medium for 1306 cell line or DMEM growth medium
for the C2C12 cell line to obtain a final cell density of 2 × 106 cells/mL.

2.2. Cell Size Measurement

Cells in suspension were transferred to Lab-Tek chamber and imaged with inverted
Thunder Imager Live Cell system. Moreover, 16-bit images were acquired with a deep-
cooled 4.2 MP sCMOS Leica DFC9000 Gt fast camera in the Leica Application Suite X
(LAS X) software. Cell diameter was measured using the ImageJ software (accessed on
10 May 2022, http://imagej.nih.gov/ij/). For each cell line 20 cells were measured. Results
are presented as mean ± standard deviation. Measured diameters were used in calculating
the pDNA to membrane distance.

2.3. Nanosecond Pulses

Pulses of 200 ns or 500 ns duration were delivered by CellFX System electroporator
(Pulse Biosciences, Hayward, CA, USA). The electric field strength (E) was calculated from
the voltage measured by 1 kΩ resistor and Pearson current monitor model 2877 (1 V/1 A,
200 MHz) (Pearson Electronics, Palo Alto, CA, USA) during the experiment divided by
the distance between the electrodes. We also measured the current during each pulse
by Pearson current monitor model 2878 (1 V/10 A, 70 MHz) (Pearson Electronics, Palo
Alto, CA, USA). Voltage and current measurements were monitored by the oscilloscope
WaveSurfer 3024Z, 200 MHz (Teledyne LeCroy, Chestnut Ridge, NY, USA). 25, 100, or

http://imagej.nih.gov/ij/
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300 pulses were delivered with 5 or 10 Hz pulse repetition frequency at electric field range
of 0–19 kV/cm.

2.4. High Frequency Bipolar Pulses

For the delivery of 2 µs high-frequency bipolar pulses, a prototype high-frequency
pulse generator L-POR was used (mPOR, Ljubljana, Slovenia). The L-POR electroporator is
intended for laboratory use. It enables the generation of high-frequency symmetric and
asymmetric bipolar electroporation pulses up to 1400 V and duration of pulses from 500 ns
with a pulse repetition rate of up to 1 MHz. It also enables the generation of pulses in bursts.
The pulses delivered were monitored by a high-voltage differential probe HVD3605A
(Teledyne LeCroy, Chestnut Ridge, NY, USA), current probe CP031 (Teledyne LeCroy,
Chestnut Ridge, NY, USA) and HDO6000 High-Definition oscilloscope (Teledyne LeCroy,
Chestnut Ridge, NY, USA). In HF-BP pulse protocol, bipolar pulses of 2 µs duration of
positive and negative phase were applied. The pause between positive and negative pulse
phase and pause between bipolar pulses were 2 µs. 100 bursts were applied, and in each
burst, 32 pulses were delivered. Burst repetition rate was 1 Hz [15]. We tested electric field
range 0–2.5 kV/cm.

2.5. Micro and Millisecond Pulses

Monopolar rectangular pulses of 100 µs or 5 ms duration were delivered with a
laboratory prototype pulse generator (University of Ljubljana), based on H-bridge digital
amplifier with 1 kV MOSFETs (DE275-102N06A, IXYS, Milpitas, CA, USA) [60]. Pulse
delivery was monitored by the oscilloscope WaveSurfer 422, 200 MHz with high-voltage
differential voltage probe ADP305 and current probe CP030 (Teledyne LeCroy, Chestnut
Ridge, NY, USA). For microsecond pulses, eight 100 µs pulses with electric fields 0–2 kV/cm
and for millisecond pulses eight 5 ms pulses with electric fields 0–1.25 kV/cm were tested.

2.6. Permeabilization

Cell membrane permeabilization of 1306 and C2C12 cells in suspension was expressed
as percentage of propidium iodide (PI) fluorescent cells. First, 5 µL of 1.5 mM PI was added
to 200 µL of cells in growth medium at concentration 2 × 106 cells/mL in electroporation
cuvette with 2 mm gap (VWR International, Radnor, PA, USA). Emission of PI fluorescence
was detected by flow cytometry (Attune NxT, Carlsbad, CA, USA) using a blue laser exci-
tation at 488 nm and detecting the emitted fluorescence through a 574/26 nm band-pass
filter, 3 min after exposure of cells to electric pulses. Data for percentage of permeabi-
lized cells and their median fluorescence intensity were collected. At every measurement
10,000 events were recorded. Data obtained were analyzed with the Attune NxT software
(version 3.1.2).

2.7. Temperature Measurement during Pulse Delivery

The temperature of the cell sample was monitored during pulse delivery for all five
pulse protocols and for both cell lines. The fiber optic sensor system (opSens, Québec, QC,
Canada), which consisted of ProSens signal conditioner and a fiber optic temperature sensor
OTG-M170, was used. The fiber optic sensor was carefully placed in the cell suspension
in the middle of the gap between the electrodes in the cuvette. Sampling frequency was
1000 Hz. Two measurements were taken for each of the five pulse protocols and for both
cell lines.

2.8. Cell Survival after Permeabilization

For cell survival experiments, 200 µL of cells in suspension in growth medium at
concentration 2 × 106 cells/mL was pipetted in a 2 mm gap electroporation cuvette (VWR
International, Radnor, PA, USA) and exposed to electric pulses. After pulse application,
50 µL of fetal bovine serum (Sigma Aldrich, Darmstadt, Germany) was added to cell
suspension. Cells were incubated for 5 min at 37 ◦C [61]; afterwards, 1 × 104 C2C12
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myoblasts or 2 × 104 1306 fibroblasts from cuvette were seeded in 100 µL of growth
medium in a 96-well plate (TPP, Trasadingen, Switzerland). Cells were seeded in triplicates.
The plate was then incubated for 24 h (37 ◦C, 10% CO2 for C2C12 and 37 ◦C, 5% CO2
for 1306). Cell survival was determined with the MTS-based Cell Titer 96 AQueous One
Solution Cell Proliferation Assay (Promega, Madison, WI, USA). After incubation, 20 µL
of MTS reagent were added to each well and cells were incubated for additional 2 h in
the incubator (37 ◦C, 10% CO2 for C2C12 and 37 ◦C, 5% CO2 for 1306). Absorption at
490 nm wavelength was measured with a Tecan Infinite M200 spectrophotometer (Tecan,
Männedorf, Switzerland). An average absorption obtained in the samples containing only
growth medium was subtracted from the absorption measured in cell samples. To calculate
the percentage of viable cells the absorption of each cell sample was divided by an average
absorption of the control cell samples, where cells were treated as described but not exposed
to electric pulses.

2.9. Plasmids

A 4.7 kb plasmid pEGFP-N1 (Clontech Laboratories Inc., Mountain View, CA, USA)
and a 3.5 kb plasmid pmaxGFP (Lonza, Basel, Switzerland) both encoding green fluorescent
protein (GFP) under the control of CMV promotor were used. pDNA was amplified using
Escherichia coli and isolated with HiSpeed Plasmid Maxi Kit (Qiagen, Hilden, Germany).
pDNA concentration was spectrophotometrically determined at 260 nm. We tested six
different pDNA concentrations, namely, 40, 60, 80, 100, 250, and 500 µg/mL.

2.10. Gene Electrotransfer and Cell Survival after Gene Electrotransfer

A volume of 200 µL of cell suspension with different concentrations of pDNA was
exposed to electric pulses in electroporation cuvettes with a 2 mm gap (VWR International,
Radnor, PA, USA). After pulse delivery, 50 µL of fetal bovine serum (Sigma Aldrich,
Darmstadt, Germany) was added to each cuvette, and cells were incubated 5 min at
37 ◦C [61,62]. After incubation, 1 × 105 1306 cells and 5 × 104 C2C12 cells from cuvette
were transferred to a 24-well plate (TPP, Trasadingen, Switzerland) and seeded in growth
medium for gene electrotransfer determination. From the rest of the cell sample in cuvette,
1 × 104 C2C12 myoblasts or 2 × 104 1306 fibroblasts were seeded in triplicates in 100 µL
of growth medium in a 96-well plate (TPP, Trasadingen, Switzerland) to determine cell
survival. Both plates were incubated for 24 h (37 ◦C, 10% CO2 for C2C12 and 37 ◦C, 5%
CO2 for 1306).

After incubation, cells in 24-well plates were trypsinized and resuspended in 200 µL
of PBS. Percentage of GFP-positive cells and median fluorescence intensity (MFI) of GFP-
positive cells were detected using flow cytometer (Attune NxT, Carlsbad, CA, USA) with a
blue laser at 488 nm and a 530/30 nm bandpass filter. At every measurement, 10,000 events
were recorded. Data obtained were analyzed with the Attune NxT software (version 3.1.2).

Cell survival was determined with the MTS-based Cell Titer 96 AQueous One Solution
Cell Proliferation Assay (Promega, Madison, WI, USA). After incubation, 20 µL of MTS
reagent was added to each well, and cells were incubated for an additional 2 h in the
incubator (37 ◦C, 10% CO2 for C2C12 and 37 ◦C, 5% CO2 for 1306). Absorption at 490 nm
wavelength was measured with a Tecan Infinite M200 spectrophotometer (Tecan, Switzer-
land). An average absorption obtained in the samples containing only growth medium
was subtracted from the absorption measured in cell samples. To calculate the percentage
of viable cells the absorption of each sample was divided by an average absorption of the
control samples.

2.11. Overall Gene Electrotransfer

When reporting GET efficiency, we distinguish between percentage of transfected cells
among cells that survived the treatment and overall gene electrotransfer (overall GET),
which represents the percentage of transfected cells relative to the initial population, which
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considers both the efficiency of transfection and cell survival. Overall, GET was calculated
as: overall GET (%) = GET (%) × cell survival (%)/100.

2.12. The Time Dynamics of Transgene Expression

Cells were electrotransfected with 500 µg/mL of pEGFP-N1 plasmid as described in
point gene electrotransfer and cell survival after gene electrotransfer. After incubation, sam-
ple was divided into 14 parts, and cells were seeded in different numbers (1 × 105–5 × 103)
to a 24-well plate (TPP, Trasadingen, Switzerland) and placed in the incubator (37 ◦C, 5%
CO2). For the next 5 days, every 8 h, cells from one well of the 24-well plate (TPP, Trasadin-
gen, Switzerland) were trypsinized and resuspended in 200 µL of PBS and percentage of
GFP-positive cells and median fluorescence intensity of GFP-positive cells were detected
using flow cytometer (Attune NxT, Carlsbad, CA, USA) with a blue laser at 488 nm and
a 530/30 nm bandpass filter. At every measurement 10,000 events were recorded. Data
obtained were analyzed with the Attune NxT software (version 3.1.2).

2.13. Statistical Analysis

All results are reported as a mean value of 3 or 4 experiments. The spread of the
data is given by standard deviation. The significance between the experimental groups
was analyzed in SigmaPlot 11.0 (Systat Software Inc., Chicago, IL, USA) and determined
using One-way ANOVA test followed by Tukey’s multiple comparison test. Statistically
significant difference was assumed at p < 0.05.

2.14. Modeling the Probability of pDNA and Cell Membrane Contact during GET

To determine the probability of pDNA and cell membrane contact, the distance of
a pDNA molecule from the cell membrane needs to be determined. This pDNA–cell
membrane distance depends on the concentration of pDNA. To determine the pDNA–cell
membrane distance, we followed [16,55].

The radius of the cell is Rcell , and there is a total of Ncells in the suspension. The total
volume occupied by the cells in suspension is thus Vcells = Ncells·

(
4
3 πR3

cell

)
. For a solution

volume (Vsol), the volume space left to be occupied by pDNA molecules is:

VDNA = Vsol − Ncells·
(

4
3

πR3
cell

)
(1)

For pDNA molecules at a concentration (cDNA) and with molecular weight (Mw), the
total number of pDNA molecules in the solution is NDNA = cDNA · Vsol ·NA

Mw
, where NA is the

Avogadro’s number. Assuming the space available to a single pDNA molecule is defined
by a sphere of radius of RDNA (Figure 1), the volume occupied by pDNA molecules in the
solution is VDNA = NDNA· 43 πR3

DNA or:

VDNA =

(
cDNA· Vsol ·NA

Mw

)
· 4

3
πR3

DNA (2)

Thus, equating (1) and (2), we obtain
(

cDNA· Vsol ·NA
Mw

)
· 4

3 πR3
DNA = Vsol−Ncells·

(
4
3 πR3

cell

)
,

or the space available to a single pDNA molecule in a sphere, is defined by radius RDNA
as follows:

RDNA =

1− ρcell ·
(

4
3 πR3

cell

)
4
3 π·
(

cDNA · NA
Mw

)
1/3

(3)

where ρcell =
Ncells
Vsol

. RDNA was then calculated using Equation (3) for different values of
cDNA and is shown in Supplementary Table S1. The following set of parameters were used—
cell density (ρcell) = 2 × 106 cells/mL, molecular weight of pDNA (Mw) = 660 g/mol/bp ×
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4700 bp = 3,102,000 g/mol for pEGFP-N1 pDNA, Avogadro’s constant (NA) = 6.023 × 1023,
Rcell(C2C12) = 8.4 µm, and Rcell(1306) = 7.15 µm.
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Figure 1. Schematic of distribution of pDNA molecules and cells in suspension. Rcell represents the
radius of the cell, RDNA represents the radius of the (nominal/free) spherical space available to the
pDNA molecule. Subset in figure shows the boundaries within which a pDNA molecule close the
cell membrane is allowed to move.

RDNA can be considered as an estimate for the distance between a pDNA molecule and
the nearest cell membrane. Furthermore, the boundaries within which a pDNA molecule
can move needs to be defined for the model which determines the probability of pDNA
molecule coming in contact with the cell membrane. Based on Figure 1, a natural choice for
the right boundary (BR), which constitutes the cell membrane, is RDNA. Since RDNA is the
radius of spherical space available to the pDNA in the solution, the left boundary (BL) is
also considered as RDNA. Other estimates of BL and BR can be considered, such as RDNA,
RDNA − Rg and 2RDNA − 2Rg, where Rg is the radius of gyration of the pDNA molecule.
These are explained in the Supplementary Figure S1.
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To determine the probability that a pDNA molecule reaches the permeabilized cell
membrane, we assume a 1D case where a pDNA molecule can only move along the one axis
(direction of applied electric field) bounded by the left and the right boundaries (Figure 2).
The fundamental contribution of electrophoresis and diffusion to the probability of a pDNA
molecule reaching the permeabilized cell membrane can be captured in 1D (in the direction
of the electric field). We expect that the addition of extra dimensions will not contribute
significantly to a more detailed picture of the process with the probabilistic framework
described below.
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Figure 2. Schematic of the biased random walk of pDNA molecule along the X-axis due to drift
(electrophoresis), diffusion, and a free energy barrier. Electric field acts along the negative X-axis,
which creates a drift in the pDNA molecule along the positive X-axis. The pDNA molecule is initially
centered at X = 0 with the initial condition defined by a narrow-band Gaussian distribution. The
boundary conditions at the right (X = +BR ) and left (X = −BL ) of the domain are the absorbing
and reflecting boundary conditions, respectively. A free energy barrier between the pDNA molecule
and the cell membrane is present at the right boundary (X = +BR ).

The simplicity of such a 1D assumption enhances the pedagogical aspect of inferring
the role of diffusion and electrophoresis in bringing the pDNA molecule to the permeabi-
lized membrane (a prerequisite for GET) for a wide variety of experimental conditions
used (e.g., pulse durations ranging from nanosecond to millisecond and concentrations
ranging from 40 µg/mL to 500 µg/mL). The purpose of the model is not an estimation
and/or prediction of experimental outcomes such as GET efficiency or MFI.

The probability density (P(X, t)) of finding the pDNA molecule at particular location
along the X-axis at time t can be described using the following drift–diffusion equation of
probability density [57]:

∂P(X, t)
∂t

= −v
∂P(X, t)

∂X
+ D

∂2P(X, t)
∂X2 (4)

Equation (4) does not assume any interaction between the pDNA molecule and the
cell membrane. However, a pDNA and cell membrane interaction free energy F(X) can be
assumed between the pDNA molecule and the cell membrane. In this case, the probability
density of finding a particle at a particular location along the X-axis at time t can be
described using the one-dimensional Fokker–Planck equation [57]:

∂P(X, t)
∂t

=
D

kBT
∂

∂X

[
∂F(X)

∂X
P(X, t)

]
− v

∂P(X, t)
∂X

+ D
∂2P(X, t)

∂X2 (5)
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The free energy barrier F(X) is assumed to be F(X) = 50e2(X−BR) kBT, i.e., a barrier
with a height of 50 kBT that steeply decays exponentially away from the cell membrane at
X = +BR (Figure 2). Such a barrier is inspired from [63]. The drift term in Equations (4) and (5)
is due to the electrophoresis of the pDNA molecule and is given by v = µE, where µ is the elec-
trophoretic mobility of the pDNA molecule (µ =−3.75× 10−8 m2V−1s−1) [59,64,65] and E is the
electric field intensity. The diffusion coefficient of pDNA is taken as D = 10−12 m2s−1 [65].
Equation (4) describes the process of finding pDNA at a particular location along the X-axis
as a biased random walk, where the bias is due to electrophoresis of pDNA molecule.
Equation (5) describes the same process of finding pDNA at a particular location along
the X-axis based on a bias (electrophoresis), diffusion, and free energy interaction (barrier)
with the cell membrane. The drift term in Equations (4) and (5) is non-zero only when the
electric field pulse is present and is zero otherwise.

Equations (4) and (5) are solved for the probability density function P(X, t) in the
domain X ∈ [BL, BR] with appropriate boundary and initial conditions using the pdepe()
function in MATLAB® (R2021b). The initial condition for the pDNA molecule is con-
sidered as a narrow-band Gaussian/normal distribution with zero mean (centered at
X = 0, Figure 2) and a standard deviation of 10 nm. The boundary at the right (posi-
tive end of the domain), i.e., the cell membrane, is considered an absorbing boundary
condition, implying that once pDNA reaches the cell membrane, it is absorbed into the
cell membrane, i.e., it is internalized and expressed by the cell. The resulting boundary
condition at X = +BR is thus P(X = +BR, t) = 0. The left boundary is considered to be
a reflective barrier, implying that once the pDNA molecule reaches the left boundary, it
is reflected back into the domain, i.e., the flux in the probability density function is zero.
Flux for Equation (4) is given by J(X, t) = vP(X, t)− D ∂P

∂X (X, t) and for Equation (5) by

J(X, t) = D
kBT

[
− ∂F(X)

∂X

]
P(X, t) + vP(X, t)− D ∂P

∂X (X, t). Thus, the resulting left boundary

condition for Equation (4) is vP(X = −BL, t)− D ∂P
∂X (X = −BL, t) = 0 and for Equation (5)

is D
kBT

[
− ∂F(X=−BL)

∂X

]
P(X = −BL, t) + vP(X = −BL, t)− D ∂P

∂X (X = −BL, t) = 0.
The concentration dependance of the experimental results is modeled by varying

the location of the right (BR) and the left (BL) boundaries. These boundaries are defined
by the free sphereical space (RDNA in Figure 1) available to the pDNA molecule which
shrinks or expands depending upon high or low concentration, respectively. Various
estimates of RDNA are given in Supplementary Table S1 for different concentrations. Since
concentrations in the experiments in the current work vary from 40 µg/mL to 500 µg/mL,
BL, BR = RDNA is varied from 312 nm to 134 nm, respectively. However, values of RDNA
as small as 77 nm (corresponding to 2500 µg/mL) and as high as 433 nm (corresponding to
15 µg/mL) are also considered to analyse a larger spectrum of concentrations that could be
commonly found in GET experiments. It should be noted that boundaries of the domain
X ∈ [BL, BR] are defined using BL, BR = RDNA (Figure 1), the values for which are given in
Supplementary Table S1 for different concentrations. However, other definitions of BL, BR
can be used (see Figure S1), the values for which are given in Supplementary Table S2.
Finally, Equations (4) and (5) are solved for the probability density function P(X, t) in the
domain X ∈ [BL, BR].

3. Results

In this paper, different electric pulses were used to introduce pDNA into cells in vitro.
We compared GET efficiency and the time dynamics of transgene expression after GET
performed by using different pulses. The experiments were performed on cell suspensions
of 1306 fibroblasts and on C2C12 myoblasts with a range of pulse durations from 200
ns to 5 ms, monopolar and bipolar pulses. The results are presented as the percentage
of transfected cells (GET), quantity of produced transgene measured as median fluores-
cence intensity (MFI) and as the percentage of transfected cells considering cell survival
(overall GET).
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We first determined the optimal electric field amplitudes used in GET for each pulse
protocol based on permeabilization and survival curves. After determining optimal electric
field amplitude, the effect of pDNA concentration on GET, MFI, cell survival, and overall
GET was determined. We compared the overall GET and MFI of all pulse durations at the
highest pDNA concentration. Furthermore, with a subset of pulses, we explored the effect
of different pDNA sizes on GET, MFI, cell survival, and overall GET. We also monitored the
time dynamics of pDNA expression after GET with different pulse durations. Lastly, based
on the data obtained in the experiments of the pDNA concentration effect on GET, the
model of the probability of pDNA and cell membrane contact during GET was developed.
The model was compared to GET efficiency using different pulse durations, with the aim
to determine the importance of diffusive and electrophoretic movement of pDNA.

3.1. Determining Optimal Electric Field Amplitude for GET

In order to determine the optimal parameters for GET (intersections of permeabiliza-
tion and survival curves) for C2C12 myoblast and 1306 fibroblast cell lines, we varied the
nanosecond pulse parameters—pulse duration: 200 or 500 ns; pulse number: 25, 100, or
300 pulses; pulse repetition frequency: 5 or 10 Hz, and delivered electric field: 0–19 kV/cm.

In both cell lines, C2C12 myoblasts and 1306 fibroblasts, we achieved >90% cell
membrane permeabilization, with different pulse durations of 200 ns and 500 ns and
different tested pulse numbers, 25, 100, and 300 pulses (Supplementary Figures S2 and S3).
No significant difference in permeabilization, survival, and PI MFI curves was observed
when changing pulse repetition frequency (5 or 10 Hz) for 200 ns and 500 ns pulses for all
three pulse numbers tested in C2C12 myoblasts (data not shown). Based on this, we decided
to use only a 10 Hz pulse repetition frequency for experiments with 1306 fibroblasts.

Intersections of permeabilization and survival curves were observed at similar electric
fields for C2C12 myoblasts and 1306 fibroblasts, except for 25 × 200 ns pulses, where the
intersection of permeabilization and survival curves was observed at a lower electric field in
1306 cells—12–14 kV/cm compared to 15–18 kV/cm for C2C12 myoblasts (Supplementary
Figure S2). Since cell size can influence the permeabilization threshold, we measured the
diameters of cells in suspension, which were 16.8 ± 1.8 µm for C2C12 myoblasts and
14.3 ± 1.4 µm for 1306 fibroblasts.

A higher MFI of PI-positive cells was observed with 500 ns pulses compared to 200 ns
duration pulses; additionally, the MFI increased with the increasing number of pulses from
25 to 300 in both pulse durations tested. Comparing MFI between C2C12 myoblasts and
1306 fibroblasts, lower MFI was observed in 1306 fibroblasts with both 200 ns and 500 ns
pulses but only at high electric field amplitudes (Supplementary Figure S4).

The HF-BP pulse protocol consisted of bipolar pulses of 2 µs duration of positive and
negative phase, 2 µs pause between positive and negative pulse phase, and pause between
bipolar pulses. We applied 100 bursts, each containing 32 pulses. The burst repetition
rate was 1 Hz, and the applied electric field was 0–2.5 kV/cm. For microsecond pulses
we delivered: 8 × 100 µs, 1 Hz pulse repetition frequency, with the applied electric filed,
0–2 kV/cm and for millisecond pulses; 8 × 5 ms, 1 Hz pulse repetition frequency and
applied electric filed, 0–1.25 kV/cm.

Permeabilization and survival curves for HF-BP pulse protocol behave similarly
as permeabilization and survival curves of 8 × 100 µs pulse protocol for both cell lines.
Permeabilization was achieved at lower values of electric field for 8 × 5 ms compared
to 8 × 100 µs pulse protocol and survival deceased at lower values of electric field for
8 × 5 ms compared to 8 × 100 µs pulse protocol in both cell lines. MFI of permeabilized
cells was higher at lower values of electric field when longer millisecond pulses were
applied. Similarly, as for nanosecond pulses permeabilization, the MFI of permeabilized
cells with a high electric field with HF-BP, micro-, and millisecond pulses was lower in
1306 cells compared to C2C12 myoblasts (Supplementary Figures S5 and S6).

After the initial parameters were determined, based on the permeabilization and
survival curve, further optimization for every pulse protocol was performed. Performing
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GET, we tested three different electric field amplitudes in the range of slightly below to
slightly above the intersection of permeabilization and survival curve to determine the
electric field at which the overall GET was the best (data not shown). Pulse protocols with
chosen electric fields used to determine the effect of pDNA concentration and the time
dynamics of transgene expression are given Table 1.

Table 1. Pulse protocols used to determine the effect of pDNA concentration.

C2C12 (16.8 ± 1.8 µm) 1306 (14.3 ± 1.4 µm)

25 × 200 ns, 10 Hz, 15.8 kV/cm 25 × 200 ns, 10 Hz, 12.8 kV/cm

100 × 500 ns, 10 Hz, 4.1 kV/cm 25 × 500 ns, 10 Hz, 6.5 kV/cm

2-2-2-2, 32 p, 100 b, 1 Hz, 1.25 kV/cm 2-2-2-2, 32 p, 100 b, 1 Hz, 1 kV/cm

8 × 100 µs, 1 Hz, 1.25 kV/cm 8 × 100 µs, 1 Hz, 1.25 kV/cm

8 × 5 ms, 1 Hz, 0.4 kV/cm 8 × 5 ms, 1 Hz, 0.6 kV/cm

For each cell line, only one 200 ns and one 500 ns pulse protocol were used to determine
the effect of the pDNA concentration on GET. We chose pulse protocols with which the best
overall GET of 500 µg/mL of pEGFP-N1 was obtained (Table 1).

3.2. Effect of pDNA Concentration on GET, MFI, Cell Survival, and Overall GET

In determining the effect of pDNA concentration on GET, MFI, cell survival, and
overall GET, six different concentrations of pEGFP-N1 were tested, namely, 0, 40, 80, 100,
250, and 500 µg/mL.

The GET in C2C12 myotubes was significantly higher with HF-BP, 8 × 100 µs, and
8 × 5 ms pulses compared to nanosecond pulses for all pDNA concentrations tested
(Figure 3A). Interestingly, in 1306 fibroblasts, the GET was higher with HF-BP, 8 × 100 µs,
and 8 × 5 ms pulses compared to nanosecond pulses up to 250 µg/mL of pDNA. However,
at the highest pDNA concentration in 1306 fibroblast, there were no significant differences
in the GET between all pulse protocols (Figure 3C).

The effect of the pDNA concentration on GET depends on the cell line. However, the
efficiency of nanosecond pulses depends more on the pDNA concentration compared to
HF-BP, 8 × 100 µs, and 8 × 5 ms pulses in both cell lines.

The MFI of cells is indicative of how many pDNA copies were successfully transcribed
and translated into fluorescent protein. The MFI of GFP-positive cells was higher in
1306 fibroblasts at all pDNA concentrations when compared to C2C12 myoblasts for
all pulse protocols. The MFI of C2C12 myoblast was the highest with 8 × 5 ms pulse
protocol followed by 8 × 100 µs, HF-BP, and the lowest with nanosecond pulse protocols.
Interestingly, the MFI of C2C12 myoblasts slowly increased up to 250 µg/mL of pDNA
and then reached a plateau. For pulse protocols 8 × 5 ms and 8 × 100 µs, there was a small
increase in MFI from 250 µg/mL to 500 µg/mL pDNA concentration, but not statistically
significant (Figure 3B).

Similarly, MFI of 1306 fibroblasts was also different compared to C2C12 myoblasts.
At the highest pDNA concentration, the MFI of 1306 fibroblasts was the highest with
the 8 × 100 µs pulse protocol followed by the nanosecond, HF-BP, and 8 × 5 ms pulse
protocols. The MFI after the HF-BP and 8 × 5 ms pulse protocols increased gradually with
increasing pDNA concentration. With the 8 × 100 µs pulse protocol, a significant increase
was observed between 100 µg/mL and 250 µg/mL pDNA concentration. Interestingly, the
MFI of 1306 fibroblasts increased significantly from 250 µg/mL to of 500 µg/mL pDNA
concentration with both 200 ns and 500 ns pulse protocols (Figure 3D). The MFI of GFP-
positive cells is cell-line-dependent and increases with increasing pDNA concentration.
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1 Hz, 0.6 kV/cm. (D) MFI of 1306 fibroblasts, pulses: 25 × 200 ns: 25 × 200 ns, 10 Hz, 12.8 kV/cm;
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where cells were not exposed to electric pulses. Results are represented as an average of 3 repetitions.
Statistical differences are given in the text. Bars represent standard deviation.

High concentration of pDNA used for GET was reported to affect cell survival [16]. In
our study, however, with 8 × 5 ms pulses, we did not observe any decrease in cell survival
with increasing pDNA concentrations compared to cells that were exposed just to electric
pulses in both cell lines. In addition, in C2C12 myoblasts, pDNA concentration did not
have any effect on cell survival after GET with 500 ns and 200 ns pulse protocols. With
the 8 × 100 µs pulse protocol in C2C12, survival was significantly lower, with 500 µg/mL
of pDNA. Interestingly, with HF-BP pulses in C2C12 myoblasts, a significant decrease in
cell survival was observed already with the lowest pDNA concentration (40 µg/mL). In
1306 fibroblasts with the 500 ns and 200 ns pulse protocols, survival was significantly lower,
with 500 µg/mL of pDNA. With HF-BP pulses with concentrations higher than 100 µg/mL
and with the 8 × 100 µs pulse protocol, survival was significantly lower with 250 µg/mL
and 500 µg/mL of pDNA (Figure 4). Our results suggest that the decrease in survival after
GET with high pDNA concentrations is cell-line-dependent.
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When also considering cell survival, i.e., calculating overall GET, we obtained the
results presented in Figure 5. The overall GET increased with the increasing pDNA concen-
tration for all pulse protocols and both cell lines. In C2C12 myoblasts, the highest overall
GET was reached with 8 × 5 ms and 8 × 100 µs pulse protocols, followed by HF-BP, 500 ns,
and 200 ns protocols. With all five pulse protocols, the overall GET increased up to the
highest pDNA concentration used, i.e., 500 µg/mL. In C2C12 myoblasts, the overall GET
with 40, 80, and 100 µg/mL pDNA concentrations was, however, below 1% with both
200 ns and 500 ns pulses (Figure 5A).

In 1306 fibroblasts, the highest overall GET was observed with 8 × 100 µs pulse
protocol regardless of pDNA concentration used. Interestingly, with the highest pDNA
concentration, i.e., 500 µg/mL, using the 8 × 5 ms pulse protocol, we achieved the lowest
overall GET, even lower than the nanosecond and HF-BP pulse protocols. In addition, the
overall GET increase with the increasing pDNA concentration was different compared
to C2C12 myoblasts. In 1306 fibroblasts with the 8 × 100 µs, 8 × 5 ms, and HF-BP
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pulse protocols, a plateau in the overall GET was observed between 100 µg/mL and
500 µg/mL pDNA concentrations, where the overall GET did not increase significantly
with the increasing pDNA concentration. In contrast, with nanosecond pulse protocols,
a significant increase in overall GET was observed between 250 µg/mL and 500 µg/mL
pDNA concentration (Figure 5B).
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Figure 5. Overall GET with different concentrations of pEGFP-N1 pDNA. (A) C2C12 myoblasts,
pulses: 25 × 200 ns: 25 × 200 ns, 10 Hz, 15.8 kV/cm; 100 × 500 ns: 100 × 500 ns, 10 Hz, 4.1 kV/cm;
HF-BP: 2-2-2-2, 32p, 100b, 1 Hz, 1.25 kV/cm; 8 × 100 µs: 8 × 100 µs, 1 Hz, 1.25 kV/cm; and 8 × 5 ms:
8 × 5 ms, 1 Hz, 0.4 kV/cm; and (B) 1306 fibroblasts, pulses: 25 × 200 ns: 25 × 200 ns, 10 Hz,
12.8 kV/cm; 25 × 500 ns: 25 × 500 ns, 10 Hz, 6.5 kV/cm; HF-BP: 2-2-2-2, 32p, 100b, 1 Hz, 1 kV/cm;
8 × 100 µs: 8 × 100 µs, 1 Hz, 1.25 kV/cm; and 8 × 5 ms: 8 × 5 ms, 1 Hz, 0.6 kV/cm. 0 V represents
control where cells were not exposed to electric pulses. Results are represented as an average of
3 repetitions. Statistical differences are given in the text. Bars represent standard deviation.

The importance of pDNA concentration is most noticeable with nanosecond pulses,
where overall GET is less than a half in both cell lines already at pDNA concentration
250 µg/mL. With the lowest pDNA concentration, 40 µg/mL, overall GET in 1306 fibroblast
was 3% and 5% for 200 and 500 ns pulses, respectively. In C2C12 myoblasts, the overall
GET with 40, 80, and 100 µg/mL pDNA concentrations was below 1% with both 200 ns
and 500 ns pulses (Figure 5). Based on these results, a pDNA concentration of 500 µg/mL
was chosen to achieve robust overall GET.
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3.3. Effect of Different pDNA Size on GET

Since pDNA size is reported to have an effect on GET efficiency, we performed
experiments using two different size pDNA, comparing a 3.5 kb plasmid pmaxGFP and
a 4.7 kb plasmid pEGFP-N1, both encoding GFP under the control of a CMV promotor.
The concentrations of both plasmids in all experiments were 500 µg/mL, meaning that the
number of pDNA copies added was 1.34 × higher for the smaller pDNA. We performed
experiments with pmaxGFP for both cell lines for pulse protocols which gave the highest
GET with pEGFP-N1 plasmid (Table 1).

As we can observe in Figure 6A, in C2C12 myoblasts with smaller pDNA, signifi-
cantly higher overall GET was observed only for 8 × 100 µs pulse protocol. Overall GET
with 200 ns, 500 ns and HF-BP protocol was comparable. Interestingly, overall GET with
8 × 5 ms was lower with smaller pDNA compared to larger pDNA.
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Figure 6. GET, cell survival, and overall GET with 500 µg/mL of pmaxGFP and pEGFP-N1 pDNA
with different pulse protocols for (A) C2C12 myoblasts, 25 × 200 ns: 25 × 200 ns, 10 Hz, 15.8 kV/cm;
100 × 500 ns: 100 × 500 ns, 10 Hz, 4.1 kV/cm; HF-BP: 2-2-2-2, 32 pulses, 100 bursts, 1 Hz,
1.25 kV/cm; 8 × 100 µs: 8 × 100 µs, 1 Hz, 1.25 kV/cm; 8 × 5 ms: 8 × 5 ms, 1 Hz, 0.4 kV/cm;
and (B) 1306 fibroblasts, 25 × 200 ns: 25 × 200 ns 10 Hz, 12.8 kV/cm;, 25 × 500 ns: 25 × 500 ns,
10 Hz, 6.5 kV/cm; HF-BP: 2-2-2-2, 32 pulses, 100 bursts, 1 Hz, 1. kV/cm; 8 × 100 µs: 8 × 100 µs, 1 Hz,
1.25 kV/cm; 8 × 5 ms: 8 × 5 ms, 1 Hz, 0.6 kV/cm. 0 V represents cells not exposed to electric pulses.
Results are represented as an average of 3 repetitions. Bars represent standard deviation.

Similar results were obtained for 1306 fibroblasts (Figure 6B). Overall GET was signifi-
cantly higher with smaller pDNA only for 8 × 100 µs protocol when compared to larger
pDNA. With the 200 ns, 500 ns, HF-BP, and 8 × 5 ms protocols, comparable overall GET
was observed with both pDNA sizes.
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When comparing MFI of all pulse protocols between different pDNA sizes a marked
difference was observed between the two cell lines. In C2C12 myoblasts, the MFI of the
GFP-positive cells was significantly higher with smaller pDNA (pmaxGFP) after GET
with the 200 ns, 500 ns, and HF-BP protocols (Figure 7A), while 1306 fibroblasts exhibited
significantly higher MFI with smaller pDNA after 8 × 100 µs and 8 × 5 ms protocols
(Figure 7B).
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Figure 7. Median fluorescence (MFI) of GFP-positive cells with 500 µg/mL of pmaxGFP and pEGFP-
N1 pDNA with different pulse protocols for (A) C2C12 myoblasts, 25 × 200 ns: 25 × 200 ns, 10 Hz,
15.8 kV/cm; 100 × 500 ns: 100 × 500 ns, 10 Hz, 4.1 kV/cm; HF-BP: 2-2-2-2, 32 pulses, 100 bursts,
1 Hz, 1.25 kV/cm; 8 × 100 µs: 8 × 100 µs, 1 Hz, 1.25 kV/cm; 8 × 5 ms: 8 × 5 ms, 1 Hz, 0.4 kV/cm;
and (B) 1306 fibroblasts, 25 × 200 ns: 25 × 200 ns, 10 Hz, 12.8 kV/cm; 25 × 500 ns: 25 × 500 ns,
10 Hz, 6.5 kV/cm; HF-BP: 2-2-2-2, 32 pulses, 100 bursts, 1 Hz, 1. kV/cm; 8 × 100 µs: 8 × 100 µs, 1 Hz,
1.25 kV/cm; 8 × 5 ms: 8 × 5 ms, 1 Hz, 0.6 kV/cm. 0 V represents cells not exposed to electric pulses.
Results are represented as an average of 3 repetitions. Bars represent standard deviation. Asterisk
* represents statistically significant (p < 0.05) difference between pmaxGFP and pEGFP-N1 for the
same pulse protocol.
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3.4. Effect of Pulse Parameters on Overall GET and MFI

We compared overall GET of different pulse protocols after GET with 500 µg/mL of
pEGFP-N1 since this were the conditions which led to the highest overall GET.

As we can observe in Figure 8, we achieved around a 35% overall GET with the
8 × 5 ms pulse protocol in C2C12 myoblast. The overall GET with the 8 × 5 ms pulse
protocol was, however, significantly lower in 1306 fibroblast, 15%. The overall GET with
the 8× 100 µs pulses was comparable in both cell lines, at approximately 30%, as well as for
the HF-BP pulse protocol, at 20%. On the contrary, the overall GET with nanosecond pulses
was interestingly higher in 1306 fibroblasts compared to C2C12 myoblasts, with the overall
GET using the 25 × 500 ns and 300 × 200 ns pulse protocols being significantly higher.
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Figure 8. Overall GET with different pulse protocols for C2C12 myoblasts and 1306 fibroblasts
with 500 µg/mL of pEGFP-N1. C2C12: 25 × 200 ns: 25 × 200 ns, 10 Hz, 15.8 kV/cm; 100 × 200 ns:
100 × 200 ns, 10 Hz, 6.9 kV/cm; 300 × 200 ns: 300 × 200 ns, 10 Hz, 6.3 kV/cm; 25 × 500 ns:
25 × 500 ns, 10 Hz, 6.9 kV/cm; 100 × 500 ns: 100 × 500 ns, 10 Hz, 4.1 kV/cm; 300 × 500 ns:
300 × 500 ns, 10 Hz, 2.4 kV/cm; HF-BP: 2-2-2-2, 32 pulses, 100 bursts, 1 Hz, 1.25 kV/cm; 8 × 100 µs:
8 × 100 µs, 1 Hz, 1.25 kV/cm; 8 × 5 ms; 8 × 5 ms, 1 Hz, 0.4 kV/cm. 1306: 25 × 200 ns: 25 × 200 ns,
10 Hz, 12.8 kV/cm; 100 × 200 ns: 100 × 200 ns, 10 Hz, 6.9 kV/cm; 300 × 200 ns: 300 × 200 ns, 10 Hz,
4.2 kV/cm; 25 × 500 ns: 25 × 500 ns, 10 Hz, 6.5 kV/cm; 100 × 500 ns: 100 × 500 ns, 10 Hz, 3.5 kV/cm;
300 × 500 ns: 300 × 500 ns, 10 Hz, 2.7 kV/cm; HF-BP: 2-2-2-2, 32 pulses, 100 bursts, 1 Hz, 1 kV/cm;
8 × 100 µs: 8 × 100 µs, 1 Hz, 1.25 kV/cm; 8 × 5 ms; 8 × 5 ms, 1 Hz, 0.6 kV/cm. 0 V represents cells
not exposed to electric pulses. Results are represented as an average of 3 repetitions. Bars represent
standard deviation. Asterisk * represents statistically significant (p < 0.05) difference between cell
lines for the same pulse protocol.

With respect to pulse parameters, overall GET with the highest pDNA concentration
tested in C2C12 myoblasts was significantly higher with 8 × 5 ms compared to HF-BP
and nanosecond pulse protocols. In addition, overall GET with 8 × 100 µs protocol was
significantly higher compared to nanosecond pulse protocols. The overall GET in C2C12
myoblasts was significantly higher with HF-BP pulses compared to the 300 × 500 ns and
300 × 200 ns pulse protocols. However, due to the high variability, in 1306 fibroblasts, there
was no significant difference in the overall GET when comparing 8 × 5 ms, 8 × 100 µs,
HF-BP, and nanosecond pulse protocols.

With 8 × 100 µs pulses, the overall GET was comparable between both cell lines.
The overall GET was significantly lower in 1306 fibroblasts for the 8 × 5 ms protocol
and significantly higher for the 300 × 200 ns and 25 × 500 ns pulse protocols compared
to the overall GET in C2C12 myoblasts. In addition, overall GET with 8 × 100 µs and
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nanosecond pulses in 1306 fibroblasts, although not significantly, was higher as overall
GET with 8 × 5 ms pulses (Supplementary Tables S3 and S4).

The MFI of GFP-positive cells was significantly higher in 1306 fibroblast with all pulse
protocols, except for the 8 × 5 ms pulse protocol. The MFI of C2C12 myoblasts was up to
20,000 a.u. and was significantly different only between 8 × 5 ms and 300 × 500 ns pulse
protocols. MFI of 1306 fibroblast was up to 60,000 a.u. There was no significant difference
in MFI between different pulse protocols in 1306 fibroblasts (Figure 9).
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followed by HF-BP (31.9%), 8 × 5 ms (17.8%) and 25 × 200 ns (6.9%). Afterwards the GET 
started to decline and after 144 h (i.e., 6 days) decreased below 10% for all pulse protocols 
reaching 4.5%, 0.7%, 1.1%, and 0.02% for the 8 × 100 μs, HF-BP, 8 × 5 ms, and 25 × 200 ns 
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Figure 9. Median fluorescence intensity (MFI) of GFP-positive cells with different pulse protocols
for C2C12 myoblasts and 1306 fibroblasts with 500 µg/mL of pEGFP-N1. C2C12: 25 × 200 ns:
25 × 200 ns, 10 Hz, 15.8 kV/cm; 100 × 200 ns: 100 × 200 ns, 10 Hz, 6.9 kV/cm; 300 × 200 ns:
300 × 200 ns, 10 Hz, 6.3 kV/cm; 25 × 500 ns: 25 × 500 ns, 10 Hz, 6.9 kV/cm; 100 × 500 ns:
100 × 500 ns, 10 Hz, 4.1 kV/cm; 300 × 500 ns: 300 × 500 ns, 10 Hz, 2.4 kV/cm; HF-BP: 2-2-2-2,
32 pulses, 100 bursts, 1 Hz, 1.25 kV/cm; 8 × 100 µs: 8× 100 µs, 1 Hz, 1.25 kV/cm; 8× 5 ms; 8 × 5 ms,
1 Hz, 0.4 kV/cm. 1306: 25 × 200 ns: 25 × 200 ns, 10 Hz, 12.8 kV/cm; 100 × 200 ns: 100 × 200 ns,
10 Hz, 6.9 kV/cm; 300 × 200 ns: 300 × 200 ns, 10 Hz, 4.2 kV/cm; 25 × 500 ns: 25 × 500 ns, 10 Hz,
6.5 kV/cm; 100 × 500 ns: 100 × 500 ns, 10 Hz, 3.5 kV/cm; 300 × 500 ns: 300 × 500 ns, 10 Hz,
2.7 kV/cm; HF-BP: 2-2-2-2, 32 pulses, 100 bursts, 1 Hz, 1 kV/cm; 8 × 100 µs: 8 × 100 µs, 1 Hz,
1.25 kV/cm; 8 × 5 ms; 8 × 5 ms, 1 Hz, 0.6 kV/cm. 0 V represents cells not exposed to electric pulses.
Results are represented as an average of 3 repetitions. Bars represent standard deviation. Asterisk *
represents statistically significant (p < 0.05) difference between cell lines for the same pulse protocol.

3.5. Time Dynamics of pDNA Expression

The time dynamics of pDNA expression was also monitored for both cell lines for
those pulse protocols with which we obtained the best overall GET with 500 µg/mL of
pEGFP-N1 plasmid (Table 1). The percentage of GFP-positive cells and their MFI were
measured every 8 h for 6 days. Since we did not measure cell survival at each time point,
the results for time dynamics of pDNA expression are presented as GET (not overall GET).

Our results show that the dynamics of the onset of GFP expression (both percentage
of GFP-positive cells and their MFI) are comparable for all pulse protocols tested (i.e.,
from 200 ns up to 5 ms pulse durations) but varied greatly between the two cell lines
(Figures 10 and 11).
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100 μs, 1 Hz, 1.25 kV/cm; 8 × 5 ms: 8 × 5 ms, 1 Hz, 0.6 kV/cm, 0 V represents control where cells were 
not exposed to electric pulses. Results are represented as an average of 3 repetitions. Bars represent 
standard deviation. 

Contrary to C2C12 myoblasts, broad peaks in GET were observed in 1306 fibroblasts 
for all pulse protocols tested. The maximum percentage of GFP-positive cells was reached 
between 8 and 64 h for the 8 × 5 ms and 25 × 200 ns pulse protocols, between 24 and 104 h 
after GET with the 8 × 100 μs pulse protocol, and between 40 and 112 h after GET with the 
HF-BP pulse protocol. The best GET was achieved with the 8 × 100 μs pulse protocol (max 
at 48 h, 55.2%), followed by the HF-BP (max at 80 h, 50.8%), 25 × 200 ns (max at 40 h, 29.2%) 
and 8 × 5 ms protocols (max at 40 h, 24.3%). Interestingly, higher GET was achieved with 
25 × 200 ns compared to 8 × 5 ms protocol. After reaching a peak, the percentage of GFP-
positive cells started to decrease slowly, except for the HF-BP protocol, where it remained 
at the same level for the entire time of observation. On day 6 (i.e., 144 h) after GET, 31.1%, 

Figure 10. (A) GET and (B) median fluorescence intensity (MFI) of GFP-positive C2C12 myoblasts
with 500 µg/mL pEGFP-N1 pDNA with different pulse protocols on 1306 fibroblasts, 25 × 200 ns:
25 × 200 ns, 10 Hz, 12.8 kV/cm; HF-BP: 2-2-2-2, 32 pulses, 100 bursts, 1 Hz, 1.25 kV/cm; 8 × 100 µs:
8 × 100 µs, 1 Hz, 1.25 kV/cm; 8 × 5 ms: 8 × 5 ms, 1 Hz, 0.6 kV/cm, 0 V represents control where
cells were not exposed to electric pulses. Results are represented as an average of 3 repetitions. Bars
represent standard deviation.

In C2C12 myoblasts, the GET increased with all pulse protocols reaching a maximum
at 32 h after GET. The best GET was achieved with the 8 × 100 µs pulse protocol (46.2%),
followed by HF-BP (31.9%), 8 × 5 ms (17.8%) and 25 × 200 ns (6.9%). Afterwards the GET
started to decline and after 144 h (i.e., 6 days) decreased below 10% for all pulse protocols
reaching 4.5%, 0.7%, 1.1%, and 0.02% for the 8 × 100 µs, HF-BP, 8 × 5 ms, and 25 × 200 ns
pulse protocols, respectively (Figure 10A).
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Figure 11. (A) GET and (B) median fluorescence intensity (MFI) of GFP-positive 1306 fibroblasts
with 500 µg/mL pEGFP-N1 pDNA with different pulse protocols on 1306 fibroblasts, 25 × 200 ns:
25 × 200 ns, 10 Hz, 12.8 kV/cm; HF-BP: 2-2-2-2, 32 pulses, 100 bursts, 1 Hz, 1 kV/cm; 8 × 100 µs:
8 × 100 µs, 1 Hz, 1.25 kV/cm; 8 × 5 ms: 8 × 5 ms, 1 Hz, 0.6 kV/cm. 0 V represents control where
cells were not exposed to electric pulses. Results are represented as an average of 3 repetitions. Bars
represent standard deviation.

A similar dynamic was observed for MFI of GFP positive in C2C12 myoblasts. MFI
reached the peak at 24 h after GET with 8 × 100 µs and HF-BP protocols and then stated to
decline. Interestingly, MFI after the 8 × 5 ms and 25 × 200 ns protocols peaked already at 8
h after GET, after which it declined steadily (Figure 10B).

Contrary to C2C12 myoblasts, broad peaks in GET were observed in 1306 fibroblasts
for all pulse protocols tested. The maximum percentage of GFP-positive cells was reached
between 8 and 64 h for the 8 × 5 ms and 25 × 200 ns pulse protocols, between 24 and 104 h
after GET with the 8 × 100 µs pulse protocol, and between 40 and 112 h after GET with
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the HF-BP pulse protocol. The best GET was achieved with the 8 × 100 µs pulse protocol
(max at 48 h, 55.2%), followed by the HF-BP (max at 80 h, 50.8%), 25 × 200 ns (max at 40 h,
29.2%) and 8 × 5 ms protocols (max at 40 h, 24.3%). Interestingly, higher GET was achieved
with 25 × 200 ns compared to 8 × 5 ms protocol. After reaching a peak, the percentage
of GFP-positive cells started to decrease slowly, except for the HF-BP protocol, where it
remained at the same level for the entire time of observation. On day 6 (i.e., 144 h) after
GET, 31.1%, 47.0%, 11.3%, and 9.5% of cells were still GFP-positive for the 8 × 100 µs,
HF-BP, 25 × 200 ns, and 8 × 5 ms pulse protocols, respectively (Figure 11A).

In addition, in MFI, broad peaks were observed for all pulse protocols in 1306 fibrob-
lasts. The MFI reached a peak later than the maximum percentage of GFP-positive cells
between 24 and 104 h after GET with the 25 × 200 ns pulse protocol, between 40 and 104 h
after GET with the 8 × 100 µs and 8 × 5 ms pulse protocols, and between 32 and 72 h
after GET with the HF-BP pulse protocol. Comparable MFIs were observed between the
8 × 5 ms, 8× 100 µs, and HF-BP protocols, which were higher compared to the 25 × 200 ns
protocol (Figure 11B).

3.6. Modeling the Probability of pDNA and Cell Membrane Contact during GET
3.6.1. 200 ns and 500 ns Pulses

Equation (4) is first solved for a single pulse of 200 ns at an electric field inten-
sity of 15.8 kV/cm. These were the conditions used in the experiments for C2C12 cells
(Table 1). The results of the solution of Equation (4) are shown in Figure 12A below for
BL, BR = 134 nm, representing 500 µg/mL pDNA solution concentration. The solid lines
represent the evolution of P(X, t) during the pulse, and the dashed lines represent the
evolution of P(X, t) after the pulse. Equation (4) is solved for t = 100 ms since the ns pulses
are applied at a frequency of 10 Hz (implying 100 ms between pulses). During the pulse
(t = 0 ns to t = 200 ns), the initial narrow band normal/Gaussian distribution drifts towards
the right by electrophoresis and spreads only a little by diffusion. After the pulse, there is
no drift, and the distribution spreads purely by diffusion. The time between two successive
pulses is long enough for P(X, t) to become almost flat before the onset of the second pulse
(t = 100 ms).

To calculate the Probability of Successful Contact PSC(t), the flux P(X, t) is collected
at the cell membrane, i.e., at X = BR. PSC(t) is calculated as PSC(t) = 1−

∫ +BR
−BL

P(X, t)dX.
This represents the probability that a pDNA molecule will successfully establish contact
with, and be absorbed by, the cell membrane, which is pre-requisite for a successful
GET. As observed from Figure 12B, PSC(t) remains negligibly small during and after the
200 ns pulse, implying a negligible probability of pDNA establishing contact with the cell
membrane. Only from around t~1 ms does PSC(t) start to rise (due to diffusion), attaining
a non-negligible probability.

To determine the influence of concentration (i.e., of the distance between the pDNA
and the cell membrane (in Figure 1)), another simulation using BL, BR = 433 nm, represent-
ing 15 µg/mL pDNA solution concentration, is shown in Figure 12C,D. Due to the lower
concentration (or a larger distance between the pDNA and the cell membrane), the domain
has expanded (Figure 12C), and the pDNA molecule has to travel a larger distance before
it can reach the cell membrane. Due to insufficient electrophoresis, the pDNA molecule
relies on diffusion after the cessation of pulse to cover this large distance and reach the cell
membrane. For BL, BR = 433 nm, PSC(t) starts to rise at a much later time and attains a
lower PSC(t) at t = 100 ms (Figure 12D), compared to BL, BR = 134 nm (Figure 12B).
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Figure 12. The 200 ns pulse: Evolution of P(X, t) and the corresponding Probability of Successful
Contact PSC(t) = 1−

∫ +BR
−BL

P(X, t)dX for BL, BR = 134 nm in (A,B,E,F) and for BL, BR = 433 nm in
(C,D,G,H); (A–D) represent cases without free energy barrier and (E–H) represent cases with free
energy barrier. Solid lines in (A,C,E,G) correspond to times during the pulse, and dashed lines in
(A,C,E,G) correspond to times after the pulse. The dashed lines in (B,D,F,H) represent the time at
which the 200 ns pulse ends.

Evolution of P(X, t), as calculated using Equation (5), i.e., in the presence of a free
energy barrier between the pDNA and the cell membrane, is shown in Figure 12E for
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BL, BR = 134 nm (500 µg/mL) and in Figure 12G for BL, BR = 433 nm (15 µg/mL); the
corresponding PSC(t) values are shown in Figure 12F,H, respectively. The presence of
a high free energy barrier (barrier height of 50 kBT) signficantly reduces the probability
of pDNA reaching the cell membrane. For a 200 ns pulse, electrophoresis acts for an
insufficient amount of time to bring the pDNA molecule close to the cell membrane and
for it to influence the pDNA molecule in overcoming the free energy barrier. Due to the
nature of the free energy barrier considered in this study (50e2(X−BR) kBT), the free energy
is negligibly small at distance greater than ∼2 nm away from the cell membrane, and
it rises sharply as we approach the cell membrane. Therefore, for the electric field (and
electrophoresis) to overcome this barrier, the pDNA molecule must already be present very
close to the cell membrane, or the electric field should be applied for a longer duration
such that electrophoresis first drags the pDNA molecule close to the cell membrane and
then subsequently helps the pDNA molecule in overcoming this barrier. Thus, the pDNA
molecule which relies on diffusion to reach the cell membrane is also repulsed by the free
energy barrier, resulting in lower PSC(t) compared to the case when no free energy barrier
was present (comparing Figure 12B,D vs. Figure 12F,H). Since the probability of pDNA
being absorbed by the cell membrane is low in the presence of a free energy barrier, the
probability of finding the pDNA molecule in the domain X ∈ [−BL, BR] at t=100 ms is
higher (comparing Figure 12A,C vs. Figure 12E,G at t=100 ms). For 200 ns pulses, the time
between pulses (t = 100 ms) is large enough for P(X, t) to become almost flat (by diffusion)
before the onset of the second pulse. This is the case for both – without the free energy
barrier (Figure 12A,C) and the with free energy barrier (Figure 12E,G). This implies that
it is almost equally probable to find the pDNA molecule at any X for X ∈ [−BL, BR].
Thus, for both cases, a uniform distribution of P(X, t) in X ∈ [−BL, BR] can be considered
as an initial condition for the second pulse. For a uniform distribution, there is a higher
probabilty of pDNA being close to the cell membrane compared to the narrow-band
Gaussian distribution with a standard deviation of 10 nm centered around X = 0, the tail
of which is neglibly small at X = −BL,+BR. Therefore, we expect that electrophoresis
provided by the second pulse would contribute more to the rise in PSC(t) during the second
pulse compared to the first pulse for which the rise in PSC(t) was negligible during the
pulse (Figure 12B,D,F,H). However, since the pulse duration is small, we further expect that
the rise in PSC(t) will still not be significant to completely ensure the absorption of pDNA
at the cell membrane. PSC(t) will still have to rely on the diffusion post-second pulse. We
expect this process to continue in the subsequent pulses until diffusion increases PSC(t)
to a value of 1. The role of any additional pulses after PSC(t) reaches 1 is not accounted
for by the model since the pDNA is absorbed by the cell membrane and P(X, t) = 0 in
X ∈ [−BL, BR]. In such cases, additional pulses can be thought to add more pDNA
molecules to the cell membrane.

To illustrate the point that ns pulses can be analysed in isolation, we can look at
the Peclet number defined as the ratio of distance covered during electrophoresis to the
distance covered during diffusion post pulse (Pe = µEtp√

2Dtbp
, where tp is the pulse duration

and tbp is the duration between pulses). For the 200 ns pulse, E = 15.8 kV/cm, tp = 200 ns,
and tbp = 100 ms, which gives a Pe = 0.03 (< 1), indicating that P(X, t) would spread
more by diffusion and reach the cell membrane while becoming flat than it would be
drifted towards the cell membrane by electrophoresis over a single phase (during pulse and
post-pulse). As a result, the role of electric field pulses can be studied in isolation without
the confounding/compounding effects of multiple pulses.

Furthermore, for pedagogical purposes, and to study the effect of concentration on
pDNA being absorbed by the cell membrane (a pre-requisite for GET) in isolation as a
function different pulse durations and electric field intensities, we have decided to simulate
only one pulse. Such an analysis effectivly allows us to infer and isolate the roles of
electropohoresis and diffusion for different kinds of pulses/pulse durations used for GET
as a function of concentration and will allow us to draw more general conclusions.
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PSC(t) is evaluated for the 200 ns pulse and 500 ns pulse at the corresponding electric
field intensities (Table 1 for C2C12 cells) using (BL, BR) ranging from 77 nm to 433 nm
(corresponding to concentrations ranging from 2500 µg/mL to 15 µg/mL, respectively)
and is shown in Figure 13A–D. For all ranges of (BL, BR) tested, PSC(t) rises post pulse
termination (for both 200 ns and 500 ns pulses) through the diffusive process. As seen from
Figure 13A,C (without the free energy barrier), PSC(t) starts to rise from t ∼ 0.2 ms for
the lowest (BL, BR) = 77 nm. The time at which PSC(t) begins to rise depends on (BL, BR),
and PSC(t) starts to rise earlier for lower (BL, BR), since the pDNA molecule is initially
located close to the cell membrane and thus has a higher probability of reaching the cell
membrane (through diffusion) first. Similar profiles (rise times) of PSC(t) can be seen for
200 ns and 500 ns pulses as PSC(t) rises predominantly by diffusion with little contribution
from electrophoresis. For the case with free energy barrier (Figure 13B,D), the rise in PSC(t)
is delayed. PSC(t) starts to rise from t ∼ 10 ms for the lowest ((BL, BR) = 77 nm) and
attains a lower final PSC(t) at t = 100 ms compared to the case without a free energy barrier.
Similar profiles of PSC(t) were obtained for both the 200 ns and 500 ns pulse in the presence
of the free energy barrier as well, further indicating the dominating effect of the diffusive
process with little contribution from electrophoresis.
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Figure 13. Evolution of PSC(t) for different (BL, BR) ranging from 77 nm to 433 nm, corresponding
to concentrations ranging from 2500 µg/mL to 15 µg/mL, respectively. (A,B) The 200 ns pulse at
15.8 kV/cm: (A) without free energy barrier, (B) with free energy barrier. (C,D) The 500 ns pulse at
4.1 kV/cm: (C) without free energy barrier, (D) with free energy barrier. Dashed lines represent the
time at which nanosecond pulse ends. Insets in (B,D) show zoomed-in plots for rise in PSC(t) from
1 ms.



Appl. Sci. 2022, 12, 8237 26 of 50

For the 200 ns and 500 ns pulses, and for both – without and with free energy barrier,
the final PSC(t), i.e., PSC(t = 100 ms) depends upon (BL, BR); thus, we can expect GET to
depend on concentrations ranging from 2500 µg/mL to 15 µg/mL.

3.6.2. HF-BP Pulses

Equation (4) is solved using BL, BR= 134 nm (representing 500 µg/mL pDNA solution
concentration) for 32 bipolar pulses (constituting 1 burst out of a 100 bursts) as described by
the protocol given in Table 1 for C2C12 cells. Figure 14A–C show the evolution of P(X, t)
during the 32 pulses, whereas Figure 14D shows shows the evolution of P(X, t) after
termination of 32 pulses, i.e., 1 burst. The domain length considered was BL, BR = 134 nm,
corresponding to 500 µg/mL.

Figure 14A shows the evolution of P(X, t) during the first bipolar pulse. During the
first 2 µs of the pulse, when the electric field is applied in the negative X direction, P(X, t)
moves to the right due to electrophoresis and only spreads slightly due to diffusion. During
the next 2 µs, when the electric field is absent, the peak of P(X, t) remains at the same
X location, and P(X, t) spreads slightly by diffusion. During the next 2 µs, the electric
field is applied in the positive X direction and the peak of P(X, t) moves to the left due
to electrophoresis and spreads slightly by diffusion. During the last 2 µs of the pulse,
the electric field is absent again, and the peak of P(X, t) remains at the same location,
spreading slightly by diffusion. The same pattern is repeated for 32 such bipolar pulses.
Figure 14B shows the evolution of P(X, t) during pulse number 15 and Figure 14C shows
the evolution of P(X, t) during pulse number 32. It can be seen from Figure 14B,C that the
peak P(X, t) remains close to X = 0 nm during the 32 pulses, as there is a net zero drift
in P(X, t) due to the bipolar nature of the pulses. P(X, t), however, spreads by diffusion
during the 32 pulses. Finally, after the cessation of 32 bipolar pulses (i.e., after 1 burst), or
after t = 256 µs, P(X, t) only spreads by diffusion and becomes almost flat until the onset
of the next burst (at t = 1 s).

The Probability of Successful Contact, PSC(t), is calculated as PSC(t) = 1−
∫ +BR
−BL

P(X, t)dX
and is shown in Figure 14E. PSC(t) remains negligibly small during the burst of 32 bipolar pulses,
i.e., until t = 256 µs, as indicated by the dotted vertical line. Only from around t ~ 1 ms
does PSC(t) start to rise (due to diffusion), attaining a non-negligible probability. PSC(t)
reaches a final probability of 1 before the onset of the next burst of bipolar pulses (at t = 1 s).

To see the influence of the free energy barrier, Equation (5) is solved using BL, BR= 134 nm
(representing 500 µg/mL pDNA solution concentration) for 32 bipolar pulses, and the the
evolution of P(X, t) is shown in Figure 14F–H during the 32 pulses and in Figure 14I after
the termination of the 32 pulses. Similar to the case with no free energy barrier, the domain
length considered was BL, BR = 134 nm, corresponding to 500 µg/mL. The evolution of
P(X, t) during 32 pulses for the case with the free energy barrier (Figure 14F–H) was
similar to the the evolution of P(X, t) during the 32 pulses without the free energy barrier
(Figure 14A–C). This could be due to the fact that P(X, t) is not able to spread enough by
diffusion during the burst (and net electrophoresis is also negligible due to the bipolar
nature of the pulses) to have a signficant portion other than the thin tail of P(X, t) close
to the cell membrane where the free energy barrier is present. Therefore, the evolution of
P(X, t) with the free energy barrier would be simlar to the case without the free energy
barrier for the large enough domain considered here (BL, BR = 134 nm, corresponding to
500 µg/mL). For smaller domain lengths (or concentrations > 500 µg/mL), this might not
be the case.
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Figure 14A shows the evolution of 𝑃(𝑋, 𝑡) during the first bipolar pulse. During the 
first 2 μs of the pulse, when the electric field is applied in the negative 𝑋 direction, 𝑃(𝑋, 𝑡) 

Figure 14. HF-BP pulses: Evolution of P(X, t) and the corresponding Probability of Successful
Contact PSC(t) = 1−

∫ +BR
−BL

P(X, t)dX for BL, BR = 134 nm (corresponding to 500 µg/mL) during
a sequence of 32 bipolar pulses (1 burst) at an electric field intensity of 1.25 kV/cm (Table 1 for
C2C12 cells). (A–E) represent cases without free energy barrier and (F–J) represent cases with free
energy barrier. The dashed lines in (E,J) represent the time at which the sequence of 32 pulses (i.e.,
1 burst) ends.
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The difference between the cases without and with the free energy barrier can be seen
in the evolution of P(X, t) after the burst (comparing Figure 14D with Figure 14I). Similar
to ns pulses, it is less probable for the pDNA molecule to come in contact with the cell
membrane by diffusion only in the presence of the free energy barrier. As a result, there
is higher probability for the pDNA molecule to stay within the domain X ∈ [−BL, BR].
Correspondingly, PSC(t) begins to rise at a much later time in the presence of the free
energy barrier (Figure 14J) compared to the case without the free energy barrier (Figure 14E).
PSC(t) also reaches a lower final value of only silightly greater than 0.3 at the end of
the burst.

PSC(t) is evaluated using (BL, BR) ranging from 77 nm to 433 nm, corresponding
to concentrations ranging from 2500 µg/mL to 15 µg/mL, respectively, and is shown in
Figure 15A for the case without the free energy barrier and in Figure 15B for the case with
the free energy barrier. For all ranges of (BL, BR) tested, PSC(t) rises post-burst termination
(32 bipolar pulses) through the diffusive process. As seen from Figure 15A, and similar to
nanosecond pulses, PSC(t) starts to rise from t ∼ 0.2 ms for the lowest (BL, BR) = 77 nm.
Furthermore, the time at which PSC(t) begins to rise depends on (BL, BR), and PSC(t)
starts to rise earlier for lower (BL, BR). A similar trend was observed for the case with the
free energy barrier; however, the rise in PSC(t) was delayed (to t ∼ 10 ms for the lowest
(BL, BR) = 77 nm) and PSC(t) attains a lower final value (at = 1 s) compared to the case
without the free energy barrier.
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Figure 15. Evolution of PSC(t) for different (BL, BR) ranging from 77 nm to 433 nm, corresponding
to concentrations ranging from 2500 µg/mL to 15 µg/mL, respectively, for a sequence of 32 bipolar
pulses (1 burst) at an electric field intensity of 1.25 kV/cm (Table 1 for C2C12 cells): (A) without
free energy barrier and (B) with free energy barrier. Dashed lines represent the time at which the
sequence of 32 pulses (i.e., 1 burst) ends.

The evolution of PSC(t) is similar for nanosecond and HF-BP pulses. Figure 16 shows
PSC(t) using BL, BR = 134 nm (500 µg/mL) for a 200 ns pulse, a 500 ns pulse, and a
bipolar burst. Irrespective of the pulse duration (200 ns, 500 ns, or a burst of 2 µs bipolar
pulses), PSC(t) starts to rise post-pulse/burst termination from around t ∼ 1 ms (for the
case without the free energy barrier Figure 16A) and t ∼ 20 ms (for the case with the free
energy barrier Figure 16B) and rises at the same rate. This indicates that the electrophoresis
provided by these nanosecond and HF-BP pulses is insufficient to establish a pDNA contact
with the cell membrane, and PSC(t) rises due to diffusion. The solid vertical line in
Figure 16A,B represents the onset of the next 200 ns or 500 ns pulse (pulse repition rate for
ns pulses is 10 Hz).
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Figure 16. Evolution of PSC(t) for a single 200 ns pulse, a single 500 ns pulse and a single burst
(32 bipolar pulses) for (BL, BR) = 134 nm, corresponding to 500 µg/mL: (A) without free energy
barrier and (B) with free energy barrier. Dashed lines represent the time at which the ns pulses end
or the sequence of 32 pulses (i.e., 1 burst) ends. The solid vertical line represents the onset of the next
200 ns or 500 ns pulse (pulse repetition rate for ns pulses is 10 Hz). The next burst of HF-BP pulses
starts at 1 s (burst repetition frequency is 1 Hz).

It is worthwhile to note that for ns pulses, a single pulse was considered, whereas for
HF-BP pulses, 32 bipolar pulses (or 1 burst) were considered. As mentioned previously, the
Peclet number (Pe = µEtp√

2Dtbp
) during a single phase (pulse + post pulse) of the 200 ns pulse

was Pe = 0.03 (< 1), indicating that diffusion dominated the process during the phase and
that the initial narrow-band Gaussian distribution drifts very little due to electrophoresis
and becomes nearly flat by spreading due to diffusion by the end of the phase. As a result,
ns pulses can be studied in isolation. However, for a sequence of 32 bipolar pulses, pulse
duration tp = 2 µs and time between pulses tbp = 2 µs is not large. For an electric field
intensity of 1.25 kV/cm, the Peclet number for HF-BP pulses is Pe = 4.69 (> 1), indicating
the electrophoresis during the pulse dominates the diffusion in between pulses, and there
is very little time for diffusion to spread the distribution. As a result, there could be a
compounding effect of subsequent pulses due to which the entire sequence of 32 pulses
was considered. However, if we consider pulse duration tp = 2 µs and the time between
bursts tbp = 1 s, the Peclet number for a single burst is Pe = 0.01 (< 1), indicating that
diffusion dominates over electrophoresis and spreads the distribution, making it almost
flat by the end of the burst. As a result, the individual bursts can be studied in isolation.
The assumption of tp = 2 µs as opposed to tp = 32 × 2 µs is valid, as there is net zero
electrophoresis/drift during the 32 pulses.

For HF-BP pulses, the time between bursts (t = 1 s) is large enough for P(X, t) to
become almost flat (by diffusion) before the onset of the second burst. For the case without
the free energy barrier, PSC(t) for (BL, BR) ranging from 77 nm to 433 nm reaches 1 before
the onset of the second burst (Figure 15A). This should imply that without the free energy
barrier, GET should be independent of concentration. This is unlike the 200 ns pulse and
500 ns pulse protocols, where, although the time between pulses was large (t = 100 ms),
it was not large enough to esnure PSC(t) reaches 1 for (BL, BR) ranging from 77 nm to
433 nm (Figure 13A,C), thus implying GET dependance on concentration even without
the free energy barrier for 200 and 500 ns pulses. Furthermore, since PSC(t) reaches 1
before the onset of the second burst, the model does not account for the second burst since
P(X, t) ∼ 0 in X ∈ [−BL, BR]. In this case, additional bursts can be thought to add more
pDNA molecules to the cell membrane.

For the case with free energy barrier, PSC(t) does not reach a value of 1, and the final
value depends on (BL, BR) ranging from 77 nm to 433 nm (Figure 15B). This implies that
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GET should depend on concentration when the free energy barrier is present. However,
since the time between bursts is large (t = 1 s), P(X, t) becomes almost flat (but non-zero)
before the onset of the second burst (Figure 14I at t = 1 s). Therefore, as with 200 ns pulses, a
uniform distribution of P(X, t) in X ∈ [−BL, BR] can be considered as an initial condition
for the second burst. For a uniform distribution, there is a higher probabilty of pDNA
being close to the cell membrane compared to the narrow-band Gaussian distribution with
a standard deviation of 10 nm centered around X = 0, the tail of which is neglibly small at
X = −BL,+BR. Therefore, we expect that electrophoresis provided by the second burst
pulses would contribute more to the rise of PSC(t) during burst compared to the first burst
for which the rise in PSC(t) was negligible during burst. However, due to the bipolar
nature of the pulses and due to the free energy barrier, we further expect that the rise in
PSC(t) will not be significant during the sequence of 32 bipolar pulses of the second burst.
PSC(t) will still have to rely on diffusion post-second pulse. We expect this process to
continue in the subsequent bursts till diffusion rises PSC(t) to a value of 1. The role of
any additional bursts after PSC(t) reaches 1 is not accounted for by the model since the
pDNA is absorbed by the cell membrane and P(X, t) = 0 in X ∈ [−BL, BR]. In such cases,
additional pulses can be thought to add more pDNA molecules to the cell membrane.

3.6.3. 100 µs Pulses

Equations (4) and (5) were solved using BL, BR = 134 nm (representing 500 µg/mL
pDNA solution concentration) for a 100 µs (monopolar) pulse at an electric field intensity
of 1.25 kV/cm, corresponding to experimental conditions for C2C12 cells (Table 1). The
evolution of P(X, t) is shown in Figure 17A for the case without the free energy barrier and
in Figure 17C for the case with free energy barrier. For the case without the free energy
barrier, electophoresis shifts the peak of P(X, t) towards the cell membrane and acts for a
sufficient amount of time to ensure that the pDNA molecule reaches the cell membrane
during the pulse. This is further evident from the evolution of PSC(t) in Figure 17B, where
PSC(t) remains negligibly small until around t ∼ 20 µs and then suddenly increases to a
final value of 1 well before the pulse terminates at t = 100 µs. This is further evident from
P(X, t) = 0 in X ∈ [BL, BR] for times t > 20 µs in Figure 17A, indicating that the pDNA
has been absorbed by the cell membrane by this time.

For the case with the free energy barrier, similar to the case without the free energy
barrier, electrophoresis drives the peak of P(X, t) towards the cell membrane during the
pulse (Figure 17C). When nearing the cell membrane, and while electrophoresis is still
present, electrophoresis is driving the pDNA molecule to establish a contact with the cell
membrane, and at the same time, it is facing the free energy barrier preventing the pDNA
molecule from being absorbed at the cell membrane. As a result of this, there is a high
probability of finding the pDNA molecule close to the cell membrane (see the peak at t ∼
50 µs in Figure 17C, also notice the change in scale of the Y-axis between Figure 17A,C)
Eventually, with electophoresis acting on the pDNA molecule, the probability of pDNA
overcoming the free energy barrier and establishing a contact with the cell membrane
increases. Simultaneously, the probability of the pDNA molecule being located close to the
cell membrane decreases, as is evident in the decrease in the peak of P(X, t) from t ∼ 50 µs
to t ∼100 µs (Figure 17C).

Similar inferences can be made from the evolution of PSC(t) in Figure 17D. Similar to
the case without the free energy barrier (Figure 17B), PSC(t) begins to rise at t ∼ 20 µs in
Figure 17D; however, the rise is not as steep as was with the case without the free energy
barrier. The free energy barrier slows down the rise in PSC(t). Furthermore, it also prevents
PSC(t) from attaining a vlaue of 1 during the pulse. Once the pulse is terminated, PSC(t)
begins to rise by diffusion. However, the rise is negligibly small since the free energy barrier
is too strong/high to be overcome by diffusion.
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Figure 17. The 100 µs pulses: Evolution of P(X, t) and the corresponding Probability of Successful
Contact PSC(t) = 1−

∫ +BR
−BL

P(X, t)dX for BL, BR = 134 nm (500 µg/mL) for a 100 µs pulse at an
electric field intensity of 1.25 kV/cm (Table 1 for C2C12 cells). (A,B) represent cases without free
energy barrier and (C,D) represent cases with free energy barrier. The dashed lines in (B,D) represent
the time at which the 100 µs pulse ends. For (A), P(X, t) = 0 in X ∈ [BL, BR] for legends in
t ≥ 50 µs, as a result of which P(X, t) is not visible in (A) for these values of t. For (C), P(X, t) ∼ 0 in
X ∈ [BL, BR] for legends in t ≥ 1 ms, as a result of which P(X, t) is not visible in (C) for these values
of t .

PSC(t) is evaluated for (BL, BR) ranging from 77 nm to 433 nm, corresponding to
concentrations ranging from 2500 µg/mL to 15 µg/mL, respectively, and is shown in
Figure 18A for the case without the free energy barrier. For most ranges of (BL, BR) tested,
PSC(t) rises steeply through electrophoresis and attains a final value of 1 before the 100 µs
pulse. For (BL, BR) = 433 nm (corresponding to the lowest concentration of 15 µg/mL),
PSC(t) just falls short of reaching a value of 1 before the 100 µs pulse’s termination;
however, PSC(t) reaches a value of 1 post-pulse termination. The time at which PSC(t)
begins to rise depends on (BL, BR), and PSC(t) starts to rise earlier for lower (BL, BR),
i.e., for higher concentrations. For the 100 µs pulse, the rise in PSC(t) happens before
the termination of the pulse, unlike nanosecond and HF-BP pulses, where PSC(t) rises
post-pulse/burst termination through the diffusive process.
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Figure 18. Evolution of PSC(t) for different (BL, BR) ranging from 77 nm to 433 nm, corresponding to
concentrations ranging from 2500 µg/mL to 15 µg/mL, for a 100 µs pulse at an electric field intensity
of 1.25 kV/cm (Table 1 for C2C12 cells): (A) without free energy barrier and (B) with free energy
barrier. Dashed lines represent the time at which the 100 µs pulse ends.

For the case with the free energy barrier (Figure 18B), PSC(t) begins to rise before
t = 100 µs and continues to rise until t = 100 µs (due to electrophoresis) for all (BL, BR)
ranging from 77 nm to 433 nm, corresponding to concentrations ranging from 2500 µg/mL
to 15 µg/mL, respectively. The rise is not as steep as it is for the case without the free energy
barrier. Moreover, PSC(t) does not attain a value of 1 at t = 100 µs, and the value of PSC(t)
at t = 100 µs depends on (BL, BR). After t = 100 µs (pulse termination), PSC(t) increases
slowly through the diffusive process. However, the post-pulse diffusive rise is small since
diffusion is not strong enough to efficiently overcome the high free energy barrier.

These results indicate that even though the electrophoresis provided by the 100 µs
pulse aids in overcoming the free energy barrier (as indicated by the higher PSC(t) ob-
served compared to the nanosecond and HF-BP pulses), they are not entirely sufficient
to completely ensure that the pDNA molecule comes in contact with the cell membrane
during pulse.

It is interesting to note that the final PSC(t) before the onset of the second pulse,
i.e., PSC(t = 1 s) does not depend upon (BL, BR)/concentration for no free energy barrier
(Figure 18A), whereas it depends on the (BL, BR)/concentration with the free energy barrier
(Figure 18B). Therefore, similar to HF-BP pulses, depending on the presence of a free energy
barrier and its strength/height, the results for the 100 µs pulse at an electric field strength
of 1.25 kV/cm may depend on the concentration.

Furthermore, the Peclet number during a single phase (pulse + post-pulse) is
Pe = µEtp√

2Dtbp
= 0.33, considering tp = 100µs, time between pulses tbp = 1 s, and E = 1.25 kV/cm.

Such a value of Peclet number, although < 1, does not convince us entirely of either elec-
trophoresis or of diffusion dominating the process during the single phase (pulse + post-
pulse). Therefore, there could be a confounding role of subsequent pulses, and individual
pulses cannot be inferred in isolation. For the case with the free energy barrier, we expect
the additional pulses to increase the probability of pDNA reaching the cell membrane and
contribute to the further rise in PSC(t). For the case without the free energy barrier, PSC(t)
already reaches 1 before 100 µs pulse termination, and P(X, t) = 0 in X ∈ [−BL, BR]
before the onset of the second pulse. As mentioned previously, the model does not account
for the second (or additional) pulse. Therefore, additional pulses can be thought to add
additional pDNA molecules to the cell membrane.

3.6.4. 5 ms Pulses

Equations (4) and (5) were solved using BL, BR = 134 nm (representing 500 µg/mL
pDNA solution concentration) for a 5 ms pulse at an electric field intensity of 0.6 KV/cm
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corresponding to experimental conditions for C2C12 cells (Table 1), and the results are
shown in Figure 19A,B for the case without the free energy barrier and in Figure 19C,D for
the case with the free energy barrier. For the case in which no free energy barrier is present,
the evolution of P(X, t) is shown in Figure 19A. Similar to a 100 µs pulse without a free
energy barrier, electrophoresis with a 5 ms pulse drives the peak of P(X, t) towards the cell
membrane. The 5 ms pulse is long enough to ensure that the pDNA molecule is able to
reach the cell membrane. This is also evident from the evolution of PSC(t) in Figure 19B.
PSC(t) remains negligibly small until t ∼ 40 µs and then suddenly rises to attain a final
value of 1 well before the 5 ms pulse ends. For a 100 µs pulse without free energy barrier
Figure 17B, PSC(t) remains negligibly small until t ∼ 20 µs, then rising suddenly to reach
a final of 1. The difference in the time when PSC(t) begins to rise can be explained by the
difference in the electric field intensities used. For the 100 µs pulse, the electric field was
1.25 kV/cm, whereas for the 5 ms pulse, the electric field was 0.6 kV/cm. As a result, it
takes approximately twice the amount of time for PSC(t) to become non-negligible and
then rise suddenly (steeply) for the 5 ms pulse conditions. P(X, t) = 0 in X ∈ [BL, BR]
for times t > 50 µs in Figure 19A, indicating that the pDNA has been absorbed by the cell
membrane by this time.
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Figure 19. The 5 ms pulses: Evolution of P(X, t) and the corresponding Probability of Successful
Contact PSC(t) = 1−
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P(X, t)dX for BL, BR = 134 nm (500 µg/mL) for a 5 ms pulse at an electric
field intensity of 0.6 kV/cm (Table 1 for C2C12 cells). (A,B) represent cases without free energy barrier
and (C,D) represent cases with free energy barrier. The dashed lines in (B,D) represent the time at
which the 5 ms pulse ends. For (A), P(X, t) = 0 in X ∈ [BL, BR] for legends in t ≥ 0.495 ms, as a
result of which P(X, t) is not visible in (A) for these values of t. For (C), P(X, t) = 0 in X ∈ [BL, BR]

for legends in t ≥ 2.5 ms, as a result of which P(X, t) is not visible in (C) for these values of t.

When a free energy barrier is present between the pDNA molecule and the cell
membrane, similar to the 100 µs pulse, electrophoresis from the 5 ms pulses drives the
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peak towards the cell membrane (Figure 19C). However, in the presence of the free energy
barrier, when the P(X, t) distribution reaches the cell membrane, electrophoresis is driving
the probability for the pDNA to be absorbed at the cell membrane and, at the same time, the
free energy barrier is preventing pDNA from being absorbed. This competition between
electrophoresis and the free energy barrier leads to another peak of P(X, t) being formed
close to the cell membrane, which rises with time (Figure 19C at t ∼ 0.045 ms and
t ∼ 0.05 ms, also note the difference in the scale of the Y-axis between Figure 19A,C).
Eventually, the distribution of P(X, t) becomes concentrated to a single peak with a narrow
distribution (Figure 19C at t ∼ 0.495 ms and inset). As electrophoresis continues to act,
the probability of pDNA overcoming the free energy barrier and of pDNA being absorbed
by the cell membrane increases, reducing the peak of narrow band P(X, t) (Figure 19C at
t ∼ 0.495 ms and t ∼ 0.5 ms and inset). Eventually, electrophoresis acts long enough to
ensure that the pDNA molecule is absorbed by the cell membrane.

Similar inferences can be made from the evolution of PSC(t) for the case with the free
energy barrier (Figure 19D). PSC(t) remains negligibly small until t ∼ 40 µs and then
begins to rise. Compared to the case without the free energy barrier (Figure 19B), the rise in
PSC(t) is slower, owing to the competing effect of electrophoresis and free energy barrier.
Eventually, electrophoresis is able to overcome the free energy barrier, and PSC(t) reaches
a final value of 1 before the end of the pulse.

PSC(t) is also evaluated for (BL, BR) ranging from 77 nm to 433 nm (representing
2500 µg/mL to 15 µg/mL pDNA solution concentration, respectively) and is shown in
Figure 20A for the case without the free energy barrier. For all ranges of (BL, BR) tested,
PSC(t) rises steeply and attains a final value of 1 before pulse termination through elec-
trophoresis. The time at which PSC(t) begins to rise depends on (BL, BR), and PSC(t)
starts to rise earlier for lower (BL, BR) (i.e., higher concentrations). These observations are
similar to the case without the free energy barrier for a 100 µs pulse (Figure 18A) and unlike
for nanosecond pulses and HF-BP pulses, where PSC(t) rises post-pulse/burst termination
through the diffusive process (Figure 13A,C, Figures 15A and 16A).
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Figure 20. Evolution of PSC(t) for different (BL, BR) ranging from 77 nm to 433 nm (corresponding
to concentrations ranging from 2500 µg/mL to 15 µg/mL) for a 5 ms pulse at an electric field intensity
of 0.6 kV/cm (Table 1 for C2C12 cells): (A) without free energy barrier and (B) with free energy
barrier. Dashed lines represent the time at which the 5 ms pulse ends.

For the case with the free energy barrier, PSC(t) begins to rise before pulse termination
at t = 5 ms for (BL, BR) raning from 77 nm to 433 nm (representing 2500 µg/mL to 15 µg/mL
pDNA solution concentration, respectively) (Figure 20B). The time at which PSC(t) begins
to rise depends on (BL, BR), and the rate of the rise in PSC(t) is slower compared the case
without the free energy barrier. For a 5 ms pulse at an electric field intensity of 0.6 kV/cm,
the electrophoresis acts for a sufficient amount of time to ensure that PSC(t) reaches a final
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value of 1 before pulse termination for all (BL, BR) tested. This is unlike the case for a 100 µs
pulse with the free energy barrier, where PSC(t) could not attain a final value of 1 for the
range of (BL, BR) tested, even though twice as strong of an electric field, with an intensity
of 1.25 kV/cm, was applied.

The results in Figure 20 indicate that irrespective of the presence of free energy barrier,
PSC(t) reaches a final value of 1 before the 5 ms pulse termination for all (BL, BR) tested,
indicating that GET should not depend on the concentration for these pulse parameters.

We can further calculate the Peclet number as Pe =
µEtp√
2Dtbp

= 7.95; considering

tp = 5 ms, time between pulses tbp = 1 s, and E = 0.6 kV/cm. Pe = 7.95 indicates that
electrophoresis dominates diffusion during the phase (pulse + post pulse), and individual
pulses cannot be inferred in isolation. However, the pulse duration is long enough to ensure
that PSC(t) reaches a final value of 1 before pulse termination for both – with and without
the free energy barrier. So, even though the model does not account for multiple pulses
since P(X, t) = 0 in X ∈ [BL, BR] before the onset of the next pulse, subsequent pulses can
be thought to add more pDNA molecules to the cell membrane.

4. Discussion

Electroporation with long pulses in vitro and in vivo is a well-established and efficient
method for GET [55,66]. Most often, a train of pulses in the range of few to several tens of
millisecond is used, although even shorter, i.e., 100–500 µs, pulses are used. With expanding
the use of GET from in vitro to in vivo, the need to avoid pain and undesirable muscle
contractions emerged. It was also suggested that electrochemical reactions could negatively
affect GET efficiency [27–33]. The approval of cell therapies, where cells are transfected
ex vivo, further strengthen the need to reduce electrochemical reactions during treatment
because, usually, the number of available cells is low; consequently, it is important that
most of the cells survive the treatment. Currently, when GET is performed ex vivo, the
high voltage required for electroporation poses risks of cytotoxicity and loss of cytoplasmic
content, which can adversely affect GET efficiency [67].

The use of shorter pulses in GET provides a potential mitigation of the above-mentioned
drawbacks of long pulses, but the HF-BP and nanosecond pulse range remains poorly
explored. Currently, there are only a few studies reporting the use of HF-BP and nanosec-
ond pulses for GET [15,40,41]. Therefore, the aim of this study was to further explore
the nanosecond range of pulse durations and HF-BP pulses. We aimed to find optimal
parameters for GET with 200 ns and 500 ns pulses in two different cell lines and compare
efficiency and expression dynamics of different pulse durations, up to 5 ms, including
HF-BP. Since the electrophoretic effect of electric pulses on pDNA in GET is considered
important, we also developed a theoretical framework of the diffusive and electrophoretic
movement of pDNA during different pulse protocols and compared the results to those
obtained experimentally.

4.1. Cell Membrane Permeabilization and Cell Survival

For GET, it is critical to use pulse parameters which achieve cell membrane permeabi-
lization and at the same time maintain high cell survival. It was postulated that membrane
permeabilization is prerequisite for successful GET. GET, however, is a complex process
comprised of several consecutive steps, with cell membrane permeabilization alone not
being a guarantee for successful GET [1,55]. Nevertheless, cell membrane permeabilization
was first determined by using PI. Because the electric field at the intersection of the perme-
abilization and survival curves is not necessarily optimal also for GET, we also determined
GET efficiency at slightly larger and slightly lower electric fields. With all tested pulse
protocols, we were able to determine the optimal electric field for GET, which usually
resulted in around 80% cell membrane permeabilization and higher than 60% cell survival.
As expected, using longer pulses and/or higher numbers of applied pulses, cell membrane
permeabilization was reached at lower electric fields [48,68]. The optimal electric field for
GET was similar for both cell lines (Supplementary Tables S3 and S4). We electroporated
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cells in suspension, which means they are of similar round shape, their size does not differ
significantly (Table 1), and they are evenly distributed between electrodes, which all leads
to a similar electric field needed for having the majority of cells permeabilized [69].

4.2. Effect of pDNA Concentration on Overall Gene Electrotransfer

The high concentration of pDNA can have a negative effect on cell survival [16] and
consequently on GET efficiency, but it is also needed to obtain GET with nanosecond
and HF-BP pulses [15,49]. Pathogen-associated molecular patterns that are associated
with pDNA, for example, unmethylated CpG motifs in pDNA, can be recognized by
TLR9 and can induce an innate immune response in tissue, which can lead to apoptosis
activation [70,71]. pDNA concentrations used in our experiments were higher than con-
centrations usually used in in vitro experiments, which are most often between 10 and
100 µg/mL [14,72–75]. On the other hand, it has been shown that pDNA concentration
affects GET efficiency and that, with higher pDNA concentration, efficient GET can also
be achieved with shorter pulses [15,16,25,76]. The effect of the pDNA concentration was
observed in our experiments, where a decreasing pDNA concentration led to a significant
decrease in the overall GET. This was especially observed in 1306 fibroblasts, where, at
pDNA concentrations up to 100 µg/mL, the overall GET was higher with 8 × 100 µs,
HF-BP, and 8 × 5 ms pulses compared to 500 ns and 200 ns pulses, whereas, at 500 µg/mL
of pDNA, there was no significant difference in the overall GET between different pulse
protocols. Interestingly, this was not observed in C2C12 myoblasts where the overall GET
rose with increasing pDNA concentration for all pulse protocols. At the highest pDNA
concentration (500 µg/mL), the overall GET was, however, still significantly higher with
longer pulse protocols (8 × 100 µs and 8 × 5 ms), where electrophoresis acts for a longer
period of time compared to shorter pulse protocols (HF-BP, 500 ns, and 200 ns) (Figure 5).
Difference in overall GET between two cell lines confirms that the efficiency of GET does
not depend solely on parameters of applied pulses. GET is a multistep process including
various intracellular mechanisms (cell membrane repair mechanism, DNA sensors acti-
vation, endocytic pathways, cytoskeleton reorganization) which can differ between cell
lines [77,78].

Contrary to our previous results on a CHO cell line [15], in C2C12 myoblasts and
1306 fibroblasts, we observed some decrease in cell survival with increasing pDNA con-
centration, however, not for all pulse protocols. With 8 × 5 ms pulses, we did not observe
a decrease in cell survival with increasing pDNA concentrations (in both cell lines). In
addition, in C2C12 myoblasts, pDNA concentration did not have an effect on cell survival
after GET with the HF-BP, 100 × 500 ns, and 25 × 200 ns pulse protocols. A decrease in
cell survival with 250 µg/mL of pDNA was only observed in 1306 fibroblasts after the
8 × 100 µs pulse protocol; with other pulse protocols, decreased survival was observed
only with the highest pDNA concentration, 500 µg/mL (Figure 4). Our results are similar
to [79], where the authors observed decreased cell survival with pDNA concentrations
higher than 400 µg/mL. However, the decrease in cell survival in our experiments was not
high enough to cause a drop in the overall GET at 500 µg/mL of pDNA. These and our
previous results [15] show that decreases in cell survival following GET with high pDNA
concentration seem to be cell-line-dependent. pDNA by itself was not toxic to cells, as
observed before [15,80]. High pDNA concentration could trigger a decrease in cell survival
in different steps of GET. We have shown previously that higher pDNA concentration leads
to larger pDNA aggregates formed on cell membrane [15] during pulse delivery, which
could slow down or obstruct cell membrane repair. Furthermore, high pDNA concen-
tration in endosomes or cytoplasm could activate endosomal and/or cytoplasmic DNA
sensors which can induce programmed cell death [81]. Finally, cell death could be triggered
by high number of pDNA copies in nucleus or by the high number of transgenes being
produced [82].
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4.3. Gene Electrotransfer Using Different Plasmid Sizes

Since pDNA size is reported to have an influence on GET efficiency, we compared
GET, cell survival, and overall GET with a 4.7 kb and a 3.5 kb pDNA having the same
CMV promoter and both encoding GFP. We did not observe any difference in GET and cell
survival between different pDNA sizes. Interestingly, smaller pDNA led to higher overall
GET only when using the 8 × 100 µs pulse protocol in both cell lines. For other pulse
protocols, we did not observe a significant increase in the overall GET with smaller pDNA,
although the copy number of smaller pDNA was 1.34 times higher compared to the larger
pDNA, as we used the same concentration of pDNA (500 µg/mL) (Figure 6). Similarly,
it was previously shown that GFP knockdown with pDNA sizes from 1.9 to 4.3 kb was
equally efficient when the same moles of pDNA were used applying 2 × 30 ms pulses [83].
Our results show that smaller pDNA did not have a strong effect on overall GET, which is
contrary to observations by [41], where they report higher sub-microsecond high-frequency
GET with smaller pDNA. Reducing pDNA size also improved GET efficiency in other
studies [84,85]. The difference in the size of the pDNA used in our study was only 25%,
which might be the reason why we did not observe a significant increase in overall GET
efficiency with smaller pDNA.

Interestingly, when comparing MFI of GFP-positive cells transfected with pDNA
of different sizes in C2C12 myoblasts, a significantly higher MFI with smaller pDNA
was observed after GET with the 200 ns, 500 ns, and HF-BP pulses. On the contrary, in
1306 fibroblasts, a higher MFI with smaller pDNA was observed after GET with 8 × 100 µs
and 8 × 5 ms (Figure 7) pulses. This means that in C2C12 myoblasts, shorter pulses
enabled more copies of smaller pDNA to reach the nucleus. With longer pulses, the MFIs
after GET with both pDNA sizes were comparable. The situation seems to be reversed in
1306 fibroblasts, where longer pulses enabled more copies of smaller pDNA to reach the
nucleus. This suggests that not only cell line and pDNA size but also pulse parameters
influence the degree of transgene expression.

4.4. Effect of Pulse Parameters on Overall Gene Electrotransfer

We achieved GET in both cell lines with all pulse protocols, but with variable efficiency
(Figure 8). Differences in GET efficiency between different cell lines have been reported
before [86–88] and are still not well understood. It has been suggested that differences in
GET efficiency can be the consequence of various biophysical factors such as the fluidity
of the cell membrane or biological parameters such as different mechanisms that are
present or activated in cells and the ability of cells to recover after the delivery of electric
pulses [89,90]. If the difference would be the consequence of different cell membrane
composition or fluidity or induced transmembrane voltage, then we would expect to also
observe the difference in cell membrane permeabilization. Since permeabilization and
survival curves were similar for both cell lines, the difference in GET efficiency is more
likely the consequence of the difference in the presence and degree of activity of intrinsic
cellular mechanisms and pathways. Furthermore, in in vitro experiments, the composition
of the electroporation medium can also influence GET efficiency [91–93]. The GET of each
cell line in our experiments was performed in their recommended growth medium. For
C2C12 myoblasts, this was DMEM, and for 1306 fibroblasts, this was EMEM. They are both
variations of basic medium used for primary and diploid cultures, but DMEM has a higher
concentration of amino acids and vitamins compared to EMEM. DMEM also contains iron
in the form of ferric sulfate, which is absent in EMEM [94].

We performed GET in growth medium, which is more like in vivo extracellular fluid
compared to other buffers used for GET. Growth medium is highly conductive, which
results in high currents and increased electrochemical reactions such as electrolysis, the
generation of radicals, and the release of metal ions from the electrodes during pulse
delivery [28,95]. It was shown previously that short, i.e., nanosecond, pulses and bipolar
pulses decrease metal release from electrodes compared to longer pulses [29,35,48,96].
Furthermore, high medium conductivity also results in high currents, leading to heating
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and temperature increases in the sample during pulse delivery. The temperature increase
is more pronounced when longer or more pulses are applied [35]. In our experiments,
the temperature of the sample never exceeded 32 ◦C, meaning that thermal effects were
negligible (Supplementary Table S5).

In addition to achieving a higher percentage of transfected cells in 1306 fibroblasts, the
MFI of the GFP-positive cells was higher (Figure 9). Fluorescence intensity is reported to be
dependent on the number of pDNA copies inside the cell that have reached the cell nucleus
and have been successfully transcribed and translated into fluorescent proteins [97,98].
In this respect, this could mean that the higher number of pDNA copies was transferred
to 1306 fibroblasts during pulse delivery compared to C2C12 myoblasts. Other factors,
such as the availability and degree of activity of the cellular machinery for transcription
and translation, also affect production of proteins from transfected pDNA [97,98]. Based
on this, higher GET efficiency in 1306 fibroblasts could also mean that the rate of pDNA
transcription and translation into fluorescent protein is higher in 1306 fibroblasts compared
to C2C12 myoblasts.

4.5. Time Dynamics of pDNA Expression

Measurements of pDNA expression every 8 h over a six-day period (Figures 10 and 11)
show that the onsets of GFP expression (both percentage of GFP-positive cells and their
MFI) are comparable for the 200 ns, HF-BP, 8 × 100 µs, and 8 × 5 ms pulse protocols but
depend greatly on the cell line. Similar time dynamics of the GET and MFI for all pulse
durations in one cell line suggest that all pulse protocols triggered the same mechanisms
responsible for pDNA translocation through the cytoplasm to the cell nucleus.

In C2C12 myoblasts, the GFP-positive cells and their MFI reached a peak soon after
GET and then declined steadily, falling below 10% for all four pulse durations at day 6.
Similar time dynamics were observed for human mesenchymal stem cells [86]. On the
contrary, in 1306 fibroblasts, peaks of the maximum GFP-positive cells and their MFI were
broad and not very pronounced. After reaching a peak, the percentage of GFP-positive cells
started to decrease slowly. On day 6 after GET with all pulse durations, around half of the
cells were still GFP-positive (Figures 10 and 11). Differences in time dynamics and duration
of transgene expression after GET between cell lines have been reported previously [99].
Differences in curves for the GET and MFI for all pulse protocols between cell lines suggest
that mechanisms of pDNA translocation through the cytoplasm to the cell nucleus and the
duration of the transcription of pDNA are most probably different in different cell lines.

The lower percentage of GFP-positive cells and their lower MFIs in C2C12 myoblasts
could be a consequence of the higher number or degree of activation of DNA sensors
in this cell line, which could trigger pDNA degradation to a larger extent compared to
1306 fibroblasts. During GET, pDNA could activate endosomal DNA sensors during
translocation to the nucleus with endocytosis mediated pathways or cytoplasmic DNA
sensors by entering the cell through cell membrane defects caused during pulse delivery.
Additionally, cytosolic DNA sensors might be triggered by pDNA released to cytosol after
endosomal escape. It was already shown that GET with pDNA led to the upregulation of
several proposed cytosolic DNA sensors in different tumor cell types [78,100] and also in
C2C12 myoblasts [82]. Other reasons for the observed decrease in transgene expression
over time in C2C12 myoblasts could be the loss of the pDNA through the nuclear pores, loss
of the pDNA at each mitosis, de novo pDNA methylation preventing pDNA transcription,
or pDNA degradation by endonucleases [80].

We continuously observed differences in the overall GET and MFI between the two cell
lines studied. These differences might be the consequence of variations in cell membrane
composition [101], endocytic pathways specific to certain cell lines, or the degree of activa-
tion of endocytic pathways [102,103], as well as the presence of cytosolic nucleases [104].

Our results show that MFI of GFP-positive cells is more unpredictable and unre-
peatable than the percentage of GFP-positive cells. The MFI of 1306 fibroblasts in our
experiments with increasing pDNA concentration (Figure 3D) was much lower than the
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MFI of 1306 fibroblasts transfected with the same concentration (500 µg/mL) of pDNA and
with the same pulse protocols in the experiments of time dynamics of pDNA expression
(Figure 11B). At the same time, the GET efficiency in both experiments was comparable
with the same pulse protocols. Contrarily, in C2C12 myoblasts, the MFI was comparable
in both experiments, but GET after 8 × 5 ms was much lower in the experiments of the
time dynamics of the pDNA expression (Figure 10A) compared to the experiments with
increasing pDNA concentration (Figure 3A). It was shown previously that the time after
cell passage at which cells are exposed to electric pulses affects GET efficiency. The GET and
MFI of all plasmid concentrations differed significantly when comparing cells transfected
24 h and 48 h after passage. The GET and MFI were higher in cells which were transfected
24 h after passage compared to cells transfected 48 h after passage. Observed differences
in the transfection efficiency of the cells passaged at different times before the experiment
could be the consequence of the differences in cell cycle phases at which GET was per-
formed [79]. Biological factors, such as cell growth phase, which determine cell shape, size,
and, probably most important, composition, and the integrity of the nuclear envelope play
an important role in cell response to electric pulse delivery and the ability to repair damage
after pulse delivery. During cell ageing, the cell membrane composition changes due to the
increase in the total amount of proteins and cholesterol, potentially affecting cell membrane
permeabilization [18,105]. In our experiments, we used cells 2–4 days after cell passage for
GET, so this could be the reason for differences observed in GET and MFI of GFP-positive
cells [79].

4.6. Modeling the Probability of pDNA Cell Membrane Contact during GET

From results of modeling the probability of pDNA cell membrane contact during GET,
it can be inferred that the process of a pDNA molecule reaching the cell membrane and
being absorbed by it is mediated by diffusion for 200 ns, 500 ns pulse and HF-BP pulses,
whereas for the 100 µs and 5 ms pulse, the process is mediated by electrophoresis. As
done in the results section, one can define a Peclet number as: Pe =

µEtp√
2Dtbp

, where tp is

the pulse duration, tbp is the duration between pulses, E is the electric field intensity, µ
is the electrophoretic mobility and D is the diffusion coefficient. Alternatively, the time
between pulses can be inferred as the frequency ( f , Hz), in which case Pe = µEtp√

2D/ f
. The

values of Pe used in experiments, and mentioned in the results, are given below again in
Table 2. Such a Pe gives the relative contributions of electrophoresis and diffusion during
the single phase of pulse/burst. Inferring the role of electrophoresis for different types of
pulses used (ns, HF-BP, µs, and ms) using this parameter helps to correctly identify the role
electrophoresis and diffusion as inferred from the model results.

Table 2. Values of Pe for various experimental conditions for C2C12 cells.

200 ns 500 ns HF-BP 100 µs 5 ms

Frequency, f (Hz) 10.00 10.00 1.00 1.00 1.00

tbp (s) 0.10 0.10 1.00 1.00 1.00

tp (s) 2 × 10−7 5 × 10−7 2 × 10−6 1 × 10−4 5 × 10−3

E (kV/cm) 15.80 4.10 1.25 1.25 0.60
Pe 0.03 0.02 0.01 0.33 7.95

Pe � 1 for the 200 ns, 500 ns, and HF-BP pulses indicates the dominant role of
diffusion in bringing the pDNA molecule to the cell membrane. For the 100 µs pulse,
Pe = 0.33 or Pe ∼ 1, indicating that neither diffusion nor electrophoresis dominates
the process of pDNA coming in contact with the cell membrane. From the model results
of the 100 µs pulse, we saw that PSC(t) begins to rise sharply before t = 100 µs, for
both–with and without the free energy barrier. It could be possible that for the range of
(BL, BR) tested from 77 nm to 433 nm corresponding to concentrations from 2500 µg/mL
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to 15 µg/mL, the pDNA molecule was close to the cell membrane, and electrophoresis
played the dominant role in bringing the pDNA molecules to the cell membrane On
further reducing the concentration to <15 µg/mL, one might find that electrophoresis is
insufficient to bring the pDNA molecule close to the cell membrane. As already seen for
(BL, BR) = 433 nm, corresponding to 15 µg/mL (Figure 18A,B), PSC(t) begins to rise very
close to pulse termination (dotted line in Figure 18A,B). Therefore, one can argue that for
(BL, BR) > 433 nm (or concentrations < 15 µg/mL), electrophoresis will be insufficient to
bring the pDNA molecule to the cell membrane, and the process will have to partly rely
on diffusion, indicating the dominance of neither. For the 5 ms pulse, Pe = 7.95 indicates
the dominant role of electrophoresis in bringing the pDNA molecule close to the cell
membrane. This is also seen from Figure 20A,B, where PSC(t) begins to rise and attains
a value of 1 much before pulse termination for both—with and without the free energy
barrier, indicating electrophoresis as the dominant mechanism.

For 200 ns, 500 ns, and HF-BP, the electric field acts for a short duration, which is not
sufficient to drive the pDNA molecule to the cell membrane through electrophoresis. The
pDNA molecule thus diffuses to the cell membrane, and the distance (l) that the pDNA
molecule travels by diffusion variers with time as l2 ∼ Dt. Therefore, normalizing the time
in Figure 13A,C for nanosecond pulses and in Figure 15A for HF-BP pulses with l2 should
collapse the curves for different domain lengths l = (BL, BR) ranging from 77 nm to 433 nm
(corresponding concentration ranging from 2500 µg/mL to 15 µg/mL). The normalization
(and the corresponding collapse) is shown in Figure 21A for the 200 ns pulse, in Figure 21C
for the 500 ns pulse, and in Figure 21E for the HF-BP pulses for the case without the free
energy barrier. This collapse further indicates that the process for pDNA reaching the cell
membrane in the absence of a free energy barrier is purely diffusive for 200 ns, 500 ns, and
HF-BP pulses.

For the case with the free energy barrier for 200 ns, 500 ns, and HF-BP pulses
(Figures 13B,D and 15B), normalizing the time with l2 does not produce a good collapse.
Rather, normalizing with l collapses all the curves onto a single master curve (Figure 21B,D,F).
Such a collapse with l indicates that the process for 200 ns, 500 ns, and HF-BP pulses with
the free energy barrier is not entirely diffusive.

For 100 µs and 5 ms pulses without the free energy barrier, the process of pDNA
reaching the cell membrane is electrophoretic for (BL, BR) ranging from 77 nm to 433 nm
(corresponding concentration ranging from 2500 µg/mL to 15 µg/mL). The electrophoretic
distance traveled by the pDNA molecule in the presence of an electric field is given by
l = µEt; therefore, normalizing the curves with l in Figures 18A and 20A should collapse
them into a single master curve. The collapse is shown as PSC(t) vs. t/l in Figure 21G for
the 100 µs pulse and in Figure 21I for the 5 ms pulse. This indicates that the process by
which the pDNA molecule establishes contact with the cell membrane in the absence of the
free energy barrier is driven by electrophoresis for 100 µs and 5 ms pulses.

For 100 µs and 5 ms pulses, in the case when the free energy barrier is present, we can
follow the same process of normalizing the curves in Figures 18B and 20B by l and check
the collapse. This is shown in Figure 21H,J for the 100 µs and 5 ms pulse, respectively. As
can be seen from these figures, the collapse for times t when PSC(t) begins to rise is good;
however, for later times or far larger PSC(t), the collapse is not satisfactory. This indicates
that in the presence of free energy barrier, the process by which the pDNA molecule
moves close to the cell membrane (since that is when PSC(t) begins to rise) is driven by
electrophoresis. However, the process of a pDNA molecule coming into contact with the
cell membrane by overcoming the free energy barrier is not entirely electrophoretic. It is
observed from Figure 20B that PSC(t) is already collapsed for late times (i.e., for PSC(t)
close to 1) without normalizing, implying that PSC(t) is independent of l = (BL, BR) for
the range of l tested between 77 nm and 433 nm.
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Figure 21. (A) Results for 200 ns pulse in Figure 13A plotted as PSC(t) vs. t/l2; (B) Results for 200 ns
pulse in Figure 13B plotted as PSC(t) vs. t/l; (C) Results for 500 ns pulse in Figure 13C plotted as
PSC(t) vs. t/l2; (D) Results for 500 ns pulse in Figure 13D plotted as PSC(t) vs. t/l; (E) Results for
HF-BP pulses in Figure 15A plotted as PSC(t) vs. t/l2; (F) Results for HF-BP pulses in Figure 15B
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plotted as PSC(t) vs. t/l; (G) Results for 100 µs pulse in Figure 18A plotted as PSC(t) vs. t/l;
(H) Results for 100 µs pulse in Figure 18B plotted as PSC(t) vs. t/l; (I) Results for 5 ms pulse in
Figure 20A plotted as PSC(t) vs. t/l; (J) Results for 5 ms pulse in Figure 20B plotted as PSC(t) vs.
t/l· Also shown as dots are Overall GET (Figure 5) and GET (Figure 3) for C2C12 cells plotted against
tcompetent/l2 or against tcompetent/l, where l for the corresponding concentration was taken as RDNA

from Supplementary Table S1 and tcompetent was determined by fitting Overall GET/GET to PSC(t)
for l = 77 nm.

Also shown in Figure 21A–J are the results for overall GET and GET for the respective
pulse parameters. Overall GET (Figure 5) and GET (Figure 3) for C2C12 myoblasts are
plotted against tcompetent/l or against tcompetent/l2. Values of l for the respective concentra-
tions are taken from RDNA from Supplementary Table S1. tcompetent is taken to be the time
for which the cell membrane remains competent to accept/absorb the incoming pDNA
molecule. tcompetent was determined by varying tcompetent and minimizing the root mean
squared error (RMSE) between Overall GET/GET vs. tcompetent/l2 and PSC(t) vs. t/l2 (at
l = 77 nm) in Figure 21A,C,E. For Figure 21B,D,F,G–J, tcompetent was determined by varying
tcompetent and minimizing the root mean squared error (RMSE) between Overall GET/GET
vs. tcompetent/l and PSC(t) vs. t/l (at l = 77 nm). l = 77 nm was chosen since the curves
are collapsed for various values of l, and fitting to l = 77 nm would imply fitting to all the
collapsed curves. The best fit values are given in the legends in Figure 21A–J against their
respective Overall GET and GET.

It should be noted that this exercise of plotting Overall GET/GET vs. tcompetent/l2

or tcompetent/l along with PSC(t) vs. t/l2 or t/l should not be considered as a direct
one-to-one comparison between the model and the experiment. Such an exercise is only
performed to place the experiments within the context of the model. Overall GET and
GET cannot be directly compared to PSC(t), as overall GET and GET represent efficiencies
which also include downstream processes of pDNA translocation across the cell membrane,
migration through the cytoplasm, entering the nucleus, transcription, translation, and
protein expression. PSC(t), on the other hand, only represents the probability of pDNA
establishing contact with the cell membrane. However, in a first approximation, only those
cells on which pDNA molecules have established contact with the cell membrane can
be expected to be transfected. Therefore, PSC(t) can be considered as an upper limit of
transfection efficiency. Moreover, different durations of pulses (short nanosecond pulses,
HF-BP, or long micro- and millisecond pulses) can permeabilize the cell membrane in
different ways. This can in turn result in the cell membrane being competent in different
ways to absorb the pDNA molecule for different durations of pulses. Different durations
of pulses can also alter the free energy barrier between the pDNA and the cell membrane,
further influencing the results. Different types of cells themselves can be sensitive in
different ways to permeabilization by the pulses, yielding different transfection efficiencies,
as seen in Figure 3 for C2C12 myoblasts and 1306 fibroblasts. The models based on PSC(t)
do not account for such parameters and differences. An experimental observable that can
perhaps be better compared to the PSC(t) could therefore be the fraction of cells forming
pDNA aggregates on the cell membrane [21,56].

From the fitting parameters of tcompetent in Figure 21A–J, it can be observed that
tcompetent for 200 ns, 500 ns, and HF-BP, where the process is diffusive, is much larger
than tcompetent for 100 µs and 5 ms pulses, where the process is mainly electrophoretic.
Absolute values tcompetent cannot be considered, as tcompetent/l or tcompetent/l2 are not non-
dimensional; however, from fitting, tcompetent for 200 ns, 500 ns, and HF-BP is around two
orders of magnitude larger than tcompetent for 100 µs and 5 ms pulses. Furthermore, adding
a free energy barrier between the pDNA and the cell membrane shifts the rise in PSC(t) vs.
t/l2 or t/l to the right, indicating that it is harder for the pDNA molecule to be absorbed
by the cell membrane in the presence of free energy. One can then argue that the cell
membrane needs to be competent for a longer amount of time in the presence of a free
energy barrier to absorb the incoming pDNA molecule. As a result, larger tcompetent was
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observed for the cases with free energy barrier (Figure 21B,D,F,H,J) compared to the cases
without free energy barrier (Figure 21A,C,E,G,I).

To determine the time it takes for the pDNA molecule to reach the cell membrane
by diffusion or by electrophoresis, some estimates can be considered. The time it takes
for the pDNA molecule to reach the cell membrane at a distance l by diffusion is given
by t = l2/2D (for 200 ns, 500 ns, and HF-BP pulses), whereas time it takes for the pDNA
molecule to reach the cell membrane at distance l by electrophoresis is given by t = l/µE
(for 100 µs and 5 ms pulse). These estimates are given in Figure 22 for l ranging from 77 nm
to 433 nm, corresponding to concentrations ranging from 2500 µg/mL to 15 µg/mL. E
is taken as 0.6 kV/cm for the 5 ms pulse and 1.25 kV/cm for the 100 µs pulse. One can
observe that the time it takes for pDNA to reach the cell membrane by diffusion varies
from around O(1) ms (for l = 77 nm, 2500 µg/mL) to around O(100) ms (for l = 433 nm,
15 µg/mL). For electrophoresis, the time it takes to reach the cell membrane varies from
around O(0.01) ms (for l = 77 nm, 2500 µg/mL) to O(0.1) ms (for l = 433 nm, 15 µg/mL).
It can be inferred that the cell membrane should be competent for at least O(100) ms, i.e.,
tcompetent ∼ 100 ms, for transfection by 200 ns, 500 ns, and HF-BP pulses, whereas the
cell membrane should be competent for at least O(0.1) ms, i.e., tcompetent ∼ 100 µs, for
transfection by 100 µs and 5 ms pulses. There is a 2–3 orders of magnitude difference in
tcompetent for 200 ns, 500 ns, and HF-BP and tcompetent for 100 µs and 5 ms pulses, as also
inferred from the fitting parameters in Figure 21.
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One can also observe from Figure 21 that for very large values of t/l or t/l2, PSC(t)
reaches a final value of 1, and the results should not depend on l (or concentration). That
is, if the cell membrane is able to absorb the pDNA molecule for a very large amount of
time, then irrespective of l (or concentration), the pDNA molecule will have an equally
high probability of reaching the cell membrane. Since we see a concentration dependence
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for 200 ns, 500 ns, and HF-BP pulses, one can argue that tcompetent is around O(1–100) ms,
since this the amount of time it takes for the pDNA to reach the cell membrane by diffusion
(Figure 22). The time it takes for the pDNA to reach the cell membrane by electrophoresis
is O(0.01–0.1) ms (Figure 22). For a large tcompetent of around O(1–100) ms, we should not
observe a concentration dependence for 100 µs and 5 ms pulses. However, since we do
observe a concentration dependence for Overall GET and GET for 100 µs and 5 ms pulses,
it could be that the tcompetent is different—and shorter (around O(0.01–0.1) ms)—for these
pulses. It has been observed experimentally that the cell membrane remains permeable for
a longer amount of time with ns pulses compared to µs and ms pulses [48].

Recently, 300 ns pulses have been successfully used for GET [106]. However, 100 pulses
were used at a pulse repetition frequency of 1 MHz. This high frequency of pulse repe-
tition, or the corresponding short duration between successive pulses, could imply that
the cumulative effect of 100 pulses at 1 MHz pulse repetition frequency is equivalent to
a single pulse of duration 100 µs. To test this, Equation (4) was solved for 100 pulses of
duration 300 ns and an electric field intensity of 7 kV/cm at a pulse repetition frequency
of 1 MHz and a pDNA cell membrane distance of 170 nm (corresponding to 250 µg/mL,
Supplementary Table S1), similar to the conditions used in [106]. The evolution of P(X, t)
is shown in Figure 23 for pulse numbers 1, 5, 10, 20, and 30. From Figure 23A, it can be seen
that during the first pulse, the peak shifts towards the right due to electrophoresis (until
300 ns) and also spreads only slightly due to diffusion. After the cessation of first pulse, the
peak stays at the same place, and the distribution spreads only slightly due to diffusion
from 300 ns to 1 µs. During the second pulse, this peak is then further driven to the right
by electrophoresis, spreading only slightly by diffusion. After the end of the second pulse,
the distribution spreads only slightly by diffusion, until the time the third pulse acts and
the process repeats (see Figure 23B for pulse number 5). By the 10th pulse, the peak of
the distribution has already migrated a distance greater than 50 nm towards the right,
spreading only slightly by diffusion (as seen by a broadening of P(X, t) and a decrease in
the maximum value of P(X, t)) (Figure 23C). By pulse number 20 (starting at t = 19 µs),
the peak of the distribution has already drifted to the right by ∼150 nm by electrophoresis
indicating a non negligible PSC(t) by t ∼19 µs (Figure 23D,F). Figure 23E, corresponding to
the 30th pulse (or t = 29 µs), indicates that the pDNA molecule has already been absorbed
at the cell membrane as P(X, t) = 0 in X ∈ [BL, BR] by t = 29 µs. This is further evident
from Figure 23F, which shows that PSC(t) has risen sharply and reached a final value of 1
before t ∼ 30 µs.

The results in Figure 23 corresponding to the high frequency of 1 MHz differ from
the results of Figure 12 corresponding to the low frequency of 10 Hz. In both cases,
electrophoresis drives the peak of P(X, t) towards the right (cell membrane) during the
pulse while spreading it only slightly by diffusion. Once the pulse ends, the distribution
of P(X, t) is allowed to spread by diffusion. For the low frequency of 10 Hz case, the
time between the subsequent pulses or the time allowed for the distribution to relax by
diffusion is significantly higher ( t ∼ 100 ms). This large time allows the spread of P(X, t)
by diffusion and flattens it out in a way that enough flux of P(X, t) can be collected at the
cell membrane and PSC(t) starts to rise by diffusion. However, for the high frequency
of 1 MHz, the time between subsequent pulses or the time allowed for the distribution
to relax by diffusion is small, corresponding to t < 1 µs. This time is too small for the
distribution of P(X, t) to spread by diffusion and reach the cell membrane. Soon after, the
next pulse acts on the pDNA molecule driving the still narrow P(X, t) distribution to the
right. Cumulatively, this is how P(X, t) is driven to the right by electrophoresis; if enough
pulses are delivered (in this case ∼20), the pDNA molecule reaches the cell membrane by
electrophoresis, as seen by the early and sharp rise in PSC(t).
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Figure 23. (A–E) Evolution of P(X, t) without free energy barrier (Equation (4)) for 100 pulses of
300 ns and 7 kV/cm applied at a high frequency of 1 MHz and for a pDNA and cell membrane
distance of 170 nm (corresponding to 250 µg/mL). The pulse numbers for each pulse and correspond-
ing time are shown on top of (A–E). Solid lines indicate the during pulse P(X, t) and dotted lines
represent after pulse P(X, t). (F) Evolution of PSC(t) without free energy barrier.

The process of high-frequency ns pulses can also be analyzed from the point of view
of Peclet number defined as Pe = µEtp√

2D/ f
. For experimental conditions in [106], tp = 300 ns,

E = 7 kV/cm, and f = 1 MHz, which gives Pe = 5.57, indicating that electrophoresis is
dominating the transport of pDNA to the cell membrane, and multiple pulses at such a
high pulse repetition frequency can be thought of as a single long pulse providing the
electrophoresis. For the experimental conditions in this work, tp = 200 ns, E = 15.8 kV/cm,
f = 10 Hz, and Pe = 0.03 (see Table 2), indicating that the pDNA molecule reaches the cell
membrane predominantly by diffusion. Thus, the Peclet number defined as Pe = µEtp√

2D/ f
can be used as useful parameter to infer the role of electrophoresis and diffusion for a
variety of pulses used in this work and in [106].

5. Conclusions

In summary, we showed that GET can also be achieved with nanosecond pulses
(with low pulse repetition rate, i.e., 10 Hz) in addition to widely used millisecond and
microsecond pulses and previously shown HF-BP pulses. GET efficiency depends on
pDNA concentration, cell line, and pulse parameters. In our experiments, smaller pDNA
did not significantly improve GET efficiency, but it had an effect on the degree of transgene
expression. We showed that the time dynamics of transgene expression are comparable
between millisecond, microsecond, HF-BP, and nanosecond pulses but differ greatly be-
tween the two cell lines. A simple mathematical model of the probability of pDNA and
cell membrane contact during GET shows that pDNA migration for nanosecond (at low
repetition frequency) and HF-BP pulses is dominated by diffusion, and for micro- and
millisecond pulses, the process is dominated by electrophoresis. A Peclet (Pe) number has
been defined that can be used to infer the role of diffusion and electrophoresis in a wide
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variety of pulsing conditions. However, for the process of pDNA molecules coming into
contact with the cell membrane in the presence of a strong free energy barrier close to the
cell membrane, the role of diffusion and electrophoresis cannot be isolated as effectively.
Nevertheless, the migration of pDNA close to the cell membrane can still be inferred
based on electrophoresis and diffusion. The developed model and modeling results can
provide valuable guidance for further experiments and interpretations of results obtained
by various pulse protocols.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/app12168237/s1, Figure S1: Schematic of distribution of pDNA
molecules and cells in suspension; Figure S2: Comparison of permeabilization and survival curves
of C2C12 myoblast and 1306 fibroblasts with 200 ns pulses and 10 Hz pulse repetition rate; Figure
S3: Comparison of permeabilization and survival curves of C2C12 myoblast and 1306 fibroblasts
with 500 ns pulses and 10 Hz pulse repetition rate; Figure S4: Comparison of MFI of permeabilized
C2C12 myoblast and 1306 fibroblasts; Figure S5: Comparison of permeabilization, survival curves,
and MFI of C2C12 myoblast and 1306 fibroblasts with 8 × 100 µs and 8 × 5 ms pulses; Figure S6:
Comparison of permeabilization, survival curves, and MFI of C2C12 myoblast and 1306 fibroblasts
with HF-BP pulses; Table S1: Various estimates of the distance between a pDNA molecule and
the nearest cell membrane (RDNA); Table S2: Various estimates of the distance between a DNA
molecule and the nearest cell membrane and between two pDNA molecules; Table S3: Nanosecond,
HF-BP, micro and millisecond pulse protocols with which the best overall GET with 500 µg/mL of
pEGFP-N1 was achieved in C2C12 myoblasts; Table S4: Nanosecond, HF-BP, micro and millisecond
pulse protocols with which the best overall GET with 500 µg/mL of pEGFP-N1 was achieved in
1306 fibroblasts; Table S5: Maximum temperature increases of the cell sample during pulse delivery.
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16. Chopra, S.; Ruzgys, P.; Maciulevičius, M.; Jakutavičiute, M.; Šatka, S. Investigation of Plasmid DNA Delivery and Cell Viability
Dynamics for Optimal Cell Electrotransfection in Vitro. Appl. Sci. 2020, 10, 6070. [CrossRef]

17. Gehl, J.; Mir, L.M. Determination of Optimal Parameters for in Vivo Gene Transfer by Electroporation, Using a Rapid in Vivo Test
for Cell Permeabilization. Biochem. Biophys. Res. Commun. 1999, 261, 377–380. [CrossRef]

18. Young, J.L.; Dean, D.A. Electroporation-Mediated Gene Delivery. Adv. Genet. 2015, 89, 49–88. [CrossRef]
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