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A B S T R A C T   

RNA interference (RNAi) is a powerful and rapidly developing technology that enables precise silencing of genes 
of interest. However, the clinical development of RNAi is hampered by the limited cellular uptake and stability of 
the transferred molecules. Electroporation (EP) is an efficient and versatile technique for the transfer of both 
RNA and DNA. Although the mechanism of electrotransfer of small nucleic acids has been studied previously, too 
little is known about the potential effects of significantly larger pDNA on this process. Here we present a 
fundamental study of the mechanism of electrotransfer of oligonucleotides and siRNA that occur independently 
and simultaneously with pDNA by employing confocal fluorescence microscopy. In contrast to the conditional 
understanding of the mechanism, we have shown that the electrotransfer of oligonucleotides and siRNA is driven 
by both electrophoretic forces and diffusion after EP, followed by subsequent entry into the nucleus within 5 min 
after treatment. The study also revealed that the efficiency of siRNA electrotransfer decreases in response to an 
increase in pDNA concentration. Overall, the study provides new insights into the mechanism of electrotransfer 
of small nucleic acids which may have broader implications for the future application of RNAi-based strategies.   

1. Introduction 

Electroporation (EP) is a biophysical technique designed for in vitro 
and in vivo delivery of bioactive compounds. This non-viral method is 
based on the direct application of an external electric field to target cells 
or tissues resulting in transient permeabilization of the plasma mem
brane and entry of molecules into otherwise impermeable cells [1,2]. 
The method has been demonstrated to be a safe and cost-effective 
alternative to other delivery methods and has been successfully 
employed for the electrotransfer of small molecules, such as propidium 
iodide, chemotherapeutic agents (bleomycin, cisplatin), and various- 
sized nucleic acids (RNA and DNA) [3–19]. 

Small interfering RNA (siRNA) molecules are short, typically 20–25 
base pair (bp) long, double-stranded RNA molecules. siRNA acts by 
binding to a protein complex called the RNA-induced silencing complex 
(RISC), which, in turn, targets complementary messenger RNA (mRNA) 
molecules by cleaving them and generating mRNA fragments that are 

completely destructed by cellular nucleases. This process of sequence- 
specific silencing is referred as RNA interference (RNAi) [20–22]). 
Several types of oligonucleotides, such as antisense oligonucleotides 
(ASOs), can also degrade mRNA and precisely suppress specific genes in 
both the nucleus and cytoplasm [23]. 

Both siRNA and oligonucleotides have shown great therapeutic po
tential in anticancer and gene therapy [24–27]. However, the limited 
cellular uptake and stability of the molecules hinder the clinical progress 
of RNAi. Effective delivery is a major obstacle to the progress of RNAi- 
based therapies [28]. Among different strategies electroporation 
demonstrated efficacy for enhanced delivery of molecules [7,16,17]. 
According to the generally accepted mechanism of electrotransfer, 
negatively charged siRNA molecules exhibit electrophoretic movement 
upon exposure to an electric field, leading to direct access to the cyto
plasm on the cathode-oriented side of the cell. When the exposure to the 
electric field is canceled, intracellular uptake of siRNAs is terminated, 
with the molecules localizing exclusively within the cytoplasm and not 
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entering the nucleus [29]. A mechanism for intra-nuclear entry has been 
described for short oligonucleotides, but the only difference is that they 
rapidly localize within the nucleus after EP [30]. 

In comparison to the therapeutic applications of the electrotransfer 
of siRNA and oligonucleotides, the transfer of DNA has shown great 
feasibility for treatment in various biomedical approaches [31,32]. 
Studies have demonstrated DNA electrotransfer is a complex process, 
that begins with the interaction between DNA and the cell membrane, 
forming distant aggregates. Since the electrotransfer of pDNA is 
controlled by electrophoresis, the formation of these structures is 
observed exclusively on the side of the cells facing the cathode [33,34]. 
Within minutes after electroporation (EP), these aggregates cross the 
membrane and migrate to the nucleus [35–40]. 

There is growing evidence that the combined transfer of two or more 
types of molecules using EP can significantly affect the efficiency of 
transfer. The interaction of DNA with the plasma membrane during EP 
has been associated with the enhanced delivery of small molecules 
(<1.5 nM in size and < 4 kDa of molecular mass), including Lucifer 
yellow [41], and bleomycin [42], as well as facilitated calcein release 
from cells [43]. Previous studies have also shown that the co-transfer of 
the large vector CRISPR-GFP with small vectors increased transfection 
efficiency [44]. It has been hypothesized that the observed processes are 
caused by a prolonged period of pore resealing, inhibition of 
electrotransfer-induced plasma membrane damage, or DNA-mediated 
endocytosis [43,45,46], however, the exact mechanism is still under 
investigation. Considering the influence of pDNA on the electrotransfer 
of both small and large molecules, it is conceivable that the cellular 
uptake of small nucleic acids, such as oligonucleotides or siRNA, could 
also be significantly affected. In this study, we investigated the elec
trotransfer of oligonucleotides and siRNA using confocal fluorescence 
microscopy at a single-cell level. In addition, we analyzed the effects of 
simultaneous siRNA and pDNA electrotransfer on the cellular uptake of 
siRNA. Therefore, in this study, we present an updated overview of the 
current mechanism of oligonucleotide and siRNA electrotransfer. Our 
study provides empirical evidence that cellular uptake of both molecules 
is determined by the combination of electrophoresis and post-pulsation 
diffusion, followed by subsequent entry into the nucleus within 5 min 
after EP. For the first time in the field of EP, we have shown that the 
presence of pDNA during EP negatively affects the efficiency of siRNA 
electrotransfer. 

2. Materials and methods 

2.1. Cell culture 

Chinese Hamster Ovary (CHO-K1) cells (European Collection of 
Authenticated cell cultures, 85050302) were cultivated in Ham’s F-12 K 
culture medium (Kaighn’s Medium F12K, Gibco™, Gaithersburg, MD, 
USA), supplemented with 10 % Fetal Bovine Serum (FBS) (Gibco™, 
Gaithersburg, MD, USA), and 1 % penicillin–streptomycin solution 
(Sigma-Aldrich, St. Louis, MO, USA) in a humidified incubator at 37 ◦C 
and 5 % CO2. Cells were cultured every 2–3 days and 24 h before ex
periments. After removal of the growth medium, cells were washed with 
1× (phosphate-buffered saline) PBS (Sigma-Aldrich, St. Louis, MO, 
USA). 0.25 % Trypsin-EDTA solution (1x) (Sigma-Aldrich) was then 
added to the cell monolayer and incubated at 37 ◦C for 4 min. Cells were 
then resuspended in 2 ml of medium, centrifuged at 145 g 2 min, and 
counted using a hemocytometer (Paul Marienfeld GmbH & Co. KG). For 
microscopy experiments, 0.2 × 105 cells were seeded into a 4-chamber 
microscope coverslip (Ibidi, Graefelfing, Germany) 24 h before the 
experiment. 

2.2. Molecules 

A 35nt long single-stranded DNA oligonucleotide labeled at the 5′ 
end with Alexa 488 dye (5′GAATTCGGCTGTACTATATGTCTAT 

GCACTATTTG 3′) (Invitrogen, Washington DC, USA) and a ~ 21 bp long 
double-stranded siRNA labeled with Alexa 555 dye (BLOCK -iT™ Alexa 
Fluor® Red Fluorescent Control, Thermo Fisher Scientific, Washington, 
DC, USA) were used to visualize nucleic acid electrotransfer. The 
plasmid model used was pEGFP-N1 (4.7 kb) (Lonza, Walkersville, MD, 
USA), which encodes an enhanced green fluorescent protein (GFP). 
Plasmids were purified using Plasmid Giga Kit (Qiagen, Hilden, Ger
many) according to the guidelines provided by the manufacturer. The 
purity and concentration of pDNA were determined spectrophotomet
rically (Nanodrop 2000, Thermo Fisher Scientific, Washington, DC, 
USA). 

2.3. Electroporation 

Adherent cells were used for the EP experiments with oligonucleo
tides/siRNA and pDNA. Coverslips (Ibidi, Graefelfing, Germany) were 
removed from the incubator and washed twice with 1 × PBS (Sigma- 
Aldrich, St. Louis, MO, USA). Then, the chambers were filled with EP 
buffer (0.1 S/m conductivity and 7.2 pH) containing 1.68 mM MgCl2 
(Sigma-Aldrich, St. Louis, MO, USA), 5.42 mM Na2HPO4 (Sigma- 
Aldrich, St. Louis, MO, USA), 2.91 mM NaH2PO4 (Sigma-Aldrich, St. 
Louis, MO, USA) and 270 mM sucrose (Sigma-Aldrich, St. Louis, MO, 
USA). The final concentration of oligonucleotides or siRNA was kept 
constant at 100 nM (1.29 and 1.41 µg/ml, respectively) in all experi
ments. The final concentrations of pDNA were set to 10, 50, and 100 µg/ 
ml (3.2, 16.1, and 32.3 nM, respectively). In all experiments, the final 
volume in each chamber was 500 µl. To maintain similar conditions the 
following procedure was applied to each chamber separately immedi
ately before the experiments. The time required to complete the prep
aration in a single chamber was approximately 10 min (5 min for sample 
preparation and focusing and an additional 5 min for the microscopy). 
Consequently, cells in the fourth chamber were outside the incubator for 
a maximum of 30 min before the experiment. 

The cells were subjected to an electric field using custom-made 
aluminium electrodes (18.8 mm x 2.7 mm) positioned parallel to each 
other with a 3 mm spacing. These electrodes were inserted into the 
chamber, ensuring their placement at the bottom of the coverslip, and 
were connected to the pulse generator (BetaTech Electro cell B10 HV- 
LV, France). In this electrode configuration, the electric field was 
determined as the voltage-to-distance ratio. The applied voltage across 
the electrodes was either 240 V, resulting in an electric field of 800 V/ 
cm, or 180 V, corresponding to an electric field of 600 V/cm. 

To optimize protocols for EP, experiments were first performed with 
cells in suspension using the fluorescent marker propidium iodide (PI) 
(Sigma-Aldrich, Saint Louis, MO, USA). The concentration of cells was 
kept constant at 2 × 106 cells/ml. 5 μl of PI (400 µM final concentration) 
was added to the 45 μl of cell mixture in EP buffer either before or 15 
min after electroporation and subjected to flow cytometric analysis. 
Experiments were performed using the electroporation cuvette with a 2 
mm gap in between and two sets of EP parameters: i) 600 V/cm electric 
field strength, 10 ms pulse duration, and ii) 800 V/cm electric field 
strength, 1 ms pulse duration using a single square pulse in both cases. 

2.4. Flow cytometry 

The BD Accuri C6 flow cytometer (BD Biosciences, Franklin Lakes, 
NJ, USA) was used to perform the cytometric analysis. A flow rate of 66 
µl min− 1 was used to analyze 1 × 104 cells for each experimental point. 
The FL-2 emission filter was used with excitation at 488 nm and emis
sion at 585/40 nm to evaluate the efficiency of PI electrotransfer. 

2.5. Confocal fluorescence microscopy 

To track the electrotransfer of molecules, experiments were per
formed using an inverted confocal laser scanning microscope (ZEISS 
LSM 710, Carl Zeiss AG, Jena, Germany). An argon laser (488 nm, 10 % 
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laser power) was used for the excitation of oligonucleotides labeled with 
Alexa 488, whereas an argon laser (514 nm, 10 % laser power) – for 
siRNA labeled with Alexa 555. The settings were kept constant for all 
experimental samples. Images were acquired using a 40× (1.3 oil M27, 

Carl Zeiss AG, Jena, Germany) immersion objective. The scanning speed 
of the laser was set to achieve a pixel dwell time of 3.15 µs. Images with 
16-bit pixel depth were acquired in 512 × 512 pixel format, i.e., 153.9 ×
153.9 µm. 

Fig. 1. Electrotransfer of oligonucleotides (A) and siRNA (B) in dependence of time after EP. Molecules were added before the application of the electric field and the 
uptake was monitored from up to 10 s before to 300 s after EP. Intracellular fluorescence intensity was measured within the same ROI at different time points after the 
electrotransfer of oligonucleotides (C) and siRNA (D). Scale bar = 20 µm. Error bars represent the standard error of the mean (SEM) of ≥ 3 independent experiments 
(n ≥ 15 cells). 
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2.6. Data analysis 

The obtained images were processed using the open-source image 
processing software ImageJ (National Institute of Health, Bethesda, MD, 
USA). The fluorescence intensity of cells was measured at different time 
points after the application of an electric field in the same region of 
interest (ROI). Background fluorescence intensity (before EP) was then 
subtracted from the values obtained in ROI. The primary criterion for 
defining the ROI was the spatial distribution of cells concerning the 
position of the electrodes. Only cells positioned between the electrodes, 
displaying morphological healthy cell’s shape, and maintaining no 
contact with each other were considered for the analysis. The presented 
data were obtained from at least 3 separate experiments. The entry side 
of oligonucleotides/siRNA was determined by measuring the fluores
cence intensity distribution between the side of the cell facing the 
cathode or anode. To investigate the pattern of the formation of siRNA 
aggregates on the cell membrane in the presence of pDNA, a line 
encompassing approximately 1 µm of cytoplasm and an equivalent size 
of the extracellular milieu of the cell membrane, oriented towards the 
cathode (where these clusters were anticipated), was drawn. The fluo
rescence intensity values within this line were integrated and presented 
as average values. Statistical analysis and plots were generated using 
GraphPad Prism12.5 software. Results are presented as mean ± stan
dard error of the mean (SEM). The statistical significance of differences 
between groups was determined using Mann-Whitney test. The p values 
< 0.05 were considered statistically significant. 

3. Results 

3.1. Continuous uptake of oligonucleotides and siRNA after cell 
electroporation 

With the aim to evaluate the efficiency of the electrotransfer of oli
gonucleotides and siRNA, we first pre-optimized the parameters of the 
electric field by evaluating the intracellular delivery and cell per
meabilization using PI assay and flow cytometry. The primary criteria 
for the selection of EP parameters were a high percentage of PI-positive 
cells when PI was administered prior to EP (indicating high permeability 
of the membrane) and a low percentage of PI-positive cells, when PI was 
administered after EP (indicating low irreversible permeabilization or 
cell death), respectively. In addition, since electrophoretic drag has been 
shown to be the driving force for the electrotransfer of oligonucleotides/ 
siRNA [29], relatively long pulses with a duration of 1–10 ms were 
selected. As presented in Supplemental Fig. 1, a single pulse of both sets 
of EP parameters 800 V/cm, 1 ms and 600 V/cm, 10 ms resulted in ≥ 95 
% of permeabilized cells that were able to restore plasma membrane 
barrier function within 15 min after treatment. 

The uptake of Alexa–488-labeled oligonucleotides and Alexa-555- 
labeled siRNA into cells was determined separately by acquiring 
confocal images before EP to 300 s after EP. The efficiency of transfer 
was then assessed by measuring intracellular fluorescence intensity 
within the same ROI at different time points after the application of the 
electric field. 

No interaction of the oligonucleotides (Fig. 1A) or siRNA (Fig. 1B) 
with the cell membrane or internalization of the molecules into the cells 
was observed before the application of the electric field (0 s). An in
crease in fluorescence at the regions of the cell membrane facing the 
electrode plates was observed immediately after the electrical pulse of 
800 V/cm, 1 ms, or 600 V/cm, 10 ms was applied. This indicates that 
cells were successfully permeabilized and the influx of molecules was 
induced by the electric field. Despite the current mechanism stating that 
the electrotransfer of oligonucleotides or siRNA is mainly facilitated by 
electrophoresis, the uptake of both molecules continued after the 
application of the pulse. 

As can be seen in Movies S1 and S2, the fluorescent signal immedi
ately after EP was mainly observed in the close vicinity of the cell 

membrane. Within 5 min, there was a shift of the fluorescence signal 
towards the center of the cell, followed by uniform intracellular distri
bution and markedly increased intracellular fluorescence. The influx of 
molecules after EP was also confirmed by quantitative evaluation of 
fluorescence intensity, presented in Fig. 1C and Fig. 1D. Before the 
application of the electric field, the baseline fluorescence of the cell was 
zero. Immediately after the application of electric field, the level of 
intracellular fluorescence increased to 4.4 a.u. (800 V/cm) and 8.8 A.U 
(600 V/cm) after oligonucleotide and 4.3 a.u. (800 V/cm) and 6-a.u. 
(600 V/cm) after siRNA electrotransfer, respectively. At each fixed 
time point, the electric field with a strength of 600 V/cm and a pulse 
length of 10 ms resulted in a slightly higher electrotransfer efficiency for 
both molecules. The intracellular fluorescence additionally increased to 
~ 36.5 a.u. and 48 a.u. after oligonucleotide and siRNA electrotransfer, 
respectively, 60 s after treatment. A progressive increase in fluorescence 
was consistently noted throughout the entire observation period. 
Notably, at the end of the observation (300 s), there was a 2-fold in
crease in fluorescence as compared to the measurement taken 60 s post- 
pulsation. 

3.2. Diffusion is more efficient through the cathode-facing side of the 
membrane 

Consistent with the observed influx of molecules after pulsation, we 
also noted a fluorescence signal on both the cathode- and anode- 
oriented sides of the cell. To verify this observation the cells were 
divided in half (see Fig. S2), and the fluorescence intensity was 
measured on the opposite sides of the cells facing the electrodes. Mea
surements performed after the electrotransfer of oligonucleotides and 
siRNA showed a similar overall trend. The fluorescence signal appeared 
immediately after the application of the electric field, followed by an 
increase in fluorescence intensity until 120 s after treatment on both the 
cathode and anode sides of the cell. Although there was a significantly 
higher (p < 0.01) uptake and subsequent fluorescence intensity on the 
cathode side, there was also a substantial increase in the signal on the 
anode side. At 120 s, fluorescence intensity had increased to 71.4 a.u. on 
the cathode side and 17.4 a.u. on the anode after the electrotransfer of 
oligonucleotides (Fig. 2A). 

When the uptake of molecules on opposite sides of the cell was 
evaluated, it was found that siRNA resulted in a 7.8-fold (61 a.u.) and 
13.2 -fold (11 a.u.) increase in intracellular fluorescence intensity on the 
cathode and anode sides, respectively (compared with values obtained 1 
s after the application of the electric field) (Fig. 2E). This bidirectional 
mode of entry (n ≥ 30 cells) was detected in ≥ 95 % (oligonucleotides) 
and ≥ 92 % (siRNA) of the cells examined. No cells were observed in 
which the molecules entered exclusively from the anode side, as shown 
in Fig. 2B and Fig. 2F. We also decided to evaluate the intracellular 
fluorescence distribution over time at a single-cell level. To do this, we 
drew a line delineating the position of the cell with respect to the 
electrodes (see Fig. S2 panels 3). 

As shown previously, the fluorescence pattern after the electro
transfer of oligonucleotides (Fig. 2C and Fig. 2D) and siRNA (Fig. 2G and 
Fig. 2H) showed a gradual increase in intensity with time after elec
troporation. In particular, the fluorescence peak on the cathode side was 
detected 60–120 s after treatment, and a subsequent shift in fluorescence 
was observed, indicating the intracellular distribution of the molecules. 
Despite the distribution of the molecules within the cell, the signal in
tensity on the sides of the cell facing both the cathode and anode 
remained relatively constant throughout the remaining period of the 
observation. This indicates that the molecules continue to enter on both 
sides of the electroporated membrane. 

3.3. Oligonucleotides and siRNA enter the nucleus 

We have also detected the entry of both molecules to the nucleus of 
cells after the application of an electric field. To confirm that the 
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observed signal originated from the intra-nuclear region, Z-stack images 
were acquired 5 min after EP. As illustrated in the representative image 
after the electrotransfer of oligonucleotides using an electroporation 
protocol of 600 V/cm electric field strength and 10 ms pulse duration 
(Fig. 3A and Movie S3), the molecules were homogeneously distributed 
in both the cytoplasm and nucleoplasm with the maximal accumulation 
observed in the nucleolus. The ability to cross the nuclear membrane 
was detected in ≥ 94 % and ≥ 91 % of cells after the electrotransfer of 
oligonucleotides and siRNA, respectively (Fig. 3B). To investigate the 

kinetics of nuclear entry, we have also quantified the intensity of intra- 
nuclear fluorescence at different time points after the treatment 
(Fig. 3C). The appearance of a signal in the nucleus was detected as early 
as 5 s after EP and increased progressively for both molecules. The first 
significant (18.4 a.u., p < 0.001) increase as compared to 1 s after pulse 
application was detected 60 s after EP, coinciding with the observation 
of the intracellular distribution of the molecules, as described in Fig. 2. 
The highest intra-nuclear fluorescence intensity was observed at the end 
of the observation period and was ~ 65.4 a.u. and 48.7 a.u., 

Fig. 2. Evaluation of uptake of molecules at opposite sides of the cell. Separate fluorescence intensity on the cathode- and anode-oriented side of the cell in 
dependence of time after the electrotransfer of oligonucleotides (A) and siRNA (E). Fluorescence intensity was measured within the same ROI. Error bars represent 
the standard error of the mean (SEM) of ≥ 3 independent experiments (n ≥ 20 cells). The percentage of cells taking up oligonucleotides (B) and siRNA (F) through the 
plasma membrane facing the cathode, anode, or both electrodes. The distribution of intracellular fluorescence of oligonucleotides (C, E, D) and siRNA (G, H) at the 
single cell level after the application of the electric field. Statistical differences in fluorescence intensity between the cathode and anode-oriented sides of the cell at 
each specified time point are indicated by *. ** denotes a p < 0.01; *** - p < 0.001. 
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respectively, after electrotransfer of oligonucleotides or siRNA (p <
0.001). These results indicate that both types of molecules are contin
uously taken up into the nucleus over time. 

3.4. pDNA inhibits the electrotransfer of siRNA 

The subsequent part of the study was to evaluate the potential in
fluence of plasmid DNA on the EP-mediated uptake of molecules. 
Because i) the EP protocol of 600 V/cm electric field strength and 10 ms 
pulse duration resulted in more effective electrotransfer of molecules 

and ii) both oligonucleotides and siRNA showed a similar pattern of 
cellular uptake, the experiments were conducted using only this set of EP 
parameters and siRNA molecules. As illustrated in Fig. 4A, the presence 
of pDNA during EP resulted in a gradual concentration-dependent 
decrease of siRNA influx. The differences in intracellular fluorescence 
were also confirmed by quantitative analysis, as presented in Fig. 4B. 
The results showed that even a low concentration of pDNA had a rele
vant effect on the influx of siRNA. When measured 300 s after treatment, 
10 µg/ml pDNA resulted in a cellular fluorescence of 63.1 a.u. as 
compared with 0 µg/ml at 1 s after EP which was responsible for a 69.1 

Fig. 3. Determination of intra-nuclear localization of molecules. Confocal Z-stack images were acquired in a total interval of 28 µm and rendered for a 3D 
reconstitution of the cell, showing nucleolar localization (A). Electric field parameters: 600 V/cm strength, 10 ms pulse duration. Images were acquired 5 min after 
the electrotransfer of oligonucleotides. Scale bar = 20 µm. The percentage of cells showing nuclear localization after oligonucleotide/siRNA electrotransfer (n ≥ 30) 
(B). Quantitative analysis of the fluorescence intensity of the nucleus at different time points after electroporation (C). Statistical differences in nucleus fluorescence 
intensity as compared to 1 s after pulse application are denoted by *** (for oligonucleotides) and ### (for siRNA) (p < 0.001). 

Fig. 4. The influence of pDNA on the electrotransfer efficiency of siRNA. Representative images of the variations in the intensity of intracellular fluorescence at 
different time points after combined electrotransfer of siRNA and pDNA (A). Experiments were performed using an electric field of 600 V/cm strength and 10 ms 
pulse duration. Both siRNA and pDNA molecules were administered to samples before EP. Quantitative evaluation of the dependence of fluorescence intensity on the 
concentration of pDNA in the samples (B). Fluorescence intensity was evaluated within the same ROI. Error bars represent the standard error of the mean (SEM) of ≥
3 independent experiments (n ≥ 15 cells). Statistical differences between 0 and 50 or 100 µg/ml of pDNA are denoted by * and # (p < 0.001), respectively. 
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-a.u. fluorescence intensity. It is noteworthy that a slowed rate of uptake 
was observed immediately after the application of an electric pulse and 
persisted throughout the duration of monitoring. For example, a ~ 2- 
fold lower rate of uptake was observed at 60 s after treatment when 10 
µg/ml of pDNA was present during EP, as opposed to the scenario where 
no pDNA was present in the sample. A further increase in pDNA con
centration (50–100 µg/ml) resulted in a significant decrease in uptake 
(p < 0.001) of the molecules: intracellular fluorescence increased only to 
6.6 a.u. and 3.8 a.u. at 50 µg/ml and 100 µg/ml pDNA, respectively (300 
s after treatment). 

3.5. pDNA induces the formation of siRNA clusters 

In addition to significantly reduced intracellular fluorescence in
tensity, accumulation of siRNA was observed exclusively on the cell side 
facing the cathode. At a low pDNA concentration (10 µg/ml) limited 
number of these fluorescent clusters were noticed and they were no 
longer perceptible at the end of the observation period. Clusters were 
not observed when no pDNA was present in the sample. At pDNA levels 
greater than 50 µg/ml, the number of clusters increased significantly, 
and they remained localized on the plasma membrane throughout the 5- 
min period. This was also accompanied by delayed translocation of 
siRNA molecules across the plasma membrane. To gain a better under
standing of the observed decreased cellular uptake and siRNA cluster 
formation, we quantified the fluorescence intensity at the cell membrane 

facing the cathode immediately after pulse application. The principle of 
the measurements and the results obtained are shown in Fig. 5A and 
Fig. 5B (pDNA concentration ≤ 10 µg/ml) as well as Fig. 5C and Fig. 5D 
(pDNA concentration ≥ 50 µg/ml). The results show that without pDNA 
(0 µg/ml) in the sample, translocation of siRNA molecules across the 
plasma membrane occurs in a fairly uniform manner. Fluorescence 
remained constant throughout the membrane at a level of ≥ 17.5 a.u., 
with a peak maximum of 32.2 a.u. Comparable and uniform uptake of 
siRNA was observed in the presence of 10 µg/ml pDNA, albeit with 
lower fluorescence intensity, with a maximum peak of 18.9 a.u. 
Consistent with the observed formation of clusters, the presence of 
multiple fluorescence peaks with significantly different intensities was 
observed at the cell membrane upon increasing pDNA concentration to 
50–100 µg/ml. Despite the similarity of fluorescence variations observed 
in both cases, increasing the concentration of pDNA resulted in a greater 
number of fluorescence peaks. 

3.6. The electrotransfer of siRNA is hindered by the aggregation of nucleic 
acids 

We also found that the uptake of siRNA on the side facing the anode 
was no longer observed when the concentration of plasmid DNA 
exceeded 50 µg/ml. To confirm this finding, we again divided the cell 
with respect to the position of the electrodes, as shown in Fig. S3, and 
measured the fluorescence intensity on both sides separately (Fig. 6 A- 

Fig. 5. Evidence of siRNA cluster formation on the cathode-oriented side of the cell. The plots show the fluorescence intensity patterns on the cathode-facing side of 
the cell membrane when 0–10 µg/ml (B) and 50–100 µg/ml (D) of pDNA were present during electroporation. The strategy of measuring clustered area (A, C): 1) 
images 1 s after EP. Cells marked with a dashed square were used for the analysis; 2) yellow arrows mark the siRNA clusters; 3) lines encompassing ~ 1 µm of 
cytoplasm and an equivalent size of the extracellular milieu were traced. Intensities between these distances were integrated and presented as the average values. 
Experiments were performed using an electric field of 600 V/cm strength and 10 ms pulse duration. Both siRNA and pDNA molecules were administered to the 
samples before the application of the electric field. Scale bar = 20 µm. 
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D). The results confirmed a decrease in the uptake of molecules on both 
the cathode- and anode-oriented sides of the cell that was dependent on 
pDNA concentration. Quantified 300 s after treatment, uptake on the 
cathode side was 1.1-fold (81.1 a.u.), 13.2-fold (7.2 a.u.), and 27.14-fold 
(3.5 a.u.) lower (p < 0.05), when 10, 50, and 100 µg/ml of pDNA were 
present, respectively in comparison to no pDNA in the sample (95 a.u.). 
Interestingly, the influx of siRNA at the anode side was also 8fold (5.6 a. 
u.) lower at 50 µg/ml pDNA and almost 15.6-fold (2.9 a.u.) lower at 100 
µg/ml than at 0 µg/ml DNA (45.2 a.u.) (p < 0.05). These results suggest 
that the negative effect of pDNA on siRNA electrotransfer is not solely 
due to the formation of clusters. 

4. Discussion 

Although RNAi is a powerful and rapidly developing technology that 
allows precise regulation of target gene activity, its application is limited 
due to the insufficient efficiency of the delivery of nucleic acids. 
Therefore, understanding the basic principles that govern the cellular 
uptake of molecules could potentially improve the efficiency of the 
treatment. In this study, we have examined EP-mediated delivery of 
oligonucleotides and siRNA at the single-cell level. In addition, we 
investigated the influence of large nucleic acid (pDNA) on the efficiency 
of the electrotransfer of small nucleic acids. By observing the uptake of 
oligonucleotides and siRNA over a 5-min period, we demonstrated that 
the influx of these molecules after cell EP continued throughout the 
whole observation period (Fig. 1A and Fig. 1B, Movies S1 and S2). The 
fact that no aggregate formation was observed at the cell membrane 
supports the assumption that the molecules have direct access to the 
cytoplasm during the process. This suggests that at least for the molecule 
size used in this study (35 nt long single-stranded DNA oligonucleotide 

and ~ 21 bp double-stranded siRNA), both exhibit comparable uptake 
patterns of small charged molecules, such as PI, that enter the cell by 
diffusion. Moreover, electrophoresis can only occur in the presence of an 
electric field, which does not explain the observed gradual increase in 
fluorescence intensity over time (Fig. 1C and Fig. 1D) and the bidirec
tional entry of both molecules (Fig. 2). Therefore, the obtained results 
(Fig. 2) indicate that the influx of both molecules is the consequence of 
the interaction of electrophoretic force and post-pulsation diffusion. 

Until now, the prevailing theory was that the direct transfer of siRNA 
across the plasma membrane into the cell cytoplasm occurs exclusively 
on the side facing the cathode [29]. According to the authors, even 
though the electroporated membrane allows for continuous PI uptake 
driven by an electrochemical gradient, no free diffusion of siRNA mol
ecules occurs at the same EP conditions, and the molecules enter the 
cytoplasm only during electric pulses. Therefore, the current concept 
emphasizes the crucial importance of electrophoretic forces. Similarly, 
Lojk et al. (2015) reported a strong dependence of siRNA-induced 
silencing on pulse strength and pulse duration, even for EP parameters 
that resulted in nearly 100 % permeabilization [47]. In this study, we 
observed a similar phenomenon – the exposure of cells to a 600 V/cm 
strength and 10 ms long electric pulse compared to 800 V/cm and 1 ms 
pulse resulted in increased electrotransfer efficiency for both molecules, 
although the levels of membrane permeabilization were comparable for 
PI (see Supplemental Fig. 1). However, regardless of the EP protocols 
applied, the intensity of intracellular fluorescence was observed to be 
higher after a longer period (minutes) after EP, than immediately after 
the delivery of the electrical pulse, suggesting that diffusion plays a 
significant role in the transfer of oligonucleotides and siRNA. The fact 
that both molecules can enter the cell continuously from both the 
cathode and anode sides also supports this assumption. On the other 

Fig. 6. The dynamics of fluorescence intensity on the cathode and anode side of the cells after EP with 0 µg/ml (A), 10 µg/ml (B), 50 µg/ml (C) and 100 µg/ml (D) of 
pDNA. Fluorescence intensity was measured within the same ROI. Error bars represent the standard error of the mean (SEM) of ≥ 3 independent experiments (n ≥ 15 
cells). Statistical differences in fluorescence intensity between the cathode and anode-oriented sides of the cell at each specified time point are indicated by *. * 
denotes a p < 0.05; ** - p < 0.01; *** - p < 0.001. 
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hand, the significant cathodic preference exhibited by both oligonucle
otides and siRNA upon entering the cell (Fig. 2 C, D, G, H) shows 
important differences from the uptake pattern of small molecules. The 
most obvious hypothesis to explain higher uptake at the cathode side 
might be the influence of electrophoretic forces. These forces facilitate 
the movement of oligonucleotides and siRNA toward the cathode-facing 
membrane and allow them to move directly through the electroporated 
membrane during the pulse by overcoming electrostatic repulsion. In 
addition, electrophoretic movement presumably increases the number 
of molecules in close proximity to the cathode-facing side of the cell, 
causing the asymmetry of the uptake to persist after the end of the 
electric pulse. Finally, the level of EP could be more favorable in terms of 
the area of the electroporated membrane and/or the size of the elec
tropores on the membrane facing the cathode. Indeed, studies have 
shown that the asymmetry with a cathodic preference for ion and dye 
uptake was observed after EP [48–51]. A similar pattern was also 
observed after siRNA electrotransfer in 3D spheroids [15]. 

Our results also show that oligonucleotides/siRNA can enter the 
nucleus within minutes after electroporation (Fig. 3A and Fig. 3B). 
Indeed, the transfer of single-stranded LNA/DNA oligomers (~7 kDa) to 
the nucleus after EP has been already reported [30]. Previous studies 
have also shown that the intracellular localization of siRNA and oligo
nucleotides is not restricted to the cytoplasm and both molecules are 
able to cross the nuclear membrane [30,52]. In a study performed by 
Jarve et al. [52], siRNA was detected in the nucleus within 15 min after 
microinjection into the cytoplasm. 4 h later, siRNA had completely 
migrated back into the cytoplasm. In another study, intra-nuclear 
localization of siRNA was detected as early as 2 min after microinjec
tion [53]. This bidirectional exchange between the nucleus and cyto
plasm is thought to be facilitated by nuclear pore complexes (NPCs). 
NPC channels allow passive diffusion of molecules having a molecular 
mass lower than 40 kDa [54]. Exportin 5 is assumed to be responsible for 
the regulation of siRNA transfer from the nucleus [55]. Of note, signif
icant amounts of Ago2, a catalytic driver of RNA interference, have also 

been detected in the nucleus [56,57]. Therefore, the evidence, that NPCs 
are in sufficient size to allow the free diffusion of oligonucleotides/ 
siRNA, and, that RNA interference can function within the nucleus, 
collectively account for the rapid movement of the molecules to the 
nucleoplasm. In agreement, we observed a significant accumulation of 
siRNA and oligonucleotide molecules in the nucleus within 1 to 2 min 
after treatment, which coincided with the widespread distribution of the 
molecules within the cell. This observation suggests that the transport of 
the molecules to the nucleus occurred upon their reach of the nuclear 
membrane. This may explain the faster kinetics of nuclear localization 
observed after EP compared with microinjection. Studies have also 
suggested that fluorescently labeled siRNA is excluded from non- 
nucleolar regions after the entry into the nucleus and accumulates 
significantly in the nucleoli [55,58], a similar pattern was also observed 
in our study. The physiological significance of this specific accumulation 
pattern, however, is not yet clearly understood. 

This study introduces an updated electrotransfer mechanism for ol
igonucleotides/siRNA, proposed previously by Paganin-Gioanni et al. 
[29]. The authors of the study employed a distinct cell line and electric 
field parameters. Although B16 F10 and CHO cells share similar di
ameters, the CHO cells used in our study exhibited elongated shapes, as 
evident in the provided images. Furthermore, the authors reported a 
fluorescence signal on the cathode side exceeding 200 a.u. after applying 
a series of 10 pulses. In contrast, our study revealed a comparable signal 
only minutes post-pulse application, which did not show further in
crease over time, but rather exhibited uniform distribution within the 
cell (refer to Fig. 3D and Fig. 3H). It is noteworthy that the authors 
utilized approximately three times lower siRNA concentration 
compared with our study, with initial amounts of 4 µg and 14.1 µg, 
respectively. This implies a substantially higher cumulative electro
phoretic force when employing parameters 10 pulses of 300 V/cm, 5 ms, 
resulting in a more significant influx of molecules during the pulsation. 
Presumably, this high fluorescence signal could hinder a clear discrim
ination of post-pulse diffusion of labeled siRNA molecules, while still 

Scheme 1. An updated mechanism of electrotransfer of oligonucleotides/siRNA (a) and a new suggested model of cellular uptake of siRNA after simultaneous 
electrotransfer with pDNA (b). Oligonucleotides and siRNA employ a common mechanism of cellular uptake. The delivery commences promptly following the 
application of an electric pulse and continues for several minutes thereafter. The entrance of molecules involves both electrophoresis (during the pulse) and diffusion 
(during and after the pulse). The uptake is present on both the cathode and anode sides of the cell, with a notable preference for the cathodal side. Within minutes of 
the electric pulse, oligonucleotides, and siRNA cross the nucleus and accumulate within the nucleoli. The presence of pDNA during the electrotransfer of siRNA 
obstructs the passage of siRNA molecules, leading to the formation of siRNA clusters specifically on the side of the cell oriented towards the cathode. Additionally, 
pDNA has the potential to aggregate with multiple siRNA molecules and negatively affect electrophoresis on the cathode side and inhibit diffusion of siRNA on both 
the cathode and anode sides of the cell. 
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detecting siRNA-induced silencing of EGFP mRNA. Additionally, the 
authors monitored siRNA electrotransfer for up to one minute. Consis
tent with our findings, nuclear localization of molecules was not 
observed within the first minute after electroporation. Consequently, the 
cytoplasmic localization of siRNA reported by the authors may be 
attributed to the limited observation timeframe. 

In this study, we demonstrated for the first time that the presence of 
pDNA during the electroporation significantly reduces the delivery of 
small fluorescently labeled nucleic acids (Fig. 4). It is well known that 
the electrotransfer of pDNA is driven by electrophoresis and the entry of 
the molecules occurs at the cathode side of the cell [36–39,59,60]. Since 
results revealed that the cathode side is the preferred site for the elec
trotransfer of siRNA, it is conceivable that pDNA impedes the entry of 
much smaller siRNA molecules. Since pDNA remains in contact with the 
cell membrane for several minutes after EP [60,61] the diffusion of 
siRNA molecules would be hindered or significantly reduced after the 
pulsation at the cathode side, making the anode side the primary entry 
point. Therefore, the observed decrease in molecular influx could be 
partially explained by the uptake exclusively occurring on the anode 
side. Consistent with the notion of membrane obstruction on the cathode 
side, we observed the formation of siRNA clusters at the membrane in 
the presence of pDNA during the treatment (Fig. 5). Previous studies 
have shown that DNA does not distribute uniformly across the mem
brane before translocation to the cytoplasm, but forms discrete aggre
gates after application of an electrical pulse [61]. Consequently, it could 
be hypothesized that a higher concentration of pDNA would involve a 
larger number of molecules, resulting in a greater amount of DNA ag
gregates at the membrane. This could explain the increasing number of 
siRNA clusters with increasing pDNA concentration, as observed in our 
study. Nevertheless, the formation of clusters alone cannot explain the 
significantly decreased uptake of siRNA on the cell side facing the anode, 
as shown in Fig. 6. 

Previous research by Kooimans et al. [62] suggests that EP can 
stimulate the strong aggregation of siRNA molecules due to precipita
tion, induced by metal ions from the electrodes, hydroxyl and oxide ions 
generated during electric pulsing and hydroxide ions from the EP me
dium. Similarly, ion-induced pDNA aggregation was observed after EP 
in another study [63]. It was suggested that positively charged metal 
ions from the electrodes may interact with negatively charged residues 
of nucleic acids, neutralizing the repulsive forces between macromole
cules or even forming metal bridges between them and, in turn, facili
tating the formation of aggregates. Meanwhile, the interaction between 
hydroxyl and oxide ions with metal ions can lead to the formation of 
substantial aggregates. These aggregates, in turn, have the potential to 
induce the aggregation of pDNA during the electrotransfer [64]. The 
presence of divalent cations (e.g., Mg2+) in the EP buffer is also asso
ciated with the neutralization of the charges of nucleic acids and sub
sequent aggregation [65,66]. Although we did not observe any 
difference in the efficiency of siRNA electrotransfer when using stainless 
steel or aluminum electrodes (data not shown), we cannot rule out the 
possibility that larger pDNA molecules could aggregate with multiple 
siRNA molecules, physically reducing the number of free siRNA mole
cules. Conversely, the appearance of fluorescent structures on the 
membrane side facing the cathode during siRNA electrotransfer in the 
presence of pDNA suggests that these structures correspond to siRNA/ 
pDNA aggregates. Indeed, similar fluorescent structures were observed 
during the electrotransfer of fluorescently labeled pDNA [33]. Taken 
together, the formation of clusters on the cathode side in conjunction 
with the potential aggregation of pDNA and siRNA could explain the 
significant reduction in the cellular uptake of siRNA. 

In summary, in this study, we provide an update to the conventional 
mechanism of cellular uptake of small nucleic acids, by revealing new 
fundamental insights into the mechanism of electrotransfer of oligonu
cleotides and siRNA (Scheme 1). Our results have demonstrated that 
siRNA and oligonucleotides enter the cell through: i) the side of the 
membrane facing the cathode due to electrophoretic forces during the 

electric pulse and ii) both sides of the electroporated membrane due to 
diffusion after the application of the electric pulse. In addition, both 
molecules are transported to the nucleus within minutes after treatment, 
with significant accumulation in the nucleoli. We also discovered that 
the presence of pDNA during siRNA electrotransfer significantly reduces 
the efficiency of siRNA electrotransfer, presumably by blocking the 
passage sites at the membrane facing the cathode and by reducing free 
siRNA molecules due to aggregation with pDNA. Collectively, our data 
shed light on the independent and simultaneous electrotransfer mech
anism of oligonucleotides/siRNA and pDNA, potentially offering a new 
perspective for the clinical development of RNAi-based therapies. 
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[49] T. Batista Napotnik, D. Miklavčič, Pulse duration dependent Asymmetry in 
Molecular transmembrane transport due to electroporation in H9c2 rat Cardiac 
myoblast cells in vitro, Molecules 26 (21) (2021) 6571. 

[50] Tekle E, Astumian RD, Chock PB. Selective and asymmetric molecular transport 
across electroporated cell membranes. Proceedings of the National Academy of 
Sciences. 1994 Nov 22;91(24):11512–6. 
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correlation spectroscopy and fluorescence cross-correlation spectroscopy reveal the 
cytoplasmic origination of loaded nuclear RISC in vivo in human cells, Nucleic 
Acids Res. 36 (20) (2008) 6439–6449. 

[57] K.T. Gagnon, L. Li, Y. Chu, B.A. Janowski, D.R. Corey, RNAi factors are present and 
active in human cell nuclei, Cell Rep. 6 (1) (2014) 211–221. 

[58] Y.L. Chiu, A. Ali, C. Chu, Ying, H. Cao, T.M. Rana, Visualizing a Correlation 
between siRNA localization, Cellular uptake, and RNAi in living cells, Chem Biol. 
11 (8) (2004) 1165–1175. 

[59] L.D. Cervia, F. Yuan, Current Progress in Electrotransfection as a nonviral method 
for gene delivery, Mol. Pharm. Vol. 15 (2018). 
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