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Nanosecond pulsed electric field 
suppresses growth and reduces 
multi‑drug resistance effect 
in pancreatic cancer
Wojciech Szlasa 1*, Olga Michel 2,3, Natalia Sauer 4, Vitalij Novickij 5,6, 
Damian Lewandowski 7, Paulina Kasperkiewicz 8, Mounir Tarek 9, Jolanta Saczko 2 & 
Julita Kulbacka 2,6

Nanosecond pulsed electric fields (nsPEF) have been shown to exert anticancer effects; however, little 
is known about the mechanisms triggered in cancer cells by nanosecond‑length pulses, especially 
when low, sub‑permeabilization voltage is used. In this study, three human pancreatic cancer cell 
lines were treated with nsPEF and molecular changes at the cellular level were analyzed. Further, 
we assessed the efficacy of paclitaxel chemotherapy following nsPEF treatment and correlated that 
with the changes in the expression of multi‑drug resistance (MDR) proteins. Finally, we examined the 
influence of nsPEF on the adhesive properties of cancer cells as well as the formation and growth of 
pancreatic cancer spheroids. Cell line response differed with the application of a 200 ns, 100 pulses, 
8 kV/cm, 10 kHz PEF treatment. PEF treatment led to (1) the release of microvesicles (MV) in EPP85‑
181RDB cells, (2) electropermeabilization in EPP85‑181RNOV cells and (3) cell shrinkage in EPP85‑
181P cells. The release of MV’s in EPP85‑181RDB cells reduced the membrane content of P‑gp and 
LRP, leading to a transient increase in vulnerability of the cells towards paclitaxel. In all cell lines we 
observed an initial reduction in size of the cancer spheroids after the nsPEF treatment. Cell line EPP85‑
181RNOV exhibited a permanent reduction in the spheroid size after nsPEF. We propose a mechanism 
in which the surface tension of the membrane, regulated by the organization of actin fibers, 
modulates the response of cancer cells towards nsPEF. When a membrane’s surface tension remains 
low, we observed some cells form protrusions and release MVs containing MDR proteins. In contrast, 
when cell surface tension remains high, the cell membrane is being electroporated. The latter effect 
may be responsible for the reduced tumor growth following nsPEF treatment.

Efficient treatment of pancreatic cancer remains one of the greatest challenges of current  oncology1. Ameri-
can Cancer Society estimates over 60 000 new pancreatic cancer patients were diagnosed in 2021. Pancreatic 
cancer treatment protocol depends on the clinical stage of the  disease2,3. For the locally advanced pancreatic 
cancer, the most common treatment options are surgery and chemoradiation  therapy4. When the cancer mass 
infiltrates the aorta, palliative treatment is introduced to reduce the tumor size and symptoms. In metastatic or 
recurrent pancreatic cancer, palliative chemotherapy combined with novel targeted therapeutics is  indicated4. 
Selective kinase inhibitors remain the most promising option for patients diagnosed with advanced stage of the 
 disease5–7. Unfortunately, due to the low tumor vascularization and efficient mechanisms of multidrug resistance 
(MDR) of pancreatic cancer cells, chemotherapy is characterized by low  effectiveness8–10. The lack of prominent 
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immunotherapy and low efficacy of chemotherapy underscore the need for progress in the search for more 
effective therapy  alternatives2,4.

Treatment with pulsed electric field (PEF) has been proven effective against numerous neoplasms, like mela-
noma or prostate  cancer11–13. PEFs have been shown to yield various effects depending on applied parameters 
(voltage, pulse duration, frequency of pulses delivery and number of pulses), we may describe various utilities of 
PEF. When voltage exceeds the electroporation threshold, reversible pores are formed in the cell  membranes14. 
Simultaneous administration of low-voltage PEFs and cytostatic drugs enhance drug delivery to tumor  cells15. 
When the electric field greatly exceeds the electroporation threshold, the process leads to irreversible elec-
troporation (IRE)16. In this process, the cancer cell membrane permanently loses its integrity and a leakage of 
a cytoplasmic content is observed in the extracellular space. Even though IRE was initially thought to induce 
necrosis exclusively, current literature shows that the efficacy of chemotherapy is enhanced when combined 
with gemcitabine, bleomycin and calcium  ions17–19. Changes in the pulse duration also led to different response 
of cancer cells towards PEF. Microsecond pulses are often used to permeabilize cell membrane and nanosecond 
pulses are applied to induce cytoskeleton disorganization and cell  damage20,21. Pulses delivered with high fre-
quency (MHz) are perceived by cells as a single cumulative  pulse22 and low-frequency pulses are perceived as the 
series of  pulses21. The variety of effects evoked in cells by PEFs requires researchers to optimize electroporation 
parameters to reach the desired biological effects.

The most important factors considered in pancreatic cancer treatment are local cancer growth, invasions 
in the surrounding tissues and a moderate response to  chemotherapy23. Tumor microenvironment was also 
demonstrated to play important role in pancreatic cancer carcinogenesis and should not be disregarded in the 
anticancer  regimen24. Nanosecond pulses have already been used to induce cell death or sensitize cells towards 
anticancer  therapy21,25,26. It was shown that nsPEF may lead to the alteration of an antigens’ profile of cancer cell 
 membranes27; however, to our knowledge, there is no research demonstrating nsPEF effects on the expression 
of MDR proteins.

This study aims to analyze the effects of nsPEF on the MDR effect, cell adhesion and the growth suppression 
of 3D pancreatic tumor model. For the experiments we used three pancreatic cancer cell lines with different 
profiles of drug resistance: EPP85-181RDB (resistant to daunorubicin), EPP85-181RNOV (multidrug resistant) 
and EPP85-181P (parental). Cells were treated with 100 pulses of 200 ns duration, delivered at 10 kHz frequency, 
with the electric field intensity of 8 kV/cm. Immediately following pulse delivery, cells were subjected to structural 
analysis with a holotomography microscope. Simultaneously we examined cell membrane permeabilization to 
Yo-Pro-1 fluorescent dye induced by PEF treatment. Further, we analyzed the organization of actin fibers in cells 
under a confocal microscope. The next part of the study aimed to assess the effects of nsPEF on the expression 
of MDR proteins. We analyzed the changes in p-glycoprotein (P-gp / CD243) and the low-density lipoprotein 
receptor-related protein (LRP, CD91) following cell stimulation with nsPEF and its implication in paclitaxel 
chemotherapy in vitro. A confocal microscope was used to examine pan-cadherin and N-cadherin immuno-
reactivity after nsPEF treatment. These results were compared to data on formation and growth of pancreatic 
cancer spheroids in order to assess cell adhesive properties.

Results
Effects of nsPEF on pancreatic cancer cells. To analyze the effects of nsPEF on the morphology of 
pancreatic cancer cells we implemented the holotomographic microscopy. Figure  1 presents the response of 
cells towards nsPEF. Depending on the cell line, we observed MVs release, membrane permeabilization and cell 
shrinkage following nsPEF treatment. EPP85-181RDB—the smallest cells underwent extensive MVs release, 
which was detectable  5  min after a stimulation with the electric field. Small, vesicular structures could be 
observed nearby the cell membrane minutes after nsPEF treatment. The most extensive MVs release occurred 
13 min after the PEF treatment. 24 h post experiment we continued to observe the detached vesicles surrounding 
the cells. No Yo-Pro-1 inflow was observed during the experiment. In contrast, in the significantly larger, EPP85-
181RNOV cells, permeability to Yo-Pro-1 dye was greatly improved by nsPEF application. Aside from the high 
level of fluorescent dye uptake, no morphological changes were observed in this cell line. EPP85-181P cells did 
not experience detached membrane vesicles nor underwent permeabilization. In response to PEF treatment, the 
EPP85-181RNOV cells size was reduced and they may presumably became resistant to damage.

Molecular dynamics simulations were conducted to investigate different membrane effects of nsPEF (Table 1). 
Simulations of the electric field action on cell membranes were performed on models with various surface tension 
and cholesterol content. By reducing the surface tension from 0 to −30 mN/m we obtained the invagination of 
the membrane model. These data suggest that the surface tension plays an important role in cellular response 
to PEFs. When the surface tension remains low, low voltage nsPEF does not evoke electroporation. Instead, 
invagination may occur in the membrane regions low in cholesterol. Consequently, changes may be observable 
such as the release of MV’s detected in EPP85-181RDB cell line. In contrast, when the same voltage is applied 
on a membrane when the surface tension remains high triggers membrane electroporation, which seems to be 
the case for EPP85-181RNOV cells line.

Figure 2 presents the organization of F-actin 24 h after PEF treatment. Confocal laser microscopy studies 
of actin remodeling in EPP85-181RDB cells, show high vulnerability of their cytoskeleton to PEFs. After PEF 
treatment, the number of cells lacking a peripherally aligned cytoskeleton had increased (Fig. 2). The reduction 
in peripheral actin organization may be correlated with the release of microvesicles from the membrane of the 
cells. Conversely, cells which underwent membrane permeabilization (EPP85-181RNOV) present almost no 
changes in actin organization following the nsPEF treatment (Fig. 2). The subtle changes in F-actin cytoskeleton 
following 24 h incubation after nsPEF treatment indicate reversibility of the electroporation process. It was also 
observed that nsPEF-treated EPP85-181P cells have significantly less protrusion structures in comparison to 
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control cells (Fig. 2, yellow arrows). Interestingly, these changes concerned only protrusions involved in cellular 
adhesion, but not those involved in cell communication.

Effects of nsPEF on multidrug resistance. After analyzing the structural alternations in pancreatic 
cancer cells subjected to nsPEF (see the pulses on Fig. 3E), we examined the modulatory effects of PEF on the 
sensitivity of cancer cells to chemotherapy. For the study we did not consider the electro-transport of the drug 
through the cell membrane, but rather we wanted to focus on the long-term changes in cells MDR proteins and 

Figure 1.  The response of EPP85-181RDB, EPP85-181RNOV and EPP85-181P cell lines to nsPEF (8 kV/
cm, 200 ns, 100 pulses, 10 kHz). The photographs were captured before, 1 min, 5 min and 13 min after pulse 
application. The top panel shows the ultrastructure of the cells obtained by the holotomography reconstruction 
and the bottom panel shows the fluorescence of Yo-Pro-1 after the administration of nsPEF, blue arrows—MVs 
release from the cell membrane, red arrows—YoPro-1 stain signal in the cells.
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Table 1.  Molecular dynamics simulations concerning the effects of electric field on the morphology of the 
membrane with respect to the electroporation threshold, surface tension of the membrane and cholesterol 
content in the membrane patch.

Figure 2.  Fluorescent staining of F-actin (green) and nuclei (blue), red arrows show the loss of peripheral 
cytoskeleton in EPP85-181RDB cells after PEF stimulation, yellow arrows point the presence of protruding 
extremities before stimulation of EPP85-181P cells with PEF; nuclei (blue). Confocal microscope. Scale bar: 
58.3 µm.
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its consequences on the sensitivity of cancer cells to chemotherapy. The expression of MDR proteins and sus-
ceptibility of the cells to paclitaxel was examined 24 h after nsPEF, which is much longer than the time required 
for membrane resealing after  electropermeabilization14,28,29. Figures 3A–C report the changes in the number of 
EPP85-181RDB, EPP85-181RNOV and EPP85-181P cells following (1) the application of PEFs only, (2) incuba-
tion with 50 nM paclitaxel and (3) combination of PEFs with 50 nM paclitaxel. The drug was added to the cell 
culture 24 h after PEF treatment and the cells were monitored in real time. For EPP85-181RNOV and EPP85-
181P cell lines, Presto Blue viability assay revealed no differences in cells’ viability after 48 h standalone incuba-
tion with paclitaxel and the combination of PEF with paclitaxel (Fig. 3D). The only cell line, which became more 
vulnerable to paclitaxel after treatment with nsPEF was EPP85-181RDB (Fig. 3A,D). It is worth noting that the 
effects were transient (visible only up to ~ 48 h after incubation with paclitaxel) and gradually became negligible 
in 60 h time. EPP85-181RNOV cells were highly susceptible towards paclitaxel and indeed the drug inhibited 
their proliferation (Fig. 3B). The effect of paclitaxel observed on EPP85-181P cell line was negligible (Fig. 3C). As 
for the monitoring of the external factors, which may affect the cell during nsPEF treatment, we performed the 
computer modelling simulations of electric field distribution inside the electroporation cuvette. We found that 
there is not an extensive heat nor other type of radiation inside the chamber. Besides, the electric field inside the 
simulation box is very stable and even inside the cuvette (Fig. 3F).

Our holotomographic microscopy studies showed the release of microvesicles from EPP85-181RDB cells sub-
jected to nsPEF. Figure 4A presents the mechanism in which cell detaches small portion of its membrane (depicts 
as the white arrow) and releases micro vesicles outside the cells (yellow arrow). Chemotherapy-sensitizing effect 
of PEF in EPP85-181RDB cells was further examined with the confocal microscopy (Fig. 4B). The fluorescence 
studies of P-gp (CD243) and LRP (CD91) on EPP85-181RBD showed high abundance of the proteins present 
in a single spot of the cell 24 h after the nsPEF treatment. By analyzing the distribution of the signal in the cells, 
we may conclude that the membrane content of both MDR proteins highly decreases after treatment with nsPEF 
(Fig. 4D). The release of microvesicles from the cell membrane of EPP85-181RDB cells alters the expression 
of MDR proteins localized on the plasmalemma. The process results in the dimmed signal of MDR proteins in 
confocal microscopy (Fig. 4D). Colocalization studies of both CD91 and CD243 showed no signal overlap and 
confirmed that the highest difference in the immunoreactivity may be detected in EPP85-181RDB cells (Fig. 4C). 
The mechanism connecting the release of microvesicles and the loss of membrane proteins is depicted on the 
Fig. 4E.

Figure 3.  (A–C) The relative number of EPP85-181RDB (A), EPP85-181RNOV (B), EPP85-181P (C) cells 
as the function of time measured after the administration of 50 nM paclitaxel alone and in combination with 
nsPEF. The study was conducted using CellcyteX automated cell counter and analyzer, ANOVA * p < 0.05, 
Black—Control, Red—PEF, Purple—Paclitaxel, Green—Paclitaxel added 24 h after PEF treatment; (D) Presto 
Blue assay after the exposure of the EPP85-181RDB, EPP85-181RNOV and EPP85-181P cells to 50 nM 
paclitaxel combined with nsPEF. The drug was added to the cells 24 h after nsPEF treatment and the cells were 
left for 48 h in the drug 50 nM solution, ANOVA *p < 0.05; (E) oscilloscope caption of nsPEF of 200 ns, 100 
pulses, 10 kHz and 8 kV/cm; (F) computer modelling of the electrotherapy cuvette (1 mm gap), which shows an 
even distribution of the field inside the cuvette. Slight differences are observed in the periphery of the chamber.
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Effects of nsPEF on spheroids’ growth and cell‑to‑cell interactions. The last aspect of the study 
focused on the effects of nsPEF on the adhesive properties of the pancreatic cancer cells as well as the formation 
and growth of 3D cell culture spheroid. With EPP85-181RDB cells, we observed changes in the formation of 
the spheroid solely within the first two days after treatment with electric field (Fig. 5A). However, it should be 
noted that this cell line’s spheroids are less stable than other cell lines, which led to higher standard deviation 
of the spheroid’s size compared to other cell lines (Fig. 5B,C). After the spheroid formation was complete, we 
started the observation of its growth. There was no significant size difference between PEF-treated and control 
EPP85-181RDB spheroids. Initially, EPP85-181RDB derived spheroids were about 300 μm in diameter, EPP85-
181RNOV were about 500 μm and EPP85-181P were the smallest with about 250 μm in diameter (Fig. 5A–C). 
Interestingly, the size of EPP85-181RDB cell-mass after PEF was not significantly different from control. Moreo-
ver, as visualized with microscope, PEF-treated cells were more adherent to each other and formed irregularly 
aligned cell groups. The confocal microscopy studies revealed a partial reduction of the fluorescent signal from 
pan-cadherin and shift of the signal from the cells’ periphery to the center (Fig. 6A) Unlike pan-cadherin, the 
signal of N-cadherin the fluorescence was almost undetectable (Fig. 6B). Noteworthy, membrane signal after 
PEF treatment was highly reduced in comparison to the control sample.

EPP85-181RNOV (second analyzed pancreatic cancer cell line) cells responded to treatment with nsPEF by 
forming significantly reduced spheroids throughout the observation period (Fig. 5C). Moreover, the 3D culture 
composed from cells treated with nsPEF were more densely attached to each other after 100 h following the 
experiment. The pancreatic cancer cells did not escape from the cell-mass to the environment in comparison to 
the control cells and the spread of the cells was observed at a much lower extent in the samples treated with the 
nsPEF. Interestingly, the EPP85-181RNOV cells formed similar cells’ conglomerates to EPP85-181RDB cells, but 
the expression of the pan-cadherin was much lower than in the control samples (Fig. 5C). Similarly to EPP85-
181RDB, the cells also lacked the membrane signal of the protein.

The third analyzed pancreatic cancer cell line—EPP85-181P reduced the size of 3D cell culture in the first 
hours following PEF treatment. However, after longer incubation times, the cancer spheroid was comparable to 
control spheroids (Fig. 5B). In addition, the cells reduced the fluorescence signal of pan-cadherin and aggregated 

Figure 4.  (A) Holotomographic microscopy photograph showing EPP85-181RDB cells 13 min after nsPEF 
treatment. White arrow indicates micro vesicles (MV’s) being detached from the cell membrane and yellow 
arrow shows already freely detached MV’s from the membrane; (B) the immunofluorescence staining of 
CD91 (green) and CD243 (red) 24 h following the exposure to nsPEF treatment of EPP85-181RDB cells; (C) 
colocalization studies between CD91 and CD243 signal shift 24 h after the cells were exposed to nsPEF, analyzed 
with LasX software; (D) signal distribution plots in the EPP85-181RDB cells exposed to nsPEF, the photographs 
were analyzed in ImageJ software via the distribution plot module; (E) proposed mechanism in which, the cells 
reduce the membrane content of MDR proteins via the release of MDR proteins containing vesicles.



7

Vol.:(0123456789)

Scientific Reports |          (2023) 13:351  | https://doi.org/10.1038/s41598-023-27605-4

www.nature.com/scientificreports/

24 h following the nsPEF treatment (Fig. 6B). Even after treatment, the N-cadherin signal was still detected but 
highly reduced both in the cytoplasm and on the cell membrane (Fig. 6A).

Discussion
The anticancer potential of nsPEF was evaluated within the scope of two main applications—electrochemother-
apy and irreversible  electroporation30,31. Electrochemotherapy utilizes electric pulses which do not permanently 
disrupt the cell membrane, but rather pulses which reseal after the introduction of the drug to the cytoplasm of 
the targeted cell. In contrast, irreversible electroporation permanently disrupts the cell integrity, which is the most 
prominent cell death factor in this therapy approach. The effectiveness of cell membrane permeabilization and 
cell death induction as a function of the frequency of the delivered pulses, their length, number and the applied 
voltage has been  addressed21,31. Cited studies showed that not all pulse types induce cell permeabilization and may 
accordingly be applied to transport the drugs throughout cell membranes. For instance, Kiełbik et al. proved that 
nsPEF induces electropermeabilization under high applied voltage and MHz frequency of pulses delivery. Other 
study by Szlasa et al. proved that irreversible electroporation occurs when using extremely long 10 ms pulses in 
microsecond electroporation  protocols32. The other application of nsPEF in the anticancer therapy is irreversible 

Figure 5.  Kinetic studies concerning the growth of 3D cell culture formed by EPP85-181RDB (A), EPP85-181P 
(B) and EPP85-181RNOV (C) cell lines supported by the photographs of the formed spheroids. The plot is 
divided into the spheroid formation phase and spheroid growth phase, separated with a vertical line; right side 
of (C) shows the maximum area occupied by the cancer cells.
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electroporation, which is triggered by extremely high electric fields and high frequencies of pulse  delivered30,32. 
In contrast to microsecond pulses, nsPEFs need to be delivered at much higher (10 times standard) electric 
field intensities to observe similar permeabilization  effects21,32. When electroporation is applied to treat cancer 
tissues, most of the affected cells are those which lay between the electrodes. However, when the electric field is 
high, cancer cells outside the electrodes’ range are also subjected to low electric field intensities. Interestingly, 
cells which are not in between electrodes can also be affected by PEFs application. This phenomenon is called 
a “Bystander effect”33. To our knowledge, no thorough studies were carried out which characterized molecular 
changes in cells in close proximity to sub-electroporation threshold electric fields range.

In our study three analyzed pancreatic cancer cell lines responded differently to the same parameters of the 
electric field. These differences may arise from the variation of surface tension of the cell membranes. Interest-
ingly, based on Schwan’s equation, cell size does not solely correlate with the electroporation threshold for the 
nanosecond  pulses34. Therefore, the differences in the organization of actin fibers and cells’ protrusions may be 
responsible for the differences in the surface tension of all pancreatic cancer cells. EPP85-181P cells were not per-
meable to Yo-Pro-1 following the nsPEF treatment; however, the actin-containing filopodia were no longer visible 
actin fibers were remodeled. The shrinkage and fibers reorganization may be involved in the higher resistance 
of the cells towards PEF. Reparation mechanisms following PEF treatment are surely involved in EPP85-181P 
response to PEF due to the retained viability of the cells following PEF treatment. In contrast, EPP85-181RNOV 
cells did not see an alternation of the organization of F-actin fibers which resulted in permeabilization of the 
membrane. EPP85-181RDB cells responded differently—by the release of microvesicles (MV) and the reorgani-
zation of actin fibers, the cells may avoid the disruption of the cell membrane during nsPEF treatment. MVs 
release was not similar to previously described blebbing, which leads to cell  apoptosis32,35,36. The size of vesicular 
structures released from the cells is much smaller in contrast to the apoptotic release of  blebs35,37. Interestingly, the 
formation of MVs was not instantaneous but occurred 5 to 13 min after the exposure. This time required for the 
cells’ response suggests that the cell membrane is not the only cell element involved in the process, but complex 
reorganization of the cytoskeleton occurs as well. Indeed, in EPP85-181RDB cells, peripherally aligned F-actin 
fibers were disrupted following the nsPEF treatment, which reduced the surface tension of the membrane. The 
surface tension is also affected by the lipid composition of the cancer cell  membrane38. Our molecular dynamics 
simulations showed that the reduced surface tension of the membrane leads to its invagination of the membrane 
and further the MVs release. Therefore, membrane permeabilization in EPP85-181RNOV cells rises from the 
lack of molecular response to sheer stress induced by the electric field.

Given that the electric field affects the release of MVs from EPP85-181RDB cells, we investigated the effects 
of the nsPEF treatment on the expression of CD91 and CD243 membrane proteins from the MDR protein 
family. Our study revealed that the treatment reduces membrane content of both proteins in EPP85-181RDB 
cells. Co-localization of CD91 and CD243 proteins is pronounced for the EPP85-181RDB cell line, whereas in 
the other cell lines, the difference was not visible. Interestingly, in none of the cell lines was there a statistically 
significant difference. The alternations in membrane content of the protein may arise from the release of MVs 
from the membrane. CD91/LRP is both a multidrug resistance protein and a common component of endocytosis 
 vesicles39, as it is involved in clathrin-dependent  endocytosis40. On the other hand, CD243 is a membrane MDR 
 protein41 responsible for the regulation of protein trafficking to the membrane during P-gp  biosynthesis42. No 
study proving the presence of CD243 could be found, therefore, the higher content of CD91 in membrane vesicles 
may give rise to a slightly altered colocalization pattern of both proteins. Our data suggests that the release of 
MDR proteins from the cell membrane is related to the release of MVs and may solely reduce the cell resistance 
to paclitaxel chemotherapy. This effect was observed only for EPP85-181RDB cell line, 48 h after exposure to 
the nsPEF and was supported by the Presto Blue viability assay. Within three days of the study, the cells regained 
their resistance to chemotherapy and thus the positive effects of PEFs diminished.

Figure 6.  (A) Immunodetection of N-cadherin (green) expression pattern 24 h after nsPEF treatment in 
pancreatic cancer cells (blue—nuclei); confocal microscope; (B) immunodetection of pan-cadherin expression 
pattern (green) 24 h after nsPEF treatment in pancreatic cancer cells (red—nuclei).
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The last part of the study concerned the effects of nsPEF on the 3D cell culture models. This study analyzed 
the kinetics of formation of a 3D cell culture model and next its growth dynamics and adhesive properties of 
the cancer cells. In general PEFs induced dimming and shifting of the distribution of the cadherins from the 
cell membrane and the cytoplasm, toward sole localization in the cytoplasm of the cell. Pan-cadherin target-
ing antibody is specific towards E-, N-, R- and P-cadherins. The antibody targets the junction proteins, which 
connects the cells to each  other43,44. On the other hand, the N-cadherin fluorescence studies indicated a loss of 
proteins from the membrane, which according to Yan et al. might be responsible for the reduced growth of the 
cells in spheroid  models45. Other papers have shown that targeting N-cadherin with monoclonal antibodies or 
silencing of the N-cadherin gene leads to a reduced proliferation of cancer cells and a lower cell  migration46. 
Interestingly, the content of N-cadherin in pancreatic cancer cells was almost completely reduced, while other 
cadherins belonging to pan-cadherin group were present to some extent after PEF treatment. Gathered data 
suggest that the cells retain their adhesive properties, simultaneously reducing proliferation and migration due 
to the lack of N-cadherin. Xiao He Li et al. study shows that cadherins interact with cytoplasmic F-actin, pre-
venting cells from tearing  apart47. This stays in agreement with our results which prove the involvement of the 
interactions between cadherin and F-actin in the response of the cells to the stress factor. Interestingly, Plestant 
et al. presented the evidence that adhesive interactions of N-cadherin limit the recruitment of microtubules to 
cell–cell contacts through the organization of  actomyosin48. Han et al. contributed to the topic by presenting 
vinculin as the key regulator of the cadherin-actin cellular mechanoreceptor  system49. Cadherin-actin complex 
has to be resistant to external tension to retain proper function. F-actin disruption should dysregulate the cell 
adhesive properties and junction interactions between the  cells50,51. Peripheral polymerization of actin results in 
the formation of the protrusions of the cells. Protrusions are responsible for the lateral movement of cell mem-
branes to the neighboring cells to keep cadherins in contact. Therefore the disruption of F-actin cytoskeleton 
after nsPEF treatment may result in the impaired adhesive function of  cells52. Taking all of this into consideration, 
we suggest that nsPEF reduce the cadherin signal from the cell surface and simultaneously impair the function-
ing of the junctions between cells. Impaired cadherins cannot be involved in the movement of the nearby cells, 
which reduces cancer growth and mobility. It is worth investigating why the response of EPP85-181RNOV cells 
is stable and the effect in two other cell lines diminish within the first days after the experiment. It may be due 
to the fact that only EPP85-181RNOV cells did not reorganize the actin fibers in response to nsPEF, but rather 
suffered from membrane electroporation and the reorganization of cadherins with little effect on actin fibers. 
It is likely that in the other two cell lines, the cadherin-actin complexes are retained while in EPP85-181RNOV 
cells, the complexes are disrupted and unable to reconstitute.

The effects of nsPEF on pancreatic cancer cells depend on the surface tension of the membrane. The effects 
vary, but in all the cell lines the effects are always positive. Overall, nsPEF delivery led to (i) the reduction in can-
cer formation and growth (ii) cell sensitization to the following chemotherapy. Due to the inequity of the effects, 
nsPEF treatment in our proposed protocol should not be considered as the standalone anticancer treatment, but 
rather as a positive effect observed in the margin of the tumor accompanying the irreversible electroporation of 
the cancer tissue. All the data from the project was summarized in Table 2.

Conclusions
Effects of nsPEF on various pancreatic cancer cells are divergent and vary with respect to the surface tension of 
the cell membrane as well as the applied voltage. The alignment of the F-actin in the cell regulates the response of 
the membrane to nsPEF and three options remain possible—electropermeabilization, cell shrinkage or the release 
of microvesicles. The latter reduces the membrane content of the MDR proteins and may induce the transient 
increase in the susceptibility to chemotherapy. In case of the adhesive properties of the cells, the positive effect 
of nsPEF may be observed in all pancreatic cancer cell lines. Namely, the disruption of cadherin-actin interac-
tion restricts the growth of 3D cell culture model of the cancer and prevents the detachment of the cancer cells 
from the cell mass. Low voltage nsPEF exerts positive therapeutic effect on cancer cells, but the extension of the 
process relies on the surface tension of the membrane.

Table 2.  Summary of the molecular effects of nsPEF on pancreatic cancer cells (+ slight effect, ++ moderate 
effect, +++ high effect).

EPP85-181RDB EPP85-181RNOV EPP85-181P

Permeabilization No Yes No

Membrane response Release of microvesicles No morphological change Cell shrinkage

Actin response Lack in the periphery No visible effect Reorganization

CD91 and CD243 colocalization Most variable Colocalized Colocalized

Effect of nsPEF on chemotherapy resistance Yes No No

Long lasting attenuation of cancer growth No Yes No

Induction of cells adherence  +  ++  + 

Loss of cadherin  +++  +++  ++ 
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Materials and methods
Cell culture. The study was conducted on three human-derived cell lines from patients with pancreatic ductal 
adenocarcinoma: resistant to daunorubicin (EPP85-181RDB), resistant to mitoxantrone (EPP85-181RNOV) 
and parental (EPP85-181P). For the study, we chose the chemotherapy resistant cell lines with high expression 
of MDR proteins. The primary culture cell lines were kindly shared by Dr. H. Lage (Charité University Hospital, 
Institute of Pathology, Berlin, Germany). The cultures were maintained at 37 °C under high humidity in the 
automated  CO2 incubator (Binder). Cells were cultivated in the modified Leibovit’z (L-15) medium (Gibco, Life 
Technologies, Carlsbad, CA) supplemented with 10% fetal bovine serum, 1% antibiotics (100 IU/ml penicillin 
and 0.1 mg/ml streptomycin), 1.5% sodium bicarbonate (7.5%, Gibco), 0.1% glucose (45%, Sigma), 2.5 mM 
ultraglutamine (Lonza, Basel, Switzerland), 0.2% insulin (10 mg/mL, Sigma) and 30 TIU/L aprotinin (BioShop, 
Canada). Cells were collected from flasks using Trypsin (ThermoFisher Scientific).

Spheroid 3D cell culture. The cells were detached from flasks and resuspended in Phosphate EP buffer 
(pH  7.4, 1 mM MgCl2 and 250 mM sucrose). The experiments were performed on 2 ×  106 cells/ml concentra-
tion. Next, the cells were resuspended in L-15 medium. Afterwards, the cells were carefully counted in Kova’s 
chambers and further, 5000 cells were seeded in each well of Grainer Facilitate 96-well 3D cell culture plates. The 
cells were captured under the standard cell culture conditions. After 40 h of incubation, we examined the forma-
tion of the spheroids. Each day from then, we captured photos of the spheroids on light microscope. Further 
analysis included the calculation of the microtumor size and area.

PEF treatment. 50 μl of cells in the concentration of 2 ×  106/ml, suspended in 10 mM phosphate buffer 
(pH  7.4, 1 mM  MgCl2 and 250 mM sucrose, were placed in 1 mm cuvettes with aluminum electrodes (BTX, 
Syngen Biotech, Poland). The square wave electroporator (100 ns to 1 ms) developed in the Institute of High 
Magnetic Fields (VGTU, Vilnius, Lithuania) was used to deliver electric pulses. The cells were exposed to 8 kV/
cm × 200 ns × 100 pulses delivered at 10 kHz frequency (0.085 J, 1.6 kJ/L). Pulse shapes and amplitudes were 
controlled with an MDO3052 oscilloscope (Tektronix, Beaverton, OR). Subsequently, the cells were suspended 
in a culture medium and placed in 96 or 6 well plates on cover glasses.

Drug preparation. Paclitaxel (Abcam, 10 mg, ab120143) solutions were prepared from the DMSO stock 
solutions of 5 µM. The required concentrations were achieved with a dilution of stock in EP buffer to 50 nM con-
centration. Drug was added to the cells 24 h after nsPEF treatment to avoid transporting the drug through the 
cell membrane. This attempt was made to analyze the vulnerability of the cells to paclitaxel and not its transport 
through the membrane. 24 h was considered sufficient time for the closure of reversible pores and fixation of 
nsPEF-induced changes in the cell membrane.

Holotomographic microscopy. Live holotomography was performed using a 3D Cell Explorer micro-
scope (Nanolive SA, Ecublens, Switzerland). Pancreatic cancer cells were imaged using 35 mm Ibidi glass-bot-
tom μ-Dish dishes (Ibidi GmbH, Germany). During imaging, temperature was set to 37 °C and controlled using 
an Ibidi Heating System (Ibidi GmbH, Germany), while the sufficient amount of  CO2 was maintained by using 
a  CO2-independent culture medium (Sigma-Aldrich). Initially, we placed the electroporation needles surround-
ing the visualized cell groups. Afterwards, we started to recorded a video and after a short while treated cells 
with PEFs. The snapshots were taken each 1 min for at least 13 min. Further, the data from the microscope was 
gathered and analyzed using STEVE Software.

Concerning the Yo-Pro-1 dye uptake studies, the cells were permeabilized according to the description of per-
meabilization of cell suspension. However, before PEFs delivery, the green-fluorescent YO-PRO-1 stain (Y3603, 
Thermo Fisher Scientific, Waltham, MA) in the concentration of 1 μl/ml was added to EP buffer. YO-PRO-1 
cellular uptake reflects the degree of plasma membrane’s permeabilization. The fluorescence of YO-PRO-1 was 
excited with 488 nm wavelength and measured on Nanolive 3D Cell Explorer microscope.

Molecular dynamics simulation of membrane response. The molecular dynamics simulations were 
performed with GROMACS 2018.3  software53 on the calculational cluster in the Department of Theoretical 
Chemistry and Physics at the Lorraine University. The models for simulations were built with CHARMM-GUI 
web software and visually inspected with VMD  software54,55. The simulated systems were composed of a mem-
brane in the ionic water solution. The membrane was composed of ~ 256 lipids per membrane layer. All the 
systems were built considering mixture of lipids-cholesterol and 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
choline—POPC. Two systems representing 10% and 30% cholesterol were modeled, each with POPC. Before 
the simulation, the system was solvated in physiological conditions of NaCl water (TIP3) solution. Six (5 mM) 
calcium ions were present in each system. Both water compartments were separated by the introduction of the 
vacuum above and below the system. The whole simulation was performed in the periodic boundary condi-
tions. The simulation proceeded with the CHARMM36 force  field54. The systems were minimized, equilibrated 
(100 ns, NPT conditions: Nose–Hoover thermostat and Berendsen barostat) and simulated for 10 ns in the NVT 
ensemble to obtain the value of the surface tension in the air–water interphase. Afterwards, the system was 
simulated for 100 ns under various ionic gradient conditions. The gradient was introduced by moving the ions 
throughout the membrane. The electroporation simulation was carried under NPγT (constant surface tension, 
number of molecules, pressure and temperature) conditions. Moreover, we reduced the surface tension of the 
membrane in one of the studied systems. After the simulation, the system was evaluated if the pore was formed 
during the time of the simulation and the visual representations of the membrane were presented on the layouts.
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Confocal microscopy. To visualize the actin filaments, pan-cadherin, N-cadherin and nuclei of the cells, an 
Olympus Fluoview FV1000 confocal laser scanning microscope (Olympus) was used. confocal microscope was 
used. Control and nsPEF-treated cells were seeded on microscopic glass plates. Following a 24 h of incubation, 
the cells were fixed with a 4% formaline for 10 min and washed three times with PBS. Afterwards, the cells were 
incubated with 5% FBS in 4% Triton X-100 diluted in PBS to block the unspecific interactions in further steps. 
Actin filaments were stained with Invitrogen™ Alexa Fluor™ 488 Phalloidin (2 μg/ml, Life Sciences—Thermo 
Fisher Scientific) according to the manufacturer protocol. Fluoroshield™ with DAPI (4,6-diamidino-2-phenylin-
dole, Sigma-Aldrich) was applied to visualize the nuclei and to mount the cells. Primary antibodies were used: 
mouse monoclonal anti-CD91, PE, eBioscience™ diluted (1:200) in 4% Triton X-100 in PBS, mouse monoclonal 
anti-CD243, PerCP-eFluor™, eBioscience™ (ThermoFisher Scientific) diluted in 4% Triton X-100 in PBS (1:200), 
rabbit polyclonal anti-pan-Cadherin (Invitrogen) diluted (1:300) in 4% Triton X-100 in PBS, and rabbit mono-
clonal anti-N-cadherin (Invitrogen) diluted (1:300). All antibodies were diluted with a 4% Triton X-100 in PBS. 
As a secondary antibody, anti-rabbit antibody was used conjugated with AlexaFluor488™ diluted (1:250) in 4% 
Triton X-100 in PBS was used. For the imaging, an Olympus Fluoview FV1000 confocal laser scanning micro-
scope (Olympus) was used. The images were recorded by employing the Plan-Apochromat 60× objective. Any 
contrast and brightness adjustments were performed in FV10-ASW_Viewer or in ImageJ. The images were ana-
lyzed with the use of ImageJ to evaluate the expression pattern of the proteins in the cross-section of the cells.

Electric field distribution. The spatial electric field distribution has been simulated in OpenEP software. A 
two-dimensional model of the cuvette electrodes (aluminum, 1 mm gap) a has been designed and the conduc-
tivity of the surrounding medium (phosphate buffered saline (PBS)) of 1.5 S/m has been selected. The 8 kV/cm 
electric field distribution was simulated and presented in the visual way.

Viability assays. For Presto Blue viability studies we have added the reagent in 1:10 (reagent to culture 
medium) ratio to each well and fluorescence was measured, after 30 min of incubation at 37 °C, using a GloMax 
Discover microplate reader (Promega; Exc. 520 nm/Em. 580–640 nm). The results were expressed as the per-
centage of viable cells relative to untreated control cells.

CellcyteX studies. CellcyteX live-cell imaging system acquires phase contrast images, which are analyzed 
with detection software. Detection software was used to determine cell viability by measuring cell confluency 
and comparing the results with cell count and nuclei studies. The system was used to assess the kinetics of cells’ 
growth after treatment with nsPEF and Paclitaxel. In the study we aimed to establish the optimal time for the 
viability tests and examine if the antiproliferative effect of nsPEF is permanent. Control and PEF-treated cells 
were seeded on 96-well plates. After 24 h at 37 °C paclitaxel was added to wells and cells were further incubated 
at 37 °C in the incubator set to work with CellcyteX operating Cellcyte Studio software. The experiment was 
performed in replicates and each well consisted of four, square zones, in which the cells were counted. Further, 
the images were analyzed with Aivia Software. The results were expressed as the percentage of viable cells relative 
to untreated control cells.

Statistical analysis. The experiments were performed in at least 3 replicates. Data were expressed as 
mean ± SD and analyzed by one-way ANOVA (in GraphPad Prism 8), with p < 0.05 being considered statistically 
significant.

Data availability
The datasets generated during and analyzed during the current study are available on request to the authors.

Received: 29 September 2022; Accepted: 4 January 2023

References
 1. Klein, A. P. Pancreatic cancer epidemiology: Understanding the role of lifestyle and inherited risk factors. Nat. Rev. Gastroenterol. 

Hepatol. 18(7), 493–502. https:// doi. org/ 10. 1038/ s41575- 021- 00457-x (2021).
 2. Paulson, A. S., Tran Cao, H. S., Tempero, M. A. & Lowy, A. M. Therapeutic advances in pancreatic cancer. Gastroenterology 144(6), 

1316–1326. https:// doi. org/ 10. 1053/J. GASTRO. 2013. 01. 078 (2013).
 3. Werner, J. et al. Advanced-stage pancreatic cancer: Therapy options. Nat. Rev. Clin. Oncol. 10(6), 323–333. https:// doi. org/ 10. 1038/ 

nrcli nonc. 2013. 66 (2013).
 4. Lambert, A. et al. An update on treatment options for pancreatic adenocarcinoma. Ther. Adv. Med. Oncol. https:// doi. org/ 10. 1177/ 

17588 35919 875568 (2019).
 5. Overman, M. et al. Randomized phase II study of the Bruton tyrosine kinase inhibitor acalabrutinib, alone or with pembrolizumab 

in patients with advanced pancreatic cancer. J. Immunother. Cancer 8(1), 587. https:// doi. org/ 10. 1136/ JITC- 2020- 000587 (2020).
 6. Wong, H. H. & Lemoine, N. R. Pancreatic cancer: molecular pathogenesis and new therapeutic targets. Nat. Rev. Gastroenterol. 

Hepatol. 6(7), 412–422. https:// doi. org/ 10. 1038/ nrgas tro. 2009. 89 (2009).
 7. Melisi, D. et al. Original research: Safety and activity of the TGFβ receptor I kinase inhibitor galunisertib plus the anti-PD-L1 

antibody durvalumab in metastatic pancreatic cancer. J. Immunother. Cancer 9(3), 2068. https:// doi. org/ 10. 1136/ JITC- 2020- 002068 
(2021).

 8. Wang, Z. et al. Pancreatic cancer: Understanding and overcoming chemoresistance. Nat. Rev. Gastroenterol. Hepatol. 8(1), 27–33. 
https:// doi. org/ 10. 1038/ nrgas tro. 2010. 188 (2010).

 9. Hidalgo, M. Pancreatic cancer. N. Engl. J. Med. 362(17), 1605–1617. https:// doi. org/ 10. 1056/ NEJMR A0901 557 (2010).
 10. Long, J. et al. Overcoming drug resistance in pancreatic cancer. Expert Opin. Ther. Targets 15(7), 817–828. https:// doi. org/ 10. 1517/ 

14728 222. 2011. 566216 (2011).

https://doi.org/10.1038/s41575-021-00457-x
https://doi.org/10.1053/J.GASTRO.2013.01.078
https://doi.org/10.1038/nrclinonc.2013.66
https://doi.org/10.1038/nrclinonc.2013.66
https://doi.org/10.1177/1758835919875568
https://doi.org/10.1177/1758835919875568
https://doi.org/10.1136/JITC-2020-000587
https://doi.org/10.1038/nrgastro.2009.89
https://doi.org/10.1136/JITC-2020-002068
https://doi.org/10.1038/nrgastro.2010.188
https://doi.org/10.1056/NEJMRA0901557
https://doi.org/10.1517/14728222.2011.566216
https://doi.org/10.1517/14728222.2011.566216


12

Vol:.(1234567890)

Scientific Reports |          (2023) 13:351  | https://doi.org/10.1038/s41598-023-27605-4

www.nature.com/scientificreports/

 11. Nuccitelli, R. et al. Nanoelectroablation of human pancreatic carcinoma in a murine xenograft model without recurrence. Int. J. 
Cancer 132(8), 1933–1939. https:// doi. org/ 10. 1002/ IJC. 27860 (2013).

 12. Yin, S. et al. Nanosecond pulsed electric field (nsPEF) treatment for hepatocellular carcinoma: A novel locoregional ablation 
decreasing lung metastasis. Cancer Lett. 346(2), 285–291. https:// doi. org/ 10. 1016/J. CANLET. 2014. 01. 009 (2014).

 13. Rossi, A. et al. Mechanisms and immunogenicity of nsPEF-induced cell death in B16F10 melanoma tumors. Sci. Rep. 9(1), 1–14. 
https:// doi. org/ 10. 1038/ s41598- 018- 36527-5 (2019).

 14. Gehl, J. Electroporation: Theory and methods, perspectives for drug delivery, gene therapy and research. Acta Physiol. Scand. 
177(4), 437–447. https:// doi. org/ 10. 1046/J. 1365- 201X. 2003. 01093.X (2003).

 15. Ágoston, D. et al. Evaluation of calcium electroporation for the treatment of cutaneous metastases: A double blinded randomised 
controlled phase II trial. Cancers (Basel) https:// doi. org/ 10. 3390/ cance rs120 10179 (2020).

 16. Knavel, E. M. & Brace, C. L. Tumor ablation: Common modalities and general practices. Tech. Vasc. Intervent. Radiol. (NIH Public 
Access) 16(4), 192–200. https:// doi. org/ 10. 1053/j. tvir. 2013. 08. 002 (2013).

 17. Klein, N., Zapf, S., Gunther, E. & Stehling, M. Treatment of lymph node metastases from gastric cancer with a combination of 
irreversible electroporation and electrochemotherapy: A case report. Clin. Case Rep. 5(8), 1389–1394. https:// doi. org/ 10. 1002/ 
ccr3. 1079 (2017).

 18. Rudno-rudzinska, J., Kielan, W., Guziński, M., Płochocki, M. & Kulbacka, J. The first study of irreversible electroporation with 
calcium ions and chemotherapy in patients with locally advanced pancreatic adenocarcinoma. Appl. Sci. 10(5163), 1–12. https:// 
doi. org/ 10. 3390/ app10 155163 (2020).

 19. Bhutiani, N., Agle, S., Li, Y., Li, S. & Martin, R. C. G. Irreversible electroporation enhances delivery of gemcitabine to pancreatic 
adenocarcinoma. J. Surg. Oncol. 114(2), 181–186. https:// doi. org/ 10. 1002/ jso. 24288 (2016).

 20. Kiełbik, A. et al. In vitro study of calcium microsecond electroporation of prostate adenocarcinoma cells. Molecules 25(22), 5406. 
https:// doi. org/ 10. 3390/ molec ules2 52254 06 (2020).

 21. Kiełbik, A. et al. Effects of high-frequency nanosecond pulses on prostate cancer cells. Sci. Rep. 11(1), 1–10. https:// doi. org/ 10. 
1038/ s41598- 021- 95180-7 (2021).

 22. Pakhomov, A. G. et al. Excitation and electroporation by MHz bursts of nanosecond stimuli. Biochem. Biophys. Res. Commun. 
518(4), 759–764. https:// doi. org/ 10. 1016/j. bbrc. 2019. 08. 133 (2019).

 23. Li, D., Xie, K., Wolff, R. & Abbruzzese, J. L. Pancreatic cancer. Lancet 363(9414), 1049–1057. https:// doi. org/ 10. 1016/ S0140- 
6736(04) 15841-8 (2004).

 24. Kleeff, J. et al. Pancreatic cancer microenvironment. Int J Cancer 121(4), 699–705. https:// doi. org/ 10. 1002/ IJC. 22871 (2007).
 25. Semenov, I., Casciola, M., Ibey, B. L., Xiao, S. & Pakhomov, A. G. Electropermeabilization of cells by closely spaced paired 

nanosecond-range pulses. Bioelectrochemistry 121, 135–141. https:// doi. org/ 10. 1016/j. bioel echem. 2018. 01. 013 (2018).
 26. Pakhomov, A. G. et al. The second phase of bipolar, nanosecond-range electric pulses determines the electroporation efficiency. 

Bioelectrochemistry https:// doi. org/ 10. 1016/j. bioel echem. 2018. 03. 014 (2018).
 27. Szlasa, W. et al. Chemotherapy and physical therapeutics modulate antigens on cancer cells. Front. Immunol. 10, 3394. https:// doi. 

org/ 10. 3389/ FIMMU. 2022. 889950 (2022).
 28. Saulis, G., Venslauskas, M. S. & Naktinis, J. Kinetics of pore resealing in cell membranes after electroporation. J. Electroanal. Chem. 

Interfac. Electrochem. 321(1), 1–13. https:// doi. org/ 10. 1016/ 0022- 0728(91) 85564-6 (1991).
 29. Shirakashi, R., Sukhorukov, V. L., Tanasawa, I. & Zimmermann, U. Measurement of the permeability and resealing time constant 

of the electroporated mammalian cell membranes. Int. J. Heat Mass Transf. 47(21), 4517–4524. https:// doi. org/ 10. 1016/J. IJHEA 
TMASS TRANS FER. 2004. 04. 007 (2004).

 30. Mi, Y. et al. Single-cell electroporation with high-frequency nanosecond pulse bursts: Simulation considering the irreversible 
electroporation effect and experimental validation. Bioelectrochemistry 140, 107822. https:// doi. org/ 10. 1016/J. BIOEL ECHEM. 
2021. 107822 (2021).

 31. Gudvangen, E., Kim, V., Novickij, V., Battista, F. & Pakhomov, A. G. Electroporation and cell killing by milli- to nanosecond pulses 
and avoiding neuromuscular stimulation in cancer ablation. Sci. Rep. 12(1), 1–15. https:// doi. org/ 10. 1038/ s41598- 022- 04868-x 
(2022).

 32. Szlasa, W. et al. Oxidative effects during irreversible electroporation of melanoma cells-in vitro study. Molecules 26(1), 154. https:// 
doi. org/ 10. 3390/ molec ules2 60101 54 (2020).

 33. Ruzgys, P., Barauskaitė, N., Novickij, V., Novickij, J. & Šatkauskas, S. The evidence of the Bystander effect after bleomycin electro-
transfer and irreversible electroporation. Molecules 26(19), 6001. https:// doi. org/ 10. 3390/ MOLEC ULES2 61960 01 (2021).

 34. Mercadal, B., Vernier, P. T. & Ivorra, A. Dependence of electroporation detection threshold on cell radius: An explanation to 
observations non compatible with Schwan’s equation model. J. Membr. Biol. 249(5), 663–676. https:// doi. org/ 10. 1007/ S00232- 
016- 9907-0/ FIGUR ES/5 (2016).

 35. Graybill, P. M. & Davalos, R. V. Cytoskeletal disruption after electroporation and its significance to pulsed electric field therapies. 
Cancers 12(5), 1132. https:// doi. org/ 10. 3390/ CANCE RS120 51132 (2020).

 36. Potočnik, T., Miklavčič, D. & Maček Lebar, A. Effect of electroporation and recovery medium pH on cell membrane permeabiliza-
tion, cell survival and gene transfer efficiency in vitro. Bioelectrochemistry 130, 107342. https:// doi. org/ 10. 1016/J. BIOEL ECHEM. 
2019. 107342 (2019).

 37. Kaminska, I. et al. Electroporation-induced changes in normal immature rat myoblasts (H9C2). Gen. Physiol. Biophys. 31(1), 
19–25. https:// doi. org/ 10. 4149/ GPB_ 2012_ 003 (2012).

 38. Szlasa, W. et al. Atorvastatin modulates the efficacy of electroporation and calcium electrochemotherapy. Int. J. Mol. Sci. 22(20), 
11245. https:// doi. org/ 10. 3390/ IJMS2 22011 245 (2021).

 39. Bacskai, B. J., Xia, M. Q., Strickland, D. K., Rebeck, G. W. & Hyman, B. T. The endocytic receptor protein LRP also mediates neu-
ronal calcium signaling via N-methyl-d-aspartate receptors. Proc. Natl. Acad. Sci. USA 97(21), 11551–11556. https:// doi. org/ 10. 
1073/ PNAS. 20023 8297/ ASSET/ 14EE6 631- 339A- 4C76- 9E60- 173D2 DF988 EE/ ASSETS/ GRAPH IC/ PQ200 23820 06. JPEG (2000).

 40. Agajanian, M. J. et al. WNT activates the AAK1 kinase to promote clathrin-mediated endocytosis of LRP6 and establish a negative 
feedback loop. Cell Rep. 26(1), 79-93.e8. https:// doi. org/ 10. 1016/J. CELREP. 2018. 12. 023 (2019).

 41. Choi, Y. H. & Yu, A.-M. ABC transporters in multidrug resistance and pharmacokinetics, and strategies for drug development. 
Curr. Pharm. Des. 20(5), 793. https:// doi. org/ 10. 2174/ 13816 12820 05140 21416 5212 (2014).

 42. Fu, D. Where is it and how does it get there—Intracellular localization and traffic of P-glycoprotein. Front. Oncol. https:// doi. org/ 
10. 3389/ FONC. 2013. 00321 (2013).

 43. Geiger, B., Volberg, T., Ginsberg, D., Bitzur, S. & Sabanay, I. Broad spectrum pan-cadherin antibodies, reactive with the C-terminal 
24 amino acid residues of N-cadherin. J. Cell Sci. 97(4), 607–614. https:// doi. org/ 10. 1242/ JCS. 97.4. 607 (1990).

 44. Sjödin, A., Dahl, U. & Semb, H. Mouse R-cadherin: Expression during the organogenesis of pancreas and gastrointestinal tract. 
Exp. Cell Res. 221(2), 413–425. https:// doi. org/ 10. 1006/ EXCR. 1995. 1392 (1995).

 45. Yan, X. et al. N-cadherin, a novel prognostic biomarker, drives malignant progression of colorectal cancer. Mol. Med. Rep. 12(2), 
2999–3006. https:// doi. org/ 10. 3892/ MMR. 2015. 3687/ HTML (2015).

 46. Tanaka, H. et al. Monoclonal antibody targeting of N-cadherin inhibits prostate cancer growth, metastasis and castration resist-
ance. Nat. Med. 16(12), 1414–1421. https:// doi. org/ 10. 1038/ NM. 2236 (2010).

 47. Li, J. X. H., Tang, V. W., Boateng, K. A. & Brieher, W. M. Cadherin puncta are interdigitated dynamic actin protrusions necessary 
for stable cadherin adhesion. Proc. Natl. Acad. Sci. USA https:// doi. org/ 10. 1073/ PNAS. 20235 10118/-/ DCSUP PLEME NTAL (2021).

https://doi.org/10.1002/IJC.27860
https://doi.org/10.1016/J.CANLET.2014.01.009
https://doi.org/10.1038/s41598-018-36527-5
https://doi.org/10.1046/J.1365-201X.2003.01093.X
https://doi.org/10.3390/cancers12010179
https://doi.org/10.1053/j.tvir.2013.08.002
https://doi.org/10.1002/ccr3.1079
https://doi.org/10.1002/ccr3.1079
https://doi.org/10.3390/app10155163
https://doi.org/10.3390/app10155163
https://doi.org/10.1002/jso.24288
https://doi.org/10.3390/molecules25225406
https://doi.org/10.1038/s41598-021-95180-7
https://doi.org/10.1038/s41598-021-95180-7
https://doi.org/10.1016/j.bbrc.2019.08.133
https://doi.org/10.1016/S0140-6736(04)15841-8
https://doi.org/10.1016/S0140-6736(04)15841-8
https://doi.org/10.1002/IJC.22871
https://doi.org/10.1016/j.bioelechem.2018.01.013
https://doi.org/10.1016/j.bioelechem.2018.03.014
https://doi.org/10.3389/FIMMU.2022.889950
https://doi.org/10.3389/FIMMU.2022.889950
https://doi.org/10.1016/0022-0728(91)85564-6
https://doi.org/10.1016/J.IJHEATMASSTRANSFER.2004.04.007
https://doi.org/10.1016/J.IJHEATMASSTRANSFER.2004.04.007
https://doi.org/10.1016/J.BIOELECHEM.2021.107822
https://doi.org/10.1016/J.BIOELECHEM.2021.107822
https://doi.org/10.1038/s41598-022-04868-x
https://doi.org/10.3390/molecules26010154
https://doi.org/10.3390/molecules26010154
https://doi.org/10.3390/MOLECULES26196001
https://doi.org/10.1007/S00232-016-9907-0/FIGURES/5
https://doi.org/10.1007/S00232-016-9907-0/FIGURES/5
https://doi.org/10.3390/CANCERS12051132
https://doi.org/10.1016/J.BIOELECHEM.2019.107342
https://doi.org/10.1016/J.BIOELECHEM.2019.107342
https://doi.org/10.4149/GPB_2012_003
https://doi.org/10.3390/IJMS222011245
https://doi.org/10.1073/PNAS.200238297/ASSET/14EE6631-339A-4C76-9E60-173D2DF988EE/ASSETS/GRAPHIC/PQ2002382006.JPEG
https://doi.org/10.1073/PNAS.200238297/ASSET/14EE6631-339A-4C76-9E60-173D2DF988EE/ASSETS/GRAPHIC/PQ2002382006.JPEG
https://doi.org/10.1016/J.CELREP.2018.12.023
https://doi.org/10.2174/138161282005140214165212
https://doi.org/10.3389/FONC.2013.00321
https://doi.org/10.3389/FONC.2013.00321
https://doi.org/10.1242/JCS.97.4.607
https://doi.org/10.1006/EXCR.1995.1392
https://doi.org/10.3892/MMR.2015.3687/HTML
https://doi.org/10.1038/NM.2236
https://doi.org/10.1073/PNAS.2023510118/-/DCSUPPLEMENTAL


13

Vol.:(0123456789)

Scientific Reports |          (2023) 13:351  | https://doi.org/10.1038/s41598-023-27605-4

www.nature.com/scientificreports/

 48. Plestant, C. et al. Adhesive interactions of N-cadherin limit the recruitment of microtubules to cell-cell contacts through organiza-
tion of actomyosin. J. Cell Sci. 127(Pt 8), 1660–1671. https:// doi. org/ 10. 1242/ JCS. 131284 (2014).

 49. Han, M. K. L. & de Rooij, J. Resolving the cadherin–F-actin connection. Nat. Cell Biol. 19(1), 14–16. https:// doi. org/ 10. 1038/ ncb34 
57 (2016).

 50. Mège, R. M. & Ishiyama, N. Integration of cadherin adhesion and cytoskeleton at adherens junctions. Cold Spring Harb. Perspect. 
Biol. https:// doi. org/ 10. 1101/ CSHPE RSPECT. A0287 38 (2017).

 51. Kovacs, E. M., Goodwin, M., Ali, R. G., Paterson, A. D. & Yap, A. S. Cadherin-directed actin assembly: E-cadherin physically 
associates with the Arp2/3 complex to direct actin assembly in nascent adhesive contacts. Curr. Biol. 12(5), 379–382. https:// doi. 
org/ 10. 1016/ S0960- 9822(02) 00661-9 (2002).

 52. Li, J. X. H., Tang, V. W. & Brieher, W. M. Actin protrusions push at apical junctions to maintain E-cadherin adhesion. Proc. Natl. 
Acad. Sci. USA 117(1), 432–438. https:// doi. org/ 10. 1073/ PNAS. 19086 54117/ SUPPL_ FILE/ PNAS. 19086 54117. SM08. AVI (2020).

 53. Abraham, M. J. et al. Gromacs: High performance molecular simulations through multi-level parallelism from laptops to super-
computers. SoftwareX 1–2, 19–25. https:// doi. org/ 10. 1016/j. softx. 2015. 06. 001 (2015).

 54. Vanommeslaeghe, K. et al. CHARMM general force field: A force field for drug-like molecules compatible with the CHARMM 
all-atom additive biological force fields. J. Comput. Chem. 31(4), 671–690. https:// doi. org/ 10. 1002/ jcc. 21367 (2010).

 55. Humphrey, W., Dalke, A. & Schulten, K. VMD: Visual molecular dynamics. J. Mol. Graph. 14(1), 33–38. https:// doi. org/ 10. 1016/ 
0263- 7855(96) 00018-5 (1996).

Acknowledgements
The authors would like to acknowledge Paweł Kazulo for help in the CellcyteX data analysis. Thanks to Jeffrey 
Lock for the English language review and constructive comments on the manuscript. This research project is 
financed by the National Science Centre (Poland) No. 2017/27/N/NZ3/01110 (to Olga Michel).

Author contributions
All authors contributed to the study conception and design. Material preparation, data collection and analysis 
were performed by W.S., N.S. and O.M. The first draft of the manuscript was written by W.S. and N.S. and all 
authors commented on previous versions of the manuscript. All authors read and approved the final manuscript.

Funding
This research project is financed by the National Science Centre (Poland) No. 2017/27/N/NZ3/01110 (to Olga 
Michel). The authors have no relevant financial or non-financial interests to disclose. All authors contributed to 
the study conception and design. Material preparation, data collection and analysis were performed by Wojciech 
Szlasa, Natalia Sauer and Olga Michel. The first draft of the manuscript was written by Wojciech Szlasa and Nata-
lia Sauer and all authors commented on previous versions of the manuscript. All authors read and approved the 
final manuscript. The datasets generated during and analyzed during the current study are available on request 
to the authors.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to W.S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

https://doi.org/10.1242/JCS.131284
https://doi.org/10.1038/ncb3457
https://doi.org/10.1038/ncb3457
https://doi.org/10.1101/CSHPERSPECT.A028738
https://doi.org/10.1016/S0960-9822(02)00661-9
https://doi.org/10.1016/S0960-9822(02)00661-9
https://doi.org/10.1073/PNAS.1908654117/SUPPL_FILE/PNAS.1908654117.SM08.AVI
https://doi.org/10.1016/j.softx.2015.06.001
https://doi.org/10.1002/jcc.21367
https://doi.org/10.1016/0263-7855(96)00018-5
https://doi.org/10.1016/0263-7855(96)00018-5
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Nanosecond pulsed electric field suppresses growth and reduces multi-drug resistance effect in pancreatic cancer
	Results
	Effects of nsPEF on pancreatic cancer cells. 
	Effects of nsPEF on multidrug resistance. 
	Effects of nsPEF on spheroids’ growth and cell-to-cell interactions. 

	Discussion
	Conclusions
	Materials and methods
	Cell culture. 
	Spheroid 3D cell culture. 
	PEF treatment. 
	Drug preparation. 
	Holotomographic microscopy. 
	Molecular dynamics simulation of membrane response. 
	Confocal microscopy. 
	Electric field distribution. 
	Viability assays. 
	CellcyteX studies. 
	Statistical analysis. 

	References
	Acknowledgements


