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Abstract: Electroporation increases the transmembrane transport of molecules. The combination of
electric pulses with cytostatic compounds is beneficial for cancer treatment. Doxorubicin (DOX) is a
commonly used chemotherapeutic anticancer drug. Its fluorescence properties enable the
investigation of drug distribution and metabolism. In this study, doxorubicin was enhanced by
electroporation to eliminate cancer cells more effectively. The influence of electroporation on the
drug uptake was evaluated in two cell lines: MCF-7/WT and MCF-7/DOX. The intracellular
localization of doxorubicin and its impact on the intracellular structure organization were
examined under a confocal microscope. Cellular effects were examined with the
3(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) test that estimates the rate of
metabolism in viable cells. The ultrastructure (TEM) of tumor cells subjected to the electric field
was analyzed. An enhanced doxorubicin efficacy was observed in MCF-7/DOX cells after
combination with electroporation. The response of the resistant cell line was revealed to be more
sensitive to electric pulses. Electroporation-based methods may be attractive for cancer treatment
in human breast adenocarcinoma, especially with acquired resistance. Electroporation enables a
reduction of the effective dose of the drugs and the exposure time in this type of cancer,
diminishing side effects of the systemic therapy.

Keywords: electroporation; electrochemotherapy; breast cancer; electropermeabilization;
doxorubicin; MCF-7/WT; MCE-7/DOX
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Chemotherapy is frequently the only method that can be offered to cancer patients as a primary,
adjuvant or neoadjuvant treatment. However, due to low selectivity of cytotoxic agents and drug
resistance presented in cancer cells its efficacy is often limited [1-3]. Another obstacle is the cellular
membrane hindering the penetration of cytostatic agents into tumor cells [1].
Electropermeabilization (EP) is a biophysical method, based on the application of intense electrical
pulses to cells in vitro or tissues in vivo, used to increase the uptake of various micro- and
macro-molecules [4-6]. This method can be applied to a variety of cell types, including human cells,
animal and plant cells [7,8]. Electric field intensity, pulse duration and number of pulses are key
parameters for optimal transfection efficiency [9,10]. Depending on applied pulse modalities,
electroporation can be reversible or irreversible. In the first case, nanoscale pores are formed on the
cell membrane which is further resealed without affecting cell viability. Irreversible EP (IRE)
happens when applied voltage is high enough to damage the cell membrane and as a consequence,
lead to cell lysis. IRE has been proposed as a method of nonthermal, minimally invasive ablation
[11,12]. On the other hand, Reversible EP has been used for the enhancement of intracellular drug
transport [13,14]. This process in which cells are subjected to the action of pulsed electric fields in the
presence of cytotoxic agents is called electrochemotherapy (ECT). The most popular cytotoxic drugs
used clinically is bleomycin, which is hydrophilic and impermeant to cancer cells under normal
circumstances [15]. After ECT in the site of application of electric pulses, bleomycin readily enters
into the cells [16].

Breast cancer is the most common malignancy in women worldwide [17]. Cancer of the
mammary gland grows slowly and symptoms appear relatively late. Good prognosis depends
mainly on its stage, and late detection of the tumor increases the likelihood of metastases. The group
of anti-cancer antibiotics used to treat breast cancer are anthracyclines (e.g., doxorubicin,
daunorubicin) [18,19]. Anthracyclines are produced by soil fungus strains, Streptomyces.
Anthracyclines work by reducing topoisomerase II activity and intercalation, i.e., building up
between DNA strands [20-22]. These drugs are cell cycle-specific. Cancerous tumors are
characterized by cell division, which is no longer controlled and not limited by cell division. The
ability of chemotherapy to kill cancer cells depends on its ability to weaken cell proliferation and
finally tumor progression [23]. Doxorubicin is a widely used chemotherapeutic agent. Despite its
utility, its use causes several adverse side effects, common among which are nausea, vomiting,
diarrhea, mouth sores, and hair loss. The most severe are its reversible nephrotoxicity and
irreversible dilated cardiomyopathy, leading to congestive heart failure [24]. The irreversible effects
of taking doxorubicin cause a limit to the amount of doxorubicin you can receive in your lifetime
[25]. The concentrations of drugs used in combination with electroporation are lower, hence,
doxorubicin is an ideal chemotherapeutic for exploration.

Electroporation of cell membranes with the simultaneous use of chemotherapeutics allows for
the reduction of the drug dose. There is a need to introduce alternative protocols for cases which are
insensitive to chemotherapy and to introduce neoadjuvant therapies. Electrochemotherapy is
becoming more available and popular with bleomycin or cisplatin as approved for this method.
However, other standard cytostatics also need to be validated for potential application in ECT.
Cancer cell death induced by standard chemotherapy occurs by apoptosis or necrosis. The
implementation of pulsed electric fields would trigger this process more efficiently, affecting more
designedly nucleus, mitochondria, endoplasmic reticulum and lysosomes [24-28]. The aim of the
present study was to assess the anticancer potential of electrochemotherapy with doxorubicin in
drug-sensitive and drug-resistant breast cancer in vitro. Our previous studies have demonstrated
that electroporation is a highly effective method for increased intracellular transport of poorly
permeable agents [14,29-31]. Here, we hypothesized that EP can be used equally as effectively to
increase the therapeutic efficacy of drug, easily penetrating through the cell membrane.

2. Materials and Methods

2.1. Cell Culture
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The study was performed on two human breast adenocarcinoma cell lines:
doxorubicin-sensitive (MCF-7/WT) and doxorubicin-resistant (MCF-7/DOX). Cells were grown in
Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 100 IU/mL Penicillin, and 0.1
mg/mL Streptomycin and 10% Fetal Bovine Serum. All drugs and chemicals were purchased from
Sigma-Aldrich (Taufkirchen, Germany), unless noted otherwise. The cell lines were cultured in the
polystyrene flasks 25 or 75 cm? (Thermo Fisher Scientific, Waltham, MA, USA), which were stored in
37 °C and 5% CO:z2 in the incubator (SteriCult, Thermo Scientific, Alab). Both cell lines were grown in
monolayers and harvested during the phase of exponential growth using the Trypsin solution
(Trypsin 0.25% trypsin-EDTA).

2.2. Chemosensitivity Tests

In the first stage of the study, we assessed the toxicity of doxorubicin (DOX) towards two cell
lines: sensitive (MCF-7/WT) and resistant to doxorubicin (MCF-7/DOX). The cells were seeded in
96-well plates, allowed to attach for 24 h and subsequently exposed to drugs for 10 min, then cells
were incubated with DMEM to assess the long-term influence of different concentrations on cell
viability. The 3(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT assay) test was
used for the assessment of cell viability. MTT assay was performed at 24, 72 and 120 h. Then the
medium of each well was replaced with 10 pL of 0.5 mg/mL MTT stock solution diluted in 90 uL
phosphate-buffered saline (PBS). MTT assay is a colorimetric method that estimates the rate of
metabolism in viable cells. After 2 h of incubation, isopropanol with 0.04 M HCl was added (100
puL/well). The absorbance was determined using a multiwell scanning spectrophotometer at 570 nm
(EnSpire® Multimode Plate Reader, Perkin Elmer, Waltham, MA, USA). Mitochondrial function was
expressed as a percentage of viable cells under treatment relative to vehicle control.

Cells were treated with aqueous DOX solution in a concentration range of 0.017 uM-170 uM. For
further study with EP 1.7 uM, DOX concentration was selected. The cells were seeded into 96-well
microculture plates (Nunc, Biokom, Warsaw) at a concentration of 150 x 10° cells/well incubated for 24
h, 100 x 103 cells/well incubated for 72 h and 50 x 103 cells/well incubated for 120 h at 37 °C 5% COa.

2.3. Electropermeabilization Protocol

Electropermeabilization alone and in the presence of doxorubicin was performed using
ECMB830 Square Wave Electroporation System (BTX Harvard Apparatus, Syngen Biotech, Poland).
For the experiments, cells were detached by trypsinization and neutralized by cell culture medium.
Cell cultures were washed in electroporation buffer with low electrical conductivity 0.12 S/m (10
mM KH2PO4/K:HPOs, 1 mM MgClz, 250 mM sucrose, pH 7.4) [32,33]. Aliquots of the final cell
suspension in electroporation buffer (1 x 10¢ cells in 400 puL) were placed in aluminum cuvettes (4
mm gap cuvette, Electroporation Cuvettes Plus 640, BTX). We used Petri Pulser applicator (BTX
Harvard Apparatus) for samples intended for confocal and metallurgical microscope analysis. Cells
were subjected to ESOPE standard parameters: 8 electric pulses, duration of 100 ps, electric field
intensity 1000 V/cm at frequency of 1 Hz with or without 1.7 uM DOX [34]. Two aliquots of cell
suspension (with DOX and drug-free) were not subjected to electric shocks and served as the
control. After pulsation, cells were left for 10 min at 37 °C in a humidified atmosphere containing 5%
of COy, then cells were centrifuged, resuspended in complete cell culture medium and prepared for
further analysis.

2.4. Doxorubicin Fluorescence Spectra

Both cell lines were seeded on the culture plates and after 24 h 1.7 uM DOX was applied. The
whole system was incubated for 10 min. Afterwards, the medium was replaced with PBS. The
samples of the solution were collected after 2, 3, 6 and 24 h. Cells were left at 37 °C, 5% of CO2. The
absorption spectra of solutions without and after the application of electrical pulses were recorded
with the SPARK reader. Doxorubicin was excited using Aex = 470 nm (30 pulses) and the emission
was recorded at 595 nm. Each sample was repeated 3 times.
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2.5. Doxorubicin Mass Spectroscopy Analysis

The mass spectrometry analysis of DOX solutions with and without the application of electrical
pulses were recorded with Bruker Daltonik apparatus. Solution’s components were
chromatographically separated by the use of HPLC —Thermo Scientific Ultimate 3000 with pump
model: LPG-3400SD, autosampler WPS-3000TSL, thermostat column TCC-3000SD, UV diode
detector DAD-3000, refractometry detector RI, RefractoMax 521 and fluorescence detector
FLD-3400RS. Chromatographic separations were achieved on the column by gradient elution using
mobile phases of (A) 0.1% formic acid-water and (B) acetonitrile. In general, the chromatographic
conditions were used from Wenzhuan Ma et al. [35]. The mass spectrometer was operated in the
positive ionization mode after confirmation of poor resolution in the negative mode. Collision
energy was set at 15 eV for doxorubicin. The mass scan range was set at 50-1500 m/z. Obtained
spectra were analyzed with Burker Compass DataAnalysis 4.2 software.

2.6. Intracellular Localization of Doxorubicin

Cells were harvested from the culture flasks and seeded on cover glasses (24 x 24 mm, Thermo
Fisher Scientific) in 35 mm Petri dishes (Nunc). The cells not subjected to electropermeabilization
were incubated with DOX (1.7 uM, Aex = 473 nm, Aem = 590 nm) for 1-18 h in complete culture
medium. In case of EP-treated cells, the medium was removed and 1 mL of EP buffer with
compounds was added; adherent cells were pulsed on the cover glasses, using Petri Pulser
applicator (BTX Harvard Apparatus) with ECM 830 generator. After 10 min of incubation in 37 °C,
the buffer with DOX was removed. Then, cells were incubated in complete culture medium for 1-18
h. After that time, cells were stained with the CellMask™ Deep Red plasma membrane stain (2.5
pg/mL, Life Technologies, Aex = 635 nm, Aem = 666 nm) for 30 min. After plasma membrane staining
the cells were washed in PBS, fixed in 4% paraformaldehyde (Polysciences, Inc., Warrington, PA,
USA) and washed in PBS. To stain cell nuclei, samples were fixed with the DAPI solution
(Roti®Mount FluorCare DAPI Roth). The cells were examined using a Laser Scanning Confocal
Microscope Olympus FV1000 (LSCM, Olympus, Poland).

2.7. Metallurgical Microscope

For the measurements the inverted optical microscope MA200 from Nikon was used. The
device provides variable set of magnifications in A range from 10 to 2000. The most important
features used in the research were the Nomarski contrast, providing the incident light phase
detection based on the interference phenomena and the dark field observation, enabling the
acquisition of the light dispersion on the objects. In addition, advanced software allows the
processing of data according to the needs of user. Cells were trypsinized and seeded on cover glasses
(24 x 24 mm, Thermo Fisher Scientific) in 35 mm Petri dishes (Nunc). After electropermeabilization
the cells were fixed 10 min in 4% paraformaldehyde (Polysciences, Inc.) and washed in PBS.

2.8. Transmission Electron Microscope (TEM)

The ultrastructural analysis after electropermeabilization alone and with DOX, was carried out
by transmission electron microscope Zeiss EM 900. Final DOX concentration in a cell culture was 1.7
uM. Immediately after pulsation the cells were fixed for 30 min in 2.5% (vol/vol) glutaraldehyde and
0.1 M phosphate buffer (pH 7.4). After post-fixation in 1% (wt/vol) osmium tetroxide, cells were
dehydrated through a graded series of alcohol and propylene oxide, and embedded in Epon. The
Epon blocks were cut on a Reihert Ultracut E ultramicrotome. Ultrathin sections were contrasted
with uranyl acetate and lead citrate according to the standard method [36] and examined with a
TEM Zeiss EM 900 (Carl Zeiss, Oberkochen, Germany).

2.9. Statistical Analysis

The results were reported as mean + standard deviation. The significance of the difference
between the mean values of different groups of cells was assessed by Student’s t-test with p-value of
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* p < 0.05; to show the statistical significance. Results were analyzed by commercial software
Statistica 10.0 (Statsoft, Krakéw, Poland).

3. Results

The obtained results indicated that both cell lines, the sensitive one to doxorubicin and the
resistant one, showed sensitivity to doxorubicin as the concentration increased (Figure 1).
Mitochondrial activity test was used for the assessment of cell viability. The viability of the sensitive
cells after 24 and 72 h of incubation was not strongly affected as the subsequent increase was visible
after 120 h of incubation. No cytotoxic effect for both cell lines was observed using 1.7 uM DOX and
this concentration was selected for further study.
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Figure 1. The results of the 3(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay following cytotoxicity tests with doxorubicin (DOX) at a range of 0.017-170 uM concentration
on human breast adenocarcinoma cell lines sensitive (MCF-7/WT) and resistant to doxorubicin
(MCF-7/DOX). After being incubated for 10 min with DOX, cells were incubated in complete culture
medium 24, 72 and 120 h. Statistically significant differences between DOX-treated cells and
nontreated control (* p < 0.05; ** p <0.005; *** p <0.001).

An enhanced doxorubicin efficacy was observed in MCF-7/DOX cells when it was combined
with electroporation (Figure 2). The most significant difference in cell viability was observed
following 120 h incubation after ECT with 1.7 pM DOX concentration and electric field strength,
with respect to the untreated control. The response of the resistant cell line indicates that it can be
more sensitive to EP.
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Figure 2. The results of MTT assay following the application of electric pulses ((EP+) 8 pulses,
duration of 100 ps, electric field intensity 1000 V/cm, 1 Hz), DOX alone (DOX+) and following
electrochemotherapy (ECT) (EP+ DOX+) on human breast adenocarcinoma cell lines sensitive
(MCF-7/WT) and resistant to doxorubicin (MCF-7/DOX) cell lines after 24, 72 and 120 h of incubation.
Statistically significant differences between cells exposed to EP/DOX treated/ECT and nontreated
control (* p <0.05; ** p <0.005; ** p <0.001).
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The fluorescence intensity of DOX and DOX solutions subjected to electrical pulses is shown
Figure 3. The fluorescence intensity of the DOX solution was at the level of 1.3-1.4 x 10¢, and its max
was 1.425 x 10°. After the application of electrical pulses, the fluorescence intensity of DOX was
about 1.1-1.2 x 106, and its max was 1.254 x 10¢. The difference in absorption is related to the
photosensitive properties of DOX and the application of the electric pulses causing decrease in the
fluorescent signal of DOX.. In order to validate if the doxorubicin’s structure was affected by the
electric field used in the in vitro experiments, mass spectrometry analysis was performed. The
spectra of DOX without (Figure 4a) and with the application of the electric pulses (Figure 4b) used in
the electroporation protocol do not differ from each other. In both cases, the only present compound
in the solution was doxorubicin (100% precision).
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Figure 3. Fluorescence intensity of doxorubicin solutions without and after application of electrical

pulses.
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Figure 4. Mass spectrometry spectra of doxorubicin (A) and after application of 8 electric pulses,
duration of 100 us, 1000 V/cm each (B).

The relative fluorescence of the DOX solutions with and without the application of the electric
pulse indicate a statistically significant difference between the cell lines (Figure 5). Interestingly, it
was observed that MCF-7/WT cells were losing the doxorubicin fluorescent signal after
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electroporation. The effect of EP was not so apparent for MCF-7/DOX cells. According to Figure 5b,
EP had no statistically significant impact on doxorubicin fluorescence in resistant cells. Considering
the time-dependence of DOX efflux, it could be observed that the statistical differences occur only in
shorter (2, 3, 6 h) incubation times and the differences diminish after 24 h of incubation.
Electroporated MCEF-7/DOX did not differ statistically from the control cells. However,
electroporated MCF-7/WT cells released less DOX to the solution.
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Figure 5. Relative fluorescence of doxorubicin in the supernatant of the (a) MCF-7/WT and (b)
MCEF-7/DOX cells without and after the application of electrical impulses.

Intracellular distribution of DOX is presented in Figure 6 for sensitive cell line (MCF-7/WT) and
in Figure 7 for resistant cell line (MCF-7/DOX). In both cell lines, DOX signal was stronger in
non-electroporated cells and the drug localized mainly in the cell nucleus. The DOX fluorescence
intensity increased proportionally to the time of drug incubation in both cell lines, and MCF-7/WT
cells exhibited a stronger signal than MCF-7/DOX. Only individual MCF-7/DOX cells showed a
significant DOX signal after 15 h of incubation. The morphological changes manifested by the
irregular shape of the nuclei were observed for MCF-7/WT 18 h after ECT application.
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Figure 6. Intracellular distribution of doxorubicin (DOX = 1.7 uM) in MCF-7/WT cells treated with
chemotherapy only (CT) or electropermeabilized with DOX (ECT, EP-DOX) (EP = 1000 V/cm, 100 ps,
8 pulses, 1 Hz) after different incubation times. Scale bar = 10 pum.

CT ECT

DAPI CellMask Doxorubicin  Merge DAPI CellMask Doxorubicin  Merge

Figure 7. Intracellular distribution of doxorubicin (DOX = 1.7 uM) in MCF-7/DOX cells treated with
chemotherapy only (CT) or electropermeabilized with DOX (ECT, EP-DOX) (EP = 1000 V/cm, 100 ps,
8 pulses, 1 Hz) after different incubation times. Scale bar =10 um.

The combination of DOX with electroporation resulted in a reduction of the DOX fluorescent
signal and altered drug distribution. DOX was dispersed throughout the cytoplasm and in cellular
compartments in both cell lines. The disintegration of cell structure and cell death was observed
after at least 12 h of ECT, but the toxic effect was stronger in MCF-7/WT than MCEF-7/DOX.
Additionally, the total nuclei lysis in MCF-7/WT was noted. MCF-7/DOX morphology was changed
by ECT i.e., cell membrane was disrupted and nuclei showed irregular shape, but damages were not
as significant as for MCF-7/WT. Electroporation is a physical process, which seems not to be
dependent on the resistance of the cell line to a certain drug. Therefore, combining these results with
the DOX fluorescence studies (Figure 5), there could be stated, that electroporation decreases the
concentration of the drug in the cytoplasm of both cell lines. However, the decrease in MCF-7/DOX
is simultaneous and the drug concentration in the supernatant is not affected by the application of an
electric field. One of the reasons for that could be the increased activity of DOX-metabolizing
enzymes. Such enzymes could include specific MCF-7/DOX efflux pumps, which could
simultaneously release the drug from the cells.

In this research features of Nomarski contrast and the dark field observation (Figure 8
MCEF-7/WT, Figure 9 MCF-7/DOX) were used. Nomarski contrast provides the incident light phase
detection based on the interference phenomena. The resulting image can reveal the difference
between two closely spaced points. The image has the appearance of a three-dimensional object
under very oblique illumination, causing strong light and dark shadows. This type of microscopy
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that can capture images of transparent objects without the need for chemical staining are of a
significant importance. A key feature is the use of a long focal length and non-contact metallurgical
objectives which avoid the need for coverslips. The morphological changes manifested by the
irregular shape of the cells (bulges) were observed for both cell lines within 24 h after
electroporation, consistent with prior research. Cells exposed to electroporation were more flattened
than the not treated samples, in particular the nucleus, and this resulted in significant alternations of
cell morphology.

Nomarski contrast

control cells

ESOPE treated

Figure 8. Visualization of morphology by Nomarski interference contrast microscopy of control
MCEF-7/WT cells and after application of electrical pulses (ESOPE parameters) within 24 h of
incubation.
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Nomarski contrast _ dark field

control cells

ESOPE treated

Figure 9. Visualization of morphology by Nomarski interference contrast microscopy of control
MCEF-7/DOX cells and after application of electrical pulses (ESOPE parameters) within 24 h of
incubation.

The ultrastructural morphology of human breast adenocarcinoma doxorubicin-sensitive
MCE-7/WT are presented in Figure 10a—d and doxorubicin-resistant MCF-7/DOX in Figure 11a—d.
Untreated MCF-7/WT cells (Figure 10a) presented normal morphological structures. We observed a
regularly shaped nucleus with nuclear envelope invaginations, mitochondria, RER and lysosomes.
After exposure to DOX (Figure 10b) extended rough endoplasmic reticulum occurred.
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Figure 10. Ultrastructure of breast adenocarcinoma doxorubicin-sensitive cells (MCF-7/WT).
(a)—Control, nontreated cells; (b)—Cells after exposure to doxorubicin (DOX = 1.7 uM); (c)—Cells
after EP (EP = 1000 V/cm, 100 ps, 8 pulses, 1 Hz); (d)—Cells after ECT with doxorubicin.
Abbreviations: CSK—cytoskeleton; GA—Golgi apparatus; Ly—lysosomes; M—mitochondria;
N—nucleus; Nc—nucleolus; RER—rough endoplasmic reticulum; V—vacuole; (original
magnification 7A x 4400; 7B x 12600; 7C, 7D x 7000).
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Figure 11. Ultrastructure of breast adenocarcinoma doxorubicin-resistant cells (MCEF-7/DOX).
(A)—Control, nontreated cells; (B)—Cells after exposure to doxorubicin (DOX = 1.7 uM); (C)—Cells
after EP (EP = 1000 V/cm, 100 ps, 8 pulses, 1 Hz); (D)—Cells after ECT with doxorubicin.
Abbreviations: CSK—cytoskeleton; GA—Golgi apparatus; Ly—Lysosome; M—mitochondria;
N—nucleus; Nc—nucleolus; RER—rough endoplasmic reticullum; V—vacuole; (original
magnification 8A, 8B, 8C x 7000; 8D x 2600).

The following changes in shape and inner structure of mitochondria were observed: smaller
rounded mitochondria with densely packed cristae and bigger mitochondria with marginal cristae
with a granular and homogenous inner compartment. After electropermeabilization alone (Figure
10c), an abundance of abnormal vacuoles with fibrous, heterogeneous and flocculent material were
detected. Some large vesicles were situated at the periphery of the cells, containing only membranes,
which suggests that their digested content had been eliminated during fixation. When an electric
field was applied simultaneously with DOX (Figure 10d) the diversification in shape and inner
structure of mitochondria was observed: an elongated shape and position closer to the cell
membrane. Most cells contained vesicles corresponding to small roughly spherical primary
lysosomes with homogenous dark content, and much larger and more irregularly shaped secondary
lysosomes with heterogeneous content. Some vesicles of similar diameter contained clusters of
numerous small vesicles, often enveloped in a membrane, so forming a multivesicular bodies in
addition to heterogeneous material characteristic to secondary lysosomes. These compartments
were surrounded by a double membrane suggesting that multivesicular bodies might engulfed in a
large vesicle that had already fused with primary lysosomes.
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Control cells MCF-7/DOX (Figure 11a) are characterized by the nucleus of irregular shape with
nuclear envelope invaginations and prominent nucleoli with well-developed fibrillar centers,
located at the center of the nucleus. Electron-dense chromatin is situated under the nuclear envelope.
In the cytoplasm condensed mitochondria, RER, elements of cytoskeleton and Golgi apparatus were
visible. After exposure to DOX (Figure 11b) smaller rounded mitochondria were densely packed
with cristae and bigger extended mitochondria with marginal cristae with a granular and
homogenous inner compartment. After electropermeabilization alone (Figure 11c) a lot of abnormal
vacuoles with fibrous, heterogeneous and flocculent material were detected. Resistant cells have a
nucleus of irregular shape with invaginations and active nucleoli located near the nuclear membrane
that could be considered as a pattern of activated metabolism in the cell that acquired drug
resistance. In the case of electric pulses together with DOX (Figure 11d), spherical lysosomes with
heterogeneous dark content, heterogeneous material characteristic to secondary lysosomes and
vacuoles with more irregular shaped were observed.

Analysis of the cellular ultrastructure revealed that MCF-7/WT cells are more sensitive to
applied both electric field and DOX that causes more expressed cytotoxic alterations than
MCE-7/DOX cell lines. In the majority of cells dystrophic changes were detected that were
manifested with the significant vacuolization of cell cytoplasm, decrease of the number of
cytoplasmic organelles and the diversification in shape and inner structure of mitochondria. The
number of cells with significant alterations evoked by the toxicity was higher in cells treated with the
combination of EP and DOX, compared to cells treated with drug or electric pulses alone. After
electroporation, in the majority of studied cells, nuclei with low electronic density and cytoplasm
with a large number of vacuoles and dense single mitochondria were observed.

Electron microscopy evaluation has demonstrated that nuclei drug-resistance cells are
characterized by the appearance of notable regions of heterochromatin located close to the inner side
of the nuclear membrane, and possess a rugged shape of the nucleus due to the appearance of
nuclear membrane invagination that respectively increases its area (MCF-7/DOX, EP and EP + DOX).
Such patterns were not observed in drug-sensitive cells. In the nucleus one or sometimes three
nucleoli are detected. Cells MCF-7/DOX are characterized by a higher density that is related to a
large number of free ribosomes that tend to aggregate.

4. Discussion

The application of electric field pulses to cancer cells results in the permeabilization of their
plasma membrane. This technique specifies the application of short high-voltage pulses to penetrate
the barrier of the cell membrane. Electroporation can be a very efficient method for introducing
molecules into cells, including various non-permeant molecules, which could significantly enhance
the cytotoxicity [37].

Optimizing electroporation parameters is crucial for the future application and can be easily
performed in cell suspension using, e.g., propidium iodide [38,39] or lucifer yellow [40]. The electric
field intensity is the key parameter in electrochemotherapeutic protocols as it should lead to the pore
formation without simultaneous cell destruction. In our study the following electroporation
parameters were applied: 8 square pulses, 100 us width, delivered at 1 Hz frequency, which
corresponded to ESOPE protocol [34]. Our previous study demonstrated that the application of
electric pulses increases cell membrane permeability to propidium iodide in human breast
adenocarcinoma cells [14,32,41,42]. The dose of DOX with no cytotoxic effect was determined using
a metabolic activity assay. There are few papers discussing electroporation in combination with
DOX. However, these reports indicate that DOX causes a dose-dependent decrease in cell viability.
The available studies of other research teams have shown that the use of electroporation using DOX
in vitro in MCF-7 cells increases the absorption of the drug and causes an increased cytotoxicity [24].
Satisfactory results were obtained by DOX loading in biodegradable micelles in a mouse
hepatocellular carcinoma xenograft model, using two electroporation variants: reversible for
parameter 500 V/cm and irreversible for parameter 2500 V/cm. A three-fold increase in DOX uptake
in the cell nucleus was observed when using micelles and irreversible electroporation compared to
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the micelles alone. Authors observed in these cells an increase in reactive oxygen species,
abnormalities in mitochondria, and an increase in intracellular calcium [43]. In the case of clinical
research it was revealed that 5 pM was the maximum drug concentration observed in the plasma of
patients after intravenous administration [43].

The energy levels necessary for the electroporation-supported therapy are similar to the
intensities used for ECT in vivo [44]. For the successive clinical electrochemotherapy of human
breast cancer with bleomycin, Whelan et al. applied pulses of intensity 1400 V/cm, 100 ps duration
[45]. Xiao et al., showed that low voltage pulses 200 V/cm with longer duration (20 and 40 ms, 8
pulses, 1 Hz) are also effective towards permeabilization in MCF-7 breast cancer cell in vitro [46].
Cemazar et al. proved that the intensity of 800-1000 V/cm (pulse duration 100 us, 8 pulses, 1 Hz) was
the most appropriate for electroporation of MCF-7/WT cancer cells in vitro [47]. Shil et al. reported
on the effects of a combination of local electroporation with ionizing radiation and DOX on
subcutaneous solid tumor murine fibrosarcoma. These results suggest that the antitumor effects of
gamma radiation and a low concentration of DOX can be enhanced by combination with
electroporation [48].

Several studies have shown that intracellular accumulation and location of cytostatics have a
significant impact on their cytotoxic properties and pharmacological characteristics [49-51]. Here, we
have also demonstrated DOX location inside cells by LSCM studies. Cells incubated with DOX
showed high drug accumulation in cell nuclei in both tested cell lines. DOX fluorescence intensity in
sensitive cells increased proportionally to the increase in incubation time, whereas in resistant cells the
fluorescence intensity was at a similar, constant level. Similar research results were obtained by other
research groups [52,53]. The analysis of the distribution and elimination of DOX from the cells was
performed in tests with and without the application of electrical impulses. It was indicated that DOX
exposed to the electric field was not localized in the cell nucleus but was scattered throughout the
entire cytoplasm. Presumably DOX shows a change in compound properties and an attenuation of
fluorescent signal under EP influence. The fluorescence studies indicate that both cell lines differ in
doxorubicin efflux after the application of a pulsed electric field. According to the mass spectrometry
studies it could be stated that the electric field does not affect doxorubicin’s structure, but rather affects
the biological properties of the cells. We presume that EP affects the doxorubicin’s membrane
transporters in such a way that they cannot effectively release the cytostatic from the cell. Studies
conducted by Lou et al. on MCF-7 and MCF-7/ADR cells have shown intensive nuclear localization of
DOX [54]. Meschini et al. have not observed at all or observed a weak fluorescent signal mainly in the
cytoplasm of LOVO/DX cells incubated for 1 to 3 h with DOX [55]. After electroporation, a more
favorable intranuclear localization was observed. The evaluation of the morphology of electroporated
cells at the ultrastructure level showed a large number of vacuoles with fibrous flocculent material.
Meschini et al. obtained similar results after electroporation with DOX [55] and electroporation alone
[56].

5. Conclusions

Electroporation-based methods are efficiently applied for drug delivery as a supportive
technique for electrochemotherapy. Numerous studies demonstrate cellular effects provoked by
electroporation. In our work we presented a comprehensive evaluation of the effect of a pulsed
electric field with doxorubicin on morphology and cellular compartments in breast adenocarcinoma
cells. Our research proved that manipulation with electroporation using DOX is an effective method
against human breast cancer cells including resistant counterparts. Taking into consideration the
quantity of available data and evidences, we suppose that “red chemotherapy” will be accompanied
by permeabilization methods in the near future.
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