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Abstract

:

The contactless high intensity pulsed electromagnetic field (HI-PEMF)-induced increase of cell membrane permeability is similar to conventional electroporation, with the important difference of inducing an electric field non-invasively by exposing a treated tissue to a time-varying magnetic field. Due to the limited number of studies in the field of electroporation induced by HI-PEMF, we designed experiments to explore the feasibility of such a contactless delivery technique for the gene electrotransfer of nucleic acids in tissues in vivo. By using HI-PEMF for gene electrotransfer, we silenced enhanced green fluorescent protein (EGFP) with siRNA molecules against EGFP in B16F10-EGFP tumors. Six days after the transfer, the fluorescent tumor area decreased by up to 39% as determined by fluorescence imaging in vivo. In addition, the silencing of EGFP to the same extent was confirmed at the mRNA and protein level. The results obtained in the in vivo mouse model demonstrate the potential use of HI-PEMF-induced cell permeabilization for gene therapy and DNA vaccination. Further studies are thus warranted to improve the equipment, optimize the protocols for gene transfer and the HI-PEMF parameters, and demonstrate the effects of HI-PEMF on a broader range of different normal and tumor tissues.
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1. Introduction


Gene transfer depends on the effective delivery of nucleic acids (DNA, RNA) into cells or tissue and can be enabled by viral or nonviral delivery methods. One method for the nonviral delivery of genetic material (plasmid DNA, siRNA, and miRNA) into cells is electroporation. Electroporation is generally attributed to the formation of pores immediately after the induced transmembrane voltage exceeds physiological values [1,2]. The use of electroporation as a gene delivery method (gene electrotransfer) was first reported in 1982 [3] and has since reached a broad spectrum of applications in different tissues, such as tumor, muscle, and skin [4,5,6,7]. Electroporation is also used for the delivery of impermeant small molecules, such as dyes and drugs, into cells. Applying electroporation to facilitate intracellular delivery of cytotoxic drugs, such as bleomycin and cisplatin, is known as electrochemotherapy [8]. Besides enabling delivery of genes with immunomodulatory effects or drugs to target cells, gene electrotransfer and electrochemotherapy are able to induce immune response, leading to an antitumor effectiveness [9,10,11]. Over the past several years, electroporation was successfully translated to veterinary and human clinics [12,13,14].



Conventional electroporation is achieved by pulsed electric fields established in tissue by the delivery of a train of electric pulses of high voltage via electrodes [15,16]. Depending on the chosen electric field parameters, electroporation can be reversible (when the cell membrane recovers in time), or can be irreversible, which occurs when the applied electric field induces irrecoverable damage to the cell [17]. In addition to electric field parameters, most notably amplitude, pulse duration, and pulse number, other factors influence the efficiency of molecule uptake, e.g., the size and charge of molecules, osmotic pressure (osmolarity of the electroporation buffer), the pH of the buffer, and temperature [18,19]. Furthermore, tissue characteristics such as homogeneity, i.e., cell size and type, the composition of the extracellular matrix, and the degree of vascularization also affect current density and electric field distribution as well as drug uptake [20,21].



In the past, the effects of externally applied pulsed electromagnetic fields and static magnetic fields on cells were studied extensively. It has been demonstrated that relatively low magnetic fields can influence intracellular signal transduction, affect cytoskeletal proteins involved in cell shape modification, and induce changes in the mitochondrial membrane potential [22,23,24]. High intensity pulsed electromagnetic fields (HI-PEMF) were also demonstrated to increase transmembrane molecular transport, presumably through the successful electroporation of the cell membrane [25,26]. Furthermore, HI-PEMFs were successfully used for drug and plasmid DNA delivery in vitro and in vivo [27,28,29]. Thus, HI-PEMF has the potential for achieving cell and tissue electroporation in a noncontact manner.



Due to the limited number of studies in the field of cell membrane permeabilization induced by HI-PEMF, we designed experiments to explore the feasibility of such a contactless delivery technique for the electrotransfer of small nucleic acids in tumors in vivo. For that purpose, the transfection efficiency of small siRNA molecules against the enhanced green fluorescent protein (EGFP) in B16F10 melanoma tumors stably expressing EGFP were measured. HI-PEMF-induced cell permeabilization was proved to facilitate small siRNA molecule uptake in tumors; thus, we provide evidence of its feasibility and effectiveness. The HI-PEMF approach could have an advantage over conventional electroporation since HI-PEMF is noninvasive, contactless, and potentially painless.




2. Materials and Methods


2.1. siRNA


siRNA was designed according to Caplen et al. [30] with freely available software from Eurofins Genomics. The EGFP siRNA (sense: 5’-GCAAGCUGACCCUGAAGUUCA, antisense: 5’-UGAACUUCAGGGUCAGCUUGC) was directed against EGFP mRNA. As a control for the specificity of the siRNA construct, we used scramble (SCR) siRNA (sense: 5’-TTGATCGTTTGCTACGCTTTACTTC, antisense: 5’-UUGAUCGUUUGCUACGCUUUACUUC) (Invitrogen, Thermo Fisher Scientific, Carlsbad, CA, USA), which contains the changed nucleotide siRNA sequence for mouse endoglin and shows no significant homology to mouse transcripts according to Basic Local Alignment Search Tool analysis. siRNAs were prepared at a final concentration of 20 µM in 40 µL of siMAX universal buffer (Eurofins Genomics) containing 40 U of RNAase inhibitor (Applied Biosystems by Life Technologies, Thermo Fisher Scientific).




2.2. Mice, Tumor Model


Female C57Bl/6JOlaHsd mice (Envigo RMS S.r.l., San Pietro al Natisone, Italy) were maintained in quarantine for 2–3 weeks after purchase. In the experiments, 145 mice were used. They were 8- to 9-weeks-old, they weighed 20–22 g, and were kept at a constant room temperature with a 12 h light cycle. Tumors were implanted subcutaneously into the C57Bl/6 mice in the right flank of the mice by inoculation of a suspension 1 × 106 B16F10-EGFP melanoma cells prepared in 100 µL of PBS. During the injection of siRNA and the delivery of HI-PEMF or square wave electric pulses, mice were anesthetized with inhalation anesthesia in the induction chamber with 2% (v/v) of isoflurane (Isoflurane; Piramal Healthcare UK Limited, London, UK). All animal experimental manipulations were conducted in accordance with the principles and procedures outlined in the guidelines for animal experiments of the EU directives and with permission from the Administration of the Republic of Slovenia for Food Safety, Veterinary and Plant Protection (Republic of Slovenia, The Ministry of Agriculture, Forestry and Food) (permission No: U34401–1/2015/7).




2.3. Experimental Setup


HI-PEMF was delivered by a custom-made magnetic field pulse generator connected to an applicator consisting of a round coil with 68 turns. The generator supplied the applicator with bipolar electric pulses (Figure 1A) that generated a time-varying HI-PEMF in the vicinity of the coil. As shown in Figure 1B, the applicator was positioned over the treated tissue so that the tumor was located at the periphery of the coil just below the middle of the windings where the induced electric field is the highest. The pulse sequences of the electric current delivered to the applicator consisted of 400 bipolar pulses (Figure 1A) at the repetition frequency of 33 Hz (the application of HI-PEMF lasted a total of 12 s).



For comparison, siRNA electrotransfer (GET) achieved by conventional electroporation was performed. Eight 100 µs long square wave electric pulses at 600 V/cm voltage to distance ratio delivered at 1 Hz using electric pulse generator (Cliniporator™, IGEA s.r.l., Carpi, Italy) were applied by plate electrodes (distance between the electrodes was 6 mm) to the tumors. The application of electric pulses lasted a total of 8 s and were delivered in perpendicular orientation (4 + 4). To achieve good contact between the electrodes and tumor, the area around the tumor (d = 1 cm), on the back of the mouse was shaved and depilated with depilatory cream (Veet® Sensitive Skin, Reckitt Benckiser, UK). Conductive gel (Gel G006 ECO, FIAB, Vicchio, Italy) was applied to the skin just prior to the application of pulses.




2.4. Magnetic Field and Induced Electric Field


The magnetic field and induced electric field in the tumor were estimated using the finite element method and the commercial finite element software package COMSOL Multiphysics 5.4 (COMSOL AB, Stockholm, Sweden). The applicator was designed using the Magnetic Fields physics module as a coil with 68 wires separated by an electrical insulator, while the tumor was represented by an elipsoid. As an input, the measured current pulse waveform (Figure 1A) was used and an automated physics-controlled meshing was applied. The average values of the magnetic field and induced electric field in the volume of the tumor were 0.55 T and 14 V/m, respectively. Whereas the maximum values of magnetic field and induced electric field in the tumor were 0.66 T and 23 V/m, respectively.




2.5. In Vivo siRNA Gene Silencing in Subcutaneous Tumors


When the subcutaneous B16F10-EGFP tumors reached a volume of approximately 45 mm3, mice were randomly divided into experimental groups (Figure 2): intratumoral injection of siMAX universal buffer with RNAase inhibitor alone (Control) or combined with electroporation induced by HI-PEMF (HI-PEMF) or combined with conventional electroporation (EP), intratumoral injection of control SCR siRNA alone (SCR) or combined with electroporation induced by HI-PEMF (SCR+HI-PEMF) or combined with conventional EP (SCR+GET), and intratumoral injection of EGFP siRNA alone (EGFP) or combined with electroporation induced by HI-PEMF (EGFP+HI-PEMF) or combined with conventional EP (EGFP+GET). Injections were performed on each day of the therapy. HI-PEMF and GET were performed every second day three consecutive times (on days 0, 2, and 4) 10 min after the slow injection of 40 µL of EGFP or SCR siRNA.




2.6. Total mRNA Extraction and Quantitative Reverse Transcription-Polymerase Chain Reaction (qRT-PCR) Analysis


RNA extraction and qRT-PCR analysis were used to determine the EGFP expression level and the extent of silencing EGFP at the mRNA level two days after the last siRNA electrotransfer (Figure 2). At that time, animals were sacrificed, tumors were excised and divided into two equal parts; one part was used for flow cytometry analysis (described in the section below) and the other part was used for qRT-PCR analysis. For the qRT-PCR analysis, tumor samples were snap-frozen in liquid nitrogen and later homogenized in a mortar with a pestle and total RNA was extracted from B16F10-EGFP tumors using the peqGOLD Total RNA kit (PEQLAB, VWR™, Life Science, Leuven, Belgium). RNA concentration and purity were determined spectrophotometrically (Epoch Microplate Spectrophotometer; Take3TM Micro-Volume Plate, BioTek, Bad Friedrichshall, DE). Total RNA (2000 ng) was reversely transcribed to cDNA by SuperScript VILO cDNA Synthesis Kit (Invitrogen, Thermo Fisher Scientific, Carlsbad, USA) and mixtures of transcribed cDNA diluted 10-fold were used as templates in qRT-PCR. The qRT-PCR was performed with Mix TaqMan Gene Expression Master Mix (Applied Biosystems, Thermo Fisher Scientific) and TaqMan Gene Expression Assay (Applied Biosystems, Life Technologies) for EGFP (Mr04097229_mr) and murine GAPDH (Mm99999915_g1), as an internal control. The reaction was performed on Quant Studio 3 (Applied Biosystems, Life Technologies) and the results were analyzed with Quant Studio® Design & Analysis Software v1.1 (Applied Biosystems, Life Technologies). The optimized thermal cycling conditions were as follows: activation of uracil-DNA glycosylase (2 min at 50 °C), hot start activation of AmpliTaq Gold Enzyme (10 min at 95 °C), 40 cycles of denaturation (15 s at 95 °C), annealing and extension (1 min at 60 °C). The EGFP mRNA expression levels in tumors were presented as the threshold cycle value (Ct). The relative quantification of cDNA expression was normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) by the 2−ΔΔCt method, calculated via the QuantStudio 3 software (Applied Biosystems, Life Technologies).




2.7. Flow Cytometry


For the quantification of the silencing of EGFP at the protein level, flow cytometry analysis two days after the last siRNA electrotransfer was performed (Figure 2). The second half of tumor samples were cut into small pieces and incubated in 5 mL of HBSS (Gibco, Thermo Fisher Scientific) solution containing collagenase II (10 mg/mL, Worthington Biochemical Corporation, Lakewood, USA), DNase I (2 U/mL, Invitrogen, Thermo Fisher Scientific) for 45 min with regular shaking (160 rpm) at 37°C. Cell suspensions were then strained through 50-μm nylon strainers (Sysmec Partec GmbH, Görlitz, Germany) and centrifuged for 5 min at 400 g. Obtained cell pellets were resuspended in 500 μL of PBS with 5% of fetal bovine serum (Gibco, Thermo Fisher Scientific) and stained with the DNA binding dye propidium iodide (PI, 50 µg/mL, Sigma Aldrich, Buchs, Switzerland). Then, fluorescence analysis of the samples was performed using a FACSCanto II flow cytometer (BD Biosciences, San Jose, CA). The viable, PI cell population was gated from the biparametric linear plot, defined by forward and side scatter, to eliminate debris. Furthermore, the histograms of gated cells against the observed fluorescence intensity were recorded (software: BD FACSDiva V6.1.2). The median fluorescence intensity values for EGFP were determined for each experimental group and normalized to the median fluorescence intensity of the untreated cells.




2.8. Noninvasive Stereomicroscope Fluorescence Imaging


Tumors were monitored before and after the therapy at least once per day with a stereomicroscope at room temperature, which was carried out using a Carl Zeiss SteREO Lumar V12 fluorescence stereomicroscope equipped with a NeoLumar S 0.8 × objective and an AxioCam MRc5 digital camera (all from Carl Zeiss, Jena, Germany). This equipment allowed the observation of the EGFP expression in the same animal for several days. The animals were anesthetized with isoflurane inhalation anesthesia (2%, v/v) and placed on a custom-designed holder. In the experiments using EGFP siRNA at 8 h, 24 h, and 48 h after treatment, bright-field images and images obtained with a GFP filter of the tumors were taken to observe the changes in the EGFP expression in the cells directly through the skin. Thereafter, the animals were humanely sacrificed, and the target tissues were carefully removed and imaged under bright-field conditions and a GFP filter to determine the precise position of transfection. The exposure time was set at 1.5 s with no binning. The EGFP fluorescence from the tumor was quantitatively evaluated at the measured time points. From the bright-field images acquired at 10 × magnification for tumors, the target tissue was located and manually gated to determine the region of interest. For the images taken with the GFP filter, a suitable threshold was applied, and the fluorescence intensity in the whole area of the tumor, i.e., the region of interest determined from bright-field images, was determined with image analysis software (AxioVision). Aiming to achieve the best conditions for in vivo imaging in the treated tissue, the area around the tumor (d = 1 cm) on the back of the mouse was shaved and depilated. In addition, immediately after excision and imaging, tumors were used for further flow cytometry analysis, as described in the section above, or histology analysis, as described in the section below.




2.9. Histology


Histology analysis was performed in tumors after repetitive siRNA EGFP electrotransfer by HI-PEMF application or EP, in order to determine the effect on cell proliferation, apoptosis, necrosis, and immune cell infiltration. Briefly, tumors (untreated-control, treated: HI-PEMF, EP, siRNA EGFP electrotransfer using HI-PEMF (EGFP+HI-PEMF) or EP (EGFP+GET) were excised on day 6 (2 days after the third siRNA electrotransfer with HI-PEMF or EP). The tumors were fixed in IHC zinc fixative (BD Biosciences, San Diego, CA, USA), embedded in paraffin blocks and cut to 2-μm thick consecutive sections. The first tumor section was stained with hematoxylin and eosin (H&E) to estimate the percent of necrotic tumor area, the other three sections were stained immunohistochemically to determine the percent of apoptosis, proliferation, immune cells (granzyme B). The proliferation rate was detected with antibodies against Ki-67 at dilution 1:1200, apoptotic cells were determined with antibodies against cleaved Caspase-3 (Ca-3, Cell signaling Technology, Danvers, MA, USA) at dilution 1:1500. In addition, possible immune cell infiltration (CTL and NK) was detected with antibodies against Granzyme B (ab4059, Abcam) at dilution 1:1250. These primary antibodies were then detected with a peroxidase-conjugated streptavidin-biotin secondary antibody (Rabbit specific HRP/DAB detection IHC kit, ab64261, Abcam) and counterstained with hematoxylin, as described previously [31]. Images of five viable parts in each tumor section were captured by DP72 CCD camera (Olympus, Hamburg, Germany) connected to BX-51 microscope (Olympus, Hamburg, Germany) under 60× magnification. The number of stained brown (positive) and stained blue (negative) cells were counted using CellSens Dimension Software (Olympus) and presented as the percent of the positive cells for each image (apoptosis, proliferation, immune cells). In addition, a necrotic area in the tumors was measured with the same software.




2.10. Statistical Analysis


All data were tested for a normal distribution with the Shapiro–Wilk test. A t-test and one-way analysis of variance followed by a Holm–Sidak test were used to evaluate the differences between the experimental groups. A p-value less than 0.05 was considered significant. SigmaPlot software (Systat Software, Chicago, IL, USA) was used for statistical analysis and graphical presentation.





3. Results


3.1. Electrotransfer of siRNA Against EGFP Using HI-PEMF Efficiently Silences EGFP Expression at mRNA and Protein Level, In Vivo


Efficient silencing of EGFP after electrotransfer by HI-PEMF was demonstrated by qRT-PCR analysis of the EGFP expression in B16F10 tumors stably expressing EGFP 2 days after the third electrotransfer. EGFP mRNA levels were significantly reduced after HI-PEMF and conventional gene electrotransfer. The level of EGFP mRNA was reduced for 40% after electrotransfer by HI-PEMF and for 61% by conventional GET (Figure 3A). Furthermore, the EGFP protein level in B16F10 tumors stably expressing EGFP was determined 2 days after the last electrotransfer with flow cytometry. The expression of EGFP at the protein level was significantly decreased after HI-PEMF and conventional gene electrotransfer. The level of EFGP protein was reduced by 41% after using HI-PEMF for electrotransfer and for 63% after using GET (Figure 3B). The silencing effect at the mRNA and protein level after conventional electrotransfer was significantly higher than after HI-PEMF. However, conventional or HI-PEMF electrotransfer with SCR siRNA had no significant effect on the EGFP mRNA and protein level (Figure 3A,B).




3.2. Silencing of EGFP after Noninvasive Electroporation by HI-PEMF, Imaging In Vivo


The silencing effect of EGFP in B16F10 tumors stably expressing EGFP after siRNA EGFP electrotransfer by HI-PEMF in time was also noninvasively assessed by fluorescence stereomicroscopy imaging before and after the treatment on each consecutive day. Three consecutive treatments of tumors with the combination of injection of EGFP siRNA followed by electroporation by HI-PEMF were performed on days 0, 2, and 4 (Figure 4). The extent and time course of the silencing effect of siRNA was determined as the fluorescent tumor area after the therapy normalized to day 0 before therapy. In all control groups, 8 h after the therapy, the fluorescent tumor area stayed at the same level as observed before therapy and increased with time due to the tumor growth. A significant silencing effect of EGFP siRNA using HI-PEMF was obtained 8 h after each gene electrotransfer (up to a 28% smaller fluorescent tumor area); silencing was prolonged up to 2 days only after the third treatment (Figure 4A). Nevertheless, the more pronounced silencing effect of EGFP was observed using conventional EP in a similar time-dependent pattern that reduced the fluorescent tumor area 8 h after each electrotransfer up to 50%. However, the silencing effect using only HI-PEMF or conventional EP was insignificant at day 5 and became significant at day 6, most probably due to the induced cell death after conventional EP. In addition, the treatment of tumors with SCR electrotransferred either with HI-PEMF or conventional EP resulted in a significantly smaller reduction of the fluorescent tumor area compared to electrotransfer of EGFP. Tumors were also excised and imaged without the skin 48 h after the last treatment, i.e., on day 6 (up to a 61% smaller fluorescent tumor area) (Figure 4B,C). Similarly to the results for the noninvasive in vivo imaging, we observed a significant decrease in the fluorescent area of excised tumors when EGFP silencing with HI-PEMF treatment was performed. These results indicate that HI-PEMF enabled the successful electrotransfer of EGFP siRNA molecules into tumor cells.




3.3. Histological Analyses


Histological analyses were performed 2 days after the third siRNA EGFP electrotransfer by HI-PEMF. The necrotic area was mainly located in the center of the tumor and there was no difference between the control and treated groups (control: 25.3% ±4.1; HI-PEMF 27.1% ±2.3; EGFP+HI-PEMF: 19.5% ±3.3; EP 16.5% ±2.9; EGFP+GET 13.5% ±1.6). In the viable parts of the tumor, treatments with HI-PEMF, conventional EP or siRNA EGFP electrotransfer by HI-PEMF had no significant effect on proliferation, apoptosis and immune cell infiltration compared to the control (Figure 3D). All tumors were highly proliferative (control 91.7% ±2.8; HI-PEMF 90.4% ±1.9; EGFP+HI-PEMF 89.6% ±1.5, EP 83.3% ±2.1). Furthermore, in tumors after siRNA EGFP electrotransfer by HI-PEMF, a nonsignificant higher increase in apoptosis up to 7% (control 9.3% ±1.2; HI-PEMF 11.1% ±0.8; EGFP+HI-PEMF 16.2% ±0.7; EP 13.4% ±2.7) and up to 4% increase in the number of infiltrating immune cells (control 4.7% ±0.9; HI-PEMF 5.2% ±0.5; EGFP+HI-PEMF 9.1% ±1.5; EP 8.3% ±0.9) were determined in comparison to control. The electrotransfer of siRNA EGFP by conventional electroporation significantly decreased proliferation (EGFP+GET 78.6% ±1.8) and increased the apoptosis (EGFP+GET 19.9% ±2.1) compared to the control but has no significant effect on immune cell infiltration (EGFP+GET 10.1 ±0.4). These data indicate that the electrotransfer of siRNA by HI-PEMF targeting reporter gene EGFP did not induce any morphological changes or considerable immune cell infiltration. However, the electrotransfer EGFP siRNA by conventional EP lead to an increase in apoptotic cell death in tumors.





4. Discussion


In our study, we demonstrated contactless high intensity pulsed electromagnetic field (HI-PEMF) treatment as a feasible approach to achieve in vivo transfection in tumors. We show that HI-PEMF enhanced the transport of short siRNA EGFP, resulting in the significant silencing of EGFP in mouse melanoma tumors stably expressing EGFP at mRNA and protein levels and by live fluorescence imaging in vivo. Even though HI-PEMF is currently less efficient than the conventional gene electrotransfer that utilizes either contact or invasive electrodes, we have proved its effectiveness in the transfection of melanoma tumors with siRNA. The proposed technique may thus represent an important tool in research and clinical applications for noninvasive drug and gene/nucleic acid delivery in vivo, since HI-PEMF is easy to perform and is both noninvasive and contactless.



siRNA delivery is a promising therapeutic approach in cancer therapy, in particular, inactivating the oncogenes and tumor suppressor genes involved in cancer disease [32]. The efficiency of gene silencing depends on the activity of the siRNA delivery to target cells and the activity of siRNA, which can be improved by chemical modifications and optimization of sites and sequences [33]. However, being unstable in the tissues and blood, the effectiveness of siRNA delivery represents the main challenge in the development of this approach. Due to toxicities associated with viral carriers, non-viral carriers, i.e., nanoparticles (of organic or inorganic origin, or a combination of both in hybrid nanoparticles), are most commonly used to deliver siRNA in tumors, which shows a very promising therapeutic approach for cancer treatment at the level of interference with metastases, chemo-resistance of tumors, angiogenesis, and proliferation of tumor cells in preclinical tumor models and in the clinical trials [34,35,36]. Furthermore, the association of siRNA with magnetic nanoparticles was demonstrated for efficient siRNA delivery [37,38]. However, the construction of such carriers must fulfill the precise requirements for the safety, pharmacokinetics, and biodistribution and selectivity of siRNA in the target tissue. Thus, the local delivery approach, i.e., electroporation, may have advantages over systemic delivery in accessible tumors. Successful gene silencing in different cells and tissues was obtained by using conventional electroporation as non-viral delivery approach of siRNA targeting reporter or therapeutic genes [5,21,39,40,41,42,43,44]. Silencing therapeutic CD105 (endoglin), VEGF and Rho GTPase Rac1 genes demonstrated good antitumor and antivascular effects [5,21,45]. The results of these studies indicated that to achieve good transfection efficiency in tumors, multiple intratumoral administrations of therapeutic molecules have to be performed. Although conventional electroporation, i.e., electric pulse-mediated electrotransfer, is inexpensive and simple, it has several limitations and disadvantages, such as the narrow range of clinically safe electric field parameters, the mandatory contact or even invasiveness of electrodes with the tissue, and the possible undesired tissue ablation by irreversible electroporation [46].



Already in 2012, Kardos et al. demonstrated the use of HI-PEMF for electrotransfer of plasmid DNA encoding EGFP to guinea pig skin by a magnetic field of 4 T [28]. They showed an approximately 5-fold increase in EGFP expression compared to that for plasmid DNA treatment only. Furthermore, compared to conventional gene electrotransfer, 50 bipolar pulses for a total of 5 s yielded almost equally high levels of EGFP expression. In our study, we applied an approximately 7-times lower time-varying magnetic field than that used by Kardos et al. to evaluate the delivery of approximately 200-times smaller molecules, i.e., 21 base pairs long siRNA molecules. Indeed, significant silencing of EGFP in B16F10 melanoma tumor cells stably expressing EGFP was obtained 8 h after transfection, and the fluorescent area of the tumors decreased by as much as 40% compared to the control. Thereafter, the fluorescent tumor area started to increase, albeit to a lesser extent than that of the pertinent controls, presumably due to increased tumor growth, degradation (short-lived siRNA) of the siRNA, and/or delivery of the siRNA to only a fraction of the tumor cells inside the tumor. The silencing effect of EGFP was however more pronounced when using conventional electroporation (by 77% compared to the control) compared to HI-PEMF, as the local electric field in the target tissue during conventional electroporation was considerably higher (4000 times) compared to the induced field by HI-PEMF. Similar findings were obtained by Golzio et al. using conventional electroporation for electrotransfer of siRNA against EGFP [43]. They obtained a significant decrease of up to 30% in the EGFP fluorescence of the B16F10 melanoma stably expressing an EGFP tumor within 2 to 4 days following a single gene electrotransfer of GFP22 siRNA. Additionally, a noticeable increase in the EGFP fluorescence level was observed at day 5, due to short-lived siRNAs. The decrease of EGFP fluorescence in tumors correlated with the reduction of EGFP expression at the mRNA level by 50% and by 60% at the protein level. In order to improve the silencing effect, we repeated conventional electrotransfer of siRNA against EGFP in melanoma tumors three times and compared it with the silencing effect of HI-PEMF electrotransfer that was also applied three times. However, similar results to the study of Golzio et al. were obtained in our conventional electrotransfer protocol, EGFP mRNA was degraded for 61% and EGFP protein expression was reduced for 63%. This suggested that the partial silence of EGFP in the tumor was due to the short lifetime of transferred siRNA in the cytoplasm and low transfection efficiency. The electrotransfer of siRNA with HI-PEMF was significantly less efficient; up to 22% on the mRNA and protein level compared to conventional gene electrotransfer. However, the induced electric field established by HI-PEMF was more than 4000 times lower compared to the local electric field in conventional GET. Despite lower efficiency, we confirmed the proof of concept for noninvasive electrotransfer of EGFP siRNA molecules into tumor cells by means of HI-PEMF.



Although nonviral delivery of genetic material into cells using conventional electroporation holds great promise for basic research and clinics, it has some limitations, i.e., low transfection efficiency compared to that of other methods [47,48,49] and difficulties in controlling the delivery, due to an incomplete understanding of its mechanisms [50]. In gene electrotransfer using conventional electroporation of cells and tissues, it is postulated that once the cell membrane is permeabilized and the membrane-plasmid DNA complex is formed, the DNA passes through the membrane, where it is transported to the nucleus [50,51,52,53]. The formation of membrane-plasmid DNA complex and transport across the membrane is facilitated by electrophoretic force excited by an electric pulse. Such processes demand optimized electric pulse parameters, namely, longer, high voltage or a combination of short, high voltage and long, low voltage pulses [52,54,55,56]. It has also been shown that the size and charge of molecules influence their passage through the cell membrane after electroporation [57]. While small molecules can enter cells presumably through “the electropores” formed in the membrane, the transport of macromolecules such as plasmid DNA is more complex [58,59]. Specifically, plasmid DNA can enter through pores only partially, and it was recently shown that mainly clathrin-mediated or Rac-1-dependent endocytosis processes are responsible for the transport of plasmid DNA across the membrane and cytoplasm into the cell [53]. Furthermore, the alterations in the pH of the medium during electroporation may cause the denaturation of the plasmid DNA and thus play an important role in efficient DNA electrotransfer [60,61]. Additionally, the temperature of the cell membrane affects its fluidity and consequently, its electroporation. It was shown that gene electrotransfer could be thermally assisted. Specifically, heating applied prior to electroporation enabled a similar level of transfection efficiency in the skin using an approximately 30% lower electric field [62]. In our study, we observed an increase in the temperature of the magnetic coil (approximately 40 °C, data not shown), which could contribute to the transfection efficiency. In addition, the heterogeneity of tissue, i.e., the cell type organization and extracellular matrix composition, has a substantial impact on transfection efficiency. It was shown that the modification of the tissue extracellular matrix improved the transfection efficiency, due to improved plasmid DNA distribution within the tissue [20]. In summary, we are aware of all these factors that might have affected the transfection efficiency in our study and intend to address these potential contributions in future studies by optimizing the conditions during HI-PEMF and improving the equipment, i.e., the coil and magnetic pulse generator, to reduce heating and/or heat transfer.



In cancer treatments, immunostimulation is an important component of the treatment. An siRNA can elicit an immune response and immunostimulatory activities of siRNA may represent novel agents for treating cancers [63]. Recently, it has been shown that the induction of immunogenic cell death by electrochemotherapy and/or boosting the immune response by IL-12 or TNFα plasmid DNA electrotransfer, both using conventional electroporation as a delivery approach, resulted in a good antitumor effect in murine tumor models [9,10,31,64]. In the present study, the EGFP siRNA electrotransfer by conventional electroporation or by HI-PEMF did not elicit significant immune cell infiltration. However, the conventional electroporation significantly increased the apoptotic death of tumor cells that correlated with considerable tumor growth delay, while this was not evident after silencing mediated by HI-PEMF. The introduction of foreign DNA or RNA is known to elicit the pattern-recognition receptors that lead to the activation of immune response and cell death [65]. Recently, an increased apoptotic cell death of tumor cells after the conventional electrotransfer of different control plasmids DNA without therapeutic gene due to activation of cytosolic DNA sensors that can trigger an immune response was shown [66]. Thus, the silencing effect observed after electrotransfer of SCR siRNA by HI-PEMF or conventional electroporation suggests to be induced by increased tumor cell death.



The primary goal of our study was to demonstrate HI-PEMF treatment as a feasible approach to achieve in vivo transfection in tumors. Thus, we can speculate, that targeting therapeutic genes with specific engineered immunomodulatory siRNA delivered by HI-PEMF, could be used for modulation of the immune response. Recent studies indicated a promising therapeutic efficiency in cancer with a silencing approach for intracellular negative immune regulators in tumors, i.e., IDO1, PD-1 or PD-L1 [67,68,69]. Several approaches were used for delivery of siRNA against IDO1 or PD-L1 in immune cells (dendritic cells, T cells): intramuscular, intradermal, intravenous injection; biolistic device; oral application of attenuated bacteria; synthetic polymers, nanoparticles and viral vectors [67,68]. As a result of silencing IDO1, PDL-1 an activation of immune response was determined in several cancer models (breast, bladder, colon, orthotopic and metastatic liver cancer, melanoma) showing good antitumor response. For this purposes HI-PEMF has the potential for clinical application since it is both noninvasive and contactless.



We have already shown that small molecules can be delivered with HI-PEMF in vitro [26] and in vivo [29]. Few studies have evaluated the mechanisms of molecule uptake after the exposure of cells to HI-PEMF. As for conventional electroporation, it was shown that the pores formed in the membrane quickly resealed [70] and endocytosis was needed as the transport mechanism of molecules for electroporation at lower electric field strengths [25]. We suspect that the exposure of tissues to the magnetic field of 1 T did not induce an electric field typically required for electroporation, as its amplitude was approximately 1000 times lower. Nevertheless, we believe HI-PEMF delivery approach can be improved and optimized for transferring also bigger molecules, such as plasmid DNA encoding therapeutic molecules in different tissues appropriate for immunotherapy, i.e., skin and muscle. Although the exact mechanism of HI-PEMF inducing transport of siRNA to tumor cells is currently unknown, we work under the assumption that the induced electric field and membrane electroporation are the principal mechanisms [58]. Since HI-PEMF used in electrochemotherapy has already proved successful, it could be used as conventional electrochemotherapy for immune-boosting and also in the gene transfer of therapeutic targets for immunomodulation and in vaccination protocols.




5. Conclusions


Our results show that HI-PEMF at a magnetic field below 1 T is sufficient to achieve the transfection of tumor cells because small molecules of siRNA against EGFP were delivered to tumors. Due to the simple and contactless application of HI-PEMF, this approach represents a potential alternative to conventional electroporation. Further studies are thus warranted to improve the equipment, optimize the protocols for genetic material application and the HI-PEMF parameters, and demonstrate the effects of HI-PEMF on a broader range of different tissues.
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Figure 1. (A) One of the electric pulses that were delivered to the coil of the applicator. (B) Illustration of the cross-section of the coil with 68 turns. The position of the treated tumor was located at the periphery of the coil just below the middle of the windings. 
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Figure 2. Overview of the treatment protocol for assessment of siRNA gene silencing in subcutaneous tumors. On day 0, mice were randomly divided into treated and control groups. Treated groups were subject to either HI-PEMF or GET (conventional electroporation (EP)) and intratumoral injections of either EGFP siRNA, siMAX universal buffer or SCR siRNA, whereas control groups were subject to injections only. Treatment and injections were performed every second day three consecutive times (on day 0, 2, and 4) followed by fluorescence imaging of the tumors 8, 24, and 48 h after the treatment. On day 6, tumors were excised, imaged, and prepared for histological, flow cytometry, and qPCR analysis. 
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Figure 3. In vivo reduced expression of EGFP mRNA level and protein EGFP level after silencing in B16F10 tumors stably expressing EGFP. Tumors were treated with an intratumoral injection of either siMAX universal buffer (Control group, n = 6) or EGFP siRNA (EGFP group, n = 8) or SCR siRNA alone (SCR group-scramble, noncoding siRNA, n = 8), or with electrotransfer after electroporation by a high intensity pulsed electromagnetic field (HI-PEMF, n = 8) or conventional electroporation settings (EP, n = 6), as well as with a combination of siRNA electrotransfer by HI-PEMF (n = 8) or conventional EP (GET, n = 8). (A) mRNA level of EGFP in B16F10 tumors stably expressing EGFP determined by qRT-PCR analysis. The data represent the mean and standard error of the mean. The mRNA levels of EGFP in tumors of all experimental groups were normalized to the mRNA level of the untreated group. (B) EGFP protein level in B16F10 tumors stably expressing EGFP determined by flow cytometry. The fluorescence intensity of EGFP in tumors of all experimental groups was normalized to the fluorescence intensity of the untreated group. The data represent the mean and standard error of the mean. *- indicate statistically significant differences, p < 0.05. 
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Figure 4. In vivo silencing of enhanced green fluorescent protein (EGFP) with EGFP siRNA using electrotransfer by a high intensity pulsed electromagnetic field (HI-PEMF) or conventional electroporation (EP) in B16F10 tumors stably expressing EGFP. (A) Imaging with a fluorescence stereomicroscope was used for the quantification of the time-lapse fluorescence of B16F10 EGFP tumors. For each animal, the fluorescent area of the tumor was measured at different time points and normalized to the value of the fluorescent area measured just before the first treatment on day 0. B16F10 EGFP tumors were treated with an intratumoral injection of either siMAX universal buffer (Control group, n = 6), EGFP siRNA (EGFP group, n = 10), SCR siRNA alone (SCR group-scramble, noncoding siRNA, n = 8), HI-PEMF (n = 8), or EP (n = 6), as well as in combination with electrotransfer after electroporation by HI-PEMF (n = 12) or by conventional EP (EGFP+GET, n = 8; SCR-GET, n = 7). The data represent the mean and standard error of the mean. Red arrows indicate the day on which gene electrotransfer was performed. * p -value < 0.05, significantly different from all other groups except EGFP+GET group; ** p-value < 0.05, significantly different from all other groups; # p-value < 0.05, significantly different from all other groups except EGFP+HI-PEMF group; + p-value < 0.05, significantly different from SCR+HI-PEMF group and SRC+GET group. (B) For each excised tumor, the fluorescent area was measured on day 6, i.e., two days after the last intratumoral injection of either siMAX universal buffer or siRNA EGFP or siRNA SCR alone or in combination with the gene electrotransfer mediated by HI-PEMF. For the normalization of the fluorescent tumor area and tumor volume, groups were normalized as follows: HI-PEMF or EP treated tumors were normalized to the control; siRNA EGFP treated tumors were normalized to the group siRNA SCR treated tumors; tumors treated with HI-PEMF and siRNA EGFP were normalized to the group HI-PEMF and siRNA SCR treated tumors; tumors treated with EP and siRNA EGFP were normalized to the group EP and siRNA SCR treated tumors. The data represent the mean and standard error of the mean. Each group consisted of 6 to 12 tumors, as described under (A). * p-value < 0.05, significantly different from all other groups. (C) Representative images of the EGFP fluorescence in melanoma tumors observed on day 6, that is, 2 days after the last intratumoral injection of either siMAX universal buffer or EGFP siRNA or SCR siRNA alone or in combination with HI-PEMF-induced gene electrotransfer. BF—bright field; FL—fluorescence. Scale bar represents 1 mm. (D) Representative images of the tumors after immunohistologically staining for proliferation, apoptosis and immune cell (Ki-67, caspase 3, granzyme B). Brown staining represents proliferative cells, caspase 3 positive cells, and granzyme B positive cells. Scale bar represents 50 µm. Each group consisted of 3 tumors. 






Figure 4. In vivo silencing of enhanced green fluorescent protein (EGFP) with EGFP siRNA using electrotransfer by a high intensity pulsed electromagnetic field (HI-PEMF) or conventional electroporation (EP) in B16F10 tumors stably expressing EGFP. (A) Imaging with a fluorescence stereomicroscope was used for the quantification of the time-lapse fluorescence of B16F10 EGFP tumors. For each animal, the fluorescent area of the tumor was measured at different time points and normalized to the value of the fluorescent area measured just before the first treatment on day 0. B16F10 EGFP tumors were treated with an intratumoral injection of either siMAX universal buffer (Control group, n = 6), EGFP siRNA (EGFP group, n = 10), SCR siRNA alone (SCR group-scramble, noncoding siRNA, n = 8), HI-PEMF (n = 8), or EP (n = 6), as well as in combination with electrotransfer after electroporation by HI-PEMF (n = 12) or by conventional EP (EGFP+GET, n = 8; SCR-GET, n = 7). The data represent the mean and standard error of the mean. Red arrows indicate the day on which gene electrotransfer was performed. * p -value < 0.05, significantly different from all other groups except EGFP+GET group; ** p-value < 0.05, significantly different from all other groups; # p-value < 0.05, significantly different from all other groups except EGFP+HI-PEMF group; + p-value < 0.05, significantly different from SCR+HI-PEMF group and SRC+GET group. (B) For each excised tumor, the fluorescent area was measured on day 6, i.e., two days after the last intratumoral injection of either siMAX universal buffer or siRNA EGFP or siRNA SCR alone or in combination with the gene electrotransfer mediated by HI-PEMF. For the normalization of the fluorescent tumor area and tumor volume, groups were normalized as follows: HI-PEMF or EP treated tumors were normalized to the control; siRNA EGFP treated tumors were normalized to the group siRNA SCR treated tumors; tumors treated with HI-PEMF and siRNA EGFP were normalized to the group HI-PEMF and siRNA SCR treated tumors; tumors treated with EP and siRNA EGFP were normalized to the group EP and siRNA SCR treated tumors. The data represent the mean and standard error of the mean. Each group consisted of 6 to 12 tumors, as described under (A). * p-value < 0.05, significantly different from all other groups. (C) Representative images of the EGFP fluorescence in melanoma tumors observed on day 6, that is, 2 days after the last intratumoral injection of either siMAX universal buffer or EGFP siRNA or SCR siRNA alone or in combination with HI-PEMF-induced gene electrotransfer. BF—bright field; FL—fluorescence. Scale bar represents 1 mm. (D) Representative images of the tumors after immunohistologically staining for proliferation, apoptosis and immune cell (Ki-67, caspase 3, granzyme B). Brown staining represents proliferative cells, caspase 3 positive cells, and granzyme B positive cells. Scale bar represents 50 µm. Each group consisted of 3 tumors.
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