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Pulsed electric fields (PEFs) can be used to transiently increase cell membrane permeability in procedures
ranging from gene therapy to tumor eradication. Although very efficient, PEF-based therapies generally
require the use of invasive electrodes, which cause pain and tissue damage. An emerging noninvasive,
contactless alternative to PEFs are High Intensity Pulsed Electromagnetic Fields (HI-PEMF), whereby
the electric field inside the tissue is induced remotely by external pulsed magnetic field. However, one
of the current major drawbacks of HI-PEMFs is their inferior efficiency compared to PEFs. In this study
we present the proof-of-concept that by adding highly conductive 5 and 20 nm gold nanoparticles (Au
NPs), we can significantly potentiate the permeabilizing effect of HI-PEMFs, making it possible to perme-
abilize up to 80% of the cells with minimal or no effect on cell survival, compared to negligible percentage
of permeabilized cells using HI-PEMF alone. Experiments, conducted on Chinese Hamster Ovary cells and
Escherichia coli, suggest that Au NPs act as distributed nanoelectrodes, locally enhancing the electric field
induced at the plasma membrane. Our findings open up an avenue of possibilities for combining naked as
well as functionalized Au NPs with HI-PEMFs for noninvasive, remotely controlled smart drug delivery
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1. Introduction

Pulsed electric field (PEF) treatment is becoming a promising
technique for permeabilization of cell membrane. The technique
is also known as electroporation and has gained considerable
attention in the last few decades. The technique is based on a phe-
nomenon characterized by transient increase of cell membrane
permeability to molecules, which otherwise have poor or no trans-
membrane transport mechanisms, by exposure of cells to exter-
nally applied pulsed electric fields [1-4]. Electroporation was
demonstrated in eukaryotes, prokaryotes and archaea as well as
in artificial membranes [5-8]. All conventional electroporation
applications require direct contact between the electrodes and
the treated object, that is, either via plate electrodes which
embrace the tissue, or using invasive needle electrodes, which
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are inserted into the tissue. The use of invasive electrodes, such
as needle electrodes which are most effective in electroporation
treatment of a variety of tissues have a number of drawbacks com-
mon to all invasive procedures, e.g., assuring sterile incisions and
causing trauma to tissues by incision. There are additional side
effects due to application of electric pulses, such as the dependence
of electric field distribution on the dielectric properties of the sam-
ple [9-12], presence of electrochemical reactions in the electrode-
electrolyte/tissue interfaces [13], extreme changes of pH [14,15]
and the possibility of electrical breakdown between the electrodes
[16,17].

Recently, we demonstrated that membrane permeabilization
in vitro and in vivo can be achieved also by High Intensity Pulsed
Electromagnetic Fields (HI-PEMF) [18,19], i.e., by inducing electric
field in the treated sample without physical contact using time
varying magnetic field [ 18-20]. We stipulated that the phenomena
underlying observed permeabilization in vitro and enhanced
accumulation of platinum in cells and chemotherapeutic effect
in murine tumor model is membrane electroporation [19].
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Electroporation remains the working hypothesis in spite of the fact
that induced electric fields as calculated/estimated are in the order
of 1 V/cm, which is 100-1000 times lower from what is assumed to
be reversible threshold electric field for membrane permeabiliza-
tion in vitro [21-24] and in vivo [25-27] when using conventional
electroporation by means of PEF. Nevertheless, the increase of the
induced electric field component during HI-PEMF treatment
results in higher permeabilization of cells [18,20,28].

In this study, we decided to enhance the induced electric field
locally, ie., close to the membrane, by means of distributed
nanoelectrodes in the form of highly conductive gold nanoparticles
(Au NPs). It has been namely theoretically predicted that presence
of conductive NPs close to the membrane during PEF treatment
results in local enhancement of electric field [29-32], thus leading
to membrane electroporation at lower electric fields [33].
Improvement of PEF treatment by addition of Au NPs was already
observed experimentally in vitro by showing increased mammalian
cells transfection [34,35] and efficiency in anticancer therapy
[33,36].

The aim of our present work was to study the feasibility of
enhancing the effect of HI-PEMF by enabling higher efficacy of con-
tactless membrane permeabilization through distributed nano-
electrodes in the form of Au NPs. As a proof of concept, the study
was performed by application of HI-PEMF on eukaryotic and
prokaryotic cells with two different sizes of Au NPs. The Au NPs
mediated membrane electroporation by means of HI-PEMF was
determined by the membrane permeabilization and survival
assays. For comparison, conventional electroporation by means of
PEF was used as a reference.

2. Material and methods
2.1. Gold nanoparticles

All gold nanoparticles (Au NPs) used in this study were obtained
from Sigma-Aldrich. Au NPs size 5 nm (cat. no. 741949), 20 nm
(cat. no. 741965) in citrate buffer, and 20 nm (cat. no 753610) in
PBS buffer were diluted with KPB electroporation buffer (for CHO
cells) or distilled water (for bacteria) to get various concentrations
of nanoparticles: 50, 25 and 10 pg/ml. The particle morphologies
and sizes were characterized with a transmission electron micro-
scope Jeol 2100 (Jeol, Tokyo, Japan). The equivalent diameters of
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the particles were determined from their surfaces using Digital
Micrograph Software (Gatan, Inc., Pleasanton, USA). A minimum
of 250 particles per sample was counted for the statistics. The
zeta-potential and hydrodynamic particle size of the as-received
suspensions were obtained with Zeta Potential Analyzer equipped
with Particle Sizer (Zetaplus, Brookhaven Instruments, Long Island,
New York, USA). The pH (for measurements of the zeta-potential
versus pH dependence) was adjusted with differently concentrated
(0.01, 0.1 or 1 M) HCI or NaOH solutions.

2.2. High intensity pulsed electromagnetic fields and pulsed electric
fields

For HI-PEMF generation the 550 A, 2 kV generator (Fig. 1A) has
been used with a total 1.2 ] accumulated energy of the pulse [20]
in accordance with methodology developed in our previous work
[18]. The magnetic field inductor, which served as a load of the
system consisted of 11 windings and 6 layers (total of 66 wind-
ings) with a resulting total inductance of 9.8 pH. The inner diam-
eter of the inductor was 3 mm to match the 0.1 ml PCR
(Polymerase chain reaction) tube (STARLAB International GmbH,
Hamburg, Germany). The duration of one HI-PEMF pulse was
15 ps and maximum amplitude was 5.5 T. The waveform of the
pulse is shown in Fig. 1B.

The maximum induced electric field is proportional to the dB/dt
of the pulse and was in the range of 8 V/cm [18]. Bursts of 50 pulses
at low frequency (1 Hz) were used and a 30-second pause was
introduced to allow cooling of the sample. The total number of
pulses was 200 (50 x 4) with a total treatment time of 4 min
50 s. The temperature of the cell suspension did not exceed 36 °C
throughout the whole treatment [18].

For PEF treatment of CHO cells, prototype H-bridge-based pulse
generator made at University of Ljubljana, Faculty of Electrical
Engineering was used [21]. The pulses were generated between
stainless steel 304 plate electrodes (d = 2 mm) and a sequence of
8 x 100 ps square wave pulses of 0-1000 V was used in the study.
For PEF treatment of E. coli, a square wave electric pulse generator
HVP-VG (IGEA s.r.l, Carpi, Modena, Italy) was used. The pulses
were generated between stainless steel 304 plate electrodes, rect-
angle shaped (d = 1 mm) and a sequence of 8 x 100 ps square wave
pulses of 650 V was applied. Voltage and current waveforms of PEF
setups are available in Supplementary Material (Fig. S3.)
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Fig. 1. Generation of HI-PEMF, where A - setup for in vitro experiments consisted of high power generator capable of generating up to 550 A, 2 kV pulses to inductor with 66
windings, B - The waveform of the applied magnetic field pulse (solid black line) and corresponding induced electric field pulse (dotted red line).



D. Miklavcic et al./ Bioelectrochemistry 132 (2020) 107440 3

2.3. Cell permeabilization

Before cells were exposed to HI-PEMF treatment or PEF treat-
ment, CHO cell suspension with or without Au NPs was mixed
with fluorescent markers - either propidium iodide (PI) or
YO-PRO®-1 (YP) (both Life Technologies, California, USA), to
obtain a final concentration of 136 uM for PI, and 1 uM for YP.
For HI-PEMF treatment the volume of the sample was limited
to 20 pl (effective volume of the inductor), while in conventional
electroporation 50 pl samples were put between the electrodes,
but after pulse application only 40 pl was used. After the HI-
PEMF and PEF treatment samples were incubated at room tem-
perature (22 °C) for 3 min in order for fluorescent dye to enter
permeabilized cells. Untreated samples were not exposed to
any pulse treatment, but they were incubated at room tempera-
ture for the same time as treated samples. Cells were then
diluted in 100 ul of KPB buffer to stop inflow of fluorescent
dye and analyzed by fluorescent microscopy or flow cytometric
analysis. For each parameter three repetitions in random order
were done. The percentage of permeabilization was defined by
gating of flow cytometer.

To evaluate permeabilization of E. coli cells, immediately before
exposing cells to pulses PI was added, to obtain a final concentra-
tion of 136 uM for PI. HI-PEMF treatment was repeated 3-times
(each time with a new sample) in order to obtain sufficiently large
volume for further analysis. For electroporation 70 ul of E. coli cells
were placed between electrodes and exposed to electric pulses.
Control samples were not exposed to pulses (PEF or HI-PEMF).
After the treatment samples were incubated in darkness at room
temperature (22 °C) for 20 min in order for PI to enter permeabi-
lized cells. E. coli cells were then centrifuged (16,099g, 5 min,
10 °C) to remove extracellular PI and pellet was re-suspended in
distilled water. The uptake of PI was evaluated with spectrofluo-
rometer Tecan (Tecan Infinite M200, Tecan, Grodig, Austria) at
617 nm. The percentage of permeabilization of E. coli cells was
defined as:

Permeabilization(%) = FLF(Ln(li)x)ifLIELE(;—O)O) (1)

where FL(E) symbolize fluorescence intensity of treated cells, FL
(E = 0) fluorescence intensity of non-treated cells (cells in control)
and FL(max) fluorescence intensity where saturation fluorescence
is attained (8 x 100 ps, 19 kV/cm, 1 Hz).

2.4. CHO cells

Chinese hamster ovary cells (European Collection of Authenti-
cated Cell Cultures ECACC, cells CHO-K1, cat. no. 85051005,
obtained directly from the repository) were grown in culture flasks
(TRP, Trasadingen, Switzerland) with growth medium for 2-3 days
at 37 °C in a humidified 5% CO, atmosphere in the incubator (Kam-
bi¢, Semic, Slovenia). Growth medium, HAM F-12, (PAA, Pasching,
Austria) was supplemented with 10% fetal bovine serum (Sigma-
Aldrich, Chemie GmbH, Deisenhofen, Germany), L-glutamine
(StemCell, Vancouver, Canada) and antibiotics penicillin/strepto-
mycin (PAA, Pasching, Austria), gentamycin (Sigma-Aldrich). On
the day of experiment cells were detached by 10x trypsin-EDTA
(PAA), diluted 1:9 in Hank’s basal salt solution (StemCell). After
2 min trypsin was inactivated by addition of HAM F-12 growth
medium to cell suspension. Cells were transferred to a 50 ml cen-
trifuge tube (TRP) and centrifuged at 180 g and 22 °C for 5 min.
Supernatant was removed and cells were mixed with only potas-
sium phosphate electroporation buffer (KPB: 10 mM KH,PO,/

K,HPO, in a ratio of 40.5:9.5, 1 mM MgCl2, and 250 mM sucrose)
or with different concentrations of Au NPs (Sigma-Aldrich) at cell
density 2 x 10° cells/ml. Before the start of the experiment cells
with added nanoparticles were incubated for either 0, 15, 30 or
60 min at 4 °C, though cells without added Au NPs was used
immediately.

2.5. Bacterial cells

Escherichia coli K12 TOP10 with pEGFP-N1 (Clontech Laborato-
ries Inc., Mountain View, CA, USA) coding kanamycin resistance
was used. Bacterial cells were grown in Luria Broth liquid medium
(Sigma-Aldrich) supplemented with 50 pg/ml of antibiotic kana-
mycin sulphate (Carl ROTH Gmbh, Essen, Germany). Bacterial cells
were agitated at 37 °C to early exponential growth phase, collected
by centrifugation (4248g, 30 min, 4 °C) and re-suspended in dis-
tilled water to attain approximately 1.6 x 10° CFU/ml. Bacteria
were again centrifuged (9055g, 5 min, 10 °C), supernatant was
removed and E. coli cells were mixed at cell density of 7 x 108
CFU/ml with 50 pg/ml of 5 and 20 nm gold nanoparticles
(Sigma-Aldrich) in distilled water or only with distilled water.
E. coli cells were incubated with Au NPs for 1 h at 4 °C before the
treatment.

2.6. Flow cytometry

Three minutes after the last pulse, CHO cell suspension was
transferred to 1.5 ml tube (BRAND GMBH + CO KG, Germany),
mixed with 130 pl KPB and analyzed by flow cytometer (Attune
NxT; Life Technologies, Carlsbad, CA, USA). For detection of PI flu-
orescence, samples were excited with a blue laser at 488 nm and
the emitted fluorescence was detected through a 574/26 nm
band-pass filter. For YP we used the same laser but different
(530/30 nm) band-pass filter. The measurement was stopped when
10,000 events was obtained. For data analysis, Attune Nxt software
was used. On the dot plot of forward-scatter versus side-scatter
cells were separated from debris. Aggregates of cells were removed
from analysis in dot plot of forward-scatter - area versus forward-
scatter — height. This way only single cells were considered in anal-
ysis. Histogram of fluorescence intensity was used for determining
fluorescence in two ways. First was the fluorescence of median
value of the measured signal from cells. Each parameter was calcu-
lated by normalizing to control sample. Second was the number of
fluorescent cells, which was determined by additional gating. Gate
for PI and YP fluorescent cells was set with the use of negative con-
trol (no treatment applied) and positive control (PEF treated;
1.5 kV/cm, square pulses 8 x 100 ps).

2.7. Fluorescence microscopy

Three minutes after HI-PEMF or PEF treatment, CHO cell sus-
pension was diluted in 40 pl of KPB buffer and transferred to 96-
well plate. Bright-field and fluorescence images were acquired
using an inverted microscope AxioVert 200 (Zeiss, Oberkochen,
Germany) with 20x or 40x objectives, with excitation light
510 nm for PI and 491 nm for YP, using a polychromatic illumina-
tion system (Visitron Systems GmbH, Puchheim, Germany) and
appropriate filter sets: with emission 605/54 nm for PI and
535/30 nm for YP (filter sets 71,006 and 41,028, respectively;
Chroma Technology Corp., Bellows Falls, VT, USA). Images were
acquired using VisiCam 1280 CCD camera (Visitron Systems
GmbH, Puchheim, Germany) and the MetaMorph PC software for
image acquisition (Molecular Devices, Sunnyvale, CA, USA). Light
exposure times were 1 s for Pl and 1 and 10 s for YP (due to low
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fluorescence of YP). Obtained pictures were analyzed using Image]J
(National Institutes of Health, Bethesda, MD, USA).

2.8. Cell survival

CHO cell survival was assessed via metabolic activity MTS assay
(CellTiter 96® AQueous One Solution Cell Proliferation Assay (MTS),
Promega, Wisconsin, USA), according to the manufacturers proto-
col. First the impact of Au NPs on cell survival without any pulse
treatment were investigated. Cells were mixed with 50 pg/ul of 5
and 20 nm Au NPs for citrate buffer and 20 nm Au NPs form PBS
buffer or only with KPB buffer

When testing the effect of PEF on survival of cells with different
Au NPs, 50 pl of cell suspension was placed between the elec-
trodes. The effect of HI-PEMF was tested on cell suspension with
50 pg/ul of 20 nm Au NPs. HI-PEMF treated and untreated samples
were used. The following steps were the same for all survival
assays. After pulse application samples were transferred in HAM
F-12 growth media and 100 pl was plated in a 96-well plate
(TPP). Plate was then transferred in the incubator at 37 °C and
humidified 5% CO2 atmosphere. After 24 h 20 ul of MTS tetra-
zolium compound was added to each well and 2.5 h later the
absorbance at 490 nm was measured with a spectrofluorometer.
Since all survival assays were done in triplicates, survival was cal-
culated by normalizing the average absorbance of the samples to
the absorbance of the untreated sample.

Viability of bacteria with and without added Au NPs was deter-
mined by counting colony forming units (CFU) on Luria broth agar
plates. Bacterial cells (HI-PEMF and PEF treated and non-treated
samples) were serially diluted with 0.9% NaCl and 100 ul of the
dilution was plated into Luria broth agar medium (Sigma-
Aldrich) with 50 pg/ml of kanamycin. Plates were then transferred
in the incubator at 37 °C. After 24 h viability was determined as log
(N/NO), where N represents the number of CFU/ml in treated sam-
ple and NO the number of CFU/ml in untreated sample.

2.9. Electron microscopy

CHO cells and E. coli were centrifuged for 5 min at 200 g. Super-
natant was discharged and fixative was added to cells. CHO cells
were fixed in 4% formaldehyde plus 2% glutaraldehyde in 0.1 M
sodium cacodylate buffer, pH 7.2, for 2 h and E. coli were fixed in
2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.2
for 2.5 h. The following steps were the same for both cell types.
Cells were centrifuged, fixative was removed and cells were
washed in sodium cacodylate buffer and postfixed with 1% 0sOg4
for 2 h. The samples were gradually dehydrated with ethanol and
embedded in Epon. Ultrathin sections (50 nm thick) were cut, col-
lected on carbon coated grids and stained with 2% uranyl acetate
and Reynold’s lead citrate. The sections were examined in Philips
100CM transmission electron microscope at 80 kV. Number of
nanoparticles was estimated from the electron microscopy images
using Image] software (National institutes of Health, Bethesda, MD,
USA).

2.10. Statistical analysis

One-way analysis of variance (ANOVA; p < 0.05) was used to
compare different treatments. Tukey’s HSD multiple comparison
test for evaluation of the difference was used when ANOVA indi-
cated a statistically significant result (p < 0.05 was considered sta-
tistically significant).

3. Results
3.1. Distributed nanoelectrodes for local enhancement of electric field

Zeta-potential and number of Au NPs per um? in two different
buffers (citrate and PBS) at maximum used concentration
(50 pg/ml) is shown in Table 1. Detailed characterization of
nanoparticles is available in Supplementary Material (see Fig. S1
for TEM images of Au NPs and S2 for zeta-potential versus pH
dependence).

According to theoretical and numerical predictions, local
enhancement of electric field is possible when the conductive
NPs are in close proximity with the plasma membrane
[29,34,36]. Transmission electron microscopy (Fig. 2) confirmed
that Au NPs are associated to the plasma membrane and outer
membrane of the cell wall of CHO and E. coli, respectively, suggest-
ing a potential local enhancement of electric field.

3.2. Au NPs enhanced HI-PEMF induced CHO permeabilization

The effect of HI-PEMF on permeabilization of CHO cells with
and without Au NPs was analyzed. The representative shifts of flu-
orescence spectra for both PI and YP assays are shown in Fig. 3.

As it can be seen in Fig. 3, without NPs a minor shift due to HI-
PEMF was detectable only in the YP assay (Fig. 3C). Whereas with
Au NPs (20 nm, 50 pg/ml) the shift of spectra using the PI assay is
more obvious compared to YP. The post-processed and normalized
results of HI-PEMF induced electroporation separately and with
NPs are shown in Fig. 4.

The HI-PEMF induced plasma membrane permeabilization
without NPs was significantly increased (p < 0.05) only using the
YP assay when the normalized median fluorescence was analyzed
(Fig. 4B, D). With added Au NPs, HI-PEMF induced permeabilization
was significantly increased in cells with added NPs of both sizes (5
or 20 nm). In general, permeabilization was dependent on the
incubation time and was more efficient when 20 nm NPs were
added (up to 80% permeabilization, Fig. 4C).

Plasma membrane permeabilization induced by HI-PEMF with
added Au NPs has been also confirmed using fluorescence micro-
scopy using PI assay. The number of fluorescent cells in untreated
control (Fig. 5E) or HI-PEMF only (Fig. 5F) or samples with Au NPs
only (Fig. G) was below 7 + 3%. The HI-PEMF treatment with 20 nm
Au NPs showed up to 49 + 10% of PI permeabilized cells (Fig. 5H). In
addition, bright field images of HI-PEMF treatment showed that
the addition of Au NPs caused CHO cells to shrink (Fig. 5C, D).

The HI-PEMF treatment has no effect on survival of cells with
added or without the Au NPs. There is no statistical difference
between HI-PEMF treated (100% of survived cells) and untreated
samples (97.4 + 3.4% survived cells). Also, size or buffer of Au
NPs do not influence cell survival, neither does incubation time
(data not shown).

For comparison, permeabilization and survival of CHO cells
exposed to PEF treatment with and without Au NPs was also ana-

Table 1
Number of 5 and 20 nm Au NPs in two different buffers incubated with CHO cells and
E. coli.

Buffer Size Zeta-potential NPs with NPs with
(nm) (mV) CHO (N/um?) E. coli (N/um?)
Citrate 5 -26.0 £ 0.5 20.8 /
20 -18+3 3.7 0.04
PBS 20 172 53 /
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Fig. 2. Electron microscopy images of Au NPs (marked with black arrows) associated with the CHO plasma membrane and the outer membrane of the cell wall of E. coli,
where A — CHO cells without Au NPs; B — CHO cells +20 nm Au NPs (citrate buffer); C — CHO cells +5 nm Au NPs (citrate buffer); D — CHO cells +20 nm Au NPs (PBS); E - E. coli

without Au NPs; F - E. coli +20 nm Au NPs (citrate buffer).

lyzed. In general, fluorescence intensity of PI and YP was higher
compared to HI-PEMF results, which is expected due to consider-
ably higher electric fields of PEF.

In contrast to HI-PEMF treatment, survival of CHO cells exposed
to PEF treatment was dependent on the size and the concentrations
of Au NPs. Detailed results are available in Supplementary Material
(see Figs. S4-5 and S6 for dependence of fluorescence intensity
spectra and of survival on the applied electric field, respectively).

3.3. Au NPs enhanced HI-PEMF induced E. coli permeabilization

The same treatment methodology as with CHO cells was
applied also for E. coli. HI-PEMF treatment also caused higher

permeabilization of bacteria with added Au NPs in comparison to
bacteria without Au NPs, but this was statistically significant only
with 20 nm NPs (Table 2). HI-PEMF treatment had however no
effect on survival of bacteria in the absence or presence of 20 nm
Au NPs.

For comparison, treatment with PEF that employs more
than 1500 times higher electric field compared to HI-PEMF,
permeabilization of E. coli bacteria was higher and statistically
significant difference was observed with Au NPs and without
Au NPs, as well as between different sizes of Au NPs. Also,
there was a difference in viability of E. coli bacteria after treat-
ment with PEF without added Au NPs and with added 20 nm
Au NPs.
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Fig. 5. Bright filed (A-D) and fluorescence microscopy images (E-H) of permeabilization after HI-PEMF was applied in PI assay. HI-PEMF untreated sample without added NPs
(A, E), HI-PEMF treated sample without added NPs (B, F), HI-PEMF untreated sample with added NPs (C, G) and HI-PEMF treated sample with added NPs (D, H).

Table 2

Permeabilization and viability of E. coli after HI-PEMF treatment with 5 and 20 nm Au NPs (50 pg/ml). Permeabilization (mean + standard deviation) was
assessed by PI assay using spectrofluorometer, while viability was determined as log (N/NO), where N represents the number of CFU/ml in treated sample and
NO the number of CFU/ml in untreated sample. (*) represents statistically significant difference (p < 0.05). Each data point was repeated 3 times.

PEMF (8 V/cm) PEF (13 kV/cm)
Size (nm) Permeabilization (%) Viability/logN/NO Permeabilization (%) Viability/logN/NO
No NPs 1.57 £ 0.7 —-0.103 5219+ 10 -0.357
5 499+23 / 81.53 + 53 (¥) /
20 10.99 + 4.0 (*) ~0.125 95.00 £ 5 (*) ~1.401

4. Discussion

Addition of nanoparticles during Pulsed Electric Fields (PEF)
treatment allows modification of the extracellular medium con-
ductivity and permittivity, while agglomeration of NPs near the
membrane acts as distributed nanoelectrodes that locally enhance
electric field and increase induced transmembrane voltage
[29,30,34,36]. The proof of concept was confirmed both in silico
[29,35] and in vitro [34-36], though only using PEF. In our study,
we evaluated the feasibility to combine distributed nanoelectrodes
in the form of Au NPs with High Intensity Pulsed Electromagnetic
Fields (HI-PEMF) treatment for enabling higher efficacy of contact-
less membrane permeabilization. The speculations on the HI-PEMF
induced permeabilization mechanism were always straightfor-
wardly associated with electroporation due to linear dependence
of the induced electric field on the dB/dt of the pulse [37,38]. Our
data further support this hypothesis of electrostatics behind the
formation of pores (we observe an increase of permeabilization
presumably due to local field enhancement by Au NPs), however
it does not explain the occurrence of permeabilization in fields that
are by several orders lower when compared to conventional elec-
troporation with PEF. High permeabilization (>80%) of CHO cells
was achieved in PEF >400 V/cm (when enhanced by 20 nm Au
NPs), however same levels of permeabilization were detected
when the HI-PEMF induced electric field was merely 8 V/cm. Still,
the number of applied electric pulses in PEF treatment was 8,
which is considerably lower than 200 pulses applied in PEMF treat-
ment. Observed discrepancy suggests to a relation between ampli-
tude and number of pulses that results in the same level of
permeabilization, similar as with conventional electroporation

[39]. The HI-PEMF induced permeabilization was observed even
in gram-negative bacteria, with more than 1500 times lower elec-
tric field compared to PEF, which further highlights the difference
between the HI-PEMF and PEF. Significantly lower permeabiliza-
tion thresholds for HI-PEMF could be associated with the hydro-
static pressure that is induced by the high time-varying magnetic
fields, affecting the stretch-activated gating of ion channels and
potentially pore opening and closing events [40-42]. Additionally,
magnetically driven motion of ions may be responsible for the
additional formation and concentration of surface charge on the
membrane, which coupled with membrane deformation, enhance
the permeabilization of the cell. Another possible mechanism is
lipid oxidation which is achieved at lower electric fields than
needed for electroporation, i.e., pore formation [4,43]. However,
the voltage controlled pore formation mechanism is still in place
and the requirement of induced electric field to trigger the perme-
abilization process is absolute. This conclusion is in agreement
with available experimental works [18-20,28,37,44,45], and estab-
lishes a high dB/dt as requirement for the HI-PEMF systems.

In our work, high permeabilization of CHO cells, which was
enhanced by Au NPs depended on the size and concentration of
NPs, but also incubation time. Smaller NPs internalize easier into
the cells [46] and a smaller fraction may remain at the membrane
than for the larger NPs despite the fact that, for the same concen-
tration, there was a larger number of smaller particles. Neverthe-
less, the larger Au NPs (20 nm) used in this study show higher
effect than the smaller ones (5 nm). Still, the results featured high
deviations, which could be attributed to stability and size variation
of NPs; the hydrodynamic sizes of the larger (20 nm) Au NPs were
36 and 30 nm for Au NPs in citrate and PBS buffer, respectively. The
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larger hydrodynamic size with respect to the nominal size of the
NPs originates from the electrostatic double layer at the surfaces
of NPs dispersed in aqueous media. The later was confirmed with
the high absolute zeta-potential values (Fig. S2). The polydispersity
index (related to the hydrodynamic size) of 0.22 for both samples
suggests on the narrow particle size distribution and good stability
of the suspensions. On the other hand, the measurements of the
5 nm sized Au NPs were not reproducible. The obtained values ran-
ged between 43 and 98 nm, which indicated on the poor stability
of this particular suspension and particle agglomeration. Conse-
quently, one of the reasons for the poorer efficiency of 5 nm Au
NPs with respect to 20 nm Au NPs might also be attributed to their
agglomeration or, as already mentioned, also easier internalization
into the cells, leaving smaller fraction of NPs at the membrane.

The non-straightforward dependence of the pulsed electromag-
netic fields induced permeabilization on the treatment parameters
requires further research of different parameters of applied elec-
tromagnetic field. Moreover, the non-homogeneity of the induced
electric field by HI-PEMF is a technological concern, which is typi-
cal to solenoid type inductor structures [18,38] and may also be the
cause of the high standard deviation of data. Lastly, the non-
controlled HI-PEMF induced dielectrophoretic movement of cells
can also affect the treatment [47] and unequal exposure of differ-
ent cells to HI-PEMF. The problem could be solved by the develop-
ment of specific cuvettes for HI-PEMF in vitro work, which would
allow physically restricting the placement of cells only in the high
field region. Lastly, taking into account the contactless nature of
the HI-PEMF technology and high potential of application in elec-
troporation field-dominated areas, the improvement should also
cover the generators development. Improvement of pulse genera-
tion through developing new magnetic pulse applicators, use of
elongated nanoparticles or carbon nanotubes [29,31,48], further
investigation of nanoparticles with attached ligands that selec-
tively target specific cell sites [49-51], may result in a novel con-
tactless delivery method that open up an avenue of possibilities
for combining naked as well as functionalized Au NPs with HI-
PEMFs for noninvasive, remotely controlled smart drug delivery
applications.

5. Conclusion

Our results indicate that conductive gold nanoparticles can sig-
nificantly potentiate the permeabilizing effect of HI-PEMF. This
was shown on CHO cells and gram-negative bacteria with no effect
on survival. Permeabilization efficacy was dependent on incuba-
tion time and on the size as larger nanoparticles had higher effect
on permeabilization than the smaller ones. Future studies will
focused on establishing a numerical model for in-depth analysis
of nanoparticles placed in time-varying electromagnetic fields
and for the investigation of interactions of nanoparticles with adja-
cent cell membranes.
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