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Modulation of Contactless High Intensity Pulsed Electromagnetic Field
Induced Electroporation and Gene Delivery Efficacy Using Various

Nanoparticles

Abstract

High Intensity Pulsed Electromagnetic Fields (HI-PEMF) can be used to trigger contactless
permeabilization of plasma membrane similar to electroporation (EP). The permeabilization
efficiency and gene delivery by HI-PEMF in vitro is currently inferior to EP. It was suggested
that the methodology can be improved with conductive gold nanoparticles (NPs), which are
reported to amplify the induced electric field in close proximity with the cell membrane.
Therefore, in this work, we have studied different nanoparticles, which varied in
material/conductivity (gold, silica), size (10 — 50+ nm), shape (i.e., round and rods),
concentration (50 — 200 ug/ml) and functionalization (pegylated or not) and combined them
with HI-PEMF (6.7 T x 100 pulses, 1 Hz). The normal CHO and cancer T24 cell lines were
used as a model. We have characterized cell membrane permeabilization using propidium
iodide and the efficacy of gene delivery using pPEGFP-N1. This study shows the potential to
increase gene delivery efficacy by combining HI-PEMF treatment with conductive NPs.
However, it was concluded that the HI-PEMF induced effects are highly dependent on the cell
line, nanoparticle type, concentration and therefore require further investigation.
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1. Introduction

Gene therapies in general carry the potential to tackle most critical and difficult health issues,
including rapid vaccine development like that against SARS-CoV-2 and rare debilitating
hereditary diseases . Recent successes in clinical studies have further increased interest in
gene therapies, but bottlenecks persist including the lack of safe and efficient methods for gene
delivery. While viral vectors are a natural choice to deliver nucleic acids into the target cells,

their use is limited since they have limited cargo capacity and carry major safety concerns -2,

Electroporation is one of the most promising nonviral alternatives, which is based on the
application of pulsed electric fields (PEFs) and cell plasma membrane permeabilization.
During application of high-intensity PEF (pulses applied via electrodes), the permeability of
the cell membrane is increased due to formation of transient hydrophilic pores. At the same
time electric pulses facilitates movement of negatively charged nucleic acid by electrophoresis,
therefore the transfection method is known as gene electrotransfer (GET) °. Success rate of
electroporation and GET depend predominantly on pulse parameters, but exact mechanisms of
GET are not yet fully elucidated *. Gene electrotransfer (GET), i.e. pDNA transfer into cells
and gene expression can reach up to 80% success rate in some cells in vitro °. Electroporation
allows introducing also large DNA molecules into cells including CRISPR Cas9, thus enabling
gene editing °. Electroporation has proven to be extremely useful in biomedical research. It is
used in treatment of cancer by facilitating intracellular drug accumulation in cells and thereby
increasing its cytotoxicity in a treatment called electrochemotherapy, for gene therapy, DNA

vaccination and as a nonthermal soft tissue ablation method 7°.

Classical electroporation requires electrode contact with a tissue to establish electric field in
tissue. Application of high voltage electric pulses via electrodes induces pain and muscle
contractions. In case of invasive electrodes, the tissue is damaged, therefore increasing the risk
of inflammation. Finally, the mammalian tissues are highly heterogenic, which results in
unpredictable spatial electric field distribution '°. Tissue damage around the electrodes and
inability to ensure the required electric field compromises the success of the whole procedure
(regions of under or over-treatment). High Intensity Pulsed Electromagnetic Fields (HI-PEMF)
is a contactless method, which causes less tissue damage, does not result in pain or muscle
contraction but at the same time offers all the benefits of controlled molecular delivery as

electroporation does "2,



HI-PEMF induced electroporation is based on repetitive pulsed high magnetic fields in the
range of a few Teslas. HI-PEMF was shown to increase membrane permeabilization similar to
electroporation and can be thus used to increase transmembrane molecular transport ''"'* and
introduction of large molecules like plasmid DNA (pDNA) into target cells. HI-PEMF has been

15,16 and

also used for successful delivery of siRNA and plasmid encoding GFP protein in vivo
in vitro V7. Nevertheless, while membrane permeabilization and GET can be achieved using
HI-PEMF, its efficacy is inferior when compared to PEF. The improvement of HI-PEMF
treatment efficacy is therefore of great interest and one such option represents introduction of
nanoparticles (NPs). The interaction between NPs and electromagnetic fields has been
demonstrated previously. For example, barium-hexaferrite nanoplatelets were activated by low

frequency alternating magnetic fields to disrupt the lipid membrane '®

and gold NPs were
shown to be electrophoretically driven close to cell-plasma membrane by pulsed electric fields
1 Interestingly it has been suggested theoretically and demonstrated experimentally that NPs
can facilitate electroporation: GET, drug delivery/electrochemotherapy and even extent of the
area of tissue being ablated by irreversible electroporation ****. NPs used in these experiments
were mainly carbon nanotubes and conductive/metal NPs like gold and platinum NPs. The
underlying assumption is that conductive NPs locally amplify electric field and thus, if close
to plasma membrane, allow its electroporation at lower electric fields. It has been shown that

the presence of gold NPs can improve the membrane permeabilization efficacy in HI-PEMF

treatment 6.

To investigate the influence of nanoparticles properties on HI-PEMF treatment further with the
aim to improve membrane permeabilization and gene delivery, we used different nanoparticles,
which varied in size, shape, functionalization and material. We determined membrane
permeabilization and gene delivery using combination of HI-PEMF treatment and different

NPs on different two cell lines in vitro.



2. Materials and methods
2.1. Nanoparticles

2.1.1 Chemicals

Hydrogen tetrachloroaurate trihydrate (HAuCls:3H20, 99.99%) and sodium hydroxide (NaOH,
98%) were obtained from Alfa Aesar. Silver nitrate (>99.8%), citric acid monohydrate (99.5—
100.5%), bis(p-sulfonatophenyl)phenylphosphine (97%), and L-(+)-ascorbic acid (99.5—
100.5%) were purchased from Sigma-Aldrich. Sodium borohydride (NaBHa, 98+%) was
supplied by Acros Organics. Sodium chloride (NaCl, >99.5%) was obtained from Fisher
Scientific. Surfactants and stabilizers including hexadecyltrimethylammonium bromide
(CTAB) and Tween 80 were purchased from VWR and Fisher Bioreagents, respectively. O-
(2-mercaptoethyl)-O’-methylpolyethylene glycol (PEG, MW 2000) was also obtained from

Sigma-Aldrich. All chemicals were used as received, without further purification.

2.1.2 Synthesis and PEGylation of gold nanorods (AuNRs-PEG)

Gold nanorods (AuNRs) were synthesized using a seed-mediated growth method adapted from
Nikoobakht and El-Sayed 2°. The synthesis consisted of two main stages: seed preparation and

nanorod growth.

Seed preparation: A 5 mL solution of hydrogen tetrachloroaurate(Ill) trihydrate (0.00050 M)

was freshly prepared and cooled prior to use. It was then mixed with SmL of 0.2 M CTAB
under vigorous stirring. Immediately after, 0.6 mL of ice-cold sodium borohydride (0.010 M)
was rapidly added to the mixture. A prompt colour change from yellow to brown indicated the
formation of gold seed particles. The mixture was stirred for an additional 2 minutes and

subsequently incubated in the dark at 30 °C for 4 hours to allow for seed maturation.

Growth solution preparation and nanorod formation: Prior to growth, all reagents were

equilibrated in a water bath at 30 °C for one hour. The following stock solutions were prepared:
127 mL 0f0.001 M HAuCls-3H-20, 127 mL of 0.2 M CTAB, 3.83 mL 0f 0.0040 M silver nitrate
(AgNO:s), and 1.786 mL of 0.0788 M L-ascorbic acid. To prepare the growth solution, silver
nitrate, CTAB, and the gold precursor were combined under vigorous stirring. The addition of
ascorbic acid triggered a rapid colour change from yellow to colourless, indicating the

reduction of gold ions to Au®.



Immediately thereafter, 0.306 mL of the previously prepared seed solution was introduced into
the growth mixture, followed by gentle stirring for 30 seconds. The reaction was then left

undisturbed to proceed overnight at 30 °C in the dark.
Purification: To remove excess CTAB, the resulting gold nanorods (AuNRs) were purified by
two cycles of ultracentrifugation at 20,000 x g for 20 minutes, followed by resuspension in

distilled water.

Functionalization with PEG: Gold nanorods were functionalized with polyethylene glycol

(PEG) following the method described by Liu et al. *¢ with slight modifications. Briefly,
separate stock solutions were prepared: 2vol% Tween 80, 25uL of 0.1 M bis(p-
sulfonatophenyl)phenylphosphine (BSSP), 63 uL of 1.6mM O-(2-mercaptoethyl)-O’-
methylpolyethylene glycol (MeO-PEG-SH), and 250 pL of 2 M sodium chloride (NaCl). These
compounds were mixed and stirred for 1 minute prior to the addition of the AuNR suspension.
The mixture was then gently shaken overnight to allow for complete PEGylation. Following
the reaction, the PEG-functionalized gold nanorods (AuNRs-PEG) were purified by two cycles

of washing with distilled water to remove excess reagents.

2.1.3 Synthesis of quasi-spherical 10 nm gold nanoparticles (10-AuNPs)

The synthesis of 10 nm gold nanoparticles (10-AuNPs) was adapted from the protocol reported
by Ojea-Jiménez et al. ?’. Briefly, 102 mL of 2.45 mM sodium hydroxide and 2.1 mL of 0.34 M
sodium citrate were mixed in a round-bottom flask equipped with a reflux condenser and heated
in an oil bath until boiling. Once the solution reached boiling temperature, 2 mL of 0.066 M
hydrogen tetrachloroaurate trihydrate was rapidly added under vigorous stirring. The solution
immediately turned black, followed by a gradual shift to a deep wine-red colour, indicating the
formation of gold nanoparticles. Upon completion of the reaction, the colloidal suspension was
rapidly cooled to room temperature using an ice bath. The resulting 10-AuNPs were then

washed with distilled water to remove residual reagents.



2.1.4 Synthesis of quasi-spherical ~50 nm gold nanoparticles (50-AulNPs)

Gold nanoparticles with an average diameter close to 50 nm were synthesized using a multi-
step seed-mediated growth approach, adapted from the method described by Bastus et al. 2%,
Stock aqueous solutions of sodium citrate (2.2 mM and 60 mM) and hydrogen tetrachloroaurate

(25 mM) were freshly prepared prior to synthesis.

Seed preparation: To produce gold seed particles, 37.5 mL of 2.2 mM sodium citrate solution

was heated in a 100 mL round-bottom flask equipped with a reflux condenser and immersed in
an oil bath until boiling. Upon reaching the boiling point, 0.25 mL of 25 mM HAuCls was
rapidly injected under vigorous stirring. A light pink coloration appeared within one minute,
indicating the formation of seed nanoparticles. The suspension was then removed from heat

and allowed to cool to 90 °C at room temperature.

First growth step: Once cooled, the seed solution was returned to the oil bath and maintained

at 90 °C with a reduced stirring speed of 600 rpm. To initiate growth, 0.25 mL of HAuCla
solution was added to the reaction, followed by two additional 0.25 mL aliquots, each added at

10-minute intervals.

Subsequent growth cycles: In parallel, a secondary growth solution was prepared by heating

13.25 mL of distilled water and 0.5 mL of 60 mM sodium citrate to 90 °C. Once the target
temperature was reached, 13.75 mL of the previously prepared nanoparticle suspension was
added to this solution. This was followed by three sequential additions of 0.25 mL HAuCla,
each spaced 10 minutes apart. The dilution—growth cycle was repeated four times to

incrementally increase particle size.

Purification: Following the final growth step, the resulting gold nanoparticles (50-AuNPs)

were washed with distilled water to remove excess citrate and other residual reagents.

2.1.5 PEGylation of gold nanoparticles (10-AuNPs-PEG and 50-AuNPs-PEG)

Both 10 nm and 50 nm gold nanoparticles were functionalized with polyethylene glycol (PEG)
using the same protocol. Each nanoparticle suspension was added dropwise into a vigorously
stirred solution of 0.125 mM methoxy-terminated PEG-thiol (MeO-PEG-SH) in a total volume

of 20 mL. The mixture was allowed to react overnight at room temperature to ensure complete



surface coverage. The following day, PEGylated nanoparticles (10-AuNPs-PEG and 50-
AuNPs-PEG) were purified by a single washing step with distilled water to remove unbound

PEG molecules.

2.1.6 Synthesis of silica nanoparticles (SiO2-NPs)

Silica nanoparticles (SiO.-NPs) were synthesized using a modified Stober method ?°. In a
typical procedure, 50 mL of deionized water, 4.5 mL of aqueous ammonia (NHs), and 50 mL
of a 0.27 M tetraethyl orthosilicate (TEOS) solution were combined in a reaction flask and
stirred continuously overnight at room temperature. Upon completion of the synthesis, the
resulting silica nanoparticles were collected and purified by three successive washing steps

with distilled water.

2.1.7 Characterization of nanoparticles

Transmission electron microscopy (TEM) analysis was performed using a JEOL 2100
microscope equipped with energy-dispersive X-ray spectroscopy (EDXS, JED 2300 EDS). For
all nanoparticle types, TEM grids were prepared by drop-casting ~20 microliters of the diluted
suspension onto carbon-coated copper grids, followed by air drying at room temperature.
Particle size distributions were determined using ImagelJ software based on the manual analysis

of a statistically significant dataset (N = 500 particles).

Zeta potential measurements were conducted using a Litesizer 500 instrument (Anton Paar,
Austria). Nanoparticle suspensions were diluted to a final concentration of 250 pug/mL. Zeta
potential measurements were performed in a distilled water (pH was 7.2 — 7.4) as well as in
both types of cellular media containing proteins (HAM medium: HAM F-12 growth medium
supplemented with 10% fetal bovine serum and DMEM medium: A-DMEM:F12 growth
medium supplemented with 5% FBS). using disposable cuvettes for analysis under standard

measurement conditions.

2.2. Cells

Chinese hamster ovary cell line (CHO) was purchased from European Collection of
Authenticated Cell Cultures. Cells were grown in HAM F-12 growth medium (PAA, Austria)
supplemented with 10% fetal bovine serum (FBS, Sigma-Aldrich, USA), L-glutamine (0.5%



for CHO, 2% for H9¢2) (StemCell, Canada), penicillin/streptomycin (PAA, Austria) and 0.1%
gentamycin (Sigma-Aldrich, USA) in an incubator at 37°C with controlled atmosphere (CHO
at 5% CO2, H9c2 at 10% CO2). Human urinary bladder’s transitional carcinoma cell line
(T24) was purchased from American Type Culture Collection (ATCC). Cells were grown in
A-DMEM:F12 growth medium (Gibco, Thermo-Fisher, USA) mixed 1:1 and supplemented
with 5% FBS (Gibco) and 4 mM Glutamax (Gibco). Cells T24 were grown in incubator at
37°C with controlled atmosphere (5% CO2).

Growth medium was removed and the trypsin-EDTA (PAA, Austria) was added to detach cells.
After 3 minutes fresh medium was added to inactivate trypsin. Cell suspension was then
centrifuged at 180 g for 5 minutes, supernatant was removed, cells were resuspended in cells
growth media to obtain different concentration of nanoparticles (0,50,100 or 200 pg/ml) and 1
x 10 cells/ml or in case of GET 2 x 10° cells/ml density. Cell suspension was incubated at

4°C for 15 minutes and afterward HI-PEMF treatment was delivered.

2.3. High Intensity Pulsed Electromagnetic Field (HI-PEMF) treatment

High Intensity Pulsed Electromagnetic Field (HI-PEMF) was applied with pulse generator
previously described . As an applicator, solenoid coil was used (11.8 uH), wounded from
enamel-insulated copper wire (6 layers x 8 windings, wire diameter: 0.5 mm, and effective
radius = 2 mm. The magnetic field was 6.7 T in the middle of the coil, and the induced electric
field was up to 20 VV/cm near the coil windings, declining towards 0 at the geometric center of
the coil. The HI-PEMF was generated using a half-sinusoidal pulse with a peak voltage of 3
kV and a peak electric current of 1 kA 3. A total of 100 pulses were used delivered at repetition

frequency of 1 Hz.

2.4. Permeabilization assay

Prior to HI-PEMF treatment CHO and T24 cells were mixed with propidium iodide (PI, Life
Technologies) to a final concentration of 100 pg/ml. Immediately after the treatment 40 pul of
cell suspension was transferred to 0.2 PCR tube (ABgene, Thermo Fisher Scientific, Waltham,
MA, USA). Three minutes after treatment cell suspension was removed from the PCR tube and
the uptake of Pl in cells was analyzed by the flow cytometer (Attune NxT; Life Technologies,
Carlsbad, CA, USA) using 488 nm blue laser and 574/26 nm band-pass filter. The analysis of



10,000 events was performed by Attune Nxt software. On the dot-plots of forward-scatter and
side-scatter the debris and clusters were excluded from the analysis. Fluorescence intensity
histograms were used to determine the percentage of Pl permeabilized cells. Gating was set
according to sham control (0 V, without nanoparticles). Measurements for each data point were

repeated three times.

2.5. Gene electrotransfer (GET) assay

Gene electrotransfer was evaluated with plasmid pEGFP-N1 (Clontech Laboratories Inc,
Mountain View, CA, USA) encoding green fluorescent protein (GFP) under the control of
CMV promotor in the size of 4.7 kb. Plasmid (pDNA) was amplified using Escherichia coli,
isolated with HiSpeed Plasmid Maxi Kit (Qiagen, Hilden, Germany) and plasmid concentration

was spectrophotometrically determined at 260 nm.

Prior to HI-PEMF treatment CHO cells were mixed with the plasmid to obtain concentration
of plasmid at 100 ug/ml. Immediately after the treatment 40 ul of cell suspension with plasmid
was transferred to 0.2 PCR tube and after the treatment 10 ul of fetal bovine serum was added
to the cells and incubated for another 5 minutes at 37°C. Afterwards cells were diluted in fresh
growth medium and the sample was split for two following analysis — percentage of GFP

positive cells and viability.

Detection of transfected cells: To determine percentage of GFP positive cells, cells were seeded

in growth medium into 24-well plate (Techno Plastic Products AG, Trasadingen, Switzerland)
for 24 h at 37 °C, 5% CO2. Afterwards cells were harvested and resuspended in 150 pL of
phosphate buffer saline (1x PBS) and analyzed using flow cytometer Attune NXT
(ThermoFisher Scientific, Waltham, MA, USA) with a blue laser at 488 nm and a 530/30 nm
bandpass filter. For every sample 10,000 events were recorded. Fluorescence intensity

histograms were used to determine the percentage of GFP positive cells.

Viability: For survival analysis cells were diluted in fresh growth medium and 2 x 10* cells
were transferred to 96-well plate (Techno Plastic Products AG, Trasadingen, Switzerland) and
incubated at 37°C for 24 hours. According to manufacturer’s instructions (CellTiter 96
AQueous One Solution Cell Proliferation Assay, Promega, USA) 20 pl of MTS tetrazolium
compound was added to the samples and after 2 hours the absorbance of formazan (reduced



MTS tetrazolium compound) was measured with a spectrofluorometer (Tecan Infinite M200,
Tecan, Austria) at 490 nm. The percentage of viable cells was obtained by the normalization
of sample absorbance to the absorbance of the control (0 V) with the same nanoparticles type

and concentration.

Overall gene electrotransfer was calculated multiplying % of GFP positive cells and survival
after GET.

2.6. Statistical analysis

All experiments except for TEM were repeated at least three times. The results are shown as
mean £ SD. Statistical analysis was performed using SigmaPlot 11.0 (Systat Software, USA).
Statistically significant differences (* p<0.05) were determined by one-way ANOVA test and
Holm-Sidak post-hoc test.

3. Results

3.1. Characterization of nanoparticles

The effect of nanoparticles on the efficiency of HI-PEMF-induced electroporation was
investigated using a variety of conductive gold nanoparticles differing in shape, size, and
surface functionalization, as well as non-conductive silica nanoparticles. The physicochemical
characteristics of all nanoparticle types are summarized in Table 1. TEM analysis confirmed
that the smaller gold nanoparticles (10-AuNPs) exhibited a narrow size distribution, with an
average diameter of 12.0+ 1.1 nm (Figure 1). Dynamic light scattering (DLS) measurements
indicated no detectable aggregation upon mixing the nanoparticles with the different media
used, yielding mean hydrodynamic sizes of 43.8 + 0.4 nm, 75.7 + 3.7 nm, and 78.3 £ 0.8 nm
in water, DMEM, and HAM media, respectively (Table 2).
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Figure 1. Transmission electron microscopy (TEM) image of 10-AuNPs (left) and corresponding particle size
distribution histogram based on TEM analysis (right).

For experimental studies, either citrate-stabilized (carboxyl-terminated surface) or PEG-
functionalized (methoxy-terminated surface) gold nanoparticles were used. Zeta potential
measurements revealed values of —11.6 +£0.3 mV for citrate-functionalized and —5.5+ 1.5 mV
for PEG-functionalized nanoparticles (Table 3). These changes in surface potential might affect
the interaction of nanoparticles and cell membrane. However, surface charge is likely screened
from salts and other components present in the electroporation buffer which reduced the
absolute value of zeta potential under experimental conditions. DLS measurements also
demonstrated an absence of aggregation of the functionalized nanoparticles in both HAM and
DMEM (Table 2).

Table 1. Characteristics of the synthesized nanoparticles used in our study.

Nanoparticles Material Shape Size (nm)* Surface
50-AuNPs Gold Quasi- 57+7 COOH
spherical
10-AuNPs Gold Quasi- 12+1 COOH
spherical
50-AuNPs- Gold Quasi- 57+7 PEG

PEG spherical

10-AuNPs- Gold Quasi- 12+1 PEG

PEG spherical

AuNRs-PEG Gold Elongated 63 +4 length PEG
17 £2 diam

SiO2-NPs Silica Spherical 54+6 -OH

* Size is determined by TEM image analysis.



Table 2: Dynamic light scattering (DLS) characterization of various nanoparticles in water and

two different cellular media used.

Nanoparticles Dispersing solution = Mean hydrodynamic
Size (nm)
10-AuNPs Distilled water 43.8+04
10-AuNPs-PEG Distilled water 523=+1.1
50-AuNPs Distilled water 64.1+1.0
50-AuNPs-PEG Distilled water 759+1.9
SiO2-NPs Distilled water 104.4 £3.7
10-AuNPs DMEM 75.7+3.7
10-AuNPs-PEG DMEM 75.5+2.6
50-AuNPs DMEM 90.4 +3.2
50-AuNPs-PEG DMEM 76.4+0.1
SiO2-NPs DMEM 222.3+9.1
10-AuNPs HAM 78.3 0.8
10-AuNPs-PEG HAM 85.4+3.7
50-AuNPs HAM 88.9+£3.0
50-AuNPs-PEG HAM 76.5+2.0
SiO2-NPs HAM 491.8+77.5

Table 3. Zeta potential values of various nanoparticles in water and two different cellular media

used.
Nanoparticles  Zeta potential Zeta potential value  Zeta potential value in
value in water in HAM DMEM
50-AuNPs -41.2+£57mV -9.7+ 0.5 mV -10+£ 0.4 mV
10-AuNPs -159+22mV -11.6 £0.3 mV -11.3+ 0.2 mV
50-AuNPs-PEG  -41.2+5.7mV -3.3+0.7mV -24+02mV
10-AuNPs-PEG ~ -23.5+1.7mV 5.5+ 1.5mV -6.4+1.3mV
AuNRs-PEG -21.6 £ 1.6 mV -42+0.7mV -3.6 £ 0.3 mV
SiO2-NPs -47+ 0.6 mV -10.9£0.6 mV -0.2+£0.1 mV

Larger gold nanoparticles (50-AuNPs) with an average diameter of 56.9 = 7.0 nm (Figure 2)

were also synthesized, featuring the same surface functional groups—carboxyl (citrate-

stabilized) or methoxy (PEGylated)—as the smaller particles. Zeta potential measurements

indicated values of —9.7+0.5mV for citrate-functionalized and —3.3+0.7 mV for PEG-

functionalized formulations (Table 3). DLS measurements also showed good colloidal stability

of both types of nanoparticles in HAM and DMEM media (Table 2).
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Figure 2. Transmission electron microscopy (TEM) image of 50-AuNPs (left) and corresponding particle size
distribution histogram (right), based on TEM analysis.

Gold nanorods were synthesized with an average diameter of 17.1 + 1.8 nm and length of
63.0 4.4 nm, yielding an aspect ratio of approximately 4.3, to investigate the influence of
nanoparticle shape and size. Representative TEM images and corresponding size distribution
histograms are shown in Figure 3. The nanorods were synthesized in the presence of
cetyltrimethylammonium bromide (CTAB), a surfactant known for its cytotoxicity. To enhance
biocompatibility, the CTAB was removed by intense and repeatable washings while remaining
traces were replaced with a polyethylene glycol (PEG) coating using a protocol similar to that
applied for quasi-spherical nanoparticles. The resulting zeta potential values were comparable

to the values measured for the other types of PEGylated nanoparticles included in our study.
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Figure 3. TEM image of gold nanorods (left), with length distribution shown in the center and width distribution
on the right.

To evaluate whether the presence of nanoparticles alone affects cells, non-conductive silica

nanoparticles (Si02-NPs, 53.6 + 6.1 nm; Figure 4) were synthesized as a control.
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Figure 4. Transmission electron microscopy (TEM) image of spherical silica nanoparticles (left) and
corresponding particle size distribution histogram (right), based on TEM analysis.

3.2. Effect of NPs on membrane permeabilization

The influence of NPs (200 pg/ml) was first evaluated on membrane permeabilization efficacy,
where intracellular PI accumulation was used as a marker of successfully permeabilized
membrane (Figure 5). In the absence of NPs HI-PEMF treatment causes approx. 20% of cell
permeability in CHO cells compared to no treatments (control). However, when NPs were
added, permeabilization efficacy of HI-PEMF treatment was affected (Figure 5SA). When 10-
AuNPs and 50-AuNPs were used membrane permeability increased to 25% for 10-AuNPs and
30% for 50-AuNPs, making the permeabilization efficacy higher. Also, while there was a
tendency of size dependence (i.e., larger 50-AuNPs caused higher increase in permeability than

smaller 10-AuNPs), the differences were not statistically significant (P < 0.05).

Interestingly, when the PEG-functionalized gold nanoparticles were used (10-AuNPs-PEG and
50-AuNPs-PEQG) the initially positive effects of NPs were reversed - a statistically significant
decrease in permeabilization efficacy was triggered (versus HI-PEMF without NPs). Similar
trends were observed with different shapes (i.e., rods AuNRs-PEG) or even with different

material such as non-conductive control SiO2-NPs.

To confirm if the observed effects are cell line specific, we have tested T24 cell line in the same
context (Figure 5B). Surprisingly, all of the NPs involved in the study triggered the
amplification phenomenon and no decrease in permeabilization efficacity was observed,

regardless of the NPs type and properties.
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Figure 5. Membrane permeabilization after HI-PEMF treatment on A) CHO and B) T24 cells in the presence of
nanoparticles. Results are presented as a mean value and bars represent standard deviation. All HI-PEMF
treatments permeabilization was statistically significantly higher with than without HI PEMF treatment (control).
Black asterisk (*) marks a statistically significant increase in HI-PEMF treatment and red asterisk (*) marks a
statistically significant decrease in HI-PEMF treatment compared to HI-PEMF treatment without NPs.

3.3. Effect of NPs on gene electrotransfer

As only CHO cell line resulted in increased membrane permeabilization, only CHO cell was
used in gene electrotransfer experiments. Since 50-AuNPs caused the highest increase in
membrane permeability in CHO cells, the same NPs were used for gene electrotransfer
experiments (Figure 6). In addition to the no NPs (0 pg/ml) also 50, 100 and 200 pg/ml of 50-
AuNPs were used, to investigate if the effect is NPs concentration dependent. For each
concentration of 50-AuNPs in addition to HI-PEMF treatment two controls were used: CTRL1
- control without the plasmid and without the treatment (OV) and CTRL2 - control with the
plasmid and without the treatment (0V). This showed that the presence of plasmid or/and

nanoparticles by itself, i.e. without the HI-PEMF treatment, was not achieving gene delivery.

When the lowest concentration of NPs (50 pg/ml) was used results showed slight (2.9 %), yet
statistically significant (p<0.05), increase in gene delivery efficacy compared to HI-PEMF
treatment without the presence of NPs. With the increase of NPs concentration there was a
declining tendency in gene delivery efficacy. The 50 ug/ml concentration was optimal within
the studied range of concentrations. It should be noted that none of the treatments used in the

study affected cell viability.
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Figure 6. Gene delivery after HI-PEMF treatment on CHO cells with 50-AuNPs. A) GFP positive cells, B)
survival, C) overall GET. Results are presented as a mean value and bars represent standard deviation. Asterisk
(*) marks a statistically significant decrease in overall GET after HI-PEMF treatment compared to HI-PEMF
treatment without NPs (0 pg/ml).

4. Discussion

The HI-PEMF induced electroporation is a non-invasive, contactless method for drugs and
nucleic acids delivery into cells that may offer advantages over traditional gene electrotranstfer,
which relies on electroporation with direct-contact electrodes. Potentially HI-PEMF offers a
technological platform to trigger painless and non-invasive electroporation, mitigating adverse
effects of classical electroporation. However, since HI-PEMF is a relatively new technology
with a limited number of in vitro studies, there remains a lack of understanding of the
electromagnetic, biological, biochemical, and biophysical mechanisms underlying its effects—
knowledge that is essential for further development and optimization of this treatment

approach.

First, we have previously reported that the presence of gold NPs increases cell membrane
permeability in HI-PEMF treatment, yet this efficacy depends on NP properties. Comparison
of permeability curves performed with 5 and 20 nm gold NPs (concentrations were 10, 25, 50
ug/ml) showed that larger and more concentrated NPs resulted in better HI-PEMF treatment
efficacy, i.e. higher cell membrane permeability '°. Later we reported that HI-PEMF can be
used for a successfully facilitated gene delivery '”. However, compared to traditional
electroporation (around 60%), gene delivery efficiency was considerably lower in HI-PEMF

(around 3%). This was attributed to a much lower (at least 80 times lower) and non-



homogeneously distributed electric field induced by HI-PEMF. Regardless of the low numbers,
this was the first successful gene transfer into cells and green fluorescent protein expression by
HI-PEMF in vitro '7. Based on the studies that HI-PEMF treatment can be improved by addition
of NPs and successful GET with HI-PEMF treatment, combination of HI-PEMF with

nanoparticles was suggested in this study .

In this work, we have studied changes in cell plasma membrane permeability when different
nanoparticles were used in combination with HI-PEMF treatment. This study included six types
of NPs, each differing by a single physicochemical property. This allowed us to isolate and
evaluate the contribution of individual nanoparticle characteristics to HI-PEMF treatment
efficacy. Comparisons between nanoparticle groups can be structured as (1) size (50-nm vs.
10-nm), (2) PEGylation (PEGylated NPs vs non-PEGylated NPs, shape (semi-spherical vs
rods) and material conductivity (gold vs. silica). According to our results HI-PEMF treatment,
in the presence of NPs, effects cell membrane of different cell line differently. as in this work
the CHO cells were less susceptible to HI-PEMF compared to T24 cells (Figure 5).
Interestingly, we could observe a NPs-specific response in the CHO cells — i.e., non-
functionalized gold NPs demonstrated increase in permeabilization, while other NP types
induced an opposite statistically significant effect. While smaller 10-AuNPs resulted in lower
efficacy than 50-AuNPs, this difference was not statistically significant. The response of non-
functionalized gold NPs is in agreement with our previous study '°. Furthermore, comparison
of PEGylated version of NPs vs non-PEGylated version of NPs (10-AuNPs-PEG vs 10-AuNPs
and 50-AuNPs-PEG vs 50-AuNPs), revealed that PEGylation reduces NPs efficacy in HI-
PEMF treatment. Comparison of nanoparticle shapes (semi-spherical 50-AuNPs-PEG vs rod-
like AuNRs-PEG) revealed no efficacy in HI-PEMF treatment. Similar behavior was observed
when different material compositions of NPs were studied (50-AuNPs vs SiO2-NPs). In case
of T24 cell line, none of the NP types involved in the study induced statistically significant
improvement in cell membrane permeabilization and no differences in efficacy were detected,
which suggests that NPs efficacy is cell type dependent. The cell lines used come from different
species, tissue and health status (cancerous/noncancerous), which can contribute to different

behavior °.

The reason for very similar efficacy of different NP types in the HI-PEMF treatment might be

in dispersing medium, where citrate buffer was replaced with cell media containing proteins.



Electroporation efficiency - probably also HI-PEMF - is strongly influenced by the
composition of the electroporation buffer 31%2, Since our HI-PEMF experiments were
performed directly in complete culture media, replacing citrate buffer with cell culture medium
ensured that the observed effects reflected only the contribution of nanoparticle presence,
without introducing additional citrate ions into the experimental system 1733, Nonetheless, the
citrate surface coverage of gold nanoparticles is typically reported to be between ~1-5
molecules nm (1,2). Assuming the upper limit of 5 molecules nm2, complete desorption from
the nanoparticle surface (density of gold is ~ 19.3 g/mL — relatively low specific surface area)
would correspond to a maximum free citrate concentration of approximately 52 uM for 10 nm
gold nanoparticles (lower citrate concentration for larger nanoparticles; at the highest tested
nanoparticle concentration 200 pg/mL) in our experimental conditions. Importantly, literature
indicates that biological effects of extracellular citrate—such as changes in viability, membrane
permeability, or calcium homeostasis—occur only at millimolar concentrations (1-20 mM).
For instance, Wu et al. ** reported cytotoxic effects at ~5 mM citrate; Caiazza et al. % observed
metabolic alterations at 10-20 mM; and von Schirnding et al. * described calcium-citrate—
induced cell death only at high millimolar levels. Physiological extracellular citrate
concentrations are typically around 100-150 pM %', meaning that our estimated 52 uM—if
released completely from the surface of nanoparticles—would remain well below
physiologically relevant levels. However, collectively, these data strongly indicate that any
potential contribution from free citrate ions would be negligible in our system, and the observed

responses can be attributed to the gold nanoparticles themselves.

Furthermore, PEG-functionalized NPs provide steric stabilization, as the PEG chains (2 kDa)
sterically repel NPs from each other and from the cell membrane. The PEG chains introduce
steric hindrance, creating a physical barrier that prevents close interaction between the NPs and
the cell membrane®. This steric repulsion likely limits the ability of PEG-functionalized NPs
to approach or adsorb onto the membrane surface, thereby reducing their potential to locally
enhance the electric field during electroporation and HI-PEMF treatment. The zeta potential
values revealed that proteins from media form protein corona even in the case of PEGylated
nanoparticles as the absolute values of zeta potential were decreased. This somehow shows that
differences in zeta potential arising from initial functionalization (PEG vs. citrate) were
effectively masked by adsorbed proteins. Therefore, consistent with this, our experiments with
quasi-spherical PEG- and COOH-functionalized gold nanoparticles exhibited similar behavior

across all measured endpoints.



Based on membrane permeability results, only CHO resulted in increased permeability.
Therefore HI-PEMF for gene delivery was tested only on CHO cells. This was performed with
nanoparticles which resulted in the highest efficacy of treatment, i.e., 50-AuNPs. As expected,
gene delivery efficacy increased, from 3% to 5.9%, which is still relatively low in absolute
value, yet the increase was almost 100%. Interestingly the largest percentage of GFP positive
cells was at the lowest concentration of nanoparticles. The percentage of GFP positive cells
dropped with an increase of nanoparticle concentration. Cell viability was unaffected even at
the highest nanoparticle concentration, suggesting nanoparticles are not cytotoxic. However,
the decrease in efficiency at higher nanoparticle concentrations may be due to interference with
pDNA or modulation of cellular uptake processes like endocytosis, although we do not have
direct evidence for this. In traditional electroporation, small molecules are believed to enter
cells directly via electrophoretic transport, whereas larger molecules tend to accumulate at the
membrane and are internalized via endocytosis.*****. In contrast, our previous study indicates
that HI-PEMF-mediated gene delivery occurs primarily through endocytic pathways !”. We
have also shown that HI-PEMF exposure can promote the formation of DNA—membrane
complexes, which is a known prerequisite for endocytic uptake of large biomolecules . We
emphasize that the suggested mechanisms for the reduced efficiency at higher nanoparticle
concentrations are speculative, as the exact mechanism of GET is not yet fully understood >*!.
Testing these hypotheses directly, for example through zeta potential measurements or
microscopy to observe nanoparticle-DNA—cell interactions, would require a separate study and
was beyond the scope of the current work.

This study has shown the potential to enhance gene delivery efficacy using HI-PEMF treatment
and NPs. However, it was observed that HI-PEMF induced effects are dependent on the cell
line, nanoparticles type, concentration and therefore requires further optimization, especially

for gene transfer in cancer cells.
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