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With the aim of better understanding and optimizing gene transfection by
electroporation (GET) we tested the effect of different biological and electrical
parameters on GET efficiency in vitro. Due to possibility that microenvironment in
applications of in vivo is slightly acidic, we studied the effects of slightly acidic
electroporation and recovery medium on cell membrane permeabilization, cell
survival and GET. Slightly acidic (pH 6.5) electroporation medium did not affect
permeabilization threshold, but the survival of cells was better if slightly acidic
electroporation and recovery medium were used. However, slightly acidic
electroporation and recovery medium decreased GET. Further, to avoid or to mitigate
pain and muscle contractions associated with the application of high-voltage
electrical pulses in vivo we showed that with short bipolar pulses with a repetition
rate on the order of tens or hundreds of kHz delivered in bursts of low frequency (HF-
BP) and nanosecond pulses we can achieve comparable GET in vitro as with longer
monopolar pulses, but only with high concentrations of plasmid DNA (pDNA).
Although we were able to achieve similar percent of transfected cells, the number of
transgenes produced was higher with longer monopolar pulses. We showed that GET
efficiency depends on pulse parameters, pPDNA concentration and differs between
cell lines. Time dynamics of transgene expression were comparable between
different pulse protocols but differed greatly between cell lines. Finally, a review, of
current understanding of the mechanisms by which electric field can aid pDNA in
overcoming the barriers encountered on the way to the cell nucleus was performed
with the hope that gathered knowledge will enable further and faster development of
GET in vitro as well as in in vivo across various cell lines, tissues, and species.
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Al V doktorskem delu smo raziskali vpliv parametrov elektroporacije na ucinkovitost
genske elektrotransfekcije (GET) in vitro, z namenom boljSega razumevanja in
izboljSanja ucinkovitosti GET. Ker je mikrookolje pri aplikacijah in vivo lahko rahlo
kislo, smo preucili tudi ucinke rahlo kislega medija (pH 6,5) na permeabilizacijo
celiéne membrane, celi¢no prezivetje in GET. Po elektroporaciji in okrevanju celic v
rahlo kislem mediju nismo opazili razlik v permeabilizaciji celicne membrane,
prezivetje celic pa je bilo boljSe, kot pri celicah, ki so bile elektroporirane in so
okrevale v rastnem mediju. Nasprotno sta elektroporacija in okrevanje v rahlo kislem
mediju zmanjSala u€inkovitost GET. Da bi se izognili ali ublazili bole€ine in miSi¢ne
kontrakcije, ki spremljajo dovajanje visokonapetostnih elektri¢nih pulzov za GET in
vivo smo pokazali, da lahko z nizkofrekven¢nimi vlaki kratkih bipolarnih pulzov, ki
st sledijo s frekvencami nekaj deset ali sto kHz (HF-BP), in nanosekundnimi pulzi
dosezemo GET in vitro primerljivo z GET z daljSimi monopolarnimi pulzi, vendar le
z visanjem koncentracije plazmidne DNK (pDNK). Kljub temu, da smo dosegli
primerljiv odstotek transfeciranih celic, je bila koli¢ina nastalega transgena vecja z
dalj$imi monopolarnimi pulzi. U¢inkovitost GET je odvisna od parametrov pulzov,
koncentracije pDNK in se razlikuje pri razli¢nih celi¢nih linijah. Casovna dinamika
izrazanja transgena je primerljiva med milisekundami, mikrosekundami, HF-BP in
nanosekundnimi pulzi, se pa moc¢no razlikuje med celi¢nimi linijjami. Naredili smo
tudi pregled trenutnega razumevanja mehanizmov GET, z namenom, da bo zbrano
znanje o mehanizmih in identifikacija obstojecih vrzeli v znanju, omogocilo hitrejSe
izboljSanje ucinkovitosti GET in vitro kot tudi in vivo v razli¢nih celicah, tkivih in
bioloskih vrstah.
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1 INTRODUCTION

1.1  ELECTROPORATION

Electroporation, also called electropermeabilization, is one of the most successful non-
viral methods of introducing molecules into cells. When cells are exposed to an external
electric field of sufficient amplitude and duration, transient permeabilization of the cell
membrane is achieved (Rems et al.,, 2016; Kotnik et al., 2019), allowing various
molecules that normally cannot cross the cell membrane, such as ions (Mir et al., 1988),
dyes (Dinchuk et al., 1992) antibodies (Verspohl et al., 1997), oligonucleotides (Spiller
et al., 1998), RNA (S@bege-Larssen et al., 2002), and DNA (Heller et al., 1996; Rols et
al., 1998; Gehl and Mir, 1999) to enter into the cell. Electroporation is usually explained
by the formation of aqueous pores in the cell membrane (Kotnik et al., 2019), which has
been demonstrated using molecular dynamics simulations (Tarek, 2005). The strength of
the external electric field, the duration, the number of applied electric pulses, and pulse
repetition rate are key factors controlling cell membrane permeabilization. The external
electric field is determined by the geometry of electrodes, target cells/tissues and applied
voltage. When the amplitude of applied electric field is low, no molecular transport
occurs. Higher or longer lasting electric fields result in reversible electroporation, which
is characterized by transient increase in the cell membrane permeability. Irreversible
electroporation (IRE) is observed at higher electric field amplitudes that lead to cell death.
Finally, at even higher electric field amplitudes thermal damage causes cell death
(Yarmush et al., 2014). Electroporation is used in medicine (Yarmush et al., 2014), as
electrochemotherapy (ECT) for delivery of chemotherapeutic agents (Miklavcic et al.,
2010; Mali et al., 2013; Campana et al., 2019), IRE as a method of tissue ablation
(Davalos et al., 2005; Scheffer et al., 2014; Sugrue et al., 2018; Maor et al., 2019; Reddy
et al., 2019), transdermal drug delivery (Zorec and Pavselj, 2013), gene transfection by
electroporation (GET) as gene therapy (Heller L.C. and Heller R., 2010; Heller R. and
Heller L.C, 2015) and DNA vaccination (Vasan et al., 2011; Lambricht et al., 2016), as
well as in biotechnology (Meglic and Kotnik, 2017) and food and biomass processing
(Mahni¢-Kalamiza et al., 2014; Golberg et al., 2016).

1.2 TRANSFECTION

Transfection, a method in which foreign nucleic acids (DNA, RNA) are introduced into
cells to produce transgenes or modify cells, is an indispensable method in basic genetic
research, bioproduction, gene therapy, and cell therapies. Treatments based on cell and
gene therapies have been approved for cancers such as head and neck squamous cell
carcinoma, acute lymphoblastic leukaemia, B-cell lymphoma, and unresectable
metastatic melanoma, as well as for inherited diseases such as lipoprotein lipase
deficiency, adenosine deaminase deficiency - severe combined immunodeficiency, and
retinal dystrophy (Ginn et al., 2018; Sachdev et al., 2022). The approval of these
therapies, particulary with the advent of chimeric antigen receptor T-Cell therapy,
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represents a milestone in medicine as it allows for the highest remission rates in hard-to-
treat cancers (Singh and McGuirk, 2020). In addition, genetically engineered RNA
vaccines were the first to be approved for vaccination against the corona virus pandemic
(Topol, 2021).

Nucleic acids cannot easily pass through the cell membrane due to the electrostatic
repulsion that occurs between the anionic nucleic acids and the negatively charged cell
membrane at physiological pH values (Antipina and Gurtovenko, 2016). In addition,
nucleic acids are highly susceptible to degradation by extracellular nucleases and
therefore suffer from limited extracellular stability (Cervia and Yuan, 2018). Great efforts
have been made to develop approaches and tools to improve the efficiency of transferring
nucleic acids into target cells (Chong et al., 2021). These are generally divided into viral
and non-viral based methods. Non-viral based methods are subdived into physical
methods of gene delivery, such as electroporation, sonoporation, magnetofection,
optoporation, gene gun, and microinjection, and chemical-mediated methods which can
be lipid based or non-lipid based. In lipid based methods positively charged lipid
aggregates are formed which can merge with the phospholipid bilayer of the target cell
and allow the entry of the foreign genetic materials. Non-lipid based methods are calcium
phosphate, dendrimers, polymers, nanoparticles or non-liposomal lipids based (Chong et
al., 2021; Sayed et al., 2022).

Viral based methods are among the earliest described for gene delivery and have shown
high efficiency (Zhao et al., 2022). However, viral vectors have some alarming
drawbacks: pre-existing immunity and immune response activation following viral vector
injections can reduce the efficacy of therapy and cause immunotoxicity - preventing the
use of certain viruses in certain geographic locations and patients (Wilson and Flotte,
2020). Viral vectors, although effective also for genetic engineering of human primary
cells, have serious limitations such as high manufacturing cost, long production timelines
and genotoxic risks derived from their semi-random chromosomal integration profiles
(Mingozzi and High, 2011). Therefore, the development of non-viral delivery methods
has become an important area of research (Yin et al., 2014). Chemical-mediated delivery
methods are often toxic to cells and limited to particular molecules and cell types, whereas
physical methods have shown high local transfection efficiency and are less limited on
gene size compared to viral based methods, but often require specific instruments. The
biggest advantage of non-viral vectors is that they are in principle free of immune
response activation and mutagenesis but, in vivo they do not yet achieve the same
efficiency as viral vectors (Ginn et al., 2018).

1.3 GENE ELECTROTRANSFECTION
Forty years ago, in 1982, Neumann et al. showed that naked nucleic acids can be
successfully transferred into cells using high-voltage electric pulses (Neumann et al.,
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1982). A non-viral method for introducing nucleic acids into cells through the application
of electric pulses is now known as gene transfection by electroporation, (gene)
electrotransfection or gene electrotransfer (GET). GET increases plasmid DNA (pDNA)
transfection rates by 100-2000-fold and improves transfection reproducibility compared
to injecting pDNA without the application of electric pulses (Sachdev et al., 2022).
Compared to other methods of gene delivery, GET has important advantages. It is
relatively inexpensive, flexible, and safe for clinical use, and it delivers naked pDNA into
cells without the use of additional chemicals or viruses (Young and Dean, 2015).

In clinical setting GET 1is also considered a promising method for delivery of
CRISPR/Cas9 gene editing complexes (Fajrial et al., 2020). Additionally, GET can be
used for vaccination against infectious diseases (Lambricht et al., 2016). DNA vaccine
against COVID-19 is currently being developed (Morrow et al., 2016; Folegatti et al.,
2020; Topol, 2021). In oncology GET is used for treatment of and vaccination against
various cancers with different treatments against cancers based on the ex vivo genetic
engineering (Heller R. and Heller L.C, 2015; Algazi et al., 2020; Bhatia et al., 2020;
Geboers et al., 2020). GET can also be used for ex vivo genetic engineering of T cells to
express chimeric antigen receptors which bind tumor antigens or tumor-associated
antigens in a human leukocyte antigen independent manner (Alzubi et al., 2021). In recent
years, GET has become the simplest and most appealing non-viral deliver technology
with the ability to introduce diverse biomolecules to millions of cells per treatment (Sayed
et al., 2022). Low transfection efficiency in some cell types and cell death following
transfection however represent major limitations of GET in cell therapies (Stewart et al.,
2016). The fact that the mechanisms of GET are still unclear represents additional
limitation to wider use of GET in clinical medicine (Cervia and Yuan, 2018; Sachdev et
al., 2022).

1.3.1 Mechanisms of gene electrotransfection

GET is achieved when nucleic acids enter the cell and produce a protein or knock down
a defective or overexpressed gene. Based on the existing knowledge, GET is a multistep
process. Depending on the type and size of the nucleic acids introduced into the cells,
they have to overcome several barriers before they reach the cytoplasm of the cell (in the
case of RNA) or the cell nucleus (in the case of DNA) in order to exert their therapeutic
effect (Sachdev et al., 2022). In the case of pPDNA GET involves interaction of pDNA
with the cell membrane, its translocation across the cell membrane, migration through the
cytoplasm, import across the nuclear envelope, and gene expression (Rosazza et al.,
2016b). During GET electric filed applied to cells enables cell membrane
permeabilization and electrophoresis of negatively charged pDNA molecules from the
cathode towards the anode, bringing them closer and into contact with the cell membrane
(Golzio et al., 2002a; Faurie et al., 2010). Small nucleic acid molecules (up to 25 bp) enter
the cell primarily by electrophoresis during pulse delivery through permeable sites in the
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cell membrane. It was shown that as the size of nucleic acid increases, the proportion of
nucleic acids that enter the cell by electrophoresis decreases (Sachdev et al., 2020). Larger
pDNA molecules (larger than 1 kbp) interact with the cell membrane and form aggregates
on the cell membrane during and/or shortly after pulse delivery (Golzio et al., 2002a). To
allow transgene expression these aggregates must then be transferred into the cell,
transported intracellularly through the cytoplasm, and imported through the nuclear
envelope into the nucleus (Golzio et al., 2002b; Satkauskas et al., 2002; Rosazza et al.,
2016Db).

Endocytosis is suggested as a possible mechanism for pDNA translocation based on the
observations that pPDNA molecules form large aggregates on the cell membrane, which
are protected from degradation by extracellular nucleases, and appear on the intracellular
side few minutes after pulse delivery (Golzio et al., 2002b). Endocytosis is a fundamental
cellular process occurring in all cells with different endocytic transport pathways that
coexist and can be active simultaneously in the same cell type (Kumari et al., 2010).
However, since there are no known cellular receptors for pPDNA, endocytosis was initially
not considered as a possible mechanism by which pDNA could cross the cell membrane
(Rosazza et al., 2016b). Nevertheless, there are several ways in which endocytosis could
be involved in pDNA uptake following the delivery of electric pulses.

Initially, it was proposed that electric pulses could trigger “electroendocytosis” - an
electric field induced endocytic-like process observed first when DNA was internalized
into large unilamellar vesicles by forming endosome-like vesicles after exposure to
electric pulses (Chernomordik et al., 1990). Later, “electroendocytosis” was also
observed in various cells in vitro (Antov et al., 2005; Ben-Dov et al., 2012). However, it
remains unclear whether “electroendocytosis” is specific to the delivery of electric pulses
or whether it is simply a native cellular response to membrane damage (Tsong, 1991).
Indeed, endocytosis is involved in cell membrane repair mechanisms that are activated in
response to cell membrane damage (Cooper and McNeil, 2015). Within 30 s of injury,
the resulting cell membrane damage causes an influx of calcium ions from the
extracellular space into the cytoplasm and triggers exocytosis of lysosomes, followed by
massive endocytosis (Zhen et al., 2021). In this way, pDNA aggregates at the cell
membrane could be internalized into the cell with cell membrane repair mechanisms after
the delivery of electric pulses, when damaged segments of the cell membrane and proteins
are internalized into vesicles for recycling (Sachdev et al., 2022).

Desaturated cell membrane proteins or mechanical damage to the cell membrane by the
electric field leads to activation of repair mechanisms, consisting of patching in which
cytoplasmic vesicles fuse together and form a patch to fill the wound; clogging with
annexins and other proteins, followed by membrane shedding; exocytosis, followed by
endocytosis; and membrane shedding via ESCRT proteins (Batista Napotnik et al., 2021).
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Endocytosis and wound removal are triggered by the extracellular activity of the
lysosomal enzyme acidic sphingomyelinase (Reddy et al., 2001; Castro-Gomes et al.,
2016). Glunde et al. (2003) showed that in human mammary epithelial cells and breast
cancer cells of different malignancy grade slightly acidic extracellular pH (pHe) values of
6.8 and 6.4 caused a significant relocation of lysosomes from the perinuclear region to
the cell periphery. They also observed a higher number of lysosomes in cells exposed to
extracellular acidity (Glunde et al., 2003). The relocation of lysosomes from the
perinuclear region to the cell periphery triggered by extracellular acidosis, could increase
the exocytosis of lysosomes, allowing faster and more efficient cell membrane repair
(Potoc¢nik et al., 2019).

Further, endocytosis could be caused by the disruption and remodeling of the
cytoskeleton after the application of electric pulses (Sachdev et al., 2022). The
cytoskeleton, particularly actin filaments and microtubules, are involved in all stages of
endocytosis and post endocytic intracellular transport (Qualmann and Kessels, 2002).
Cytoskeleton mediates endocytic vesicle formation and early stages of endosomal
transport, transport of vesicles between different cell organelles, and their transport into
the perinuclear space (Murray and Wolkoff, 2003). Shortly after the application of electric
pulses, actin polymerization was observed on the side of the cell where pDNA aggregates
formed, but only if pDNA was present during the application of electric pulses (Rosazza
etal., 2011).

Another possibility is that formation of endocytic vesicles could be triggered by
electrophoretically driven negatively charged pDNA aggregates on the cell membrane
which could led to membrane curvature large enough to initiate membrane invagination
(Klenchin et al., 1991; Sukharev et al., 1992). Negatively charged pDNA aggregates on
the cell membrane could also trigger similar effects as negatively charged PIP> molecules
(Rosazza et al., 2016b; Sachdev et al., 2022). PIP; is an important regulator of endocytosis
and the cytoskeleton (Williams, 2007). Prior to endocytosis, PIP> molecules are present
in patches in the cell membrane, where they are involved in the regulation and recruitment
of endocytic proteins to the cell membrane (Farrer and Rossotti, 1964; Mandal, 2020). A
high concentration of PIP> molecules in the cell membrane triggers actin polymerization
by recruiting dynamin proteins that polymerize in areas of strong membrane curvature
(Schafer, 2004; Roux et al., 2010). Negatively charged pDNA aggregates on the cell
membrane could trigger a similar response leading to actin polymerization followed by
the formation of endocytic vesicles (Rosazza et al., 2016a). In addition, PIP> molecules
also interact with many transmembrane proteins, for example bin-amphiphysin-rvs
domain proteins, which are curvature-sensitive and play an important role in regulating
membrane shape transitions during endocytosis (Sorre et al., 2009).
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Several studies have reported that translocation of pDNA molecules across the cell
membrane during GET is mediated by endocytosis (Wu and Yuan, 2011; Chang et al.,
2014; Rosazza et al., 2016a; Wang et al., 2018). Several endocytic pathways have been
identified to participate in GET: Caveolae- and clathrin-mediated endocytosis,
macropinocytosis, and clathrin- independent carrier/GPI-enriched early endosomal
compartment (CLIC/GEEC) pathway, both in vitro (Rosazza et al., 2011, 2016a; Wu and
Yuan, 2011; Wang et al., 2018) and in vivo (Satkauskas et al., 2001; Markelc et al., 2015).
However, the contribution of each endocytic pathway or a dominant endocytic pathway
during GET is not yet clear (Sachdev et al., 2022). To determine which endocytic pathway
is involved in pDNA internalization during GET, most of the studies have used endocytic
inhibitors or measured co-localization of pDNA and endocytic markers. However,
endocytic inhibitors are not fully specific and may disrupt multiple endocytic mechanisms
simultaneously (Rennick et al., 2021). Even endocytic markers are not fully specific and
thus may mark several endocytic pathways (Shearer and Petersen, 2019). Moreover,
endocytic pathways are complex and diverse. There are many fundamental questions that
remain unanswered, such as whether the key components of a particular endocytic
pathway are conserved in different cell lines and whether there is overlap in the functions
of molecules known to be involved in a particular endocytic pathway (Kumari et al.,
2010). Further, pDNA aggregates od different sizes (100-500 nm) formed on the cell
membrane during GET could trigger different endocytic pathways simultaneously
(Golzio et al., 2002a; Faurie et al., 2004; Sachdev et al., 2020).

Once internalized, pDNA molecules encounter another barrier regardless of the
translocation pathway i.e., endocytosis or diffusion through permeable sites in cell
membrane. pPDNA molecules must travel through the cytoplasm, which consist primarily
of the dense network of the cytoskeleton. pDNA aggregates that have been endocytosed
are encapsulated in endocytic vesicles and are protected from degradation by intracellular
nucleases (Rosazza et al., 2016a). pPDNA molecules in endosomes rely on endosomal
transport mediated by the actin and microtubule network and associated molecular motors
(myosin and dynein) to reach the nucleus (Vaughan and Dean, 2006; Rosazza et al.,
2013). However, the endosomal membrane presents an additional barrier, as pDNA
molecules must escape from endosomes to pass through the nuclear envelope to be
expressed (El Ouahabi et al., 1997). On the other side, pPDNA molecules that entered
through permeable sites in cell membrane and have direct access to the cytoplasm rely
primarily on hindered diffusion to reach the nucleus. Diffusion of molecules within the
cytoplasm is size-dependent and is hindered by the actin network (Lukacs et al., 2000;
Dauty and Verkman, 2005). Large DNA molecules, such as pDNA of about 5 kb, have
an extremely low diffusion coefficient and are virtually immobile (Lukacs et al., 2000).
They are therefore highly susceptible to degradation by intracellular nucleases
(Lechardeur et al., 1999; Cervia et al., 2018). However, it has been shown that naked
pDNA molecules form complexes with intra-cellular proteins as early as 15 mins post
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their introduction into the cytoplasm (Badding et al., 2013). The protein-DNA complexes
can protect pDNA from degradation by intracellular nucleases. Further, protein-DNA
complexes can facilitate active trafficking inside the cytoplasm and nuclear import of
pDNA, thus providing a possible pathway for pPDNA molecules that diffused through
permeable sites in cell membrane to reach the nucleus (Badding et al., 2013).

Irrespective of the cell internalization pathway, the final barrier for pDNA is the nuclear
envelope. The nuclear envelope is temporarily disrupted during cell division, and
synchronization of GET with the mitotic phase of cell cycle has been shown to increase
GET efficiency (Brunner et al., 2002). pDNA molecules can also enter the nucleus of
nondividing, slowly dividing, and terminally differentiated cells by using specific DNA
sequences known as DNA nuclear targeting sequences that can bind to proteins in the
cytoplasm which facilitate the entry of pDNA molecules into the nucleus (Badding et al.,
2013). However, GET has also been achieved with pDNA molecules lacking these
specific sequences (Utvik et al., 1999).

At least two possible mechanisms of nuclear import have also been proposed for pPDNA
molecules enclosed in endosomes. For example, endosomes containing pDNA aggregates
could fuse with the endoplasmic reticulum and release pPDNA molecules to the lumen of
endoplasmic reticulum. pDNA molecules could then use the network between the
endoplasmic reticulum and nuclear membrane to enter the nucleus (Elouahabi and
Ruysschaert, 2005). Additionally, early endosomes that were observed to localize in the
perinuclear space and fuse with the nuclear envelope — nuclear envelope associated
endosomes, could transport pDNA into the nucleus by fusing with the nuclear envelope
(Chaumet et al., 2015). The two nuclear import mechanisms could be involved as a
separate or could be involved simultaneously.

1.4 FACTORS AFFECTING GENE ELECTROTRANSFECTION

GET efficiency in vitro and in vivo depends on several factors which can be categorized
as parameters of electric pulses (Satkauskas et al., 2005; Haberl et al., 2013; Rosazza et
al., 2016a), pDNA characteristics (Kanduser et al., 2009), biological characteristics of
cells/tissue and extracellular environment (Rosazza et al., 2012, 2016b; Maglietti et al.,
2013; Olaiz et al., 2014).

1.4.1 Parameters of electric pulses

In GET applications, pulse parameters (amplitude, duration, pulse repetition rate, and
pulse number) are usually varied to achieve permeabilization of the cell membrane while
preventing excessive cell damage (Gehl and Mir, 1999). Determining the parameters of
electric pulses is one of the most important steps in GET. The amplitude, duration, and
number of electric pulses determine electrophoresis enabling electrophoretic mobility of
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negatively charged pDNA molecules towards cell membrane and/or through cell
membrane (Kanduser et al., 2009).

In general, smaller cells require a higher electric field to permeabilize their cell
membrane. Therefore, the thresholds to permeabilize cell membrane in different cells
may vary (Cemazar et al., 1998; Young and Dean, 2015).

GET protocols have been established for decades and recommend the use of long
monopolar millisecond pulses which provide electrophoresis that brings sufficient
number of pDNA molecules in contact with the cell membrane (Rosazza et al., 2016b;
Potocnik et al., 2022). The main disadvantages of treating tissues with long monopolar
pulses are discomfort and even pain, requiring the use of muscle relaxants and anesthesia,
as well as the need to synchronize the delivery of the pulses with the electrocardiogram
(Yaoetal., 2017). In addition, long monopolar pulses can also lead to electrode oxidation,
pH changes near the electrodes, bubble formation, and Joule heating (Turjanski et al.,
2011; Faroja et al., 2013; Klein et al., 2019; Mahni¢-Kalamiza and Miklav¢ic, 2020) all
of which are undesired in GET applications. Since electric pulses have a dual function in
GET: they permeabilize the cell membrane and cause electrophoresis of pDNA. The lack
of pDNA electrophoresis is considered a limiting factor for the use of short pulses in GET
(Faurie et al., 2010).

The results of recent studies have shown that high-frequency bipolar pulses (HF-BP),
initially used for IRE (HF-IRE), can achieve a similar degree of cell membrane
permeabilization as monopolar pulses of micro-millisecond duration at low pulse
repetition rate (Sweeney et al., 2016), which form the basis of the existing IRE, ECT, and
GET protocols. In HF-BP protocols long (100 pus—5 ms) monopolar pulses are replaced
by bursts of short (0.25-5 ps) bipolar pulses. Bipolar pulses in one burst are delivered
with high pulse repetition rate (on the order of tens or hundreds of kHz), while burst
repetition rate is usually low (in order of Hz) (Yao et al., 2017; Sano et al., 2018) (Figure
1). In the dissertation, we will use the term HF-BP to refer to these types of pulses, as the
term is already established. Monopolar pulses cause pPDNA accumulation only on the side
of the cell facing the cathode, whereas bipolar pulses cause pPDNA accumulation on both
sides of the cell facing the electrodes (Tekle et al., 1991; Faurie et al., 2010). With HF-
BP pulses, we can also achieve more symmetrical permeabilization, which means a more
predictable cellular response, that can be used to improve clinical precision of IRE, ECT
and GET (Arena et al., 2011; Sano et al., 2015). During HF-BP pulse delivery, also fewer
metal ions are released from the electrodes and electrochemical reactions are less
compared to longer pulses (Mahni¢-Kalamiza and Miklav¢ic, 2020; ViZintin et al., 2020).
Further, HF-BP pulses trigger fewer muscle contractions and reduce pain during pulse
delivery (Mercadal et al., 2017; Yao et al., 2017; Aycock et al., 2021; Cvetkoska et al.,
2022).
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Figure 1: Comparison of monopolar (left) and HF-BP pulse protocols (right). M: number of bursts — 20, 50
or 100; N: number of bipolar pulses in one burst — 32, 50 or 216.

Even shorter, nanosecond pulses have been already used for GET, but only with high
pulse repetition rates in the range of 100 kHz. When 200 ns pulses in bursts of ten were
applied it was shown that as the pulse repetition rate was increased, also GET efficiency
increased (Ruzgys et al., 2018). It was recently shown that up to 40% GET can be
achieved with 300 ns pulses delivered at a 1 MHz pulse repetition rate, which is
comparable to the efficiency of microsecond pulses (Novickij et al., 2020).

It has been suggested that nanosecond pulses disrupt the nuclear envelope, which could
facilitate the transport of pDNA into the nucleus and thus increase GET (Batista Napotnik
etal., 2016; Thompson et al., 2016; Chang et al., 2020). In several papers authors describe
the use of different combinations of nanosecond and millisecond or microsecond pulses
in an attempt to improve GET. Electroporation approaches using a combination of
nanosecond and millisecond pulses increased transgene expression when nanosecond
pulses were applied first followed by millisecond pulses but not in reverse order
(Chopinet et al., 2013; Guo et al., 2014; Chang et al., 2020).

Similar to HF-BP pulses, nanosecond pulses can also potentially mitigate limitations
present in GET with longer millisecond and microsecond pulses. Some cells exposed to
GET with long monopolar pulses may lose viability due to excessive local heating, pH
changes, and ionic imbalance (Ford et al.,, 2010). Nanosecond pulses reduce
electrochemical reactions and heating during pulse delivery and can provide more patient
friendly treatment in the in vivo setting with reduced muscle contractions (Ruzgys et al.,
2018; Vizintin et al., 2021; Novickij et al., 2022). However, to date, successful GET with
shorter (i.e., less than 10 us) pulses in vitro has mostly been achieved with high pDNA
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concentrations that are difficult to reach in vivo, at least in a larger volume (Sokotowska
and Btachnio-Zabielska, 2019; Novickij et al., 2020).

1.4.2  pDNA characteristics

GET efficiency also depends on pDNA characteristics such as topology, size,
concentration, and mobility. It has been shown that supercoiled pDNA leads to 100-fold
higher transfection rates compared to open circular or linearized pDNA (Maucksch et al.,
2009). Also, smaller pDNA molecules, presumably due to easier mobility, yield better
GET efficiency (Novickij et al., 2020). Additionally, specific DNA sequences known as
DNA nuclear targeting sequences can bind to proteins in the cytoplasm and facilitate entry
of pDNA molecules into the nucleus (Badding et al., 2013).

Also, pDNA concentration affects GET efficiency. Increasing pPDNA concentration leads
to increased GET efficiency, but could, at least in some cell lines, lead to reduced cell
survival (Chopra et al., 2020; Poto¢nik et al., 2021, 2022). pDNA concentration in
solution can also be viewed as the distance between pDNA molecule and the cell
membrane. With increasing pDNA concentration the probability of pDNA molecule
being close enough to the cell membrane so that during pulse delivery with
electrophoresis it reaches the cell membrane increases (Chopra et al., 2020; Poto¢nik et
al., 2022). But increasing pDNA concentration above 100 pg/ml in vitro results in pPDNA
entanglement, which further reduces the mobility of pPDNA molecules, especially if they
are larger than 6 kb in vitro (Robertson and Smith, 2007).

1.4.3  Biological characteristics of cells/tissue and extracellular environment
Biological characteristics of cells/tissue and extracellular environment such as
composition of cell membrane, tissue structure and conductivity, interstitial composition
and extracellular pH can also affect GET efficiency (Maglietti et al., 2013; Olaiz et al.,
2014; Rosazza et al., 2016b; Poto¢nik et al., 2019).

In vitro GET of tumor cells is efficient, but gene expression in tumors in vivo is weak.
GET efficiency in vivo is highly dependent on tissue type, as different tissues have
different structure that affect pPDNA mobility in an extracellular environment. GET in
muscle can achieve a high percentage of transfected cells (Mir et al., 1999), whereas
tumors are extremely difficult to transfect (Rols et al., 1998). GET in tumors in vivo
usually results in only a few percent of transfected cells (Cemazar et al., 2009; Chopinet
etal., 2012). In vivo, tissue structure impedes pDNA movement and distribution, resulting
in low GET efficiency in tumors (Cemazar et al., 2009). GET efficiency with the same
protocols (pDNA concentration and pulse parameters) is different in tumors with different
cell/tissue density (Cemazar et al., 2009). When tumors were exposed to enzymes that
degrade the extracellular matrix, such as hyaluronidase, increased efficiency of GET in
tumors in vivo was observed (Cemazar et al., 2012). However, hyaluronidase added prior
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to the application of pulses increases tissue conductivity and thus the electric current,
resulting in more heating and significant pH changes near the electrodes, which can lead
to sever tissue damage (Lackovi¢ et al., 2009; Olaiz et al., 2014). These results suggest
that also the extracellular environment of tumor cells may influence the efficiency of
GET.

Local pH changes during pulse delivery can affect pDNA stability (Maglietti et al., 2013),
and cell membrane recovery (Potocnik et al., 2019), both affecting GET efficiency.
Normally, cells are exposed to a slightly acidic pHe during hypoxic periods in normal
tissues during wound healing (Crowther et al., 2001) or in the pathophysiological
microenvironment of tumors (Stubbs et al., 2000). One of the main differences between
tumor cells and their surrounding normal cells is the nutritional and metabolic
environment. The microenvironment in tumors tends to be slightly acidic (pHe: 6.2-6.9)
due to the overproduction of lactate, whereas the intracellular pH (pHi: 7.1-7.6) can
remain neutral or become alkaline due to compensation mechanisms. In contrast, the pHe
of normal cells tends to be slightly or strongly alkaline (7.3-7.7) and the pH; (6.9-7.2)
slightly more acidic (Sharma et al., 2015).

Reversal of the pH gradient across the cell membrane is present in many tumors due to
acidified pHe and alkalinized pH; and is becoming one of the most important and selective
hallmarks of cancer (Sharma et al., 2015; Zheng et al., 2020; Pérez-Herrero and
Ferndndez-Medarde, 2021). pHe can affect numerous biological functions, such as
endocytosis (Ben-Dov and Korenstein, 2012, 2013), lysosomal trafficking (Glunde et al.,
2003), gene expression (Bumke et al., 2003; Duggan et al., 2006), proliferation, and
viability (Bohloli et al., 2016). In addition, extracellular acidity has been shown to have
immunosuppressive effects, thereby promoting tumorigenesis and metastasis (Zheng et
al., 2020).

There are very few publications examining the effects of pH changes on GET. It has been
shown that the processes triggered by electric pulses in cells depend on the properties of
the electroporation medium and can affect the response of cells to the applied electric
field (Dermol et al., 2016). During electroporation, ions conduct the current, leading to
electrochemical reactions occurring at the electrode — electrolyte interface that led to pH
changes. The pH gradient between the anode and cathode occurs as a result of the acidic
pH on the anode side and the alkaline pH on the cathode side, potentially causing cell
death near the electrodes (Maglietti et al., 2013; Olaiz et al., 2014; Phillips et al., 2015;
Klein et al., 2019). The time in which the pH changes between electrodes are neutralized
after treatments with electroporation-based methods is very short for ECT and IRE and
much longer for GET. The difference arises from different pulse parameters used; for
ECT and IRE generally shorter pulses with higher amplitude are delivered, while for
GET, longer pulses of lower amplitude are applied. Changes in pH increase the risk of
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pDNA denaturation and cell damage near the electrodes leading to a decrease in the
efficiency of GET (Maglietti et al., 2013). Understanding and regulating pH changes in
treatments based on electroporation can significantly contribute to increasing efficiency
and to better understanding of the overall phenomenon of electropermeabilization.
Electrochemical reactions, including pH changes, that occur during the application of
electric pulses can be mitigated by the adjusted composition of the electroporation
medium (Li et al., 2015), the choice of electrode material, platinum, stainless steel or
conductive polymers instead of aluminum (Saulis et al., 2005), and by the choice of pulse
parameters (Chafai et al., 2015).

13
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1.5 RESEARCH AIMS

In the dissertation we mostly focused on understanding and optimization of GET in vitro
with the long-term aim of improving GET applications, gene therapy and DNA
vaccination. In this respect following research aims were tested:

Gene therapies in vivo, especially in tumors, still fail to reach high efficiency. One of the
reasons is the difference in extracellular environment present in tumors. The effect of pH
on many processes in the cell has been demonstrated (Glunde et al., 2003; Duggan et al.,
2006; Ben-Dov and Korenstein, 2012, 2013; Bohloli et al., 2016). Applications of
electroporation, such as ECT and GET, are mainly targeting tumor cells in which the pH
gradient reversal across cell membrane is formed by a decrease in pHe (Sharma et al.,
2015). Acidic pHe leads to the movement of lysosomes, which are crucial in the repairing
of cell membrane damage, from the perinuclear region to the vicinity of the cell
membrane (Glunde et al., 2003). Our aim was to determine the effect of slightly acidic
pHe on cell membrane permeabilization and cell survival. We expect that slightly acidic
pHe can affect the process of electroporation, especially cell membrane resealing. After
electroporation and cell recovery in slightly acidic medium we expect no differences in
the permeabilization rate, but we expect improved survival of cells after electroporation
compared to cells electroporated and recovered in neutral medium.

GET in tumors is less efficient than in other tissues (Mir et al., 1999; Cemazar et al.,
2009). By degrading the compact extracellular matrix of tumor cells, we can improve the
efficacy of GET (Cemazar et al., 2012). In addition to the compact extracellular matrix
that causes lower pDNA mobility, lower pHe is also present in tumors (Sharma et al.,
2015). Our aim was to determine if slightly acidic pHe is a factor affecting the efficacy of
GET. In the slightly acid medium in vitro, we expect less efficient GET.

DNA vaccination, besides efficient should also be patient friendly with minimal muscle
contractions and pain and should not cause cell damage at the site of application. This can
all be achieved by using appropriate pulse parameters. According to the findings of
Sweeney et al. (2016) that high-frequency bipolar pulses can achieve similar percentage
of cellular permeabilization, which is also more symmetrical, and recently successfully
achieved GET by changing the repetition frequency of nanosecond pulses (Ruzgys et al.,
2018) our aim was to achieve successful GET with shorter micro and nano-second pulses,
which would potentially allow GET with less pain and muscle contractions.
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2 SCIENTIFIC PAPERS

2.1  EFFECT OF ELECTROPORATION AND RECOVERY MEDIUM pH ON
CELL MEMBRANE PERMEABILIZATION, CELL SURVIVAL AND GENE
TRANSFER EFFICIENCY IN VITRO

Potocnik T., Miklav¢i¢ D., Macek Lebar A. 2019. Effect of electroporation and
recovery medium pH on cell membrane permeabilization, cell survival and gene transfer

efficiency in vitro. Bioelectrochemistry, 130: 107342,
doi.org/10.1016/j.bioelechem.2019.107342: 11 p.

Electroporation is a method in which an adequate number of electric pulses of sufficient
amplitude, and duration applied to cells, thus inducing transient permeabilization of the
cell membrane. Due to possibility that microenvironment in applications of in vivo
electroporation is slightly acidic, we studied the effects of slightly acidic electroporation
and recovery medium. We observed no difference in the permeabilization threshold,
detected by propidium iodide, of cells which were electroporated and allowed to recover
in growth (pH7.8) or acidic (pH 6.5) medium. In contrast, statistically significant
difference was observed in survival of cells that were exposed to pulse amplitudes greater
than permeabilization threshold. Survival of cells was improved if acidic electroporation
and recovery medium were used, however in contrast to our expectations acidic
extracellular pH decreased gene electrotransfer efficiency. We also observed differences
in morphology between cells that were electroporated and left to recover in growth
medium and cells that were electroporated and left to recover in acidic medium. Our
results imply that slightly acidic extracellular pH allows more efficient repair of damage
that is induced on cell membrane during electroporation with high pulse amplitudes.
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Electroporation is a method which uses an adequate number of electric pulses of encugh amplitude, duration and
number applied to cells, thus inducing transient permeabilization of the cell membrane. Due to possibility that
microenvirenment in applications of in vivo electroporation is slightly acidic, we studied the effects of slightly
acidic electroporation and recovery medium. We observed no difference in the permeabilization threshold, de-
tected by propidium iodide, of cells which were electroporated and allowed to recover in growth (pH 7.8) or
acidic (pH 6.5) medium. In contrast, statistically significant difference was observed in survival of cells that
were exposed to pulse amplitudes greater than permeabilization threshold. Survival of cells was greater if acidic
electroporation and recovery medium were used, but acidic extracellular pH decreased gene electrotransfer effi-
ciency, We also observed differences in morphology between cells that were electroporated and left to recover in
growth medium and cells that were electroporated and left to recover in acidic medium. Our results imply that
slightly acidic extracellular pH allows mere efficient repair of damage that is induced on cell membrane during

electroporation with high pulse amplitudes.

© 2019 Published by Elsevier BV.

1. Introduction

Electroporation also named electropermeabilization is a method in
which the application of an appropriate number of electric pulses of suf-
ficient amplitude and duration causes transient permeabilization of the
cell membrane, allowing ions and molecules to enter and/or leave the
cell. Electroporation can be used for treatment of tumors, since in-
creased membrane permeability due to electroporation enables enter-
ing of chemotherapeutic drugs into tumor cells, as a method named
electrochemotherapy (ECI') [ 1,2]. It can also be used as delivery method
for a large variety of molecules such as ions | 3], dyes [4], tracers |5], an-
tibodies [6], and also oligonucleotides [ 7], RNA [8] and DNA [9-11]. Elec-
troporation is used in medicine [12], as ECT [13], irreversible
electroporation (IRE) as a method of tissue ablation [14-16], gene
electrotransfer (GET) as gene therapy [17,18] and DNA vaccination
[19,20], transdermal drug delivery [21,22], as well as in biotechnology
|23] and food and biomass processing [24,25].

ECT is an extremely effective, physical technique for elimination of
cutaneous and subcutaneous solid tumors and also deep-seated tumors
|26]. Commonly used drugs for ECT are bleomycin and cisplatin. Low
rate of side effects and low systemic toxicity are the advantage of ECT.
Response rates of 77-87% have been reported with bleomycin [1]. The
efficacy of ECT depends on a variety of factors, mostly of physical
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quantities, which should be chosen with care. Among those factors are
electric field intensity, pulse duration and the number of pulses [27].

GET is a method of DNA delivery into cell nucleus in order to achieve
therapeutic effect. For effective DNA delivery and expression several
steps must be overcome, among which are membrane electroporation,
DNA-membrane interaction, transfer of DNA into the cell, intracellular
trafficking of DNA through cytosol and nuclear import of DNA [28].
With electrotransfered DNA there is a possibility of correction of a de-
fective gene by silencing it or with its functional replacement,
electrotransfered DNA can encode a therapeutic protein or a protein
that induces cell death |29]. GET efficiency depends on several factors
such as electrophoretic movement of the plasmid [28,30,31], plasmid
concentration [32] and pH changes [33] since medium pH can affect
plasmid stability [34]. GET efficiency also highly depends on tissue
type. GET in muscle can achieve high percentage of transfected cells
[10] while tumors are extremely hard to transfect [11]. I vitro GET of
tumor cells is efficient, however gene expression in tumor cells in vivo
is weak. GET in tumors in vivo usually results in only a few percent of
transfected cells [11,35].

One of major differences between tumor cells and surrounding nor-
mal cells is the nutritional and metabolic environment. Microenviron-
ment in tumors tend to be acidic (pHe: 6.2-6.9) due to the
overproduction of lactate, while the intracellular pH (pHi: 7.1-7.6)
may remain neutral or become alkaline due to compensation mecha-
nisms. In contrast, normal cells pHe tends to be slightly or highly alka-
line (7.3-7.7) and while pHi is a little bit lower (6.9-7.2) [36].
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Regulation of pHi is one of the mostimportant physiological functions of
homeostasis, because activity of most chemical reactions via enzyme
proteins is dependent on pH. Membrane proton pumps and trans-
porters whose activity is controlled by intra-cytoplasmic pH sensors
maintain pHi within narrow range. Intra-cytoplasmic pH sensors recog-
nize changes in pHi and induce cellular responses to maintain the pHi,
often at the expense of acidifying the pHe. On the other hand, pHe acid-
ification impacts cells via specific acid-sensing ion channels and proton-
sensing G-protein coupled receptors [37]. During electroporation,
increase in plasma membrane permeability leads to equilibration of
pH between pHe and pHi [38].

Due to acidified pHe and alkalinized pHi the reversal of pH gradients
across plasma membrane is present in many tumors and is becoming
one of the most significant and selective hallmarks of cancer [39]. The
extracellular pH can affect numerous biological functions, such as endo-
cytosis [40,41], lysosomal trafficking [42], gene expression [43-45], pro-
liferation and viability [46].

Most in vitro electroporation and GET experiments are done in elec-
troporation medium or growth medium with pH 7.4, while extracellular
pH at least in tumors in vivo is acidic. In this study we investigated if
acidic electroporation and recovery medium have any effect on cell pro-
cesses during electroporation and GET and consequently could have an
impact on effectiveness of ECT and GET. We performed electroporation
and GET experiments in vitre in electroporation buffers of different acid-
ity to test the effects of acidic conditions in in vitro experiments which
however differs from extracellular composition in in vivo treatments.
Electroporation and GET were performed in growth medium which is
an approximation of the in vivo extracellular fluid. However, there are
many more factors in vivo that cannot be taken in account in vitro
such as, blood supply, immune system, electric field shielding, cell
crowding, In this study we focused on effects of electroporation and re-
covery medium pH on membrane permeabilization, cell viability and
recovery after electroporation, and GET efficiency.

2. Materials and methods
2.1. Cells

Chinese hamster ovary cell line (CHO-K1; European Collection of
Cell Cultures, Great Britain) was used in our experiments. Cells were
grown in 150 mm? culture flasks (TPP, Switzerland) for 2-4 days in an
incubator (Kambi¢, Slovenia) at 37 °C, in a humid atmosphere of 5%
CO5 in air. CHO cells were cultured in HAM-F12 growth medium (PAA,
Austria) supplemented with 10% fetal bovine serum (Sigma Aldrich,
Germany), L-glutamine (StemCell, Canada) and antibiotics penicillin/
streptomycin (PAA, Austria), and gentamycin (Sigma Aldrich,
Germany).

Cell suspension for experiments was prepared from cells in expo-
nential growth phase by trypsinization using trypsin — EDTA (5 g tryp-
sin/2 g EDTA in 0.9% NaCl; SigmaAldrich) 10 x diluted in Hanks’
Balanced Salt solution (Sigma-Aldrich). From the obtained cell suspen-
sion, trypsin and growth medium were removed by centrifugation at
270 RCF for 5 min at 4 °C (Sigma 3-15 K, UK). The cell pellet was resus-
pended in cell growth medium to obtain a final cell density of 2 x 107
cells/ml,

2.2. Medium pH

The pH of cell growth medium was lowered using acetic acid or HCL.
HAM-F12 growth medium (G) at room temperature had the pH of 7.8.
pH was lowered to 6,72, 6.38, 6,13 and 547 by adding 0.021%, 0.033%,
0.042% and 0.066% weight of acetic acid respectively and to pH 7.3,
7.0, 6.5 and 5.9 by adding 0.0004%, 0.0008%, 0.0016% and 0.0032%
weight of HCI respectively. The interim pH values were calculated
with cross calculation, since pH in this range was dropping in a linear
way. pH was measured using SevenGo-SG2 (Mettler-Toledo) pH

meter and measuring electrode Inlab Routine Pro {Mettler-Toledo). Me-
dium with the pH of 6.5 was used as an acidic medium {A) as pH 6.5 is
an approximation of tumor pHe,

Conductivity of acidic medium was measured with conductometer
(MA 5950, Metrel). Conductivity of acidic (pH 6.5) medium was 14.52
mS/cm and conductivity of growth medium (pH 7.8) was 14.24 mS/cm.

2.3. Cytotoxicity

We exposed CHO cells to medium with different pH values (lowered
either with acetic acid or HCl) for 24 h. Cell survival was determined
with the MTS-based Cell Titer 36 AQueous One Solution Cell Prolifera-
tion Assay (Promega, USA). Absorption at 490 nm wavelength (A490)
was measured with a Tecan Infinite M200 spectrophotometer (Tecan,
Switzerland). An average absorption obtained in the samples containing
only growth medium was subtracted from the absorption measured in
cell samples. To calculate the percentage of viable cells the absorption
of each sample was divided by an average absorption of the control
samples.

24. Electroporation

Four combinations of electroporation and recovery medium were
tested: cells were electroporated in growth medium and recovered in
growth medium (GG), cells were electroporated in growth medium
and recovered in acidic medium (GA), cells were electroporated in
acidic medium and recovered in growth medium (AG) and cells were
electroporated in acidic medium and recovered in acidic medium (AA).

30 pl of cell suspension was mixed with 30 ul of double concentrated
acidic medium or 30 pl of growth medium. A drop of prepared cell
suspension (50 ul) was pipetted between two parallel stainless steel
electrodes with the distance between them being 2 mm. The cell
sample-electrodes contact surface was not measured. It can be esti-
mated from the equation for the volume of the cylinder with height
2 mm {the distance between electrodes) to be 25 mm?; i.e. surface =
50 ul (i.e. volume of the sample)/(2 mm) = 25 mm?, The total electrode
surface is 200 mm? = 10 mm x 20 mm. Therefore the ratio of the con-
tact surface in relation to the total electrode surface is 1:8. All the cells
were thus exposed to approximately the same electric field, which
was estimated as the voltage applied divided by the distance between
the electrodes. Cells were exposed to a train of eight rectangular electric
pulses with 100 us duration and 1 Hz pulse repetition frequency, gener-
ated by Betatech electroporator (Electro cell B10; Betatech, France) for
permeabilization experiments where lower voltages were applied, and
a laboratory prototype pulse generator [47] for applying higher voltages
for cell survival experiments. The amplitude of the pulses and conse-
quently the applied electric field was varied from 0 to 3 kV/cm. During
each experiment voltage and current applied to sample were measured
with differential probe (ADP305, LeCroy, USA) and current probe
{CP030, LeCroy, USA) and monitored on oscilloscope (Wavesurfer 422,
200 MHz, LeCray, USA). At the same applied voltage, measured current
did not differ between samples in acidic and growth medium. Also, the
pulse generators produced the same current at the same applied volt-
age. The electrodes were washed with sterile 0.9% NaCl and dried with
sterile gauze between electroporated samples. After electroporation
cells were left for 10 min to recover either in growth or in acidic me-
dium at room temperature.

2.5. Cell viability

After pulse application as previously described, 40 ul of cell suspen-
sion was transferred into a 1.5 ml microcentrifuge tube containing 40 pl
of growth medium or double concentrated acidic medium and left for
10 min at room temperature to allow for cell membrane resealing.
Then, 20 pl of cell suspension (10° cells) was transferred in 80 ul of
growth medium prepared previously in each well of 96-well plates
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(TPP, Switzerland). Three samples were taken from each electroporated
droplet. Cells were placed in the incubator (37 °C, 5% CO.) for 24 h. Cell
viability was measured using the MTS-based Cell Titer 96 AQueous One
Solution Cell Proliferation Assay {Promega, USA) as described above. To
calculate the percentage of viable cells after electroporation the absorp-
tion of each sample was divided by an average absorption of the control
samples, i.e. the samples that were exposed to electric field of 0 V/cm.

2.6. Fluorescence microscopy

Cell recovery after electroporation was followed by adding
propidium iodide (PI; 5 pl of 1.5 mM) immediately before pulse applica-
tion or 5 min after it. Again four combinations of electroporation and re-
covery medium were tested: GG, GA, AG and AA. Cells were
electroporated according to above described protocol. Cell suspension
of CHO cells between the electrodes was exposed to electric field of
2.4 kV/cm. After pulse application, 40 ul of cell suspension was trans-
ferred into a small petri dish where 320 ul of recovery medium was pre-
pared. If Pl was added before application of electric pulses, the sample
was left for 10 min at room temperature prior to the capture of images.
If Pl was not added before application of electric pulses, the sample was
left for 5 min, then Pl was added and the images were captured after ad-
ditional 10 min. The phase contrast and fluorescent images (Ex 562/40,
Em 624/40) of the treated cells were captured using cooled CCD camera
(Visicam 1280, Visitron, Puchheim, Germany) mounted on a fluores-
cence microscope (Zeiss AxioVert 200, objective 20x, Zeiss,
Oberkochen, Germany) using MetaMorph 7.0 software {Molecular De-
vices Corporation, Sunnyvale, CA, USA), exposure time 100 ms. For
each sample, three phase contrast and corresponding fluorescent im-
ages of a distinct area were acquired. The number of electroporated
cells was determined by manually counting the cells in fluorescence
and phase contrast images. The percentage of electroporated cells in a
given sample was determined as the ratio between the average number
of fluorescent cells counted in the fluorescence images and the average
number of all cells counted in the corresponding phase contrast images.

2.7. Light microscopy

Using light microscopy cell morphology changes were observed
after electroporation with electric field of 1.8 kV/cm, under 100 x oil im-
mersion objective (Zeiss AxioVert 200, 100 x oil immersion objective,
Zeiss, Oberkochen, Germany). Cells electroporated and recovered in
AA and GG combinations were observed during recovery (6 min after
electroporation) and after recovery (11 min after electroporation). Im-
ages were acquired using the VisiCam 1280 camera (Visitron,
Germany) and the MetaMorph PC software { Molecular Devices, USA).

2.8. Flow cytometry

Cells were electroporated as described above in four combinations of
growth and acidic medium (pH 6.5); AA, AG, GA and GG. Immediately
before electroporation 5 il of Pl was added to cell suspension. After elec-
troporation cells were left to recover for 10 min in 100 ul of growth or
acidic medium. Incorporation of Pl in cells was detected using flow
cytometer {Attune® NxT, Life Technologies, Carlsbad, CA, USA). Cells
were excited with a blue laser at 488 nm, and the emitted fluorescence
was detected through a 574/26 nm band-pass filter. The measurement
ended when 10,000 events were recorded. Obtained data was analyzed
using the Attune NXT software.

2.9. Gene electrotransfer

5 % 10% cells were seeded in 24-well plates as a monolayer culture
at 37 °Cin a humidified atmosphere in a 5% CO; incubator 24 h before
GET. Prior to electric pulses delivery growth medium was removed
and 150 pl of growth or acidic medium with plasmid pEGFP-N1 (10
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ug/ml) (Clontech Laboratories Inc., MountainView, CA, USA) encoding
green fluorescent protein (GFP) was added to cells. Cells were incu-
bated with plasmid for 2 min, then electric pulses were applied
using two parallel stainless steel wire {diameter of 1 mm) electrodes
with a length of 10 mm which were 4 mm apart. Three different
pulse protocols were tested; Protocol 1: 8 pulses, 100 ps, 1 Hz and
1.3 kV/cm; Protocol 2: 4 pulses, 200 ps, 1 Hz and 1.2 kV/cm, and Pro-
tocol 3: 4 pulses, 1 ms, 1 Hz and 0.8 kV/cm. Pulses were generated by
Betatech electroporator (Electro cell B10, France). Immediately after
electric pulses delivery 150 ul of medium with pEGFP-N1 was re-
moved and replaced with 150 pl of growth or acidic medium with
25% of fetal bovine serum {Sigma-Aldrich Chemie GmbH, Deisenhofen,
Germany). Cells were incubated for 10 min at 37 °C in a humidified
atmosphere in a 5% CO incubator. Then 1 ml of growth medium
was added and cells were incubated for 24 h at 37 °C in a humidified
atmosphere in a 5% CO, incubator, Three images per well on an area
between electrodes were recorded using a fluorescent microscope
(Zeiss 200; Axiovert) with excitation wavelength 488 nm, emitted
fluorescence through a bandpass filter 525/50 nm, and counted by
Image] program for image analysis. Transfection rate was determined
as a number of GFP positive cells divided by all cells in each image,
expressed in %.

2.10. Statistical analysis

All results are reported as a mean value of 3 to 5 experiments. The
spread of the data is given by standard deviation. The significance be-
tween the experimental groups was analyzed in SigmaPlot 11.0 {Systat
Software Inc., Chicago, IL, USA), and determined using Two way ANOVA
test. The statistically significant difference was indicated by p < .05.

3. Results
3.1. Cytotoxicity of acidic medium

According to MTS assay, exposure of CHO cells to medium with pH
values of 7.3,7.0,6.5 and 5.9, lowered with adding acetic acid or HCl, af-
fects cell viability. After 24 h incubation in the medium with pH of 5.9,
lowered with adding HCl, 86.5 & 5.9% of cells are viable, using shorter
incubation times or medium with higher pH the survival of the cells is
even better. With lowering medium pH with acetic acid we obtained
similar results {data not shown). We tested HCl and acetic acid to see
if there is any difference in cytotoxicity of acidic medium depending
on the acid used for acidification. We observed no difference in cell sur-
vival between the two acids used.

3.2, Cell viability after electroporation

The viability of CHO cells following electroporation with different
combinations of electroporation and recovery medium is presented
in Fig. 1. We observed statistically significant correlation between ap-
plied electric field and electroporation and recovery medium pH. CHO
cells survival after electroporation at 1.2 kV/cm, 1.8 kV/cm and
2.4 kV/em was better when cells were electroporated and recovered
in acidic medium (AA) compared to survival of cells that were
electroporated and recovered in growth medium {GG). The biggest
difference was observed after electroporation at 1.8 kV/cm. Survival
of cells that were treated with AA combination was 34% better than
survival of cells that were treated with GG combination. Following
electroporation with AA combination 73.4 + 7.9% cells is viable in
contrast to only 39.1 £ 23.4% of cells treated with GG combination
(p = .047). Cell viability of GA treatment (48.1 + 5.7%) is also
lower compared to AA treatment (p = .011). When electric pulses
with 2.4 kV/cm are applied, different pH of electroporation and recov-
ery medium used caused smaller variations in cell viability. Again the
highest survival was observed with AA combination (31.8 4+ 5.2%)
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Fig. 1. Viability of CHO cells after electroporation with growth or acidic electroporation
and recovery medium. Vertical bars represent standard deviation.
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followed by GA, AG and GG combination (240 £ 8.0%, 21.4 £+ 7.4%
and 15.6 + 1.0%, respectively). Survival of CHO cells at 3 kV/cm is
low - around 20% - regardless of electroporation and recovery me-
dium pH. With all four tested electric field strengths cell viability
was always the highest with AA and the lowest with GG combination
used. Results also show that values of applied electric field
=1.8 kV/cm, especially 2.4 kV/cm and 3.0 kV/cm seem to approach IRE.

3.3, Light microscopy

When cells were exposed to growth or acidic medium without
electroporation we did not observe any differences in cell morphol-
ogy. There was no morphological differences between cells in growth
or acidic medium after 6 or 11 min of observation. Small membrane
blebs can be seen on the cell surface in either growth or acidic me-
dium (Fig. 2). Membrane blebs are rounded membrane protrusions
caused by the detachment of the lipid bilayer from the underlying cy-
toskeleton. Typically membrane blebs are viewed as a sign of apopto-
sis, but they are often observed also during the life cycle of intact cells
[48], during cytokinesis [49], migration [50], and during cell detach-
ment and spreading [51]. Short-lived membrane blebs were also ob-
served when cells underwent spin/wash cycles and media changes
|52]. Membrane blebs as can be seen in Fig. 2 are familiar features
of the initial spreading process [53]. In contrast cells that were
electroporated show extensive bleb formation (Fig. 3). Blebs can
grow several seconds or minutes, while remaining attached to the
cell [52]. Cells electroporated with GG combination had more mem-
brane blebs that formed faster, had larger diameter and were more
stable (Fig. 3; marked with arrows) than membrane blebs formed
after electroporation with AA protocol. Many blebs that formed after
electroporation with AA protocol already retracted in first 6 min
after electroporation.

34. Permeabilization

Using flow cytometry we measured permeabilization level (Pl up-
take) of cells exposed to various electric field strengths. Again we used

Fig. 2. CHO cells under light microscope, 100 oil immersion objective. G 6 - cells in growth medium after 6 min of observation, G 11 - cells in growth medium after 11 min of observation,
A 6 - cells in acidic medium after 6 min of observation, A 11 - cells in acidic medium after 11 min of observation.
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Fig. 3. CHO cells under light microscope, 100x oil immersion objective. Cells were electroporated with 1.8 kV/cm. GG 6 - cells electroporated with GG combination 6 min after
electroporation, GG 11 - cells electroporated with GG combination 11 min after electroporation, AA 6- cells electroporated with AA combination 6 min after electroporation, AA 11 —

cells electroporated with AA combination 11 min after electroporation.

AA, AG, GA and GG combinations of electroporation and recovery me-
dium pH values. Percent of Pl containing cells is presented in Fig. 4. Re-
sults show that electroporation and recovery medium pH value had no
effect on percent of permeabilized CHO cells nor on their fluorescence
intensity {data not shown). We observed no difference in perme-
abilization at any electric field strength applied (0-1.4 kV/cm) and at
any combination of electroporation and recovery medium pH used.
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Fig. 4. P uptake in CHO cell line after electroporation with growth or acidic
electroporation and recovery medium. Vertical bars represent standard deviation.
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3.5. Recovery of cells after electroporation

In these experiments, Pl was added immediately before (0) expo-
sure to electric pulses or 5 min after it. Since we wanted to test cell
membrane repair capacity of cells we choose electric field strength
at which all the cells were permeabilized i.e. > 1.4 kV/cm (Fig. 4)
and also decreased cell survival was observed (Fig. 1). In cell viability
experiments we observed a slight difference, although not significant,
in survival of cells after electroporation at 2.4 kV/cm. Based on this re-
sults we choose electric field of 2.4 kV/cm for our cell recovery exper-
iments. The percentages of CHO cells, which were exposed to electric
field of 2.4 kv/cm in growth or acidic cell medium, with incorporated
PI are shown in Fig. 5. If Pl was added before exposure to electric
pulses, the acidity of electroporation medium and acidity of recovery
medium did not affect the percentage of fluorescent cells significantly
which is consistent with permeabilization assay {Fig. 4). If exposure of
the cells to electric pulses and recovery were done in growth medium,
the cells did not recover within 5 min time interval after electropora-
tion. Namely the percentage of fluorescent cells remained 66.6 +
19.1% also if PI was added 5 min after exposure to electric pulses.
The graph in Fig. 5 shows that recovery after exposure to electric
pulses is much better in acidic medium than in growth medium, inde-
pendent of whether electroporation is done in growth or acidic me-
dium. This can be seen in cells in which Pl was added 5 min after
exposure to electric pulses and later recovered in acidic medium.
Here, only 4.8 £ 2.3% of cells electroporated in growth and 4.7 +
3.1% of cells electroporated in acidic medium, incorporated PI. If cells
were exposed to electric pulses in acidic medium and recovery was
proceeded in growth medium, 39.0 £+ 6.1% of cells were still
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Fig. 5. Percentage of flourescent CHO cells after electroporation at 2.4 kV/cm and recovery
in growth or acdic medium. Vertical bars represent standard deviation.

unrecovered 5 min after exposure to electric pulses. When comparing
percentage of fluorescent cells with PI added 5 min after electropora-
tion statistically significant differences are observed between all pairs
except GA-AA pair {AA-GG: p < .001; GG-GA: p < .001; GG-AG: p =
.023; AG-AA: p = .002; AG-GA: p = .002).

3.6. Gene electrotransfer (GET)

Same as electroporation experiments, also GET was performed in
AA, AG, GA and GG combinations of electroporation and recovery me-
dium. We tested three different pulse protocols; protocol 1 (8 pulses,
100 s, 1 Hz and 1.3 kV/cm) for comparison with electroporation exper-
iments and two pulse protocols with longer pulses, which are reported
in the literature to be used for GET; protocol 2 (4 pulses, 200 s, 1 Hz and
1.2 kV/cm) and protocol 3 (4 pulses, 1 ms, 1 Hz and 0.8 kV/cm) (Fig. 6).

With all three pulse protocols the lowest percentage of transfected
cells was obtained when electroporation and recovery were done in
acidic medium {AA) (Protocol 1: 9.5 + 1.3%; Protocol 2: 7.3 + 2.7%; Pro-
tocol 3: 11.1 4+ 5.9%) (Figs. 7 and 8). The highest percentage of
transfected cells was obtained when electroporation and recovery
were done in growth medium (GG) (Protocol 1: 33.7 4+ 5.2%; Protocol
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Fig. 6. Percentage of transfected CHO cells after GET with different pulse protocols
(Protocol 1: 8 pulses, 100 ps, 1 Hz and 13 kV/em; Protocol 2: 4 pulses, 200 ps, 1 Hz and
1.2 kV/em, and Protocol 3: 4 pulses, 1 ms, 1 Hz and 0.8 kV/cm) and recovery in growth
or acidic medium. Vertical bars represent standard deviation.

2:23.7 + 5.6%) except for pulse protocol 3 where the highest percent-
age of transfected cells was obtained with GA combination (26.8 +
10.5%), however not statistically significant. When comparing different
electroporation and recovery medium combinations statistically signif-
icantly higher transfection was achieved with GG combination com-
pared to AA for pulse protocols 1 (p <.001) and 2 (p = .001). In these
two pulse protocols transfection was also statistically significantly
higher with AG (Protocol 1: p = .007; Protocol 2: p = .049) and GA
{Pratocol 1: p = .003; Protocol 2: p = .021) combinations compared
with AA combination. Pulse protocol 3 gave statistically significant dif-
ferent result only between GG and AA combinations (p = .014), again
GG being higher than AA. We observed no statistically significant differ-
ence in GET efficiency among the same electroporation and recovery
medium combinations between three tested pulse protocols. In agree-
ment with results presented in Fig. 1 no statistical differences in cell sur-
vival after GET with all three pulse protocols {electric field: 0.8, 1.2 and
1.3 kV/cm) among different electroporation and recovery medium com-
binations were observed (data not shown).

4. Discussion

In vitro electroporation and GET experiments are most often per-
formed in medium with neutral or slightly alkaline pH. Since extracellu-
lar environment of most tumors is acidic, applications of electroporation
in vivo are thus done in acidic conditions, With the goal of most effective
transfer of findings in vitro to in vivo treatments, we investigated if
acidic electroporation and recovery medium have any effect on cell
membrane permeabilization, cell survival after electroporation and on
GET efficiency.

Our results show that electroporation and recovery medium pH had
no effect on CHO cell membrane permeabilization threshold. The simi-
larity of PI uptake curves implies that induced transmembrane voltage
and accompanying process of pore formation are not affected by acidity
of electroporation or recovery media. However, we observed differences
in cell viability depending on the pH of electroporation and recovery
medium. Cells electroporated and recovered in acidic medium had sig-
nificantly higher percentage of survival compared to cells
electroporated and recovered in growth medium. When electropora-
tion was done in medium with different pH than the pH of the medium
in which cells recovered {GA and AG combinations), the differences in
survival were less pronounced, although cells exposed to AG combina-
tion had higher survival, which might suggest that electroporation in
acidic medium allows better survival. Medium pH had small influence
on cell viability if low or very high electric fields were applied (Fig. 1).
With fluorescence microscopy we observed that in growth medium
less cells completely recovered within 5 min than in acidic medium.
{Fig. 5), which implies that in cells recovering in growth medium cell
membrane resealing is slower. Electroporation and recovery medium
pH also has effect in GET efficiency. Acidic electroporation and recovery
medium (AA combination) significantly decreased GET efficiency com-
pared to growth electroporation and recovery medium (GG combina-
tion). When GET was performed in medium with different pH than
the pH of the medium in which cells recovered {GA and AG combina-
tions) GET efficiency was lower than with GG combination and higher
than with AA combination. No differences in GET efficiency between
GA and AG combinations were observed.

Electric pulses trigger different processes in cells and on their
membranes. Apparently these processes depend on characteristics
of electroporation and recovery medium and can influence the re-
sponse of cells to applied electric field. Pulse parameters for effi-
cient electroporation treatments are determined on the basis of
results obtained in in vitro experiments which are mostly per-
formed in selected electroporation buffers. Electroporation medium
composition can have a profound effect on electroporation effec-
tiveness [54]. There are contradictory reports of medium composi-
tion and conductivity effects on cell membrane permeabilization
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Fig. 7. Bright field images (left) and Muorescence images (right) of CHO cells 24 hafter GET with pulse protocol 1 (8 pulses, 100 ps, 1Hz and 1.3 kV/cm) with electroporation and recovery in

growth or acidic medium.

and resealing. In some studies, increasing the ionic strength of the
medium caused cell membrane electroporation at lower electric
field intensities [55] in others, at the unchanged medium conduc-
tivity, ionic composition and strength of the medium had almost
no effect on electroporation but, when medium conductivity was
decreased, increased electroporation efficiency was observed [56].
On the contrary, the resealing of the membrane was independent
of medium ionic composition or conductivity [57]. Electroporation
medium osmolarity also has an effect on electroporation. In a hy-
pertonic medium, cells are permeabilized at a lower voltage than
cells in isotonic medium. In contrast, increasing the osmotic pres-
sure of the recovery medium (hypertonic) facilitates the resealing
of electroporated cells [58].

23

Higher survival of cells electroporated and recovered in acidic
medium can be a consequence of more efficient pore resealing in
acidic environment. Membrane repair process is started with Ca2+
influx through plasma membrane within <30 s after injury. Resealing
involves exocytosis of lysosomes followed by massive endocytosis.
Endocytosis and injury removal are triggered by extracellular activ-
ity of the lysosomal enzyme acidic sphingomyelinase [59,60]. Glunde
et al. (2003) showed that in human mammary epithelial cells
(HMECs) and breast cancer cells of different degrees of malignancy
acidic pHe values of pH 6.8 and pH 6.4 cause a significant displace-
ment of lysosomes from the perinuclear region to the cell periphery.
They also observed higher number of lysosomes in cells exposed to
extracellular acidity [42]. It was demonstrated that exposure of the
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Fig. 8. Bright field images (left) and fluorescence images (right) of control CHO cells 24 h after exposure to growth or acidic electroporation and recovery medium without pulse

application.

cell surface to a high concentration of protons stimulates the forma-
tion of inward membrane invaginations and vesicles, accompanied
by an enhanced uptake of macromolecules [40,41]. Membrane in-
vaginations and displacement of lysosomes from the perinuclear re-
gion to the cell periphery, driven by extracellular acidosis, could
increase exocytosis of lysosomes and thus facilitate faster and more
efficient plasma membrane damage repair which enables better
cell survival in acidic environment, [61] showed that cells which
are adapted to grow in acidic conditions express higher number of
lysosomal proteins. The most upregulated protein was LAMP2
which protects lysosomal membranes from acid proteolysis. Inter-
estingly more LAMP2 protein was found in cell plasma membrane
compared to lysosomal membranes, which is in contrast with cells

that grow in neutral pH. Higher expression of LAMP2 protein in cell
plasma membrane triggered by acidosis was confirmed in vitro,
in vivo and in patient samples. Increased number of LAMP 2 proteins
in plasma membrane could thus present an advantage in cell mem-
brane repair after electroporation in acidic environment [61].

We can observe characteristic changes in cell appearance after elec-
troporation with 1.8 kV/cm as seen in images of cells under light micro-
scope. Cells exposed to electric pulses show signs of granulation, loss of
cell membrane integrity and long lasting membrane blebs, which could
be regarded as signs of cell death. Described changes appear more often
and are more pronounced in cells that were electroporated and recov-
ered in growth medium (GG combination) compared to cells that
were electroporated and left to recover in acidic medium (AA

24
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combination) (Fig. 3). Primarily, cells electroporated in AA combination
exhibit less long lasting huge membrane blebs.

Itis proposed that blebbing is a by-product of electric field induced
cell damage. Blebs can grow several seconds or minutes and they can
reach sizes comparable to the size of the cell [52,62]. Blebs are initiated
by a local disruption in the proteins that link the membrane to the cyto-
skeleton or local rupture of the cortex, a thin layer of the cytoskeleton
directly beneath the membrane. Locally decreased pressure results in
flow of the cytosol toward the area of detachment and local expansion
of the cell membrane [63]. The hydrostatic pressure drops as the blebs
expand. Therefore blebbing is possibly a primary self-protection process
because it can rapidly releases the stress inside cells and prevents the
immediate cell lysis. If the cortex gradually reassembles at the bleb
membrane, the bleb retraction occurs [52]. Experimental observations
were related to mathematical models of membrane blebs dynamics,
but detailed mechanisms of bleb expansion and retraction are still un-
clear [49,64].

Sonoporation experiments performed on a site-specific basis via the
synergized use of targeted microbubbles and single-shot ultrasound ex-
posure showed that, membrane blebbing occurs at the sonoporation
site after membrane initial resealing | 65]. Although membrane integrity
may be restored within tens of seconds, cytoskeleton disassembly may
persist, and promotes bleb formation. Blebs were also observed at
other places along the membrane periphery, because sonoporation-
induced cytoskeleton disruption may not necessarily be a localized
phenomenon and may propagate to the entire cell over time [66]. More-
over, it was proved that blebs physically serve as a buffer compartment
to accommeodate the high cytoplasmic Ca** level caused by an influx of
extracellular Ca®* due to cell membrane permeabilization [65]. If the
cell membrane was permeabilized in Ca®" depleted media, no blebs
were formed on the cell membrane, substantiating the essential role
of Ca*" influx during cell membrane permeabilization in the membrane
blebbing response.

According to our results less blebs were formed on the cells that
were electroporated and left to recover in acidic medium {AA combina-
tion), It has been shown that higher number of lysosomes is present in
cell periphery in acidic extracellular media and that lysosomes are re-
cruited in the sites of injuries in a Ca** -dependent fashion. Based on
this, lysosomes could be involved in the early stage of the blebbing pro-
cesses by fusion with the cell membrane, inducing compensatory endo-
cytosis and internalization of the injured membrane. These
observations are in agreement with our results obtained with MTS
assay, showing higher survival of cells that were electroporated and re-
covered in acidic medium (Fig. 1). It is also known that resealing of
small membrane defects is faster, less energy demanding and has less
negative effects on cell survival [54).

Our results show that for standard ECT pulse protocol { ESOPE pulse
protocol; 8 pulses, 100 ps, 1 Hz) the effect of acidic pHe present in tu-
mors is most likely irrelevant at lower electric field strengths. At
1.2 kV/cm we observed only small differences in cell survival between
acidic and growth electroporation and recovery medium. However bet-
ter survival of cells that were electroporated and recovered in acidic me-
dium observed at 1.8 kV/cm and 2.4 kV/cm (Fig. 1) imply that acidic pHe
should be considered when applying IRE. Our results show that
tissueswhich have acidic pHe such as tumors, might need higher volt-
ages applied during IRE to successfully achieve ablation.

According to our results of Pl uptake measured with flow cytometry,
electroporation and recovery medium pH had no effect on membrane
permeabilization, since Pl uptake was almost identical in all four combi-
nations of electroporation and recovery medium pH used (Fig. 4).

In studies on effect of medium pH on process of electrofusion it was
shown that the optimal pH for cell fusion is around pH 7.5. Fusion yield
was higher at medium pH 7.5 and the average number of cells within a
fusion chain was also larger compared to medium with lower pH. The
fusion yield dropped by 40% when the pH was lowered from 7.5 to 6.0
|67]. There could be connection between lower fusion rates observed
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in acidic medium and faster membrane resealing and less defects
formed on cell membrane after electroporation in acidic medium ob-
served in our experiments.

In literature only the effects of pH fronts that form between elec-
trodes during GET were studied. It was shown that pH fronts are the
main reason for tissue damage observed after GET near electrodes
|33]. Therefore we excluded cells that were near electrodes and analyze
only cells in the middle between the electrodes. In our experiments we
primarily studied GET in acidic extracellular medium which is presentin
numerus tumors, We observed decreased GET efficiency in acidic elec-
troporation and recovery medium (AA) with all three pulse protocols
tested {Fig. 6). The level of permeabilization as shown in Fig. 4 is the
same in all medium pH combinations for all three pulse protocols. It is
possible that acidic pH reduces net DNA negative charge and decreases
electrophoretic movement of DNA [68] which in tumors in vive is al-
ready low due to dense extracellular matrix. This hypothesis is sup-
ported also by lower GET efficiency of AG combination compared to
GG combination and higher GET efficiency of GA compared to AA com-
bination. Acidic pH also reduces endocytosis [69] which is one of pro-
posed mechanism of DNA entry into cells during GET [70]. We did not
observe any significant difference in GET efficiency between GG and
GA combinations, however GET efficiency was higher with AG com-
pared to AA combination using protocols 1 and 2. Since no difference
in GET efficiency between GA and AG combinations was observed, we
assume that acidic pH effects are not limited to one, but may affect sev-
eral of the steps involved in GET. Although pH changes depend on pulse
parameters and may induce damage near the electrodes, our results
show that away from the electrodes these effects are negligible, as no
statistically significant difference in GET efficiency in the same pH com-
binations between three pulse protocols was observed. However, we
tested only three pulse protocols out of a wide range of pulse protocols
used in GET and only one plasmid size so more experiments with vari-
ous pulse parameters and plasmids are needed to generalize our results.

The results, obtained in experiments done on CHO cell line, imply
that there is a difference in cell membrane repair that depends on extra-
cellular pH or that extracellular pH affects the characteristics of defects
that form on plasma membrane during electroporation. It is possible
that acidic extracellular pH allows more efficient repair of damage
that is induced on cell membrane during electroporation with high
pulse amplitudes. However further studies including various cell lines
are needed to confirm if our observations are general.

5. Conclusions

To conclude, our results indicate that there is a difference in cell
membrane repair that depends on extracellular pH or that extracellular
pH affects the characteristics of defects that form on plasma membrane
during electroporation. It is possible that acidic extracellular pH allows
more efficient repair of damage that is induced on cell membrane dur-
ing electroporation with high pulse amplitudes. Our results also show
that acidic extracellular pH decreases GET efficiency.
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2.2 GENE TRANSFER BY ELECTROPORATION WITH HIGH FREQUENCY
BIPOLAR PULSES IN VITRO

Poto¢nik T., Miklav¢i¢ D., Macek Lebar A. 2021. Gene transfer by electroporation with
high frequency bipolar pulses in vitro. Bioelectrochemistry, 140: 107803,
doi.org/10.1016/j.bioelechem.2021.107803: 13 p.

High-frequency bipolar pulses (HF-BP) have been demonstrated to be efficient for
membrane permeabilization and irreversible electroporation. Since membrane
permeabilization has been achieved by HF-BP pulses our aim was to also achieve gene
electrotransfer (GET) with this type of pulses. Three variations of bursts of 2 us bipolar
pulses with 2 ps interphase delay were applied in HF-BP protocols. We compared
transfection efficiency of monopolar micro and millisecond pulses and HF-BP protocols
at various plasmid DNA (pDNA) concentrations on CHO — K1 cells. GET efficiency
increased with increasing pDNA concentration. Overall GET obtained by HF-BP pulse
protocols was comparable to overall GET obtained by longer monopolar pulse protocols.
However, although we were able to achieve similar percent of transfected cells, the
number of pDNA copies that were successfully transferred into cells was higher when
longer monopolar pulses were used. Interestingly, we did not observe any direct
correlation between fluorescence intensity of pPDNA aggregates formed on cell membrane
and transfection efficiency. The results of our study confirmed that we can achieve
successful GET with bipolar microsecond i. e. HF-BP pulses, although at the expense of
higher pDNA concentrations.
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High-frequency bipolar pulses (HF-BP) have been demonstrated to be efficient for membrane permeabi-
lization and irreversible electroporation. Since membrane permeabilization has been achieved using HF-
BP pulses we hypothesized that with these pulses we can also achieve successful gene electrotransfer
(GET). Three variations of bursts of 2 ps bipolar pulses with 2 ps interphase delay were applied in HF-
BP protocols. We compared transfection efficiency of monopolar micro and millisecond pulses and HF-
BP protocols at various plasmid DNA {pDNA) concentrations on CHO - K1 cells. GET efficiency increased
with increasing pDNA concentration. Overall GET obtained by HF-BP pulse protocols was comparable to
overall GET obtained by longer monopolar pulse protocols. Our results, however, suggest that although
we were able to achieve similar percent of transfected cells, the number of pDNA copies that were suc-
cessfully transferred into cells seemed to be higher when longer monopolar pulses were used.
Interestingly, we did not observe any direct correlation between fluorescence intensity of pDNA aggre-
gates formed on cell membrane and transfection efficiency. The results of our study confirmed that we
can achieve successful GET with bipolar microsecond i. e. HF-BP pulses, although at the expense of higher
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1. Introduction

When cells are exposed to external electric field of sufficient
amplitude and duration transient destabilization of cell membrane
is achieved [1,2]. This is called electroporation {also electroperme-
abilization) and is one of the universal methods used for introduc-
ing various molecules into cells in vitro and in vivo. The most
commonly established theory states that during electroporation
pores are formed on the cell membrane which allow ions and
molecules to enter andfor leave the cell [2,3]. Electroporation is
used in medicine [4,5], biotechnelogy [6] and in food [7] and bio-
mass processing [8].

In medicine electroporation can be used as electrochemother-
apy (ECT) for delivery of chemotherapeutic drugs [9,10], irre-
versible electroporation (IRE) for tissue ablation [11-15],
administration of active substances into and through the skin
[16,17] or for efficient delivery of DNA into cells and tissues as a
method named gene electrotransfer (GET) [18,19]. Among the
most promising GET applications in medicine are DNA vaccination
and gene therapy. GET enables improved expression of therapeutic
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or immunogenic proteins that are encoded by DNA or RNA which
can be used for the prevention or treatment of many cancers, car-
diovascular diseases, autoimmune diseases, organ specific disor-
ders as well as infectious diseases |20-25].

GET is successful only if plasmid DNA (pDNA) is added before
the application of the electric pulses [18,2G], which according to
current knowledge have a dual role in GET; they enable permeabi-
lization of the cell membrane and cause electrophoresis of pDNA
that brings pDNA in contact with the cell membrane. During elec-
tric field delivery heterogenous population of permeable sites is
formed on cell membrane, with lenger pulses leading to formation
of larger permeable sites [27,28]. Negatively charged pDNA mole-
cules in electric field move due to electrophoretic force and make
contact with cell membrane in a larger number compared to free
diffusion [29]. If permeable sites on cell membrane are large
enough small DNA molecules {equal or smaller than 15 bp [30])
can enter the cell with electrophoresis. Large pDNA molecules form
aggregates on cell membrane during electric pulses delivery and
after electropermeabilization enter the cell via endocytosis
[18,31-33]. Because electrophoresis is involved in pDNA aggre-
gates formation on cell membrane during electric field delivery,
the lack of electrophoresis is an important if not essential barrier
for use of short pulses in GET in vitro and in vivo [29,34-3G|. How-
ever, it was published before, that under optimized conditions the
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transfection efficiency with 5 x 400 ps bipolar square wave pulses
is better than with the same number of unipolar square wave
pulses of same duration or single square pulse of the same cumu-
lative duration [37]. The explanation is offered in symmetric per-
meabilization of cell membrane and formation of pDNA
aggregates on both sides of the cell membrane facing the elec-
trodes not only on one side as with monopolar pulses [29,38]
which could lead to an increase in GET efficiency. The lack of elec-
trophoretic force during delivery of short pulses can be partially
compensated with higher pDNA concentration which enables that
more pDNA molecules are near cell membrane |39]. But increasing
pDNA concentration above 100 pg/ml in vitro presumably leads to
pDNA entanglement which reduces the mobility of pDNA mole-
cules, especially if they are larger than 6 kbp, probably resulting
in lower GET efficiency [40).

Electroporation applications are accompanied by some undesir-
able effects like electrode oxidation, changes in pH and Joule heat-
ing [41-45|. While in applications in vitro these effects are not
considered critical, they are much more relevant in applications
in vivo and in food industry. Intense pH changes close to the elec-
trodes [46] can be damaging to the cells and tissues and can result
in changes in molecules, especially denaturation of pDNA in GET
|43,46,47|. The time in which the pH changes between electrodes
are neutralized after electroporation based treatments is short in
ECT and IRE and much longer in GET [47] due to different pulse
parameters used. For ECT and IRE usually shorter pulses with
higher voltage are applied, while in GET, longer pulses of lower
voltage are used [48].

Recently, the use of short bipolar electroporation pulses applied
in bursts with repetition frequencies over 100 kHz, high-frequency
bipolar pulses (HF-BP), was proposed [49]. In HF-BP long (100 ps-
5 ms) monepolar pulses are replaced with burst of short (0.25-
5 us) bipolar pulses [50,51], It was shown that with the use of HF-
BP pulses similar levels of cell membrane permeabilization in vitro
|52-54] can be achieved compared to long monopolar pulses which
are dominant in current IRE, ECT and GET protocols. In vive experi-
ments have shown that HF-BP pulses are effective in ECT, IRE of
tumors and in cardiac ablation|12-14,55-57|. HF-BP pulses are also
suggested to provide more uniform distribution of electric field in
inhomogeneous tissue, which results in more predictable cellular
response and potentially leading to improved clinical precision of
IRE, ECT and GET [49,58]. During HF-BP pulses delivery smaller
amounts of metal ions are released from electrodes and electro-
chemical reactions are reduced [41,59]. However, in HF-BP higher
electric fields are needed to achieve the same results as with longer
monopolar pulses [52,60]. This can lead to increased Joule heating
and consequently, thermal damage in the area around the electrodes
|42,G1]. Also, attention should be given to demonstration of cancela-
tion effect originally observed in sub-microsecond pulses but
recently also in range of microsecond pulses where the opposite
polarity phase of the pulse cancels the effect of the first phase if
the interphase delay is short enough, which might be one of the rea-
sons for lower efficiency [53,59,62,63].

Muscle contractions that cause discomfort and electrical stimu-
lation of sensory nerves |64-67| causing pain are the main disad-
vantages that accompany the electroporation based treatments
with long monopolar pulses and dictates the use of muscle relax-
ants and anesthesia. Electric pulses delivery, if applied close or in
the heart, must also be synchronized with electrocardiogram
|G8-73]. But the use of HF-BP pulses promises to mitigate muscle
contractions and reduce pain during electroporation based treat-
ments [67]. Namely, electrical stimulation studies proved that
short bipolar pulses require higher amplitudes for stimulation of
nerves and muscles compared to longer pulses [51,67,74,75] and
bipolar pulses with long (80-100 ps) interphase delay further
increase excitation thresholds [76G].
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Since membrane permeabilization is a prerequisite for success-
ful GET |18,39] we hypothesize that with HF-BP pulse parameters
successful GET can be achieved. HF-BP pulse parameters, used in
our experiments, were determined according to previously pub-
lished experimental and theoretical findings [49,77]. According to
previous studies cancellation effect is considerable when deliver-
ing 1 us HF-BP pulses of 1 ps interphase delay 53], while muscle
contractions were observed at HF-BP pulses of 5 ps duration and
longer [51). Based on this we chose 2 ps as a duration of positive
and negative phase of biphasic pulse and 2 ps interphase delay
ensured complete charging and discharging of cell membrane in
high-conductivity cell growth medium [53]. The same pulse wave-
form was shown to substantially decrease the intensity of muscle
contractions compared with traditional monopolar pulses
|49,50,77]. Because approximately 1 s was reported to be neces-
sary for stable pDNA aggregates formation [29], we chose 1 Hz rep-
etition frequency of bursts.

We first tested the number of pulses in each burst and the num-
ber of bursts in accordance with pulse protocols used in [49,77]
and then adjusted them to achieve considerable GET efficiency
with minimal effect on cell viability. Transfection efficiency
obtained by HF-BP protocols at various pDNA concentrations was
compared to that of “classical”, monopolar micro {8 x 100 ps)
and millisecond (8 x 5 ms) pulses.

2. Materials and methods
2.1. Celis

We used Chinese hamster ovary cell line (CHO-K1; European
Collection of Cell Cultures, Great Britain). Cells were grown in
25 mm? culture flasks (TPP, Switzerland) for 2-4 days in an incu-
bator {Kambic, Slovenia) at 37 °C, in a humidified atmosphere of
5% CO; in air. CHO cells were cultured in HAM-F12 growth medium
(PAA, Austria) supplemented with 10% fetal bovine serum (Sigma
Aldrich, Germany), L-glutamine (StemCell, Canada) and antibiotics
penicillin/streptomycin {PAA, Austria), and gentamycin (Sigma
Aldrich, Germany).

For experiments cells in exponential growth phase were trypsi-
nized using trypsin - EDTA; 5 g trypsin/2 g EDTA in 0.9% NaCl
(Sigma Aldrich, Germany) 10 x diluted in Hanks' Balanced Salt
solution {Sigma Aldrich, Germany). From the obtained cell suspen-
sion, trypsin and growth medium were removed by centrifugation
at 180 g for 5 min at room temperature (Sigma 3-15 K, UK). The
cell pellet was then resuspendend in HAM-F12 growth medium
to obtain a final cell density of 6.6 x 10° cells/ml.

2.2. Plasmid

A 4.7 kb plasmid pEGFP-N1 {Clontech Laboratories Inc., USA)
encoding green fluorescent protein (GFP) under the control of
CMV promotor was used. Plasmid (pDNA) was amplified using
Escherichia coli and isolated with HiSpeed Plasmid Maxi Kit {Qia-
gen, Germany). pDNA concentration was spectrophotometrically
determined at 260 nm. We tested seven pDNA concentrations,
namely 20, 40, 60, 80, 100, 250 and 500 pg/ml.

2.3. Electric pulses

Five different pulse protocols were used in our experiments,
namely 8 x 100 ps: 8 pulses, 100 us duration, 1 Hz repetition fre-
quency; 8 x 5 ms: 8 pulses, 5 ms duration, 1 Hz repetition fre-
quency and three HF-BP pulse protocols. In HF-BP pulse
protocols bipolar pulses of 2 us duration of positive and negative
phase were applied. The pause between positive and negative
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pulse phase and pause between bipolar pulses in all three pulse
protocols were 2 ps. Number of pulses in each burst and number
of bursts were varied, while burst repetition frequency was 1 Hz
in all three HF-BP protocols. Pulse protocol HF-BP 1 consisted of
20 bursts and in each burst 216 pulses were applied. Pulse protocol
HF-BP 2 consisted of 50 bursts; in each burst 50 pulses were
applied. And pulse protocol HF-BP 3 consisted of 100 bursts; in
each burst 32 pulses were applied. Electric field was estimated as
the voltage applied divided by the distance between the electrodes.
For all pulse protocols the range 0-2 kV/cm was tested for cell
membrane permeabilization and cell viability. For each pulse pro-
tocol we determined GET efficiency on the interval of electric fields
below and above the intersection of permeabilization and cell via-
bility curves. Based on these results we decided on electric field
used in our GET experiments. Pulse parameters of all five pulse
protocols used in GET experiments are summarized in Tables 1
and 2 and Supplementary schematic 1.

For the application of pulses, a laboratory prototype pulse gen-
erator (University of Ljubljana) based on H-bridge digital amplifier
with 1 kV MOSFETs (DE275-102NOGA, IXYS, USA) was used [52].
During each experiment voltage and current applied to sample
were measured with differential probe (ADP305, LeCroy, USA)
and current probe (CP030, LeCroy, USA) and monitored on oscillo-
scope (Wavesurfer 422, 200 MHz, LeCroy, USA). Representative
measurements of voltage and current in HF-BP pulse protocols
are shown in Supplementary Fig. 1.

2.4. Permeabilization

For permeabilization detection 150 ul of cell suspension (1x10°
cells) with 5 ul of propidium iodide, final concentration 33 pg/ml,
(Life Technologies, USA) was pipetted into 4 mm cuvettes (VWR
International, Belgium). After pulse application cells were incu-
bated for 10 min at room temperature, Propidium iodide incorpo-
ration into cells was detected with flow cytometer (Attune® NxT,
Life Technologies, USA) using a blue laser excitation at 488 nm
and detecting the emitted fluorescence through a 574/26 nm
band-pass filter. At every measurement 10,000 events were
recorded. Data obtained were analyzed with the Attune NxT soft-
ware. The voltage that was applied to the cuvette was varied in
the 100-800 V range, corresponding to 0.25-2 kV/cm electric field.

2.5. Gene electrotransfer

150 pl of cell suspension (2x10° cells) were pipetted into 4 mm
cuvette and various concentrations of pDNA were added. We
tested final concentrations of 20, 40, 60, 80, 100, 250 or 500 ng/
ml pDNA in cell suspension. Cells were incubated with pDNA for
2 min at room temperature then electric pulses were applied as
described above. To increase cell viability 37.5 ul (25% of volume)
of fetal bovine serum (Sigma Aldrich, Germany) was added imme-
diately after pulse delivery and cells were incubated in cuvette for
5 min at 37 °C in a humidified atmosphere in a 5% CO, incubator
|78,79]. After incubation cell suspension was transferred to 1 ml
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of HAM-F12 growth medium in 24 well plate (TPP, Switzerland)
and incubated for 24 h at 37 °C in a humidified atmosphere in a
5% CO, incubator. Afterwards, cells were trypsinized as described
above and percent of GFP positive cells and median fluorescence
of GFP positive cells were detected using flow cytometer (Attune™
NxT, USA). Excitation wavelength was detected with a blue laser at
488 nm and emitted fluorescence was through a 530/30 nm band-
pass filter. At every measurement 10,000 events were recorded.
Obtained data were analyzed with the Attune NXT software.

2.6. Cell viability

After cells were exposed to pulse protocols at different electric
fields {cell viability curve) or pulse protocols at fixed electric field
with different pDNA concentrations (cell viability after GET) 2x10*
cells were transferred to HAM-F12 growth medium prepared pre-
viously in wells of 96-well plate (TPP, Switzerland). Three samples
were taken from each cuvette. Cells were placed in the incubator
(37 °C, 5% CO;) for 24 h. Cell viability was determined with the
MTS-based Cell Titer 96 AQueous One Solution Cell Proliferation
Assay {Promega, USA). After 24 h incubation 20 pl of MTS reagent
were added to each well and cells were incubated for additional 2 h
in the incubator (37 °C, 5% CO,). Absorption at 490 nm wavelength
was measured with a Tecan Infinite M200 spectrophotometer
(Tecan, Switzerland). An average absorption obtained in the sam-
ples containing only growth medium was subtracted from the
absorption measured in cell samples. To calculate the percentage
of viable cells the absorption of each sample was divided by an
average absorption of the control samples.

2.7. Visualization of pDNA interaction with cell membrane

To visualize pDNA interaction with cell membrane TOTO-1
(Molecular Probes — Invitrogen, USA) nucleic acid stain was used.
The protocol of staining was the same as in [80,81]. Briefly, the
plasmid pEGFP-N1 was labeled with 2.3 x 104 M TOTO-1 DNA
intercalating dye with an average base pair to dye ratio of 5 for
60 min on ice and in the dark.

1 x 10° CHO cells were plated as a monolayer culture in Lab-Tek
chambered coverglass (Nunc, TermoFisher Scientifc, USA) for 8 hin
cell growth medium at 37 °C in a humidified 5% CO, atmosphere in
the incubator. Immediately before electric pulse application,
growth medium was removed and fresh growth medium with
labeled pDNA was added to cells in 20 pg/ml or 500 pg/ml concen-
tration. A pair of two parallel Pt/Ir wire electrodes, with 4 mm dis-
tance between inner edges, was positioned to the bottom of Lab-
Tek chamber and samples were exposed to electric pulses. Only
HF-BP 2, 8 x 100 us and 8 = 5 ms protocols were tested.

To monitor the interaction of pDNA with the cell membrane flu-
orescent microscope (Zeiss 200, Axiovert, Germany) was used with
100 x oil immersion objective. The images were recorded using
imaging system {MetaMorph imaging system, Visitron, Germany).
Fluorescence emission along the cell membrane was analyzed
(MetaMorph, Germany) and the fluoresce intensity along perime-

Table 1
Pulse parameters of all pulse protocols.
Protocol Duration of Duration of Pause between positive Pause Number of Number Burst repetition  Electric
positive phase negative phase and negative phase (ps) between pulses in each of bursts  frequency (Hz)  field (kV/
(ns) (ns) pulses (ps) burst cm)
8 « 100 us 100 4] 1] o 1 8 1 1.6
8 < 5ms 5000 4] 1] 1] 1 8 1 0.5
HF-BP 1 2 2 2 2 216 20 1 1
HF-BP 2 2 2 2 2 50 50 1 1.25
HF-BP 3 2 2 2 2 32 100 1 1.25
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Table 2
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Cumulative parameters of all pulse protocols. Dose = voltage® » On-time per burst was caleulated according to [77].

Protocol On time per On-Time per On-Time per Pulse repetition Duration of the Dose (U? < On time per burst
pulse (;s) Burst (ps) treatment (pus) frequency (1/s) treatment (s) V* = s])

8 < 100 us 100 800 800 8 8 327.68

8 < 5ms 5000 40000 40000 8 8 1600

HF-BP 12-2-2-2 4 864 17280 4320 20 27648

HF-BP 22-2-2-2 4 200 10000 2500 50 2500

HF-BP 32-2-2-2 4 128 12800 3200 100 3200

ter of cell membrane was obtained from recorded images. At least
3 images per pulse protocol were analyzed.

2.8. Measurements of pH changes after puise delivery and temperature
monitoring

For measurement of pH changes in 4 mm cuvette after pulse
delivery SevenGo-5G2 pH meter and InLab Nano (Mettler-Toledo,
Switzerland) measuring electrode were used. 150 pl of cell suspen-
sion (1x10° cells) were pipetted into 4 mm cuvette and pulses
were applied. Immediately after pulse delivery 37.5 pl (25% of vol-
ume) of fetal bovine serum (FBS) were added and cell suspensions
was mixed by pipetting. Cuvette with cell suspension was placed in
water bath heated to 37 °C and pH probe was dipped in cell sus-
pension. pH of cell suspension was measured every minute for
5 min after pulse delivery. Temperature of the cell suspension
was monitored during pH measurements using the fiber optic sen-
sor system (opSens, Canada), which consisted of ProSens signal
conditioner and a fiber optic temperature sensor OTG-M170 in
order to make sure that measured pH changes were not the conse-
quence of temperature changes. Temperature of the sample was
also measured during pulse delivery for all five pulse protocols.

2.9, Statistical analysis

All results are reported as a mean value of 3 to 5 experiments.
The spread of the data is given by standard deviation. The signifi-
cance between the experimental groups was analyzed in SigmaPlot
11.0 (Systat Software Inc., Chicago, IL, USA), and determined using
One way ANOVA test followed by Tukey's multiple comparison
test. The statistically significant difference was assumed at
p < 0.05.

3. Results
3.1. Permeabilization and cell viability curves

Electroporation experiments resulting in membrane permeabi-
lization and cell viability curves were performed for all five pulse
protocols (Fig. 1). Electroporation with applying 8 = 5 ms lead to
permeabilization at the lowest electric field; 95% of permeabilized
cells were already obtained at 0.75 kV/cm. All three HF-BP pulse
protocols and pulse protocol 8 x 100 ps lead to similar permeabi-
lization; 73%-87% of cells were permeabilized at 1 kV/cm. Using
pulse protocol 8 x 5 ms also a decrease in cell viability at lower
electric fields was observed: less than 10% of cells were viable at
1 kV/cm, while using HF-BP pulse protocols or 8 x 100 ps pulse
protocol viability of the cells was better than 80% at the same elec-
tric field. Pulse protocol HF-BP 1 and 3 lead to decrease in cell via-
bility at lower electric fields compared to pulse protocol HF-BP 2
and pulse protocol 8 x 100 ps, which ensued similar viability of
the cells at electric fields tested; more than 80% of cells were viable
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at 1.25 kV/cm. The intersection of permeabilization and cell viabil-
ity curve is where the greatest fraction of cells is permeabilized
and cell viability is the highest. The intersection of permeabiliza-
tion and cell viability curve was at electric fields 0.6, 1.25, 1, 1.20
and 1.05 kV/cm for pulse protocols 8 x 5 ms, 8 x 100 us, HF-BP
1, HF-BP 2 and HF-BP 3, respectively. Since optimal permeabiliza-
tion for Pl is not necessary also optimal for pDNA uptake we
screened the interval of electric fields below and above the inter-
section of permeabilization and cell viability curves for GET effi-
ciency (data not shown) to choose the final electric field used in
every GET pulse protocol. The final electric fields used in GET
experiments were 0.5, 1.6, 1, 1.25, 1.25 for pulse protocols
8 x 5 ms, 8§ x 100 ps, HF-BP 1, HF-BP 2 and HF-BP 3, respectively.

3.2. Gene electrotransfer

We tested seven different pDNA concentrations: 20, 40, G0, 80,
100, 250 or 500 ugfml. In all five pulse protocols percent of GFP
positive cells increased with increasing pDNA concentration
(Fig. 2). Increasing pDNA concentration above 100 pg/ml if pulse
protocols 8 x 100 ps or 8 x 5 ms were applied lead to almost no
increase in GFP positive cells, contrary to HF-BP pulse protocols
where the percent of GFP positive cells with highest pDNA concen-
trations {250 and 500 pug/ml) increased significantly. When apply-
ing HF-BP pulse protocols we were able to obtain around 40% of
GFP positive cells.

Percent of GFP positive cells obtained with pulse protocol
8 x 100 ps and pulse protocol 8 x 5 ms was similar at same con-
centrations of pDNA. With the highest pDNA concentration we suc-
cessfully transfected around 50% of cells. Also, the transfection
efficiency obtained between pulse protocols HF-BP was similar at
same concentrations of pDNA. With the lowest concentration of
PDNA (20 pgfml) around 5% of cells were successfully transfected
and with the highest concentration (500 pg/ml) around 40%. Exact
percent of GET with the highest concentration of pDNA for all five
pulse protacols and accompanying viability results are summa-
rized in Table 3.

At the lowest pDNA concentration (20 pg/ml) percent of GFP
positive cells was statistically significant higher after GET with
pulse protocol 8 x 100 ps and pulse protocol 8 x 5 ms compared
to all three pulse protocols HF-BP, When the highest pDNA concen-
tration (500 pg/ml) was used statistically significant difference in
percent of GFP pasitive cells was observed only in GET with pulse
protocol 8 x 100 ps and pulse protocol 8 x 5 ms compared to pulse
protocol HF-BP 1 and pulse protocol HF-BP 3.

No GFP positive cells were observed in the absence of electric
pulses or the absence of pDNA.

3.3. Cell viability after GET
In addition to cell viability measurement in 0-2 kV electric field

range in order to get cell viability curves, MTS assay was also per-
formed after every GET experiment at fixed electric field without or
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Fig. 1. Permeabilization dashed lines (empty symbols) and cell viability solid lines (filled symbols) for all five pulse protocols used. 8 < 100 ps (yellow C)/m); 8 < 5 ms (orange
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Fig. 2. GET efficiency for all five pulse protocols, 8 x 100 ps (yellow m); 8 = 5 ms (orange @); HF-BP 1{green #); HF-BP 2 (red &) and HF-BP 3 (blue ¥), without and with
seven pDNA concentrations, 20, 40, 60, 80, 100, 250 and 500 pg/ml, 0 V - no applied pulses (gray W). Bars represent standard deviation.

Table 3
Results of GET, viability and overall GET with the highest concentration (500 pg/ml) of pDNA using all five pulse protocols.
Pulse protocol Electric field (kV/cm) GET (%) Viability (%) Overall GET (%)
8 < 100 s 16 49119 5656 28 +33
8 5ms 05 53+3 751167 40103
HF-BP 1 1 39432 8216 32416
HF-BP 2 125 42481 82118 3447
HF-BP 3 125 34431 7231 251422
with seven pDNA concentrations (Fig. 3). Viability of cells was dif- protocol HF-BP 3 was applied. Pulse protocol 8 = 5 ms and pulse

ferent among five pulse protocols tested. The lowest cell viability protocol HF-BP 1 led to approximately 80% of cell viability. The
was observed after application of pulse protocol 8 x 100 ps, around highest cell viability was observed with pulse protocol HF-BP 2
50%. A bit higher viability, around 60%, was obtained when pulse where nearly 90% of cells were viable 24 h after pulse delivery.
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Fig. 3. Cell viability for all five pulse protocols, 8 < 100 ps, 8 < 5 ms, HF-BP 1, HF-BP 2 and HF-BP 3, without {light green) and with seven pDNA concentrations, 20 (orange), 40
(gray), 60 (vellow), 8¢ (light blue), 100 (dark green), 250 (dark blue) and 500 pg/ml (red), 0 V - no applied pulses. Vertical bars represent standard deviation.

Exact percent of cell viability with the highest concentration of
pDNA (500 pg/ml) for all five pulse protocols are summarized in
Table 3.

In control cells as well as in cells that were exposed to any of
five pulse protocols tested there was no statistically significant dif-
ference in cell viability between group with no added pDNA and
groups with various pDNA concentrations added in cell suspen-
sion. Even in groups in which the highest pDNA concentration
(500 pg/ml) was used there was no significant decrease in cell via-
bility observed which shows that pDNA concentration did not have
any negative effect on cell viability as detected by MTS cell viability
assay.

3.4. Overall gene electrotransfer

Overall GET in percent (Fig. 4) was calculated as % of GFP posi-
tive cells multiplied by % of viable cells divided by 100. We can
observe that the highest overall gene electrotransfer (GET)
(40 + 10.3%) was achieved with pulse protocol 8 = 5 ms. At the
lowest pDNA concentration (20 ug/ml) percent of viable GFP posi-
tive cells was statistically significant higher after GET with pulse
protocol 8 x 100 ps and pulse protocol 8 x 5 ms compared to all
three pulse protocols HF-BP. Percent of GFP positive cells was also
significantly higher with pulse protocol 8 x 5 ms compared to
pulse protocol 8 x 100 ps.

Overall GET with pulse protocol 8 = 100 us and all three pulse
protocols HF-BP with the highest pDNA concentration was not sta-
tistically significant different, it amounted approximately 25-34%.
Exact percent of overall GET with the highest concentration of
pDNA for all five pulse protocols are summarized in Table 3. When
the highest pDNA concentration {500 pg/ml) was used statistically
significant difference in percent of viable GFP positive cells was
observed only between pulse protocol 8 x 5 ms and pulse protocol
HF-BP 3.

3.5. Median fluorescence intensity

Measurements of median fluorescence intensity of GFP positive
cells on flow cytometer were also collected for each experiment
(Fig. 5). Median fluorescence was the highest when the highest
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concentration of pDNA was used. In this case maximum median
fluorescence of all three pulse protocols HF-BP was similar, while
more than double median fluorescence was obtained with pulse
protocol 8 x 100 us and pulse protocol 8 x 5 ms. With pulse pro-
tocol 8 x 5 ms higher median fluorescence was measured at pDNA
concentrations between 40 pg/ml and 100 pg/ml compared to
pulse protocol 8 = 100 ps and pulse protocols HF-BP where more
pronounced increase in median fluorescence was observed only
with the highest pDNA concentrations, 250 and 500 pg/ml.

Median fluorescence intensity at the lowest (20 ng/ml) and at
the highest (500 pg/ml) pDNA concentration was statistically sig-
nificant higher after GET with pulse protocols 8 x 100 us and
8 x 5 ms compared to all three pulse protocols HF-BP.

3.6. pDNA interaction with cell membrane

pDNA interaction with cell membrane was visualized following
8 x 100 ps, 8 x 5 ms and HF-BP 2 protocols each with the lowest
and the highest pDNA concentrations, 20 pg/ml and 500 pg/ml,
respectively. In the absence of pulse delivery no increase in fluores-
cence intensity alongside cell membrane was observed.

Analyzing fluorescence intensity along cell perimeter following
8 x 100 ps and 8 x 5 ms protocols increased fluorescence intensity
was observed only on one side of cell membrane representing for-
mation of pDNA aggregates on cell membrane facing the cathode
(Figs. G, B and 7, B), After 8 = 100 ps pulse protocol pDNA aggre-
gates on cell membrane were visible after GET with both pDNA
concentrations, 20 pg/ml {Fig. 6, A) and 500 pg/ml (Fig. 6, D). Peak
in average fluorescence intensity after 8 x 100 ps protocol with
500 pg/ml of pDNA was significantly (10 times) higher than aver-
age peak in fluorescence intensity after 8 = 100 ps protocol with
20 pg/ml of pDNA (Fig. G, C).

pDNA aggregates on cell membrane after 8 x 5 ms pulse proto-
col with both pDNA concentrations, 20 pg/ml and 500 pg/ml, are
shown in Fig. 7, A and D respectively. Peak in fluorescence intensity
after 8 x 5 ms protocol with 20 pg/ml of pDNA was almost the
same as peak in fluorescence intensity after 8 x 100 ps protocol
with 500 pg/ml of pDNA. Peak in fluorescence intensity after
8 x 5 ms protocol with 500 pg/ml of pDNA was significantly
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Fig. 4. Overall GET efficiency for all five pulse protocols 8 =< 100 ps (yellow B); 8 = 5 ms (orange ®); HF-BP 1(green #); HF-BP 2 (red A) and HF-BP 3 (blue ¥), without and
with seven pDNA concentrations, 20, 40, 60, 80, 100, 250 and 500 pg/ml, 0 V - no applied pulses (gray W). Vertical bars represent standard deviation.
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Fig. 5. Median fluorescence intensity for all 5 pulse protocols, 8 < 100 ps (vellow m); 8 < 5 ms (orange @); HF-BF 1(green #); HF-BP 2 (red &) and HF-BP 3 (blue ¥), without
and with seven pDNA concentrations, 20, 40, 60, 80, 100, 250 and 500 pgfml, 0 V - no applied pulses (gray ). Vertical bars represent standard deviation.

(almost 3 times) higher compared to the peak in fluorescence
intensity with 20 pg/ml of pDNA (Fig. 7, C).

Analyzing fluorescence intensity alongside cell perimeter after
HF-BP 2 protocol two peaks in fluorescence intensity were
observed representing formation of pDNA aggregates on both sides
of cell membrane facing the electrodes. The peaks were distinct
when 500 pg/ml of pDNA was used and hard to notice after HF-
BP 2 protacol with 20 pg/ml of pDNA (Fig. 8, B). Statistical analysis
of peaks in fluorescence intensity showed significantly higher flu-
orescence in both peaks compared to background fluorescence at
both pDNA concentrations. The two peaks in fluorescence intensity
were not significantly different, however, slightly lower fluores-
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cence was observed at peak 1 with both pDNA concentrations used
(Fig. 8, C). Up to 7 times higher peak in fluorescence intensity was
observed when 500 ug/ml of pDNA was added compared to when
20 pg/ml of pDNA was added. Peak fluorecence intensity after
8 x 100 ps pulse protacol with with 500 pg/ml of pDNA was also
significantly higher compared to peak in fluorescence intensity
after HF-BP 2 protocol with 20 pg/ml and 500 pg/ml of pDNA.
Application of 8 x 100 ps protocol with 20 pg/ml of pDNA resulted
in an average peak in fluorescence intensity only a little higher
compared to peak in fluorescence intensity after HF-BP 2 protocol
with 20 pg/ml of pDNA and lower compared to peak in fluores-
cence intensity after HF-BP 2 protocol with 500 pg/ml of pDNA.
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Fig. 6. pDNA interaction with cell membrane after 8 « 100 ps pulse protocol. A) Images of brightfield and TOTO-1 fluorescence taken under the microscope, with 20 pg/ml or
D) 500 ug/ml of pDNA. B) TOTO-1 fluorescence measured along perimeter of cell membrane of a single cell. 20 yg/ml of pDNA (blue); background 20 pg/ml (light gray);
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Fig. 7. pDNA interaction with cell membrane after 8 < 5 ms pulse protocol. A) Images of brightfield and TOTO-1 Nuorescence taken under the microscope, with 20 pg/ml or D)
500 pg/ml of pDNA. B) TOTO-1 fluorescence measured along perimeter of cell membrane of a single cell. 20 ygiml of pDNA (blue); background 20 pg/ml (light gray); 500 g/
ml of pDNA {orange); background 500 pg/ml {dark gray). C) Average TOTO-1 fluorescence intensity at peaks measured on 5 cells. Vertical bars represent standard deviation.

Following application of 8 x 5 ms protocol with 20 pgfml of pDNA
average peak in fluorescence intensity was significantly higher
compared to the peaks in fluorescence intensity after HF-BP 2 pro-
tocol with both pDNA concentrations and 8 x 100 ps protocol with
20 pg/ml of pDNA.
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3.7. pH and temperature measurements

We measured pH changes after pulse delivery in the middle of
4 mm cuvettes according to gene electrotransfer protocol; i.e. at
fixed temperature of 37 °C for 5 min (Fig. 9). After pulse delivery
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we also added FBS and mixed cells by pipetting, following protocol
for GET, therefore local pH changes in the cuvette were blurred.
Electroporation statistically significant decreased pH in average
in overall suspension of cells. Decrease in pH of 0.17-0.27 was
measured first minute after pulse delivery in all five pulse proto-
cols tested. pH remained constantly lower all 5 min after pulse
delivery in all pulse protocols tested except 8 x 5 ms pulse proto-
col. Using 8 = 5 ms pulse protocol pH additionally decreased for
0.11 in the second minute after pulse delivery and remained con-
stant then after. When comparing pH changes following different
pulse protocols in 5 min after pulse delivery statistically significant
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difference was observed at 2, 3, 4 and 5 min after electroporation
between pulse protocol 8 x 5 ms and pulse protocols 8 x 100 ps
and HF-BP 1. At every time point pH after delivery of pulse protocol
8 x 5 ms was significantly lower compared to pH after delivery of
pulse protocol 8 x 100 ps or pulse protocol HF-BP 1. However,
although the decrease was statistically significant the observed
drop in pH was not large. The lowest measured pH values were still
above 7.2

For each tested pulse parameter sample temperature increase
during pulse delivery was measured. All experiments were done
at room temperature that was approximately 25.5 °C. The highest
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temperature of 30.6 °C was recorded after application of HF-BP 1
pulse parameters. Measured temperature increases after delivery
of 8 = 100 us, 8 x 5 ms, HF-BP 1, HF-BP 2 and HF-BP 3 pulse param-
eters were 0.8 °C, 2.4 °C, 5.1 °C, 3.1 °C and 3.6 °C, respectively (Sup
plementary Fig. 2).

4. Discussion

The results of our study confirm that with HF-BP pulses we can
achieve successful GET with bipolar microsecond pulses in vitro
with sufficiently high pDNA concentration. The electric field cho-
sen for GET with pulse protocols HF-BP was in the range of electric
fields used for GET with longer monopolar pulses. GET efficiency
increased with increasing pDNA concentration. However, in
attempt to achieve GET efficiency comparable to that of longer
monopolar pulses (8 x 100 ps and 8 = 5 ms pulse protocols) 5
times higher pDNA concentration was needed for GET with HF-
BP pulse protocols. Further optimization of HF-BP pulse protocols
could lessen the need for high pDNA concentrations. Nevertheless,
presented results potentially open completely new field of possible
GET applications - less painful and widely accepted GET applica-
tions, like nucleic acid-based vaccination.

Electric field required for successful GET using protocols HF-BP
(1.25 kV/cm) was lower than electric field required for GET with
pulse protocol 8 x 100 ps (1.6 kV/cm) and 2.5 times higher than
electric field required for GET with pulse protocol 8 x 5 ms
(0.5 kV/cm). This is in contrast with previously published data
|53.,54,59| showing that higher electric fields are required when
applying HF-BP pulses. However, previous studies were per-
formed with HF-BP pulse protocols that had the same on-time
per treatment as 8 x 100 ps. In our experiments we extended
on-time per treatment in HF-BP pulse protocols (12-21x) com-
pared to 8 x 100 us and thus were able to achieve permeabiliza-
tion and GET at lower electric filed. In HF-BP pulse protocols on-
time per treatment was still more than 2x shorter as in 8 x 5 ms
pulse protocol. On-time per treatment was prolonged with
increased number of pulses in each burst of HF-BP pulse proto-
cols. This might be the explanation for lower electric field
required for GET with HF-BP pulse protocols as it was previously
shown that with increased number of pulses, the electric field
needed to obtain the same fraction of electroporated cells
decreases [82].

In order to investigate if the lack of electrophoretic force during
HF-BP pulse delivery can be compensated with higher pDNA con-
centration we tested the effect of increasing pDNA concentration
on cell viability and GET efficiency. The addition of pDNA in cell
suspension was not toxic regardless of the concentration used
(Fig. 3). Moreover, even the highest pDNA concentration (500 ng/
ml) did not decrease cell viability, alone or in combination with
applying any of five pulse protocols tested as detected by MTS
assay 24 h after GET. Our results are comparable to results
obtained in [83] where it was shown that pDNA concentrations
up to 1 mg/ml did not decrease survival of mesenchymal stem
cells. However, some studies report that pDNA concentrations
above 100 pg/ml already have reduced cell survival [84,85] as a
consequence of cell defense mechanisms activation triggered by
pDNA entrance leading to programmed cell death [86,87].

Our results show that percent of GFP positive cells was increas-
ing with increasing pDNA concentration. Increase was more pro-
nounced when HF-BP pulse protocols were applied. With the
highest two pDNA concentrations (250 and 500 ug/ml) the increase
in percent of GFP positive cells was significant in all three HF-BP
pulse protocols. Contrary to pulse protocol 8 x 100 ps and pulse
protocol 8 x 5 ms where no further increase in percent of GFP pos-
itive cells with pDNA concentrations above G0 pg/ml or 80 pg/ml
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was abserved (Fig. 2). Similar trend was observed for overall GET
with the highest pDNA concentration (500 pg/ml). Overall GET
obtained by HF-BP pulse protocols was comparable to overall
GET obtained by “classical”, long monopolar pulse protocols
(Fig. 4). It was already shown that with higher pDNA concentration
successful GET is possible also with shorter high voltage pulses
where weaker electrophoretic forces are present [34,39,88|. This
is in agreement with our results obtained with HF-BP pulse proto-
cols where with higher pDNA concentration we were able to
achieve comparable GET efficiency in the absence of net elec-
trophoretic force on pDNA. According to findings of |40 the diffu-
sion coefficient of circular 4.7 kbp large pDNA used in our study is
similar at all tested concentrations (20 to 500 pg/ml).

Protein expression following transfection is regulated by a
number of factors, including the promoter used, pDNA copy num-
ber within the cell and the availability of cellular machinery for
transcription and translation. Fluorescence intensity of the cell is
considered to be indicative of the number of pDNA copies inside
the cell that have reached the cell nucleus and have been success-
fully transcribed and translated into fluorescent proteins [89,90].
Our results of median fluorescence intensity thus suggest that
the lack of electrophoretic force can only partially be compensated
with higher pDNA concentration. Median fluorescence intensity
with the lowest (20 pg/ml) and the highest {500 pg/ml) pDNA con-
centration was significantly higher after GET with pulse protocols
8 x 100 ps and 8 x 5 ms compared to all three pulse protocols
HF-BP (Fig. 5). Suggesting that although with the highest pDNA
concentration (500 pg/ml) we were able to achieve similar percent
of transfected cells, the number of pDNA copies that were success-
fully transfected into cells was higher when pulse protocols
8 x 100 ps and 8 x 5 ms were used. This indicates that elec-
trophoretic force is also instrumental in pDNA translocation across
cell membrane.

Recently in a study reported by [88] authors observed increase
in GET with increasing pDNA concentration and that at some point
GET efficiency no longer increases with higher pDNA concentra-
tion. They also reported that if pulse parameters are suboptimal
this plateau in GET efficiency is not observed. However, contrary
to our results, they observed decrease in cell survival with increas-
ing pDNA concentration. Reason for this might be that different
assays for cell survival were used. We used MTS assay which mea-
sures cell viability 24 h after experiments, and they did clonogenic
assay which is a cell survival assay based on the ability of a single
cell to grow into a colony.

Direct observation of pDNA aggregates formation on cell mem-
brane showed that increasing pDNA concentration also increases
the fluorescence intensity of pDNA aggregates labeled with
TOTO-1 nucleic acid stain formed on cell membrane. Florescence
intensity of pDNA aggregates depends also on duration of applied
pulses. With the lowest pDNA concentration (20 pg/ml) the fluo-
rescence intensity of pDNA aggregates formed on cell membrane
following 8 x 5 ms pulse protocol (Fig. 7) was almost 4 times
higher as fluorescence intensity of pDNA aggregates formed after
HF-BP 2 pulse protocol (Fig. 8) with the highest pDNA concentra-
tion {500 pg/ml) and comparable to 8 = 100 us pulse protocal
(Fig. 6) with the highest pDNA concentration. However, we did
not observe any direct correlation between fluorescence intensity
of pDNA aggregates formed on cell membrane and transfection
efficiency. With the highest pDNA concentration used, fluorescence
intensity of pDNA aggregates formed after HF-BP 2 pulse protocol
was almost 10 times lower compared to fluorescence intensity of
PDNA aggregates formed after 8 x 5 ms protocol while no signifi-
cant difference was observed in percent of GFP positive cells. Sim-
ilar observations were reported previously [91]. The interaction of
pDNA with cell membrane is only one of several steps and barriers
that pDNA has to overcome in order to be expressed. Other factors
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such as pDNA stability in cytoplasm, its transport to perinuclear
region and successful crossing of nuclear envelope are also crucial
and contribute to differences in transfection efficiency [18].

Since application of bipelar pulses also comes with decreased
electrochemical reactions [92,93], and lower metal release from
electrodes [59], we measured pH changes of overall cell suspen-
sion after pulse delivery. To mimic our experimental protacol
with cells FBS was added after pulse delivery to increase cell
survival 78] and cell suspension was mixed by pipetting. Cell
suspension in cuvette was placed in water bath heated to
37 °C. We observed slight decrease in pH of cell suspension,
but not large enough to affect cell membrane resealing dynamics
[94]. This drop in pH was stable during 5 min following pulse
delivery in all pulse protocols tested except pulse protocol
8 % 5 ms where pH additionally decreased in the second minute
after pulse delivery and remained constant then after. Significant
drop in pH was observed after pulse protocol 8 x 5 ms com-
pared to pH after delivery of pulse protocol 8 x 100 ps and pulse
protocol HF-BP 1 (Fig. 9). Qur measurements are in agreement
with [92], where it was shown that longer pulses lead to more
electrochemical reactions which cause changes in the chemical
composition of electroporation medium or pH. According to
our results larger pH changes must be occurring at anode side
since the overall pH decreased after pulse delivery. This is in
agreement with [45] where larger extension of the anodic pH
front relative to the cathodic one was observed. Another expla-
nation for slight decrease in medium pH can be the repair mech-
anisms of cells which are activated in order to repair damage
caused on cell membrane during electric field delivery. This
mechanisms include exocytosis of lysosomes and the release of
their acidic content in cell surroundings [95]. Cell lysis could
also contribute to observed decrease in pH since intracellular
pH is around 7.0-7.2 [96].

Temperature is reported to affect cell membrane fluidity, conse-
quently permeabilization [97] and GET efficiency [98,99). However,
final temperature of the electroporated cell samples measured dur-
ing delivery of different pulse protocols in our study was not higher
than 37 °C which was the temperature of after pulse incubation.
Therefore, we conclude that temperature increase during pulse
delivery had no observable effect on GET efficiency.

We did not observe any difference in efficiency between all
three HF-BP protocols tested. Changing number of bursts or num-
ber of pulses in each burst in the tested range of parameters did
not lead to increased GET efficiency. Minor differences were
observed in cell viability 24 h after pulse delivery where both
increased number of bursts and increased number of pulses in
burst lead to slightly lower cell viability, although not statistically
significant.

5. Conclusions

Successful GET can be achieved with HF-BP bipolar microsec-
ond pulses. The efficiency increases with increasing pDNA con-
centration however, number of transferred plasmid copies
seems to be higher with longer monopolar pulses. Prolonged
on-time per treatment with increased number of pulses in each
burst or increased number of bursts enabled comparable overall
GET with HF-BP pulse protocols at lower electric field compared
to pulse protocol 8 x 100 ps. According to reports using similar
HF-BP pulse protocols where even at double stimulating voltage
eightfold reduction in muscle contraction intensity was observed
|51,77], we can conclude that widely accepted GET applications,
like nucleic acid-based vaccination, are feasible. However, achiev-
ing sufficiently high pDNA concentrations in tissue can be
challenging.
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2.3.  EFFICIENT GENE TRANSFECTION BY ELECTROPORATION - IN VITRO
AND [N SILICO STUDY OF PULSE PARAMETERS

Potoc¢nik T., Sachdev S., Polajzer T., Macek Lebar A., Miklavci¢ D. 2022. Efficient
gene transfection by electroporation - in vitro and in silico study of pulse parameters.
Applied Sciences, 12, 16: 8237, doi.org/10.3390/APP12168237: 50 p.

Gene electrotransfer (GET) is a widely used method for nucleic acids’ delivery into cells.
We explored, evaluated, and demonstrated the potential use of different pulses for
introducing plasmid DNA (pDNA) into cells in vitro and compared the efficiency and
dynamics of transgene expression after GET. We performed experiments on cell
suspensions of 1306 fibroblasts and C2C12 myoblasts across the range of pulse durations
(nanosecond to millisecond) including high-frequency bipolar (HF-BP) pulses. Six
different concentrations of pDNA encoding green fluorescent protein were used. We
show that GET can be achieved with nanosecond pulses even at low pulse repetition rate
(10 Hz). GET efficiency depends on the pDNA concentration and cell line. Time
dynamics of transgene expression are comparable between nanosecond, HF-BP,
microsecond, and millisecond, pulses but vary between cell lines. Lastly, based on the
data obtained in the experiments of pPDNA concentration effect on GET the model of the
probability of pDNA and cell membrane contact during GET was developed. The model
shows that pPDNA migration is dominated by diffusion for nanosecond and HF-BP pulses
and by electrophoresis for micro- and millisecond pulses. Modeling results can provide
valuable guidance for further experiments and interpretations of the results obtained by
various pulse protocols.
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Abstract: Gene electrotransfer (GET) is a widely used method for nucleic acids’ delivery into cells. We
explored, evaluated, and demonstrated the potential use of different pulse durations for introducing
plasmid DNA (pDNA) into cells in vitro and compared the efficiency and dynamics of transgene
expression after GET. We performed experiments on cell suspensions of 1306 fibroblasts and C2(12
myoblasts with four ranges of pulse durations (nanosecond, high frequency bipolar (HF-BP), and
micro- and millisecond). Six different concentrations of pPDNA encoding green fluorescent protein
were used. We show that GET can be achieved with nanosecond pulses with a low pulse repetition
rate (10 Hz). The GET’s efficiency depends on the pDNA concentration and cell line. Time dynamics
of transgene expression are comparable between millisecond, microsecond, HF-BF, and nanosecond
pulses but depend greatly on cell line. Lastly, based on the data obtained in the experiments of
pDNA concentration effect on GET the model of the probability of pDNA and cell membrane contact
during GET was developed. The model shows that pDNA migration is dominated by diffusion for
nanosecond and HF-BF pulses and by electrophoresis for micro- and millisecond pulses. Modeling
results can provide valuable guidance for further experiments and interpretations of the results
obtained by various pulse protocols.

Keywords: gene electrotransfer; nanosecond pulses; high frequency bipolar pulses; electroporation;
plasmid DNA

1. Introduction

Gene electrotransfer (GET), or gene transfection by electroporation, is a widely used
method for nucleic acids” delivery into cells based on the phenomenon of electroporation
where electric pulses cause temporarily increased cell membrane permeability [1]. GET has
been shown to markedly enhance the efficiency of naked plasmid DNA (pDNA) transfer,
and has been widely used to introduce nucleic acids into various types of cells in vitro, ex
vivo, and in vivo [1,2].

In clinical settings, GET is also considered as a promising method for the delivery of
CRISPR/Cas9 gene editing complexes [3]. GET can also be used for vaccination against
infectious diseases, with a DNA vaccine currently being developed for vaccination against
COVID-19 [4-6]. In oncology, GET is used for the treatment of and vaccination against
various cancers [7-10]. GET can also be used for ex vivo genetic engineering. More and
more treatments against cancers are based on the ex vivo genetic engineering of T cells to
express chimeric antigen receptors (CARs), which bind tumor antigens or tumor-associated
antigens in a human leukocyte antigen (HLA)-independent manner [11]. Viral vectors are
effective for the genetic engineering of human primary cells but have serious limitations
such as high manufacturing cost, long production timelines, and genotoxic risks derived
from their semi-random chromosomal integration profiles [12]. In contrast to viral vectors,
GET has become the simplest and most appealing nonviral deliver technology with its
ability to introduce diverse biomolecules to millions of cells per treatment. The limitation
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of most electroporation protocols used for cell therapy is, however, the low transfection
efficiency and cell death [13].

The efficiency of GET can be measured in different ways and may depend on the GET
application, most often as percentage of transfected cells (referred as GET in our paper),
which gives information about the percentage of cells that were successfully transfected
among the cells that survived the treatment [14]. This could be useful in applications where
cells which can rapidly multiply are used, such as bacteria. For applications of GET in gene
therapy, it may be crucial that the majority of cells survive the treatment. In this case, it
is important that the results of GET efficiency also include cell survival. GET efficiency
representing the percentage of transfected cells based on the number of cells that were
exposed to electric pulses is referred to as the overall GET in the paper [15]. Furthermore,
GET efficiency, if cells are transfected with fluorescent proteins, can be measured with
median fluorescence intensity (MFI), representing the quantity of produced transfected
protein [16]. This is important in applications where the goal is the production of high
levels of therapeutic proteins such as in DNA vaccination. In this paper, we present results
of GET in vitro using all three types of GET efficiency determination, namely, GET, MFI,
and overall GET.

In GET applications, pulse parameters (amplitude, duration, repetition frequency, and
number) are usually varied to achieve cell membrane permeabilization and at the same
time prevent excessive cell damage [17]. The choice of appropriate parameters of electric
pulses is one of the most relevant steps of GET. GET can be applied equally to all cell types
and at all stages of the cell cycle, but GET efficiency depends on and varies greatly between
different cell types. The origins of these differences are not yet well understood. Generally
smaller cells require a higher electric field to permeabilize their cell membrane. This is
an important consideration for ex vivo gene delivery, especially to hematopoietic cells.
Electroporation thresholds for different cells in a heterogeneous tissue thus vary [18,19].

Currently, gene transfer by electroporation is believed to rely on cell membrane
permeabilization and electrophoresis of pDNA during pulse delivery. Electrophoresis,
which is present during electric field delivery, acts on negatively charged pDNA molecules
and enables a higher number of pPDNA molecules to come in contact with the cell membrane
than would do so solely by diffusion [20]. Small molecules {equal to or smaller than
15 bp [21]) can enter the cell with electrophoresis; however, large pDNA molecules form
aggregates on cell membrane during electric field delivery, which later enter the cell with
endocytosis [1,22-24]. Because of its role in the formation of pDNA aggregates during
electric field delivery, the lack of electrophoresis could represent an important weakness
for the use of short pulses in GET [25,26]. The presence of electrophoretic migration of
pDNA is the reason why, usually, long millisecond pulses are used for GET. Although
leading to efficient GET, these pulses are associated with triggering muscle contractions,
pH changes, and electrolysis at the electrode electrolyte interface causing electrochemical
reactions [27-33].

Recently suggested high-frequency bipolar pulses (HF-BP), first predominantly used
for irreversible electroporation applications-HFIRE [34]—were demonstrated to also enable
GET in vitro [15]. One of the characteristics of HF-BP pulses are reduced electrochemical
reactions and less metal ions released from the electrodes compared to longer pulses [29,35].
Furthermore, HE-BP pulses induce less muscle contractions and pain during pulse deliv-
ery [36-39].

In addition, nanosecond pulses have already been used for GET. When applying
200 ns pulses (10-18 kV /cm) in bursts of ten with a varied pulse repetition rate (up to
1 MHz), it was shown that with the increase in the pulse repetition rate from 100 kHz
to 1 MHz, GET increased, resulting in up to 17% GET with a minimal decrease in cell
survival [40]. Furthermore, it was shown that with 100 x 300 ns pulses delivered at 1 MHz
and at 5 kV/cm, up to 40% GET can be achieved, which is comparable to an efficiency of
4 % 100 ps, 1 Hz, 1.5 kV/cem pulse protocol [41].
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Interestingly, nanosecond pulses have been suggested to disrupt nuclear envelope
which could facilitate delivery of pDNA to the nucleus and thus increase GET [42-44].
Several papers have described using different combinations of nanosecond and milli- or
microsecond pulses with the attempt to improve GET. Firstly, it was shown that GET could
be increased about four times when cells were exposed to 3.5 ms pulse with 0.3 kV/cm
followed by 60 ns pulse at 60 kV /cm after 30 min [45]. However, these results were not
reproduced successfully. Later, no effects of nanosecond pulses on GET were observed
by applying 8 x 5 ms or 4 x 200 us pulses delivered at 1 Hz followed by 10, 12, or
15 ns pulses delivered at 10 Hz [46]. However, when the order of pulse delivery was
reversed, a more pronounced effect of nanosecond pulses on GET was observed. Using the
electroporation approach with a combination of nanosecond {600 ns, 100 kHz, 50 kV /cm)
followed immediately by millisecond pulses (1 x 10 ms, 500 V/cm) more than doubled
transgene expression; at the same time, cell survival levels were similar as in standard
millisecond electroporation [42]. The combination of nanosecond pulses (23 x 60 ns, 1 Hz,
24 kV/cm) and millisecond electric pulses (1 x 5 ms, 50 V) led to a 40-fold increase in
GET if nanosecond pulses were applied first followed by millisecond pulse, but not in
the reverse order. This effect of nanosecond pulses was time restricted, with the highest
efficiency occurring when nanosecond pulses were delivered 5 min before millisecond
pulses [47].

Nanosecond pulses can potentially offer a solution to limitations that are present in
GET with longer milli- and microsecond pulses. Namely, some cells exposed to GET may
lose viability due to excessive heat, pH changes, and ionic imbalance [3]. Nanosecond
pulses decrease electrochemical reactions during pulse delivery and in in vivo settings
offer more patient-friendly treatment, with reduced muscle contractions [40,48]. Heating
is also decreased during nanosecond pulses application, which lowers the thermal effects
of treatment [48,49]. Nanosecond pulses widen the use of electroporation while also
having an effect on intracellular structures. It has been shown that nanosecond pulses
can penetrate the cell interior and permeabilize membranes of internal organelles, such as
endosomal vesicles, endoplasmic reticulum, nuclear envelope, and cytoskeleton, leading to
the disruption of intracellular vesicles, release of calcium from endoplasmic reticulum, and
immediate and prolonged loss of mitochondrial membrane potential [44,50-54]. Successful
GET with shorter (i.e., less than 10 us) pulses in vitro is, however, mostly achieved with
high pIDNA concentrations, which might be challenging to reach in in vivo settings, at least
over a larger volume [2].

Conventional GET, using micro- to millisecond-long pulses, generally relies on elec-
tropharesis to bring the pDNA molecules to the cell membrane for successful transfec-
tion [55]. However, for nanosecond duration pulses, electric field / electrophoresis might
not be present for sufficient time to ensure a pDNA cell membrane contact. Even with
HEF-BP pulses, net electrophoretic movement is balanced out due to the bipolar nature of
pulses. For these pulses (nanosecond and HE-BP), pDNA molecules then have to rely on
diffusion to reach the cell membrane. Moreover, there is only a limited window of time
during which the cell membrane is permeable and competent enough to absorb pDNA
molecules for successful GET [1,56]. Therefore, depending on how far the pDNA molecule
is from the cell membrane, or how concentrated the pDNA solution is, the efficiency of GET
for the wide variety of pulse durations (nanosecond to millisecond} can be analyzed using
the framework of how electrophoresis and diffusion influence the probability of pDNA
molecule reaching the permeabilized cell membrane. A theoretical framework based on
the drift-diffusion equation of probability density and the one-dimensional Fokker—Flanck
equation was used in this work to determine such probabilities [57]. A similar probabilistic
framework has also been used earlier to evaluate probabilities of successful pDNA translo-
cation through an electropore in the cell membrane, along with its qualitative comparison
to experimental GET efficiencies [58], and has also been compared to experimental pDNA
translocation efficiencies in model systems [59].
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The purpose of this paper is to explore, evaluate, and demonstrate the potential use of
different pulses for introducing pDNA into cells in vitro and to compare GET efficiency
and dynamics of gene expression after GET. We performed experiments in vitro, on cell
suspensions of immortalized human skin fibroblasts 1306 cell line and on C2C12 myoblasts,
covering a range of pulse durations from 200 ns to 5 ms, monopolar and the recently used
microsecond bipolar, so-called HFIRE pulses. To clarify the role of electrophoresis in the
transport of pDNA in the electroporation medium during GET with different durations of
electric pulses, we also developed a simple mathematical model that gives the probability
of pDNA contact with the cell membrane during GET and compared experimental results
with those calculated by the model.

2. Materials and Methods
2.1. Cells

Immortalized human skin fibroblasts 1306 cell line and C2C12 murine skeletal my-
ablasts cell line, both from European Collection of Authenticated Cell Cultures (cat no.
#90011887 and #91031101, respectively) were used. Cells were grown in 25-150 mm? culture
flasks (TPP, Trasadingen, Switzerland) for 2-4 days in an incubator (Kambi¢, Semig, Slove-
nia) at 37 “C, in a humidified atmosphere of 5% CO; in air for 1306 cell line and 10% CO,
in air for C2C12 cell line. 1306 cells were cultured in Eagle’s Minimum Essential Medium
(EMEM) growth medium (Sigma Aldrich, Darmstadt, Germany) supplemented with 15%
fetal bovine serum (Sigma Aldrich, Darmstadt, Germany), L-glutamine (StemCell, Van-
couver, BC, Canada), and antibiotics penicillin/streptomycin (PAA, Vienna, Austria) and
gentamycin (Sigma Aldrich, Darmstadt, Germany). C2C12 cells were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM) growth medium (Sigma Aldrich, Darmstadt, Germany)
supplemented with 10% fetal bovine serum (Sigma Aldrich, Darmstadt, Germany), L-
glutamine (StemCell, Vancouver, BC, Canada), and antibiotics penicillin/streptomyein
(PAA, Vienna, Austria) and gentamycin (Sigma Aldrich, Darmstadt, Germany).

For experiments cells in exponential growth phase were trypsinized using trypsin-EDTA;
5g trypsin/2 g EDTA in 0.9% NaCl (Sigma Aldrich, Darmstadt, Germany) 10 x diluted in
Hanks” Balanced Salt solution (Sigma Aldrich, Darmstadt, Germany). From the obtained cell
suspension, trypsin and growth medium were removed by centrifugation at 180x g for
5 min at room temperature (Sigma 3-15 K, Welwyn Garden City, UK). The cell pellet was
then resuspendend in EMEM growth medium for 1306 cell line or DMEM growth medium
for the C2C12 cell line to obtain a final cell density of 2 x 10° cells/mL.

2.2. Cell Size Measurement

Cells in suspension were transferred to Lab-Tek chamber and imaged with inverted
Thunder Imager Live Cell system. Moreover, 16-bit images were acquired with a deep-
cooled 4.2 MP sCMOS Leica DFC9000 Gt fast camera in the Leica Application Suite X
(LAS X) software. Cell diameter was measured using the Image] software (accessed on
10 May 2022, http:/ /imagej.nih.gov /ij/). For each cell line 20 cells were measured. Results
are presented as mean =+ standard deviation. Measured diameters were used in calculating
the pDNA to membrane distance.

2.3. Nanosecond Pulses

Pulses of 200 ns or 500 ns duration were delivered by CellFX System electroporator
(Pulse Biosciences, Hayward, CA, USA). The electric field strength (E) was calculated from
the voltage measured by 1 k() resistor and Pearson current monitor model 2877 (1 V/1 A,
200 MHz) (Pearson Electronics, Palo Alto, CA, USA) during the experiment divided by
the distance between the electrodes. We also measured the current during each pulse
by Pearson current monitor model 2878 (1 V/10 A, 70 MHz) (Pearson Electronics, Palo
Alto, CA, USA). Voltage and current measurements were monitored by the oscilloscope
WaveSurfer 30247, 200 MHz (Teledyne LeCroy, Chestnut Ridge, NY, USA). 25, 100, or
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300 pulses were delivered with 5 or 10 Hz pulse repetition frequency at electric field range
of 0-19 kV/cm.

2.4. High Frequency Bipolar Pulses

For the delivery of 2 ps high-frequency bipolar pulses, a prototype high-frequency
pulse generator L-POR was used (mPOR, Ljubljana, Slovenia). The L-POR electroporator is
intended for laboratory use. It enables the generation of high-frequency symmetric and
asymmetric bipolar electroporation pulses up to 1400 V and duration of pulses from 500 ns
with a pulse repetition rate of up to 1 MHz. It also enables the generation of pulses in bursts.
The pulses delivered were monitored by a high-voltage differential probe HVD3605A
(Teledyne LeCroy, Chestnut Ridge, NY, USA), current probe CP031 (Teledyne LeCroy,
Chestnut Ridge, NY, USA) and HDO6000 High-Definition oscilloscope (Teledyne LeCroy,
Chestnut Ridge, NY, USA). In HF-BP pulse protocol, bipolar pulses of 2 us duration of
positive and negative phase were applied. The pause between positive and negative pulse
phase and pause between bipolar pulses were 2 ps. 100 bursts were applied, and in each
burst, 32 pulses were delivered. Burst repetition rate was 1 Hz [15]. We tested electric field
range 0-2.5 kV/cm.

2.5. Micro and Millisecond Pulses

Monopolar rectangular pulses of 100 ps or 5 ms duration were delivered with a
lahoratory prototype pulse generator (University of Ljubljana), based on H-bridge digital
amplifier with 1 kV MOSFETs (DE275-102N06A, IXYS, Milpitas, CA, USA) [60]. Pulse
delivery was monitored by the oscilloscope WaveSurfer 422, 200 MHz with high-voltage
differential voltage probe ADI'305 and current probe CP030 (Teledyne LeCroy, Chestnut
Ridge, NY, USA). For microsecond pulses, eight 100 ps pulses with electric fields 0-2 kV/cm
and for millisecond pulses eight 5 ms pulses with electric fields 0-1.25 kV/cm were tested.

2.6. Permeabilization

Cell membrane permeabilization of 1306 and C2C12 cells in suspension was expressed
as percentage of propidium iodide (P'I) fluorescent cells. First, 5 pL of 1.5 mM PI was added
to 200 L of cells in growth medium at concentration 2 x 10° cells/ml. in electroporation
cuvette with 2 mm gap (VWR International, Radnor, PA, USA). Emission of P1 fluorescence
was detected by flow cytometry (Attune NxT, Carlsbad, CA, USA) using a blue laser exci-
tation at 488 nm and detecting the emitted fluorescence through a 574/26 nm band-pass
filter, 3 min after exposure of cells to electric pulses. Data for percentage of permeabi-
lized cells and their median fluorescence intensity were collected. At every measurement
10,000 events were recorded. Data obtained were analyzed with the Attune NxT software
(version 3.1.2).

2.7. Temperature Measurement during Pulse Delivery

The temperature of the cell sample was monitored during pulse delivery for all five
pulse protocols and for both cell lines. The fiber optic sensor system (opSens, Québec, QC,
Canada), which consisted of ProSens signal conditioner and a fiber optic temperature sensor
OTG-M170, was used. The fiber optic sensor was carefully placed in the cell suspension
in the middle of the gap between the electrodes in the cuvette. Sampling frequency was
1000 Hz. Two measurements were taken for each of the five pulse protocols and for both
cell lines.

2.8. Cell Survival after Permeabilization

For cell survival experiments, 200 pL of cells in suspension in growth medium at
concentration 2 x 10° cells/mL was pipetted in a 2 mm gap electroporation cuvette (VWR
International, Radnor, PA, USA) and exposed to electric pulses. After pulse application,
50 pL of fetal bovine serum (Sigma Aldrich, Darmstadt, Germany) was added to cell
suspension. Cells were incubated for 5 min at 37 “C [61]; afterwards, 1 x 10* C2C12
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myoblasts or 2 x 10* 1306 fibroblasts from cuvette were seeded in 100 pL of growth
medium in a 96-well plate (TPF, Trasadingen, Switzerland). Cells were seeded in triplicates.
The plate was then incubated for 24 h (37 “C, 10% CO, for C2C12 and 37 °C, 5% CO;
for 1306). Cell survival was determined with the MTS-based Cell Titer 96 AQueous One
Solution Cell Proliferation Assay (Promega, Madison, W1, USA). After incubation, 20 pL
of MTS reagent were added to each well and cells were incubated for additional 2 h in
the incubator (37 °C, 10% CO; for C2C12 and 37 “C, 5% CO; for 1306). Absorption at
490 nm wavelength was measured with a Tecan Infinite M200 spectrophotometer (Tecan,
Mannedorf, Switzerland). An average absorption obtained in the samples containing only
growth medium was subtracted from the absorption measured in cell samples. To calculate
the percentage of viable cells the absorption of each cell sample was divided by an average
absorption of the control cell samples, where cells were treated as described but not exposed
to electric pulses.

2.9. Plasmids

A 4.7 kb plasmid pEGFP-NI1 (Clontech Laboratories Inc., Mountain View, CA, USA)
and a 3.5 kb plasmid pmaxCFP (Lonza, Basel, Switzerland) both encoding green fluorescent
protein (GFP) under the control of CMV promotor were used. pDNA was amplified using
Escherichia coli and isolated with HiSpeed Plasmid Maxi Kit (Qiagen, Hilden, Germany).
PDNA concentration was spectrophotometrically determined at 260 nm. We tested six
different pDNA concentrations, namely, 40, 60, 80, 100, 250, and 500 pg/mL.

2.10. Gene Electrotransfer and Cell Survival after Gene Electrotransfer

A volume of 200 pL of cell suspension with different concentrations of pDNA was
exposed to electric pulses in electroporation cuvettes with a 2 mm gap (VWR International,
Radnor, PA, USA). After pulse delivery, 50 uL of fetal bovine serum (Sigma Aldrich,
Darmstadt, Germany) was added to each cuvette, and cells were incubated 5 min at
37 °C [61,62]. After incubation, 1 x 107 1306 cells and 5 x 10* C2C12 cells from cuvette
were transferred to a 24-well plate (TPF, Trasadingen, Switzerland) and seeded in growth
medium for gene electrotransfer determination. From the rest of the cell sample in cuvette,
1 x 10* C2C12 myoblasts or 2 x 10* 1306 fibroblasts were seeded in triplicates in 100 pL
of growth medium in a 96-well plate (TPP, Trasadingen, Switzerland) to determine cell
survival. Both plates were incubated for 24 h (37 “C, 10% CO;, for C2C12 and 37 °C, 5%
CO; for 1306).

After incubation, cells in 24-well plates were trypsinized and resuspended in 200 uL
of PBS. Percentage of GFP-positive cells and median fluorescence intensity (MFI) of GFP-
positive cells were detected using flow cytometer (Attune NxT, Carlsbad, CA, USA) with a
blue laser at 488 nm and a 530/30 nm bandpass filter. At every measurement, 10,000 events
were recorded. Data obtained were analyzed with the Attune NxT software (version 3.1.2).

Cell survival was determined with the M'T5-based Cell Titer 96 AQueous One Solution
Cell Proliferation Assay (Promega, Madison, WI, USA). After incubation, 20 ul. of MTS
reagent was added to each well, and cells were incubated for an additional 2 h in the
incubator (37 °C, 10% CO; for C2C12 and 37 °C, 5% CO; for 1306). Absorption at 490 nm
wavelength was measured with a Tecan Infinite M200 spectrophotometer (Tecan, Switzer-
land). An average absorption obtained in the samples containing only growth medium
was subtracted from the absorption measured in cell samples. To calculate the percentage
of viable cells the absorption of each sample was divided by an average absorption of the
control samples.

2.11. Overall Gene Electrotransfer

When reporting GET efficiency, we distinguish between percentage of transfected cells
among cells that survived the treatment and overall gene electrotransfer (overall GET),
which represents the percentage of transfected cells relative to the initial population, which

48



Potoc¢nik T. Efficiency and mechanisms of gene transfection by electroporation in mammalian cells in vitro.
Doct. dissertation. Ljubljana, Univ. of Ljubljana, Biotechnical faculty, 2023

Appl. Sci. 2022, 12,8237

7 of 50

considers both the efficiency of transfection and cell survival. Overall, GET was calculated
as: overall GET (%) = GET (%) x cell survival (%)/100.

2.12. The Time Dynamics of Transgene Expression

Cells were electrotransfected with 500 pg/mL of pEGFP-N1 plasmid as described in
point gene electrotransfer and cell survival after gene electrotransfer. After incubation, sam-
ple was divided into 14 parts, and cells were seeded in different numbers (1 x 10°-5 x 10%)
to a 24-well plate (TPF, Trasadingen, Switzerland) and placed in the incubator (37 °C, 5%
CO3). For the next 5 days, every 8 h, cells from one well of the 24-well plate (TPP, Trasadin-
gen, Switzerland) were trypsinized and resuspended in 200 pL of PBS and percentage of
GFP-positive cells and median fluorescence intensity of GFP-positive cells were detected
using flow cytometer (Attune NxT, Carlsbad, CA, USA) with a blue laser at 488 nm and
a 530/30 nm bandpass filter. At every measurement 10,000 events were recorded. Data
obtained were analyzed with the Attune NxT software (version 3.1.2).

2.13. Statistical Analysis

All results are reported as a mean value of 3 or 4 experiments. The spread of the
data is given by standard deviation. The significance between the experimental groups
was analyzed in SigmaPlot 11.0 (Systat Software Inc., Chicago, IL, USA) and determined
using One-way ANOVA test followed by Tukey’s multiple comparison test. Statistically
significant difference was assumed at p < 0.05.

2.14. Modeling the Probability of pDNA and Cell Membrane Contact during GET

To determine the probability of pDNA and cell membrane contact, the distance of
a pDNA molecule from the cell membrane needs to be determined. This pDNA—cell
membrane distance depends on the concentration of pPDNA. To determine the pDNA—cell
membrane distance, we followed [16,55].

The radius of the cell is R..;, and there is a total of N, in the suspension. The total
volume occupied by the cells in suspension is thus Vs — Negis- %R’R?P”). For a solution
volume (V,), the volume space left to be occupied by pDNA molecules is:

Vona = Veor — Neetts: (gﬂR?ﬂu> 1)

For pDNA molecules at a concentration (cpn.4) and with molecular weight (Mg, ), the
total number of pDNA molecules in the solution is Npya — W where Ny is the
Avogadro’s number. Assuming the space available to a single pDNA molecule is defined
by a sphere of radius of Rpy 4 (Figure 1), the volume occupied by pDNA molecules in the
solution is Vpy g = NDN/‘I':{T{R:}DNA or:

coNA- Vi Na) 4 3
Vbna = (T) *37Rbna 2
w

Thus, equating (1) and (2), we obtain %{-ﬂ&) AaRY A = Vil — Neanss- (%H.R?_d,),
or the space available to a single pDNA molecule in a sphere, is defined by radius Rpxa

as follows:
1/3

1= peenr (%NREM)
N,

where p.1 = —ﬁ% Rpna was then calculated using Equation (3) for different values of
cpna and is shown in Supplementary Table S1. The following set of parameters were used—
cell density (pqqr) = 2 x 10° cells/mL, molecular weight of pDNA (M;,) = 660 g/mol/bp x

Rpna = ()
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4700 bp = 3,102,000 g/mol for pEGFP-N1 pDNA, Avegadro’s constant (N4) = 6.023 x 107,
R.(C2C12) = 8.4 um, and R,,;(1306) = 7.15 pm.
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=Rona

<+ —> ([
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.
Figure 1. Schematic of distribution of pDNA molecules and cells in suspension. R, represents the
radius of the cell, Rpy 4 represents the radius of the (nominal/ free) spherical space available to the

pDNA molecule. Subset in figure shows the boundaries within which a pDNA molecule close the
cell membrane is allowed to move.

Rpwna can be considered as an estimate for the distance between a pDNA molecule and
the nearest cell membrane. Furthermore, the boundaries within which a pDNA molecule
can move needs to be defined for the model which determines the probability of pDNA
molecule coming in contact with the cell membrane. Based on Figure 1, a natural choice for
the right boundary (Bg), which constitutes the cell membrane, is Rpy 4. Since Rpp 4 is the
radius of spherical space available to the pDNA in the solution, the left boundary (B;) is
also considered as Rpn 4. Other estimates of B and By can be considered, such as Rpya,
Rpna — Rg and 2Rpna — 2Ry, where Ry is the radius of gyration of the pDNA molecule.
These are explained in the Supplementary Figure S1.
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J&X =—By,t) =

To determine the probability that a pDNA molecule reaches the permeabilized cell
membrane, we assume a 1D case where a pDNA molecule can only move along the one axis
(direction of applied electric field) bounded by the left and the right boundaries (Figure 2).
The fundamental contribution of electrophoresis and diffusion to the probability of a pDNA
molecule reaching the permeabilized cell membrane can be captured in 1D (in the direction
of the electric field). We expect that the addition of extra dimensions will not contribute
significantly to a more detailed picture of the process with the probabilistic framework
described below.

P(X,t =0) i

Y

v = puE(drift)

Figure 2. Schematic of the biased random walk of pDNA molecule along the X-axis due to drift
(electrophoresis), diffusion, and a free energy barrier. Electric field acts along the negative X-axis,
which creates a drift in the pDNA molecule along the positive X-axis. The pDNA molecule is initially
centered at X — 0 with the initial condition defined by a narrow-band Gaussian distribution. The
boundary conditions at the right (X = +Bpg ) and left (X = — B ) of the domain are the absorbing
and reflecting boundary conditions, respectively. A free energy barrier between the pDNA molecule
and the cell membrane is present at the right boundary (X — | Bg ).

The simplicity of such a 1D assumption enhances the pedagogical aspect of inferring
the role of diffusion and electrophoresis in bringing the pDNA molecule to the permeabi-
lized membrane (a prerequisite for GET) for a wide variety of experimental conditions
used (e.g., pulse durations ranging from nanosecond to millisecond and concentrations
ranging from 40 pg/mL to 500 pg/mL). The purpose of the model is not an estimation
and/or prediction of experimental outcomes such as GET efficiency or MFL.

The probability density (P(X, t)) of finding the pDNA molecule at particular location
along the X-axis at time ¢ can be described using the following drift-diffusion equation of
probability density [57]:

aP(X, 1) AP(X, 1) N DazP(X,r)

ot UTax axz @

Equation (4) does not assume any interaction between the pDNA molecule and the
cell membrane. However, a pDNA and cell membrane interaction free energy F(X) can be
assumed between the pDNA molecule and the cell membrane. In this case, the probability
density of finding a particle at a particular location along the X-axis at time f can be
described using the one-dimensional Fokker—Planck equation [57]:

OP(X, 1) PP(X, 1)
ax P ©)

apX,t) D @ [ar(x)

Tat kgTax| ox PW)} e
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The free energy barrier F(X) is assumed to be F(X) = 500X Bx! kT, i.e., a barrier
with a height of 50 kpT that steeply decays exponentially away from the cell membrane at
X = +Bg (Figure 2). Such a barrier is inspired from [63]. The drift term in Equations (4) and (5)
is due to the electrophoresis of the pPDNA molecule and is given by o = pE, where i is the elec-
trophoretic mobility of the pDNA molecule (i = —3.75 x 10-% m?V 157 1) [59,64,65] and E is the
electric field intensity. The diffusion coefficient of pDNA is taken as D = 10712 m%s ! [45].
Equation (4) describes the process of finding pDINA at a particular location along the X-axis
as a biased random walk, where the bias is due to electrophoresis of pDNA molecule.
Equation (5) describes the same process of finding pIDNA at a particular location along
the X-axis based on a bias (electrophoresis), diffusion, and free energy interaction (barrier)
with the cell membrane. The drift term in Equations (4) and (5) is non-zero only when the
electric field pulse is present and is zero otherwise.

Equations (4) and (5) are solved for the probability density function P(X,t) in the
domain X € |By, Bg| with appropriate boundary and initial conditions using the pdepe()
function in MATLAB® (R2021b). The initial condition for the pDNA molecule is con-
sidered as a narrow-band Gaussian/normal distribution with zero mean (centered at
X = 0, Figure 2) and a standard deviation of 10 nm. The boundary at the right (posi-
tive end of the domain), i.e., the cell membrane, is considered an absorbing boundary
condition, implying that once pDNA reaches the cell membrane, it is absorbed into the
cell membrane, i.e., it is internalized and expressed by the cell. The resulting boundary
condition at X = 4 Bg is thus P(X — +Bg,t) = 0. The left boundary is considered to be
a reflective barrier, implying that once the pDNA molecule reaches the left boundary, it
is reflected back into the domain, i.e., the flux in the probability density function is zero.
Flux for Equation (4) is given by J(X,t) = oP(X,t) — D%(X, t) and for Equation (5) by
J(X, 1) = }% {— %] P(X,1) + 0P(X,t) — D2 (X, ). Thus, the resulting left boundary
condition for Equation (4) is vP(X — — By, 1) — D%{X — —Bp,t) — 0and for Equation (5)
is %[-ﬂ‘;{.il]}’(x ~ —Bpt)+ 0P(X = —Bp,t) — DIE(X = By, 1) = 0.

The concentration dependance of the experimental results is modeled by varying
the location of the right (Bg) and the left (B;) boundaries. These boundaries are defined
by the free sphereical space (Rpya in Figure 1) available to the pDNA molecule which
shrinks or expands depending upon high or low concentration, respectively. Various
estimates of Rpy 4 are given in Supplementary Table 51 for different concentrations. Since
concentrations in the experiments in the current work vary from 40 pg/mL to 500 pug/mL,
By, Bg = Rpna is varied from 312 nm to 134 nm, respectively. However, values of Rpy 4
as small as 77 nm (corresponding to 2500 pg/mL) and as high as 433 nm (corresponding to
15 pg/mlL) are also considered to analyse a larger spectrum of concentrations that could be
commonly found in GET experiments. It should be noted that boundaries of the domain
X € [By, Br] are defined using By, Bx = Rpna (Figure 1), the values for which are given in
Supplementary Table S1 for different concentrations. However, other definitions of By, Bg
can be used (see Figure 51), the values for which are given in Supplementary Table 52.
Finally, Equations (4) and (5) are solved for the probability density function P(X, t) in the
domain X € [By, Bg].

3. Results

In this paper, different electric pulses were used to introduce pDNA into cells in vitro.
We compared GET efficiency and the time dynamics of transgene expression after GET
performed by using different pulses. The experiments were performed on cell suspensions
of 1306 fibroblasts and on C2C12 myoblasts with a range of pulse durations from 200
ns to 5 ms, monopolar and bipolar pulses. The results are presented as the percentage
of transfected cells (GET), quantity of produced transgene measured as median fluores-
cence intensity (MFI) and as the percentage of transfected cells considering cell survival
{overall GET).
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We first determined the optimal electric field amplitudes used in GET for each pulse
protocol based on permeabilization and survival curves. After determining optimal electric
field amplitude, the effect of pDNA concentration on GET, MFI, cell survival, and overall
GET was determined. We compared the overall GET and MFI of all pulse durations at the
highest pDNA concentration. Furthermore, with a subset of pulses, we explored the effect
of different pDNA sizes on GET, MFI, cell survival, and overall GET. We also monitored the
time dynamics of pDNA expression after GET with different pulse durations. Lastly, based
on the data obtained in the experiments of the pDNA concentration effect on GET, the
model of the probability of pDNA and cell membrane contact during GET was developed.
The model was compared to GET efficiency using different pulse durations, with the aim
to determine the importance of diffusive and electrophoretic movement of pDNA.

3.1. Determining Optimal Electric Field Amplitude for GET

In order to determine the optimal parameters for GET (intersections of permeabiliza-
tion and survival curves) for C2C12 myoblast and 1306 fibroblast cell lines, we varied the
nanosecond pulse parameters—pulse duration: 200 or 500 ns; pulse number: 25, 100, or
300 pulses; pulse repetition frequency: 5 or 10 Hz, and delivered electric field: 0-19 kV/cm.

In both cell lines, C2C12 myoblasts and 1306 fibroblasts, we achieved >90% cell
membrane permeabilization, with different pulse durations of 200 ns and 500 ns and
different tested pulse numbers, 25, 100, and 300 pulses (Supplementary Figures S2 and S3).
No significant difference in permeabilization, survival, and PI MFI curves was observed
when changing pulse repetition frequency (5 or 10 Hz) for 200 ns and 500 ns pulses for all
three pulse numbers tested in C2C12 myoblasts (data not shown). Based on this, we decided
to use only a 10 Hz pulse repetition frequency for experiments with 1306 fibroblasts.

Intersections of permeabilization and survival curves were observed at similar electric
fields for C2C12 myoblasts and 1306 fibroblasts, except for 25 x 200 ns pulses, where the
intersection of permeabilization and survival curves was observed at a lower electric field in
1306 cells—12-14 kV/cm compared to 15-18 kV/cm for C2C12 myoblasts (Supplementary
Figure S2). Since cell size can influence the permeabilization threshold, we measured the
diameters of cells in suspension, which were 16.8 &= 1.8 um for C2C12 myoblasts and
14.3 + 1.4 pm for 1306 fibroblasts.

A higher MFI of PI-positive cells was observed with 500 ns pulses compared to 200 ns
duration pulses; additionally, the MFI increased with the increasing number of pulses from
25 to 300 in both pulse durations tested. Comparing MFI between C2C12 myoblasts and
1306 fibroblasts, lower MFI was observed in 1306 fibroblasts with both 200 ns and 500 ns
pulses but only at high electric field amplitudes (Supplementary Figure 54).

The HEF-BP pulse protocol consisted of bipolar pulses of 2 us duration of positive and
negative phase, 2 ps pause between positive and negative pulse phase, and pause between
bipolar pulses. We applied 100 bursts, each containing 32 pulses. The burst repetition
rate was 1 Hz, and the applied electric field was 0-2.5 kV/cm. For microsecond pulses
we delivered: 8 x 100 us, 1 Hz pulse repetition frequency, with the applied electric filed,
0-2kV/cm and for millisecond pulses; 8 x 5 ms, 1 Hz pulse repetition frequency and
applied electric filed, 0-1.25 kV/cm.

Permeabilization and survival curves for HF-BP pulse protocol behave similarly
as permeabilization and survival curves of 8 x 100 ps pulse protocol for both cell lines.
Permeabilization was achieved at lower values of electric field for 8 x 5 ms compared
to 8 x 100 us pulse protocol and survival deceased at lower values of electric field for
8 x 5 ms compared to 8 x 100 us pulse protocol in both cell lines. MFI of permeabilized
cells was higher at lower values of electric field when longer millisecond pulses were
applied. Similarly, as for nanosecond pulses permeabilization, the MFI of permeabilized
cells with a high electric field with HF-BP, micro-, and millisecond pulses was lower in
1306 cells compared to C2C12 myoblasts (Supplementary Figures S5 and S6).

After the initial parameters were determined, based on the permeabilization and
survival curve, further optimization for every pulse protocol was performed. Performing
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GET, we tested three different electric field amplitudes in the range of slightly below to
slightly above the intersection of permeabilization and survival curve to determine the
electric field at which the overall GET was the best (data not shown). Pulse protocols with
chosen electric fields used to determine the effect of pDNA concentration and the time
dynamics of transgene expression are given Table 1.

Table 1. Pulse protocols used to determine the effect of pDNA concentration.

C2C12 (16,8 + 1.8 pm) 1306 (14.3 + 1.4 pm)

25 x 200 ns, 10 He, 15.8 kV/cm 25 x 200 ns, 10 Hz, 12.8 kV/cm
100 x 500 ns, 10 Hz, 4.1 kV/cm 25 x 500 ns, 10 Hz, 6.5 kV/cm
2-2-2-2,32p, 100 b, 1 Hz, 1.25 kV/cm 2-2-2-2,32p,100b, 1 Hz, 1 kV/cm
8 x 100 us, 1 Hz, 1.25 kV/em 8 x 100 us, 1 Hz, 1.25 kV/cm
8 x 5ms, 1 Hz, 0.4kV/cm 8 x 5ms, 1 Hz, 0.6 kV/cm

For each cell line, only one 200 ns and one 500 ns pulse protocol were used to determine
the effect of the pDNA concentration on GET. We chose pulse protocols with which the best
overall GET of 500 pg/mL of pEGFP-N1 was obtained (Table 1).

3.2 Effect of pDNA Concentration on GET, MFI, Cell Survival, and Overall GET

In determining the effect of pDNA concentration on GET, MFI, cell survival, and
averall GET, six different concentrations of pEGFP-N1 were tested, namely, 0, 40, 80, 100,
250, and 500 pug/mL.

The GET in C2C12 myotubes was significantly higher with HF-BF, 8 x 100 us, and
8 x 5ms pulses compared to nanosecond pulses for all pDNA concentrations tested
(Figure 3A). Interestingly, in 1306 fibroblasts, the GET was higher with HF-BE, 8 x 100 ps,
and 8 x 5 ms pulses compared to nanosecond pulses up to 250 pug/mL of pDNA. However,
at the highest pDNA concentration in 1306 fibroblast, there were no significant differences
in the GET between all pulse protocols (Figure 3C).

The effect of the pDNA concentration on GET depends on the cell line. However, the
efficiency of nanosecond pulses depends more on the pDNA concentration compared to
HEF-BP, 8 x 100 ps, and 8 x 5 ms pulses in both cell lines.

The MFI of cells is indicative of how many pDNA copies were successfully transcribed
and translated into fluorescent protein. The MFI of GFP-positive cells was higher in
1306 fibroblasts at all pDNA concentrations when compared to C2C12 myoblasts for
all pulse protocols. The MFI of C2C12 myoblast was the highest with 8 x 5 ms pulse
protocol followed by 8 x 100 us, HE-BF, and the lowest with nanosecond pulse protocols.
Interestingly, the MFI of C2C12 myoblasts slowly increased up to 250 pg/mL of pDNA
and then reached a plateau. For pulse protocols 8 x 5 ms and 8 x 100 us, there was a small
increase in MFI from 250 pg/mlL to 500 pug/ml pDNA concentration, but not statistically
significant (Figure 3B).

Similarly, MFI of 1306 fibroblasts was also different compared to C2C12 myoblasts.
At the highest pDNA concentration, the MIT of 1306 fibroblasts was the highest with
the 8 x 100 us pulse protocol followed by the nanosecond, HF-BP, and 8 x 5 ms pulse
protocols. The MFI after the HE-BP and 8 x 5 ms pulse protocols increased gradually with
increasing pDNA concentration. With the 8 x 100 us pulse protocol, a significant increase
was observed between 100 ug/mlL and 250 ug/mL pDNA concentration. Interestingly, the
MFI of 1306 fibroblasts increased significantly from 250 pug/mlL to of 500 ug/mL pDNA
concentration with both 200 ns and 500 ns pulse protocols (Figure 31)). The MFI of GFP-
positive cells is cell-line-dependent and increases with increasing pDNA concentration.
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Figure 3. GET and median fluorescence intensity (MFI) of GFP-positive cells with different con-
centrations of pEGFP-N1 pDNA. (A) GET of C2C12 myoblasts, pulses: 25 x 200 ns: 25 x 200 ns,
10 Hz, 15.8 kV/em; 100 x 500 ns: 100 x 500 ns, 10 He, 4.1 kV/em; HF-BP: 2-2-2-2, 32p, 100b, 1 Iz,
1.25kV/em; 8 x 100 ps: 8 x 100 us, 1 Hz, 1.25 kV/om; and 8 x 5 ms: 8 x 5 ms, 1 Hz, 0.4 kV/cm.
(B) MFI of C2C12 myoblasts, pulses: 25 x 200 ns: 25 x 200 ns, 10 Hz, 15.8 kV/cm; 100 x 500 ns:
100 x 500 ns, 10 He, 4.1 kV /cm; HE-BP: 2-2-2-2, 32p, 100b, 1 Hz, 1.25 kV /cm; 8 x 100 ps: 8 x 100 ps,
1Hz, 1.25 kV/em; and 8 x 5 ms: 8 x 5 ms, 1 Hz, 0.4 kV/cm. (C) GET of 1306 fibroblasts, pulses:
25 x 200 ns: 25 x 200 ns, 10 Hz, 12.8 kV /cm; 25 x 500 ns: 25 x 500 ns, 10 Hz, 6.5 kV/cm; HE-BP:
2-2-2-2,32p, 100b, 1 Hz, 1 kV/cm; 8 x 100 us: 8 x 100 ps, 1 Hz, 1.25 kV /cm; and 8 x 5 ms: 8 x 5 ms,
1 Hez, 0.6 kV /em. (D) MFI of 1306 fibroblasts, pulses: 25 x 200 ns: 25 x 200 ns, 10 He, 12.8 kV /em;
25 x 500 ns: 25 x 500 ns, 10 Hz, 6.5 kV /em; HF-BP: 2-2-2-2, 32p, 100b, 1 Hz, 1 kV/cm; 8 x 100 ps:
8 % 100 ps, 1 Hz, 1.25 kV/cm; and 8 x 5 ms: 8 x 5 ms, 1 Hz, 0.6 kV/cm. 0 V represents control
where cells were not exposed to electric pulses. Results are represented as an average of 3 repetitions.

Statistical differences are given in the text. Bars represent standard deviation.

High concentration of pDNA used for GET was reported to affect cell survival [16]. In
our study, however, with 8 x 5 ms pulses, we did not observe any decrease in cell survival
with increasing pDNA concentrations compared to cells that were exposed just to electric
pulses in both cell lines. In addition, in C2C12 myoblasts, pPDNA concentration did not
have any effect on cell survival after GET with 500 ns and 200 ns pulse protocols. With
the 8 % 100 ps pulse protocol in C2C12, survival was significantly lower, with 500 ug/mlL
of pDNA. Interestingly, with HF-BP pulses in C2C12 myoblasts, a significant decrease in
cell survival was observed already with the lowest pDNA concentration (40 pg/mL). In
1306 fibroblasts with the 500 ns and 200 ns pulse protocols, survival was significantly lower,
with 500 pg/mL of pDNA. With HE-BP pulses with concentrations higher than 100 pg/mL
and with the 8 x 100 ps pulse protocol, survival was significantly lower with 250 pg/mL
and 500 pg/mL of pDNA (Figure 4). Our results suggest that the decrease in survival after
GET with high pDNA concentrations is cell-line-dependent.
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Figure 4. Cell survival with different concentrations of pEGFP-N1 pDNA. (A) C2C12 myoblasts,
pulses: 25 x 200 ns: 25 x 200 ns, 10 Hz, 15.8 kV/cm; 100 x 500 ns: 100 x 500 ns, 10 Hz, 4.1 kV/em;
HE-BP: 2-2-2-2, 32p, 100b, 1 Hz, 1.25 kV/cm; 8 x 100 ps: 8 x 100 ps, 1 Hz, 1.25 kV/cm; and 8 x 5 ms:
8 x 5ms, 1 Hz, 0.4 kV/cm; and (B) 1306 fibroblasts, pulses: 25 x 200 ns: 25 x 200 ns, 10 Hz,
12.8 kV/em; 25 x 500 ns: 25 x 500 ns, 10 Hz, 6.5 kV /em; HF-BP: 2-2-2-2, 32p, 100b, 1 Hz, 1 kV/em;
8 % 100 ps: 8 x 100 us, 1 Hz, 1.25 kV/cm; and 8 x 5 ms: 8 x 5 ms, 1 Hz, 0.6 kV/cm. 0 V represents
control where cells were not exposed to electric pulses. Results are represented as an average of
3 repetitions. Statistical differences are given in the text. Bars represent standard deviation.

When also considering cell survival, i.e., calculating overall GET, we obtained the
results presented in Figure 5. The overall GET increased with the increasing pDNA concen-
tration for all pulse protocols and both cell lines. In C2C12 myoblasts, the highest overall
GET was reached with 8 x 5 ms and & x 100 ps pulse protocols, followed by HE-BE, 500 ns,
and 200 ns protocols. With all five pulse protocols, the overall GET increased up to the
highest pPDNA concentration used, i.e., 500 pg/mL. In C2C12 myoblasts, the overall GET
with 40, 80, and 100 pg/mL pDNA concentrations was, however, below 1% with both
200 ns and 500 ns pulses (Figure 5A).

In 1306 fibroblasts, the highest overall GET was observed with 8 x 100 us pulse
protocol regardless of pDNA concentration used. Interestingly, with the highest pDNA
concentration, i.e., 500 pug/ml, using the 8 x 5 ms pulse protocol, we achieved the lowest
overall GET, even lower than the nanosecond and HF-BP pulse protocols. In addition, the
overall GET increase with the increasing pDNA concentration was different compared
to C2C12 myoblasts. In 1306 fibroblasts with the 8 x 100 ps, 8 x 5 ms, and HF-BP
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pulse protocols, a plateau in the overall GET was observed between 100 pg/mL and
500 pg/mL pDNA concentrations, where the overall GET did not increase significantly
with the increasing pDNA concentration. In contrast, with nanosecond pulse protocols,
a significant increase in overall GET was observed between 250 pg/mL and 500 pg/mL
pDNA concentration (Figure 5B).

A

45
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0 40 80100 250 500
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ov -~25x 200 ns 100 x 500 ns -+-HF-BP 8x 100 ps — 8x5ms

a5
1306
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Figure 5. Overall GET with different concentrations of pEGFP-N1 pDNA. (A) C2C12 myoblasts,
pulses: 25 x 200 ns: 25 x 200 ns, 10 Hz, 15.8 kV /cm; 100 x 500 ns: 100 x 500 ns, 10 Hz, 4.1 kV/cm;
HEF-BP: 2-2-2-2, 32p, 100b, 1 Hz, 1.25 kV/cm; 8 x 100 ps: 8 x 100 ps, 1 Hz, 1.25 kV/cm; and 8 x 5 ms:
8 x 5 ms, 1 Hz, 0.4 kV/cm; and (B) 1306 fibroblasts, pulses: 25 x 200 ns: 25 x 200 ns, 10 Hz,
12.8 kV/em; 25 x 500 ns: 25 x 500 ns, 10 Hz, 6.5 kV /cm; HE-BP: 2-2-2-2, 32p, 100b, 1 Hz, 1 kV/cm;
8 % 100 ps: 8 x 100 us, 1 Hz, 1.25 kV/cm; and 8 x 5 ms: 8 x 5 ms, 1 Hz, 0.6 kV/cm. 0 V represents
control where cells were not exposed to electric pulses. Results are represented as an average of
3 repetitions. Statistical differences are given in the text. Bars represent standard deviation.

The importance of pDNA concentration is most noticeable with nanosecond pulses,
where overall GET is less than a half in both cell lines already at pDNA concentration
250 pug/mL. With the lowest pPDNA concentration, 40 pg/mL, overall GET in 1306 fibroblast
was 3% and 5% for 200 and 500 ns pulses, respectively. In C2C12 myoblasts, the overall
GET with 40, 80, and 100 pg/mL pDNA concentrations was below 1% with both 200 ns
and 500 ns pulses (Figure 5). Based on these results, a pDNA concentration of 500 pg/mL
was chosen to achieve robust overall GET.
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3.3. Effect of Different pPDNA Size on GET

Since pDNA size is reported to have an effect on GET efficiency, we performed
experiments using two different size pDNA, comparing a 3.5 kb plasmid pmaxGFP” and
a 4.7 kb plasmid pEGFP-N1, both encoding GFP under the control of a CMV promotor.
The concentrations of both plasmids in all experiments were 500 ug/ml., meaning that the
number of pDNA copies added was 1.34 x higher for the smaller pDNA. We performed
experiments with pmaxGFEP for both cell lines for pulse protocols which gave the highest
GET with pEGFP-N1 plasmid (Table 1).

As we can observe in Figure 64, in C2C12 myoblasts with smaller pDNA, signifi-
cantly higher overall GET was observed only for 8 x 100 ps pulse protocol. Overall GET
with 200 ns, 500 ns and HF-BP protocol was comparable. Interestingly, overall GET with
8 x 5 ms was lower with smaller pPDNA compared to larger pDNA.
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Figure 6. GET, cell survival, and overall GET with 500 ug/mL of pmaxGFP and pEGFP-N1 pDNA
with different pulse protocols for (A) C2C12 myoblasts, 25 x 200 ns: 25 x 200 ns, 10 Hz, 15.8 kV/cm;
100 x 500 ns: 100 x 500 ns, 10 Hz, 4.1 kV/cm; HF-BP: 2-2-2-2, 32 pulses, 100 bursts, 1 Hz,
1.25kV/em; 8 x 100 ps: 8 x 100 ps, 1 Hz, 1.25 kV/em; 8 x 5 ms: 8 x 5ms, 1 Hz, 0.4 kV/cm;
and (B) 1306 fibroblasts, 25 x 200 ns: 25 x 200 ns 10 Hz, 12.8 kV /em;, 25 x 500 ns: 25 x 500 ns,
10 Hz, 6.5 kV /cm; HE-BP: 2-2-2-2, 32 pulses, 100 bursts, 1 Hz, 1. kV/em; 8 x 100 ps: 8 x 100 ps, 1 Hz,
1.25kV/cm; 8 x 5ms: 8 x 5ms, 1 Hz, 0.6 kV/cm. 0V represents cells not exposed to electric pulses.
Results are represented as an average of 3 repetitions. Bars represent standard deviation,

Similar results were obtained for 1306 fibroblasts (Figure 6B). Overall GET was signifi-
cantly higher with smaller pDNA only for 8 x 100 us protocol when compared to larger
PDNA. With the 200 ns, 500 ns, HE-BP, and 8 % 5 ms protocols, comparable overall GET
was observed with both pDNA sizes.
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When comparing MFI of all pulse protocols between different pDNA sizes a marked
difference was observed between the two cell lines. In C2C12 myoblasts, the MFI of the
GFP-positive cells was significantly higher with smaller pDNA (pmaxGFP) after GET
with the 200 ns, 500 ns, and HF-BP protocols (Figure 7A), while 1306 fibroblasts exhibited
significantly higher MFI with smaller pDNA after 8 x 100 ps and 8 X 5 ms protocols
(Figure 7B).
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Figure 7. Median fluorescence (MFI) of GFP-positive cells with 500 pg/mlL of pmaxGEFP and pEGEP-
N1 pDNA with different pulse protocols for (A) C2C12 myoblasts, 25 x 200 ns: 25 x 200 ns, 10 Hz,
158 kV/cm; 100 x 500 ns: 100 x 500 ns, 10 Hz, 4.1 kV /cem; HP-BP: 2-2-2-2, 32 pulses, 100 bursts,
1Hz, 1.25 kV/em; 8 x 100 ps: 8 x 100 ps, 1 Hz, 1.25kV/em; 8 x 5ms: 8 x 5ms, 1 Hz, 04 kV/em;
and (B) 1306 fibroblasts, 25 x 200 ns: 25 x 200 ns, 10 Hz, 12.8 kV/cm; 25 % 500 ns: 25 x 500 ns,
10 He, 6.5 kV/cm; HE-BP: 2-2-2-2, 32 pulses, 100 bursts, 1 Hz, 1. kV/cm; 8 x 100 ps: 8 x 100 ps, 1 Hz,
1.25kV/cm; 8 x 5ms: 8 x 5ms, 1 Hz, 0.6 kV/cm. 0 V represents cells not exposed to electric pulses.
Results are represented as an average of 3 repetitions. Bars represent standard deviation. Asterisk
* represents statistically significant (p < 0.05) difference between pmaxGFP and pEGFP-N1 for the
same pulse protocol.
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3.4. Effect of Pulse Parameters on Overall GET and MFI

We compared overall GET of different pulse protocols after GET with 500 pg/mlL. of
pEGFP-N1 since this were the conditions which led to the highest overall GET.

As we can observe in Figure 8, we achieved around a 35% overall GET with the
8 x 5ms pulse protocol in C2C12 myoblast. The overall GET with the 8 x 5 ms pulse
protocol was, however, significantly lower in 1306 fibroblast, 15%. The overall GET with
the 8 % 100 ps pulses was comparable in both cell lines, at approximately 30%, as well as for
the HE-BP pulse protocol, at 20%. On the contrary, the overall GET with nanosecond pulses
was interestingly higher in 1306 fibroblasts compared to C2C12 myoblasts, with the overall
GET using the 25 x 500 ns and 300 x 200 ns pulse protocols being significantly higher.
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Figure 8. Overall GET with different pulse protocols for C2C12 myoblasts and 1306 fibroblasts
with 500 pg/mL of pEGFP-N1. C2C12: 25 x 200 ns: 25 x 200 ns, 10 Hz, 15.8 kV/cm; 100 x 200 ns:
100 x 200 ns, 10 Hz, 6.9 kV/cm; 300 x 200 ns: 300 x 200 ns, 10 Hz, 6.3 kV/cm; 25 x 500 ns:
25 x 500 ns, 10 Hz, 6.9 kV/cm; 100 x 500 ns: 100 x 500 ns, 10 Iz, 4.1 kV /cm; 300 x 500 ns:
300 x 500 ns, 10 Hz, 2.4 kV/cm; HE-BP: 2-2-2-2, 32 pulses, 100 bursts, 1 He, 1.25 kV/em; 8 x 100 ps:
8% 100 us, 1 Hz, 1.25kV/em; 8 x 5ms; 8 x 5ms, 1 Hz, 04 kV/cm. 1306: 25 x 200 ns: 25 x 200 ns,
10 Hz, 12.8 kV/cm; 100 x 200 ns: 100 x 200 ns, 10 Hz, 6.9 kV/cm; 300 x 200 ns: 300 x 200 ns, 10 Hz,
4.2kV/em; 25 x 500 ns: 25 x 500 ns, 10 Hz, 6.5 kV /cm; 100 x 500 ns: 100 x 500 ns, 10 Hz, 3.5 kV/em;
300 % 500 ns: 300 x 500 ns, 10 He, 2.7 kV /em; HE-BP: 2-2-2-2, 32 pulses, 100 bursts, 1 Hz, 1 kV /em;
8 3 100 ps: 8 x 100 pus, 1 Hz, 1.25 kV/cm; 8 % 5 ms; 8 x 5ms, 1 Hz, 0.6 kV/cm. 0 V represents cells
not exposed to electric pulses. Results are represented as an average of 3 repetitions. Bars represent
standard deviation. Asterisk * represents statistically significant (p < 0.05) difference between cell
lines for the same pulse protocol.

With respect to pulse parameters, overall GET with the highest pDNA concentration
tested in C2C12 myoblasts was significantly higher with 8 x 5 ms compared to HF-BP
and nanosecond pulse protocols. In addition, overall GET with 8 x 100 us protocol was
significantly higher compared to nanosecond pulse protocols. The overall GET in C2C12
myoblasts was significantly higher with HF-BP pulses compared to the 300 x 500 ns and
300 x 200 ns pulse protocols. However, due to the high variability, in 1306 fibroblasts, there
was no significant difference in the overall GET when comparing 8 x 5 ms, 8 x 100 us,
HF-BF, and nanosecond pulse protocols.

With 8 x 100 ps pulses, the overall GET was comparable between both cell lines.
The overall GET was significantly lower in 1306 fibroblasts for the 8 x 5 ms protocol
and significantly higher for the 300 x 200 ns and 25 x 500 ns pulse protocols compared
to the overall GET in C2C12 myoblasts. In addition, overall GET with 8 x 100 us and
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nanosecond pulses in 1306 fibroblasts, although not significantly, was higher as overall
GET with 8 x 5 ms pulses (Supplementary Tables 53 and 54).

The MFI of GFP-positive cells was significantly higher in 1306 fibroblast with all pulse
protocols, except for the 8 x 5 ms pulse protocol. The MFI of C2C12 myoblasts was up to
20,000 a.u. and was significantly different only between 8 x 5 ms and 300 x 500 ns pulse
protocols. MFI of 1306 fibroblast was up to 60,000 a.u. There was no significant difference
in MFI between different pulse protocols in 1306 fibroblasts (Figure 9).
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Figure 9. Median fluorescence intensity (MFI) of GFP-positive cells with different pulse protocols
for C2C12 myoblasts and 1306 fibroblasts with 500 pg/ml of pEGFP-N1. €2C12: 25 x 200 ns:
25 x 200 ns, 10 Hz, 15.8 kV/cm; 100 x 200 ns: 100 x 200 ns, 10 Hz, 6.9 kV/cm; 300 x 200 ns:
300 x 200ns, 10 Hz, 6.3 kV/ecm; 25 x 500 ns: 25 x 500 ns, 10 Hz, 6.9 kV/cm; 100 x 500 ns:
100 x 500 ns, 10 Hz, 4.1 kV/cm; 300 x 500 ns: 300 x 500 ns, 10 Hz, 2.4 kV/cm; HF-BP: 2-2-2-2,
32 pulses, 100 bursts, 1 Hz, 1.25 kV/cmy; 8 x 100 ps: 8 % 100 ps, 1 Hz, 1.25 kV/cm; 8 x 5ms; 8 x 5 ms,
1 Hz, 0.4 kV/cm. 1306: 25 x 200 ns: 25 x 200 ns, 10 Hz, 12.8 kV/cm; 100 x 200 ns: 100 x 200 ns,
10 Hz, 6.9 kV /cm; 300 x 200 ns: 300 x 200 ns, 10 Hz, 4.2 kV/cm; 25 x 500 ns: 25 x 500 ns, 10 Hz,
6.5 kV/em; 100 x 500 ns: 100 x 500 ns, 10 Hz, 3.5 kV/cm; 300 x 500 ns: 300 x 500 ns, 10 Hz,
2.7 kV/cm; HE-BP: 2-2-2-2, 32 pulses, 100 bursts, 1 Hz, 1 kV/cm; 8 x 100 ps: 8 x 100 ps, 1 Hz,
1.25kV/em; 8 x 5ms; 8 x 5ms, 1 Hz, 0.6 kV /cm. 0 V represents cells not exposed to electric pulses.
Results are represented as an average of 3 repetitions. Bars represent standard deviation. Asterisk *
represents statistically significant (p < 0.05) difference between cell lines for the same pulse protocol.

3.5. Time Dynamics of pPDNA Expression

The time dynamics of pDNA expression was also monitored for both cell lines for
those pulse protocols with which we obtained the best overall GET with 500 pg/mL of
pEGFP-N1 plasmid (Table 1). The percentage of GFP-positive cells and their MFI were
measured every 8 h for 6 days. Since we did not measure cell survival at each time point,
the results for time dynamics of pDNA expression are presented as GET (not overall GET).

QOur results show that the dynamics of the onset of GFP expression (both percentage
of GFP-positive cells and their MFI) are comparable for all pulse protocols tested (i.e.,
from 200 ns up to 5 ms pulse durations) but varied greatly between the two cell lines
(Figures 10 and 11).
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Figure 10. (A) GET and (B) median fluorescence intensity (MFI) of GFP-positive C2C12 myoblasts
with 500 pug /mL pEGFP-N1 pDNA with different pulse protocols on 1306 fibroblasts, 25 x 200 ns:
25 x 200 ns, 10 Hz, 12.8 kV/cm; HE-BP: 2-2-2-2, 32 pulses, 100 bursts, 1 Hz, 1.25 kV /em; 8 x 100 ps:
8 x 100 us, 1 Hz, 1.25kV/cm; 8 x 5ms: 8 x 5 ms, 1 Hz, 0.6 kV/cm, 0V represents control where
cells were not exposed to electric pulses. Results are represented as an average of 3 repetitions. Bars
represent standard deviation.

In C2C12 myoblasts, the GET increased with all pulse protocols reaching a maximum
at 32 h after GET. The best GET was achieved with the 8 x 100 us pulse protocol (46.2%),
followed by HE-BP (31.9%), 8 x 5 ms (17.8%) and 25 x 200 ns (6.9%). Afterwards the GET
started to decline and after 144 h (i.e., 6 days) decreased below 10% for all pulse protocols
reaching 4.5%, 0.7%, 1.1%, and 0.02% for the 8 x 100 ps, HF-BF, 8 x 5 ms, and 25 x 200 ns
pulse protocels, respectively (Figure 10A).
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Figure 11. (A) GET and (B) median fluorescence intensity (MFT) of GFP-positive 1306 fibroblasts
with 500 pg/mL pEGFP-N1 pDDNA with different pulse protocols on 1306 fibroblasts, 25 x 200 ns:
25 % 200 ns, 10 Hz, 12.8 kV /cm; HF-BP: 2-2-2-2, 32 pulses, 100 bursts, 1 Hz, 1 kV /cm; 8 x 100 ps:
8 x 100 ps, 1 Hz, 1.25 kV/cm; 8 x 5ms: 8 x 5ms, 1 Hz, 0.6 kV/cm. 0V represents control where
cells were not exposed to electric pulses. Results are represented as an average of 3 repetitions. Bars
represent standard deviation.

A similar dynamic was observed for MFI of GFP positive in C2C12 myoblasts. MFI
reached the peak at 24 h after GET with 8 x 100 us and HF-BP protocols and then stated to
decline. Interestingly, MFI after the 8 x 5 ms and 25 x 200 ns protocols peaked already at 8
h after GET, after which it declined steadily (Figure 10B).

Contrary to C2C12 myoblasts, broad peaks in GET were observed in 1306 fibroblasts
for all pulse protocols tested. The maximum percentage of GFP-positive cells was reached
between 8 and 64 h for the 8 x 5 ms and 25 x 200 ns pulse protocols, between 24 and 104 h
after GET with the 8 x 100 us pulse protocol, and between 40 and 112 h after GET with
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the HE-BP pulse protocol. The best GET was achieved with the 8 x 100 us pulse protocol
(max at 48 h, 55.2%), followed by the HF-BP (max at 80 h, 50.8%), 25 x 200 ns (max at 40 h,
29.2%) and 8 x 5 ms protocols (max at 40 h, 24.3%). Interestingly, higher GET was achieved
with 25 x 200 ns compared to 8 x 5 ms protocol. After reaching a peak, the percentage
of GFP-positive cells started to decrease slowly, except for the HF-BP protocol, where it
remained at the same level for the entire time of observation. On day 6 (i.e., 144 h) after
GET, 31.1%, 47.0%, 11.3%, and 9.5% of cells were still GFP-positive for the 8 x 100 ps,
HE-BF, 25 x 200 ns, and 8 x 5 ms pulse protocols, respectively (Figure 11A).

In addition, in MFI, broad peaks were observed for all pulse protocols in 1306 fibrob-
lasts. The MFI reached a peak later than the maximum percentage of GFP-positive cells
between 24 and 104 h after GET with the 25 x 200 ns pulse protocol, between 40 and 104 h
after GET with the 8 x 100 pus and 8 x 5 ms pulse protocols, and between 32 and 72 h
after GET with the HF-BP pulse protocol. Comparable MFls were observed between the
8 x 5ms, 8 x 100 ps, and HE-BI protocols, which were higher compared to the 25 x 200 ns
protocol (Figure 11B).

3.6. Modeling the Probability of pDNA and Cell Membrane Contact during GET
3.6.1. 200 ns and 500 ns Pulses

Equation (4) is first solved for a single pulse of 200 ns at an electric field inten-
sity of 15.8 kV/cm. These were the conditions used in the experiments for C2C12 cells
(Table 1). The results of the solution of Equation (4) are shown in Figure 12A below for
By, Bg = 134 nm, representing 500 ug/ml. pDNA solution concentration. The solid lines
represent the evolution of P(X, ) during the pulse, and the dashed lines represent the
evolution of P(X, ) after the pulse. Equation (4) is solved for ¢ = 100 ms since the ns pulses
are applied at a frequency of 10 Hz (implying 100 ms between pulses). During the pulse
(t =0 ns to { = 200 ns), the initial narrow band normal/Gaussian distribution drifts towards
the right by electrophoresis and spreads only a little by diffusion. After the pulse, there is
no drift, and the distribution spreads purely by diffusion. The time between two successive
pulses is long enough for P(X, t) to become almost flat before the onset of the second pulse
(f = 100 ms).

To calculate the Probability of Successful Contact PSC(t), the flux P(X, t) is collected
at the cell membrane, i.e., at X — Bg. PSC(#) is calculated as PSC(t) = 1 — J‘+BB;_R P(X, HdX.
This represents the probability that a pDNA molecule will successfully establish contact
with, and be absorbed by, the cell membrane, which is pre-requisite for a successful
GET. As observed from Figure 12B, PSC(t) remains negligibly small during and after the
200 ns pulse, implying a negligible probability of pDDNA establishing contact with the cell
membrane. Only from around {~1 ms does PSC(#} start to rise (due to diffusion), attaining
a non-negligible probability.

To determine the influence of concentration (i.e., of the distance between the pDNA
and the cell membrane (in Figure 1)), another simulation using By, B = 433 nm, represent-
ing 15 pg/ml pDNA solution concentration, is shown in Figure 12C,D. Due to the lower
concentration (or a larger distance between the pDNA and the cell membrane), the domain
has expanded (Figure 12C), and the pDNA molecule has to travel a larger distance before
it can reach the cell membrane. Due to insufficient electrophoresis, the pDNA molecule
relies on diffusion after the cessation of pulse to cover this large distance and reach the cell
membrane. For By, Bg = 433 nm, PSC(t) starts to rise at a much later time and attains a
lower PSC(t) at t = 100 ms (Figure 12D), compared to By, Bg = 134 nm (Figure 12B).
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Figure 12. The 200 ns pulse: Evolution of P(X, t) and the corresponding Probability of Successful
Contact PSC(#) =1 — | jg" P(X, t)dX for By, Bg = 134 nmin (A,B,EF) and for By, Bg = 433 nm in
(C,D,G,H); (A-D) represent cases without free energy barrier and (E-H) represent cases with free
energy barrier. Solid lines in (A,C,E,G) correspond to times during the pulse, and dashed lines in
(A,C.E,G) correspond to times after the pulse. The dashed lines in (B,D,F,H) represent the time at
which the 200 ns pulse ends.

Evolution of P(X, 1), as calculated using Equation (5), i.e., in the presence of a free
energy barrier between the pDNA and the cell membrane, is shown in Figure 12E for
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By, By = 134 nm (500 pg/mL) and in Figure 12G for By, By = 433 nm (15 pg/mL); the
corresponding PSC(!) values are shown in Figure 12FH, respectively. The presence of
a high free energy barrier (barrier height of 50 kT) signficantly reduces the probability
of pDNA reaching the cell membrane. For a 200 ns pulse, electrophoresis acts for an
insufficient amount of time to bring the pDNA molecule close to the cell membrane and
for it to influence the pDNA molecule in overcoming the free energy barrier. Due to the
nature of the free energy barrier considered in this study (50¢2% %81k, T), the free energy
is negligibly small at distance greater than ~2 nm away from the cell membrane, and
it rises sharply as we approach the cell membrane. Therefore, for the electric field (and
electrophoresis) to overcome this barrier, the pPDNA molecule must already be present very
close to the cell membrane, or the electric field should be applied for a longer duration
such that electrophoresis first drags the pDNA molecule close to the cell membrane and
then subsequently helps the pDNA molecule in overcoming this barrier. Thus, the pDNA
molecule which relies on diffusion to reach the cell membrane is also repulsed by the free
energy barrier, resulting in lower PSC(t) compared to the case when no free energy barrier
was present (comparing Figure 12B,1) vs. Figure 12FH). Since the probability of pDNA
being absorbed by the cell membrane is low in the presence of a free energy barrier, the
probability of finding the pDNA molecule in the domain X € [—By, Bg| at =100 ms is
higher (comparing Figure 12A,C vs. Figure 12E,G at £=100 ms). For 200 ns pulses, the time
between pulses (f = 100 ms) is large enough for P(X, f) to become almost flat (by diffusion)
before the onset of the second pulse. This is the case for both — without the free energy
barrier (Figure 12A,C) and the with free energy barrier (Figure 12E,G). This implies that
it is almost equally probable to find the pDNA molecule at any X for X € [—Bj, Bg|.
Thus, for both cases, a uniform distribution of P(X, ) in X € [—Bg, Bg| can be considered
as an initial condition for the second pulse. For a uniform distribution, there is a higher
probabilty of pDNA being close to the cell membrane compared to the narrow-band
Gaussian distribution with a standard deviation of 10 nm centered around X — 0, the tail
of which is neglibly small at X = —By, +Bg. Therefore, we expect that electrophoresis
provided by the second pulse would contribute more to the rise in PSC(t) during the second
pulse compared to the first pulse for which the rise in PSC(t) was negligible during the
pulse (Figure 12B,D,F,H). However, since the pulse duration is small, we further expect that
the rise in PSC() will still not be significant to completely ensure the absorption of pPDNA
at the cell membrane. PSC(#) will still have to rely on the diffusion post-second pulse. We
expect this process to continue in the subsequent pulses until diffusion increases PSC(t)
to a value of 1. The role of any additional pulses after PSC(t) reaches 1 is not accounted
for by the model since the pDNA is absorbed by the cell membrane and P(X,t) = 0in
X € [=B, Bg|. In such cases, additional pulses can be thought to add more pDNA
molecules to the cell membrane.

To illustrate the point that ns pulses can be analysed in isolation, we can look at
the Peclet number defined as the ratio of distance CovEered during electrophoresis to the
tEF
}zoff,p’
and t;;, is the duration between pulses). For the 200 ns pulse, E = 15.8 kV/cm, £, = 200 ns,
and f, = 100 ms, which gives a Pe = 0.03 (< 1), indicating that P(X, ) would spread
more by diffusion and reach the cell membrane while becoming flat than it would be
drifted towards the cell membrane by electrophoresis over a single phase (during pulse and
post-pulse). As a result, the role of electric field pulses can be studied in isolation without
the confounding /compounding effects of multiple pulses.

Furthermore, for pedagogical purposes, and to study the effect of concentration on
PDNA being absorbed by the cell membrane (a pre-requisite for GET) in isolation as a
function different pulse durations and electric field intensities, we have decided to simulate
only one pulse. Such an analysis effectivly allows us to infer and isolate the roles of
electropohoresis and diffusion for different kinds of pulses/pulse durations used for GET
as a function of concentration and will allow us to draw more general conclusions.

distance covered during diffusion post pulse (Pe = where iy is the pulse duration
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PSC(t) is evaluated for the 200 ns pulse and 500 ns pulse at the corresponding electric
field intensities (Table 1 for C2C12 cells) using (B, Bg) ranging from 77 nm to 433 nm
(corresponding to concentrations ranging from 2500 ug/mL to 15 pg/mL, respectively)
and is shown in Figure 13A-D. For all ranges of (Br, Bg) tested, PSC(1) rises post pulse
termination (for both 200 ns and 500 ns pulses) through the diffusive process. As seen from
Figure 13A,C (without the free energy barrier), PSC(f) starts to rise from ¢ ~ 0.2 ms for
the lowest (Br, Bg) = 77 nm. The time at which PSC(t) begins to rise depends on (Br, Br),
and PSC(!) starts to rise earlier for lower (B, Bg), since the pDNA molecule is initially
located close to the cell membrane and thus has a higher probability of reaching the cell
membrane (through diffusion) first. Similar profiles (rise times) of PSC(#) can be seen for
200 ns and 500 ns pulses as PSC() rises predominantly by diffusion with little contribution
from electrophoresis. For the case with free energy barrier (Figure 13B,D), the rise in PSC(t)
is delayed. PSC(t) starts to rise from { ~ 10 ms for the lowest ((B;, Bg) = 77 nm) and
attains a lower final PSC(t) at + = 100 ms compared to the case without a free energy barrier.
Similar profiles of PSC(t) were obtained for both the 200 ns and 500 ns pulse in the presence
of the free energy barrier as well, further indicating the dominating effect of the diffusive
process with little contribution from electrophoresis.
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Figure 13. Evolution of PSC(t) for different (B, Bg ) ranging from 77 nm to 433 nin, corresponding
to concentrations ranging from 2500 pg/mL to 15 pg/mlL, respectively. (A,B) The 200 ns pulse at
15.8 kV/cm: (A) without free energy barrier, (B) with free energy barrier. (C,D) The 500 ns pulse at
4.1 kV/cm: (C) without free energy barrier, (D) with free energy barrier. Dashed lines represent the
time at which nanosecond pulse ends. Insets in (B,D) show zoomed-in plots for rise in PSC(f} from
1ms.
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For the 200 ns and 500 ns pulses, and for both — without and with free energy barrier,
the final PSC(t), i.e.,, PSC(t = 100 ms) depends upon (By, Bg); thus, we can expect GET to
depend on concentrations ranging from 2500 pg/mL to 15 pg/mL.

3.6.2. HF-BP Pulses

Equation (4} is solved using By, Bg= 134 nm (representing 500 pg/mL pDNA solution
concentration) for 32 bipolar pulses (constituting 1 burst out of a 100 bursts) as described by
the protocol given in Table 1 for C2C12 cells. Figure 14A-C show the evolution of P(X, )
during the 32 pulses, whereas Figure 14D shows shows the evolution of P(X,t) after
termination of 32 pulses, i.e., 1 burst. The domain length considered was By, Bg = 134 nm,
corresponding to 500 pg/mL.

Figure 14A shows the evolution of P(X, t) during the first bipolar pulse. During the
first 2 us of the pulse, when the electric field is applied in the negative X direction, P(X, t)
moves to the right due to electrophoresis and only spreads slightly due to diffusion. During
the next 2 ps, when the electric field is absent, the peak of P(X, t) remains at the same
X location, and P(X, ) spreads slightly by diffusion. During the next 2 ps, the electric
field is applied in the positive X direction and the peak of P(X, ) moves to the left due
to electrophoresis and spreads slightly by diffusion. During the last 2 us of the pulse,
the electric field is absent again, and the peak of P(X, t) remains at the same location,
spreading slightly by diffusion. The same pattern is repeated for 32 such bipolar pulses.
Figure 14B shows the evolution of P(X, t) during pulse number 15 and Figure 14C shows
the evolution of P(X, t) during pulse number 32. It can be seen from Figure 14B,C that the
peak P(X,t) remains close to X = 0 nm during the 32 pulses, as there is a net zero drift
in P(X, t) due to the bipolar nature of the pulses. P(X, t), however, spreads by diffusion
during the 32 pulses. Finally, after the cessation of 32 bipolar pulses (i.e., after 1 burst), or
after t = 256 ps, P(X,t) only spreads by diffusion and becomes almost flat until the onset
of the next burst (at f = 1s).

The Probability of Successful Contact, PSC (), is calculated as PSC(#) = 1— f:r,fL“ P(X,)dX
and is shown in Figure 14E. PSC(#) remains negligibly small during the burst of 32 bipolar pulses,
i.e., until f = 256 ps, as indicated by the dotted vertical line. Only from around ¢ ~ 1 ms
does PSC(1) start to rise (due to diffusion), attaining a non-negligible probability. PSC(t)
reaches a final probability of 1 before the onset of the next burst of bipolar pulses (at t =1s).

To see the influence of the free energy barrier, Equation (5) is solved using By, Bg= 134 nm
(representing 500 ug/mL pDNA solution concentration) for 32 bipolar pulses, and the the
evolution of P(X, ) is shown in Figure 14F-I1 during the 32 pulses and in Figure 14 after
the termination of the 32 pulses. Similar to the case with no free energy barrier, the domain
length considered was By, Bg = 134 nm, corresponding to 500 pg/mlL. The evolution of
P(X,t) during 32 pulses for the case with the free energy barrier (Figure 14F-H) was
similar to the the evolution of P(X, t) during the 32 pulses without the free energy barrier
(Figure 14A-C). This could be due to the fact that P(X, t) is not able to spread enough by
diffusion during the burst (and net electrophoresis is also negligible due to the bipolar
nature of the pulses) to have a signficant portion other than the thin tail of P(X, f) close
to the cell membrane where the free energy barrier is present. Therefore, the evolution of
P(X, ) with the free energy barrier would be simlar to the case without the free energy
barrier for the large enough domain considered here (By, Bg = 134 nm, corresponding to
500 pg/mL}. For smaller domain lengths (or concentrations > 500 pg/mL), this might not
be the case.
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Figure 14. HE-BP pulses: Evolution of P(X,t) and the corresponding Probability of Successful
Contact PSC(t) =1 — f_:;: P(X, t)dX for By, Bg = 134 nm (corresponding to 500 pg/mL) during
a sequence of 32 bipolar pulses (1 burst) at an electric field intensity of 1.25 kV/cm (Table 1 for
C2C12 cells). (A-E) represent cases without free energy barrier and (F-J) represent cases with free

energy barrier. The dashed lines in (E,J) represent the time at which the sequence of 32 pulses (i.e.,
1 burst) ends.
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The difference between the cases without and with the free energy barrier can be seen
in the evolution of P(X, I} after the burst (comparing Figure 14D with Figure 141). Similar
to ns pulses, it is less probable for the pDNA molecule to come in contact with the cell
membrane by diffusion only in the presence of the free energy barrier. As a result, there
is higher probability for the pDNA molecule to stay within the domain X € [—B;, Bg|.
Correspondingly, PSC(t) begins to rise at a much later time in the presence of the free
energy barrier (Figure 14]) compared to the case without the free energy barrier (Figure 14E).
PSC(t) also reaches a lower final value of only silightly greater than 0.3 at the end of
the burst.

PSC(t) is evaluated using (B, B} ranging from 77 nm to 433 nm, corresponding
to concentrations ranging from 2500 ug/mL to 15 ug/mL, respectively, and is shown in
Figure 15A for the case without the free energy barrier and in Figure 15B for the case with
the free energy barrier. For all ranges of (B, Bg) tested, PSC(t) rises post-burst termination
(32 bipolar pulses) through the diffusive process. As seen from Figure 15A, and similar to
nanosecond pulses, PSC(t) starts to rise from ¢ ~ 0.2 ms for the lowest (B;, Bg) = 77 nm.
Furthermore, the time at which PSC(t) begins to rise depends on (B, Bg), and PSC(t)
starts to rise earlier for lower (B, Bg). A similar trend was observed for the case with the
free energy barrier; however, the rise in PSC(f) was delayed (to t ~ 10 ms for the lowest
(By, Bg) =77 nm) and PSC(f) attains a lower final value (at = 1 s) compared to the case
without the free energy barrier.
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Figure 15. Evolution of PSC(t) for different (By, Bg ) ranging from 77 nm to 433 nm, corresponding
to concentrations ranging from 2500 pg/mL to 15 ng/mlL, respectively, for a sequence of 32 bipolar
pulses (1 burst) at an electric field intensity of 1.25 kV/cm (Table 1 for C2C12 cells): (A) without
free energy barrier and (B) with free energy barrier. Dashed lines represent the time at which the

sequence of 32 pulses (i.e., 1 burst) ends.

The evolution of PSC(t) is similar for nanosecond and HE-BP pulses. Figure 16 shows
PSC(t) using By, Bg = 134 nm (500 pg/mL) for a 200 ns pulse, a 500 ns pulse, and a
bipolar burst. Irrespective of the pulse duration (200 ns, 500 ns, or a burst of 2 s bipolar
pulses), PSC(#) starts to rise post-pulse/burst termination from around t ~ 1 ms (for the
case without the free energy barrier Figure 16A) and ¢t ~ 20 ms (for the case with the free
energy barrier Figure 16B) and rises at the same rate. This indicates that the electrophoresis
provided by these nanosecond and HEF-BP pulses is insufficient to establish a pDNA contact
with the cell membrane, and PSC(E) rises due to diffusion. The solid vertical line in
Figure 16A,B represents the onset of the next 200 ns or 500 ns pulse (pulse repition rate for
ns pulses is 10 Hz).
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Figure 16. Evolution of PSC(f) for a single 200 ns pulse, a single 500 ns pulse and a single burst
(32 bipolar pulses) for (B, Bg) = 134 nm, corresponding to 500 pug/mL: (A) without free energy
barrier and (B) with free energy barrier. Dashed lines represent the time at which the ns pulses end
or the sequence of 32 pulses (i.e., 1 burst) ends. The solid vertical line represents the onset of the next
200 ns or 500 ns pulse (pulse repetition rate for ns pulses is 10 Hz). The next burst of HE-BP pulses
starts at 1 s (burst repetition frequency is 1 Hz).

It is worthwhile to note that for ns pulses, a single pulse was considered, whereas for
HE-BP pulses, 32 bipolar pulses (or 1 burst) were considered. As mentioned previously, the

\}%) during a single phase (pulse + post pulse) of the 200 ns pulse
»

was Pe = 0.03 (< 1), indicating that diffusion dominated the process during the phase and
that the initial narrow-band Gaussian distribution drifts very little due to electrophoresis
and becomes nearly flat by spreading due to diffusion by the end of the phase. As a result,
ns pulses can be studied in isolation. However, for a sequence of 32 bipolar pulses, pulse
duration i, =2 ps and time between pulses Fyp =2 ps is not large. For an electric field
intensity of 1.25 kV /em, the Peclet number for HF-BP pulses is Pe = 4.69 (> 1), indicating
the electrophoresis during the pulse dominates the diffusion in between pulses, and there
is very little time for diffusion to spread the distribution. As a result, there could be a
compounding effect of subsequent pulses due to which the entire sequence of 32 pulses
was considered. However, if we consider pulse duration f,, =2 s and the time between
bursts £y, = 1s, the Peclet number for a single burst is Pe — 0.01 (< 1), indicating that
diffusion dominates over electrophoresis and spreads the distribution, making it almost
flat by the end of the burst. As a result, the individual bursts can be studied in isolation.
The assumption of I, = 2 ps as opposed to t, = 32 x 2 ps is valid, as there is net zero
electrophoresis/drift during the 32 pulses.

For HF-BP pulses, the time between bursts (t = 1 s) is large enough for P(X, ) to
become almost flat (by diffusion) before the onset of the second burst. For the case without
the free energy barrier, PSC(t) for (B, Br) ranging from 77 nm to 433 nm reaches 1 before
the onset of the second burst (Figure 15A). This should imply that without the free energy
barrier, GET should be independent of concentration. This is unlike the 200 ns pulse and
500 ns pulse protocols, where, although the time between pulses was large (f = 100 ms),
it was not large enough to esnure PSC(t) reaches 1 for (By, Bg) ranging from 77 nm to
433 nm (Figure 13A,C), thus implying GET dependance on concentration even without
the free energy barrier for 200 and 500 ns pulses. Furthermore, since PSC(f) reaches 1
before the onset of the second burst, the model does not account for the second burst since
P(X,t) ~0in X € [=By, Bg|. In this case, additional bursts can be thought to add more
pDNA molecules to the cell membrane.

For the case with free energy barrier, PSC(t) does not reach a value of 1, and the final
value depends on (B, Br) ranging from 77 nm to 433 nm (Figure 15B). This implies that

Peclet number (Pe —
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GET should depend on concentration when the free energy barrier is present. However,
since the time between bursts is large (f = 1 s), P(X, ) becomes almost flat (but non-zero)
before the onset of the second burst (Figure 141 at + = 1 s). Therefore, as with 200 ns pulses, a
uniform distribution of P(X,t) in X € [—By, Bg| can be considered as an initial condition
for the second burst. For a uniform distribution, there is a higher probabilty of pDNA
being close to the cell membrane compared to the narrow-band Gaussian distribution with
a standard deviation of 10 nm centered around X = 0, the tail of which is neglibly small at
X = —By, +Bg. Therefore, we expect that electrophoresis provided by the second burst
pulses would contribute more to the rise of PSC(t) during burst compared to the first burst
for which the rise in PSC(t) was negligible during burst. However, due to the bipolar
nature of the pulses and due to the free energy barrier, we further expect that the rise in
PSC(t) will not be significant during the sequence of 32 bipolar pulses of the second burst.
PSC(t) will still have to rely on diffusion post-second pulse. We expect this process to
continue in the subsequent bursts till diffusion rises PSC(t) to a value of 1. The role of
any additional bursts after PSC(t) reaches 1 is not accounted for by the model since the
pDNA is absorbed by the cell membrane and P(X,t) =0in X € |—B;, Bg|. Insuch cases,
additional pulses can be thought to add more pDNA molecules to the cell membrane.

3.6.3. 100 ps Pulses

Equations (4) and (5) were solved using By, Bgx = 134 nm (representing 500 pg/mL
pDNA solution concentration) for a 100 ps (monopolar) pulse at an electric field intensity
of 1.25 kV/cm, corresponding to experimental conditions for C2C12 cells (Table 1). The
evolution of P(X, t) is shown in Figure 17A for the case without the free energy barrier and
in Figure 17C for the case with free energy barrier. For the case without the free energy
barrier, electophoresis shifts the peak of P(X, t) towards the cell membrane and acts for a
sufficient amount of time to ensure that the pDNA molecule reaches the cell membrane
during the pulse. This is further evident from the evolution of PSC(t) in Figure 17B, where
PSC(t) remains negligibly small until around  ~ 20 ps and then suddenly increases to a
final value of 1 well before the pulse terminates at £ = 100 ps. This is further evident from
P(X,t) =0in X € [By, Bg| for times t > 20 ps in Figure 17A, indicating that the pDNA
has been absorbed by the cell membrane by this time.

For the case with the free energy batrier, similar to the case without the free energy
barrier, electrophoresis drives the peak of P(X, t) towards the cell membrane during the
pulse (Figure 17C). When nearing the cell membrane, and while electrophoresis is still
present, electrophoresis is driving the pDNA molecule to establish a contact with the cell
membrane, and at the same time, it is facing the free energy barrier preventing the pDNA
molecule from being absorbed at the cell membrane. As a result of this, there is a high
probability of finding the pDNA molecule close to the cell membrane (see the peak at ¢ ~
50 ps in Figure 17C, also notice the change in scale of the Y-axis between Figure 17A,C)
Eventually, with electophoresis acting on the pDNA molecule, the probability of pDNA
overcoming the free energy barrier and establishing a contact with the cell membrane
increases. Simultaneously, the probability of the pPDNA molecule being located close to the
cell membrane decreases, as is evident in the decrease in the peak of P(X, f) from ¢ ~ 50 ps
to t ~100 ps (Figure 17C).

Similar inferences can be made from the evolution of PSC(t) in Figure 17D. Similar to
the case without the free energy barrier (Figure 17B), PSC(#) begins to rise at ¢ ~ 20 us in
Figure 17D; however, the rise is not as steep as was with the case without the free energy
barrier. The free energy barrier slows down the rise in PSC(t). Furthermore, it also prevents
PSC(t) from attaining a vlaue of 1 during the pulse. Once the pulse is terminated, PSC(t)
begins to rise by diffusion. However, the rise is negligibly small since the free energy barrier
is too strong /high to be overcome by diffusion.
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Figure 17. The 100 ps pulses: Evolution of P(X, ) and the corresponding Probability of Successful
Contact PSC(f) = 1— fj;g P(X,t)dX for By, Bg = 134 nmn (500 pg,/mL) for a 100 ps pulse at an
electric field intensity of 1.25 kV /cm (Table 1 for C2C12 cells). (A,B) represent cases without free
energy barrier and (C,D) represent cases with free energy barrier. The dashed lines in (B,D) represent
the time at which the 100 ps pulse ends. For (A), P(X,t) = 0in X € [Bj, Bg| for legends in
t > 50 ps, as a result of which P(X, t) is not visible in (A) for these values of f. For (C), P(X, t) ~ 0in
X € [By, Bg] forlegendsin t > 1 ms, as a result of which P(X, #) is not visible in (C) for these values
of f.

PSC(t) is evaluated for (By, Bg) ranging from 77 nm to 433 nm, corresponding to
concentrations ranging from 2500 pg/mL to 15 ug/mL, respectively, and is shown in
Figure 18A for the case without the free energy barrier. For most ranges of (B, Bg) tested,
PSC(t) rises steeply through electrophoresis and attains a final value of 1 before the 100 ps
pulse. For (Br, Bg) = 433 nm (corresponding to the lowest concentration of 15 pg/mL),
PSC(t) just falls short of reaching a value of 1 before the 100 us pulse’s termination;
however, PSC(t) reaches a value of 1 post-pulse termination. The time at which PSC(t)
begins to rise depends on (By, Bg), and PSC(#) starts to rise eatlier for lower (B, Bg),
i.e., for higher concentrations. For the 100 us pulse, the rise in PSC(t) happens before
the termination of the pulse, unlike nanosecond and HE-BP pulses, where PSC(#) rises
post-pulse/burst termination through the diffusive process.
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Figure 18. Evolution of PSC(t) for different (By, Bg) ranging from 77 nm to 433 nm, corresponding to
concentrations ranging from 2500 pg/mL to 15 pg/mL, fora 100 us pulse at an electric field intensity
of 1.25 kV /em (Table 1 for C2C12 cells): (A) without free energy barrier and (B) with free energy
barrier. Dashed lines represent the time at which the 100 ps pulse ends.

For the case with the free energy barrier (Figure 18B), PSC(t) begins to rise before
£ =100 ps and continues to rise until £ = 100 ps (due to electrophoresis) for all (By, Bg)
ranging from 77 nm to 433 nm, corresponding to concentrations ranging from 2500 pg/mL
to 15 pug/mL, respectively. The rise is not as steep as it is for the case without the free energy
barrier. Moreover, PSC(#) does not attain a value of 1 at # = 100 us, and the value of PSC(t)
at f =100 ps depends on (By, Bg). After f = 100 us (pulse termination), PSC(¥) increases
slowly through the diffusive process. However, the post-pulse diffusive rise is small since
diffusion is not strong enough to efficiently overcome the high free energy barrier.

These results indicate that even though the electrophoresis provided by the 100 s
pulse aids in overcoming the free energy barrier (as indicated by the higher PSC(f) ob-
served compared to the nanosecond and HF-BP pulses), they are not entirely sufficient
to completely ensure that the pPDNA molecule comes in contact with the cell membrane
during pulse.

It is interesting to note that the final PSC(t) before the onset of the second pulse,
i.e., PSC(f = 1s) does not depend upon (By, Bg)/concentration for no free energy barrier
(Figure 18A), whereas it depends on the (By, Bg ) /concentration with the free energy barrier
(Figure 18B). Therefore, similar to HF-BP pulses, depending on the presence of a free energy
barrier and its strength/height, the results for the 100 ps pulse at an electric field strength
of 1.25 kV/cm may depend on the concentration.

Furthermore, the Peclet number during a single phase (pulse + post-pulse) is

F;;i’! = 0.33, considering t, = 100 ps, ime between pulses =1 s,and E =1.25 kV/em.
24

Such a value of Peclet number, although < 1, does not convince us entirely of either elec-
trophoresis or of diffusion dominating the process during the single phase (pulse + post-
pulse). Therefore, there could be a confounding role of subsequent pulses, and individual
pulses cannot be inferred in isolation. For the case with the free energy barrier, we expect
the additional pulses to increase the probability of pDNA reaching the cell membrane and
contribute to the further rise in PSC(#). For the case without the free energy barrier, PSC(t)
already reaches 1 before 100 ps pulse termination, and P{X,t) = 0in X € [—By, Bg|
before the onset of the second pulse. As mentioned previously, the model does not account
for the second (or additional) pulse. Therefore, additional pulses can be thought to add
additional pDNA molecules to the cell membrane.

Pe =

3.6.4. 5 ms Pulses

Equations (4) and (5) were solved using By, Bg = 134 nm (representing 500 pg/mL
pDNA solution concentration) for a 5 ms pulse at an electric field intensity of 0.6 KV/em
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corresponding to experimental conditions for C2C12 cells (Table 1), and the results are
shown in Figure 19A B for the case without the free energy barrier and in Figure 19C,D for
the case with the free energy barrier. For the case in which no free energy barrier is present,
the evolution of P(X, t) is shown in Figure 19A. Similar to a 100 ps pulse without a free
energy barrier, electrophoresis with a 5 ms pulse drives the peak of P(X, t) towards the cell
membrane. The 5 ms pulse is long enough to ensure that the pDNA molecule is able to
reach the cell membrane. This is also evident from the evolution of PSC(t) in Figure 19B.
PSC(t) remains negligibly small until ¢ ~ 40 ps and then suddenly rises to attain a final
value of 1 well before the 5 ms pulse ends. For a 100 us pulse without free energy barrier
Figure 17B, PSC(t) remains negligibly small until £ ~ 20 us, then rising suddenly to reach
a final of 1. The difference in the time when PSC(#) begins to rise can be explained by the
difference in the electric field intensities used. For the 100 us pulse, the electric field was
1.25 kV/cm, whereas for the 5 ms pulse, the electric field was 0.6 kV/cm. As a result, it
takes approximately twice the amount of time for PSC(f) to become non-negligible and
then rise suddenly (steeply) for the 5 ms pulse conditions. P(X,t) = 0in X € [B;, Bg|
for times ¢+ > 50 ps in Figure 19A, indicating that the pDNA has been absorbed by the cell
membrane by this time.
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Figure 19. The 5 ms pulses: Evolution of P(X, ) and the corresponding Probability of Successful
Contact PSC(t) =1— f—éi“ P(X, 1)dX for By, Bg = 134 nm (500 pg/mL) for a 5 ms pulse at an electric
field intensity of 0.6 kV /cm (Table 1 for C2C12 cells). (A,B) represent cases without free energy barrier
and (C,D) represent cases with free energy barrier. The dashed lines in (B,D) represent the time at
which the 5 ms pulse ends. Tor (A), P(X,f) = 0in X € By, Bg| for legends in f > 0.495 ms, as a
result of which P(X, t) is not visible in (A) for these values of t. For (C), P(X,t) = 0in X € [B;, Bg|
for legends in f > 2.5 ms, as a result of which P(X, t) is not visible in (C) for these values of .,

When a free energy barrier is present between the pDNA molecule and the cell
membrane, similar to the 100 us pulse, electrophoresis from the 5 ms pulses drives the
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peak towards the cell membrane (Figure 19C). However, in the presence of the free energy
barrier, when the P(X, ) distribution reaches the cell membrane, electrophoresis is driving
the probability for the pDNA to be absorbed at the cell membrane and, at the same time, the
free energy batrier is preventing pDNA from being absorbed. This competition between
electrophoresis and the free energy barrier leads to another peak of P(X, t} being formed
close to the cell membrane, which rises with time (Figure 19C at ¢ ~ 0.045 ms and
t ~0.05ms, also note the difference in the scale of the Y-axis between Figure 19A,C).
Eventually, the distribution of P(X, t) becomes concentrated to a single peak with a narrow
distribution (Figure 19C at ¢ ~ 0.495 ms and inset). As electrophoresis continues to act,
the probability of pDNA overcoming the free energy barrier and of pDNA being absorbed
by the cell membrane increases, reducing the peak of narrow band P(X, t) (Figure 19C at
b ~0495msand f ~ 0.5 ms and inset). Eventually, electrophoresis acts long enough to
ensure that the pDNA molecule is absorbed by the cell membrane.

Similar inferences can be made from the evolution of PSC(#) for the case with the free
energy barrier (Figure 19D). PSC(t) remains negligibly small until { ~ 40 ps and then
begins to rise. Compared to the case without the free energy barrier (Figure 19B), the rise in
PSC(t) is slower, owing to the competing effect of electrophoresis and free energy barrier.
Eventually, electrophoresis is able to overcome the free energy barrier, and PSC(f) reaches
a final value of 1 before the end of the pulse.

PSC(t) is also evaluated for (By, Bg) ranging from 77 nm to 433 nm (representing
2500 pg/mL to 15 pg/mL pDNA solution concentration, respectively) and is shown in
Figure 20A for the case without the free energy barrier. For all ranges of (B, Bg) tested,
PSC(t) rises steeply and attains a final value of 1 before pulse termination through elec-
trophoresis. The time at which PSC(t) begins to rise depends on (B, Bg), and PSC(t)
starts to rise earlier for lower (B, Bg) (i.c., higher concentrations). These observations are
similar to the case without the free energy barrier for a 100 us pulse (Figure 18A) and unlike
for nanosecond pulses and HE-BP pulses, where PSC(t) rises post-pulse/burst termination
through the diffusive process (Figure 13A,C, Figures 15A and 16A).
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Figure 20. Evolution of PSC(t) for different (B, Bg ) ranging from 77 nm to 433 nm (corresponding
to concentrations ranging from 2500 pg/mL to 15 ug/mL) for a 5 ms pulse at an electric field intensity
of 0.6 kV/cm (Table 1 for C2C12 cells): (A) without free energy barrier and (B) with free energy
barrier. Dashed lines represent the time at which the 5 ms pulse ends.

For the case with the free energy barrier, PSC(f) begins to rise before pulse termination
at £ =5ms for (B, Bg) raning from 77 nm to 433 nm (representing 2500 pg/mL to 15 pg/mL
pDNA solution concentration, respectively) (Figure 20B). The time at which PSC(t) begins
to rise depends on (By, Bg), and the rate of the rise in PSC(t) is slower compared the case
without the free energy barrier. For a 5 ms pulse at an electric field intensity of 0.6 kV/cm,
the electrophoresis acts for a sufficient amount of time to ensure that PSC(¥) reaches a final
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value of 1 before pulse termination for all (B, Bg) tested. This is unlike the case for a 100 ps
pulse with the free energy barrier, where PSC(t) could not attain a final value of 1 for the
range of (B, Bg) tested, even though twice as strong of an electric field, with an intensity
of 1.25 kV/em, was applied.

The results in Figure 20 indicate that irrespective of the presence of free energy barrier,
PSC(t) reaches a final value of 1 before the 5 ms pulse termination for all (By, Br) tested,
indicating that GET should not depend on the concentration for these pulse parameters.

We can further calculate the Peclet number as Pe = % = 7.95; considering
= 5ms, time between pulses by = 1s,and E = 0.6 kV/cm. Pe = 7.95 indicates that
electrophoresis dominates diffusion during the phase (pulse + post pulse), and individual
pulses cannot be inferred in isolation. However, the pulse duration is long enough to ensure
that PSC(t) reaches a final value of 1 before pulse termination for both — with and without
the free energy barrier. So, even though the model does not account for multiple pulses
since P(X,t} = 0in X € By, Bg| before the onset of the next pulse, subsequent pulses can
be thought to add more pDNA molecules to the cell membrane.

4. Discussion

Electroporation with long pulses in vitro and in vivo is a well-established and efficient
method for GET [55,66]. Most often, a train of pulses in the range of few to several tens of
millisecond is used, although even shorter, i.e., 100-500 s, pulses are used. With expanding
the use of GET from in vitro to in vivo, the need to avoid pain and undesirable muscle
contractions emerged. It was also suggested that electrochemical reactions could negatively
affect GET efficiency [27-33]. The approval of cell therapies, where cells are transfected
ex vivo, further strengthen the need to reduce electrochemical reactions during treatment
because, usually, the number of available cells is low; consequently, it is important that
most of the cells survive the treatment. Currently, when GET is performed ex vivo, the
high voltage required for electroporation poses risks of cytotoxicity and loss of cytoplasmic
content, which can adversely affect GET efficiency [67].

The use of shorter pulses in GET provides a potential mitigation of the above-mentioned
drawbacks of long pulses, but the HF-BP’ and nanosecond pulse range remains poorly
explored. Currently, there are only a few studies reporting the use of HF-BP and nanosec-
ond pulses for GET [15,40,41]. Therefore, the aim of this study was to further explore
the nanosecond range of pulse durations and HF-BP pulses. We aimed to find optimal
parameters for GET with 200 ns and 500 ns pulses in two different cell lines and compare
efficiency and expression dynamics of different pulse durations, up to 5 ms, including
HE-BP. Since the electrophoretic effect of electric pulses on pDNA in GET is considered
important, we also developed a theoretical framework of the diffusive and electrophoretic
movement of pPDNA during different pulse protocols and compared the results to those
obtained experimentally.

4.1. Cell Membrane Permeabilization and Cell Survival

For GET, it is critical to use pulse parameters which achieve cell membrane permeabi-
lization and at the same time maintain high cell survival. It was postulated that membrane
permeabilization is prerequisite for successful GET. GET, however, is a complex process
comprised of several consecutive steps, with cell membrane permeabilization alone not
being a guarantee for successful GET [1,55]. Nevertheless, cell membrane permeabilization
was first determined by using PI. Because the electric field at the intersection of the perme-
abilization and survival curves is not necessarily optimal also for GET, we also determined
GET efficiency at slightly larger and slightly lower electric fields. With all tested pulse
protocols, we were able to determine the optimal electric field for GET, which usually
resulted in around 80% cell membrane permeabilization and higher than 60% cell survival.
As expected, using longer pulses and/or higher numbers of applied pulses, cell membrane
permeabilization was reached at lower electric fields [48,68]. The optimal electric field for
GET was similar for both cell lines (Supplementary Tables 53 and S4). We electroporated
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cells in suspension, which means they are of similar round shape, their size does not differ
significantly (Table 1), and they are evenly distributed between electrodes, which all leads
to a similar electric field needed for having the majority of cells permeabilized [69].

4.2. Effect of pDNA Concentration on Overall Gene Electrotransfer

The high concentration of pDNA can have a negative effect on cell survival [16] and
consequently on GET efficiency, but it is also needed to obtain GET with nanosecond
and HF-BP pulses [15,49]. Pathogen-associated molecular patterns that are associated
with pDNA, for example, unmethylated CpG motifs in pDNA, can be recognized by
TLR9 and can induce an innate immune response in tissue, which can lead to apoptosis
activation [70,71]. pDNA concentrations used in our experiments were higher than con-
centrations usually used in in vitro experiments, which are most often between 10 and
100 pg/mL [14,72-75]. On the other hand, it has been shown that pDNA concentration
affects GET efficiency and that, with higher pDNA concentration, efficient GET can also
be achieved with shorter pulses [15,16,25,76]. The effect of the pDNA concentration was
observed in our experiments, where a decreasing pDNA concentration led to a significant
decrease in the overall GET. This was especially observed in 1306 fibroblasts, where, at
PDNA concentrations up to 100 ug/mL, the overall GET was higher with 8 x 100 ps,
HF-BP, and 8 x 5 ms pulses compared to 500 ns and 200 ns pulses, whereas, at 500 pug/mL
of pDNA, there was no significant difference in the overall GET between different pulse
protocols. Interestingly, this was not observed in C2C12 myoblasts where the overall GET
rose with increasing pDNA concentration for all pulse protocols. At the highest pDNA
concentration (500 pg/mL), the overall GET was, however, still significantly higher with
longer pulse protocols (8 x 100 ps and 8 x 5 ms), where electrophoresis acts for a longer
period of time compared to shorter pulse protocols (HF-BP, 500 ns, and 200 ns) (Figure 5).
Difference in overall GET between two cell lines confirms that the efficiency of GET does
not depend solely on parameters of applied pulses. GET is a multistep process including
various intracellular mechanisms (cell membrane repair mechanism, DNA sensors acti-
vation, endocytic pathways, cytoskeleton reorganization) which can differ between cell
lines [77,78].

Contrary to our previous results on a CHO cell line [15], in C2C12 myoblasts and
1306 fibroblasts, we observed some decrease in cell survival with increasing pDNA con-
centration, however, not for all pulse protocols. With 8 x 5 ms pulses, we did not observe
a decrease in cell survival with increasing pDNA concentrations (in both cell lines). In
addition, in C2C12 myoblasts, pDNA concentration did not have an effect on cell survival
after GET with the HF-BP, 100 x 500 ns, and 25 x 200 ns pulse protocols. A decrease in
cell survival with 250 ug/mL of pDNA was only observed in 1306 fibroblasts after the
8 x 100 ps pulse protocol; with other pulse protocols, decreased survival was observed
only with the highest pDNA concentration, 500 pg/mL (Figure 4). Our results are similar
to [79], where the authors observed decreased cell survival with pDNA concentrations
higher than 400 ug/mlL. However, the decrease in cell survival in our experiments was not
high enough to cause a drop in the overall GET at 500 pg/mL of pDNA. These and our
previous results [15] show that decreases in cell survival following GET with high pDNA
concentration seem to be cell-line-dependent. pDNA by itself was not toxic to cells, as
observed before [15,80]. High pDNA concentration could trigger a decrease in cell survival
in different steps of GET. We have shown previously that higher pDNA concentration leads
to larger pDNA aggregates formed on cell membrane [15] during pulse delivery, which
could slow down or obstruct cell membrane repair. Furthermore, high pDNA concen-
tration in endosomes or cytoplasm could activate endosomal and /or cytoplasmic DNA
sensors which can induce programmed cell death [81]. Finally, cell death could be triggered
by high number of pDNA copies in nucleus or by the high number of transgenes being
produced [82].
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4.3. Gene Electrotransfer Using Different Plasmid Sizes

Since pDNA size is reported to have an influence on GET efficiency, we compared
GET, cell survival, and overall GET with a 4.7 kb and a 3.5 kb pDNA having the same
CMV promoter and both encoding GFF. We did not observe any difference in GET and cell
survival between different pDNA sizes. Interestingly, smaller pDNA led to higher overall
GET only when using the 8 x 100 us pulse protocol in both cell lines. For other pulse
protocols, we did not observe a significant increase in the overall GET with smaller pDNA,
although the copy number of smaller pDNA was 1.34 times higher compared to the larger
PDNA, as we used the same concentration of pDNA (500 pg/mlL) (Figure 6). Similarly,
it was previously shown that GFP knockdown with pDNA sizes from 1.9 to 4.3 kb was
equally efficient when the same moles of pDNA were used applying 2 x 30 ms pulses [83].
Our results show that smaller pDNA did not have a strong effect on overall GET, which is
contrary to observations by [41], where they report higher sub-microsecond high-frequency
GET with smaller pDNA. Reducing pDNA size also improved GET efficiency in other
studies [84,85]. The difference in the size of the pDNA used in our study was only 25%,
which might be the reason why we did not observe a significant increase in overall GET
efficiency with smaller pDNA.

Interestingly, when comparing MFI of GFP-positive cells transfected with pDNA
of different sizes in C2C12 myoblasts, a significantly higher MFI with smaller pDNA
was observed after GET with the 200 ns, 500 ns, and HF-BP pulses. On the contrary, in
1306 fibroblasts, a higher MIl with smaller pDNA was observed after GET with 8 x 100 ps
and 8 x 5 ms (Figure 7) pulses. This means that in C2C12 myoblasts, shorter pulses
enabled more copies of smaller pDNA to reach the nucleus. With longer pulses, the MFls
after GET with both pDNA sizes were comparable. The situation seems to be reversed in
1306 fibroblasts, where longer pulses enabled more copies of smaller pPDNA to reach the
nucleus. This suggests that not only cell line and pDNA size but also pulse parameters
influence the degree of transgene expression.

4.4. Effect of Pulse Parameters on Overall Gene Electrotransfer

We achieved GET in both cell lines with all pulse protocols, but with variable efficiency
(Figure 8). Differences in GET efficiency between different cell lines have been reported
before [86—288] and are still not well understood. It has been suggested that differences in
GET efficiency can be the consequence of various biophysical factors such as the fluidity
of the cell membrane or biological parameters such as different mechanisms that are
present or activated in cells and the ability of cells to recover after the delivery of electric
pulses [89,90]. If the difference would be the consequence of different cell membrane
composition or fluidity or induced transmembrane voltage, then we would expect to also
observe the difference in cell membrane permeabilization. Since permeabilization and
survival curves were similar for both cell lines, the difference in GET efficiency is more
likely the consequence of the difference in the presence and degree of activity of intrinsic
cellular mechanisms and pathways. Furthermore, in in vitro experiments, the composition
of the electroporation medium can also influence GET efficiency [91-93]. The GET of each
cell line in our experiments was performed in their recommended growth medium. For
C2C12 myaoblasts, this was DMEM, and for 1306 fibroblasts, this was EMEM. They are both
variations of basic medium used for primary and diploid cultures, but DMEM has a higher
concentration of amino acids and vitamins compared to EMEM. DMEM also contains iron
in the form of ferric sulfate, which is absent in EMEM [94].

We performed GET in growth medium, which is more like in vivo extracellular fluid
compared to other buffers used for GET. Growth medium is highly conductive, which
results in high currents and increased electrochemical reactions such as electrolysis, the
generation of radicals, and the release of metal ions from the electrodes during pulse
delivery [28,95]. It was shown previously that short, i.e., nanosecond, pulses and bipolar
pulses decrease metal release from electrodes compared to longer pulses [29,35,48,96].
Furthermore, high medium conductivity also results in high currents, leading to heating
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and temperature increases in the sample during pulse delivery. The temperature increase
is more pronounced when longer or more pulses are applied [35]. In our experiments,
the temperature of the sample never exceeded 32 “C, meaning that thermal effects were
negligible (Supplementary Table S5).

In addition to achieving a higher percentage of transfected cells in 1306 fibroblasts, the
MFI of the GFP-positive cells was higher (Figure 9). Fluorescence intensity is reported to be
dependent on the number of pPDNA copies inside the cell that have reached the cell nucleus
and have been successfully transcribed and translated into fluorescent proteins [97,98].
In this respect, this could mean that the higher number of pDDNA copies was transferred
to 1306 fibroblasts during pulse delivery compared to C2C12 myoblasts. Other factors,
such as the availability and degree of activity of the cellular machinery for transcription
and translation, also affect production of proteins from transfected pDNA [97,98]. Based
on this, higher GET efficiency in 1306 fibroblasts could also mean that the rate of pDNA
transcription and translation into fluorescent protein is higher in 1306 fibroblasts compared
to C2C12 myoblasts.

4.5. Time Dynamics of pPDNA Expression

Measurements of pDNA expression every 8 h over a six-day period (Figures 10 and 11)
show that the onsets of GFP expression (both percentage of GFP-positive cells and their
MFT) are comparable for the 200 ns, HEF-BP, 8 x 100 us, and 8 x 5 ms pulse protocols but
depend greatly on the cell line. Similar time dynamics of the GET and MFI for all pulse
durations in one cell line suggest that all pulse protocols triggered the same mechanisms
responsible for pDNA translocation through the cytoplasm to the cell nucleus.

In C2C12 myoblasts, the GFP-positive cells and their MFI reached a peak soon after
GET and then declined steadily, falling below 10% for all four pulse durations at day 6.
Similar time dynamics were observed for human mesenchymal stem cells [86]. On the
contrary, in 1306 fibroblasts, peaks of the maximum GFP-positive cells and their MFI were
broad and not very pronounced. After reaching a peak, the percentage of GFP-positive cells
started to decrease slowly. On day 6 after GET with all pulse durations, around half of the
cells were still GEP-positive (Figures 10 and 11). Differences in time dynamics and duration
of transgene expression after GET between cell lines have been reported previously [99].
Differences in curves for the GET and MFI for all pulse protocols between cell lines suggest
that mechanisms of pDNA translocation through the cytoplasm to the cell nucleus and the
duration of the transcription of pDNA are most probably different in different cell lines.

The lower percentage of GFP-positive cells and their lower MFls in C2C12 myoblasts
could be a consequence of the higher number or degree of activation of DNA sensors
in this cell line, which could trigger pDNA degradation to a larger extent compared to
1306 fibroblasts. During GET, pDNA could activate endosomal DNA sensors during
translocation to the nucleus with endocytosis mediated pathways or cytoplasmic DNA
sensors by entering the cell through cell membrane defects caused during pulse delivery.
Additionally, cytosolic DNA sensors might be triggered by pDNA released to cytosol after
endosomal escape. It was already shown that GET with pDNA led to the upregulation of
several proposed cytosolic DNA sensors in different tumor cell types [78,100] and also in
C2C12 myoblasts [82]. Other reasons for the observed decrease in transgene expression
over time in C2C12 myoblasts could be the loss of the pDNA through the nuclear pores, loss
of the pDNA at each mitosis, de nove pDNA methylation preventing pDNA transcription,
or pDNA degradation by endonucleases [80].

We continuously observed differences in the overall GET and MFI between the two cell
lines studied. These differences might be the consequence of variations in cell membrane
composition [101], endocytic pathways specific to certain cell lines, or the degree of activa-
tion of endocytic pathways [102,103], as well as the presence of cytosolic nucleases [104].

Our results show that MFI of GFP-positive cells is more unpredictable and unre-
peatable than the percentage of GFP-positive cells. The MFI of 1306 fibroblasts in our
experiments with increasing pDNA concentration (Figure 3D) was much lower than the
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MEFI of 1306 fibroblasts transfected with the same concentration (500 pg/mL) of pDNA and
with the same pulse protocols in the experiments of time dynamics of pDNA expression
(Figure 11B). At the same time, the GET efficiency in both experiments was comparable
with the same pulse protocols. Contrarily, in C2C12 myoblasts, the MFI was comparable
in both experiments, but GET after 8 X 5 ms was much lower in the experiments of the
time dynamics of the pDNA expression (Figure 10A) compared to the experiments with
increasing pDNA concentration (Figure 3A). It was shown previously that the time after
cell passage at which cells are exposed to electric pulses affects GET efficiency. The GET and
MFI of all plasmid concentrations differed significantly when comparing cells transfected
24 hand 48 h after passage. The GET and MFI were higher in cells which were transfected
24 h after passage compared to cells transfected 48 h after passage. Observed differences
in the transfection efficiency of the cells passaged at different times before the experiment
could be the consequence of the differences in cell cycle phases at which GET was per-
formed [79]. Biological factors, such as cell growth phase, which determine cell shape, size,
and, probably most important, composition, and the integrity of the nuclear envelope play
an important role in cell response to electric pulse delivery and the ability to repair damage
after pulse delivery. During cell ageing, the cell membrane composition changes due to the
increase in the total amount of proteins and cholesterol, potentially affecting cell membrane
permeabilization [18,105]. In our experiments, we used cells 2—4 days after cell passage for
GET, so this could be the reason for differences observed in GET and MFI of GFP-positive
cells [79].

4.6. Modeling the Probability of pDNA Cell Membrane Contact during GET

From results of modeling the probability of pDNA cell membrane contact during GET,
it can be inferred that the process of a pDNA molecule reaching the cell membrane and
being absorbed by it is mediated by diffusion for 200 ns, 500 ns pulse and HF-BP pulses,
whereas for the 100 us and 5 ms pulse, the process is mediated by electrophoresis. As

. ) ) Et .
done in the results section, one can define a Peclet number as: Pe — \/”2%, where t) is
bp

the pulse duration, t;,, is the duration between pulses, E is the electric field intensity, y
is the electrophoretic mobility and D is the diffusion coefficient. Alternatively, the time

. . . I - .
between pulses can be inferred as the frequency (f, Hz), in which case Pe —Lm. The

values of Pe used in experiments, and mentioned in the results, are given below again in
Table 2. Such a Pe gives the relative contributions of electrophoresis and diffusion during
the single phase of pulse/burst. Inferring the role of electrophoresis for different types of
pulses used (ns, HF-BF, us, and ms) using this parameter helps to correctly identify the role
electrophoresis and diffusion as inferred from the model results.

Table 2. Values of Pe for various experimental conditions for C2C12 cells.

200 ns 500 ns HF-BP 100 us 5ms
Frequency, f (Hz) 10.00 10.00 1.00 1.00 1.00
tyy (5) 0.10 0.10 1.00 1.00 1.00
tp (s) 2x107  5x1077  2x107° 1x 1074 5% 1073
E (kV/cm) 15.80 410 1.25 125 0.60
Pe 0.03 0.02 0.01 0.33 7.95

Pe < 1 for the 200 ns, 500 ns, and HF-BP pulses indicates the dominant role of
diffusion in bringing the pDNA molecule to the cell membrane. For the 100 us pulse,
Pe = 0.33 or Pe ~ 1, indicating that neither diffusion nor electrophoresis dominates
the process of pDNA coming in contact with the cell membrane. From the model results
of the 100 ps pulse, we saw that PSC(f) begins to rise sharply before t = 100 ps, for
both-with and without the free energy barrier. It could be possible that for the range of
(B, Bg) tested from 77 nm to 433 nm corresponding to concentrations from 2500 pg/mL
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to 15 pg/mL, the pPDNA molecule was close to the cell membrane, and electrophoresis
played the dominant role in bringing the pDNA molecules to the cell membrane On
further reducing the concentration to <15 ug/mL, one might find that electrophoresis is
insufficient to bring the pDNA molecule close to the cell membrane. As already seen for
(By, Bg) =433 nm, corresponding to 15 pg/mL (Figure 18A,B), PSC(t) begins to rise very
close to pulse termination (dotted line in Figure 18A,B). Therefore, one can argue that for
(B, Bgr) > 433 nm (or concentrations < 15 pug/mL), electrophoresis will be insufficient to
bring the pDNA molecule to the cell membrane, and the process will have to partly rely
on diffusion, indicating the dominance of neither. For the 5 ms pulse, Pe = 7.95 indicates
the dominant role of electrophoresis in bringing the pDNA molecule close to the cell
membrane. This is also seen from Figure 20A,B, where PSC(t) begins to rise and attains
a value of 1 much before pulse termination for both—with and without the free energy
barrier, indicating electrophoresis as the dominant mechanism.

For 200 ns, 500 ns, and HI-BP, the electric field acts for a short duration, which is not
sufficient to drive the pDNA molecule to the cell membrane through electrophoresis. The
pPDPNA molecule thus diffuses to the cell membrane, and the distance (/) that the pDNA
molecule travels by diffusion variers with time as 12 ~ Dt. Therefore, normalizing the time
in Figure 13A,C for nanosecond pulses and in Figure 15A for HF-BP pulses with /2 should
collapse the curves for different domain lengths I — (By, Bg) ranging from 77 nm to 433 nm
(corresponding concentration ranging from 2500 pug/mL to 15 ug/ml.). The normalization
(and the corresponding collapse) is shown in Figure 21A for the 200 ns pulse, in Figure 21C
for the 500 ns pulse, and in Figure 21E for the HF-BP pulses for the case without the free
energy barrier. This collapse further indicates that the process for pDNA reaching the cell
membrane in the absence of a free energy barrier is purely diffusive for 200 ns, 500 ns, and
HE-BP pulses.

For the case with the free energy barrier for 200 ns, 500 ns, and HF-BP pulses
(Figures 13B,D and 15B), normalizing the time with /? does not produce a good collapse.
Rather, normalizing with [ collapses all the curves onto a single master curve (Figure 21B,D,F).
Such a collapse with [ indicates that the process for 200 ns, 500 ns, and HE-BP pulses with
the free energy barrier is not entirely diffusive.

For 100 ps and 5 ms pulses without the free energy barrier, the process of pDNA
reaching the cell membrane is electrophoretic for (B;, Bg) ranging from 77 nm to 433 nm
(corresponding concentration ranging from 2500 pg/mL to 15 ug/mL). The electrophoretic
distance traveled by the pDNA molecule in the presence of an electric field is given by
I = uEL; therefore, normalizing the curves with [ in Figures 18A and 20A should collapse
them into a single master curve. The collapse is shown as PSC(t) vs. t/] in Figure 21 for
the 100 ps pulse and in Figure 211 for the 5 ms pulse. This indicates that the process by
which the pDNA molecule establishes contact with the cell membrane in the absence of the
free energy barrier is driven by electrophoresis for 100 ps and 5 ms pulses.

For 100 us and 5 ms pulses, in the case when the free energy barrier is present, we can
follow the same process of normalizing the curves in Figures 185 and 20B by ! and check
the collapse. This is shown in Figure 21H,] for the 100 ps and 5 ms pulse, respectively. As
can be seen from these figures, the collapse for times t when PSC(t) begins to rise is good;
however, for later times or far larger PSC(t), the collapse is not satisfactory. This indicates
that in the presence of free energy barrier, the process by which the pDNA molecule
moves close to the cell membrane (since that is when PSC() begins to rise) is driven by
electrophoresis. However, the process of a pPDNA molecule coming into contact with the
cell membrane by overcoming the free energy barrier is not entirely electrophoretic. It is
observed from Figure 20B that PSC(#) is already collapsed for late times (i.e., for PSC(t)
close to 1) without normalizing, implying that PSC(f) is independent of [ — (By, Bg) for
the range of I tested between 77 nm and 433 nm.
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Figure 21. (A) Results for 200 ns pulse in Figure 13A plotted as PSC(t) vs. t/12; (B) Results for 200 ns
pulse in Figure 13B plotted as PSC(#) vs. t/1; (C) Results for 500 ns pulse in Figure 13C plotted as
PSC(t) vs. t/1%; (D) Results for 500 ns pulse in Figure 13D plotted as PSC(#) vs. #/1; (E) Results for
HE-BP pulses in Figure 15A plotted as PSC(f) vs. t/1%; (F) Results for HE-BP pulses in Figure 158
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plotted as PSC(t) vs. t/1; (G) Results for 100 ps pulse in Figure 18A plotted as PSC(t) vs. t/I;
(H) Results for 100 us pulse in Figure 18B plotted as PSC(#) vs. t/I; (I) Results for 5 ms pulse in
Figure 20A plotted as PSC(t) vs. t/1; (J) Results for 5 ms pulse in Figure 20B plotted as PSC(f) vs.
t/1- Also shown as dots are Overall GET (Figure 5) and GET (Figure 3) for C2C12 cells plotted against
t‘;mn;m!enh"fz oragainst feompetent /1, where [ for the corresponding concentration was taken as Rpy 4
from Supplementary Table 51 and topmperent Was determined by fitting Overall GET/GET to PSC{f)
for =77 nm.

Also shown in Figure 21A-] are the results for overall GET and GET for the respective
pulse parameters. Overall GET (Figure 5) and GET (Figure 3) for C2C12 myoblasts are
plotted against feompetent /1 Or against frompetent /12, Values of [ for the respective concentra-
tions are taken from Rpya from Supplementary Table S1. o perent is taken to be the time
for which the cell membrane remains competent to accept/absorb the incoming pDNA
molecule. foompetent was determined by varying fcompetent and minimizing the root mean
squared error (RMSE) between Overall GET/GET vs. feompetent / 2 and PSC (£) vs. t/ 12 (at
I =77 nm) in Figure 21A,C,E. For Figure 21B,D,F,G-], tcompetent was determined by varying
teompetent and minimizing the root mean squared error (RMSE) between Overall GET/GET
vS. Eeompetent /T and PSC(t) vs. t/I (at] =77 nm). I = 77 nm was chosen since the curves
are collapsed for various values of [, and fitting to [ = 77 nm would imply fitting to all the
collapsed curves. The best fit values are given in the legends in Figure 21 A-] against their
respective Overall GET and GET.

It should be noted that this exercise of plotting Overall GET/GET vs. t(m,,{am,r/Iz
or teompetent /1 along with PSC(t) vs. t/1% or t/! should not be considered as a direct
one-to-one comparison between the model and the experiment. Such an exercise is only
performed to place the experiments within the context of the model. Overall GET and
GET cannot be directly compared to PSC(t), as overall GET and GET represent efficiencies
which also include downstream processes of pDNA translocation across the cell membrane,
migration through the cytoplasm, entering the nucleus, transcription, translation, and
protein expression. PSC(#), on the other hand, only represents the probability of pDNA
establishing contact with the cell membrane. However, in a first approximation, only those
cells on which pDNA molecules have established contact with the cell membrane can
be expected to be transfected. Therefore, PSC(t) can be considered as an upper limit of
transfection efficiency. Moreover, different durations of pulses (short nanosecond pulses,
HE-BP, or long micro- and millisecond pulses) can permeabilize the cell membrane in
different ways. This can in turn result in the cell membrane being competent in different
ways to absorb the pDNA molecule for different durations of pulses. Different durations
of pulses can also alter the free energy barrier between the pDNA and the cell membrane,
further influencing the results. Different types of cells themselves can be sensitive in
different ways to permeabilization by the pulses, yielding different transfection efficiencies,
as seen in Figure 3 for C2C12 myoblasts and 1306 fibroblasts. The models based on PSC(t)
do not account for such parameters and differences. An experimental observable that can
perhaps be better compared to the PSC(#) could therefore be the fraction of cells forming
PDNA aggregates on the cell membrane [21,56].

From the fitting parameters of fcompetent in Figure 21A-], it can be observed that
tcompetent for 200 ns, 500 ns, and HF-BP, where the process is diffusive, is much larger
than togmpetent for 100 ps and 5 ms pulses, where the process is mainly electrophoretic.
Absolute values feompetent cannot be considered, as teompetent /1 OF Ecompetent / 12 are not non-
dimensional; however, from fiting, £ o petent for 200 ns, 500 ns, and HF-BP is around two
orders of magnitude larger than feompetent for 100 ps and 5 ms pulses. Furthermore, adding
a free energy barrier between the pDNA and the cell membrane shifts the rise in PSC(t) vs.
t/1% or £/ to the right, indicating that it is harder for the pDNA molecule to be absorbed
by the cell membrane in the presence of free energy. One can then argue that the cell
membrane needs to be competent for a longer amount of time in the presence of a free
energy barrier to absorb the incoming pDNA molecule. As a result, larger feampetent Was
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observed for the cases with free energy barrier (Figure 21B,13,FI,]) compared to the cases
without free energy barrier (Figure 21A,C,E,G,I).

To determine the time it takes for the pDNA molecule to reach the cell membrane
by diffusion or by electrophoresis, some estimates can be considered. The time it takes
for the pDNA molecule to reach the cell membrane at a distance ! by diffusion is given
by t = 12/2D (for 200 ns, 500 ns, and HF-BP pulses), whereas time it takes for the pDNA
molecule to reach the cell membrane at distance ! by electrophoresis is given by t = I /E
(for 100 ps and 5 ms pulse). These estimates are given in Figure 22 for [ ranging from 77 nm
to 433 nm, corresponding to concentrations ranging from 2500 pg/mL to 15 pg/mL. E
is taken as 0.6 kV/cm for the 5 ms pulse and 1.25 kV /cm for the 100 ps pulse. One can
abserve that the time it takes for pDNA to reach the cell membrane by diffusion varies
from around O(1) ms (for [ = 77 nm, 2500 pg/mL) to around O(100) ms (for / = 433 nm,
15 pug/mL). For electrophoresis, the time it takes to reach the cell membrane varies from
around O(0.01) ms (for { = 77 nm, 2500 pg/mL) to O(0.1) ms (for = 433 nm, 15 pg/mL).
It can be inferred that the cell membrane should be competent for at least O(100) ms, i.e.,
teompetent ~ 100 ms, for transfection by 200 ns, 500 ns, and HF-BP pulses, whereas the
cell membrane should be competent for at least O(0.1) ms, i.e., tompetent ~ 100 ps, for
transfection by 100 ps and 5 ms pulses. There is a 2-3 orders of magnitude difference in
Leompetent for 200 ns, 500 ns, and HF-BP and ¢y petent for 100 ps and 5 ms pulses, as also
inferred from the fitting parameters in Figure 21.
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Figure 22. Time it takes for a pDNA molecule to cover a distance by diffusion and by electrophoresis.
I ranges from 77 nm too 433 nm, corresponding to concentrations ranging from 2500 pug/mlL to
15 pg/mL.

One can also observe from Figure 21 that for very large values of ¢/1 or t/1%, PSC(F)
reaches a final value of 1, and the results should not depend on I (or concentration). That
is, if the cell membrane is able to absorb the pDNA molecule for a very large amount of
time, then irrespective of | (or concentration), the pDNA molecule will have an equally
high probability of reaching the cell membrane. Since we see a concentration dependence
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for 200 ns, 500 ns, and HF-BP pulses, one can argue that feompetent is around O(1-100) ms,
since this the amount of time it takes for the pDNA to reach the cell membrane by diffusion
(Figure 22). The time it takes for the pDNA to reach the cell membrane by electrophoresis
is 0(0.01-0.1) ms (Figure 22). For a large tcompetent Of around O(1-100) ms, we should not
observe a concentration dependence for 100 ps and 5 ms pulses. However, since we do
observe a concentration dependence for Overall GET and GET for 100 ps and 5 ms pulses,
it could be that the feompetens is different—and shorter (around 0(0.01-0.1) ms)—for these
pulses. It has been observed experimentally that the cell membrane remains permeable for
a longer amount of time with ns pulses compared to ps and ms pulses [48].

Recently, 300 ns pulses have been successfully used for GET [106]. However, 100 pulses
were used at a pulse repetition frequency of 1 MHz. This high frequency of pulse repe-
tition, or the corresponding short duration between successive pulses, could imply that
the cumulative effect of 100 pulses at 1 MHz pulse repetition frequency is equivalent to
a single pulse of duration 100 ps. To test this, Equation (4) was solved for 100 pulses of
duration 300 ns and an electric field intensity of 7 kV/cm at a pulse repetition frequency
of 1 MHz and a pDNA cell membrane distance of 170 nm (corresponding to 250 pg/mlL,
Supplementary Table 51), similar to the conditions used in [106]. The evolution of P(X, )
is shown in Figure 23 for pulse numbers 1, 5, 10, 20, and 30. From Figure 23A, it can be seen
that during the first pulse, the peak shifts towards the right due to electrophoresis (until
300 ns) and also spreads only slightly due to diffusion. After the cessation of first pulse, the
peak stays at the same place, and the distribution spreads only slightly due to diffusion
from 300 ns to 1 ps. During the second pulse, this peak is then further driven to the right
by electrophoresis, spreading only slightly by diffusion. After the end of the second pulse,
the distribution spreads only slightly by diffusion, until the time the third pulse acts and
the process repeats (see Figure 23B for pulse number 5). By the 10th pulse, the peak of
the distribution has already migrated a distance greater than 50 nm towards the right,
spreading only slightly by diffusion (as seen by a broadening of P(X, t) and a decrease in
the maximum value of P(X, )) (Figure 23C). By pulse number 20 (starting at { = 19 us),
the peak of the distribution has already drifted to the right by ~150 nm by electrophoresis
indicating a non negligible PSC(t) by  ~19 us (Figure 23D,F). Figure 23E, corresponding to
the 30th pulse (or I = 29 ps), indicates that the pDNA molecule has already been absorbed
at the cell membrane as P(X,f) — 0in X € [By, Bg| by t — 29 ps. This is further evident
from Figure 23F, which shows that PSC(#) has risen sharply and reached a final value of 1
before t ~ 30 ps.

The results in Figure 23 corresponding to the high frequency of 1 MHz differ from
the results of Figure 12 corresponding to the low frequency of 10 Hz. In both cases,
electrophoresis drives the peak of P(X, {) towards the right (cell membrane) during the
pulse while spreading it only slightly by diffusion. Once the pulse ends, the distribution
of P(X,1) is allowed to spread by diffusion. For the low frequency of 10 Hz case, the
time between the subsequent pulses or the time allowed for the distribution to relax by
diffusion is significantly higher (¢ ~ 100 ms). This large time allows the spread of P(X, )
by diffusion and flattens it out in a way that enough flux of P(X, ) can be collected at the
cell membrane and PSC(f) starts to rise by diffusion. However, for the high frequency
of 1 MHz, the time between subsequent pulses or the time allowed for the distribution
to relax by diffusion is small, corresponding to < 1 us. This time is too small for the
distribution of P(X, 1) to spread by diffusion and reach the cell membrane. Soon after, the
next pulse acts on the pDNA molecule driving the still narrow P(X, t) distribution to the
right. Cumulatively, this is how P(X, f) is driven to the right by electrophoresis; if enough
pulses are delivered (in this case ~20), the pDNA molecule reaches the cell membrane by
electrophoresis, as seen by the early and sharp rise in PSC(t).
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Figure 23. (A-E) Evolution of P(X, t) without free energy barrier (Equation (4)) for 100 pulses of
300 ns and 7 kV/cm applied at a high frequency of 1 MHz and for a pDNA and cell membrane
distance of 170 nm (corresponding to 250 pug/mlL). The pulse numbers for each pulse and correspond-
ing time are shown on top of (A-E). Solid lines indicate the during pulse P(X, ) and dotted lines
represent after pulse P(X, t). (F) Evolution of PSC(t) without free energy barrier.

The process of high- frequency ns pulses can also be analyzed from the point of view

pEty
\/W
E=7kV/cm, and f =1 MHz, which gives Pe = 5.57, indicating that electrophoresis is
dominating the transport of pDNA to the cell membrane, and multiple pulses at such a
high pulse repetition frequency can be thought of as a single long pulse providing the
electrophoresis. For the experimental conditions in this work, ¢, =200 ns, E = 15.8 kV/cm,
f =10Hz, and Pe = 0.03 (see Table 2), indicating that the pDNA molecule reaches the cell

membrane predominantly by diffusion. Thus, the Peclet number defined as Pe = %

can be used as useful parameter to infer the role of electrophoresis and diffusion for a
variety of pulses used in this work and in [106].

of Peclet number defined as Pe —

For experimental conditions in [106], £, = 300 ns,

5. Conclusions

In summary, we showed that GET can also be achieved with nanosecond pulses
(with low pulse repetition rate, i.e., 10 Hz) in addition to widely used millisecond and
microsecond pulses and previously shown HF-BP pulses. GET efficiency depends on
PDNA concentration, cell line, and pulse parameters. In our experiments, smaller pDNA
did not significantly improve GET efficiency, but it had an effect on the degree of transgene
expression. We showed that the time dynamics of transgene expression are comparable
between millisecond, microsecond, HF-BP, and nanosecond pulses but differ greatly be-
tween the two cell lines. A simple mathematical model of the probability of pDNA and
cell membrane contact during GET shows that pDNA migration for nanosecond (at low
repetition frequency) and HF-BP pulses is dominated by diffusion, and for micro- and
millisecond pulses, the process is dominated by electrophoresis. A Peclet (Pe) number has
been defined that can be used to infer the role of diffusion and electrophoresis in a wide
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variety of pulsing conditions. However, for the process of pDNA molecules coming into
contact with the cell membrane in the presence of a strong free energy barrier close to the
cell membrane, the role of diffusion and electrophoresis cannot be isolated as effectively.
Nevertheless, the migration of pDNA close to the cell membrane can still be inferred
based on electrophoresis and diffusion. The developed model and modeling results can
provide valuable guidance for further experiments and interpretations of results obtained
by various pulse protocols.
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2.4  REVISITING THE ROLE OF PULSED ELECTRIC FIELDS IN
OVERCOMING THE BARRIERS TO IN VIVO GENE ELECTROTRANSFER

Sachdev S., Poto¢nik T., Rems L., Miklav¢i¢ D. 2022. Revisiting the role of pulsed
electric fields in overcoming the barriers to in vivo gene electrotransfer.
Bioelectrochemistry, 144: 107994, doi.org/10.1016/j.bioelechem.2021.107994: 26 p.

Gene therapies are revolutionizing medicine by providing a way to cure hitherto incurable
diseases. Scientific and technological advances have enabled the first gene therapies to
become clinically approved. In addition, with the ongoing COVID-19 pandemic, we are
witnessing record speeds in the development and distribution of gene-based vaccines. For
gene therapy to take effect, the therapeutic nucleic acids (RNA or DNA) need to
overcome several barriers before they can execute their function of producing a protein
or silencing a defective or overexpressing gene. This includes the barriers of the
interstitium, the cell membrane, the cytoplasmic barriers and (in case of DNA) the nuclear
envelope. Gene electrotransfer (GET), i.e., transfection by means of pulsed electric fields,
is a non-viral technique that can overcome (some of) these barriers enabling a safe and
effective GET. GET has reached the clinical stage of investigations where it is currently
being evaluated for its therapeutic benefits across a wide variety of indications. In this
review, we formalize our current understanding of GET from a biophysical perspective
and critically discuss the mechanisms by which electric field can aid in overcoming
identified barriers. We also identify and highlight the gaps in current knowledge that
hinder optimization of GET in vivo.
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In addition, with the ongoing COVID-19 pandemic, we are witnessing record speeds in the development
and distribution of gene-based vaccines. For gene therapy to take effect, the therapeutic nucleic acids
(RNA or DNA) need to overcome several barriers before they can execute their function of producing a
protein or silencing a defective or overexpressing gene. This includes the barriers of the interstitium,
the cell membrane, the cytoplasmic barriers and (in case of DNA) the nuclear envelope. Gene electro-
transfer {(GET), i.e., transfection by means of pulsed electric fields, is a non-viral technique that can over-
come these barriers in a safe and effective manner. GET has reached the clinical stage of investigations
where it is currently being evaluated for its therapeutic benefits across a wide variety of indications.
In this review, we formalize our current understanding of GET from a biophysical perspective and criti-
cally discuss the mechanisms by which electric field can aid in overcoming the barriers. We also identify
the gaps in knowledge that are hindering optimization of GET in vivo.

© 2021 The Authors, Published by Elsevier B.V. This is an open access article under the CCBY license (htip://

creativecommons.orgflicenses/by/4.0/).
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1. Introduction and cardio-vascular diseases currently holding the major share of
indications [ 1,2]. Treatments based on (cell and) gene therapy have

Gene therapy is revolutionising the field of medicine by offering been approved for cancers such as head and neck squamous cell
potential unprecedented treatments to devastating diseases of var- carcinoma, Acute Lymphoblastic Leukaemia, B-cell Lymphoma
ious origins, with cancer, inheritable diseases, infectious diseases and unresectable Metastatic Melanoma, and for inheritable dis-
eases such as Lipoprotein Lipase Deficiency, Adenosine Deaminase
Deficiency - Severe Combined Immunodeficiency or ADA-SCID and
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with the advent of Chimeric Antigen Receptor T-Cell (CAR-T cell)
therapy which is contingent upon genetic engineering of T-cells,
represents a hallmark in the field of medicine since they provide
supreme remission rates to untenable cancers [4]. Additionally,
gene-based vaccines made of ribonucleic acid (RNA) (BNT1262b2
and mRNA-1273) were the first to receive approval for vaccination
against the infectious Corona Virus Disease — 2019 {COVID-19)
pandemic at a record breaking speed of less than 12 months [5].
Their safety, potency, low cost, rapid production and scalability fol-
lowing identification of the virion make them superior to previous
generation vaccines |6-8). With gene editing technologies, espe-
cially CRISPR/Cas9, gene therapies are no longer limited to adding
a specific gene to the target cells but are now also capable of edit-
ing entire defective genetic sequences [9). Although still in the nas-
cent stage, such gene editing technologies have not only expanded
the indications falling under the gambit of gene therapies but have
also elevated the potential impact of gene therapies in the field of
medicine.

For gene therapies to take effect, DNA or RNA (deoxyribonucleic
acid or ribonucleic acid) must enter the cell to produce a protein or
to silence a defective or overexpressing gene. This entails the
nucleic acid to overcome several barriers before it can reach the
cytoplasm of the cell {for RNA) or the nucleus of the cell (for
DNA) to enable its therapeutic action. These barriers are: the inter-
stitial barriers, the cell membrane barrier, the cytoplasmic barriers
and the nuclear envelope. After the pioneering work of Wolff et al.
|10], who injected naked DNA and RNA into mouse skeletal muscle
in vivo and observed trans-gene (protein) expression, it soon
became clear that these barriers severely limit the efficiency of
gene therapies mediated by naked DNA and RNA injection. Follow-
ing DNA or RNA injection into the muscle, only minute amounts
can enter the cell. For instance, DNA starts to degrade as soon as
5 min after injection into mouse muscles [11]. Thus, researchers
are actively investigating possibilities to devise strategies that
can overcome these barriers.

So far, viral and non-viral vectors have been researched for DNA
and RNA delivery. Viral vectors possess excellent capability to
overcome the barriers and are now being approved for treating dis-
eases. Till date, 13 gene therapies have been approved in vivo based
on using viral vectors to overcome the barriers | 12]. However, viral
vectors have some alarming drawbacks: pre-existing immunity
and immune reactions following injection of viral vectors can
reduce the effectiveness of the therapy and cause immunotoxicity
- precluding the use of particular viruses in certain geographic
locations and certain patients [13]. While most of these concerns
related to viral vectors are being addressed by modifying and engi-
neering the viral vectors, non-viral vectors are gaining traction as
feasible and, in some cases, even superior (at least in terms of
safety) alternatives to viral gene delivery [14]|. Non-viral vectors
that are being developed fall broadly into the categories of chem-
ical vectors (e.g., polymer, lipid-based and various inorganic
nano-carriers etc.) and physical vectors (e.g., ballistic, laser, ultra-
sound, electroporation etc.). Non-viral vectors are in principle
devoid of an immune response per se but they lack the high effi-
ciency of viral vectors in vivo [1,3,14,15].

A non-viral method which shows great promise is naked DNA
injection followed by the application of pulsed electric field
(PEF). DNA transfection, referred to as cellular uptake of DNA and
subsequent gene expression, mediated by PEF is known as Gene
Electrotransfer (GET). DNA transfection, GET and a few other terms
that will be used throughout the review are formally defined in
Section 2. Although GET is applicable to both DNA and RNA, we
will be restricting the purview of this review, and of GET, to only
DNA as it has been the prevalent molecule under investigation in
GET literature. GET increases transfection rates of DNA by 100-
2000 times and improves reproducibility of transfection compared
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to naked DNA injection without the application of PEF [16-20]. Sev-
eral clinical trials are underway evaluating the efficacy of GET in
oncology for treatment of, and vaccination against, cancer, and
for vaccination against infectious diseases [21-33]. A GET based
DNA vaccine [34,35] is currently under Phase (2/3) investigation
for COVID-19 pandemic (NCI04336410 and the INNOVATE trial -
NCT04642638). Further, since GET is capable of delivering large
genetic payloads, it is considered as a promising technique for
CRISPR/Cas9 gene editing applications [36,37|. CRISPR/Cas9 appli-
cations mediated by GET greatly amplify the prospect of GET in
the field of medicine and therapeutics.

Although, several clinical investigations indicate that GET is a
safe and an effective clinical technique providing therapeutic ben-
efits, it has taken around 40 years to reach this stage. Over the
years, efforts have been made to improve GET. GET of DNA encod-
ing for monoclonal antibodies in large animals such as non-human
primates provides a quantitative example to illustrate how opti-
mizations have led to an improvement in the efficiency: dose find-
ing studies in combination with optimizing devices and delivery
protacols have led to an increase in the serum antibody levels from
a few ng/ml to greater than 30 pg/ml [38]. Some of these optimiza-
tions were based on targeting the interstitial barrier using extracel-
lular matrix digesting enzymes and aiding in better distribution of
DNA in the interstitium. While GET has taken several strides to
reach the clinic, much of the success can be attributed to our
increased understanding of how DNA molecules, due to PEF, over-
came the barriers they encountered on their way and reached the
nucleus. The knowledge of how DNA molecules interact and over-
come the barriers during GET is scattered over the literature, which
dates as far back as 1982 with the first report of in vitro GET [39].
The purpose of this review is to revisit the role of PEF in overcom-
ing the barriers to GET in vivo. Since the cell membrane and intra-
cellular barriers are discussed in detail along with the interstitial
barrier, the review is also relevant for understanding GET in vitro.
We, thus, critically review existing literature that helps formalize
the current understanding of GET and barriers limiting its effi-
ciency. We also identify gaps in current understanding and suggest
directions of future research to further enable an enhanced under-
standing of DNA delivery to cells using GET.

2. Brief overview and current understanding of mechanisms
involved in gene electrotransfer

GET is a complex process and to get a good grip on the current
understanding of GET it is prudent to explain the process based on
in vitro systems which are more amenable to investigative rigour
even though they are oversimplified compared to processes
in vivo. According to in vitro experiments, GET is a multi-step pro-
cess which involves (i) interaction of DNA with the cell membrane
(Fig. 1 B.1)(ii) translocation through the cell membrane (Fig. 1 B.2)
(iii) migration across the cytoplasm (Fig. 1 C.1) (iv) translocation
through the nuclear envelope (Fig. 1 D) and {v) gene expression.
In vivo, an additional step involving the distribution of DNA from
the site of injection to enough number of cells in the target tissue
needs to be considered. This step entails overcoming the intersti-
tial barriers (Fig. 1 A). The subsequent steps (i-v) are the same both
in vive and in vitro.

In vitro, the DNA molecules suspended in the solution uniformly
surround the cells shortly after addition. Once PEF is applied, DNA
molecules (being negatively charged) are electrophoretically
pushed from the cathode towards the anode (Fig. 1 A). In the pro-
cess, they encounter the cells, specifically, the cell membrane on
the cathode facing side of the cell. PEF, in addition to elec-
trophoretically pushing the DNA molecules towards the cell mem-
brane, also increases the permeability of the cell membrane via a
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Fig. 1. Overview of the gene electrotransfer (GET) process and definitions of the terminologies used. {A) Negatively charged DNA molecules are electrophaoretically pushed
towards the cell membrane. (B.1-3) Events taking place at the membrane level during GET. (B.1) Formation of DNA-membrane complexes or DNA aggregates at the cell
membrane. (B.2) Endocytic translocation of DNA aggregates. (B.3) Direct DNA translocation into the cell without the formation of DNA aggregates. (C.1-3) Events taking place
inside the cytoplasm during GET. (C.1} Intra-cellular trafficking of endocytic vesicles {endosomes) containing DNA aggregates. (C.2) Escape of DNA molecules from endocytic
vesicles. (C.3) Intracellular trafficking of naked DNA molecules which have gained direct access to the cytoplasm by translocating through the membrane without forming

DNA aggregates. (D) DNA transport across the nuclear envelope.

phenomenon termed electropermeabilization {also referred to as
electroporation). Experiments have suggested that DNA enters
the cells only if the PEF intensity is similar to, or higher than, that
required for electropermeabilization [40,41].

Electropermeabilization, or the transient increase of membrane
permeability due to PEF, is attributed to formation of hydrophilic
pores in the lipid domains of the cell membrane (Fig. 2 A), oxida-
tion of membrane lipids (Fig. 2 B), denaturation of membrane pro-
teins (Fig. 2 C) andfor a combination of these [42]. These
mechanisms of electropermeabilization, depicted in Fig. 2, explain
a large number of observations related to trans-membrane trans-
port of ions and small molecules which is primarily governed by
electrophoresis and diffusion [43-49]. The “threshold” PEF intensity
leading to electropermeabilization, known as the electropermeabi-
lization threshold, is usually determined as the minimum PEF
intensity required for detecting such ions or small molecules
(e.g., propidium iodide dye) inside the cells [50].

Only if the PEF intensity is above the electropermeabilization
threshold, the entry of DNA molecules into cells can be detected.
There are two possible pathways of DNA entry. In the first, and
the most widely accepted, pathway the DNA molecules, which
are electrophoretically pushed towards the cells, interact with
the permeabilized membrane on the cathode facing side of the cell
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(Fig. 1 B.1-B.2). The DNA interaction with the permeabilized mem-
brane can be visualized in terms of DNA aggregates or DNA-
membrane complexes (Fig. 1 B.1). Such trapped (or immobilized)
DNA molecules, henceforth referred to as DNA aggregates, are
internalized via endocytosis and appear inside the cell in the min-
utes following PEF application [40,51,52].

In the second pathway, which is less accepted, the elec-
trophoretically pushed DNA enters the cell directly by translocat-
ing through the permeabilized membrane on the cathode facing
side of the cell (Fig. 1 B.3). In this pathway, the DNA molecules,
prior to and/or during translocation, might interact with the cell
membrane in the form of DNA adsorption on the cell membrane.
Using molecular dynamics (MD) simulations, siRNA molecules
have shown to translocate through hydrophilic pores by being
adsorbed to the lipid bi-layer [53]. DNA interaction with the cell
membrane in the form of DNA adsorption is different from DNA
aggregation at the permeabilized membrane.

Before proceeding, we would like to define a few terms that will
be used repeatedly through the text and could potentially lead to a
confusion if they are not explicitly defined. The event of DNA cross-
ing the cell membrane is a multi-step process which involves inter-
action of DNA with the permeabilized membrane in the form of
DNA aggregates and subsequent internalization of the DNA aggre-
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Fig. 2. (A-C) Mechanisms of cell membrane permeabilization due to its exposure to pulsed electric fields (PEF). Image reproduced from [42] with permission. Lipid molecules
are depicted in blue and membrane protein is depicted in green. The electric field is represented by a red arrow on the left. The length of the arrow depicts the strength of the
electric field and the arrow points in the direction of the electric field. The black arrows in between membrane states depict the transition between the states and the length
of the arrow depicts the transition rates. Longer arrows depict faster transition rates and shorter arrows depict slower transition rates. All arrows are not drawn to scale. (A)
Formation of hydrophilic pores in lipid bilayers from its pre-cursor hydrophobic pores in the presence of an electric field. (B) Chemical modification (e.g. lipid peroxidation) of
lipids, specifically their tails, leading to their deformation resulting in increased permeability. (C) Denaturation of membrane proteins {e.g., voltage gated ion-channels) in the
presence of an electric field, making them non-selectively permeable. Both (B) and (C), andjor their combination, can be responsible for prolonged permeability observed in
cells which is of @(10-15) mins. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

gates into the cell via endocytosis. We will refer to the combination
of these steps i.e. DNA aggregate formation and subsequent inter-
nalization via endocytosis, including any intermediate steps, as
DNA transport across the cell membrane. For instance, processes
B.1 and B.2 in Fig. 1 represent a DNA transport event., We will
exclusively refer to DNA translocation as an event in which DNA
only crosses the permeabilized cell membrane and reaches the
cytoplasm. For instance, endocytosis of aggregated DNA, i.e.
Fig. 1 B.2, is a translocation event. In addition, DNA translocating
through the permeabilized membrane without the formation of
DNA aggregates and directly reaching the cytoplasm, i.e. Fig. 1
B.3, is also a translocation event. Further, we consider DNA trans-
fection (or transfection) to imply (and be inclusive of) the complete
sequence of events - DNA translocation across the cell membrane,
DNA transport through the cytoplasm, DNA transport across the
nuclear envelope and gene expression. GET is referred to as DNA
transfection mediated by PEF. See bottom half of Fig. 1 for elucida-
tion. Thus, GET efficiency implies DNA transfection efficiency in
which DNA transfection is mediated by PEF. Lastly, throughout
the text, we have used the notation of ‘O(n) [units| to quantify var-
ious parameters in appropriate units. The ‘O(n) [units]’ simply
implies that the value of the parameter is approximately n in the
given [units). E.g., “. . .electrophoretic migration of O{1) pm..” implies
that the electrophoretic migrations is approximately 1 um. Rather
than concerning with precise values, we have used this notation
to provide approximate values or order of magnitude estimates,
which are often sufficient to illustrate our point.

Along with electropermeabilization, electrophoresis is also
believed to be necessary for GET. So much so that these two pro-
cesses need to take place simultaneously. If DNA molecules are
added after the application of PEF, DNA transfection is not
observed even though the membrane is permeable to small mole-
cules [41,54]. Role of electrophoresis is further evident from the
fact that DNA aggregates are formed only on the cathode facing
side of the cells [40|. Moreover, DNA molecules are electrophoret-
ically added to the existing DNA aggregates in subsequent pulses
|51], and DNA transfection is a vectorial process that depends on
the direction of PEF |54]. Recent experiments have suggested that
small DNA molecules of size 15-25 base pairs (bp) and siRNA
molecules have direct access to the cytoplasm (without forming
DNA or RNA aggregates) and they enter the cell from the permeabi-

lized membrane on the cathode facing side of cell, indicating an
electrophoretic DNA and RNA translocation across permeabilized
membrane [55,56].

Overall, PEF is thought to play a dual role in GET. One role is to
permeabilise the cell membrane, The other role is to electrophoret-
ically push the DNA molecules and bring them close to the perme-
abilized membrane, allowing DNA molecules to either form DNA
aggregates at the permeabilized membrane (Fig. 1 B.1) which later
appear inside the cytoplasm via endocytosis (Fig. 1 B.2) or translo-
cate through the permeabilized membrane directly into the cyto-
plasm (Fig. 1 B.3). While both, membrane permeabilization and
electrophoresis, appear to be necessary for GET, the reason for this
necessity as well as their precise role in GET still remains elusive,

The cell membrane has a residual negative charge on the outer
surface |57]. For negatively charged DNA to interact with the per-
meabilized membrane and form DNA aggregates, DNA must over-
come an electrostatic barrier. The role of electrophoresis could thus
be to, directly or indirectly, overcome the electrostatic barrier,
enabling the interaction of DNA with the permeabilized membrane
and enabling the formation of DNA aggregates (Fig. 1 B.1). In case
of DNA molecules that have direct access to the cytoplasm, elec-
trophoresis could help drive the translocation of DNA molecule
through the permeabilized membrane during PEF (Fig. 1 B.3)
|58]. Another possible role of electrophoresis (specific to in vivo)
could be to transport DNA in the interstitial space through the
dense network of the Extra-Cellular Matrix (ECM) fibres. For
instance, diffusion is negligible compared to electrophoresis in
the ECM, and the DNA molecules primarily rely on electrophoresis
as the dominant mode of transport [59-G1|. Thus, another role of
electrophoresis could be to overcome the interstitial barriers by
transporting DNA in the tissue and improving the interstitial distri-
bution of DNA molecules.

The pathways by which the DNA is translocated across the cell
membrane are understood only to a limited extent. Direct translo-
cation of DNA in its native configuration through hydrophilic pores
formed in the permeabilized membrane (Fig. 2 A) could explain the
internalization of DNA molecules that have direct access to the
cytoplasm (Fig. 1 B.3) [5562]. However, research has mainly
focussed on investigating DNA aggregate formation. As a result,
there is now increasing evidence that DNA aggregates are translo-
cated via endocytic pathways |63-65]. Understanding the mecha-
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nism(s) of DNA translocation are crucial for successful GET since
the intra-cellular fate of the DNA molecules depends on whether
they have direct access to the cytoplasm or they are endocytosed
inside vesicles.

Once internalized, irrespective of the translocation pathway,
the DNA molecules are presented with yet another barrier - the
cytoplasm, which primarily comprises of the dense cytoskeleton
network. DNA aggregates that have been endocytosed are encapsu-
lated in endocytic vesicles (endosomes - Fig. 1 B.2) and are pro-
tected against degradation by intra-cellular nuclease(s). DNA
molecules inside endosomes rely on endosomal trafficking medi-
ated by the actin and the microtubule network and their associated
molecular motors {myosin and dynein) to reach the nucleus {or its
vicinity) (Fig. 1 C.1) |65,66|. However, the endosomal membrane
presents an extra barrier since the DNA molecules must escape
from the endosome (Fig. 1 C.2) in order to cross the nuclear envel-
ope and get expressed.

DNA molecules that gain direct access to the cytoplasm (Fig. 1
B.3), however, have to rely on hindered diffusion to reach the
nucleus {Fig. 1 C.3). The diffusion of maolecules inside the cyto-
plasm is size dependent and is hindered by the actin network
|G7,68]. Large DNA molecules, such as the plasmid DNA (pDNA)
of around 5 kbp, have extremely low diffusion coefficients and
are practically immobile [68]. They are, thus, highly susceptible
to degradation by the intracellular nuclease(s) [69,70]. However,
experiments have shown that naked DNA molecules are able to
complex with intra-cellular proteins that may aid in their traffick-
ing inside the cytoplasm [71].

The final {physical) barrier to GET is the nuclear envelope. DNA
molecules in the peri-nuclear space that are not trapped in endo-
somes {endocytic vesicles), need to cross the nuclear envelope to
reach the nucleus for transcription. The nuclear envelope is tem-
porarily disrupted during cell division and synchronising GET (or
gene transfer in general) with the mitotic phase of cells has shown
to increase DNA transfection efficiency [ 72,73 ]. DNA molecules can
also enter the nucleus of non-dividing, slow-dividing and
terminally-differentiated cells using specific gene sequences in
the DNA molecule that are able to bind to proteins in the cyto-
plasm that facilitate the entry of DNA molecules into the nucleus
|71]. However, transfection has alse been obtained with DNA
molecules lacking these specific gene sequences |74].

Nanosecond PEF have shown to permeabilize membranes of
intra-cellular organelles, vesicles and vacuoles [75-77]. However,
results on applying nanosecond PEF after conventional PEF to
improve GET efficiency by disrupting or permeabilizing the nuclear
membrane have been inconclusive [78-81].

Various mechanisms of nuclear import have also been proposed
for DNA molecules trapped within endosomes. For instance, endo-
somes containing DNA aggregates could fuse with the endoplasmic
reticulum, transferring their (DNA) load to the endoplasmic reticu-
lum. DNA molecules could then utilize the network between retic-
ulum and nuclear membrane to enter inte the nucleus [82].
Alternatively, or additionally, nuclear envelope associated endo-
somes could transfer DNA to the nucleus by fusing with the nuclear
envelope [83].

3. Interstitial barriers

The interstitial space, or the interstitium, constitutes the envi-
ronment surrounding the cells, Apart from cell-cell junctions, the
interstitial space comprises of a network of macromolecules
known as the Extra-Cellular Matrix (ECM). The major components
of the ECM are polysaccharides - glycosaminoglycans (such as
hyaluronan, chondroitin sulphate, dermatan sulphate, heparan sul-
phate) and fibrous proteins {such as collagen, elastin, fibronectin,
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laminin) [84]. Physical impediments of cell-cell junctions, ECM
and cell-ECM junctions, along with specific interaction of DNA with
these components {e.g., electrostatic interactions), significantly
limit mobility and distribution of DNA in target tissues and prevent
DNA molecules to come in contact with large number of cells, In
addition, DNA is highly susceptible to degradation by extracellular
nuclease(s). Nucleases are present in the intra-cellular as well as in
the extra-cellular (i.e. the interstitial) space [85]. While the precise
function of nucleases is still debated, they are expected to regulate
the extra-cellular concentration of DNA through the action of DNA
cleavage [8G|. Nevertheless, they pose a great threat to the func-
tionality of DNA introduced into tissues for therapeutic purposes.
Some studies have reported that DNA starts to degrade as soon
as 5 mins after injection into mouse muscles [11], whereas others
have reported half-life of 120 mins in the tumour interstitium [87].
Hindered distribution of DNA due to structural components of the
interstitium and degradation of DNA by the nucleases present in
the interstitium make it a potentially limiting barrier to GET
in vivo.

Scale-up studies have shown that higher levels of connective
tissue/ECM in muscles of larger/older animals correspond to lower
levels of DNA transfection compared to smaller/younger animals
|88-91]. This suggests that ECM is a limiting barrier to GET.
Enzymes that can digest certain components of the ECM have, thus,
been used to increase the efficiency of GET. For instance, hyaluro-
nidase, an enzyme digesting hyaluronan, has been used to increase
GET efficiency |92]. In another study, tumours with different levels
of ECM were treated with ECM digesting enzymes - hyaluronidase
and collagenase, and the transfection efficiency was compared for
each type of tumour. Tumours with different levels of ECM
responded differently to GET post the enzymatic treatment. It
was abserved that tumours with high levels of ECM responded bet-
ter to GET post enzymatic treatment compared to tumours with
low levels of ECM [93].

Several studies mimicking an in vivo environment have also
demonstrated that cell-cell junctions and components of the
ECM indeed limit the distribution of DNA, contributing to dimin-
ished GET efficiency. For instance, experiments on 3D spheroid
models mimicking an in vivo environment revealed that cells only
on the outer layer of the spheroid interacted with the DNA mole-
cules even though the cells deep inside the spheroid were perme-
abilized as was evident by the uptake of small propidium iodide
dye [94]. In another study, less than 1% of the cells in the spheroid
could be transfected even though a transfection efficiency greater
than 20% was achieved for cells in suspension under similar elec-
troporation (PEF) conditions [95]. The low efficiency of GET can
predominantly be attributed to the lack of DNA distribution inside
the spheroid due to a dense cell arrangement with corresponding
cell-cell junctions and possibly some ECM that can be deposited
from cells within the spheroid [94]. In addition, non-uniform dis-
tribution of electric field and a reduced induced transmembrane
voltage due to dense packing of cells inside a spheroid could also
be a reason for limited electropermeabilization and concomitant
reduced DNA transfection [95-97]. Reduced uptake of another
molecule (Calcein) via PEF by cells in a spheroid was attributed
to diminished distribution of Calcein due to dense packing of cells,
reduced electric field inside the spheroid and lower induced trans-
membrane voltage for cells inside the spheroid [98]. Other compo-
nents of the ECM such as collagen fibres also hinder diffusion and
electrophoresis of DNA in the interstitium as determined by exper-
iments in reconstructed tissues in vitro [99] and in ex-vivo models
[60].

The ECM, thus, severely limits the distribution of molecules
including DNA in the tissues. While PEF overcomes the cell mem-
brane barrier by permeabilizing the cell membrane and allowing
the entry of DNA into cells, PEF also provides the necessary push
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Fig. 3. Distribution of DNA in vitro and in vive. (A) Distribution of DNA molecules in vitro under sub-optimal/low and optimal/high DNA concentrations. The DNA molecules
are in the suspension and homogenously distribute throughout the suspension. (B) Distribution of DNA molecules in vivo. Due to interstitial barriers, the injected DNA
molecules are heterogeneously distributed such that regions of sub-optimal/low and optimal/high DNA concentrations exist in the target tissue. The average cell-DNA/DNA-
DNA distance is given in (A) and (B) for highoptimal and low/sub-optimal DNA concentrations. The distances have been calculated according to calculations in Appendix A.
(C) Electrophoretic migration of DNA molecules (5900 bp) as a function of accumulated time for different electric field intensities. The calculations of electrophoretic

migration by the DNA molecule are presented in Appendix B.

to DNA via electrophoresis and possibly overcomes, at least par-
tially, the interstitial barrier as well.

To further investigate the role of electrophoresis, a strategy con-
sisting of high voltage (HV) “short” pulses along with low voltage
(LV) “long” pulses were employed in vivo [100,101]. This strategy
was first proposed for in vitro experiments [62,102], and the pur-
pose was two-fold - (i) to decouple the process of
electropermeabilization from electrophoresis and (ii) to enhance
the electrophoresis. The HV pulses were above the electroperme-
abilization threshold with an electric field amplitude of 0(100)
V/cm and with a pulse duration of 0O(100) ps. Since these pulses
were of shorter duration, the HV pulses did not provide enough
electrophoresis compared to LV pulses. The LV pulses were below
the electropermeabilization threshold with an electric field ampli-
tude of 0(10) Vfcm, but with a longer duration of O(100) ms to
enhance the electrophoresis of DNA.

Increase in GET efficiency was observed for the combination of
HV + LV pulses compared to using HV or LV pulses alone [ 100,101].
Since the LV pulse alone did not result in significant electroperme-
abilization [100,101], even though some transfection was observed
for the LV pulse alone [100], the increase in GET efficiency was
attributed to direct effect of LV pulses on DNA assuming that LV
pulses are contributing to electrophoresis. Enhanced GET efficiency
was obtained if DNA was added either before the HV pulse or in
between the HV and the LV pulses of the HV + LV protocol, indicat-
ing the crucial role of electrophoresis in enhancing the efficiency of
GET [101].

The strategy consisting of HV pulses for permeabilization and
LV pulses for electrophoresis was employed leading to a higher
efficiency of GET in vivo in further studies [ 103-105]. Long duration
pulses are currently being employed in clinical settings. For
instance, CELLECTRA™ devices by Inovio Pharmaceuticals employ
electric current-controlled {0.2 A for intra-dermal and 0.5 A for
intra-muscular) long-duration pulses of 52 ms for its GET based
DNA vaccination programs [29,32,34,35,106). Interestingly, expo-
nentially decaying pulses that have been successfully used in early
studies of GET have a leading high peak, corresponding to HV com-
ponent, and a long tail, corresponding to the LV component [102].
In light of these observations regarding long duration pules of

52 ms, it is also important to note that short duration pulses of
100 ps (at 1.3-1.5 kVjcm) are also being successfully used for
GET in clinical settings [24-27,33].

The results on improved GET efficiency in vivo as a result of
employing HV + LV pulses {or enhancing electrophoresis with sep-
arate LV pulses for electrophoresis) were, however, not observed in
subsequent in vitro studies. At optimal DNA concentrations for
in vitro, HV + LV pulses did not lead to higher transfection effi-
ciency compared to HV pulses alone; however, for sub-optimal
DNA concentrations, HV + LV resulted in an increased transfection
efficiency compared to HV alone [107,108]. In this case, optimal
concentration was defined as concentration beyond which trans-
fection efficiency did not increase with an increase in DNA concen-
tration, and transfection efficiency was defined as the percentage
of transfected cells. Experiments at these sub-optimal and optimal
DNA concentrations in vitro revealed the role of HV + LV pulses and
of electrophoresis (Fig. 3 A). Due to hindered distribution of DNA in
target tissues, regions of suboptimal DNA concentrations are
expected to always exist in vivo (Fig. 3 B). Employing HV + LV
pulses in vivo is thus expected to enhance GET efficiency due to
the presence of these regions of sub-optimal DNA concentrations,

Although HV + LV pulse experiments in vitro and in vivo provide
a possible mechanism of how LV pulses, through electrophoresis,
enhance GET efficiency in vivo, it is worthwhile to look deeper into
the role of electrophoresis in this enhancement. As argued by
Bureau et al. [100], electrophoresis could enhance efficiency of
GET by (i) improving DNA diffusion (distribution) in tissues (ii)
by improving the contact between DNA molecules and the cell
membrane (iii) by allowing DNA molecules to interact with and/
or “insert” into the permeabilized cell membrane, i.e., DNA aggre-
gation (Fig. 1 B.1) and {iv) aiding direct DNA translocation through
the permeabilized membrane (Fig. 1 B.3). Possibilities (iii) and (iv)
require the membrane to be permeabilized, whereas this is not
necessary for (i) and (ii).

Bureau et al. further ruled out the possibilities (i) and (ii) by
arguing that the application of LV pulses before HV pulses or LV
pulses alone did not lead to an enhancement in GET efficiency,
implying that a permeabilized state of the membrane is necessary
to observe the effect of LV electrophoresis [100]. Usually, LV pulses
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Fig. 4. Distribution of intramuscularly injected DNA. (A-E) Tibialis anterior muscle of mice; images from | 113] Copyright 2000. The American Association of Immunologists,
Inc. (A) Brightfield image of tibialis anterior muscle. White arrow marks the site injection. (B) Fluorescent image of the whole tibialis anterior muscle with DNA (labelled) in
red, 5 mins after injection. White arrow marks the site of injection. (C) Fluorescent image of the lateral view of tibialis anterior muscle with DNA (labelled} in red, 5 mins after
injection. White arrow marks the point of injection and white arrowhead points to accumulated DNA along the myotendinous junction. (D) Fluorescent image of vibratome
transverse section (150 pm) of the tibialis anterior muscle with DNA {labelled) in red, 5 mins after injection. White arrowheads mark DNA in between muscle fibres/cells and
white arrows mark DNA inside muscle fibres/cells. (E) Vibratome longitudinal section of the tibialis anterior muscle with DNA (labelled) in red, 5 mins after injection. DNA is
located between muscle fibres/cells. (F-H) Tibial cranial muscle of mice with DNA (radioactively labelled) in black; images from [ 11]. (F) Transverse section of the tibial cranial
muscle, 5 mins after injection. Black arrow shows accumulation of DNA between the muscle fibres and the overlaying fascia. (G) Higher magnification of a transverse section
of the tibial cranial muscle, 3 h after injection. (H) Longitudinal section of the tibial cranial muscle, 5 after injection. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

are applied after HV pulses to increase the efficiency of GET. How-
ever, applying LV pulse before the HV pulse has been shown to
marginally (although not statistically significantly) enhance DNA
transfection compared to HV pulses alone in certain in vitro exper-
iments [108,109]. Lack of significant enhancement in GET effi-
ciency when LV pulses are applied before HV pulses does provide
some evidence against possibility (ii), further studies might, how-
ever, be required to completely rule out this possibility.
Maximum DNA migration observed in tumour interstitium
ex vivo |60] and in vivo |G1] was around 0.37 pm and 0.23 um,
respectively, for a 50 ms pulse duration. It should be noted that a
pulse duration of 50 ms is representative of pulse durations used
in LV GET protocals. Even with the application of 10 such pulses,
only a microscopic distribution of O(1) pm is achieved. Thus, elec-
trophoresis (by LV pulses) is not sufficient to improve DNA distri-
bution in target tissues, effectively ruling out possibility (i). It is

likely that the distribution of DNA observed over macroscopic dis-
tances is due to the convection forces through injection [110-112].

It then appears that a permeabilized membrane is indeed nec-
essary to observe the effect of electrophoresis provided by the LV
pulses, and role of electrophoresis is to enhance the local concen-
tration around the permeabilized membrane so that more DNA
molecules can interact with the permeabilized membrane forming
DNA aggregates, i.e., possibility (iii) (Fig. 1 B.1) or DNA molecules
can directly translocate through the permeabilized membrane,
i.e., possibility (iv) (Fig. 1 B.3).

According to our estimates, the DNA-cell distance is 0{0.5-1)
pum in vitro and 0(0.1-0.5) pm in vive, in regions with high/optimal
DNA concentration (see Fig. 3 A and B, and refer to Appendix A for
calculations). Thus, for high/optimal DNA concentrations which
can be easily achieved in vitro and almost impossible to achieve
in vivo, there already are DNA molecules in close proximity to
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the cell. In this case, HV pulses alone are sufficient in bringing
enough DNA molecules close to the permeabilized membrane for
the purpose of DNA aggregation andfor direct DNA translocation.
The DNA electropharetic migration (electrophoresis) provided by
HV pulses is 0{0.1-1) pum (Fig. 3 C, Appendix B for calculations)
which is similar to the cell-DNA distance in regions with high/op-
timal DNA concentrations. Therefore, LV pulses add little to noth-
ing in their contribution to bring enough DNA molecules close to
the cell via electrophoretic migration {electrophoresis).

On the contrary, we estimate the DNA-cell distance to be O(1-
50) pwm in vitro and ©(1-10) pm in vive at low/sub-optimal DNA
concentrations (Fig. 3 A and B, Appendix A for calculations). As a
result, the number of DNA molecules close enough to make contact

Table 1
Values of hydraulic conductivities for different types of tissues and tumors. From
[114].

Tissue Type Hydraulic Conductivity (K}

[em?*mm Hg s = 10°%)

Rat abdominal muscle 15-78
Rat dermis 533

Normal Tissue

Mouse tail skin 70-150

Subcutaneous plane 0.6-0.85

Subcutaneous slice 6

Aortic media and intima 0.4-2.0
Tumors MCalV tumor 248

LS174T tumor 45

U87 tumor 65, 7000

HSTS26T tumor 9.2

Rat fibrosarcoma 1.36-1360

B16.F10 murine tumor 4100-11000

4T1 murine tumor 950-2300

Hepatoma 0.8-4.1,28

Bivelectrochemistry 144 (2022) 107994

with the cell membrane is low. Electrophoretic migration (elec-
trophoresis) provided by the LV pulse is 0{1-100) pm (Fig. 3 C,
Appendix B for calculations). In this case, LV pulse aids in elec-
trophoretically migrating DNA molecules from far away to the
cells, bringing enough DNA molecules close to the permeabilized
membrane for the purpose of DNA aggregation andfor direct
DNA translocation.

As mentioned above, the experimental electrophoretic migra-
tion observed for 50 ms long pulses (i.e., in the LV pulse regime)
in tumour interstitium ex vivo was 0(0.1-1) pm |60,61 ). Therefore,
electrophoretic migration of 0(1-100) um by LV pulses based on
Fig. 3 C and calculations presented in Appendix B should be taken
as an upper limit to the electrophoretic migration.

Overall, both HV and LV pulses are crucial for GET in vivo,
whereby LV pulses, and the associated electrophoresis, appear to
be especially critical for enhancing the efficiency of GET in vivo.
In vivo, the interstitium limits the distribution of DNA molecules,
providing a heterogenous distribution of DNA in the target tissue
(Fig. 3 B). As a result, regions of low/sub-optimal DNA concentra-
tions exist in the target tissue. LV pulses are able to offset the
low efficiency of GET which results from the existence of these
regions of low/sub-optimal DNA concentrations |107,108]. LV
pulses accomplish this by electrophoretically bringing more DNA
molecules close to the permeabilized membrane for DNA-
aggregation and/or direct DNA translocation.

The question that then arises is - how are DNA molecules dis-
tributed over macroscopic distances in the target tissue? Further, is
the distribution inhomogeneous leading to zones of sub-optimal DNA
concentrations?

For intra-muscular injections in the tibialis anterior muscles of
mice, DNA was distributed in the entire muscle 5 min after injec-
tion as shown in Fig. 4 A-C [113]. The white arrows mark the point
of injection whereas the white arrowhead indicate the accumula-

Fig. 5. Influence of convective forces from injection of fluids on their macroscopic distribution in target tissues. (A-B) Injection of insulin in (pig) adipose tissue; images from
[ 110]. (A) Histologically stained cross section of the sub-cutaneous tissue (pig adipose) with injected insulin shown in red. Injection fluid volume was 100l and the scale bar
corresponds to Tmm implying distribution over macroscopic distances. (B) X-ray computed tomographic scan of a similar sub-cutaneous injection process. The injection
channel is visible along with the back-flow of the fluid to the skin surface. (C-D} Injection of Urografin fluid into adipose tissue; images first published in Journal of Mechanics
and Material Structures in Vol. 6 (2011), No 1, published by Mathematical Sciences Publishers [111]. (C) A composite of X-ray image of 500ul of 150 Urografin fluid (opaque
dye) injected into porcine adipose tissue. (D) Cross-section from a 3D reconstruction of 720 X-ray images of the dye-injection in (C). (E-G) Injection of dye (blue) into pig
adipose tissue; images from [112]. (E) Images after single 100pl dye injection into adipose tissue and squeezing the site in-between electrodes. (F) Sagittal plane of the dye
injection site after dissection to show the distribution of dye within the tissue. The dye is primarily found between the collagenous septa diving adipose lobes. (G) Distribution
of dye in adipose tissue after 5 injections of 50pl each. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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Table 2
Interstitial fluid volume and ECM composition for different types of tissues and tumors. From [117].
Tissue Type Interstitial Fluid Volume Collagen Glycosaminoglycans Hyaluron
(ml/g wet weight) (mg/e wet weight) (mg/g wet weight) (mgfg wet weight)

Normal Tissue Skin 0.40-045 170-190 3.7-42 0.5-16
Muscle 0.07-0.12 10-13 2.2 0.09-0.13
Lung 0.24 5-35 6.1 0.07-0.13

Tumors Mammary carcinoma (murine) MCa1V 1.7+04 0.22+0.02
Host: Mouse
Colon adenocarcinoma (human) (1L5174T) 18207 0.10 £ 0.04
Host: Mouse
Glioblastoma (human) (U87) 9z 4 0.10 £ 0.04
Host: Mouse
Solt tissue sarcoma (human) (HSTS) 61 0.22+0.03
Host: Mouse
Mammary carcinoma (DMBA induced) 0.39£0.02 4607 1903
Host: Rat
Ovarian carcinoma (OVCAR-3) 0.60 £0.03 7.7+05 0.08 £ 0.04
Host: Mouse
QOvarian carcinoma (SKOV-3) 053011 9+3 0.20 £ 0.02

Host: Mouse

tion of DNA (labelled in red) along the myotendinous junction of
the tibialis anterior muscle. Closer inspection of the transverse
and longitudinal sections of the muscles revealed local distribution
of DNA {labelled in red) within the tissue, 5 mins after injection.
DNA was distributed in between the muscle cells as observed in
transverse (Fig. 4 D) and longitudinal (Fig. 4 E) sections. For the
transverse section, the white arrowheads mark the accumulation
of DNA in the space between the cells, whereas the white arrows
mark the DNA inside cells at the point of injection. Observations
on a whole transverse sections of tibial cranial muscles of mice also
showed a macroscopic distribution of radio-labelled DNA 5 mins
after injection (Fig. 4 F) [11]. Higher magnifications of the trans-
verse (Fig. 4 G) and longitudinal (Fig. 4 H) sections, 3 h and 5 mins
after injection, respectively, reveal that the DNA is located in the
inter-fibrillar space (i.e., space in between the muscle cells). One
can infer similar patterns of DNA distribution in the inter-fibrillar
space or the interstitium, after injection, from transverse sections
shown in (Fig. 4 D and G) and longitudinal sections shown in
(Fig. 4 E and H).

As mentioned earlier, the distribution over macroscopic dis-
tances in vivo is likely due to the convection forces while injecting
the bolus of DNA solution into the tissue. Injection studies have
shown that sub-ml (100 pl) bolus injections into the sub-
cutaneous region led to a “depot” which spans approx. 1cm in
length (Fig. 5 A and B) [110]. The “depot” can be described as a
region (or a volume space) within which the injected bolus/dye
can be found. In another study, 0.5 ml (500 mm?) bolus occupied
a volume of 2300 mm® once injected into the adipose tissue,
implying a macroscopic distribution (Fig. 5 C and D) [111]. Similar
observations were made in dye injection studies in which adipose
tissue was considered as a target for DNA vaccination using GET
(Fig. 5 E-G) [112]. Distribution of fluid in target tissues also
depends on the type of tissue (muscle, fat/adipose and skinfder-
mis) as each of these have different resistances and permeabilities
to the injected fluid.

To obtain information of how the tissue type influences the dis-
tribution of injected fluid, one can consider the Darcy’s equation
which describes the flow through porous media (tissue/tumors)
as: v = —(K/i)Vp = —K Vp, where v is bulk-averaged velocity, p
is pressure, j is viscosity, K is specific permeability and K’ is
hydraulic conductivity [114]. Different types of tissues have differ-
ent hydraulic conductivities and will influence the convection-
based distribution of injected (DNA) solution. Hydraulic conductiv-
ities of common types of tissues used as a target during GET is
given in Table 1 [114].

There are, however, a few points to be kept in mind while using
hydraulic conductivities to interpret convection-based flow.
Firstly, hydraulic conductivity of soft porous media such as biolog-
ical tissues and tumors was found to vary with infusion pressure;
with the variations being attributed to pressure-induced deforma-
tion of tissues [115,116]. Secondly, hydraulic conductivity of tis-
sues is largely dependent on fractional void velume of the
interstitium, the composition of ECM components and the geome-
try of the ECM [114,117]. For instance, hydraulic conductivity and
mechanical (deformative) properties of various tumors were found
to be correlated to the constituents of the ECM, specifically the col-
lagen |118]. Various tissues, which are targets for GET, can have
widely varying compositions of the ECM constituents and, thus,
very different hydraulic conductivities, as evident from Table 1.
Composition of commonly used target tissues during GET and a
few tumors is shown in Table 2 [117]. Note that one must be care-
ful in correlating the hydraulic conductivity to the composition of
the ECM as this approach might be oversimplistic [114]. Interest-
ingly, the increase in GET efficiency correlated with the amount
of ECM in tumors when ECM digesting enzymes - collagenase
and hyaluronidase — were used [93].

Structural anisotropy in the target tissue can also influence DNA
distribution in the interstitium. It was shown that the structural
anisotropy in cerebellum, collagen gels and tumor models can lead
to anisotropy in diffusion of small and large molecules in the inter-
stitium [119,120). In addition, drug solution was shown to prefer-
entially permeate along the direction of alignment (ie.
longitudinal) of the muscle tissue and have a higher hydraulic con-
ductivity along that direction compared to the transverse direction
[121].

1t should be noted that injected volume often exceeds the fluid
(holding) capacity of the target tissue leading to swelling or post-
injection re-adjustments. For instance, intra-dermal injections lead
to the formation of blebs under the skin [122-126].

In case of intra-muscular injections, 50 pl of DNA injection (ex-
ceeding muscle capacity) caused swelling of the anterior epimysial
sheath of tibialis anterior muscle of mice [113]. Soon after, the
swelling subsided and redistributed the fluid throughout the mus-
cle. Reducing the volume of the fluid during injection to 5 pl did
not lead to swelling of epimysial sheath while still dispersing the
DNA throughout the muscle, although to a lesser extent. Interest-
ingly, in the absence of PEF, less DNA uptake (at the site of injec-
tion) and less overall transgene expression was observed for the
5 ul injection compared to 50 pul injection. The higher transgene
expression for the 50 pl injection was attributed, although specula-
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tively, to the swelling of the muscle and the hydrostatic pressure
resulting from the excessive fluid volume compared to the fluid
(holding) capacity of the muscle, which in turn induced the uptake
of DNA by muscle cells.

According to the authors [113], this could potentially explain
why naked DNA transfection efficiency is higher for smaller ani-
mals compared to larger animals. Dupuis et al. [113] argued, based
on their experimental observations, that the ratio of the injected
fluid volume to the fluid (holding) capacity of the muscle/tissue
is higher for smaller animals, owing to the small size of the mus-
cleftissue. This leads to muscle/tissue swelling and additional (hy-
drostatic) pressure or mechanical forces being generated that can
induce DNA uptake. Mechanically squeezing the cells in a microflu-
idic environment has led to an enhanced DNA transfection effi-
ciency using GET [127]. On the contrary, muscles/tissues of larger
animals have enough capacity to accommodate the incoming
injected fluid. This generates less pressure and low {or not enough)
mechanical forces in the environment which possibly results in
reduced uptake of DNA by muscle cells.

Therefore, while convection forces due to fluid injection help/
aid in macroscopic distribution of DNA in target tissues, other fac-
tors associated with injection procedure should be considered
while evaluating and investigating GET. One such factor is tissue
swelling as a result of injection volume exceeding the fluid holding
capacity of the tissues and its associated impact/hydrostatic pres-
sure on cells within the tissues and near the site of injection, lead-
ing ta DNA uptake or DNA transfection.

Another method to improve macroscopic distribution of DNA is
to use injections at multiple sites, as has been observed for GET in
rat skeletal muscle [128]|. However, the improvement in transfec-
tion efficiency due to multiple injections is not always consistent
between animals. No variation in DNA transfection efficiency was
observed for mice when multiple injections were used compared
to a single injection, keeping the total DNA dose constant [129].

While it appears that DNA is distributed over macroscopic dis-
tances through convection by injection, studies have also revealed
that distribution of DNA is inhomogeneous in the interstitium
|130). From Fig. 4 D and E, it can be observed that the intensity
of fluorescently labelled DNA (in red) is unevenly distributed,
implying inhomogeneous concentration of DNA in the target tis-
sue/muscle. This is further evident from Fig. 4 G and H where dis-
tribution of radioactively labelled DNA (in black) is
inhomogeneous in the interstitial space between muscle fibres.

The reason for this inhomogeneity is perhaps the dense envi-
ronment of the interstitium. The interstitium prevents DNA con-
centration to be homogenous in the target tissue and allows for
zones of low/sub-optimal DNA concentration to exist in vivo. As
discussed previously, existence of these zones then allows LV elec-
trophoresis, in the HV + LV protocol, to enhance the GET efficiency
by pushing DNA molecules over microscopic distances and accu-
mulating enough DNA molecules close to the permeabilized mem-
brane of cells in the low concentration zones, thereby locally
increasing the concentration near the permeabilized membrane,
In zones where DNA is present at high/optimal concentrations,
HV pulses alone are sufficient since enough DNA molecules are
already present near the permeabilized membrane of cells.

Eventually, DNA being distributed (or present) over macro-
scopic distances in the tissue, due to convection by injection,
enables DNA transfection into cells at locations where, in addition
to DNA, sufficient electric field is present to allow membrane
permeabilization,

As mentioned, membrane permeabilization is necessary for
DNA transfection, which implies that sufficient electric field inten-
sity which permeabilizes the cell membrane must be present at
locations where DNA molecules are present {whether at optimal
or sub-optimal concentrations).

Bioelectrochemisiry 144 (2022) 107994

A broader implication of this {necessity) is that only those cells
which are within the electric field distribution emanating from the
electrodes are possible targets for GET. This defines a limited geo-
metric area {or volume) constrained by electrode configurations
(and distances) within which cells can be transfected through
GET [125]. Increasing the target area {or volume) by increasing
the distance between electrodes along with sustaining a sufficient
electric field for permeabilization is a severe limitation as this
requires increasing the voltages to levels that are clinically not
viable or are unsafe [ 131]. In case of viral vector mediated delivery,
a wider area can be target based on injection alone as long as
appropriate membrane receptors are present on the cells which
can accept the viral/chemical vectors [132-135].

Another implication of the requirement of sufficient electric
field for permeabilization is that all cells that fall within target area
(or within the electrodes) might not get transfected. Electric field
suffers the same fate of spatial inhomogeneity within the target
area, as does DNA distribution, while going from in vitro to
in vivo. Due to inhomogeneous distribution, there might be pockets
well within the target area where electric field is not sufficient. The
inhomogeneity arises due to multiple reasons which are discussed
below.

Firstly, different tissues have vastly different electrical conduc-
tivities [91,136]. Electrical conductivities of different types of tis-
sues are shown in Table 3. If the electric field is applied trans-
cutaneously i.e. the electrodes are in contact with the skin, electric
field distribution emanating from the electrodes would be highly
heterogenous due to different electrical conductivities of the
underlying tissues - skin, adipose, muscle andfor tumor
|137,138). As a result, the electric field in underlying muscle or
tumor is less compared to the overlaying skin due to the low elec-
trical conductivity of skin (when an averaged value of all skin lay-
ers was considered) [137,139] or of stratum comeum [138]. This
might result in insufficient electric field within the muscle or
tumor for permeabilization and, as a result, for GET.

Secondly, within the same type of tissue, the electric field can
be highly heterogenous, as shown numerically for muscles [137],
skin [140-142] and tumors [138], and experimentally for tumors
[143]. Skin itself is a heterogenous tissue with different layers (s-
tratum corneum and the lower skin layers - epidermis and dermis)
having different conductivities (Table 3). The inhomogeneity in
electric field distribution within the same type of tissue, and even
within the same layer of the tissue, arises due to conductivity
changes resulting from permeabilization of cells within the tis-
sueflayer. These effects have been modelled numerically
|137,141,142,144|. Local conductivity changes and the resulting
spatial heterogeneity in electrical conductivity arising due electro-
poration have also been observed experimentally in liver tissue
|145). Tumors can intrinsically have spatial variations in electrical
conductivity [146,147). Variations in electrical conductivity,
whether naturally occurring in tissues or induced due permeabi-

Table 3
Electrical conductivities of different tissues. From [91,136].

Tissue Type Conductivity (5/m)
Tumor 0.22-04
Fat (Adipose) 0.02-0.04
Muscle Transversal 0.04-0.14
Longitudinal 0.3-0.8
Skin stratum cornewn 0.0000125
Lower skin layers 0.227
Heart 0.06-04
Bone 0.01-0.06
Kidney 06
Liver 0.023-0.2
Lung (Inflated) 0.024-0.09
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Fig. 6. Distribution of electric field in tissues for needle and plate electrodes. A voltage difference of 1000V is applied between the electrodes which are 1 ¢m apart. The axis
represents distances in {cm), and the color bar represents the electric field intensity in (V/cm). Distribution of electric field in a homogenous tissue for plate (A) and needle (C)
electrodes. Distribution of electric field in an inhomogeneous tissue for plate (B) and needle (D) electrodes. The inhomogeneous lissue is composed of tissues with

conductivities o and o3, with o3 = 3.c. From [148].

lization, lead to inhomogeneous distribution of electric field in the
tissue.

Finally, the geometry of the electrodes can also influence the
distribution of electric field in vivo. Electric field distribution for a
homogenous tissue is shown for plate electrodes in Fig. 6 (A) and
for needle electrodes in Fig. 6 {C) | 148]. The tissue conductivity is
same for both the cases and a voltage difference of 1000V is
applied between the electrodes which are 1cm apart however,
one can generally observe that the electric field distribution is
more inhomogeneous for needle electrodes than for plate elec-
trodes [130,148,149]. The electric field distribution is further influ-
enced by the diameter of the needle electrodes [150,151]. The
influence of tissue electrical conductivity on electric field distribu-
tion in an inhomogeneous tissue is shown in Fig. 6 (B) and (D) for
plate and needle electrodes, respectively [148].

Orientation of cells with respect to electric field also have an
influence on the efficiency of GET. For short O(1) ps pulses, orien-
tation of cells with respect to the electric field had a negligible
effect on electroporation [152]. However, for longer O{1-10) ms
pulses, cells oriented parallel to the electric field were electropo-
rated more than cells oriented perpendicular to the electric field
|152]. For muscle fibers in vivo, a higher electroporation threshold
of 200 V/cm was observed for perpendicular orientations of electric
field compared to an electroporation threshold of enly 80 V/cm for
parallel orientations of electric field [ 153]. The orientations were
defined with respect to the long axis of muscle fibers. Anisotropy
in the muscle tissue is further evident from different electrical con-
ductivities along longitudinal (parallel) and transversal (perpen-
dicular) directions with respect to the long axis of muscle fibers,
as depicted in Table 3.

Therefore, means that can improve the distribution of DNA
molecules and electric field in target tissues, making the concen-
tration of DNA and electric field homogenous, have tremendous
potential in improving the efficiency and increasing the clinical

adoption of GET. For instance, electrolytic damage and cell death
due to pH changes [154-158] and muscle contractions and pain
associated with GET [159-163] can be minimized by potentially
eliminating long meno-polar pulses.

Other PEF-related changes that can influence the interstitial
barriers should also be considered. For instance, PEF has shown
to directly affect the Gap Junction (G]) membrane proteins
involved in intercellular communication, Application of nanosec-
ond PEF impairs the Gap Junction Intercellular Communication
(GJIC), attributed to the disassembly of the membrane proteins
involved in the cell-cell communication [164]. However, the GJIC
disruption is time and field dependent, with time scale in the O
(10) mins |164], similar to the time scale of DNA degradation in
the interstitium | 11.87]. In another study, cell-cell junctions were
altered by the application of PEF in endothelial cells of blood ves-
sels leading to an enhanced permeability to dextrans (70 kDa)
|165]. Such alterations of gap junctions and cell-cell junctions
imply that PEF alone can modulate the permeability of the intersti-
tium, enabling a more homogenous distribution of solutes in the
tissue.

4. Cell membrane

Once the DNA molecules overcome the interstitial barriers, they
encounter the next barrier - the cell membrane. It is widely
accepted that DNA transport across the cell membrane via GET is
a multi-step process. As mentioned previously in Section 2, DNA
transport at the membrane level involves interaction of the DNA
with the membrane in the form of DNA aggregates (Fig. 1 B.1) fol-
lowed by translocation of the aggregates via endocytic pathways
(Fig. 1 B.2) |[63-G5]. The understanding that endacytic pathways
are involved in DNA translocation does seem to provide a certain
degree of control, albeit low. Lack of knowledge on endocytic pre-
cursor [52,91] i.e. the DNA-membrane interaction in the form of
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Fig. 7. Multi-step process of DNA and cell membrane interaction and internalization in the presence of an electric field. (a) Scheme from [ 172]; D - DNA, C - unpermeabilized
membrane, P - permeabilized membrane, m - maximum number of binding sites, D.C - DNA associated with (or adsorbed to) the unpermeabilized membrane, D.P - DNA
associated with (or adsorbed to) the permeabilized membrane, D.P < P.D - DNA translocation across the membrane, Dy, - internalised DNA and TC - final state of transfected
cell. {b) Scheme from [174]; D - DNA, C - unpermeabilized membrane, P - permeabilized membrane, DP - DNA anchored to the membrane, DP => PD - DNA translocation
across the membrane, D™ - internalised DNA and Db™ - internalised DNA bound to an internal cell structure to initiate genetic cell transformation. (¢) Scheme from [41];1-

membrane in native state, P - permeabilized membrane.

DNA aggregation at the cell membrane (Fig. 1 B.1), still limits us to
a trial-and-error based optimization using PEF parameters, yield-
ing insufficient improvements.

Another possible way for DNA molecules to overcome the cell
membrane barrier is by directly translocating across the permeabi-
lized membrane without the formation of DNA aggregates (Fig. 1
B.3). However, a mechanism of direct DNA translocation through
the permeabilized membrane is less widely accepted.

In order to evaluate the role of PEF in mediating DNA transport
via DNA aggregate formation and subsequent endocytosis (Fig. 1
B.1-2) or in mediating a direct DNA translocation across the perme-
abilized membrane (Fig. 1 B.3), the existing body of evidence needs
to be re-examined. Although such an exercise cannot provide an
understanding of a definitive mechanism of DNA aggregate forma-
tion and/or DNA translocation, it can still point to the gaps, which
when addressed, will lead to improved understanding of how DNA
molecules overcome the cell membrane barrier during GET.

Since the initial reports of successful DNA transfection into
mammalian cells [39], efforts were dedicated to understand the
“maotive” force or the mechanism of DNA translocation across the
cell membrane [54,62], Formation of hydrophilic pores (Fig. 2 A),
initially described in [39,49,166,167], not only explained the trans-
port of small molecules across the membrane during PEF but also

offered the possibility to explain DNA translocation through the
permeabilized membrane.

Various modes of DNA translocation through the hydrophilic
pores were considered: diffusion (or electro-diffusion as the
authors termed it) through the hydrophilic pores [39), binding of
the DNA to the membrane surface and lateral diffusion through
the hydrophilic pores [168], translocation of DNA due to flow
resulting from colloid-osmotic swelling [169] or from electro-
osmotic flux [170] and electrophoretic translocation of DNA
through the hydrophilic pores [54,62].

Diffusive translocation through hydrophilic pores was not con-
sistent with the observation that transfection efficiency was dras-
tically reduced when DNA was added only a few seconds after the
application of PEF |54|. Further control experiments in the same
study also did not support the hypothesis of DNA translocation
through hydrophilic pores via flow resulting from colloid-osmotic
swelling or electro-osmosis |54/.

In the meantime, evidence was accumulated that DNA (pre-)
adsorption on the cell membrane via divalent cations prior to PEF
application enhanced DNA transfection |1G8,171]. In fact, DNA
transfection was reduced by two orders of magnitude in the
absence of divalent cations [168]. A scheme, shown in Fig. 7 A,
was presented which conceptualised the role of divalent cations
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in DNA transfection |172]. According to the scheme, DNA mole-
cules (D), in the presence of (m) divalent cations, are adsorbed to
the non-permeabilized membrane state (C) or to the permeabilized
membrane state (P) as D.C and D.P, respectively. The translocation
of DNA molecules across the permeabilized membrane is depicted
as D.P« P.D. Therefore, the scheme in Fig. 7 A assumed the
adsorption of DNA on the cell membrane (permeabilized andfor
non-permeabilized) as a precursor to DNA translocation. The
scheme further assumed a membrane bound or membrane associ-
ated DNA translocation across the cell membrane. DNA inside the
cytoplasm is depicted as D;, and the transfected state of the cell
is depicted as TC.

DNA adsorption on the membrane mediated by the divalent
cations can take place prior to, and without, the application of
PEF in addition to taking place during the application of PEF. How-
ever, it was soon understood that there is another DNA membrane
interaction that takes place due to, and in the presence of, PEF. This
interaction represents the anchoring of the DNA molecule to the
permeabilized membrane and is a strong(er) association than the
interaction mediated by divalent cations [173].

A theoretical analysis of experimental results also predicted the
existence of the step of DNA molecules being anchored to the per-
meabilized membrane |[174]. According to the authors, the interac-
tion is an “electro-diffusive” insertion of the DNA into the
permeabilized membrane, and it represents a highly interactive
step which takes place in the presence of PEF.

A refined scheme depicting the sequence of events at the mem-
brane level, including the step of DNA anchoring to the membrane,
was introduced and is shown in Fig. 7 B[ 174]. The scheme in Fig. 7
B is conceptually similar to the scheme in Fig. 7 A. However, an
additional step of DNA being anchored to the membrane - depicted
as DP and encircled in red is introduced in Fig. 7 B. This step of DNA
anchoring or “inserting/penetrating” into the membrane is pre-
dicted to take place during, and in the presence of, PEF [174].
Whereas, the translocation of DNA across the membrane (DP =>
PD) is predicted to be a slow process that possibly takes place after
the application of PEF and does not require the presence of PEF
140,91,173,174).

With a multi-step transport of DNA across the membrane
(Fig. 7) it becomes imperative to understand the role of PEF in
mediating this transport, in each of these steps. Meanwhile, other
experiments at the time also predicted the DNA transport to be a
multi-step process establishing a similar scheme as shown in
Fig. 7 C [41]. Although the scheme in Fig. 7 C differs slightly from
Fig. 7 A and B, it still acknowledges DNA anchoring or “inserting”
into the membrane and DNA translocation across the membrane
to be two separate steps. Of note is the fact that the scheme in
Fig. 7 C does not assume any pre-adsorption of DNA on the mem-
brane by divalent cations. Rather, it refers to accumulation of DNA
at the membrane interface. Nevertheless, the authors were able to
infer the role of PEF in this multi-step scheme of DNA transfection
through their experiments.

Experiments revealed that the “threshold” electric field inten-
sity required to transfect cells with DNA is the same as that
required to permeabilize the cell membrane [41]. Further, DNA
transport into the cells takes place only through those parts on
the cell membrane that are made permeable [41,175]. However,
permeabilization and DNA transport should be considered as two
separate events (Fig. 7 C, processes 1,4 and 2,5). This is inferred
from the observations that the conditions which optimize perme-
abilization are not the same as the ones that optimize DNA trans-
fection [41]. In addition, the membrane permeabilization is long-
lived (0(1-10) minutes after PEF termination), whereas sites on
the permeable membrane competent for DNA transport are short
lived (within O{1-2) s of PEF termination) [41,54|. Another role
of PEF is to electrophoretically accumulate DNA at the membrane
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(Fig. 7 C, Process 1). This is also discussed in Section 3 of this
review.

The authors [41] further acknowledged the existence of the step
in which DNA is inserted in {or anchored to) the cell membrane
based on the abservations that DNA translocation across the mem-
brane is a slow process [173] and that the application of LV pulses
after HV pulses improves DNA transfection |[62]. The DNA insertion
or anchoring step is depicted in Fig. 7 C as DNAipserteqa. It should be
carefully noted that the step of DNA anchoring or insertion to the
cell membrane (DNA;,carea) 15 between interfacial accumulation
(DNAnierrace) and DNA "Translocation’ in Fig. 7 C, thus, also indicat-
ing a multi-step DNA transport across the cell membrane.

PEF, thus, influences GET at the membrane level in many ways
|41]. First, PEF determines permeabilised area/cap where trans-
membrane potential exceeds a certain “threshold” value and per-
meabilization takes place; these areas become the competent
sites for DNA transport (Fig. 7 C, Process 2). In addition, PEF accu-
mulates DNA near the cell membrane (interfacial accumulation)
through electrophoresis (Fig. 7 C, Process 1). Fig. 7 C can be recon-
ciled with Fig. 7 A and B by assuming that the interfacial accumu-
lation could lead to (an enhanced) adsorption of DNA malecules on
the membrane via divalent cations.

There were no experimental evidences to infer the influence of
PEF in anchoring or insertion of the DNA to the membrane (Fig. 7 C,
Process 3) [41]. However, as mentioned previously, there were
speculations from earlier studies that DNA anchoring or insertion
to the membrane takes place in the presence of PEF. For instance,
Neumann and co-workers termed this anchoring or insertion of
DNA to the membrane as a “highly interactive” “electro-diffusive”
process, suggesting that it is influenced by PEF [174].

Although the mechanism of DNA interaction and anchoring to
the cell membrane and subsequent translocation were still
unknown, such schemes, along with experimental and theoretical
analysis [41,172,174], were instrumental in establishing the DNA
transport through the permeabilized membrane as a multi-step
process involving DNA adsorption to the cell membrane, DNA
interaction (anchoring or “insertion”) with the cell membrane
and DNA translocation across the membrane, as opposed to a
direct translocation through permeabilized membrane. While mul-
tiple steps involved in the process of GET convoluted the entire
process, acknowledging the existence of the multi-step process
was crucial in establishing a holistic view of GET and preventing
its oversimplification.

It was not until 2002 that experiments confirmed the existence
of PEF mediated DNA membrane interaction in the form DNA
aggregates using fluorescently labelled DNA molecules and obser-
vations at the single-cell level [40]. The observation of DNA aggre-
gates greatly influenced the understanding of DNA transport and
DNA translocation across the membrane.

Efforts were then focused on characterizing these DNA aggre-
gates and examining the role of PEF in the formation of these
DNA aggregates. The first role of PEF in forming DNA aggregates
at the cell membrane was already evident from the initial report
|40]. Experiments revealed that only when the membrane was per-
meabilized (i.e. PEF was above the electropermeabilization thresh-
old) that DNA aggregates were observed at the membrane [40].
This observation was consistent with previous reports of electro-
permeabilization threshold being same for DNA transfection and
uptake of small molecules [41]. Moreover, a longer ms duration
pulse was needed to observe DNA aggregate formation at the
membrane, whereas the uptake of small propidium iodide was
detected even with shorter ps pulses, indicating a role of elec-
trophoresis |40]. However, a few studies have reported formation
of DNA aggregates even with short ps pulses but with slightly
higher electric field strengths [109]. Further evidence of the
involvement of electrophoresis comes from the observations that
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DNA aggregates are formed on the cathode facing side of the mem-
brane [40,51,52,109].

In an attempt to characterize the kinetics of DNA aggregate for-
mation, it was observed that DNA aggregates take around 1s to
form or become stabilized [52]. Under bi-polar conditions, revers-
ing the polarity of PEF within 1 s does not lead to stable DNA aggre-
gates, resulting in lowered gene expression [52]. Moreover, during
the application of a train of pulses, the first pulse led to DNA aggre-
gates on the membrane, whereas subsequent pulses did not lead to
new aggregates being formed [51]. Rather, new DNA molecules
were electrophoretically added to the existing aggregates [51].

Since DNA molecules interact with the membrane and form
aggregates, there are two processes leading to DNA aggregation
that need further attention - {i) DNA attaching to the cell mem-
brane followed by (ii) DNA “condensing” on the cell membrane
to form aggregates. Both these processes are peculiar since they
(might) involve overcoming an electrostatic barrier. For DNA
attaching to the cell membrane, the electrostatic barrier arises
due to negatively charged DNA molecules attaching to a negatively
charged cell membrane. For DNA “condensing” to form aggregates,
the electrostatic barrier arises due to negatively charged DNA
molecules condensing onto themselves. While a distinct con-
densed state of DNA molecules in the aggregates is still speculative
and has not been explicitly proven, it can still be inferred that DNA
molecules in the aggregates represent a state in which strands of
DNA molecules are closer to each other than they are in their
native “free” state.
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We shall now look at the possible role of PEF in overcoming
these electrostatic barriers arising due to DNA membrane interac-
tion in the form of DNA aggregation at the cell membrane.

As discussed previously, the process of DNA adsorption to the
membrane is mediated by divalent cations, and this process
enhances DNA transfection [168,171,172,174]. It should be noted
that DNA adsorption to the membrane via divalent cations is not
equivalent to DNA aggregation at the cell membrane. DNA can
adsorb on the membrane irrespective of PEF application whereas
DNA will aggregate in the presence of, and possibly due to, PEF
|63].

The questions arise - How divalent cations help in overcoming the
electrostatic barrier leading to DNA adsorption on the cell membrane?
and - How, and if, PEF modulates the process of adsorption of DNA on
the cell membrane by divalent cations?

Divalent cations can facilitate adsorption of DNA on zwitteri-
onic lipid membranes. This is based on the process of ion-
exchange and is described in terms of an extended Poisson-
Boltzmann framework [ 176]. Prior to adsorption, divalent cations
are bound to the negatively charged phosphate moieties of the
DNA molecule. When DNA molecules approach the membrane,
the divalent cations that are bound to the DNA phosphate moieties,
now bind to the phosphate moieties of the lipid head group. This
causes a re-orientation of the lipid head group, exposing the posi-
tively charged moieties outward towards the approaching DNA
molecule. These positively charged moieties of the lipid head-
group now provide the counter-ion charge to stabilize the phos-
phate moieties of the DNA molecule. This is the ion exchange pro-

Fig. 8. Different modes of DNA translocation across the cell membrane. DNA is shown in blue, divalent cations are depicted as red circles and cell membrane is depicted in
grey (A) DNA aggregation mediated by divalent cations and subsequent endocytosis. The dotted arrows represent ion influxjefflux through permeable sites on the membrane.
(B) DNA aggregation mediated by curvature mediated interactions. (C.1-3) DNA translocation through hydrophilic pores without DNA aggregation. (C.1) DNA translocation
through large hydrophilic pores without membrane adsorption. (C.2) DNA translocation through large hydrophilic pores with membrane adsorption. (C.3) Single file (ie.,
single bp by bp) DNA translocation through a small hydrophilic pore. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)
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cess - where divalent cations first neutralizing the phosphate moi-
eties of the DNA molecules, upon DNA adsorption, neutralize the
phosphate moieties of the lipid head group. In return, the posi-
tively charged moieties of the lipid head group stabilize the phos-
phate moieties of the DNA molecule. This model was first proposed
by McManus et al. who experimentally showed that divalent
cations adsorbing to the zwitterionic membrane in the presence
of DNA molecules effectively render the membrane positively
charged [177].

Based on MD simulations it was shown that in the absence of
divalent cations, there is a repulsive electrostatic barrier between
a DNA molecule and a zwitterionic lipid membrane [178]. How-
ever, when enough divalent cations (Ca*") are adsorbed on the
zwitterionic lipid membrane, they render the lipid membrane
effectively positive. DNA molecules, on approaching the lipid
membrane, now experience an attractive force indicating favour-
able adsorption to the membrane in the presence of divalent
cations. According to the authors, the initial adsorption of DNA
on the lipid membrane is driven by the net positive charge of the
membrane induced by the divalent cations. Later, a stable adsorp-
tion is observed when the adsorbed divalent cations diffuse to the
adsorbed DNA and form a tighter bond by bridging the phosphate
moieties of the lipids to the phosphate moieties of the DNA [178].

Thus, based on extended Poisson-Boltzmann formalism of ion-
exchange and/or MD formalism, divalent cations can help reduce
the repulsive electrostatic free-energy barrier. At high enough con-
centrations, divalent cations can eventually overcome the barrier
by inducing an attraction between zwitterionic lipid membranes
and negatively charged DNA molecules [176-178].

Following plausible explanation of — How divalent cations help in
overcoming the electrostatic barrier leading to DNA adsorption on the
cell membrane? we shall now look at - How, and if, PEF modulates
the process of adsorption of DNA on the membrane by divalent
cations?

It appears that PEF could directly contribute to overcoming the
electrostatic barrier between negatively charged DNA molecules
and (predominantly negatively charged) cell membrane. According
to MD simulations, PEF tends to align zwitterionic lipid dipoles
along the outward membrane normal at the lipid mono-layer fac-
ing the cathode [ 179], thus creating favourable conditions for neg-
atively charged DNA molecules to interact with the positive
moieties of the zwitterionic lipid mono-layer. On the other hand,
PEF tends to align zwitterionic lipid dipoles away from the out-
ward membrane normal at the lipid monolayer facing the anode
|179], indicating less favourable conditions for DNA molecules to
interact with zwitterionic lipid mono-layer. Such orientations of
zwitterionic lipid dipoles favour adsorption of DNA on the cathode
facing side of the cell membrane based on the ion exchange pro-
cess described above | 176,177|. Moreover, PEF mediated alignment
of dipoles at the lipid mono-layers facing the cathode and the
anode is also consistent with DNA aggregates being observed at
the cell membrane facing the cathode.

DNA can adsorb to the cell membrane even in the absence of
PEF [63]. In this case, the role of PEF, at best, could be to accumu-
late enough DNA molecules near the cell membrane to facilitate
their adsorption by divalent cations [41]. Since adsorption of
DNA to the cell membrane enhances DNA transfection
|168,171,172,174|, PEF could indirectly contribute to this enhance-
ment by facilitating DNA adsorption to the cell membrane.

However, it is still not clear how adsorption of DNA molecules
to the cell membrane by divalent cations enhances DNA transfec-
tion. It is possible that adsorption of DNA to the membrane
enhances DNA aggregate formation during PEF. It was shown that
a high divalent cation (Mg**) concentration led to more DNA aggre-
gates being formed [ 180]. However, the transfection efficiency also
decreased with increasing divalent cation concentration (or
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increasing DNA aggregate formation) [180], or showed bell-
shaped curve with increasing divalent cation concentration [63].
This is inconsistent with the claim that adsorption of DNA mole-
cules to the membrane enhances DNA transfection via DNA aggre-
gate formation.

Further, with the knowledge of DNA aggregates formed at the
membrane during PEF, the role and fate of these adsorbed DNA
molecules {using divalent cations) is not explicit. A high divalent
cation concentration leading to enhanced DNA aggregate forma-
tion implicitly implies that the adsorbed DNA molecules pre-
dominantly lead to formation of DNA aggregates. Is there also some
contribution of bulk, or non-adsorbed, DNA to the formation of DNA
aggregates? The source of DNA in the DNA aggregates formed on
the membrane during the application of PEF has not been explicitly
identified.

Divalent cations also offer some explanation to the observation/
speculation that DNA molecules can overcome their own repulsive
electrostatic barrier to aggregate at the cell membrane during PEF.
Divalent cations have led to condensation of DNA molecules
adsorbed on 2-dimensional (2-D) cationic lipid bi-layer [181].
Beyand a critical divalent cation concentration, there was an
abrupt transition from a repulsive electrostatic state of adsorbed
DNA molecules to an attractive state leading to DNA condensation
|181]. The observations of DNA condensation using divalent
cations on 2-D lipid surfaces are consistent with the GET experi-
ments in which divalent cations lead to adsorption of DNA mole-
cules at the membrane (2-D). Moreover, increasing the divalent
cation (Mg*") concentration lead to an increase in DNA aggregates
being formed |63,180], consistent with the possibility of divalent
cations mediating DNA condensation on cationic lipid bi-layers
[181].

Since the condensed state of DNA aggregates is observed only in
the presence of PEF, the role of PEF could be to enhance divalent
cation concentration which would trigger the transition of
adsorbed DNA molecules to an aggregated and condensed state.
For instance, PEF could lead to a locally enhanced divalent cation
concentration at the permeable sites on the membrane due to
divalent cation influxfefflux. This would lead to aggregation of
DNA molecules at {or near) the permeable sites (Fig. 8 A). The
aggregated DNA molecules could locally alter membrane proper-
ties that could then eventually lead to the translocation of DNA
molecules by endocytic pathways (Fig. 8 A).

Other processes that can lead to DNA condensation and DNA
aggregate formation are curvature-mediated interactions. It was
observed that DNA molecules adsorbed on a cationic lipid bi-
layer can condense onto themselves [182]. The fraction of con-
densed DNA molecules increases with increasing cationic lipid
concentration. The condensation in this case is driven by curvature
mediated interactions [183]. When DNA molecules are adsorbed
on the lipid bi-layer membrane, the adsorption can lead to local
changes in the membrane curvatures (Fig. 8 B). These local changes
can in-turn drive curvature mediated collapse and condensation of
DNA molecules at the membrane (Fig. 8 B). Once condensed and
aggregated, the increasing membrane curvature at the site of
aggregated DNA molecules can further attract incoming DNA
molecules to the existing aggregate (Fig. 8 B) |184,185]. This can
possibly explain why the number of DNA aggregates remained
constant when a train of pulses was applied along with the
author's explanation based on lowering of electric field elsewhere
in the membrane upon the formation of conducing pores [51]. The
high curvature induced by the DNA aggregates due to curvature
mediated attraction can naturally lead to translocation of DNA
aggregates by vesiculation or endocytic pathways [184].

DNA aggregation can thus be explained based on divalent cation
(counter-ion) mediated attraction or curvature mediated interac-
tions. However, it must be noted that these are only speculative
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attempts to explain DNA aggregate formation. For instance, catio-
nic lipids are not known to be naturally present in cell membranes,
and extrapolation of possible mechanisms from the cationic bi-
layer system to cells undergoing GET should be done with caution.
Thus, DNA aggregation mediated by divalent cations and/or curva-
ture mediated interactions only offer a possibility of providing a
basis towards a mechanistic understanding of DNA aggregate for-
mation, or they offer possible starting points to investigate and fur-
ther explore the underlying mechanism of DNA aggregate
formation. Attempts to decipher the mechanisms of DNA aggregate
formation during PEF/GET have been very scarce.

In view of DNA aggregate formation and the subsequent inter-
nalization via endocytic pathways (Fig. 1 B.1-2 and Fig. 8 A and
B), a mechanism of direct DNA translocation across the permeabi-
lized membrane has still not been completely abandoned (Fig. 1
B.3) [39,54,62,168]. Sukharev et al. showed that permeability of
dye-molecules increased in the presence of DNA molecules, indi-
cating that DNA interacts with hydrophilic pores in membrane
during their passage across the membrane [62]. Although indirect,
it still provided evidence that the interaction of DNA with the
hydraphilic pares, which increases the permeability to dye mole-
cules, is electrophoretic in nature and that DNA is directly translo-
cating through the hydrophilic pores due to electrophoresis
provided by PEF (Fig. 8 C.1-3).

Since then, various evidence have supported the mechanism of
direct entry into the cell by DNA translocation through hydrophilic
pores (without the formation of DNA aggregates) during PEF (Fig. 8
C.1-3), but only to minor extent. For instance, siRNA had direct
access to the cytoplasm during the application of PEF, and entered
the cells from the cell membrane on the cathode facing side of the
cell [5G]. However, siRNA molecules are small (~25 bp) compared
to large pDNA molecules {~5000 bp), and a mechanism of direct
translocation via hydrophilic pores for siRNA molecules cannot
be trivially extrapolated to large DNA molecules. It was recently
shown that irrespective of DNA size, two classes of DNA are
observed: aggregated DNA at the membrane and DNA that has
direct access to the cytoplasm [55]. Small DNA molecules (25-
100 bp) had predominantly direct, and instant, access to the cyto-
plasm. However, increasing the DNA size shifted the tendency of
DNA maolecules to aggregate at the cell membrane. Most (but not
all) of DNA of size 1000 bp became aggregated at the cell mem-
brane. However, some large DNA still had direct access to the
cytoplasm.

Theoretically speaking [186], hydrophilic pores could become
large enough to accommodate DNA molecules (Fig. 8 C.1-2), pro-
vided that there are no constraints limiting the pore size. For
example, in pure lipid systems like giant unilamellar vesicles,
one can observe formation pores with diameters of O(1) pm
|187]. Other experiments with giant unilamellar vesicles and
DNA have also indicated the existence of large enough hydrophilic
pores allowing free passage to DNA translocation [58,188]. In pla-
nar lipid bilayers, pores can expand indefinitely until rupturing the
membrane [167].

However, in a cell membrane the dense actin network that
attaches to the membrane is thought to limit the pore size [47].
Indeed, formation of macropores was completely supressed in
giant unilamellar vesicles encapsulated with actin networks
|189]. Estimates of hydrophilic pore size in cells due to application
of PEF are of O(1) nm [190]. Some electroporation models in cells
have even assumed a maximum hydrophilic pore size of 5-
60nm [186,191-193]. Radius of gyration for pDNA molecules
(~5000 bp) is estimated to be ~ 100 nm [194]. Thus, hydrophilic
pore sizes of size 10-60 nm can possibly accommodate pDNA
molecules of size ~ 100 nm (~5000 bp) and enable a direct DNA
translocation through hydrophilic pores. Even for small hydrophi-
lic pores of O{1) nm, a model has been developed in which DNA can
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translocate through the hydrophilic pores in a single-file manner
(base-pair by base-pair) similar to DNA translocation through O
(1) nm solid-state nanopores [195] (Fig. 8 C.3). However, single-
file DNA translocation models are applicable to linear DNA mole-
cules rather than to circular DNA molecules such as plasmid DNA.

Altogether, these experiments and models do account for a
mechanism in which DNA molecules translocate through the
hydrophilic pores without the need for DNA aggregates being
formed. However, it appears that a direct DNA translocation
through hydrophilic pores in the membrane is not the dominant
mode of DNA crossing the membrane during GET. A criticism to
the mechanism of direct DNA translocation into cell has been the
lack of naked DNA distribution inside the cell for large DNA mole-
cules which makes them vulnerable to degradation by intra-
cellular nucleases [G8-70]. However, experiments have demon-
strated that naked DNA molecules form complexes with intra-
cellular proteins as early as 15 mins post their introduction into
the cytoplasm |71]. The protein-DNA complexes can facilitate
active trafficking inside the cytoplasm and nuclear import of
DNA [71], thus providing a possible pathway for DNA molecules
translocating through hydrophilic pores (and directly accessing
the cytoplasm) to reach the nucleus.

4.1. Endocytosis

Observations that some of the DNA molecules form large aggre-
gates on cell membrane, which are rapidly protected from degra-
dation by cellular nucleases and appear on the intracellular side
only several minutes after PEF treatment |40, pointed to endocy-
tosis as possible mechanism for DNA translocation. DNA molecules
in the aggregated form at the cell membrane could be recognized
by the cell as cargo for endocytosis. Indeed, several studies have
shown that the translocation of DNA molecules across cell mem-
brane is mediated by endocytic-like processes during GET
[63,196,197].

Endocytosis is a fundamental cellular process present in all
cells. There are various endocytic trafficking pathways that coexist
and are active concurrently in the same cell type [198]. However,
endocytosis was initially not considered as a possible mechanism
by which DNA could cross the cell membrane because of the
absence of known cellular receptors for DNA. Nonetheless, it was
shown that electrophoretically driven DNA can lead to membrane
curvature large enough to initiate membrane invagination which
can then activate endocytic vesicle formation where DNA is immo-
bile and rapidly protected from extracellular nucleases degrada-
tion [54,62]. Overall, there are several possibilities how
endocytosis could be involved in DNA uptake after PEF. For
instance, DNA could be internalized by (intrinsic) endocytic path-
ways that are continuously present in cells. Alternatively, PEF
could trigger “electroendocytosis” - an electric-field induced
endocytic-like process that was first observed when DNA was
internalised into large unilamellar vesicles via the formation of
endosome-like  vesicles when exposed to PEF [199].
“Electroendocytosis” was later reported in different cells in vitro
as well [200-202]. However, it remains unclear whether
“electroendocytosis” is specific to PEF or it is simply a native cellu-
lar response to membrane damage [203]. Namely, endocytosis is
involved in cell membrane repair mechanisms which are activated
in response to cell membrane damage. Within 30 s after wounding,
the resulting cell membrane damage causes an influx of calcium
ions from extracellular space into the cytoplasm triggering exocy-
tosis of lysosomes followed by massive endocytosis. To be inter-
nalised into the cell, DNA molecules (aggregated) at the cell
membrane could be piggybacked into cell during cell membrane
repair after PEF treatment when damaged parts of cell membrane
and proteins are being internalized into vesicles for recycling. As
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another possibility - negatively charged DNA aggregates on cell
membrane could trigger similar effects as do negatively charged
PIP2 molecules. PIP2 is an important endocytosis and cytoskeleton
regulator. Before endocytosis, PIP2 molecule is present in patches
in the cell membrane where it is involved in regulation and recruit-
ment of endocytic proteins to the cell membrane [204|. PIP2 mole-
cules interact with many transmembrane proteins, for instance
with Bin-Amphiphysin-Rvs (BAR) domain proteins, which are cur-
vature sensing and are important in regulating membrane shape
transitions during endocytosis [205].

In addition to cell membrane repair mechanisms, endocytosis
could be linked to cytoskeleton disruption and remodelling follow-
ing the application of PEF (more details on this are provided later).
Cytoskeleton, particularly actin filaments and microtubules, are
involved in all stages of endocytosis and post endacytic intracellu-
lar transport - from endocytic vesicle formation and early stages of
endosomal transport, to transport of vesicles between different cell
organelles, and transport to perinuclear space [206]. Shortly after
the application of PEF, actin polymerization was observed at the
side of the cell where DNA aggregates were formed, but anly when
DNA was present during PEF treatment [207]. High concentration
of PIP2 molecule in cell membrane triggers actin polymerization
by recruiting dynamin proteins which polymerize at areas of high
membrane curvature [208,209]. Negatively charged DNA aggre-
gates on cell membrane could trigger similar response leading to
actin polymerization followed by endocytic vesicle formation [91].

Different endocytic pathways have been reported to participate
in  GET: caveolae- and clathrin-mediated endocytosis,
macropinocytosis, and clathrin- independent carrier/GPl-enriched
early endosomal compartment ({CLIC/GEEC) pathway, both
in vitro [63,64,197,207] and in vivo [210,211]. However, the contri-
bution of each endocytic pathway, or a dominant endocytic path-
way, during GET remains elusive. In order to determine which
endocytic pathway is involved in DNA internalization during
GET, majority of the studies have utilised endocytic inhibitors or
have measured the co-localization of DNA and endocytic markers.
Endocytic inhibitors are not entirely specific and can interrupt sev-
eral endocytic mechanisms simultaneously. Even endocytic mark-
ers are not entirely specific and can therefore mark several
different endocytic pathways. Further, endocytic pathways are
complex and diverse. There are many fundamental questions that
still remain unanswered including whether key components of
specific endocytic pathway are conserved across cell lines and
whether there is some overlap in functions of molecules known
to participate in specific endocytic pathway | 198]. In addition, var-
ious sizes of DNA aggregates (100-500 nm) formed on cell mem-
brane during GET could simultaneously trigger multiple
endocytic pathways [40,55,212].

4.2, Cytoskeleton disruption and its role in DNA translocation

PEF treatment leads to changes in conformation of all major
cytoskeleton components - actin filaments, microtubules and
intermediate filaments [213]. Cytoskeleton is highly dynamic and
is capable of changing its constitution on a time-scale of 0(1-10)
mins in response to an external stimulus, mechanical or biochem-
ical in nature. Recovery of cytoskeleton components is reported to
be achieved within hours following PEF treatment [214,215].

The cell membrane is connected to actin filaments via linker
proteins. This provides stability and mechanical support to the
lipid bilayer, which is otherwise very fluid. Therefore, disruption
of cytoskeleton network due to (and following) PEF application
can have a dual effect on GET efficiency. Firstly, it can alter the ini-
tiation and transport of endocytic pathways by affecting actin fila-
ments and microtubules as described above. Secondly, it can
contribute to mechanisms that participate in the increased mem-
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brane permeability. Macropores are observed in the membrane
of GUVs when they are treated with PEF | 187]. However, macrop-
ores are not observed in membranes of cells or actin encapsulated
GUVs suggesting that cytoskeletal, and/or associated proteins, can
affect membrane permeability, particularly pore expansion and
resealing [189,216]. The observation that permeabilized regions
of the cell are not laterally mobile hints to the possibility of the
cytoskeleton being linked to the permeabilized state and to the
influence of cytoskeleton on permeabilization and GET [213.217].

To investigate how cytoskeleton structures impact membrane
permeability post-PEF application, cytoskeleton disrupting agents
were used. They, however, led to contradictory observations
regarding the involvement of actin filaments in membrane perme-
abilization [213]. On one hand, studies showed that exposure to
actin inhibiting or disrupting agents led to an increased membrane
permeability after PEF application [218-221]. On the other hand,
some studies reported significantly decreased PI uptake following
PEF application in cells treated with actin inhibiting agents, sug-
gesting a decreased membrane permeability [222,223]. Micro-
tubule inhibition also led to a decreased PI uptake into cells
indicative of a decreased membrane permeability. Additionally,
shorter resealing time was observed following PEF application in
cells treated with microtubule inhibiting agents [218,224]. Use of
inhibiting agents thus requires careful attention to the concentra-
tion and the exposure of these agents because they can be toxic
and can directly affect cell viability and permeability on their
own. Additionally, different cell types and pulse parameters may
result in different outcomes [213].

Pulses of different durations, from nanosecond to millisecond,
can lead to cytoskeletal disruption [213]. However, the mechanism
by which PEF leads to cytoskeletal disruption has not yet been elu-
cidated. It was proposed that cytoskeletal disruption could be a
consequence of interactions between PEF and cytoskeletal proteins
(or associated proteins) in the form of conformation changes, elec-
trophoresis and electromechanical effects. Experiments on actin-
encapsulated GUVs compared mechanical and electrophoretic
forces experienced by actin filaments. It was shown that 4 times
higher electrophoretic forces are induced on actin filaments com-
pared to mechanical forces [189]. In actin-encapsulated GUVs,
where biological processes can be excluded and direct effects on
actin can be investigated, breakdown of actin filaments was
observed following PEF application. However, the force of mechan-
ical disruption on the cell membrane was below the threshold that
is required for actin filament rupture or depolymerization, This
suggests that, upon membrane permeabilization, electrophoretic
forces acting on the actin filaments play a major role in actin net-
work disruption [225,226].

Microtubules are compaosed of a- and p-tubulin which are polar
molecules with high negative charge at the c-terminus tail leading
to a higher overall electrical charge and a higher dipole moment
compared to other proteins. This makes microtubules a {highly
susceptible) target for direct modulation by PEF. It has been shown
that PEF can directly disrupt microtubules polymerization
|227,228). Further, electrophoretic forces are reported to decrease
interactions between microtubules and mator proteins, thus
affecting microtubules dynamics [227,228].

Apart from directly influencing cytoskeleton dynamics, PEF can
also have secondary effects on cytoskeleton. One of the proposed
secondary processes by which PEF application could lead to
cytoskeletal disruption is through altering calcium dynamics. Cal-
cium, as a signalling molecule, is involved in a large number of cel-
lular processes and can consequently lead to diversity of cellular
responses that can together disrupt the cytoskeleton. For instance,
calcium modulates both major components of cytoskeleton - actin
and microtubules, and its increased concentration in the cytoplasm
can cause actin breakdown and microtubules depolymerization
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1229,230]. Normally, calcium pumps maintain a 10,000 times
lower calcium concentration inside the cells compared to the inter-
stitium (or extracellular space). Following cell membrane perme-
abilization, extracellular calcium enters the cell by
electrophoresis and diffusion through pores andjor through
voltage-gated calcium channels. The resulting high concentration
of calcium in the cytoplasm can lead to calcium induced calcium
release from endoplasmic reticulum, leading to further amplifica-
tion of calcium signals. In addition, cytoplasmic calcium levels
can also increase due to permeabilization of various intracellular
calcium stores, such as the endoplasmic reticulum and mitochon-
dria after PEF application [231-233].

Other secondary processes triggered by PEF, such as ATP deple-
tion, cell swelling, pH changes and reactive oxygen species gener-
ation may also lead to cytoskeletal disruption. However, respective
contributions of each of these mechanisms to cytoskeletal disrup-
tion remain poorly characterized. When cell membrane becomes
permeabilized, ATP can leak through pores in the cell membrane
[234,235]. Additionally, during subsequent membrane resealing,
ion concentrations in the cell have to be restored, which is an
energy consuming process that requires ATP. Together, this can
lead to severe ATP depletion after PEF application [236|. ATP deple-
tion was also shown to inhibit linker proteins and lead to cell
membrane separation from the underlying cytoskeleton [237]. Cell
blebbing and rounding is often reported after PEF application
1219,238,239]. Cell swelling can also lead to cytoskeletal disruption
|238,239]. However, cytoskeletal disruption was observed also in
the absence of cell swelling suggesting the involvement of alter-
nate mechanisms [240]. In tissues, cell swelling after PEF applica-
tion is limited compared to cells in suspension, but it could lead
to narrowing of the interstitial (i.e., extracellular) space. Further,
PEF application can also lead to pH changes in the vicinity of elec-
trodes, with acidic pH at anode and alkaline pH at cathode [15G].
Acidic pH was reported to promote actin rearrangement and cellu-
lar protrusion [241|. PEF also induce the generation of reactive
oxygen species [242-244] which were reported to cause direct oxi-
dation of actin and actin-regulatory proteins [245|. However, the
precise role of oxidation of specific proteins in different cellular
functions remains to be elucidated.

5. Cytoplasmic barriers

Majority of studies have focused on cell membrane as a barrier
to GET. But for GET to be efficient, DNA must overcome additional
cellular barriers of the cytoplasm and the nuclear envelope i.e.,
DNA must travel through cytoplasm to reach the perinuclear space
and cross the nuclear envelope to enter the cell nucleus. It was
observed that naked DNA diffusion is almost negligible within
the dense cytoplasm which consists of cytoskeleton network, var-
ious cellular organelles and large amounts of proteins among other
molecules. In addition, naked DNA is degraded within minutes by
nucleases present in cell cytoplasm | 70]. Cytoplasm, thus, presents
itself as another significant barrier which cannot be ignored when
considering GET optimization. Nevertheless, since GET leads to
transgene expression, there must be mechanisms by which DNA
circumvents cytoplasmic obstacles.

DNA molecules that have had direct access to the cytoplasm do
not stay naked or un-complexed for very long in the cytoplasm.
Negatively charged plasmid DNA is quickly coated with cytoplas-
mic proteins, some of them being sequence-specific DNA-binding
proteins, and cations. This, in turn could help in their transport
through the cytoplasm. For instance, it was proposed that DNA
moves to perinuclear space by active transport, meaning that
naked DNA in cell cytoplasm connects with adapter proteins,
enabling their binding to the cytoskeleton motor proteins [246G].
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Proteins that bind to DNA could also act as adaptor proteins to
motor proteins which enable transport along cytoskeletal network
|70,247|. Results have indeed confirmed that naked DNA, either
after endosomal escape or translocation through pores in the cell
membrane, complexes with various proteins such as
microtubule-directed motor proteins, heterogeneous nuclear
ribonucleoproteins (hnRNP), mRNA binding proteins, proteins
involved in nuclear import and as well as export and transcription
factors. For instance, formation of plasmid DNA-protein complexes
has been observed as early as 15 min post PEF application [71]. It
should be noted that DNA-protein complex formation could also
result in DNA charge neutralization leading to DNA condensation.
DNA condensation in turn leads to reduction of its size which could
increase diffusion and mobility of DNA. Also, DNA-protein complex
formation could protect DNA from degradation.

When DNA is endocytosed, endocytic vesicles containing DNA
already possess proteins that interact with motor proteins facilitat-
ing their (active) transport [206]. Results have indeed shown that
DNA molecules in cell cytoplasm co-localize with early endosomes,
recycling endosomes, late endosomes and lysosomes indicative of
active transport [G4,65]. Contradictory results were abtained
regarding endosomal escape of DNA molecules. On one hand, inhi-
bition of endosomal fusion or lysosomal translocation was
reported to prevent gene expression [248]. On the other hand,
studies reported that DNA molecules must escape endosomes prior
to fusion with lysosomes, otherwise they are lost to degradation
|249]. Nevertheless, DNA molecules are reported to accumulate
in the perinuclear space within 1-2 h following PEF [G4].

Importantly, we should note that care must be taken when
interpreting results using labelled DNA molecules. DNA markers
used for investigating intracellular trafficking of DNA molecules,
such as TOTO-1 and BrdU, can change the properties of DNA mole-
cules such as their size, configuration and net effective charge, and
consequently DNA transport. For instance, BrdU labelled DNA
molecules may become more resistant to lysosomal degradation
and might also alter the kinetics of nuclear accumulation of DNA
molecules [248]. Further, when DNA is labelled with a high fluo-
rophore to DNA ratio, the ability of DNA to enter the nucleus and
its transcriptional activity are reduced [250]. These observations
demonstrate that labelling of DNA molecules alters, and possibly
interferes with, the behaviour of DNA molecules.

There are only a handful of studies reporting on the role of
cytoskeleton network on DNA transport following PEF application.
It was observed that pre-treatment with latrunculin B, a molecule
that disrupts actin cytoskeleton, decreased the number of cells
transfected with DNA molecules as well as the fluorescence inten-
sity (resulting from reporter gene expression) [207]. On the con-
trary, stabilization of the microtubule network resulted in
enhancement of electro-transfected DNA expression. It was also
demonstrated that DNA molecules can interact with motor pro-
teins and be actively transported along the microtubule network
|66,251]. Cytoskeleton network is a complex and a diverse mesh
of various interacting proteins. Different types of cells have differ-
ent cytoskeleton organization, leading to variations in the cellular
responses to external stimuli [237,252]. Various studies have
shown that cancerous cells, which have a cytoskeletal network
adapted for proliferation and infiltration and consequently have
reduced stiffness, have a different response to damage by PEF
application compared to healthy cells [252-254], For instance, fol-
lowing the same PEF treatment, cytoskeleton was conserved in
fibroblasts whereas cancer cells showed a loss of cytoskeleton
[255].

Transport of DNA thorough cytoplasm remains yet another GET
barrier that is still not fully understood. Altogether, above men-
tioned findings point to different mechanisms which are involved
in DNA transport through cytoplasm to perinuclear space. How-
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ever, further studies are needed to elucidate which mechanisms,
and to what extent, or possibly the dominant mechanism, that par-
ticipate in DNA transport through cytoplasm, lead to successful
GET.

6. Nuclear envelope

The nuclear envelope controls the traffic between the cyto-
plasm and the nucleus for all macromolecules - proteins, DNA,
RNA and oligonucleotides. Even in the cells that expressed the
transgene, 24 h after GET most of the DNA molecules were visible
as aggregates located in the perinuclear space. Apparently, only
some DNA molecules crossed the nuclear envelope, but even this
small fraction was enough to lead to gene expression [40].

DNA molecules can reach cell nucleus during mitosis when the
nuclear envelope is disassembled in a process referred to as
nuclear envelope breakdown. DNA transfection efficiency can be
increased by synchronization with the mitotic phase [72]. Alterna-
tively, DNA must be transported through the nuclear pore complex
to reach cell nucleus where they can be transcribed. In general,
nondividing cells are known to be harder to transfect [256]. Major-
ity of cells in tissues are either terminally differentiated or they
divide with doubling times ranging from weeks to months. There
must then be a way for DNA molecules to enter cell nucleus in
the absence of cell division. Indeed, DNA has been delivered to qui-
escent cells. For instance, pDNA was directly microinjected into the
cytoplasm of individual primary skeletal muscle cells, leading to
gene expression [257]. In fact, among non-dividing cells, muscle
cells seem to be the easiest to transfect with physical methods
[258].

In the absence of cell division, the nuclear import of DNA mole-
cules was shown to depend on specific DNA sequences, known as
DNA nuclear targeting sequence (DTS), that drive nuclear import
better compared to other sequences [259]. The first such sequence
discovered was SV40 - a 72 bp long Simian virus 40 enhancer that
binds to multiple ubiquitous general transcription factors and
facilitates nuclear import of DNA, consequently increasing gene
transfer efficiency [260,261]. DTS have binding sites for various
transcription factors which are assembled in the cytoplasm and
transported to the nucleus with importins - proteins involved in
the nuclear import. After binding to DTS, transcription factors
interact with importins and enable transport of DNA molecules
to the nucleus [71,256,262]. In fact, 30 min after PEF application,
over 300 unique proteins were bound to DNA molecules with
DTS compared to only 60 proteins which were bound to DNA mole-
cules without DTS [71]. This suggests that DNA molecules with DTS
have a higher chance of translocation to the nucleus from the cyto-
plasm. However, gene transfer and expression have been obtained
also with DNA molecules that lack DTS. It was shown that when
cytoplasm of a mouse skeletal muscle cell in vivo was injected with
DNA molecules, at least some of the DNA molecules were able to
cross the nuclear envelope and be imported into the nucleus inde-
pendent of any DTS [74].

While exposure of cells to micro- and millisecond PEF leads to
cell membrane permeabilization, nanosecond PEF have shown to
permeabilize cell organelles such as intracellular granules |75],
endocytic vesicles | 76| and large endocytosed vacuoles | 77|. They
can also release calcium from the endoplasmic reticulum [80].
Since nanosecond PEF permeabilize intra-cellular organelle mem-
branes, they might also have an effect on the nuclear envelope.
In this way GET efficiency could be enhanced by facilitating the
access of DNA molecules to the nucleus. However, when cells were
exposed to nanosecond PEF after the application of conventional
PEF, improvement in GET efficiency in terms of transgene expres-
sion and percentage of transfected cells was observed only in some
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Table AT.1
Parameters in equation (A.6) and their values.

Parameter Value ReferenceJustification

Reei 7.5 um (46,267

M, (5900 bp DNA molecule) 3894000 g/mol 5800 bp x 660 g/mol/
bp

¢ (sub-optimal) < 1pg/ml [107,108)

¢ (optimal) =10 pg/ml [107,108]

Pee (in vitro) 2 < 10" cellsim®  [180,266]

Peen (in viva) 55 = 10" cells/m*®

' Considering a total number of Ny in a space of volume Vypge, the sphere of
volume available to a single cell is Vioee /Neogs 01 1/, For extremely dense sus-
pensions or densely packed cells, as is the case for tissues or in vive, the sphere of
volume (1/p,,) available to a single cell equals the volume of a single cell (47R?,)
P8 1/ pro = 17R,. USIng Re = 7.5 pm, we obtain py ~5.5 x 10" cellsjm™.

cases [80,81]. In other cases, no improvement in GET efficiency was
observed [78]. In contrast, applying nanosecond PEF before con-
ventional PEF did show improved GET efficiency, which was attrib-
uted to calcium independent and dependent effects of nanosecond
PEF on GET [263].

A hypothesis that endosomes with DNA molecules could inter-
act and fuse with endoplasmic reticulum and thus release DNA
molecules into the lumen of reticulum was also proposed. DNA
molecules could then reach the nucleus through the continuous
network between the nuclear and reticulum membranes, bypass-
ing the steps of endosomal escape and of crossing the nuclear
envelope [82].

Finally, DNA molecules could be translocated to the nucleus
with nuclear envelope-associated endosomes. Nuclear envelope-
associated endosomes are early endosomes that were observed
to localize in the perinuclear space and fuse with the nuclear
envelope, thus enabling cell surface proteins and extracellular
molecules direct access to cell nucleus [83]. Further, it was shown
that lipid vesicles can spontaneously fuse with permeabilized
membrane [264,265], implying that permeabilization of intracellu-
lar organelle membranes could facilitate the fusion of pDNA-
containing endosomes with the endoplasmic reticulum or the
nuclear envelope. A theoretical study suggested that permeabiliza-
tion of the endoplasmic reticulum can occur not only when expos-
ing cells to nsPEF, but also when exposing them to longer and more
conventional pulses [191]. However, additional studies are needed
to clarify if the above-mentioned mechanisms are involved in the
transfer of DNA molecules to the nucleus following PEF application.

7. Conclusion

In vivo barriers of the interstitium, cell-membrane, cytoplasm
and nuclear envelope contribute in their own unique ways to pre-
vent DNA melecules from reaching the nucleus of the cell. PEF
helps to overcome {some of) these barriers and allow DNA mole-
cules to reach the nucleus. We have revisited the existing literature
and formalized the past and the current understanding of the GET
process, explaining in detail how DNA molecules interact with
each of the barriers and transport through them sequentially. In
doing so, we have identified the factors limiting the transport of
DNA through the barriers if the transport process is known, such
as for the interstitium. We also identified gaps in the understand-
ing of the transport process through the barriers if the transport
process is still unknown, such as for the cell membrane, the cyto-
plasm and the nuclear envelope. [dentifying the mechanisms of
transport and addressing the transport limitations - each of which
have been discussed - will enable further enhancement of GET effi-
ciency in vitro as well as in in vivo across (length) scales, cell types,
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Table AT.2
DNA - Cell distances for concentrations ranging from sub-optimal to optimal.

Bioelectrochemistry 144 (2022) 107994

Regime Concentration (pg/ml) DNA - Cell Distance [D in eq. (A6)] (um)
in vitro in vivo
sub-optimal 0.01 10.72 0(1-50) 328 0{1-10)
0.1 4.97 152
1 231 0.71
5 1.35 041
optimal 10 107 0(05-1) 033 ©(0.1-0.5)
50 063 0.19
100 0.50 015
tissue types and species; a privilege which is not afforded by the 13
current trial-and-error based optimisations of GET. (A.5)
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Appendix A. DNA - Cell distance

The approach used to calculate the DNA - cell distance is similar
to the one in [266]. Considering a total number of N in a space of
volume V., the total volume occupied by cells is Nn.lk.%RR:.,H:
where R,y is the radius of the cell and 511}{“,” is the volume of a
single cell. The volume left to be occupied by the DNA molecules is:

4 .
Vowa = Vipace — clts- 3 TRy (A1)

The volume space available to single a DNA molecule can be
considered as 47R},,; where Ry, is the radius of the sphere avail-
able to a DNA molecule. The volume occupied by a total of Npys
molecules is then:

4
Vona = NnN.\EHRg,-\m (A2)

If the concentration of DNA molecules is ¢ (g/ml), then the num-

ber of DNA molecules in the space (V) can be calculated as:

Now = ¥ *3)
.

where M,, is the molecular weight (g/mol) of the DNA molecules
and Ny is the Avogadro’s number.

Combining equations (A.1), (A.2) and (A.3), we obtain the radius
of the sphere available to single DNA molecules (Rp,,) as:

R
RDNA — Vspum - czflr%nRrvH [A 4]
Wipace Ny ’

%n(‘—’-w“—")

Assuming the cells and DNA molecules are evenly distributed,
the average distance between two DNA molecules or a DNA mole-
cule and a cell can be considered as D = 2.Rpna, or:

Considering, p.; _%ﬁ: to be the cell density, equation (A.5)

above can be rewritten as:
S\

1= poar i TRy

4 o,

(i)

To get some estimates for DNA — DNA or DNA - cell distance, we
consider the values in Table AT.1 for parameters in equation (A.G).

Values and approximate estimates for DNA - cell distances are
given below in Table AT.2 below for different concentrations of

DNA molecules ranging from sub-optimal to optimal. The calcula-
tions are based on Equation (A.6) and parameters in Table AT.1.

D=2 (A6)

Appendix B. Electrophoretic migration

The electrophoretic migration (L) of a DNA molecule under an
electric field (E) can be calculated according to:

L= pET (B.1)

Where p is the electrophoretic mobility of the DNA molecule and T
is the duration for which the electric field is applied. We have cal-
culated electrophoretic migration for a DNA molecule with
5900 bp with p= - 3.75x10°® m*V-'s~! based on [268].
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3 DISCUSSION AND CONCLUSIONS

3.1 DISCUSSION

Non-viral gene delivery methods hold great promises as they are assumed to be less toxic
and safer in terms of gene delivery compared to viral vectors (Mingozzi and High, 2011).
However, the success of any gene delivery method, either for in vivo delivery of genetic
material or after gene transfer into the recipient cells ex vivo, depends greatly upon the
efficiency of nucleic acid internalization by the target cells and, in the case of pDNA,
reaching the cell nucleus in order to exert its therapeutic effect. Therefore, one of the
biggest challenges hindering wider clinical success of non-viral gene delivery methods is
improving gene delivery efficiency (Stewart et al., 2016).

Electroporation is one of the main non-viral methods for intracellular gene delivery where
pulsed electric fields are used to transiently permeabilize the cell membrane allowing
enhanced transmembrane transport (Sachdev et al., 2022). When GET is performed ex
vivo usually limited number of cells is available, so the treatment needs to be as efficient
as possible, meaning high transfection rate while preserving cell viability. When GET is
performed in vivo the effect of tissue composition must be considered (Pérez-Herrero and
Fernandez-Medarde, 2021). Further, when using GET for DNA vaccination besides
highly efficient, the treatment also needs to be patient friendly, without causing
discomfort or even pain (Aycock et al., 2021; Cvetkoska et al., 2022).

The aim of the dissertation was to investigate parameters that influence GET efficiency
with the goal of better understanding and improving GET efficiency. We explored the
effect of extracellular environment on electroporation, cell survival, and GET,
specifically slightly acidic extracellular pH which is present in tumors. Further, we
investigated the effect of different pulse parameters, mainly pulse duration and polarity
on GET. We tested the possibility of using short bipolar microsecond, and nanosecond
pulses for GET since these pulses could possibly offer more patient friendly GET
applications with decreased muscle contractions and could potentially increase cell
survival (at least near electrodes) because of reduced electrochemical reactions during
pulse delivery.

Experiments were performed using three cell lines namely, chines hamster ovary cells —
CHO, murine C3H muscle myoblasts — C2C12, and human skin fibroblasts cell line —
1306. Cells were exposed to electric pulses either attached, growing in a monolayer
through parallel platinum iridium wire electrodes or in suspension placed between
stainless steel parallel plate electrodes or in commercial aluminum cuvettes. For pulse
delivery two commercially available and two prototype pulse generators were used. Pulse
protocols that represented longer monopolar pulses were 100 ps, 200 ps, 1 ms or 5 ms
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long. HF-BP protocols consisted of symmetrical 2 ps long bipolar pulses and for
nanosecond pulses durations of 200 ns and 500 ns were investigated.

Depending on the application, the efficiency of GET can be reported in different ways.
Most often as percentage of transfected cells (referred as GET) which gives information
about the percentage of cells which was successfully transfected among the cells that
survived the treatment, most relevant in applications with cells which can rapidly divide.
For applications where sensitive or rare cells are used it may be crucial that the majority
of cells survive the treatment. In this case it is important that results of GET efficiency
also include cell survival. GET efficiency representing percentage of transfected cells
based on the number of cells that were exposed to electric pulses is referred as overall
GET. Further, GET efficiency, if cells are transfected with fluorescent proteins, can be
measured with median fluorescence intensity (MFI), representing the quantity of
produced transfected protein. This is important in applications where the goal is the
production of high levels of therapeutic proteins (Poto¢nik et al., 2022). In the dissertation
we present results of GET in vitro using all three above-described ways of GET
efficiency.

3.1.1 Slightly acidic pHe (pH 6.5) can affect the process of electroporation: cell
membrane permeabilization

Metabolism of tumor cells is changed in order to obtain the energy levels required for
high proliferative rates which leads to alterations in pHe and pH;. Reversal of pH gradient
across the cell membrane is one of the hallmarks of cancer. Alkaline pH; helps avoid
apoptosis, induces an increase in the proliferation of malignant cells through induction of
G2/M transition and is directly related to the development of multiple drug resistance.
Moreover, slightly acidic pHe promotes invasion and metastasis, and increases multiple
drug resistance, angiogenesis, and tumor immune escape (Pérez-Herrero and Fernandez-
Medarde, 2021).

Electric pulses trigger different processes in cells and on their membranes. Until now cell
type and size, molecule which is delivered, duration and type of exposure, local
membrane curvature, temperature, and osmotic pressure were reported to influence cell
membrane permeabilization (Kotnik et al., 2019).

Also, characteristics of electroporation and recovery medium can influence the response
of cells to applied electric field. Pulse parameters for efficient electroporation treatments
are determined based on results obtained in in vitro experiments which are mostly
performed in selected electroporation buffers (Potoc¢nik et al., 2019). Electroporation
medium composition can have a profound effect on electroporation effectiveness (Dermol
et al., 2016). In vitro electroporation, ECT and GET experiments are usually performed
in medium with neutral or slightly alkaline pH. Since the extracellular environment of
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most tumors is slightly acidic, in vivo applications of electroporation are thus performed
under slightly acidic conditions. With the aim of transferring the knowledge gained in
vitro to in vivo treatments as effectively as possible, we investigated whether slightly
acidic electroporation and recovery medium have any effect on cell membrane
permeabilization (Potoc¢nik et al., 2019).

We expected that slightly acidic pHe can affect the process of electroporation, but we did
not expect to detect differences in cell membrane permeabilization threshold. After
electroporation in the slightly acidic (pH 6.5) medium we expected no differences in the
cell membrane permeabilization compared to cells electroporated in growth medium.

The pH of the growth medium in experiments was lowered by the addition of HCI to pH
6.5. Our results show that electroporation and recovery medium pH had no effect on the
permeabilization threshold of the CHO cell membrane. There was no significant
difference between the uptake curves of propidium iodide (PI), a small membrane-
impermeable molecule which fluorescence increases upon binding to nucleic acids inside
the cytoplasm commonly used for detecting electroporation (Batista Napotnik and
Miklav¢ic, 2018), between cells electroporated and recovered in medium of different pH.
This implies that the induced transmembrane voltage and the accompanying processes of
membrane defects formation are not affected by the acidity of electroporation or recovery
medium (Potocnik et al., 2019).

According to our results of PI uptake measured by flow cytometry, we can confirm that
slightly acidic (pH 6.5) electroporation and recovery medium pH have no effect on cell
membrane permeabilization, as PI uptake was not different in all four combinations of
electroporation and recovery medium pH used (Potocnik et al., 2019).

3.1.2  Slightly acidic pHe (pH 6.5) can affect the process of electroporation: cell
survival

Contrary to permeabilization, we expected that slightly acidic pHe (pH 6.5) can affect the
process of cell membrane resealing after electroporation. After electroporation and cell
recovery in slightly acidic medium we expected improved survival of the cells after
electroporation compared to cells electroporated and recovered in growth medium.

Cell membrane resealing is longer and more complex process compared to cell membrane
permeabilization. Endocytosis and lysosomal trafficking, which are both a part of cell
membrane repair mechanisms, can be altered by changing pH. (Glunde et al., 2003; Ben-
Dov and Korenstein, 2013).

Indeed, we observed differences in cell viability depending on the pH of electroporation
and recovery medium. When cells were electroporated and recovered in slightly acidic
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medium survival was significantly higher compared to cells electroporated and recovered
in growth medium. Medium pH had small influence on cell viability if low or very high
electric fields were applied. With fluorescence microscopy we observed that in growth
medium less cells resealed their membranes within 5 min than in slightly acidic medium,
which implies that in cells recovering in growth medium cell membrane resealing is
slower (Potocnik et al., 2019).

In human mammary epithelial cells and breast cancer cells of different degrees of
malignancy it was shown that pH. values of pH 6.8 and pH 6.4 cause a significant
displacement of lysosomes from the perinuclear region to the cell periphery. Additionally,
higher number of lysosomes was observed in cells exposed to extracellular acidity
(Glunde et al., 2003). High concentration of protons on cell surface also stimulates the
formation of inward membrane invaginations and vesicles, accompanied by an enhanced
uptake of macromolecules (Ben-Dov and Korenstein, 2012, 2013). Extracellular acidosis
could in this way increase exocytosis of lysosomes and facilitate faster and more efficient
cell membrane damage repair resulting in better cell survival in slightly acidic
environment (Potoc¢nik et al., 2019).

We observed characteristic changes in cell appearance under light microscope after
electroporation with high electric field. Signs of cell damage which could lead to cell
death, such as granulation, loss of cell membrane integrity and long-lasting membrane
blebs were observed in cells exposed to electric pulses. The damage caused by electric
field, especially the emergence of long-lasting huge membrane blebs, was more
prominent in cells that were electroporated and recovered in growth medium compared
to cells that were electroporated and left to recover in slightly acidic medium (Poto¢nik
et al., 2019). Formation of blebs, which can be as big as the cell, was already reported as
electric field induced cell damage (Tsong, 1991; Rassokhin and Pakhomov, 2012).
Detailed mechanisms of bleb expansion and retraction are still unclear, but it was
proposed that blebbing is a primary self-protection process for quick release of the stress
inside cells which can prevent the sudden cell lysis (Rassokhin and Pakhomov, 2012).

We observed less blebs on the cells that were electroporated and left to recover in slightly
acidic medium. Further, our results obtained with MTS assay showed higher survival of
cells that were electroporated and recovered in slightly acidic medium (Poto¢nik et al.,
2019). Previously it was shown that when cells are exposed to slightly acidic pHe
lysosomes rearrange from perinuclear region more to the periphery of the cell which could
enable faster and/or more efficient cell membrane repair (Damaghi et al., 2015).

Based on our results where at lower electric fields applied, we observed only small

differences in cell survival between slightly acidic and growth electroporation and
recovery medium for standard ECT pulse protocol (ESOPE pulse protocol; 8 pulses,
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100 ps, 1 Hz) the effect of slightly acidic pHe present in tumors is most likely irrelevant.
However, higher survival of cells that were electroporated and recovered in slightly acidic
medium observed at higher electric fields imply that slightly acidic pHe should be
considered when applying IRE. Our results suggest that tissues which have slightly acidic
pHe such as tumors, might need pulses of higher amplitudes for IRE to successfully
achieve ablation (Poto¢nik et al., 2019).

Based on the results, obtained in experiments performed in CHO cell line, we can confirm
that there is a difference in cell membrane repair that depends on pHe and that pHe affects
the characteristics of defects that form on cell membrane during and after electroporation.
Our results suggest that slightly acidic pHe (pH 6.5) allows more efficient repair of
damage that is induced on cell membrane during electroporation with high pulse
amplitudes. However, further studies including various cell lines are needed to confirm if
our observations are general (Potoc¢nik et al., 2019).

3.1.3  Slightly acidic pHe (pH 6.5) is a factor affecting the efficiency of GET
Since slightly acidic pHe affects cell survival after electroporation it could also affect

efficiency of GET. We expect that in slightly acid (pH 6.5) medium in vitro GET will be
less efficient because slightly acidic pHe can decrease negative charge of pDNA and
consequently its electrophoresis.

When electric pulses are delivered two opposing pH fronts spread from electrodes. On
the anode side there is acid pH front and on cathode side there is alkaline (Turjanski et
al., 2011). Previously only the effects of pH fronts that form between electrodes during
pulse delivery on GET were studied, showing that pH fronts are the main reason for tissue
damage near electrodes observed after GET (Olaiz et al., 2014). We analyzed only cells
in the middle between the electrodes and observed that electroporation and recovery
medium pH had effect on GET efficiency. Slightly acidic electroporation and recovery
medium significantly decreased GET efficiency compared to growth electroporation and
recovery medium (Poto¢nik et al., 2019).

The reason for lower GET efficiency could be that slightly acidic pH reduces net pPDNA
negative charge and decreases electrophoretic movement of pPDNA which enables that
pDNA establishes contact with cell membrane (Klenchin et al., 1991). This is supported
also by lower GET efficiency of cells electroporated in slightly acidic and recovered in
growth medium compared to cells electroporated and recovered in growth medium, and
higher GET efficiency of cells electroporated in growth and recovered in slightly acidic
medium compared to cells electroporated and recovered in slightly acidic medium
(Potoc¢nik et al., 2019).
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Slightly acidic pHe also reduces endocytosis (Davoust et al., 1987) which is one of
proposed mechanism of pDNA entry into cells during GET (Rosazza et al., 2016a, 2016b;
Wang et al., 2018). We, however, did not observe any significant difference in GET
efficiency between cells electroporated and recovered in growth medium and cells
electroporated in growth and recovered in slightly acidic medium. GET efficiency was,
however, higher with cells electroporated in slightly acidic and recovered in growth
medium compared to cells electroporated and recovered in slightly acidic medium. Since
no difference in GET efficiency between cells electroporated in growth and recovered in
slightly acidic medium and cells electroporated in slightly acidic and recovered in growth
medium was observed, we assume that slightly acidic pH effects are not limited to one
but may affect several of the steps involved in GET. Although pH changes in the sample
during pulse delivery depend on pulse parameters and may induce damage near the
electrodes, our results show that away from the electrodes these effects are negligible, as
no statistically significant difference in GET efficiency in the same pH combinations
between three pulse protocols was observed. However, we tested only three pulse
protocols out of a wide range of pulse protocols used in GET and only one plasmid size
so more experiments with various pulse parameters and plasmids are needed to generalize
our results (Potoc¢nik et al., 2019).

In conclusion, according to our observations, slightly acidic pHe (pH 6.5) decreases GET
efficiency. Our results suggest that slightly acidic pHe affects multiple steps of GET from
pDNA and cell membrane complex formation to intracellular trafficking of pDNA
(Potocnik et al., 2019). We can therefore confirm that slightly acidic pHe (pH 6.5) leads
to lower GET efficiency.

3.1.4 GET with short micro and nanosecond pulses

Gene transfection by electroporation in vitro and in vivo is a well-established and efficient
method with protocols that have been developed for decades and are widely used. Most
often the use of a train of long millisecond monopolar pulses, few to several tens of
millisecond is suggested, mainly because of importance of electrophoresis in pDNA and
cell membrane complexes formation (Rosazza et al., 2016b). However, long monopolar
pulses trigger muscle contractions which can cause discomfort or even pain (Mpendo et
al., 2020). With expanding the use of GET from in vitro to in vivo the need to avoid pain
and undesirable muscle contractions emerged. Further, it was recognized that
electrochemical reactions, which accompany delivery of long pulses, could have negative
effect on GET efficiency. In cell therapies, where cells are transfected ex vivo, usually the
number of available cells is low, consequently it is important that most of the cells survive
the treatment which further strengthens the need to reduce electrochemical reactions
during the treatment (Potocnik et al., 2022).
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3.1.4.1  pH and temperature changes during pulse delivery

We measured pH changes of overall cell suspension after pulse delivery because it was
reported that when bipolar pulses are delivered electrochemical reactions are decreased
(Kotnik et al., 2001; Chafai et al., 2015), and fewer metal ions are released from
electrodes (Vizintin et al., 2020). Electric pulses delivery led to slight decrease in pH of
cell suspension, but not large enough to affect cell membrane resealing dynamics
(Potocnik et al., 2019). Drop in pH was stable during 5 min following pulse delivery in
all pulse protocols tested except pulse protocol 8 x 5 ms where pH additionally decreased
in the second minute after pulse delivery and remained constant then after. Significant
drop in pH was observed after pulse protocol 8 x 5 ms compared to pH after delivery of
pulse protocol 8 x 100 us and pulse protocol HF-BP 1 (Poto¢nik et al., 2021). Already
previously it was shown that longer pulses lead to more electrochemical reactions which
cause changes in the chemical composition of electroporation medium and pH (Chafai et
al., 2015). Our results suggest that larger pH changes must be occurring at anode side
since the overall pH decreased after pulse delivery. Larger extension of the anodic pH
front relative to the cathodic front was observed previously (Turjanski et al., 2011).

Electroporation medium composition can significantly affect temperature rise of the
sample during pulse delivery. GET in our experiments was performed in recommended
growth medium for each cell line because growth medium is more like in vivo
extracellular fluid compared to other buffers used for GET. Growth medium is highly
conductive which leads to high currents and increased electrochemical reactions during
pulse delivery (Chafai et al., 2015). Additionally, high medium conductivity results in
high currents leading to heating and temperature increase of the sample during pulse
delivery. Temperature can affect cell membrane permeabilization and GET by
influencing cell membrane fluidity (KanduSer et al., 2008; Donate et al., 2016). Final
temperature of the electroporated cell samples measured during delivery of different pulse
protocols to different cell lines in different growth media in our studies never exceeded
37 °C (which was the temperature at which sample was incubated after GET), meaning
that temperature increase during pulse delivery should not have significant effect on GET
efficiency (Potoc¢nik et al., 2021, 2022). Although we are aware that like pH changes
during pulse delivery also temperature changes are larger near electrodes, meaning that
locally there could be some cells which were affected more significant by temperature
changes.

3.1.42  pDNA concentration

During short pulse delivery there is a lack of electrophoresis which can in principle be
compensated by higher pDNA concentration. It was already shown that with higher
pDNA concentration successful GET can be achieved with shorter high voltage pulses
where electrophoresis is weaker (Kanduser et al., 2009; Pavlin et al., 2010; Chopra et al.,
2020). However, high concentration of pDNA can also have negative effect on cell
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survival and in consequence on GET efficiency. Pathogen-associated molecular patterns
that are associated with pDNA, such as unmethylated CpG motifs in pPDNA can be
recognized by TLR9 and induce an innate immune response in tissue which can lead to
apoptosis activation (Michieletto et al., 2019; Harris and Elmer, 2021). Usually, in vitro
experiments pDNA concentrations between 10 — 100 pg/ml are used (Markowicz et al.,
2006; Pavlin and Kanduser, 2015; Yu et al., 2015; Zhang et al., 2018). In our experiments
of GET with shorter pulses higher than usual pDNA concentrations were used, up to 500
png/ml (Potocnik et al., 2021, 2022).

pDNA in cell suspension of CHO cells was not toxic even at the highest pDNA
concentration, alone or in combination with applying any of the five pulse protocols tested
as detected by MTS assay 24 h after GET (Potoc¢nik et al., 2021). Contrary to our results
on CHO cell line, in C2C12 myoblasts and 1306 fibroblasts we observed some decrease
in cell survival with increasing pPDNA concentration but not for all pulse protocols. Others
also reported contradictory results of high pDNA concentrations effect on cell viability.
Some studies reported that pPDNA concentrations up to 1000 pg/ml did not decrease cell
survival (Liew et al., 2013), while others reported that pPDNA concentrations above 100
ng/ml already had negative effect on cell survival (Rols et al., 1992; Yao et al., 2009).

Our results of cell survival in C2C12 myoblasts and 1306 fibroblasts are comparable to
those reported previously (Chopra et al., 2020), where authors observed decreased cell
survival with pDNA concentrations higher than 400 pg/ml. However, the decrease in cell
survival of C2C12 myoblasts and 1306 fibroblasts in our experiments was not high
enough to cause drop in overall GET at 500 pg/ml of pDNA. These and our previous
results in CHO cell line show that decrease in cell survival following GET with high
pDNA concentration varies between cell lines. As observed by us and others (Lesueur et
al., 2016), pDNA by itself, in the absence of pulse delivery, is not toxic to cells. High
pDNA concentrations could trigger decrease in cell survival in different steps of GET.
We have shown that higher pPDNA concentration leads to larger pPDNA aggregates formed
on cell membrane (Potocnik et al., 2021) during pulse delivery which could slow down
or obstruct cell membrane repair. Further, endosomal and/or cytoplasmic DNA sensors
could be activated by high pDNA concentration in endosomes or cytoplasm which can
induce programmed cell death (Zahid et al., 2020). Finally, cell death could be triggered
by high number of pPDNA copies in nucleus or by high number of transgenes produced
(Semenova et al., 2019).

3.1.4.3  pDNA size

It has been reported that GET efficiency depends on the size of pPDNA. We compared
GET, MF]I, cell survival, and overall GET with a 3.5 kb and a 4.7 kb pDNA. Both having
CMYV promoter and encoding GFP. In our experiments, we did not observe any difference
in GET or cell survival between different pDNA sizes in C2C12 myoblasts and 1306
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fibroblasts. Smaller pDNA led to higher overall GET only when using 8 x 100 pus pulse
protocol in both cell lines. For other pulse protocols we did not observe increase in overall
GET with smaller pDNA although, since we used the same concentration of pDNA (500
pug/ml), the copy number of smaller pDNA was 1.34 x higher compared to larger pDNA.
Our results are contrary to observations by Novickij et al. (2020) where they report higher
sub-microsecond high frequency GET with smaller pDNA. Improved GET efficiency
with smaller pPDNA was reported also by others (Molnar et al., 2004; Ribeiro et al., 2012).
The difference in size of pDNA used in our study was only 25% which may be the reason
why we did not observe increase in overall GET efficiency with smaller pPDNA (Poto¢nik
et al., 2022).

However, with smaller pDNA significantly higher MFI of GFP positive cells was
observed in C2C12 myoblasts after GET with 200 ns, 500 ns and HF-BP pulses. Opposite,
in 1306 fibroblasts higher MFI with smaller pPDNA was observed after GET with 8 x 100
us and 8 x 5 ms. Suggesting that in C2C12 myoblasts shorter pulses enabled more copies
of smaller pDNA to reach the nucleus. With longer pulses MFI after GET with both
pDNA sizes was comparable. The situation seems to be reversed in 1306 fibroblasts
where longer pulses enabled more copies of smaller pDNA to reach the nucleus. This
shows that besides cell line and pDNA size also pulse parameters affect the degree of
transgene expression (Potocnik et al., 2022).

3.1.4.4  GET with high frequency bipolar pulses
Our aim was to achieve GET with HF-BP pulses. Presented results could potentially allow
GET without pain and muscle contraction.

Usually, when applying the same on-time per treatment with HF-BP pulses higher electric
field is required to achieve the same level of cell membrane permeabilization (Scuderi et
al., 2019; Polajzer et al., 2020). This poses a problem as not only long duration, but also
shorter pulses applied with high amplitude cause muscle contractions (Yao et al., 2017).
We showed that with extended on time per treatment, either with increased pulse number
in each burst or increased number of bursts we were able to achieve permeabilization and
GET with HF-BP pulses at lower electric field compared to 8 x 100 us pulses (Potocnik
etal., 2021).

When changing the number of pulses in each burst, number of bursts and electric field
amplitude we were able to achieve GET using HF-BP pulses. With HF-BP pulse protocols
in CHO cells, C2C12 myoblasts, and 1306 fibroblasts we were able to achieve
comparable GET efficiency to that of longer monopolar pulses but with higher pDNA
concentration. Percent of GFP positive cells was increasing with increasing pDNA
concentration. Increase was more pronounced when HF-BP pulse protocols were applied.
Overall GET obtained by HF-BP pulse protocols was comparable to overall GET
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obtained by long monopolar pulse protocols at the highest pPDNA concentration, except
for C2C12 myoblasts where overall GET efficiency with HF-BP protocol was lower
compared to longer monopolar pulses (Potoc¢nik et al., 2021, 2022).

Promoter of pDNA, pDNA copy number within the cell and the availability of cellular
machinery for transcription and translation are among factors regulating protein
expression following transfection. Fluorescence intensity of the cell is considered to be
indicative of the number of pPDNA copies inside the cell that have reached the cell nucleus
and have been successfully transcribed and translated into fluorescent proteins (Cohen et
al., 2009; Tsai et al., 2015). Our MFI results thus suggest that higher pPDNA concentration
can only partially compensate for the lack of electrophoresis with HF-BP pulses. MFI
with the lowest and the highest pPDNA concentration was significantly higher after GET
with longer monopolar pulses (8 x 100 ps and 8 x 5 ms) compared to all three pulse
protocols HF-BP in CHO cells. Although with the highest pPDNA concentration we were
able to achieve similar percent of transfected cells, the number of pDNA copies that were
successfully transfected into cells was higher when longer monopolar pulses (8 x 100 ps
and 8 x 5 ms) were used. This may suggest that in addition to cell membrane
permeabilization and pDNA aggregates formation, electrophoresis is also involved in
pDNA translocation across cell membrane (Poto¢nik et al., 2021). Similar results were
observed for C2C12 myoblasts, but not for 1306 fibroblasts where MFI of GFP positive
cells after GET with HF-BP pulses at the highest pPDNA concentration was higher
compared to MFI after 8 x 5 ms pulses and lower compared to 8 x 100 us pulse protocol
(Potoc¢nik et al., 2022).

Formation of pDNA aggregates on the cell membrane revealed that increasing pDNA
concentration also increases the fluorescence intensity of pDNA aggregates formed on
cell membrane. Florescence intensity of pDNA aggregates also increased when longer
pulses were applied (Potoc¢nik et al., 2021).

No direct correlation between fluorescence intensity of pDNA aggregates formed on cell
membrane and GET efficiency in CHO cells was observed. For example, fluorescence
intensity of pDNA aggregates formed after HF-BP 2 pulse protocol with the highest
pDNA concentration was almost 10 times lower compared to fluorescence intensity of
pDNA aggregates formed after 8 x 5 ms protocol while no significant difference was
observed in percent of GFP positive cells. Similar observations were reported previously
(Haberl et al., 2013). The interaction of pDNA with the cell membrane is only one of the
several steps involved in GET and barriers that pPDNA must overcome in order to be
expressed. Other factors such as pDNA stability in cytoplasm, its transport to perinuclear
region and successful crossing of nuclear envelope are also crucial and contribute to
differences in GET efficiency (Sachdev et al., 2022).
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Based on the results of our study we can confirm that we can achieve successful GET
with HF-BP pulses in vitro, however, at sufficiently high pDNA concentrations. GET
efficiency also varies greatly between cell lines. The electric field chosen for GET with
pulse protocols HF-BP was in the range of electric fields used for GET with longer
monopolar pulses. GET efficiency increased with increasing pDNA concentration.
However, with a focus on achieving GET efficiency comparable to that of longer
monopolar pulses (8 X 100 us and 8 X 5 ms pulses) five times higher pPDNA concentration
was needed for GET with HF-BP pulse protocols. Further optimization of HF-BP pulse
protocols could reduce the need for high pDNA concentrations. Nevertheless, according
to reports using similar HF-BP pulse protocols where even at double stimulating electric
filed eightfold reduction in muscle contraction intensity was observed (Sano et al., 2015;
Yao et al., 2017), we can conclude that our results potentially open completely new field
of feasible GET applications — less painful and widely accepted GET applications, like
nucleic acid-based vaccination. However, we are aware that achieving sufficiently high
pDNA concentrations in tissue can be challenging (Poto¢nik et al., 2021).

3.1.45  GET with nanosecond pulses

Use of short pulses in GET remains poorly explored. We were the first showing that HF-
BP can be used for GET (Potoc¢nik et al., 2021) and there are only three papers reporting
the use of nanosecond pulses for GET, although all at kHz and MHz pulse repetition rate
(Ruzgys et al., 2018; Novickij et al., 2020, 2022). Our aim was with further exploring
nanosecond range of pulse durations to also achieve GET with 200 ns and 500 ns pulses
at lower pulse repetition rate.

In order to select protocols with which we would most likely achieve GET with
nanosecond pulses we tested different pulse protocols by varying pulse duration, number,
repetition frequency and amplitude of applied electric field. Similarly, as with HF-BP
pulses also with 200 ns and 500 ns pulse increasing pPDNA concentration led to significant
increase in overall GET. This was especially evident in 1306 fibroblasts where at pDNA
concentrations up to 100 pg/ml overall GET was higher with 8 x 100 us, HF-BP and 8 x
5 ms pulses compared to 500 ns and 200 ns pulses, whereas at 500 pg/ml of pDNA there
was no significant difference in overall GET between different pulse protocols (Poto¢nik
et al., 2022).

Interestingly, this was not observed in C2C12 myoblasts where overall GET rose with
increasing pDNA concentration for all pulse protocols. At the highest pDNA
concentration (500 pg/ml) overall GET was however still significantly higher with longer
pulse protocols (8 x 100 us and 8 x 5 ms) where stronger electrophoresis is present
compared to shorter pulse protocols (HF-BP, 500 ns and 200 ns) (Poto¢nik et al., 2022).
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Difference in overall GET between the two cell lines (C2C12 myoblasts and 1306
fibroblasts) confirmed that efficiency of GET does not depend solely on parameters of
applied pulses. GET is a multistep process including various intracellular mechanisms
(e.g., cell membrane repair mechanism, DNA sensors activation, endocytic pathways,

cytoskeleton organization) which can be different between different cell lines (Frandsen
et al., 2016; Znidar et al., 2016).

In our experiments we achieved GET with nanosecond pulses in both cell lines, but
overall GET was higher in 1306 fibroblasts than in C2C12 myoblasts. Difference in GET
efficiency in different cell lines has been observed and reported previously (Bodwell et
al., 1999; Cegovnik and Novakovi¢, 2004; Smirnikhina et al., 2011), but the reasons for
these differences are not well understood. Differences in GET efficiency could be the
consequence of various biophysical factors and/or biological parameters (Tsong, 1991;
Kotnik et al., 2019). Since we did not observe any differences in permeabilization the
difference in GET efficiency is more likely the consequence of the difference in presence
and degree of activity of cellular intrinsic mechanisms and pathways (Potoc¢nik et al.,
2022).

Also, MFI of GFP positive cells was higher in 1306 fibroblasts compared to C2C12
myoblasts. Suggesting that higher number of pDNA copies was transferred to 1306
fibroblasts during pulse delivery compared to C2C12 myoblasts. Production of proteins
from transfected pDNA could be affected also by availability and degree of activity of
cellular machinery for transcription and translation (Tsai et al., 2015). Based on this
higher GET efficiency in 1306 fibroblasts could mean that the rate of pDNA transcription
and translation into fluorescent protein is higher in 1306 fibroblasts compared to C2C12
myoblasts (Potocnik et al., 2022).

Further, we wanted to explore if there are any differences in time dynamics of pDNA
expression after GET with different pulse parameters as this was often suggested. Our
results show that the onset of GFP expression (both percentage of GFP positive cells and
their MFI) are comparable for 200 ns, HF-BP, 8 x 100 us and 8 x 5 ms pulse protocols.
However, differences were observed in time dynamics of GFP expression between
C2C12 myoblasts and 1306 fibroblasts. Similar curves for GET and MFI for all pulse
durations in one cell line suggest that all pulse protocols triggered the same mechanisms
responsible for pPDNA translocation through cytoplasm to cell nucleus (Potoc¢nik et al.,
2022).

In C2C12 myoblasts maximum of GFP positive cells and their MFI reached peak soon
after GET and then decreased fast, falling below 10% for all four pulse durations at day
6. Contrary, in 1306 fibroblasts there were no distinct peaks of maximum GFP positive
cells and their MFI. Percentage of GFP positive cells was stable for longer period
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compared to C2C12 myoblasts and then decreased slowly. On day 6 after GET with all
pulse durations around half of the initial percentage of 1306 fibroblasts were still GFP
positive. Differences in dynamics and duration of transgene expression after GET
between cell lines have been observed previously (Chicaybam et al., 2017). Differences
in curves of GET and MFI for all pulse protocols between different cell lines suggest that
mechanisms of pDNA translocation through cytoplasm to cell nucleus and duration of
transcription of pDNA are different in different cell lines (Poto¢nik et al., 2022).

The reason for lower percentage of GFP positive cells and their lower MFI with all pulse
protocols in C2C12 myoblasts could also be higher number or degree of activation of
DNA sensors in this cell line which could trigger pDNA degradation in a larger extent
compared to 1306 fibroblasts. Endosomal DNA sensors could be activated during pDNA
translocation to the nucleus with endocytic pathways, and cytoplasmic DNA sensors
could be triggered by pDNA entering the cell cytoplasm through cell membrane defects
formed during pulse delivery. Additionally, cytosolic DNA sensors might be triggered by
pDNA released to cytoplasm after endosomal escape. It was shown that GET with pDNA
can lead to upregulation of several proposed cytosolic DNA sensors in different tumor
cell types (Znidar et al., 2016, 2018) and in C2C12 myoblasts (Semenova et al., 2019).
Other reasons contributing to decrease in transgene expression over time in C2C12
myoblasts could be loss of the pDNA at each mitosis, de novo DNA methylation
preventing pDNA transcription or pDNA degradation by endonucleases (Lesueur et al.,
2016).

The observed differences in overall GET and MFI between the three cell lines studied
could also be the consequence of variations in cell membrane composition (Rosazza et
al., 2012), endocytic pathways specific for certain cell line or the degree of activation of
endocytic pathways (Chang et al., 2014), as well as presence of cytosolic nucleases
(Cervia et al., 2017).

Based on our results we can confirm that GET can be achieved with nanosecond pulses,
but similar as for HF-BP pulses, at the expense of higher pDNA concentration.

3.1.5 Review of current understanding of GET

GET is currently in the clinical stage of investigations where it is being evaluated for its
therapeutic benefits in different applications and for a wide variety of indications (Ginn
et al., 2018). The understanding of how pDNA molecules, due to electric pulse delivery,
overcame the barriers they encounter on their way to reach the nucleus, namely
interstitium, cell membrane, cytoplasm, and nuclear envelope, is still not complete. The
fact that a lot of mechanism which enable GET are still not (in detail) known hinders
further and faster development and acceptance of GET clinical applications. Currently,
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optimization of GET is predominantly done based on trial-and-error principle which is
time consuming and not very efficient (Sachdev et al., 2022).

Based on this we prepared a review in which we summarized our current understanding
of GET and critically discussed the mechanisms by which electric field can aid in
overcoming these barriers. We also identified the gaps in knowledge that are hindering
optimization of GET. The knowledge of how pDNA molecules interact and overcome the
barriers during GET is scattered throughout vast amount of literature, which dates as far
back as 1982 when the first report of in vitro GET was published (Neumann et al., 1982).
We have identified the factors limiting the transport of pDNA through the barriers if the
transport process is known, such as for the interstitium where achieving sufficiently high
pDNA concentration still represents a significant challenge. Identifying and developing
methods which can improve the distribution of pDNA and electric field in tissue and make
the concentration of pPDNA and electric field in the target tissue more homogenous, have
tremendous potential in improving GET efficiency. We also identified gaps in the
understanding of the transport process through the barriers where the transport process is
still unknown, such as the cell membrane, the cytoplasm, and the nuclear envelope. At
the cell membrane there is still the need to elucidate which is the dominant way of pPDNA
crossing the cell membrane, passage through defects in cell membrane or endocytosis of
pDNA aggregates formed on cell membrane during pulse delivery. Further, there are
several mechanisms proposed for transporting of pDNA through cytoplasm, such as
endosomal vesicles or pDNA binding with adapter proteins, which interact with the
cytoskeleton motor proteins. Similarly, there are several proposed mechanisms of how
pDNA crosses nuclear envelope, such as DNA nuclear targeting sequences, fusion of
endosomes bearing pPDNA with endoplasmic reticulum and nuclear envelope-associated
endosomes, however the (dominant) mechanism enabling pPDNA passage across nuclear
envelope is still not known. We hope that our review of the mechanisms of transport and
addressing the transport limitations will enable further enhancement of GET efficiency in

vitro as well as in in vivo across various cell types, tissue types and species (Sachdev et
al., 2022).
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3.2  CONCLUSIONS

With the aim of better understanding and optimizing GET we tested the effect of different
parameters on GET efficiency. Since microenvironment in tumors where many
applications of in vivo electroporation are performed is slightly acidic, we studied the
effects of slightly acidic (pH 6.5) electroporation and recovery medium on cell membrane
permeabilization, cell survival and GET. Further, in an attempt to enable more patient
friendly applications of GET in vivo we strived to attain GET with short HF-BP and
nanosecond pulses. Finally, current understanding of GET from a biophysical perspective
and critical discussion of the mechanisms by which applied electric fields in
electroporation can aid pDNA in overcoming the barriers encountered on the way to the
nucleus in vivo was reviewed.

The conclusions from our work can be summarized as follows:

1. Slightly acidic (pH 6.5) electroporation medium does not affect permeabilization
threshold. We did not observe any differences in permeabilization curves depending
on the pH of electroporation and recovery medium.

2. The survival of cells is better if slightly acidic (pH 6.5) electroporation and recovery
medium are used compared to survival of cells that were electroporated and recovered
in growth medium. Our results imply that slightly acidic pHe allows more efficient
repair of damage that is induced on cell membrane during electroporation with high
pulse amplitudes.

3. There is a difference in cell morphology between cells that were electroporated and
left to recover in growth medium and cells that were electroporated and left to recover
in slightly acidic (pH 6.5) medium. Cells electroporated and recovered in growth
medium had more membrane blebs that formed faster, had larger diameter and were
more stable than membrane blebs formed after electroporation and recovery of cells
in slightly acidic medium. When cells were exposed to growth or slightly acidic
medium without electroporation, we did not observe any differences in cell
morphology.

4. Slightly acidic (pH 6.5) electroporation and recovery medium decrease GET. We
obtained statistically significantly higher GET when cells were electroporated and
recovered in growth medium compared to cells that were electroporated and
recovered in slightly acidic medium.

5. GET can be achieved with HF-BP pulses. Overall GET obtained by HF-BP pulse
protocols was comparable to overall GET obtained by longer monopolar pulse
protocols.

6. Gene electrotransfer efficiency depends on plasmid concentration. With all pulse

protocols percent of GFP positive cells increased with increasing pDNA
concentration.
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10.

11.

12.

13.

14.

15.

Decrease in cell survival after GET with high pDNA concentrations is cell line
dependent. pDNA in cell suspension of CHO cells was not toxic even at the highest,
pDNA concentration, alone or in combination with applying any of five pulse
protocols. On the contrary, in C2C12 myoblasts and 1306 fibroblasts we observed
some decrease in cell survival with increasing pDNA concentration but not for all
pulse protocols.

Number of transferred plasmid copies is higher with longer monopolar pulses.
Although we were able to achieve similar percent of GFP positive cell, the number of
pDNA copies that were successfully transferred into cells, based on the measurement
of MFI of GFP positive cells, is higher when longer monopolar pulses are used.

Size of pDNA aggregates formed on cell membrane depends on pPDNA concentration
and pulse duration. When applying longer pulses with higher pPDNA concentration
larger pPDNA aggregates on cell membrane are formed.

There is no correlation between fluorescence intensity of pPDNA aggregates and GET
efficiency. With the highest pDNA concentration used, fluorescence intensity of
pDNA aggregates formed after HF-BP pulses was almost 10 times lower compared
to fluorescence intensity of pDNA aggregates formed after millisecond pulses while
no significant difference was observed in percent of GFP positive cells.

GET can be achieved with nanosecond pulses. With 200 ns and 500 ns pulses at the
highest pDNA concentration comparable overall GET in 1306 fibroblasts was
achieved as with longer monopolar pulses.

GET efficiency largely varies between cell lines. In 1306 fibroblast comparable
overall GET was achieved while in C2C12 myoblasts only around half as efficient
overall GET was reached with 200 ns and 500 ns pulses when compared to longer
monopolar pulses.

MFT of GFP positive cells depends on cell line and pulse parameters. MFI after all
pulse protocols was much higher in 1306 fibroblasts compared to C2C12 myoblasts,
also MFI was generally higher after GET with longer pulses compared to shorter HF-
BP and nanosecond pulses.

In our experiments smaller pPDNA did not significantly improve GET efficiency but
it had effect on the degree of transgene expression. In C2C12 myoblasts MFI cells
was significantly higher with smaller pDNA after GET with short HF-BP and
nanosecond pulses, while in 1306 fibroblasts significantly higher MFI with smaller
pDNA was observed with longer monopolar pulses.

We showed that time dynamics of transgene expression is comparable between
millisecond, microsecond, HF-BP and nanosecond pulses but varies greatly between
cell lines. In C2C12 myoblasts GET and MFI reached peak soon after GET and then
decreased steadily till day 6 after GET. In 1306 fibroblasts GET and MFI reached
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peak at later time and were more stable, with around half of initial cells still being
GFP positive on day 6.
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4 SUMMARY

4.1 SUMMARY

Gene transfection by electroporation (GET) is a nonviral method of nucleic acids delivery
into cells based on electroporation phenomenon (Rosazza et al., 2016b; Sachdev et al.,
2022). For effective pDNA delivery and expression several steps must be overcome,
among which are: cell membrane permeabilization, pPDNA cell membrane interaction,
transfer of pDNA into the cell, intracellular trafficking of pDNA through cytoplasm and
nuclear import of pDNA and its expression (Sachdev et al., 2022).

The aim of the dissertation was to investigate parameters that influence GET efficiency
with the goal of better understanding and improving GET efficiency. We explored the
effect of extracellular environment on electroporation, cell survival, and GET,
specifically slightly acidic (pH 6.5) extracellular pH (pHe), which is present in different
tumors. Further, we investigated the effect of different pulse parameters, mainly pulse
duration and polarity on GET. We tested short bipolar microsecond, and nanosecond
pulses for GET, since these pulses could offer more patient friendly GET applications
with reduced muscle contractions and could increase cell survival (at least near
electrodes) because of reduced electrochemical reactions during pulse delivery.
Experiments were performed in three cell lines. Cells were exposed to electric pulses
either attached in monolayer or in suspension. For pulse delivery two commercially
available and two prototype pulse generators were used. Pulse protocols that represented
longer monopolar pulses were 100 us, 200 ps, 1 ms or 5 ms. HF-BP protocols consisted
of symmetrical 2 pus long bipolar pulses, and for nanosecond pulses durations of 200 ns
and 500 ns were investigated. In all experiments cells were electroporated in growth
medium, which approximates tissue extracellular fluid. GET efficiency was measured as
percentage of GFP positive cells — GET, overall GET which also includes cell survival,
and MFI of GFP positive cells which is indicative of how much transgene was produced
(Potocnik et al., 2019, 2021, 2022).

Since many of current GET applications are in tumor cells where microenvironment is
slightly acidic, we studied the effects of slightly acidic (pH 6.5) electroporation and
recovery medium. We observed no difference in the permeabilization threshold at any
electric field amplitude (0—1.4 kV/cm), of cells which were electroporated and allowed to
recover in growth (pH 7.8) or slightly acidic (pH 6.5) medium. In contrast, statistically
significant difference was observed in survival of cells which was 34% better when cells
were electroporated and recovered in slightly acidic medium compared to cells that were
electroporated and recovered in growth medium. It was previously shown that slightly
acidic pHe causes a significant displacement of lysosomes from the perinuclear region to
the cell periphery and higher number of lysosomes was observed in cells exposed to
slightly acidic pHe (Glunde et al., 2003; Damaghi et al., 2015). High concentration of
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protons on cell surface also stimulates the formation of inward membrane invaginations
and vesicles, accompanied by an enhanced uptake of macromolecules (Ben-Dov et al.,
2012; Ben-Dov and Korenstein, 2013). Slightly acidic pHe could in this way increase
exocytosis of lysosomes and facilitate faster and more efficient cell membrane damage
repair resulting in better cell survival in slightly acidic environment. Our results indeed
imply that slightly acidic pHe (pH 6.5) allows more efficient repair of damage induced on
cell membrane due to electroporation. Recovery after exposure to electric pulses was
much better in slightly acidic medium than in growth medium. Cells electroporated and
recovered in growth medium also had more membrane blebs that formed faster, had larger
diameter and were more stable than membrane blebs formed after electroporation and
recovery in slightly acidic medium (Potoc¢nik et al., 2019). However, slightly acidic pHe
decreased GET. The lowest percentage of GFP positive cells was obtained when
electroporation and recovery were done in slightly acidic medium. The reason for lower
GET efficiency could be that slightly acidic pHe reduces net pPDNA negative charge and
decreases electrophoretic movement of pDNA which enables that pDNA establishes
contact with cell membrane (Klenchin et al., 1991). Slightly acidic pHe also reduces
endocytosis (Davoust et al., 1987) which is one of proposed mechanism of pDNA entry
into cells during GET (Chang et al., 2014; Rosazza et al., 2016b; Wang et al., 2018).

During shorts pulse delivery there is a lack of electrophoresis which can in principle be
compensated with higher pDNA concentration. In our experiments we tested different
pDNA concentrations from 0 — 500 pg/ml. In all pulse protocols (i.e. from 200 ns up to 5
ms pulse durations) and cell lines percent of GFP positive cells increased with increasing
pDNA concentration. Also, overall GET increased with increasing pPDNA concentration.
With lower pDNA concentrations percent of GFP positive cells was higher with longer
pulses, while with higher pPDNA concentrations we achieved comparable GET efficiency
also with shorter HF-BP and nanosecond pulses. However, high concentration of pDNA
can have negative effect on cell survival. We observed that decrease in survival is cell
line dependent, however, the decrease in cell survival in our experiments was not high
enough to cause drop in overall GET. Additionally, although with shorter HF-BP and
nanosecond pulses we were able to achieve comparable percentage of GFP positive cells
their MFI was still lower compared to longer monopolar pulses (Poto¢nik et al., 2021,
2022).

Establishing contact between pDNA and cell membrane is an important step in GET. In
analyzing fluorescence intensity of pDNA aggregates along cell perimeter following
monopolar pulse protocols increased fluorescence intensity was observed only on one
side of cell membrane, while after HF-BP protocol two peaks in fluorescence intensity
were observed representing formation of pDNA aggregates on both poles of the cell
facing the electrodes. No direct correlation between fluorescence intensity of pDNA
aggregates formed on cell membrane and GET efficiency was however observed
(Potocnik et al., 2021). Since pDNA size is reported to influence GET efficiency, we
performed experiments using two different size pDNA. The difference in size of pDNA
used in our study was only 25% which might be the reason why we did not observe
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pronounced increase in overall GET efficiency with smaller pPDNA (Potoc¢nik et al.,
2022). The time dynamics of pDNA expression was also monitored by measuring
percentage of GFP positive cells and their MFI every 8 h for 6 days. Our results show
that the dynamics of the onset of GFP expression are comparable for all pulse protocols
tested (i.e. from 200 ns up to 5 ms pulse durations) but varies greatly between the cell
lines. Differences in curves of GET and MFI for all pulse protocols between cell lines
suggest that mechanisms of pDNA transport through the cytoplasm to cell nucleus and
duration of transcription of pDNA are different in different cell lines (Potocnik et al.,
2022).

Since there is still the lack of understanding and knowing the mechanism which enable
GET, we reviewed our current understanding of GET and critically discussed the
mechanisms by which electric field can aid in overcoming the barriers. We have identified
the factors limiting the transport of pDNA through the barriers if the transport process is
known, such as for the interstitium, where achieving sufficiently high pDNA
concentration still represents a problem, suggesting that methods which can improve the
distribution of pDNA and electric field and making the concentration of pDNA and
electric field in the target tissue more homogenous, have tremendous potential in
improving the efficiency of GET. At the cell membrane there is still a need to elucidate
which is the dominant way of pPDNA crossing the cell membrane, passage through defects
in the cell membrane or endocytosis of pPDNA aggregates formed on cell membrane
during pulse delivery. Further, there are several mechanisms proposed for transport of
pDNA through cytoplasm, and how pDNA crosses nuclear envelope, however the
(dominant) mechanisms enabling pDNA passage to the nucleus are still unknown. We
hope that this review will enable further improvement of GET efficiency in vitro as well
as in in vivo across various cell types, tissue types and species (Sachdev et al., 2022).
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42 POVZETEK

V doktorski nalogi smo preucevali pojav elektroporacije in nekatere biotehnoloske ter
medicinske aplikacije, ki na tem pojavu temeljijo. Elektroporacija je namre¢ ena od
najuspesnejsih metod za vnos razlicnih molekul v celice. Ko so celice izpostavljene
elektricnemu polju zadostne amplitude in trajanja, pride do permeabilizacije celi¢ne
membrane. Pri tem na celiéni membrani nastanejo poskodbe, skozi katere se lahko
izmenjujejo ioni in molekule. Molekule, za katere je celica obi¢ajno neprepustna, lahko
tako prehajajo preko celiéne membrane (Kotnik in sod., 2019). Na pojavu elektroporacije
temelji tudi nevirusna metoda vnosa nukleinskih kislin v celice genska transfekcija z
elektroporacijo (GET), poimenovana tudi genska elektrotransfekcija ali genski
elektroprenos. Z GET lahko v celice vnasamo molekule DNK in RNK. V literaturi
najpogosteje zasledimo vnos plazmidne DNK (pDNK) (Sachdev in sod., 2022). Za
ucinkovit vnos in izrazanje pDNK mora biti izpolnjenih ve¢ pogojev, med katerimi so
permeabilizacija celicne membrane, stik pDNK s celicno membrano, prenos pDNK v
celico, znotrajceli¢ni prenos pDNK v citoplazmi in prehod pDNK v jedro ter njeno
izrazanje (Rosazza in sod., 2016b; Sachdev in sod., 2022). Na uspesnost prenosa pDNK
preko navedenih korakov vpliva ve¢ parametrov elektriénih pulzov in bioloskih
parametrov. Se vedno pa ne razumemo popolnoma kateri mehanizmi sodelujejo pri
prenosu pDNK v posameznih korakih.

Da bi izboljsali razumevanje in ucinkovitost GET, smo se v doktorski nalogi posvetili
preucevanju vpliva parametrov, ki vplivajo na ucinkovitost GET. Raziskovali smo vpliv
zunajceliCnega okolja na elektroporacijo, celicno prezivetje in GET, zlasti vpliv rahlo
kislega (pH 6.5) zunajceli¢nega pH (pHe), ki je prisoten v mnogih tumorjih. GET je v
tumorjih namre¢ manj uspeSna kot v drugih tkivih (Mir in sod., 1999; Cemazar in sod.,
2009). Eden od razlogov je zagotovo kompaktna zunajceli¢na struktura, ki zmanjSuje
mobilnost pDNK v celi¢ni okolici. Z razgraditvijo kompaktne zunajceli¢ne strukture
tumorskih celic lahko izboljSamo ucinkovitost GET (Cemazar in sod., 2012). Aplikacije
elektroporacije, kot so elektrokemoterapija (ECT), ireverzibilna elektroporacija (IRE) in
GET, vecinoma ciljajo tumorske celice, pri katerih je prisoten obrat gradienta pH preko
celicne membrane, ki nastane z znizanjem pH. (Sharma in sod., 2015). Rahlo kisel pHe
vodi do premika lizosomov, ki so klju¢ni pri celjenju poskodb na celi¢éni membrani, iz
perinuklearne regije v blizino celi¢cne membrane (Glunde in sod., 2003). Na podlagi teh
ugotovitev smo predvidevali, da rahlo kisel pHe (pH 6.5) lahko vpliva na proces
elektroporacije, predvsem na celjenje membrane po elektroporaciji.

Nadalje smo raziskali u¢inek nekaterih parametrov elektri¢nih pulzov, predvsem trajanja
in polaritete, na uspesnost GET. Preizkusili smo, ali uspeSno GET lahko doseZemo tudi z
nizkofrekvencnimi vlaki kratkih bipolarnih pulzov, ki si sledijo s frekvencami nekaj deset
ali sto kHz (HF-BP), in monopolarnimi nanosekundnimi elektri¢nimi pulzi. Ti pulzi bi
namre¢ lahko ponudili bolniku prijaznejSo in ucinkovitejSo GET z zmanjSano miSi¢no
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kontrakcijo in izboljSanjem prezivetja celic (vsaj v blizini elektrod) zaradi zmanj$anih
elektrokemicnih reakcij med dovajanem pulzov. Preucili smo tudi, kako na uspesnost
GET vpliva koncentracija pDNK ter opazovali ¢asovno dinamiko izraZzanja transgena po
GET z razlicnimi pulznimi protokoli.

Raziskave smo opravljali v okolju in vitro, na treh celi¢nih linijah, in sicer na ovarijskih
celicah kitajskega hr¢ka — CHO, mi$jih C3H mioblastih — C2C12 in celi¢ni liniji
fibroblastov c¢loveske koze — 1306. Celice smo izpostavili razliénim protokolom
elektricnih pulzov, bodisi pritrjene kot enoslojno celicno kulturo preko vzporednih
zi¢natih elektrod iz platine in iridija, bodisi v suspenziji med vzporednima plos¢atima
elektrodama iz nerjavecega jekla ali v komercialnih kivetah z elektrodama iz aluminija.
Elektri¢ne pulze smo generirali z dvema komercialno dostopnima (Betatech Electro cell
B10 in CellFX System) in dvema prototipnima generatorjema elektricnih pulzov. Pulzna
protokola, ki sta predstavljala daljSe monopolarne pulze, sta bila 8 x 100 pus in 8 x 5 ms.
Pri obeh protokolih smo pulze dovedli s ponavljalno frekvenco 1 Hz. Protokoli HF-BP so
bili sestavljeni iz vlakov simetri¢nih 2 pus dolgih bipolarnih pulzov in 2 us trajajoc¢o pavzo
med obema fazama kot tudi pavzo med pulzi. Testirali smo 3 razlicne HF-BP pulzne
protokole. V prvem smo dovedli 20 vlakov in v vsakem vlaku 216 pulzov, v drugem 50
vlakov s 50 pulzi in v tretjem 100 vlakov s 32 pulzi v vsakem vlaku. Vlaki so si sledili s
ponavljalno frekvenco 1 Hz. Raziskali smo tudi uspesnost GET ob uporabi elektricnih
pulzov, ki trajajo 200 ns in 500 ns. Dovedli smo 25, 100 ali 300 pulzov s ponavljalno
frekvenco 10 Hz. Za vsak pulzni protokol in celi¢no linijo smo testirali tudi razli¢ne
amplitude elektri¢nega polja (8 x 5 ms: 0 —1 kV/em, 8 x 100 ps: 0 — 2 kV/cm, HF-BP: 0
— 2.5 kV/em, 500 ns: 0 — 14 kV/cm, 200 ns: 0 — 19 kV/cm), da smo dolocili kon¢no
amplitudo elektri¢nega polja pri katerem je bila GET najuspesnejSa. V vseh poskusih smo
celice elektroporirali v rastnem mediju, ki je priblizek tkivne zunajcelicne tekoCine.

Za doloCitev permeabilizacije celicne membrane z elektroporacijo smo uporabili
propidijev jodid (PI). PI smo dodali celicam tik pred dovajanjem elektri¢nih pulzov za
merjenje premeabilizacije celicne membrane ali 5 minut po dovajanju elektri¢nih pulzov
za spremljanje poteka popravljanja poskodb na celiéni membrani. Stevilo celic, ki
vsebujejo PI, smo dolocili s preto¢no citometrijo ali fluorescen¢no mikroskopijo. Za
dolo€anje presnovno aktivnih celic po elektroporaciji in GET smo uporabili test celicnega
titra 96 AQueous One Solution Cell Proliferation Assay.

V poskusih GET smo uporabili plazmida pMAXGFP (3.5 kb) in pEGFP-N1 (4.7 kb).
Oba plazmida nosita zapis za zeleni fluorescentni protein (GFP) pod kontrolo CMV
promotorja. Testirali smo koncentracije 20, 40, 80, 100, 250 in 500 pg/ml pDNK.
Ucinkovitost GET smo merili s pretocno citometrijo in fluorescencno mikroskopijo.
Ucinkovitost GET je bila izmerjena kot odstotek GFP pozitivnih celic, celokupna GET,
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ki vkljucuje tudi celi¢no prezivetje, in mediana fluorescence (MFI) GFP pozitivnih celic,
ki odraza koliko transgena je nastalo v celicah.

Spremljali smo tudi, ali obstajajo razlike v nastalih skupkih pDNK na celi¢ni membrani
med razlicnimi pulznimi protokoli. pDNK smo oznacili z barvilom TOTO-1 in merili
intenzivnosti fluorescence skupkov pDNK, ki nastanejo na celicni membrani po
dovajanju elektriénih pulzov. Da bi preverili, ali obstajajo razlike v ¢asovni dinamiki
izrazanja GFP med razlicnimi pulznimi protokoli in celi¢nimi linijami v odstotku GFP
pozitivnih celic in njihovi MFL, smo s preto¢nim citometrom merili GET vsakih 8 ur 6
dni zapored.

Ker je mikrookolje pri nekaterih aplikacijah elektroporacije in vivo rahlo kislo, smo
preucevali ucinke rahlo kislega elektroporacijskega medija in medija v katerem so celice
okrevale po elektroporaciji na permeabilizacijo celiéne membrane, celicno prezivetje in
uspesnost GET. pH rastnega medija smo zniZali do vrednosti 6,5 z dodatkom HCI.
Elektroporacijo smo izvedli na celicah CHO z osmimi elektri¢nimi pulzi, ki so trajali 100
us in so se ponavljali s frekvenco 1 Hz. Pri vseh uporabljenih amplitudah elektri¢nega
polja (0—1,4 kV/cm) nismo opazili razlike v stopnji permeabilizacije med celicami, ki so
bile elektroporirane in so okrevale v rastnem (pH 7,8) ali rahlo kislem (pH 6,5) mediju.
To kaze, da kislost elektroporacijskega medija in medija v katerem celice okrevajo po
elektroporaciji ne vpliva na vsiljeno transmembransko napetost in spremljajoce procese
nastajanja membranskih poSkodb med elektroporacijo (Poto¢nik in sod., 2019).

Opazili pa smo statistiéno pomembno razliko v prezivetju celic, ki so bile izpostavljene
amplitudam elektricnega polja, vi§jim od permeabilizacijskega praga. Prezivetje celic
CHO po elektroporaciji z 1,2 kV/cm, 1,8 kV/cm in 2,4 kV/cm je bilo boljSe, ¢e so bile
celice elektroporirane in so okrevale v rahlo kislem mediju, kot prezivetje celic, ki so
bile elektroporirane in so okrevale v rastnem mediju. Najvecjo razliko smo opazili po
elektroporaciji pri 1,8 kV/cm. Prezivetje celic, ki so bile elektroporirane in so okrevale v
rahlo kislem mediju, je bilo 34 % boljSe od prezivetja celic, ki so bile elektroporirane in
so okrevale v rastnem mediju. pH medija je imel majhen vpliv na prezivetje celic, ¢e so
bili dovedeni pulzi z nizko ali zelo visoko amplitudo. V predhodnih $tudijah so pokazali,
da rahlo kisel pHe povzro¢i premik lizosomov iz perinuklearne regije na celi¢no
periferijo. Poleg tega so v celicah, izpostavljenih rahlo kislemu pHe, opazili vecje Stevilo
lizosomov (Glunde in sod., 2003; Damaghi in sod., 2015). Rahlo kisel pHe bi lahko na ta
nacin povecal eksocitozo lizosomov in omogocil hitrejSe in ucinkovitejSe popravljanje
poskodb celicne membrane po elektroporaciji, kar bi posledicno omogocilo boljse
prezivetje celic v kislem okolju (Poto¢nik in sod., 2019).

enee

pozitivnih celic je bil doseZen pri elektroporaciji in okrevanju celic v rahlo kislem mediju.
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Zaradi kislega pH je zmanjSan neto negativni naboj pDNK. To pomeni manj u¢inkovito
elektroforezo pDNK, ki prispeva k vzpostavitvi stika pDNK s celicno membrano
(Klenchin in sod., 1991), kar je lahko razlog za nizjo uc¢inkovitost GET. To dodatno
potrjuje tudi manjSa ucinkovitost GET pri celicah, ki so bile elektroporirane v rahlo
kislem in so okrevale v rastnem mediju, v primerjavi s celicami, ki so bile elektroporirane
in so okrevale v rastnem mediju, ter ve¢ja ucinkovitost GET pri celicah, ki so bile
elektroporirane v rastnem mediju in so okrevale v rahlo kislem mediju, v primerjavi s
celicami, ki so bile elektroporirane in so okrevale v rahlo kislem mediju (Poto¢nik in sod.,
2019). Kisli pHe tudi zmanjSa endocitozo (Davoust in sod., 1987), ki je eden od
predlaganih mehanizmov vstopa pDNK v celice med GET (Chang in sod., 2014; Rosazza
in sod., 2016b, 2016a; Wang in sod., 2018).

Opazili smo tudi razlike v morfologiji med celicami, ki so bile elektroporirane in so
okrevale v rastnem mediju, in celicami, ki so bile elektroporirane in so okrevale v rahlo
kislem mediju. Ko so bile celice zgolj izpostavljene rastnemu ali rahlo kislemu mediju, v
njihovi morfologiji nismo opazili nobenih razlik. Celice, ki so bile elektroporirane in so
okrevale v rastnem mediju so imele ve¢ membranskih mehurckov, ki so nastali hitreje, so
imeli vecji premer in so bili prisotni dlje kot membranski mehurcki, ki so nastali po
elektroporaciji in okrevanju celic v rahlo kislem mediju (Poto¢nik in sod., 2019).

Za spremljanje celjenja celi¢ne membrane po dovajanju elektri¢nih pulzov smo dodali PI
celiéni suspenziji tik pred izpostavitvijo elektricnim pulzom ali 5 minut po aplikaciji
elektri¢nih pulzov. Ce je bil PI dodan pred izpostavitvijo elektrinim pulzom, rahlo kisel
elektroporacijski in rahlo kisel medij za okrevanje celic nista pomembno vplivala na
odstotek fluorescentnih celic, kar je skladno s permeabilizacijskimi krivuljami. Ce so bile
celice izpostavljene elektricnim pulzom in so okrevale v rastnem mediju, celice niso
popravile poSkodb na celicni membrani v 5-minutnem casovnem intervalu po
elektroporaciji. Okrevanje po izpostavljenosti elektricnim pulzom je bilo veliko hitrejse
v rahlo kislem mediju kot v rastnem mediju, ne glede na to, ali je bila elektroporacija
opravljena v rastnem ali rahlo kislem mediju. Nasi rezultati kaZzejo, da rahlo kisel pHe
omogoca ucinkovitejSe popravilo poskodb, ki nastanejo na celiéni membrani med
elektroporacijo z amplitudami eklekti¢nega polja, vi§jimi od permeabilizacijskega praga
(Potoc¢nik in sod., 2019).

Glede na ugotovitve Sweeney in sod. (2016), da lahko s pulznimi protokoli HF-BP
doseZemo podoben deleZ permeabilizirane celiéne membrane, ki je tudi bolj simetri¢na,
in nedavno uspe$sno dosezeno GET s spreminjanjem ponavljalne frekvence
nanosekundnih pulzov (Ruzgys in sod., 2018) smo predpostavljali, da lahko dosezemo
uspesno GET tudi s krajSimi mikro in nanosekundnimi pulzi. Uporaba kratkih elektricnih
pulzov bi tako lahko omogocila uspesno GET in vivo ob zmanjS$anju neprijetnih obcutkov
bolecine in/ali miSi¢ne kontrakcije.
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Da bi preucili uspeSnost GET s HF-BP in nanosekundnimi pulzi smo spreminjali razlicne
parametre pulzov. V protokolih s HF-BP smo spreminjali trajanje pulza, trajanje premora
med pozitivno in negativno fazo bipolarnega pulza, stevilo pulzov v posameznem vlaku,
Stevilo vlakov, ki so se ponavljali s frekvenco 1 Hz, in amplitudo elektri¢nega polja. V
protokolih z nanosekundnimi pulzi pa smo spreminjali trajanje pulza, Stevilo pulzov,
frekvenco ponavljanja pulzov in amplitudo elektri¢nega polja (Potoc¢nik in sod., 2021,
2022). Uspesnost GET s HF-BP in nanosekundnimi pulzi smo primerjali z uspesnostjo
GET z uveljavljenimi protokoli elektricnih pulzov, tj. 8 x 5 ms in 8 x 100 ps, s
ponavljalno frekvenco 1 Hz, ki smo jim spreminjali samo amplitudo elektri¢nega polja.

Elektroporacija s pulznim protokolom 8 x 5 ms je pri vseh celinih linijah povzrocila
protokola HF-BP in 8 x 100 ps sta vodila do podobnega odstotka permeabiliziranih celic
pri enakih amplitudah elektritnega polja. Ce smo elektroporacijo izvedli z
nanosekundnimi pulzi, smo za permeabilizacijo celicne membrane morali uporabiti visje
amplitude elektriénega polja. Prav tako je bila pri nanosekundnih pulzih potrebna visja
amplituda elektri¢nega polja, da smo opazili zmanjSano prezivetje celic v primerjavi s
HF-BP, 8 x 100 ps in 8 x 5 ms pulznimi protokoli (Poto¢nik in sod., 2021, 2022).

Presecis€e permeabilizacijske in prezivitvene krivulje celic doloca amplitudo
elektri¢nega polja, pri kateri je najvecji delez Zivih celic permeabiliziran. Ker amplituda
elektricnega polja, ki zagotavlja optimalno permeabilizacijo s PI, ni nujno optimalna za
privzem pDNK pri GET, smo izvedli GET s tremi razlicnimi amplitudami elektri¢nega
polja v obmoc¢ju od nekoliko pod do nekoliko nad presecis¢em permeabilizacijske in
prezivitvene krivulje. Tako smo dolo€ili amplitudo elektri€énega polja, pri kateri je GET
najboljSa. Pri vseh pulznih protokolih smo opazili majhne razlike v optimalni amplitudi

elektri¢nega polja za GET med celi¢nimi linijjami (Potoc¢nik in sod., 2021, 2022).

Pomanjkanje elektroforeze med dovajanjem kratkih pulzov bi lahko nadomestili z vi§jo
koncentracijo pDNK. V naSih poskusih smo testirali razli¢ne koncentracije pDNK; od 0
— 500 pg/ml. V vseh pulznih protokolih in pri vseh celi¢nih linijah se je odstotek GFP
pozitivnih celic povecal z naras¢ajoco koncentracijo pDNK. Pri celi¢ni liniji CHO in
fibroblastih 1306 povecanje koncentracije pDNK nad 100 pg/ml, ¢e sta bila uporabljena
pulzna protokola 8 x 100 us ali 8 x 5 ms, skoraj ni povzro€ilo povecanja odstotka GFP
pozitivnih celic. V nasprotju se je v poskusih z mioblasti C2C12 odstotek GFP pozitivnih
celic povecal z vi§jimi koncentracijami pDNK z vsemi pulznimi protokoli. Pri nizjih
koncentracijah pDNK (20-100 pg/ml) je bil odstotek GFP pozitivnih celic visji pri daljSih
pulzih — 8 x 100 ps in 8 x 5 ms, pri vi§jih koncentracijah pDNK (250-500 pg/ml) pa smo
dosegli primerljivo GET tudi s HF-BP in nanosekundnimi pulzi (Poto¢nik in sod., 2021,
2022).
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Visoka koncentracija pDNK ima lahko negativen ucinek na celicno preZivetje in
posledicno na ucinkovitost GET. Nasi rezultati prezivetja mioblastov C2CI12 in
fibroblastov 1306 so podobni tistim, o katerih so porocali Chopra in sod. (2020), kjer so
avtorji opazili zmanjSano prezivetje CHO celic s koncentracijami pDNK vi§jimi od 400
png/ml. Vendar zmanjSanje celi¢nega prezivetja mioblastov C2C12 in fibroblastov 1306
v nasih poskusih ni povzro€ilo zmanjSanja celokupne GET pri 500 pg/ml pDNK. Tudi
GET s koncentracijami pDNK do 500 pg/ml na celi¢ni liniji CHO ni vplivala na
prezivetje (Potoc¢nik in sod., 2021). Nasi rezultati kazejo, da je zmanjSanje prezivetja celic
po GET z visoko koncentracijo (500 pg/ml) pDNK odvisno od celi¢ne linije (Potocnik in
sod., 2021, 2022).

Za vsak poskus smo zbrali tudi meritve MFI GFP pozitivnih celic na preto¢nem
citometru. MFI celic nakazuje, koliko kopij pDNK je bilo uspeS$no prepisanih in
prevedenih v fluorescentni protein. MFI GFP pozitivnih celic se je med razliénimi
celi¢nimi linijami razlikovala. Pri vseh celi¢nih linijah in pulznih protokolih se je MFI
GFP pozitivnih celic poveéala z nara§¢ajoco koncentracijo pDNK. Ceprav smo s HE-BP
in nanosekundnimi pulzi uspeli doseci primerljiv odstotek GFP pozitivnih celic, je bila
njihova MFI nizja v primerjavi z MFI GFP pozitivnih celic, ki so bile izpostavljene
dalj$im monopolarnim pulzom (8x 100 pus in 8 x 5 ms) kar kaze na pomembno vlogo
elektroforeze tudi pri prehodu pDNK preko celi¢cne membrane (Potoc¢nik in sod., 2021,
2022).

Tudi celokupna GET je naraScala z naraS¢ajoco koncentracijo pDNK pri vseh pulznih
protokolih in vseh celi¢nih linijah. Najvisja celokupna GET (40 %) je bila pri celi¢ni liniji
CHO doseZena s pulznim protokolom 8 x 5 ms. Celokupna GET s pulznim protokolom 8
x 100 ps in pulznimi protokoli HF-BP z najvi§jo koncentracijo pDNK (500 pg/ml) ni bila
statisticno pomembno razli¢na (28 % v primerjavi s 32 %, 34 % in 25 %). Pri mioblastih
C2C12 je bil najvisja celokupna GET, s 500 pg/ml pDNK, dosezena s pulznima
protokoloma 8 x 5 ms (34 %) in 8 x 100 us (30 %). Sledili so pulzni protokoli HF-BP (18
%), 500 ns (12 %) in 200 ns (12 %). Pri fibroblastih 1306 smo dosegli najvi§jo celokupno
GET s pulznim protokolom 8 x 100 ps (32 % pri 500 pg/ml pDNK) ne glede na
uporabljeno koncentracijo pDNK. Zanimivo je, da smo z najvisjo koncentracijo pDNK,
z uporabo pulznega protokola 8 x 5 ms dosegli najnizjo celokupno GET (14%), celo nizjo
kot z uporabo nanosekundnih (500 ns: 25 %, 200 ns: 27 %) in HF-BP pulznih protokolov
(21%) (Poto¢nik in sod., 2021, 2022).

Interakcijo pDNK s celi¢no membrano smo z fluorescencno ozna¢eno pDNK opazovali
pri GET s pulznimi protokoli 8 x 100 us, 8 x 5 ms in HF-BP pri celi¢ni liniji CHO. Za
vsak pulzni protokol smo testirali najniZjo in najvisjo koncentracijo pDNK, 20 pg/ml
oziroma 500 pg/ml. V odsotnosti dovajanja pulzov nismo opazili pove€ane intenzivnosti
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fluorescence na celi¢éni membrani. Pri analizi intenzivnosti fluorescence vzdolz celi¢nega
oboda po GET s pulznima protokoloma 8 x 100 us in 8 x 5 ms smo povecano intenzivnost
fluorescence opazili samo na eni strani celicne membrane, saj so nastali skupki pDNK le
na delu celicne membrane, ki je bil obrnjen proti katodi. Pri analizi intenzivnosti
fluorescence vzdolz celicnega oboda po GET s pulznim protokolom HF-BP pa smo
opazili dva, sicer manj izrazita, vrha intenzivnosti fluorescence, ki predstavljata skupke
pDNK na obeh polih celice obrnjenih proti elektrodam. Analiza fluorescence skupkov
pDNK na celi¢ni membrani je pokazala, da povecanje koncentracije pDNK poveca tudi
intenzivnost fluorescence skupkov pDNK, ki nastanejo na celicni membrani. Intenzivnost
fluorescence skupkov pDNK je bila vec¢ja ob uporabi daljsih pulzov (Poto¢nik in sod.,
2021). Nismo pa opazili neposredne korelacije med intenzivnostjo fluorescence skupkov
pDNK, nastalih na celi¢ni membrani, in odstotkom GFP pozitivnih celic. Intenzivnost
fluorescence skupkov pDNK, nastalih po pulznem protokolu HF-BP z najvisjo
koncentracijo pDNK, je bila skoraj 10-krat nizja v primerjavi z intenzivnostjo
fluorescence skupkov pDNK, nastalih po pulznem protokolu 8 x 5 ms, medtem ko je bil
odstotek GFP pozitivnih celic primerljiv med obema pulznima protokoloma. O podobnih
opazanjih so porocali ze prej (Haberl in sod., 2013). Interakcija pDNK s celi¢no
membrano je le eden od ve¢ korakov in ovir, ki jih mora pDNK premagati, da se lahko
izrazi. Drugi dejavniki, kot so stabilnost pDNK v citoplazmi, njen transport v
perinuklearno regijo in uspeSno preckanje jedrne ovojnice, so prav tako kljuéni in
prispevajo k razlikam v ucinkovitosti GET (Sachdev in sod., 2022).

Ker naj bi velikost pDNK vplivala na uc¢inkovitost GET, smo naredili poskuse z uporabo
dveh razli¢nih velikosti pDNK, pri ¢emer smo primerjali 3,5 kb plazmid pmaxGFP in 4,7
kb plazmid pEGFP-N1, ki nosita zapis za GFP pod nadzorom promotorja CMV.
Koncentracija obeh plazmidov v vseh poskusih je bila 500 pg/ml, kar pomeni, da je bilo
Stevilo kopij manjSe pDNK 1,34 x vi§je. V mioblastih C2C12 je bila z manjSo pDNK
opazena znatno vi§ja celokupna GET samo za pulzni protokol 8 x 100 ps. Celokupna
GET s pulznimi protokoli 200 ns, 500 ns in HF-BP je bila primerljiva pri obeh plazmidih.
Zanimivo je, da je bila celokupna GET z 8 x 5 ms niZja z manjSo pDNK v primerjavi z
vecjo pDNK. Podobne rezultate smo dobili tudi pri fibroblastih 1306. Znatno vi§jo
celokupno GET z manjSo pDNK smo dosegli le s pulznim protokolom 8 x 100 ps. S
pulznimi protokoli 200 ns, 500 ns, HF-BP in 8 x 5 ms smo opazili primerljivo celokupno
GET pri obeh velikostih pDNK. Razlika v velikosti pDNK, uporabljeni v nasi raziskavi,
je bilale 25 %, kar je lahko razlog, da nismo opazili izrazitega povecanja celokupne GET
z manjSo pDNK (Poto¢nik in sod., 2022). Pri primerjavi MFI GFP pozitivnih celic vseh
pulznih protokolov med razli¢nimi velikostmi pDNK smo opazili izrazito razliko med
obema celi¢nima linijama. V mioblastih C2C12 je bila MFI GFP pozitivnih celic
statisti¢no znacilno visja z manjSo pDNK (pmaxGFP) po GET s pulznimi protokoli 200
ns, 500 ns in HF-BP, medtem ko je bila MFI pri fibroblastih 1306 statisti¢no znacilno
vi§ja z manjSo pDNK po pulznih protokolih 8 x 100 ps in 8 x 5 ms. To kaze, da poleg

150



Potocnik T. Efficiency and mechanisms of gene transfection by electroporation in mammalian cells in vitro.
Doct. dissertation. Ljubljana, Univ. of Ljubljana, Biotechnical faculty, 2023

celi¢ne linije in velikosti pPDNK na stopnjo izrazanja transgena vplivajo tudi parametri
elektri¢nih pulzov (Poto¢nik in sod., 2022).

Casovno dinamiko izrazanja pDNK smo spremljali pri mioblastih C2C12 in fibroblastih
1306. Odstotek GFP pozitivnih celic in njihovo MFI smo merili vsakih 8 ur 6 dni. Nasi
rezultati kazejo, da je dinamika zacetka ekspresije GFP (tako odstotek GFP pozitivnih
celic kot njihova MFI) primerljiva za vse testirane pulzne protokole (tj. od 200 ns do 5
ms trajanja pulza), vendar se mocno razlikuje med obema celi¢nima linijama (Poto¢nik
in sod., 2022).

V mioblastih C2C12 se je odstotek GFP pozitivnih celic pri vseh pulznih protokolih s
casom poveceval in je dosegel maksimum 32 ur po GET. Najvecji odstotek GFP
pozitivnih celic je bil dosezZen s pulznim protokolom 8 x 100 ps (46,2 %), sledili pa so
pulzni protokoli HF-BP (31,9 %), 8 x 5 ms (17,8 %) in 25 x 200 ns (6,9 %). Po 32 urah
je odstotek GFP pozitivnih celic pri¢el upadati in se po 144 urah (tj. 6 dneh) zmanjsal pod
10 % pri vseh pulznih protokolih. Podobno, a ¢asovno zamaknjeno dinamiko smo opazili
tudi pri MFI GFP pozitivnih mioblastov C2C12. Po GET s pulznima protokoloma 8 x
100 ps in HF-BP smo najvecjo MFI zaznali po 24 urah, nato pa se je s ¢asom zmanjSevala.
Zanimivo je, da smo po GET s pulznima protokoloma 8 x 5 ms in 25 x 200 ns najvecjo
MEFTI izmerili Ze po osmih urah, nato pa je upadala (Poto¢nik in sod., 2022).

V nasprotju z mioblasti C2C12 pri fibroblastih 1306 pri vseh testiranih pulznih protokolih
nismo zaznali izrazitega vrha v odstotku GFP pozitivnih celic v odvisnosti od casa.
Odstotek GFP pozitivnih celic je bil visok med 8 in 64 urami po GET s pulznima
protokoloma 8 x 5 ms in 25 x 200 ns, med 24 in 104 urami po GET s pulznim protokolom
8 x 100 ps in med 40 in 112 urami po GET s HF-BP. Najvecji odstotek GFP pozitivnih
celic je bil doseZen s pulznim protokolom 8 x 100 ps (pri 48 urah, 55,2 %), sledil je HF-
BP (pri 80 urah, 50,8 %), 25 x 200 ns (pri 40 urah, 29,2 %) in pulzni protokol 8 x 5 ms
(pri 40 h, 24,3 %). Zanimivo je, da je bil vecji odstotek GFP pozitivnih celic dosezen s
pulznim protokolom 25 x 200 ns kot s pulznim protokolom 8 x 5 ms. Ko je odstotek GFP
pozitivnih celic dosegel vrh, se je pri vecini pulznih protokolov po€asi manjsal, razen pri
pulznem protokolu HF-BP, kjer je ostal na isti ravni ves ¢as opazovanja. Tako smo Sesti
dan (tj. 144 h) po GET s pulznim protokolom 8 x 100 pus zaznali 31,1 % GFP pozitivnih
celic, po GET s pulznim protokolom HF-BP 47,0 % GFP pozitivnih celic, po GET s
pulznim protokolom 25 x 200 ns 11,3 % GFP pozitivnih celic in po GET s pulznim
protokolom 8 x 5 ms 9,5 % GFP pozitivnih celic. Siroke in neizrazite vrhove smo opazili
tudi pri MFI v odvisnosti od ¢asa pri vseh pulznih protokolih, ki smo jih uporabili za GET
na fibroblastih 1306. MFI je dosegla vrh pozneje kot najvecji odstotek GFP pozitivnih
celic, med 24 in 104 urami po GET s pulznim protokolom 25 x 200 ns, med 40 in 104
urami po GET s pulznima protokoloma 8 x 100 ps in 8 x 5 ms ter med 32 in 72 ur po
GET s pulznim protokolom HF-BP. Primerljiva MFI je bila opazena pri pulznih
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protokolih 8 x 5 ms, 8 x 100 ps in HF-BP, in je bila vi§ja v primerjavi s pulznim
protokolom 25 x 200 ns. Razlike v ¢asovni odvisnosti odstotka GFP pozitivnih celic in
MFI med celi¢nima linijama kaZejo, da so mehanizmi prenosa pDNK skozi citoplazmo v
celi¢no jedro in trajanje prepisovanja pDNK razli¢ni v razli¢nih celicnih linijah (Potoc¢nik
in sod., 2022).

Razlog za nizji odstotek GFP pozitivnih celic in njihovo nizjo MFI, ki smo jo zaznali pri
vseh uporabljenih pulznih protokolih v mioblastih C2C12, bi lahko bilo vecje Stevilo ali
stopnja aktivacije senzorjev DNK pri tej celicni liniji, kar bi lahko v vec¢ji meri sprozilo
razgradnjo pDNK v primerjavi s fibroblasti 1306. Endosomski senzorji DNK bi se lahko
aktivirali med prenosom pDNK v jedro z endocitozo, citoplazemske senzorje DNK pa bi
lahko aktivirala pDNK, ki vstopi v celi¢no citoplazmo skozi poskodovano celi¢no
membrano do katere pride med dovajanjem pulzov. Poleg tega lahko citoplazemske
senzorje DNK sprozi pDNK, ki se sprosti v citoplazmo celice po endosomskem pobegu.
Pokazano je bilo, da lahko GET s pDNK povzroci povecano aktivnost ve¢ citoplazemskih
senzorjev DNK v razli¢nih tipih tumorskih celic (Znidar in sod., 2016, 2018) in v
mioblastih C2C12 (Semenova in sod., 2019). Drugi razlogi, ki prispevajo k manjsemu
izrazanju transgena skozi ¢as v mioblastih C2C12, bi lahko bili izguba pDNK pri vsaki
mitozi, de novo metilacija DNK, ki preprecuje transkripcijo pDNK, ali razgradnja pDNK
z endonukleazami (Lesueur in sod., 2016).

Opazene razlike v celokupni GET in MFI med tremi proucevanimi celi¢nimi linijami so
lahko tudi posledica razlik v sestavi celicne membrane (Rosazza in sod., 2012),
endocitotskih poteh, specificnih za doloCeno celicno linijo, ali stopnji aktivacije
endocitotskih poti (Chang in sod., 2014), kot tudi prisotnosti citoplazemskih nukleaz
(Cervia in sod., 2017).

Ker naj bi bile med uporabo krajSih bipolarnih pulzov elektrokemijske reakcije manj
izrazite kot med uporabo daljSih monopolarnih pulzov, smo merili pH po dovajanju
elektri¢nih pulzov med elektrodama, v sredini 4 mm kivet. Meritev smo izvajali 5 min pri
temperaturi 37 °C. Po dovajanju pulzov smo dodali tudi telecji serum in premesali celice
s pipetiranjem, kot pri GET protokolu, zato so bile lokalne spremembe pH v kiveti
zamegljene. Elektroporacija je statisticno pomembno zniZala pH celotnega vzorca celic
CHO. pH se je pri vseh testiranih pulznih protokolih prvo minuto po GET znizal za 0,17—
0,27 in ostal konstantno nizji vseh 5 minut. Po GET s pulznim protokolom 8 x 5 ms pa
se je pH dodatno znizal za 0,11 v drugi minuti po dovajanju pulzov in nato ostal
nespremenjen. Pri primerjavi sprememb pH v 5 minutah po GET z razli¢nih pulznimi
protokoli smo opazili statistino znacilno razliko drugo, tretjo, Cetrto in peto minuto po
GET med pulznim protokolom 8 x 5 ms in pulznima protokoloma 8 x 100 ps in HF-BP.
Na vsaki ¢asovni tocki je bil pH po GET s pulznim protokolom 8 x 5 ms bistveno nizji v
primerjavi s pH po GET s pulznim protokolom 8 x 100 ps ali pulznim protokolom HF-
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BP. Kljub temu, da je bilo zmanjSanje statisticno znacilno, opazen padec pH ni bil velik.
NajniZje izmerjene vrednosti pH so bile $e vedno nad 7,2. Ze prej je bilo dokazano, da
daljsi pulzi vodijo do intenzivnejSih elektrokemicnih reakcij, ki povzroc¢ajo spremembe v
kemicni sestavi elektroporacijskega medija in spremembe pH (Chafai in sod., 2015). Nasi
rezultati kazejo, da se vecCje spremembe pH dogajajo ob anodi, saj se je skupni pH
zmanjSal po dovajanju pulzov. Vecje spremembe pH ob anodi so opazili tudi drugi
raziskovalci (Turjanski in sod., 2011).

Med dovajanjem elektri¢nih pulzov se poveca temperatura celinega vzorca. Povecanje
temperature je odvisno od sestave medija, v katerem so celice izpostavljene elektricnim
pulzom. V nasih poskusih je bila GET narejena v priporocenem rastnem mediju za vsako
celi¢no linjjo, ker je rastni medij bolj podoben zunajceli¢ni tekocini in vivo v primerjavi
z drugimi mediji, ki se uporabljajo za GET. Rastni medij ima veliko specifi¢no elektri¢no
prevodnost, kar vodi do visokih tokov in povecanih elektrokemic¢nih reakcij med
dovajanjem pulzov (Chafai in sod., 2015) ter do segrevanja in poviSanja temperature
vzorca. Od temperature je odvisna fluidnost celiéne membrane (Donate in sod., 2016), ki
vpliva na permeabilizacijo celicne membrane in GET. Kon¢na temperatura vzorcev
elektroporiranih celic, izmerjena med dovajanjem razli¢nih pulznih protokolov razli¢nim
celi¢nim linijam v razli¢nih rastnih medijih v nasih poskusih, ni bila nikoli visja od 37 °C
(kar je bila temperatura, pri kateri je bil vzorec inkubiran po GET), kar pomeni, da dvig
temperature med dovajanjem pulzov ne bi smel vplivati na u¢inkovitost GET. Zavedamo
se, da so, podobno kot spremembe pH med dovajanjem pulzov, tudi temperaturne
spremembe vecje v bliZini elektrod, kar pomeni, da bi temperaturne spremembe lokalno
lahko vplivale na permeabilizacijo in preZivetje nekaterih celic (Poto¢nik in sod., 2021,
2022).

Zaradi pomanjkanja razumevanja in poznavanja vseh mehanizmov, ki omogocajo GET,
smo pripravili pregled, v katerem smo zbrali nase trenutno razumevanje GET in kriti¢no
razpravljali o mehanizmih, s katerimi lahko elektricno polje pripomore k transportu
pDNK do celi¢nega jedra. Identificirali smo tudi vrzeli v znanju, ki ovirajo optimizacijo
GET. Znanje o tem, kako molekule pDNK premagujejo ovire med GET, je razpr§eno po
literaturi, ki sega v leto 1982 s prvim poroc€ilom o in vitro GET (Neumann in sod., 1982).
Zagotavljanje dovolj visoke koncentracije pDNK v medceli¢nini v tkivu Se vedno
predstavlja izziv. Metode, ki lahko izboljSajo porazdelitev pDNK in elektricnega polja ter
omogocijo bolj homogeno koncentracijo pDNK in elektri¢nega polja v ciljnem tkivu,
imajo tako velik potencial za izboljSanje ucinkovitosti GET. Ugotovili smo tudi
pomanjkanje razumevanja transportnega procesa skozi ovire, kjer transportni proces $e ni
znan, kot so celiéna membrana, citoplazma in jedrna ovojnica. Se vedno ni jasno kateri
je prevladujoci nacin prehajanja pDNK skozi celi¢cno membrano, prehod skozi poSkodbe
celicne membrane ali endocitoza skupkov pDNK, ki nastanejo na celicni membrani med
dovajanjem pulzov. Poleg tega je predlaganih ve¢ mehanizmov za prenos pDNK skozi
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citoplazmo, kot so endosomski vezikli ali vezava pDNK s povezovalnimi proteini, ki se
preko motori¢nih proteinov povezujejo s citoskeletom. Podobno obstaja ve¢ predlaganih
mehanizmov kako pDNK precka jedrno ovojnico. Med njimi so zaporedja, ki ciljajo na
jedrno DNK, zlitje endosomov, ki nosijo pDNK, z endoplazemskim retikulumom in
endosomi, povezanimi z jedrno ovojnico, vendar je (prevladujo¢i) mehanizem, ki
omogoca prehod pDNK do celi¢nega jedra, Se vedno neznan. Upamo, da bo zbrano znanje
o mehanizmih prenosa pPDNK v celico med GET v preglednem ¢lanku omogocilo hitrejse
izboljSanje ucinkovitosti GET in vitro kot tudi in vivo v razli¢nih tipih celic, tkiv in
bioloskih vrstah (Sachdev in sod., 2022).
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