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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 (http://
creativecommons.org/licenses/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
Retinal Dystrophy [1,3]. Approval of these therapies, especially
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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 (NCT04336410 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
protocols 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 vivo 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 electrophoretically 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) and/or 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

(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), and/or their combination, can be responsible for prolonged permeability observed in
cells which is of 0(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) um..” implies
that the electrophoretic migrations is approximately 1 pym. 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 [59-61]. 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) [55,62]. 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 molecules inside the cyto-
plasm is size dependent and is hindered by the actin network
[67,68]. 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 also 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 into 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 [86]. 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 observed 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 vivo. (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 high/optimal 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 O(100)
V/cm and with a pulse duration of O(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) V/cm, 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 1.3-1.5kV/cm) 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 [61] was around 0.37 um and 0.23 pm,
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 protocols. 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 vivo, 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 and/or direct DNA translocation.
The DNA electrophoretic 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) um in vitro and O(1-10) pum in vivo 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')

[cm?/mm Hg s x 1078]

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

4 T1 murine tumor 950-2300

Hepatoma 0.8-4.1, 28
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with the cell membrane is low. Electrophoretic migration (elec-
trophoresis) provided by the LV pulse is O(1-100) pum (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 and/or 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) um [60,61]. Therefore,
electrophoretic migration of O(1-100) pm 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-

5 mm

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 1Tmm 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 500l 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 50ul 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/g wet weight) (mg/g wet weight) (mg/g wet weight)

Normal Tissue Skin 0.40-0.45 170-190 3.7-4.2 0.5-1.6
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) (LS174T) 1.8+0.7 0.10 £ 0.04
Host: Mouse
Glioblastoma (human) (U87) 9+4 0.10 £ 0.04
Host: Mouse
Soft tissue sarcoma (human) (HSTS) 61 0.22 +0.03
Host: Mouse
Mammary carcinoma (DMBA induced) 0.39 +0.02 46+0.7 1.9+03
Host: Rat
Ovarian carcinoma (OVCAR-3) 0.60 £ 0.03 7.7+0.5 0.08 £ 0.04
Host: Mouse
Ovarian carcinoma (SKOV-3) 0.53+0.11 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. 1 cm 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 skin/der-
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/l)Vp = —K'Vp, where v is bulk-averaged velocity, p
is pressure, u 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 volume 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 (i.e.
longitudinal) of the muscle tissue and have a higher hydraulic con-
ductivity along that direction compared to the transverse direction
[121].

It 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 il 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 pl 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-
cle/tissue. 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 to 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).
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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 and/or 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 corneum [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-
suef/layer. 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 (S/m)
Tumor 0.22-0.4
Fat (Adipose) 0.02-0.04
Muscle Transversal 0.04-0.14
Longitudinal 0.3-0.8
Skin stratum corneum 0.0000125
Lower skin layers 0.227
Heart 0.06-0.4
Bone 0.01-0.06
Kidney 0.6
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 1000 V is applied between the electrodes which are 1 cm 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 tissue is composed of tissues with

conductivities 61 and o5, with 6, = 3.5;. 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 1 cm 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) us 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 only 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

11

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 mono-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 (GJ) 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) [63-65]. The understanding that endocytic 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. (c) 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
“motive” 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
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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 [168,171]. 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 and/or
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 Dj, 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
[40,91,173,174].

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 (O(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 observations 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 DNAj;serteq- It should be
carefully noted that the step of DNA anchoring or insertion to the
cell membrane (DNAinserted) iS between interfacial accumulation
(DNAijnterface) 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 molecules 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-

C.1

C.2

C.3

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 influx/efflux 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 (i.e.,
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].
Beyond 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 influx/efflux. 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
hydrophilic pores, 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 [56]. 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 molecules 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-
60 nm [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

16

Bioelectrochemistry 144 (2022) 107994

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 [68-70]. 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



S. Sachdev, TjaSa Potocnik, L. Rems et al.

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 endocytic 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 only 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/GPI-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 O(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 composed of a- and B-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 motor 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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[229,230]. 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 and/or 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
[219,238,239]. 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 [156].
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 [246].
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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 [64,65]. Contradictory results were obtained
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 [64].

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 Reference/Justification

Ree 7.5 um [46,267]

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

¢ (sub-optimal) < 1 pg/ml [107,108]

¢ (optimal) > 10 pg/ml [107,108]

Peen (in vitro) 2 x 10'2 cells/m3 [180,266]

Do (in Vivo) 5.5 x 10" cells/m® *

" Considering a total number of N, in a space of volume Vispace, the sphere of
volume available to a single cell is Vipace/Neeiis OF 1/py. For extremely dense sus-
pensions or densely packed cells, as is the case for tissues or in vivo, the sphere of
volume (1/p,,) available to a single cell equals the volume of a single cell (4R,
i.e. 1/peey = 4Ry Using Rey = 7.5 um, we obtain p,; ~ 5.5 x 10™ cells/m?>.

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 molecules 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. Identifying 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,



S. Sachdev, TjaSa Potocnik, L. Rems et al.

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. (A.6)] (nm)
in vitro in vivo
sub-optimal 0.01 10.72 0(1-50) 3.28 0(1-10)
0.1 4.97 1.52
1 231 0.71
5 1.35 0.41
optimal 10 1.07 0(0.5-1) 0.33 0(0.1-0.5)
50 0.63 0.19
100 0.50 0.15
tissue types and species; a privilege which is not afforded by the v Nor 4 7R3 1/3
current trial-and-error based optimisations of GET. D=2 | P cells- 3 ™ eell (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 Vg, the total volume occupied by cells is Nce”s“g‘nRign;
where R is the radius of the cell and £7R%, is the volume of a

single cell. The volume left to be occupied by the DNA molecules is:

4
3
VDNA = Vspace - Ncells- 5 TCRceu

3

The volume space available to single a DNA molecule can be
considered as %‘nRgNA; where Rpy, is the radius of the sphere avail-
able to a DNA molecule. The volume occupied by a total of Npy,
molecules is then:

(A1)

4

Vo = Nowa. 5 TRp (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:

o C-Vspace-NA
NDNA = TW

(A3)
where M,, is the molecular weight (g/mol) of the DNA molecules
and N, 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 (Ry,) as:

1/3
4 3
Vspuce - Ncells~ 3 chelI

4 C-VspuceNA
i (et

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.Rpya, or:

Rona = (A4)

4 C.Vspace-Na
3 . ( My

Considering, p.; = o< to be the cell density, equation (A.5)

Vspure
above can be rewritten as:

3 13
17pcell'§n:R

" (%) cell (A6)

To get some estimates for DNA - DNA or DNA - cell distance, we
consider the values in Table AT.1 for parameters in equation (A.6).

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.

Appendix B. Electrophoretic migration

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

L = UET (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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