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Formore than a decade, the understanding of RNA interference (RNAi) has been a growing field of interest. Micro-
RNAs (miRNAs) are small regulatory RNAs that play an important role in disease development and progression
and therefore represent a potential new class of therapeutic targets. However, delivery of RNAi-based oligonucle-
otides is one of the most challenging hurdles to RNAi-based drug development. Electropermeabilization (EP) is
recognized as a successful non-viral method to transfer nucleic acids into living cells both in vitro and in vivo. EP
is the direct application of electric pulses to cells or tissues that transiently permeabilize plasma membranes,
allowing the efficient delivery of exogenous molecules. The present review focused on the mechanism of RNAi-
based oligonucleotides electrotransfer, from cellular uptake to intracellular distribution. Biophysical theories on ol-
igonucleotide electrotransfer will be also presented. The advantages and few drawbacks of EP-mediated delivery
will also be discussed.

© 2014 Elsevier B.V. All rights reserved.
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1. Introduction

RNA interference (RNAi) was characterized as a novel and essential
biological processmore than 10 years ago [1]. RNAi offers the possibility
of targeting and silencing any pathological protein in a specific way [2].
RNAi ismediated endogenously bymicroRNAs (miRNAs) [3] and exper-
imentally by small silencing RNAs (siRNAs) [4]. Both are small (~22 nt)
noncoding RNAs that, once loaded into the cytoplasmic RNA-induced si-
lencing complex (RISC), bind to their target messenger RNA (mRNA)
and impair translation. As a result, gene expression is inhibited [5,6].

More precisely,miRNAs post-transcriptionally regulate gene expres-
sion by repressing translation or accelerating mRNA decay [5]. miRNAs
play crucial roles in the control of critical biological processes, including
development, cell differentiation, proliferation and apoptosis [7].
miRNAs may also positively regulate gene expression by targeting pro-
moter sequences [8]. miRNAs are involved in a wide variety of human
diseases, such as diabetes [9], cardiovascular disease [10] and cancer
[11,12] and, thus, have rapidly emerged as a new class of potential
therapeutic targets [13]. The binding of miRNA to its target mRNA by
Watson–Crick base-pairing is important for its biological function [14].
SincemiRNA target recognition does not require perfect complementar-
ity, a single miRNA can regulate multiple messenger RNAs; this is in
contrast to siRNAs which mediate sequence-specific gene silencing [1,
2]. siRNAs are not used for specific miRNA inhibition but they can
silence unintended transcripts. If siRNAs match the guide-strand “seed
region” similar to thewaymiRNAsmatch their target sites, off-target ef-
fects or potential toxicities can be caused by these off-target gene regu-
lations [15,16].

With the intensifying research in miRNA field, molecular tools have
been developed for specific inhibition of miRNA function such as syn-
thetic antisense molecules of different chemistry that are complemen-
tary to the targeted miRNA or DNA-encoded miRNA inhibitors. Among
the various strategies to inhibit miRNA, the most widely used approach
is by using antisense oligonucleotides (antimiR). An efficient antimiR is
an oligonucleotide that is complementary to its target miRNA and binds
to it with high affinity and specificity to achieve efficient antisense oli-
gonucleotide properties [13]. A vector-encoded miRNA inhibitor that
is a vector expressing miRNA target sites (miRNA sponge) can be used
to scavenge an endogenous miRNA and prevent it from regulating its
natural targets. This type of construct is expressed via a strong promoter
element and a bulge in the central part of the target sites prevents endo-
nucleolytic target cleavage [17,18]. With these technologies, inhibition
is obtained by preventing the miRNA from doing its job by competing
with its endogenous targets. As opposed to such decoy approaches,
the RNAi machinery can be employed to trigger the degradation of
miRNA. For instance, the short hairpin RNA (shRNA) contains a pre-
designed (to target the sequence of the mature miRNA) antisense and
sense sequence separated by a loop structure. The shRNA product is
loaded into the RISC and the sense strand is degraded. The antisense
strand directs RISC to the targeted miRNA leading to its degradation
[19]. For these DNA-encoded miRNA inhibitors, as far as gene transfer
is concerned, a major issue is the safety or the efficiency of the transfer
methods. An approach using a direct transfer of the oligonucleotides ap-
pears more suitable for further clinical development. Indeed RNAi-
based experiments can suffer from a lack of specificity due to the silenc-
ing of non-targeted genes unless a well-designed sequence is used [20].
To overcome these limitations, progress has beenmade in the develop-
ment of new technologies optimizing oligonucleotide chemistry.

Different approaches based on the introduction of chemical modifi-
cations in the sequence of RNA or DNA oligonucleotides have been
evaluated for efficient delivery (see [21] for review). A variety of chem-
ical modifications can be used to improve the performance and potency
of antimiR oligonucleotides. In general, modifications that confer
nuclease stability and increase binding affinity improve antimiR oligo-
nucleotide performance. Thus, new generations of chemically modified
oligonucleotides have been developed [22,23], including 2′-O-methyl,

2′-methoxyethyl, locked nucleic acids (LNAs), and phosphorothiate
linkages [24,25]. AntagomiRs are 2′-O-Me oligonucleotide phosphoro-
thioated substitution (PS) linkages with the addition of a 3′-cholesterol
moiety. AntagomiRs were among the first antimiRs to show in vivo effi-
cacy [26]. LNA oligonucleotides exhibit strong thermal stability when
hybridized with their RNA target molecule [27,28], and incorporation
into a DNA oligomer (LNA/DNA oligomer) significantly improves mis-
match discrimination compared to unmodified reference oligonucleo-
tides [29]. This is due to the constraint on the sugar moiety that
results in a locked C3′-endo/N-type conformation that pre-organizes
the base for hybridization [30]. Furthermore, an LNA oligonucleotide is
highly resistant to nuclease degradation and displays low toxicity in bi-
ological systems [31,32]. Therefore, LNA-based molecules appear to be
promising therapeutic tools for developingmiRNAmimics or inhibitors.

The development of therapeutic RNAi-based oligonucleotides is now
moving to the next step, which involves efficient tissue delivery for
siRNA ongoing clinical trials [33] for recent preclinical and clinical trials
based on miRNA therapeutics [31,34]. In fact, their physicochemical
characteristics (i.e. large molecular weight and anionic charge) prevent
passive diffusion across the plasma membrane into the cytoplasm in
most cell types. Therefore, enhanced delivery methods are required to
allow therapeutic oligonucleotides to enter cells whilst being biocom-
patible, safe, and targeted.

In this context, electropermeabilization (EP) is a non-viral method
for the in vitro and in vivo delivery of various molecules such as drugs
[35] and nucleic acids [36,37]. EP was introduced in the 1960s [38]. It
consists of the application of an external electric field pulse to target
cells or tissues. Under calibrated electric conditions, it transiently desta-
bilizes the plasma membrane, causing its permeabilization [39]. The
convenience (i.e. ease of procedure, relatively low cost and speed) and
the efficacy of this biophysical technique have led to its in vivo use for
the treatment of both internal and surface organs [40,41]. Only few
side-effects have been reported (such as superficial burns in the vicinity
of the electrodes), supporting the innocuousness of thismethod for clin-
ical use. In addition, no change in the expression profile of major tumor
suppressor genes, oncogenes, or genes involved in the stability of DNA
has been detected [42]. To date, several clinical studies using EP for can-
cer treatment have given positive results demonstrating antitumor ef-
fectiveness [43–46].

This review focuses on the mechanism of oligonucleotide
electrotransfer: from their cellular uptake to their intracellular distribu-
tion. AntimiR oligonucleotide electrotransfer and siRNA electrotransfer
will be compared. Biophysical theories on oligonucleotide electrotransfer
will also be presented. Finally, the advantages and drawbacks of
EP-mediated delivery will be discussed.

2. Electrotransfer of RNAi-based oligonucleotides

To be effective, therapeutic oligonucleotides have tofind their target,
meaning that cellular and sub-cellular localizations of oligonucleotides
are the determinant for their biological effects. For instance, numerous
reports have demonstrated that naked oligonucleotides are poorly in-
ternalized by cells and tend to localize in the endosomes/lysosomes,
where they are unavailable for their targets [47,48]. In addition, a strong
correlation between oligonucleotide nuclear localization and its specific
efficiency has been reported [49,50]. Thus, knowledge of the dynamics
and distribution of oligonucleotides in live cells is important for their
transfer optimization.

2.1. Cellular uptake

EP represents a very attractive delivery method that is widely used,
but only a few papers have described the mechanism of delivery [51].
We have shown that the electrotransfer of largemolecules such as plas-
mid DNA (pDNA) is a multistep process with electrophoretic migration
toward the permeabilized membrane and insertion into the membrane
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