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Abstract

Electrical pulses directly and effectively boost both in vitro and in vivo gene transfer, but this

process is greatly affected by non-electrical factors that exist during electroporation. These factors

include, but are not limited to, the types of cells or tissues used, the property of DNA, DNA

formulation, and the expressed protein. In this mini-review, we only describe and discuss a

summary of DNA properties and selected DNA formulations on gene transfer via electroporation.

The properties of DNA were selected for review because a substantial amount of remarkable work

has been performed during the past few years but has received less notice than other work,

although DNA properties appear to be critical for boosting electroporation delivery. The selected

formulations will be covered in this mini-review because we are only interested in the simple

formulations that could be used for cell or gene therapy via electroporation. Plus, there was an

extensive review of DNA formulations in the first edition of this book. The formulations discussed

in this mini-review represent novel developments in recent years and may impact electroporation

significantly. These advancements in DNA formulations could prove to be important for gene

delivery and disease treatment.

1. Introduction

For electrical gene transfer, investigators often focus on how to define a set of electrical

parameters that will maximize the DNA transfer, how to generate an electrode that will

maximize the distribution of electricity for opening up the cell membrane, and how to safely

use the electrical pulses (1–10). These questions were extensively examined for almost

every application because the answers may hold the key for successful gene transfer in the

targeted tissues. After these intensive efforts, though not totally agreed by every

investigator, it seems multiple sets of electric parameters provide effective gene transfer.

These sets could be summarized as high voltage (>1000 v/cm) with very short pulse

duration (≤100 μs), low voltage (<100–200 v/cm) with longer pulse duration (20–50 ms),

and medium voltage and pulse duration(1). Some studies have found that ultra-low voltage

(10–30 v/cm) and longer pulse duration (around 50 ms) also work and that a combination of

low and high voltage may work better than a single-set duration because the high voltage

may benefit pore formation and the low voltage may benefit DNA migration to the
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cells(11,12). These discoveries may reconcile the debate about whether high voltage or low

voltage is better. For each specific tissue, cell line, cell type, and application, however, the

determination of whether high or low voltage is optimal will continue because the benefits

of high versus low voltage vary according to these factors(13).

In spite of the significance of these findings related to electrical parameters, non-electrical

factors should be considered, which might be as important as the optimization of electrical

conditions. The DNA formulation is the most obvious non-electrical factor that may regulate

the efficiency of electroporation. Our earlier work has found that formulations containing

glutamate acid may reduce the amount of DNA needed for gene transfer to muscles via

electroporation(14). Other studies have provided specific data on formulations that

significantly increase DNA transfer via electroporation into different tissues(8,15–19). Our

recent work found that different types of cells favor different formulations but that some

formulation additives, such as polyuronic acid, consistently achieve better results than other

additives(16,20). Although the formulation is important for electroporation gene transfer, the

focus of generating an effective formulation for electroporation should perhaps be on cell

therapy, because the gene delivery could be completed in vitro. A complicated DNA

formulation for in vivo use may limit future applications. In fact, half saline is one of the

best formulations for DNA transfer via electroporation in vivo(21). Any DNA formulation

for electroporation has to both be simple and outperform the saline formulation. In this

regard, we will focus on reviewing simple DNA formulations that have high potential for in

vivo gene delivery via electroporation and formulations that have potential for stem cell gene

transfer via electroporation in vitro.

Another important non-electrical aspect of gene transfer via electroporation is the properties

of the DNA itself, which include many features that may affect electroporation. The most

commonly known property of DNA is its size: smaller DNA can enter cells via

electroporation more easily than larger DNA. Many investigators could not repeat the gene

transfer efficiency data from a nucleofection system because they use much larger DNA but

not the company-provide GFP plasmid DNA. Other DNA properties that significantly affect

the efficiency of gene transfer via electroporation include methylation, restriction enzyme

sites, the drug selection gene, composition, and replication(22,23). Each of these will be

reviewed here. Although these data were collected from different biological systems,

investigators should take advantage of these discoveries to find benefit in their own targeted

cells, tissues, or biological systems. A formulation that increases cell survival is critical for

in vitro gene transfer via electroporation, but it will not be discussed in this mini-review.

2. Effects of DNA properties on DNA electroporation

2.1. Plasmid DNA generated from Escherichia Coli as the sole format for DNA
electroporation to the targeted tissues

The advantage of this type of DNA is that it is stable and can be stored in a freezer or in

dried pellets for years, for research laboratory or clinical application. The disadvantage of

this product is that it is highly methylated. This methylated DNA inhibits the transformation

efficiency via electroporation to lactic acid bacteria, the bacteria that was used to produce

therapeutic recombinant proteins, by a factor of 1,000(23). Unfortunately, such a simple test
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has not been found in either cell culture or in vivo tissues in a mammalian system but

remains a project worthy of attention.

It has been shown that the mechanisms for enhanced transformation via electroporation in

lactic acid bacteria were eliminating methylation-specific restriction enzyme activity and

reducing DNA degradation(23). This explanation cannot exclude the possibility of an

increased level of gene expression from the unmethylated DNA. This possibility may be

especially true in the mammalian system because it is well known that methylation of the

promoter inhibits tumor suppressor gene expression, one of the mechanisms of tumor

development in the colon and, perhaps, many other types of cancer(24). In fact, not only

methylation of the promoter but also methylation of the surrounding regions may yield more

severe gene expression suppression in at least some cells(25). In support of this view, the

introduction of the methylation site in a promoter via a polymerase chain reaction method

reduces the level of gene expression(26). These encouraging data should direct investigators

to study the application of demethylated DNA via electroporation. However, it is possible

that demethylated DNA can be methylated quickly. Therefore, reducing the methylation

sites may be the ultimate solution.

2.2. Other DNA properties that affect gene delivery via electroporation

Beside methylation, the size of the DNA and its restriction sites, bacterial backbone, viral

sequence, resistance gene sequence, and CpG motifs also affect gene transfer efficiency.

Although there has been no comprehensive study to consider all these factors at once, an

isolated study definitively concluded that smaller plasmid DNA yield a higher level of gene

expression and about a 2.6-fold increase in the plasmid DNA copy when using a

mesenchymal stem cell system(22).

A vector system with only a few gene cloning sites, a kanamycin-resistant gene, a CMV

promoter, and a human growth hormone polyadenylation tail consistently outperformed the

transfection efficiency of vectors with multiple cloning sites, an ampcilin-resistant gene, and

other types of promoters and polyadnylation sites via electroporation (unpublished data).

To address most of the problems associated with the use of the plasmid DNA, a mini-

intronic plasmid (MIP) and a minicircle DNA have been generated(27–29). MIP DNA is

generated by inserting an intron containing all essential elements for bacteria replication and

selection into the intron to reduce the length of DNA flanking the transgene because the long

piece of flanking DNA plays a major role in silencing gene expression(27). This design is

brilliant because this MIP DNA does not require any change in the current manufacturing

approach. However, the MIP DNA has not yet been tested in electroporation delivery. It will

be very exciting to test this MIP for electroporation. The other minicircle DNA can also be

manufactured using the current manufacturing method but requires a recombination step to

remove the bacteria backbone and then a purification step to separate the minicircle DNA

from the backbone(29). This minicircle DNA has been tested in electroporation and did

increase the level of gene expression, though not necessarily the copy number. These two

minisystems could really boost the interest in a non-viral plasmid DNA system. These mini-

DNA systems, as well as the selection of a proper concentration, and perhaps volume of

DNA may yield a high level of gene expression via electroporation. The volume and DNA
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concentration are mentioned here because results suggest that electroporation interacts with

these parameters to enhance the gene transfer efficiency and the level of gene

expression(17).

2.3. “Stuff DNA” and gene expression-promoting peptide

Two other aspects that should be mentioned are stuff DNA(30) and in frame foreign

minipeptide in the transgene(31). These two concepts have not drawn any significant

attention but are simple and significant for improving electroporation-mediated gene transfer

and the level of transgene expression. Stuff DNA is short, non-coding DNA that is “stuffed

into,” or mixed with, plasmid DNA to enhance electrical gene transfer. This enhancement of

DNA transfer via electroporation is highly dependent on the size of the stuff DNA fragment;

a maximum of enhancement was found with a size of 300 bp (up to a 21-fold increase)(30).

This stuff DNA-mediated increase in gene transfer via electroporation may be partially due

to the inhibition of plasmid DNA degradation, but there might be other mechanisms,

because neither a large nor a small stuff DNA fragment provided the benefit of increased

gene transfer in this study(30). It is very possible that the large DNA may compete with

plasmid DNA to enter the electroporation pore, while the smaller DNA cannot bind the

DNA nuclease efficiently. Regardless of the mechanism, the benefit of adding stuff DNA

may suggest that separation of the DNA bacteria backbone in the minicircle DNA

preparation, as discussed above, may not be necessary. That separation procedure perhaps

should be changed to a bacteria backbone fragmentation procedure by inserting specific

restriction sites every 300 bp.

There are many ways to further improve the level of gene of interest expression after

transfer via electroporation, such as the inclusion of a nuclear localization signal(1,32). One

simple approach without changing the plasmid DNA backbone, formulation, or

electroporation parameters is to insert a minipeptide encoding the DNA fragment in the

same reading frame as the gene of interest. It has not been tested in therapeutic genes, yet,

but testing in the reporter gene SEAP showed that this approach may work on other genes

because the insertion of many peptides into the SEAP gene increased the level of SEAP

activity by a factor of 10 in vitro and by a factor of 5 in vivo(31). If it occurs in a therapeutic

gene, the total amount of DNA administration can be reduced by 80–90% of the current

level.

3. Simple DNA formulation for enhancing DNA transfer via electroporation

The DNA formulation is the solution in which plasmid DNA is suspended and administered

via syringe, followed by electroporation. The formulation has a great impact on DNA

stability, polarity, and migration potential. As indicated in the Introduction, this review only

focuses on simple formulations for improving electroporation gene transfer of stem cells and

tissues in vivo because a more complicated formulation was published in the first edition of

this book. These simple formulations will include sodium, the simple cell culture medium

OptiMem, and an additive for this cell culture medium.
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3.1. Sodium

Sodium chloride (DNA in 150 mM saline) is the most commonly used formulation for in

vivo gene electroporation(1). This simple formulation works superbly for electroporation-

mediated gene transfer, increasing the gene expression by a factor of 1,000(2,3,21).

Compared to other complicated formulations, saline is extreme and has been used in human

clinical treatment. A detailed comparison of different sodium chloride concentrations found

that a half-saline solution yields better gene transfer efficiency (a 3-fold increase in gene

expression) via electroporation than a full-saline solution(21). However, further reduction of

the salt concentration induces muscle injury due to the induction of hyperosmotic stress and

electrical injury from low conductivity.

3.2. Formulation for stem cells

Cell-based gene therapy has great potential for treating both incurable diseases and genetic

diseases. Stem cells are the most widely used cell-based gene delivery among many

different types of cell therapies. Stem cells have been tested for the treatment of autoimmune

diseases and cancer and for tissue repair and regrowth(33–35). Among stem cells, adipose-

derived stem cells are an excellent source for cell therapy because they are present in

relatively large amounts in the body, can be harvested and isolated more easily than most

other stem cell lineages, and give rise to a variety of different cell lineages, including

adipocytes, chondrocytes, myoblasts, and endothelial cells(36–38). More importantly,

adipose-derived stem cells possess a homing ability for some cancer cell lines(39), making

them excellent potential candidates for anti-tumor cell therapy.

The current formulation for cell transfer is primarily controlled by Amaxa and is not only

expensive but also secretive. With the use of pluronic-block copolymers in combination with

the cell culture medium OptiMem, a transfection efficiency of up to 40% can be easily

achieved; this combination successfully outperformed the Amaxa buffer, which achieved an

efficiency of 32% (20). The OptiMem buffer alone is also effective in DNA transfer to stem

cells via electroporation. Although the specific composition for OptiMem is not clear, this

formulation is much less expensive and has a long shelf life than the Amaxa buffer.

OptiMem likely contains regular cell culture medium and L-glutamate, because others have

found that glutamate boosts electroporation gene transfer (8,15). Therefore, when using

OptiMem, L-glutamate should be added when the medium is kept longer than 6 months, to

maximize the DNA transfer efficiency via electroporation.

Although several formulations work in vitro, the pluronic-block copolymer family

comprising an internal polyoxypropylene (hydrophobic) chain bordered by external

polyoxyethylene (hydrophilic) chains shows the most consistent promise of boosting

transfection efficiency via electroporation. This statement also applies stem cells although a

slightly different pluronic-blocker polymer should be used to maximize the transfection

efficiency(20).

4. Summary

Electroporation gene transfer was initiated in 1982 in vitro(20). Thirty years later, this

technology has become one of the major vehicles for gene transfer for both in vitro and in
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vivo cases and for both preclinical and clinical non-viral DNA transfer(40). This

achievement is partially due to its simplicity in real practice. With the plasmid DNA vector

improvement discussed in the first section of this chapter, a higher level of gene expression

will be achieved for many therapeutic genes, which will make electroporation useful for

more therapeutic genes that require a high therapeutic threshold.

The primary DNA formulation for in vivo electroporation is physiological saline, and the

primary DNA formulation for in vitro cell culture is the Amaxa buffer. As our brief

discussion of DNA formulation, stuff DNA, and DNA properties indicates, the current

primary formulation may be changed. For example, a half-saline solution could replace the

full-saline solution for in vivo electroporation. The proposed combination of OptiMem

buffer and pluronic polymer is also achievable for in vitro stem cell transfer and provides a

significant benefit in cost reduction over the Amaxa buffer. Therefore, these simple and

practical ideas should be considered when generating GMP materials.
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