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There are numerous reasons that you may want to deliver something into a cell, be
it genetic material in the form of a plasmid or maybe a therapeutic drug. However,
in order to do that, you first have to get it through the cell membrane without
doing permanent harm to the cell - a delicate process and one for which

electroporation is a vital tool. In this article, we will consider what electroporation
is, how it works and how it's used.

What is electroporation?

How does electroporation work? The electroporation machine and
electroporation cuvettes
Example electroporation protocol

Electroporation transformation - Making bacterial competent cells with
an electroporator

Electroporation transfection - Electroporation for eukaryotic cells



https://www.technologynetworks.com/tn/editor/karen-steward?utm_source=363195&utm_medium=pdf&utm_campaign=pdf_lead_conversion
https://www.gnu.org/licenses/fdl-1.3.html

Other uses of electroporation

- In vivo gene therapy

- Irreversible electroporation

- In utero electroporation

- Electroporation vaccine and drug delivery
Common problems with electroporation

What is electroporation?

Electroporation, also called electropermeabilization, is an efficient, non-viral
delivery system that allows genetic material (DNA and RNA), proteins, drugs or
other molecules to enter cells. It uses an accurately pulsed electrical current to
create temporary pores in the cell membrane through which the molecules can
then pass. This process can be used on a wide variety of cells including
mammalian,1 insect,2 yeast,3 plant4 and bacterial cells.s

Once inside, drugs and other molecules may act on the cell. Genetic material may
remain independent (as a plasmid) or become integrated into the host genome
depending on the downstream experimental steps. While electroporation, first
described in 19726 but not named until 1982,z has been used as an in vitro tool for
many years, in 1991, the first in vivo electroporationg was used to deliver genetic
material and it is now being investigated for use to deliver gene and cell therapies
for a range of conditions. Since then, techniques have also been developed to
deliver electroporation in utero in miceg and other experimental animals and in ovo
in chickens and snakes.10

How does electroporation work? The electroporation
machine and electroporation cuvettes

When a cell is able to take up free DNA or RNA, it is termed “competent”. Some cell
types or microbial species, such as Bacillus subtilis,11 are naturally competent and
they can be induced to uptake DNA simply by switching nutrient concentration to
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induce stress. Many cells, however, are not naturally competent or may only
uptake certain material, such as antimicrobial resistance cassettes, under specific
conditions that are complex to reproduce in the laboratory. Chemicals can be used
to induce competence in some species, such as Escherichia coli (E. coli),12 but again,
this does not work for all cell types or microbial species. Instead, the process of
electroporation can make non-competent cells competent and amenable to
experimental manipulation.

For in vitro electroporation, a suspension of target cells is mixed in a conductive
solution with the molecule you wish to introduce into the cells and placed in a
cuvette (Figure 1). Electroporation cuvettes have metal plates on either side of the
sample chamber that allow an electrical current to be passed through the mixture.
The cuvette is placed into a chamber of the electroporator that has corresponding
electrical contacts, enabling the cuvette to form an electrical circuit. Controls on
the electroporation machine allow the user to set the voltage, waveform and
duration of the electrical pulse to be delivered, which should be optimized to the
target cell type. An electrical pulse is then passed through the sample chamber.
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Figure 1: A diagram of the main components of an electroporator with cuvette
loaded. Credit: Richard Wheeler, reproduced under the GNU Free Documentation
license.

The electrical pulse disturbs the phospholipid bilayer of the cell membrane,13
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causing pores to be formed (Figure 2). This occurs asymmetrically with pores
forming first on the anode side of the cell. At the same time, the electrical potential
across the membrane is increased. This drives charged molecules, such as DNA, to
adsorb to the membrane, first on the cathode side of the cell, and move through
these pores and into the celli4 (Figure 3). The cell wall, present in plant cells and
some bacteria, is a major barrier for the movement of macromolecules into cells.
Consequently, protoplasts (cells from which the cell wall has been removed) are
typically used for electroporation,4 15 although methods for electroporation of
cells with the wall intact have been developed.16
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Figure 2: Schematic diagram showing disruption of the cell membrane and pore
formation during electroporation.

After the electrical pulse has passed, the pores begin to reseal.1z The rateis at
which this occurs varies from cell to cell but is typically in the region of milliseconds
to minutes. At this stage, cells are delicate and must be treated carefully until they
have had a chance to divide.
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Figure 3: Schematic diagram showing the steps and associated charges during
electroporation that lead to the introduction of exogenous material into the cell, in
this case a plasmid.

Example electroporation protocol

When establishing an electroporation protocol, it is important to choose
parametersi19 that enable permeabilization while at the same time minimizing
disturbance to the cell membrane to maximize cell viability, experimental
reproducibility and efficiency. Factors to consider include the:

+ waveform
*+ pulse time
+ field strength

Pulses are generally either classed as square wave or exponential decay wave.
Square wave pulses rise rapidly to their set voltage, maintain the level and then
swiftly cut off at the pulse end. With exponential decay waves on the other hand,
the voltage rises rapidly to the target value and is then allowed to decline over
time. Square waves are typically used for mammalian cells, while exponential
decay waves are more often used for bacterial, yeast, insect and plant cells as well
as some types of mammalian cell. While transfection is possible with both
waveforms in the differing cell types, transformation efficiencies tend to be low
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using square waves in bacterial, yeast and insect cells and exponential decay
waves tend to reduce the viability of many mammalian cells.19

The duration of the pulse (normally micro- to milliseconds) can be inputted directly
for square waves. However, with exponential decay waves, this is not a
predetermined value but is impacted by other experimental conditions due to the
nature of the wave. Instead, the pulse length is referred to in terms of the “time
constant” (TC) and is the length of time it takes for the electrical pulse to decay to
a third of its original voltage (Figure 4). Efficiency is typically optimal around a TC of
5.0-5.1 for cells like E.coli, with values of 4.0-5.0 considered fairly normal. However,
efficiency reduces the further from this value it goes. Lower time constants can be
caused by issues like poor quality DNA, insufficient washing or having too dense a
sample of cells. Higher time constants can indicate that the pores have been open
for too long and will likely result in higher cell mortality.
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Figure 4: Graph showing the reduction in voltage of an exponential decay wave
with the time constant (T) indicated where the voltage reaches a third of its initial
value.

If the pulse length is increased, the voltage is typically decreased and vice versa to
help prevent irreparable cell damage.

The field strength is the voltage delivered across the electrode gap and is
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measured in kV/cm. Cuvettes are available with differing gap sizes, so it is
important to take this into consideration when optimizing your voltage. If the
necessary field strength is known, it is possible to calculate the voltage required for
any given cuvette size using the following equation:

Voltage (kV) = Field strength (kV/cm) X Gap size (cm)

Other factors that can impact the field strength required for success include cell
size (with smaller cells typically requiring higher voltages for a given electrode gap)
and temperature (with higher voltages generally required at cooler temperatures).

In contrast to bacterial electroporation, which generally works best with short, high
voltage pulses (hundreds to thousands of volts for micro- to milliseconds),
electroporating cells or tissue from higher organisms often requires milder
conditions.20 Many electroporators offer a selection of preset programs for specific
cell types that have already been optimized.

While for many cell types a single pulse is sufficient, some cell types require two or
more pulses, typically delivered automatically by a multi-electroporator at preset
intervals.

Let's consider an example protocol for bacterial electroporation.

1. Grow a healthy culture of cells. For bacterial strains, mid-exponential phase
cultures that are actively dividing are a good rule of thumb. For some cells,
such as bacterial strains that produce large amounts of hyaluronic acid
capsule, additional enzymes may need to be added to the growth media to
remove the capsule to improve the process efficiency.

2. Cells need to be free of salts as otherwise the current will pass around them
in the solution when the electrical pulse is delivered. Therefore, wash the
cells to remove salts; ice cold 0.5 M sucrose can be a good option. When
pelleting the cells to remove the growth media and washes, treat them gently
and use a chilled centrifuge to minimize cell damage. Once washed, keep
them on ice and gently resuspend in the same sucrose solution.

3. As well as chilling the wash and cells, place the cuvette and substance to be
introduced on ice to keep things as cold as possible.
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4. Pipette the washed cells into the cuvette and gently add the substance to be
introduced, pipetting gently to mix.

5. Before placing the cuvette in the electroporator, ensure it is thoroughly
dried. Even a few drops of water on the outside can lead to an electrical short
circuit that will spoil your experiment (and produce a loud bang!).

6. Deliver the electrical pulse and check the time constant is within the
expected parameters.

7. Add ice cold media to the cells and allow them to warm back up to their
normal growth temperature in the incubator. Try to prevent sudden shocks
as this can increase cell death and reduce the efficiency of your experiment.

8. Once they are warm and actively dividing again (which will depend on the cell
type or strain being cultured), cells can be cultured as normal. At this point,
selective agents to promote growth of cells that have taken up the target
substance over those that have not can be introduced if they are being used.

How To Guide

6 Tips for Optimal Transfection
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While for many cell lines, cooler experimental temperatures can improve cell
survival and experimental success, there are some cells for which this in not the
case.21’ 22 It is therefore important to optimize any protocols to suit your specific
cells.

While electroporation has traditionally been performed on cells in suspension, it is
now also possible to perform electroporation on adherent cells.23 This can be very
helpful when working with cells in culture where it may be desirable to avoid
trypsinization.

Electroporation transformation - Making bacterial competent
cells with an electroporator

There are numerous reasons why it may be desirable to manipulate the genetic
makeup of a bacterial cell. For example, to:

+ Create an engineered strain of a bacterium for a vaccine

+ Elucidate gene function

* Insert a plasmid encoding a tag to allow cells to be tracked

+ Engineer in genes encoding a desirable product in order to use them as mini
protein factories

A key part of many bacterial genetic engineering protocols, however, relies on the
delivery of the modified genetic material into the bacterial cells. For strains that are
not naturally competent, electroporation makes this possible.24 DNA, often in the
form of a plasmid, can then pass into the cells. In bacteria, this process is known as
transformation. A means of selecting for cells that have successfully been
transformed is often incorporated into these plasmids too, such as an antibiotic
resistance gene. Once the cells have been allowed to recover from electroporation,
they may then be cultured in the presence of the selective agent so those that
have not successfully taken up the target DNA are killed off while those that have
survive and replicate. Cells that contain the target plasmid are called
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transformants. Depending on the downstream applications, the plasmid may
remain independent, or steps may then subsequently be taken to integrate the
plasmid into the bacterial genome.
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Electroporation transfection - Electroporation for eukaryotic
cells

While in bacteria, the process of introducing nucleic acids into a cell is termed
transformation, in eukaryotic cells this is termed transfection2s and as with
bacteria can be achieved using electroporation. As well as allowing scientists to
engineer the eukaryotic cells themselveszes or introduce other molecules,
transfection also acts as a means to engineer viruses2z to help understand their
pathogenesis, biology2s and to create modified strains for vaccination purposes.

As cells themselves, bacteria can be electroporated and engineered directly,
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however, the process of genetic engineering is different for viruses. Here, host
cells, such as mammalian or insect cells, are infected with the target virus and it is
these host cells that undergo electroporation to introduce the desired genetic
material to then be incorporated during viral replication.
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Other uses of electroporation

In vivo gene therapy

As with many genetic manipulation techniques, gene therapies29 require a means
to deliver the additional, modified or “fixed” genetic code to their target cells or
inactivate a problematic gene. There are a number of ways of doing this that are
being investigated, including using viral gene transfer, nanoparticles and
electroporation, for the treatment of conditions including inherited retinal
dystrophies.3o
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Irreversible electroporation

While the electroporation we have discussed here is deemed to be reversible
electroporation and the membrane pores formed are transient, irreversible
electroporation has also been used in cancer treatment31 as a technique for the
ablation of solid tumors.32 Like reversible electroporation, a current is applied to
the cells, causing pores to appear in the membrane. However, in this case the aim
is to upset the cell homeostasis, resulting in tumor cell death. There is also
evidence to suggest that the release of intracellular tumor antigens acts as an in
situ “tumor vaccine”, offering a promising immunomodulatory therapeutic aspect
too0.33

In utero electroporation

As a tool to study the development process, the ability to deliver plasmid DNA, for
example encoding marker proteins,34 to specific cells in a developing fetus has
attracted significant attention, especially from the neuroscience community (ref
2).3536 First performed successfully in 2001,9 in utero electroporation has been
used to answer questions about dendrite growth and synaptic connectivity34 and
cell fate and migration during development.3z So far, it has yet to be used to
deliver gene therapy to human fetuses.

Electroporation vaccine and drug delivery

While electroporation is typically associated with delivery of genetic material to a
cell, it can also be used to enable drug and vacciness delivery. This provides access
for large or hydrophobic substances that are otherwise unable to cross the skin
effectively.39 It has been used for dermal and transdermal drug delivery4o41 for
conditions including cancer.42 DNA vaccines43 against anthrax, plague,44 human
papillomavirus (HPV)45 and SARS-CoV-2,46 among others, have also been
developed that utilize this mode of delivery as most mammalian cells are not
naturally competent and direct injection of naked DNA has had limited success.
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Common problems with electroporation

+ Electroporation parameters - Getting the right electroporation conditions4z
can be tricky and requires optimization when working with a new cell line or
strain. If the conditions are too harsh, the cells may be permanently
damaged, reducing cell viability and transformation/transfection rate. Too
mild and it may not create effective pores, also reducing success rates.

+ Buffer conditions - The best bufferaz for your electroporation will vary
depending on your target cells and should be optimized.

+ Quantities of cells and plasmid/component to be introduced into cells -
It is important that appropriate and balanced quantities of cells and the
exogenous material to be introduced into the cells are used. Overly high cell
densities can lead to arcing while too few cells will reduce experimental
success. Too little plasmid/component for introduction into the cells
compared to the number of cells present will also reduce the potential
achievable efficiency. Again, this is something that will need to be optimized.

+ Quality of cells - If the cells being used in the experiment are not in good
condition at the start, this will negatively impact experimental success. Try to
ensure they are healthy, free of contaminants and actively dividing to
improve recovery post-electroporation. Cells of a high passage number may
work less efficiently so should be avoided if possible. Overly vigorous
pipetting can also damage the cells.

+ Quality of nucleotides/components for insertion - Poor quality or
contaminated nucleotide samples will reduce transformation/transfection
efficiency and may reduce cell survival. High salt levels and large plasmids
(over 10 kb) may also reduce experimental efficiency so should be considered
when planning experiments.

+ Care of cells - Cells are delicate following electroporation and must be
treated with care during recovery. Failure to do so will increase cell death.

*+ Arcing - Keeping components on ice is an excellent way to keep them cool
and preserve your cells during the electroporation procedure. However,
failure to completely dry the cuvette before placing it in the chamber will
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likely cause a short circuit, leading to experimental failure and potentially
damaging the equipment. As well as moisture in the chamber, residual salt,
too high a cell density or bubbles, for example from overly vigorous pipetting,
may also cause arcing to occur in the cuvette chamber. Ensure salts are
removed thoroughly, cell densities are optimized - check the manufacturer’s
recommendations for guidance - and when adding and mixing the
components, do so gently. This will help to prevent the introduction of
bubbles and reduce damage to the cells.
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