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Abs tract: Electro po rati on is a wi de ly used method for the de li ve ry of lar ge and char ged mo le cules like
DNA into the cells. Although the pre ci se me cha nism is not clear, for mati on of transi ent po res in the
cel lu lar mem bra ne ena bles the transfer into both, pro ka ry o tic and eu ka ry o tic cells. A wide ran ge of
pro to cols with va ry ing voltage, pul se du rati on and other pa ra me ters su its to vir tu al ly all con di ti ons.
Re cent advan ces in the field inclu de the use of high-through put in vit ro electro po rati on with cuvet tes in a 
96-well micro pla te for mat and in vivo ap pli cati ons. Non-vi ral gene the ra py vec tors ap plied in vivo with
electro po rati on into muscle cells are now even mo ving to the cli ni cal use. 
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1. In tro ducti on

Trans fer of sub stances through the plasma mem brane can be achieved by the cell via ac tive
or pas sive trans port with the use of pumps, chan nels or sim ple dif fu sion. In con trast to the
va ri ety of pos si bil i ties a cell pos sess, it proved quite dif fi cult to get ex og e nous mol e cules
into cells that do not take them on their own. In gen eral, chem i cal and phys i cal meth ods can 
be dis tin guished. Liposomes, poly mers like polyethyleneimine or poly eth yl ene gly col and
other chem i cals have been proved as ef fec tive in en abling lipofection or other forms of
transfection with ther a peu tic mol e cules or mark ers [1]. 

How ever, in sev eral ap pli ca tions, the most com monly used ap proach is based on the
ef fects of the elec tro-mag netic field on the cel lu lar mem brane called electroporation [2].
Prin ci ple steps in the electroporation pro cess are shown in Fig. 1.

2. Prin ci ples and ap pli cati ons of electro po rati on

The dis cov ery of the elec tric ef fect at cells opens new op por tu ni ties of trans fer of sub -
stances through the plasma mem brane. First ex per i ments were fo cused only on small mol -
e cules e.g. su crose, dyes. It was found out later that, with the right volt age and du ra tion, it
is pos si ble to trans port such huge mol e cules as DNA into cells. A new way for gene ther -
apy was opened up. That was pos si ble be cause of the dis cov ery of the square wave pulse
gen er a tor, which re places the ex po nen tial wave pulse. Pulse am pli tude and length could
be set sep a rately at the new square wave pulse gen er a tors.
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Firstly, what should be un der stood un der the term electroporation? Ap prox i ma tion
needs some imag i na tion. A bal loon full of he lium has a spe cial abil ity – it can re pair its
sur face. So if some thing goes through it, the sur face re pairs it self in a given time. If we
want to get small ob jects into the bal loon, we can use a bow and an ar row. If the bow is
strong enough, the ar row will fly through the bal loon and make two holes in the sur face.
For a short time it is pos si ble now to get small ob jects in side. The bal loon is a cell, its sur -
face is the mem brane and the bow is the volt age be tween elec trodes of the pulse gen er a tor. 
The ar row rep re sents the elec tro mag netic pulse that gen er ates the holes – pores in the plasma
mem brane. Time needed to re pair the sur face is the time of mem brane re cov ery. Now a days,
pro to cols are avail able to in tro duce large mol e cules and com plexes into cells [3]. 

These four pa ram e ters are im por tant for in vi tro electroporation and are in cluded in
pro to cols. Cell size – larger ra dius of a cell means a higher po ten tial needed. Tem per a ture
– mem brane re cov ery is strongly af fected by tem per a ture. Ma nip u la tion with cell af ter
pulse – it is not rec om mended to ma nip u late with the sam ple dur ing the first 15 min utes af -
ter electroporation. Com po si tion of elec trodes and me dium – these af fect the elec tri cal ca -
pac ity, and, thus, the cur rent flow. In ad di tion, dur ing long pulses parts of the elec trodes
can break down and dam age the sam ple. 

Al though the range of ap pli ca tions of electroporation is wide, the trans fer of DNA is
the most com mon use of this tech nique. DNA mol e cules, usu ally plasmids, are large and
charged, what makes the trans fer chal leng ing. In crease in the pulse time and volt age can
over come this hur dle. In ter est ingly, cal cium ions seem to de crease the ef fi ciency of
electroporation-me di ated DNA de liv ery in vivo [4]. The elec tro pho retic move ment of
DNA with a neg a tive charge in the elec tro mag netic field can fur ther im prove the trans fer
ef fi ciency both, in vi tro and in vivo. Cur rently used pro to cols for in vivo electroporation
sug gest a 3-times change of the cur rent di rec tion by swap ping the elec trodes (Fig. 2).

It is cru cial for some in vi tro ap pli ca tions to have the pos si bil ity to up scale the pro cess
of transfection to a high-through put level. Prep a ra tion of se quence li brar ies, in vi tro evo -
lu tion and se lec tion, transfection of bac te rial col lec tions or transfection un der vari able
con di tions, all these tech niques can be done with the use of microplate-based cuvettes
[5, 6]. The 96-well for mat be came avail able on the mar ket few years ago and it saves a lot
of time and hand-work in labs us ing the pre vi ously men tioned meth ods. In com bi na tion
with au to matic pipetting sta tions and cen tri fuge ro tors ca pa ble of microplates ex per i -
ments that took weeks, it can now be done within one work ing day.

It has sev eral ad van tages in com par i son to al ter na tives like lipofection or the use of bi o -
log i cal vec tors elec tro-poration. It is sim ple, safe and re quires vir tu ally no consumables ex -
cept for the elec trodes that can be re cy cled in case of need. An im por tant fac tor for choos ing
electroporation is the flex i bil ity, as there is a wide range of pro to cols avail able for any ap pli -
ca tion. Last but not least, the use of vi ral vec tors or chem i cal transfection in cludes ad min is -
tra tion of for eign pro teins, chem i cals that in duce a spe cific im mune re sponse if ap plied in
vivo. Immunogenicity, how ever, means dif fi cul ties with re peated ap pli ca tion, which is not
the case with electroporation, as it in duces very lit tle in flam ma tion even when tar get ing sen -
si tive or gans like the lung [7]. On the other hand, elec tro-poration is rel a tively harsh to cells
and tis sues. De spite op ti mi za tion of the used pa ram e ters, in vi tro and in vivo the price for
high transfection ef fi ciency is a high cytotoxicity. De pend ing on the ap pli ca tion, this might
be an is sue and a rea son for us ing an al ter na tive ap proach. 
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Fig. 1. Step-by-step di a gram of the pro cesses on the cell mem brane dur ing electroporation.

Fig. 2. Transfection of a cell us ing ex og e nous DNA with elec tro pho retic move ments dur ing 3 elec tro-
poration pulses with chang ing the cur rent di rec tion by swap ping elec trodes.



Electroporation is a method of choice for the transfection of bac te ria with plasmid
DNA [8]. How ever, the use of non-vi ral vec tors with low transfection ef fi ciency per se,
stim u lated the de vel op ment of nu mer ous in vivo pro to cols. Most of the pro to cols and
elec trodes are de signed for electroporation of mus cle tis sue. Spe cific or gans like the kid -
ney can also be electroporated [9]. In ter est ingly, for the treat ment of re nal fi bro sis, even
adenoviral vec tors were electroporated into the re nal cor tex [10]. Al though elec tro-
poration in vivo seems to be rather re gion ally se lec tive, it has been shown in the kid ney
that tis sue se lec tiv ity can also be achieved with glo mer u lar ex pres sion of electroporated
transgene ap plied in tra ve nously [11]. An im por tant ap pli ca tion of in vivo electroporation
is the DNA vac ci na tion with sev eral clin i cal tri als cur rently on go ing [12]. In DNA vac ci -
na tion, but also in gene ther apy ap proaches, low amount of ad min is tered DNA is pref er a -
ble and electroporation-based in vivo ex per i ments have shown, that the need for DNA is
much lower in com par i son to other non-vi ral ap proaches [13].

The fu ture of electroporation is dif fi cult to pre dict. The current in crease in in ter est in
gene ther apy sug gests that this tech nique might find its way to rou tine clin i cal med i cine.
The main field of ap pli ca tions will surely be in the ex per i men tal re search with novel ap -
proaches be ing dis cov ered like the postnatal cre ation of knock-outs us ing electroporation
of the re spec tive con structs very early in life [14].
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