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Abstract

Background: Gene transfer by electroporation is an established method for the non-viral mediated transfecgon of

mammalian cells. Primary cells pose a particular challenge for electroporation-mediated gene transfer, sinde they
are more vulnerable than immortalized cells, and have a limited proliferative capacity. Improving the gene transfer
by using square wave electroporation in difficult to transfect cells, like bovine fetal fibroblasts, is a prerequigite for
transgenic and further downstream experiments.

Results:Here, bovine fetal fibroblasts were used for square-wave electroporation experiments in which the
following parameters were systematically tested: electroporation buffer, electroporation temperature, pulse voltage,
pulse duration, pulse number, cuvette type and plasmid DNA amount. For the experiments a commercially
available square-wave generator was applied. Post electroporation, the bovine fetal fibroblasts were obseryed after
24 h for viability and reporter expression. The best results were obtained with a single 10 millisecond squate-wave

pulse of 400V using 1@ supercoiled plasmid DNA and 0.3 £ t@lls in 1001 of Opti-MEM medium in 4 mm
cuvettes. Importantly, the electroporation at room temperature was considerably better than with pre-cooledl
conditions.

Conclusions:The optimized electroporation conditions will be relevant for gene transfer experiments in bovipe
fetal fibroblasts to obtain genetically engineered donor cells for somatic cell nuclear transfer and for
reprogramming experiments in this species.

Keywords: Fibroblasts, Electroporation, Transfection efficiency, Square wave pulse

Background temporary depolarization of a cell membrane and the for-
Electroporation is a physical method that can be used formation of pores, which allows the entrance of macromole-
gene delivery characterized kgpplication of brief electric cules. The application of electric pulses is not only used for
pulses to permeabilize the demembrane, and thereby fa- cell permeabilization in vitro for delivery of micro-and mac-
cilitating the uptake of negatively charged DNAL[2]. The romolecules, but is also used in vivo for permeabilization of
application of a potential difference across a membrane idissues during certain specific treatments against cancers
an effective strategy to form transient pores3][ In via electrochemotherapy (ECT) where electric pulses are
principle, cell membranes act as electrical capacitors andapplied to enable entry of non-permeant cytotoxic mole-
the application of a high-voltage electric field results in acules B]. The conventional electroporation is done in
cuvette-style parallel plate setups, where the cell suspension

; Correspondencatitiried.kues@fli.de _ and molecules to-be-delivered are mixed together in the
'\Ilr;zt;ttl;tgto(f;;?r;n;n@nlmal Genetics, Friedrich-Loeffler-Institute, 31535 electroporation buffer betgen two plate electrodes con-
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bulk electroporation B]. Electroporation is viewed as a rational cell type-dependent approach of electroporation,
promising method for intracellular delivery of a wide var- paves the way for getting additional insights into physical
iety of cargos and being relatively efficient as compared tgrerequisites for optimum transfection and better electro-
other methods B, 5]. Fibroblasts are the most preferred poration outcomes P4]. Hence, we hypothesized that
somatic cells in gene transfection studies, since they can bsuch improved transfection performances can be obtained
derived either from fetal or adult tissue sample§][Many with selective interventions at critical steps in the process
authors previously reported the use of electroporation in like choice of electroporation buffer, altering pulse pa-
bovine fibroblasts and in fibroblastoid cells of other mam- rameters, and type of the cuvettes. The hypothesis was
mals as an efficient method of DNA transfection7]l drawn by considering the already established concept of
Though primary fibroblastsare commonly used cells in Maxwell-Wagner polarization, a key parameter for elec-
many studies, they are considered as difficult to transfectroporation, which is an induced transmembrane voltage
cells B]. Till date, few data are available describing thegenerated by an external electric field due to the varia-
optimization of electroporation conditions for bovine fetal tions in electrical properties of cell membrane, cytoplasm,
fibroblasts (BFFs). Cattle is an economically important live-and external medium 25]. Here, the transient expression
stock 9], and increasingly used as a model species for rewas assessed, but a high initial transfer is of course a pre-
search in artificial reproduction 10, 11]. The establishment requisite for a stable long-term transformation.
of somatic cell nuclear transfer (SCNT)1f] allowed the
generation of transgenic and knock-out cattle via the use ofResults
genetically modified fibroblast donor cellsl8, 14]. The re-  Opti-MEM with GlutaMax improves viability of cells
cently developed designer nuclease (ZNF, TALEN andluring electroporation
Crispr/Cas9) were also employed to edit endogenous geneBour different electroporation buffers, Gene Pulser elec-
or knock-in genes-of-interest into bovine primary cells, troporation buffer (Bio-Rad), Opti-MEM (Thermo-
which are subsequently used in animal cloning via SCNTFisher), phosphate buffered saline (PBS), and D10 cell
[15-19]. These examples highlight the importance of effi- culture medium, were tested. The use of Opti-MEM was
cient transfection methods for bovine primary cells. found to result in the best combination of of cell viabil-
In principal, two distinct wave forms of a pulse can be ity and ratio of Venus-positive cells (Fida; Fig.S1, S2
generated in a bulk electroporation setting, exponential Electroporation of bovine fetal fibroblasts with Opti-
decay and square wave(. Whereas both wave forms MEM resulted in 40% vital cells, of which almost half
were used for electroporation, the latter was proven towere Venus-positive. The pulse conditions used in this
be optimal [20] for mammalian cells. Square-wave elec- experiment are 400V pulse for 10 milliseconds in 4 mm
troporators represent the most widely used systems, theyuvettes using 5ig DNA and the entire procedure was
allow to control both voltage and pulse duration, and performed at room temperature.
can produce rapidly repeating pulses. Several factors play
a critical role in optimal transfection during electropor- Concentration of DNA is inversely proportional to
ation. These include pulse amplitude, number, duration, viability
interval between multiple pulses, and cuvette typ2l] Various plasmid concentrations were tested, i.e. 5, 10,
22). The most important factor that determines ionic 15, 20, 3Qug per 100ul electroporation buffer. With in-
strength on the cells and thereby the viability of cells creasing concentrations of DNA, the viability of bovine
post electroporation is the electroporation buffer. It is fibroblasts was decreasing (Figb; Fig.S3. Each of the
recommended to maintain hypo-osmolar conditions higher concentration tested had significantly lesser via-
during electroporation since it enables easier and con-bility as compared to the preceding lower concentration
trolled electroporation R3]. However, some sources rec- of DNA. The optimal DNA amount with respect to via-
ommend iso-osmolar conditions to promote efficient bility and Venus-positive cells was determined to be
DNA uptake and cell viability 18]. 10ug of plasmid, using the parameters single pulse of
>Whereas the gene delivery is the primary aim and pro-300V for 10 milliseconds in 4 mm cuvettes with Opti-
tein expression being the ultimate aim of the transfection, MEM as electroporation buffer. The entire procedure
viability is critical in terms of maintaining critical seeding was performed at room temperature.
density post electroporation. Though there are recent ad-
vances in electroporation technique, like micro- and Optimal pulse duration greatly determines the
nano-electroporation, such novel strategies have not yetransfection efficiency
been demonstrated to supersede the basic cuvette-styl@Vith respect to various pulse durations tested, i.e. 1, 5,
electroporation B]. Hence, in spite of being a well- 10, 20, 30 milliseconds, we observed that an increase in
established technique, there is still a great potential to en-pulse durations resulted in significant decreased cell via-
hance the square wave electroporation outcome. Also, theilities. With a 10 millisecond pulse the viability was
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Fig. 1 Critical parameters for the transfection of BFEfect of electroporation medium (other electroporation conditions: 4 mm cuvette, 1 pulse,
400V, 10 milliseconds, & DNA, room temperature handling). HC, handling control; MC, mock control; EPB, Biorad (Gene Pulser) electfoporation
buffer; Opti-MEM, ThermoFisher medium with GlutaMax; D10, fibroblast cell culture medium; PBS, phosphate buffetefiussiogeof DNA
concentration on transfection efficiency (other electroporation conditions: 4 mm cuvette, 1 pulse, 300V, 10 milliseconds, opti-MEM as
electroporation buffer, room temperature handlimghfluence of pulse duration on transfection efficiency (other electroporation conditions: 4
mm cuvette, 1 pulse, 400V, IPDNA, opti-MEM as electroporation buffer, room temperature handliffjluence of pulse voltage on
transfection efficiency (other electroporation conditions: 4 mm cuvette, 1 puls®&I8A, 10 milliseconds, opti-MEM as electroporation buffer,
room temperature handling). All the values are indicated by mean + SEM. Means bearing different superscripts in upper case differ significantly in
terms of viability, and those bearing different superscripts in lower case differ significantly in terms of fluorescence. Number of replicates =3

found to be about 30% (Fidlc; Fig.2) and the best ratio (Table 1). For multiple pulses the pulse interval was kept
of Venus-positive cells was obtained. The other pulseconstant at 1 ms. The other pulse conditions were 200V
conditions were 400V of single pulse using &g of with 4ug of DNA in 2 mm cuvettes. The entire proced-
DNA with Opti-MEM as electroporation buffer in 4mm ure was performed at room temperature in Opti-MEM
cuvettes. The entire procedure was performed at roomas electroporation buffer.
temperature.

Precooling the cuvettes drastically reduced the
Optimization of the pulse voltage transfection efficiency
With respect to the pulse voltages of 200, 300, 400, 500Previous studies proved that some of the cells are very
V were tested. Increasing pulse voltages correlated dirsensitive to alterations in handling temperature2€q]. To
ectly with an increased ratio of Venus-positive cells, butassess the effect of the temperature, bovine fibroblasts
inversely with cell viability. The optimum pulse voltage were electroporated in parallel at 4°C (cuvettes pre-
was found to be 400V (Figld; Fig.S4). The other pulse cooled on wet ice for 15 min) and at room temperature.
conditions were single pulse of 10 milliseconds usingUnexpectedly, precooling of cuvettes significantly re-
5ug of DNA in 4 mm cuvettes with Opti-MEM as elec- duced viability and transfection efficiency (Tab®. The
troporation buffer. The entire procedure was performed other pulse conditions were 200 V of a single pulse using

at room temperature. 4 ug of DNA in 2 mm cuvettes with Opti-MEM as elec-
troporation buffer. Apart from precooling the entire pro-
Pulse number has no significant improvement on cedure was performed at room temperature.

transfection efficiency

Next it was tested, if the application of more than one Cuvettes with higher electrode gap have better

pulse improved the transfection efficiency. However, notransfection efficiency

significant improvement of the transfection efficiency Next, the effect of the electrode distance on the transfec-
was found if the number of pluses were increasedtion efficiency was studied. Therefore either 2 mm or 4
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Fig. 2 Transfection efficiency in bovine fetal fibroblasts with varying pulse duratibnss,b 5 ms,c 10 ms,d 20 ms. Brightfield, Hoechst 3334p-
stained nuclei, Venus fluorescent cells and merged images are shown. Number of replicates = 3. (other electroporation conditions: 4 mm cuvette,
1 pulse, 400V, 1@ DNA, opti-MEM as electroporation buffer, room temperature handling)

J

mm cuvettes were used. We observed that 4 mm cu-transfection rates of bovine fetal fibroblasts critically de-
vettes had significantly better transfection efficienciespend on the selected square-wave pulse conditions and
than 2mm cuvettes (Table3). The other pulse condi- the used electroporation buffer. Optimized transfection
tions were 200V of a single pulse of 10 millisecondsrates could be achieved not only by fine-tuning the pulse
duration with 4pug DNA with Opti-MEM as electropor-  conditions, but also by altering other critical parameters.

ation buffer. The optimal pulse conditions were a single 10ms
square-wave pulse of 400V in a 4 mm cuvette. Other
Discussion critical parameters were i) the electroporation buffer ii)

Electroporation is a common intracellular delivery the electroporation temperature, iii) and the amount of
method that has been reported to be utilized even for Plasmid DNA. _ _ _
transfecting CRISPR/Cas9 compoundg7]. It has been ~ We observed that the electroporation buffer in which
proven that if the electric field pulse has the appropriate the plasmid DNA was delivered by electroporation
characteristics, the“electroporated cells recover with Played the most critical role. Among the four electropor-
normal functionality [28]. Some reports state the mech- ation buffers, Opti-MEM proved to be the best as it gave
anism of delivery of large molecules like nucleic acidsbetter transfection efficiency and superior cell viability in
entirely depend upon electrophoretic forces provided cOmparison to commercial Bio-Rad buffer, PBS and D10
during the pu|se 29] Here, it was found that the medium. Optl'MEM is a serum-reduced medium and it
contains insulin, transferrin, thymidine, hypoxanthine,

Table 1 Effect of pulse number on transfection efficiency

No of pulses Viability (%) Fluorescence (%Jable 2 Effect of temperature on transfection efficiency
1 65.0 £0.89 7.2+0.26 Temperature Viability (%) Fluorescence (%)
2 60.6 +0.92 6.2+0.18 Room temperature 13.4+0.51 7.3+0.2¢
3 64.8 £0.73 7.8+0.1% 4°C 24+0.22 58+0.1%

Other pulse conditions: 200 V; pulse interval, 1 ms; pulse duration, 10 ms; 2 mmOther pulse conditions: 300 V; 1 pulse; pulse duration, 10 ms; 2 mm cuvette;
cuvette; 4 g DNA; number of replicates =3. The electroporation buffer was 4 g DNA; number of replicates = 3. The electroporation buffer was Opti-MEM
BioRad electroporation buffer with GlutaMax

Different superscript letters indicate significant differenc@®€ 0.05) Different superscript letters indicate significant differenc®€ 0.05)



