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Abstract Knowledge of the parameters which influence
the efficiency of gene electrotransfer has importance for
practical implementation of electrotransfection for gene
therapy as well as for better understanding of the underlying
mechanism. The focus of this study was to analyze the dif-
ferences in gene electrotransfer and membrane electroper-
meabilization between plated cells and cells in a suspension
in two different cell lines (CHO and B16F1). Furthermore,
we determined the viability and critical induced trans-
membrane voltage (ITV.) for both cell lines. In plated cells
we obtained relatively little difference in electropermeabi-
lization and gene electrotransfection between CHO and
B16F1 cells. However, significant differences between the
two cell lines were observed in a suspension. CHO cells
exhibited a much higher gene electrotransfection rate com-
pared to B16F1 cells, whereas B16F1 cells reached maxi-
mum electropermeabilization at lower electric fields than
CHO cells. Both in a suspension and on plated cells, CHO
cells had a slightly better survival rate at higher electric
fields than B16F1 cells. Calculation of ITV, in a suspension
showed that, for both electropermeabilization and gene
electrotransfection, CHO cells have lower ITV, than B16F1
cells. In all cases, ITV, for electropermeabilization was
lower than ITV, for gene electrotransfer, which is in
agreement with other studies. Our results show that there is a
marked difference in the efficiency of gene electrotransfer
between suspended and plated cells.
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Introduction

Gene therapy has the potential to treat several diseases for
which a conventional cure is unlikely to be found. In gene
therapy, DNA or RNA molecules are transferred into living
cells in order to change their biological function for ther-
apeutic purposes (Cavazzana-Calvo et al. 2000, 2004;
Lehrman 1999; Hacein-Bey-Abina et al. 2003). Several
different methods can be used in gene therapy for gene
delivery into living cells. To date, viral gene-transfer
techniques have been the most effective. Recent trial
experiments in the field of HIV treatment using gene
therapy show encouraging results (Mitsuyasu et al. 2009).
However, viral vectors can lead to a strong undesired
response of the immune system (Cavazzana-Calvo et al.
2000). Furthermore, in some cases insertional mutagenesis
(Hacein-Bey-Abina et al. 2003) caused the death of the
patient years after gene therapy was performed. For this
reason, there is a great interest in developing nonviral
gene-transfer techniques such as electroporation for gene
electrotransfer (Ferber 2001; Cemazar and Sersa 2007;
Teissié et al. 2008). Recently, a clinical trial using gene
electrotransfer was reported (Daud et al. 2008), which
showed great potential for the use of electroporation in
gene therapy.

Electroporation (sometimes referred to as “electroper-
meabilization”) as a method of foreign material delivery
into eukaryotic and prokaryotic cells using electric pulses
was first described almost three decades ago (Neumann
et al. 1982). The exposure of a cell to electric pulses of a
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sufficient amplitude and duration leads to a transient
exchange of matter across the electropermeabilized cell
membrane (Neumann et al. 1982; Rols et al. 1998). When
the matter transferred into cells by electropermeabilization
is DNA, this method is called “gene electrotransfer.” Thus,
gene electrotransfer is a nonviral method for delivery of
DNA molecules into cells by means of electric pulses.
Alongside lipoplex transfection, gene electrotransfer is one
of the most promising nonviral methods of gene delivery
and is therefore gaining in importance in the field of gene
therapy (Ferber 2001; Favard et al. 2007; Li and Huang
2000; Parker et al. 2003).

Various in vitro studies of gene electrotransfer have
been performed on different cell lines and showed that one
of the prerequisites for successful gene electrotransfection
and electropermeabilization is the use of an adequate
electric field (E.) at which the induced transmembrane
voltage (ITV) reaches a critical value (ITV,.) (Wolf et al.
1994; Rols and Teissié 1998). The ITV is determined by
the size and shape of the cell as well as by its orientation in
the electric field (Schwan 1957; Weaver and Chizmadzhev
1996; Pucihar et al. 2006). Thus, plated cells may respond
differently to specific sets of electric pulses compared to
cells in a suspension (Valic et al. 2003). Electric pulse
parameters such as pulse amplitude, pulse duration, num-
ber of pulses and pulse repetition frequency affect gene
electrotransfection and electropermeabilization of cell
membranes (Wolf et al. 1994; Pucihar et al. 2002). How-
ever, the main difference between gene electrotransfection
and electropermeabilization is the fact that plasmid has to
be present during exposure of a cell to electric pulses to
obtain gene expression, whereas uptake of small molecules
can also occur after pulsation (Rols and Teissié¢ 1998; Wolf
et al. 1994). Additionally, pulse duration is more important
for efficient gene electrotransfection than number of pulses
(Rols and Teissié 1998; Teissié et al. 2005).

Various cell lines including Chinese hamster ovary cells
(CHO) and mouse melanoma (B16F1) cells in a suspension
have already been compared. These comparisons deter-
mined that different pulse parameters are needed for opti-
mal transfection of different cell lines (Cegovnik and
Novakovic 2004). However, in none of these studies did
the authors analyze both gene electrotransfer and electr-
opermeabilization of plated cells and cells in a suspension
for different cell lines.

The aim of our study was to analyze and compare gene
electrotransfer, electropermeabilization, cell viability and
ITV. in parallel for two cell lines: CHO and B16F1 cells.
We further analyzed the differences between plated cells
and cells in a suspension as well as examined the relation
between gene electrotransfer and electropermeabilization
on CHO and B16F]1 cells on both plated cells and cells in a
suspension.
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Methods
Cell Culture

Two different cell lines were used in our experiments:
CHO-K1 (European Collection of Cell Cultures, Salisbury,
UK) cells and mouse melanoma (B16F1) cells. B16F1 cells
were grown in Eagle’s minimum essential medium
(EMEM) supplemented with 10% fetal bovine serum
(Sigma-Aldrich, Deisenhofen, Germany). CHO cells were
grown in culture medium F-12 HAM (Dulbecco’s modifi-
cation of EMEM) supplemented with 10% fetal bovine
serum and 0.15 mg/ml L-glutamine (Sigma-Aldrich, St.
Louis, MO). A 10 mM isosmolar phosphate buffer
(Na,HPO,)/NaH,PO,4 with magnesium chloride (MgCl,)
and sucrose was used for electroporation.

Plated Cells
Gene Electrotransfer

Both CHO and B16F1 cell lines in the exponential growth
phase were plated in two 24-multiwell plates with a cell
concentration of 2 x 10%well. The plates were placed in an
incubator (37°C, 5% CO,) for 24 h. Before pulsation, the
growth medium was removed and 150 pl of an electro-
poration medium with 10 pg/ml plasmid DNA pEGFP-N1
(Clontech, Palo Alto, CA; 4,649 bp), which expresses green
fluorescent protein (GFP; excitation 488 nm, emission
507 nm), was added. After 2-3 min of incubation at room
temperature, electric pulses were applied using the Clini-
poratorTM device (IGEA, Carpi, Italy). Each well was
treated with four electric pulses of 200 pus with a pulse
repetition frequency of 1 Hz and a specific electric field
amplitude, as described previously (Kanduser et al. 2009;
Pavlin et al. 2010). The amplitudes of the applied electric
fields were 0.3, 0.4, 0.6, 0.8, 1.0, 1.2 and 1.4 kV/cm. The
distance between the electrodes was 4 mm. No electric
pulses were applied to cells in negative control. Cells were
incubated for 5 min to allow cell membrane resealing, then
grown in a cell culture medium for 24 h in an incubator.

After 24 h, the cells were observed under an inverted
fluorescence microscope (Axiovert 200; Zeiss, Gottingen,
Germany) as seen in Fig. 1. Transfected cells (cells
expressing GFP) were determined by observing the cells in
fluorescence images. The total number of cells in the
treated sample was determined by observing the cells in
phase-contrast images. Therefore, the ratio of treated cells
was determined as the quotient of the number of trans-
fected cells and the total number of cells in the treated
sample.

All experiments were repeated six times on different
days. Results from different repetitions of experiments
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Fig. 1 Plated CHO cells under
an inverted fluorescence
microscope: a cells in negative
control sample (£ = 0 kV/cm)
under phase contrast and

b corresponding fluorescence,
c cells exposed to the electric
field (E = 1.4 kV/cm) and

d corresponding fluorescence;
cells expressing GFP

were pooled together and are presented as means =+ stan-
dard deviation.

Cell Electropermeabilization

Electropermeabilization was assayed by propidium iodide
(P, 0.15 mM in pulsing buffer). For electropermeabiliza-
tion, CHO and B16F1 cells were plated in a concentration
of 8 x 10* cells/well. The electric pulse protocol was
almost identical to the protocol used for gene electro-
transfer. The only difference was that three additional
amplitudes (0.1, 0.2 and 1.6 kV/cm) were used for electr-
opermeabilization. Immediately after the growth medium
had been removed from each well, 150 pl of PI was added.
Then, cells were pulsed. After applying the pulses, cells
were incubated for 3 min at room temperature. The
extracellular PI was then removed from wells, and 1 ml of
phosphate buffer was added. No electric pulses were
applied to cells in negative control. The positive control
was determined at a 1.6 kV/cm electric field, where all
cells were permeabilized.

The uptake of PI for plated cells was evaluated with a
spectrofluorometer (excitation 535 nm, emission 617 nm)
(Tecan infinite M200; Tecan, Grodig, Austria) using the
Magellan program (Tecan). The permeabilization percent-
age of treated cells was calculated as the ratio of the
fluorescence intensity of treated cells and the fluorescence
intensity of cells in the positive control.

%Permeabilization

= (Fluorescence intensity of cells subjected
to electric field — Fluorescence
intensity of negative control)
/(Fluorescence intensity of positive control
— Fluorescence intensity of negative control)
* 100 (%)

Cells in a Suspension
Gene Electrotransfer

Gene electrotransfer was performed using CHO and B16F1
cells that were in the exponential growth phase. The cell
suspension was prepared by 0.25% trypsin/EDTA solution
and centrifuged for 5 min at 1,000 rpm (180g) and 4°C
(Sigma-Aldrich, Germany). The cell pellet was resus-
pended in an electroporative medium at a concentration of
2.5 x 10° cells/ml.

Cuvettes with incorporated aluminum electrodes (inter-
electrode distance 4 mm; Eppendorf, Hamburg, Germany)
were used for electric pulse delivery. The volume of the
sample placed in each cuvette was 200 pl. Plasmid DNA
(pEGFP-N1) was added to the cell suspension in a con-
centration of 40 pg/ml. After incubating the DNA with the
cells at room temperature for 2-3 min, electric pulses were
applied to the samples using the Cliniporator. Each cuvette
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was treated with four electric pulses of 200 ps with a
repetition frequency of 1 Hz and specific electric field
amplitude. The amplitudes of the applied electric fields
were 0.6, 0.8, 1.0, 1.2, 1.4 and 1.6 kV/cm. No pulses were
applied on cells in the negative control.

Treated cells were incubated for 5 min to allow cell
membrane resealing and then grown for 24 h in a cell cul-
ture medium in the incubator (37°C, 5% CO,). After 24 h,
cells were trypsinized, centrifuged for 5 min at 1,000 rpm
(180g) at 4°C and resuspended in phosphate-buffered saline
(PBS) at a concentration of 1 x 10° cells/ml.

The percentage of GFP-expressing cells was determined
using a flow cytometer (Coulter EPICS Altra flow cytometer;
Beckman Coulter Electronics, Brea, CA) equipped with a
laser emitting at 509 nm, and 10,000 events were recorded.

All experiments were repeated three times on different
days. Results from different repetitions of experiments
were pooled together and are presented as means =+ stan-
dard deviation.

Cell Electropermeabilization

To evaluate permeabilization of CHO and B16F1 cells in a
suspension, PI was used. The electric pulse protocol was
almost identical to the protocol used for gene electrotransfer.
The only difference was that two additional amplitudes
(0.3 and 0.4 kV/cm) were used for electropermeabilization.
In negative control, no electric pulses were applied. After
trypsinization, cells were centrifuged for 5 min at 1,000 rpm
(180g) at 4°C (Sigma-Aldrich, Germany) and then resus-
pended in an electroporative medium at a concentration of
2.5 x 10° cells/ml.

The volume of the sample placed in each cuvette was
200 pl. Immediately before electric pulse application,
0.15 mM PI was added to the media (at a ratio of 1:100).
Cells were incubated for 3 min at room temperature after
pulses were applied and then centrifuged for 5 min at
1,000 rpm (180g) at 4°C to remove extracellular PI that did
not enter the cells.

The same method that had been used to measure PI
uptake in plated cells was also used here. The only dif-
ference was that the positive control here was determined
at an electric field of 1.8 kV/cm.

Cell Viability

Plated Cells

Viability was determined 24 h after pulsation by counting
cells in phase-contrast images obtained under an inverted
fluorescence microscope. Viability was calculated by

quantifying the ratio between the number of cells in sam-
ples that had been exposed to electric pulses and the
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number of cells in the negative control. Cells in the neg-
ative control were taken as 100% viable.

All experiments were repeated six times on different
days. Results from different repetitions of experiments
were pooled together and are presented as means =+ stan-
dard deviation.

Cells in a Suspension

After pulsation, a concentration of 1.0 x 10* for CHO cells
and 1.2 x 10* for BI6F1 cells was placed into each well
on a 96-well microtiter plate (TPP, Trasadingen, Switzer-
land). Growth medium was added so that the total volume
of each well was 100 pl.

After 24 h of incubation, the cell viability test was
performed using the MTS-based Cell Titer 96® AQueous
One Solution Cell Proliferation Assay (Promega, Madison,
WI). Reagent, 20 pl, was added directly to each well. After
2 h of incubation at 37°C, fluorescence intensity (490 nm
emission wavelength) was measured with a spectrofluo-
rometer. The viability of treated cells was calculated as the
ratio of fluorescence intensity of the treated cells and
fluorescence intensity of cells in the negative control. Cells
in the negative control were taken as 100% viable.

The experiments were repeated three times on different
days, with at least six parallels made for each parameter
each time. Results from different repetitions of experiments
were pooled together and are presented as means =+ stan-
dard deviation.

Cell Size

The average cell size was determined by analyzing phase-
contrast images of nonpulsed cells from each experiment.
The objective magnification was 20x. Image] 1.141o
(National Institutes of Health, Bethesda, MD) was used to
measure the cells in the phase-contrast images. Plated cells
were approximated as a prolate spheroid, and two param-
eters were measured for every cell: the longest diameter of
the cell (Dyh.x) and the longest line that runs perpendicular
to Dpax (Dmin) (Valic et al. 2003). Cells in a suspension
were approximated as a sphere, and the diameter (Dy,s) was
measured for each cell.

More than 20 cells per experiment were assayed. The
values presented are means * standard deviations of at
least six independent experiments.

Determination of E_ and Calculation of ITV,

In order to objectively determine ITV, from graphs, a linear
regression line using Sigmaplot v11 (Systat Software,
Richmon, CA) was fitted to the first three or four parameters
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of transfection (Figs. 2a, 3a) and electropermeabilization
data (Figs. 2b, 3b). The critical electric field, E., above
which transfection and electropermeabilization were
observed was determined as a point where linear fit crossed
the electric field axis.

From experimentally determined E. we calculated ITV,
based on the derivation presented below.

The induced transmembrane voltage for cells in a sus-
pension is given by the Schwan equation for an ideal
spherical cell:

3
ITV:EERcosﬁ (1)

where E is the applied electric field, R is the cell radius and
9 is the angle defined between the applied electric field and
the point vector of the calculation on the membrane (Valic
et al. 2003). ITV. can be obtained by setting R =
%, ¥ =0 (point vector oriented in parallel to the
electric field) and threshold electric field £ = E_:

3
ITVe =7 EcDas (2)
For plated cells, ITV, was calculated for the average
size of cells using the Schwan equation for a prolate
spheroid (Valic et al. 2003):

x + E cos o
—L, 1—-L,

Z

ITV = Esin oy Z (3)
where o is the orientation of the electric field, x and
z represent the plane where the electric field lies and L, and
L, are depolarizing factors. ITV. can be obtained by setting
o = 0 (prolate spheroid oriented in parallel to the electric
field), z = Dy« (average long radius of a cell), E = E. and
depolarizing factor L.:

1 —é? 1+e
LZ —7[Iogl _e—2€:| (4)
where e is

Dmin g
=/l == 5
¢ <Dmax> ( )
Therefore, the equation used to calculate ITV, for plated
cells is

1
ITVC = EcﬁDmax (6)

— Lz
Results

The aim of this study was to analyze CHO and B16F1 cells
in parallel for gene electrotransfer, electropermeabilization,
viability and ITV, in both plated cells and cells in a
suspension.
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Fig. 2 Effect of the electric field on cells in a plated state a on GFP
expression for plated CHO (filled circle) and B16F1 (filled triangle)
cells, b on PI uptake in plated CHO (filled circle) and B16F1 (filled
triangle) cells and ¢ on cell viability for CHO and B16F1 cells.
Dotted lines in a and b represent linear fit (see “Methods” section).
Cells were treated with four pulses of 200 ps duration and 1 Hz
repetition frequency. Values are means of at least six independent
experiments + standard deviation. Please note that the scale in a is
different from that in b and ¢

Plated Cells

In Fig. 2a, the efficiency of gene electrotransfer on plated
cells determined by counting the number of cells that
expressed GFP is presented. We obtained E. = 0.20 kV/cm
for CHO and E. = 0.165 kV/cm for B16F1 cells. In both
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Fig. 3 Effect of the electric field on cells in a suspension a on GFP
expression for CHO (filled circle) and B16F1 (filled triangle) cells,
b on PI uptake in CHO (filled circle) and B16F1 (filled triangle) cells
and c on cell viability for CHO and B16F1 cells. Dotted lines in a and
b represent linear fit (see Methods). Cells were treated with four
pulses of 200 ps duration and 1 Hz repetition frequency. Values are
means of at least three independent experiments =+ standard deviation

cell lines, GFP expression increased to 1.2 kV/cm, where it
reached its maximum at 21 and 26% for CHO and B16F1
cells, respectively.

In Fig. 2b, PI uptake in CHO and BI16FI1 cells as a
function of electric field is shown. In CHO cells, perme-
abilization reached 12% at 0.2 kV/cm, whereas permeabi-
lization of B16F1 cells was already at 30% at the same
amplitude. Results show that, although B16F1 cells exhibit
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higher PI uptake at lower electric fields, both cell lines
reached a maximum saturation level of 100% at the same
electric field of 1 kV/cm. The threshold values (E.) were
0.10 kV/cm for CHO cells and 0.08 kV/cm for B16F1
cells.

If we compare GFP expression with PI uptake on plated
cells for both cell lines, we can see that at the electric field
of 0.3 kV/cm the permeabilization is approximately 30%
for CHO cells and 50% for B16F1 cells, while GFP
expression at the same electric field is only around 2% in
both cell lines.

Furthermore, we compared the cell viability of the two
cell lines (Fig. 2c). The viability of CHO cells started to
decline at field strengths above 0.8 kV/cm, whereas field
strength above 0.3 kV/cm is already damaging for B16F1
cells (Fig. 2¢). Altogether plated CHO cells can withstand
higher electric fields and have an overall better survival
rate than plated B16F1 cells.

Cells in a Suspension

In Fig. 3a, it can be observed that an increase in electric
field leads to an increase in electrotransfection efficiency in
both cell lines. The thresholds are 0.57 and 0.55 kV/cm for
CHO and B16F1 cells, respectively. The transfection effi-
ciency is significantly higher in CHO cells compared to
B16F1 cells. The maximum transfection was achieved at
the maximum field strength of 1.6 kV/cm, and it was around
70% for CHO cells and around 30% for B16F1 cells.

As can be seen in Fig. 3b, the PI uptake for both cell
lines is very similar at lower electric fields. However, at
higher pulse amplitudes B16F1 cells have a higher PI
uptake compared to CHO cells. At an electric field of
1.2 kV/cm, the PI uptake in CHO cells is around 60%,
whereas B16F1 cells are already at the saturation level. The
results suggest that the saturation of PI uptake occurs faster
in BI16F1 cells. The threshold was obtained at 0.44 kV/cm
for CHO cells and at 0.41 kV/cm for B16F1 cells.

We also tested the effect of electric field on cell viability
in a suspension. An increase in electric field (see Fig. 3c) to
1.0 kV/ecm had no effect on the viability of CHO and
B16F1 cells. Above this amplitude, we can see a gradual
decrease in cell survival for B16F1 cells to about 50% at
1.6 kV/cm. For CHO cells, viability was around 80% at the
same field strength.

Determination of Cell Size and ITV,

In Table 1, we present measured diameters for plated cells
and cells in a suspension as well as ITV, for PI uptake and
GFP expression. ITV, was calculated from E. using Eq. 2
(for cells in a suspension) or Eq. 6 (for plated cells), where
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Table 1 Cell size of cell lines
Cell line Plated cells Cells in a suspension

Size (um) ITV. (V) Size (um) ITV. (V)

D hax Dnin GFP PI Dy GFP PI
CHO 46.22 £+ 16.72 23.07 £+ 6.34 ~0.42 ~0.23 12.01 £ 2.63 0.50 0.39
B16F1 40.34 + 23.13 19.68 £ 6.37 ~0.30 ~0.15 15.84 £ 2.79 0.65 0.49

The average size of a cell was determined on phase-contrast images of nonpulsed cells from each experiment. For plated cells two measurements
per cell were taken, whereas one diameter measurement was taken for cells in a suspension. For plated cells ITV, was calculated for an average-
size cell by the equation for prolate spheroid, and for cells in a suspension the equation for a spherical cell shape was used. Values are means of at
least six independent experiments £ standard deviation. Please note that ITV, for plated cells is only a rough estimate due to large variation in

sizes and shapes of plated cells

we assumed that the cells were oriented in parallel to the
electric field (. = 0 and 3 = 0) in order to obtain ITV, of
the cells which permeabilize first.

As can be seen in Table 1, ITV. obtained for GFP
expression in plated cells was 0.42 V for CHO and 0.30 V
for B16F1 cells. ITV, for PI uptake was 0.23 V for CHO
and 0.15 V for B16F1 cells. However, it is important to
note that these results are only a rough estimate of the ITV,
for plated cells due to large variations of cell sizes within
one cell line (Dyax, Dimin)-

For cells in a suspension, ITV, for transfection was
0.50 V in CHO and 0.65 V in B16F1 cells. ITV, for PI
uptake was 0.39 V for CHO and 0.49 V for B16F1 cells.

Discussion and Conclusions

Knowledge of the parameters which influence the effi-
ciency of gene electrotransfer has importance for practical
implementation of electrotransfection for gene therapy as
well as for better understanding of the underlying mecha-
nism. A number of different studies showed that although
successful electropermeabilization is a prerequisite for
efficient electric field—mediated gene transfer (Wolf et al.
1994; Rols et al. 1998; Golzio et al. 2001), the process of
electrotransfection is more complex and involves several
steps: permeabilization, contact of DNA with the cell
membrane, translocation and gene expression (Golzio et al.
2002; Favard et al. 2007; Cemazar and Sersa 2007). It was
also shown that both biophysical parameters (ITV, medium
composition, temperature, fluidity of the membrane, etc.)
as well as biological parameters (state of the cell [plated or
in a suspension], ability to recover after electric pulses,
etc.) determine the efficiency of gene electrotransfer
(Neumann et al. 1989; Rols et al. 1998) in vitro. In vivo,
additional aspects are important, such as extracellular
matrix, which hinders plasmid mobility and tissue inho-
mogenity that affect local electric field distribution (Gehl
et al. 1998; Zaharoff et al. 2002; Corovic et al. 2008;
Hojman et al. 2008).

A variety of studies (Wolf et al. 1994; Rols et al. 1998;
Rols and Teissié 1998) also analyzed the relationship
between electropermeabilization and gene electrotransfer.
However, none of these studies compared and analyzed
electropermeabilization and gene electrotransfer on plated
cells and cells in a suspension in parallel. In this study we
therefore focused on comparing plated cells and cells in a
suspension. We analyzed the relation between electroper-
meabilization (PI uptake) and gene electrotransfer (GFP
expression) on plated cells and cells in a suspension for two
cell lines: mammalian CHO and mouse melanoma (B16F1)
cells.

Furthermore, we calculated the ITV. obtained from
experimentally determined critical electric fields (E.) for
uptake of PI (permeabilization) and expression of GFP
(transfection) (see Table 1) using Egs. 2 and 6.

Marked differences were observed between plated cells
and cells in a suspension. In plated cells, results for
electropermeabilization and transfection were similar for
both cell lines. However, in a suspension, significant dif-
ferences between the two cell lines were observed. CHO
cells exhibited a much higher transfection rate compared to
B16F1, while B16F1 cells reached maximal permeabili-
zation at lower electric fields than CHO cells. For both
plated cells and cells in a suspension, CHO cells had a
slightly better survival rate at higher electric fields than
B16F1 cells.

It is also important to note that, due to a much more
homogeneous cell size in suspension, it is much easier to
obtain a higher transfection rate in a suspension compared to
plated cells. Furthermore, two parameters were determined
by measuring cell sizes: ITV. for Pl and ITV, for GFP. ITV,
was calculated by Eqgs. 2 and 6 from experimentally deter-
mined E.. The E_ values for PI uptake and GFP expression
were different, which can be partially explained by the dif-
ference in the size of molecules used. Moreover, gene elec-
trotransfer is a much more complex process compared to
diffusion of small molecules such as PL

In plated cells, the E, was found to be similar for both
cell lines: around 0.2 kV/ecm for GFP expression and
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around 0.1 kV/cm for uptake of PI. However, due to a large
standard deviation of measured radii of plated cells, the
ITV, values are only rough estimates. As already demon-
strated (Pucihar et al. 2006; Towhidi et al. 2008), exact
ITV, for plated cells should always be calculated only for a
specific cell. Otherwise, large errors are obtained due to
large variations of cell sizes, shapes and orientations.

In a suspension, however, cells have a spherical shape
with a much smaller deviation in size; therefore, ITV, can
be determined more accurately. Both ITV, for PI and ITV,
for GFP were lower for CHO cells compared to B16F1
cells, which agrees with values obtained from measuring
electric conductivity during the electric pulses (Pavlin et al.
2005). Together with the observation that viability is
comparably better in CHO cells, we can thus explain why,
in a suspension, CHO cells are “easier” to transfect com-
pared to B16F1 cells. Although it may be easier for small
molecules to penetrate B16F1 cell membranes, CHO cells
in a suspension are better at handling other factors of the
complex procedure responsible for overall better transfec-
tion. In general, higher gene expression can be obtained in
cells which are in a better physiological state.

Furthermore, when analyzing the ITV, values presented
in Table 1, we found that, in all cases, the E, and ITV,
values for electropermeabilization were smaller than those
for gene electrotransfer. This confirms that permeabiliza-
tion is a crucial step for successful gene electrotransfer,
though not sufficient.

Our results again demonstrate that, even though electr-
opermeabilization is a prerequisite for successful gene
electrotransfer, there is no direct relation between the
efficiency of electropermeabilization (uptake of PI) and the
efficiency of gene electrotransfer (expression of GFP), as
already shown in another study (Rols et al. 1998).

Our results also suggest that cells in a suspension or
plated cell respond to electric fields quite differently and
that there is no simple relation describing the rate of
transfection or permeabilization between plated cells and
cells in a suspension. Results in vitro are usually used for
optimization and analysis of parameters in vivo; therefore,
it is important to use plated cells, which are more similar to
cells in tissue (realistic shape), compared to cells in a
suspension, which have an ideal spherical shape and
homogeneous cell size distribution.

To conclude, electropermeabilization and gene electro-
transfer are both threshold phenomena, where critical
electric field depends on several parameters. Our results
demonstrate that there is no simple rule which would
enable us to extrapolate results from electropermeabiliza-
tion to the efficiency of gene electrotransfer. Furthermore,
comparison between plated cells and cells in a suspension
indicates that plated cells behave rather differently from
cells in a suspension, which can be partially explained by

@ Springer

the large distribution of cell sizes and shapes. The observed
differences between plated cells and cells in a suspension
can be explained using the results of other studies, where it
was shown that the cytoskeleton has an important role both
in permeabilization (Rols and Teissié 1992), where it
affects the resealing of the cell membrane, and in trans-
fection (Vaughan and Dean 2006), where it is involved in
intracellular plasmid trafficking. When comparing CHO
and B16F1 cell lines, we obtained similar transfection and
permeabilization in plated cells. However, in a suspension,
CHO cells exhibited higher transfection rate compared to
B16F1 cells, while B16F1 cells were “easier” to permea-
bilize (higher permeabilization rate at lower electric fields).
Calculations of ITV, in a suspension showed that CHO
cells have lower ITV, than B16F1 cells for both perme-
abilization and transfection. In plated cells, the distribution
of sizes is so large that we can only estimate that ITV,
values are similar. However, further studies are necessary
in order to understand the relationship between phenomena
observed in vitro in a suspension and in plated cells.
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