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ABSTRACT Electric parameters, osmolality, temperature, and pH of the suspending medium and the growth phase of cells, etc., are
known to influence the efficiency of the pulsed electric field (PEF)-induced DNA transfection of cells. PEF-induced transfection of
Escherichia coli JM1 05 by plasmid DNA PUC18, PUC19, PBR3, and PMSG has been used as a model system to establish quantitative
relationships between these parameters and transfection efficiency. The main findings are summarized for experiments using unipolar
square wave PEF. (a) For a given field strength (up to 6 kV/cm), the transfection efficiency (TE) was linearly dependent on the pulse width
(up to 1 ms). (b) When field strength is fixed, Log [TE] correlated with the number of pulses applied. Similarly, when field duration was
fixed, Log [TE] correlated with the number of pulses. (c) In the absence of MgCI2, TE showed a maximal value at 50 mM sucrose and was
reduced by several fold at lower and higher sucrose concentrations. Cell survival was nearly constant in the range 1-300 mM sucrose.
(d) E. coli in the early and mid-exponential growth phases was more susceptible to PEF for DNA transfection than it was in the stationary
phase. (e) For a given set of electric parameters, TE was the highest at neutral pH and was greatly reduced at acidic and alkaline pH. ( f )
Increasing the temperature from 0 to 370C resulted in the reduction of TE by three orders of magnitude. This could reflect a rapid
shrinking of pores at higher temperatures. (g) TE was inversely proportional to the square of the size of the plasmid DNA. By adjusting the
above parameters to optimize transfection, a TE of 1010 1ug-1 DNA (PUC18) has been recorded. Further improvement in percent cell
transfection may be expected by a more exhaustive search of conditions than the present study has done.

INTRODUCTION
Pulsed electric fields (PEF) of intensity, in kilovolts per
centimeter and of duration in microseconds to millisec-
onds, when applied to cells in suspension, are known to
cause many membrane phenomena; among these are
changes in membrane permeability, induction of mem-
brane fusion, insertion of molecules into lipid bilayers,
appearance of large-scale morphological changes of cell
membranes, and in severe cases, leakage of cytoplasmic
contents and cell death (1, 2). A generally accepted term
describing these effects ofPEF on cells is electroporation
(1-3). One important application of the electroporation
is the introduction of foreign genes into living cells.
Loading of SV40 DNA into erythrocyte ghosts was re-
ported by Auer et al. (4) in 1976. The use of PEF for
DNA transfection of the mouse L cells was reported by
Neumann and co-workers (5, 6), who have shown that
the loaded thymidine kinase gene was expressed. With
its high efficiency and ease of use, the PEF method has
quickly gained acceptance in many molecular biology
laboratories for the routine DNA transfection of cells.
Some examples ofthese applications are the transfection
of mammalian cells (7-9), plant protoplasts (10-12),
yeast spheroplasts (13), and bacteria (14-18).
Gene transfer into cells by PEF apparently is due to

the transient permeabilization of the cell membranes (1,
2, 19-22). For efficient transfection, different forms of
PEF have been tested. These PEF included rectangular
single polarity (dc) pulses (17, 18), exponentially decay-
ing dc pulses (5, 6), dc shifted oscillatory fields (23), and
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alternating electric fields (ac) (18, 24). Each waveform
has advantages and disadvantages. For example, trans-
fection by dc shifted oscillatory electric pulses or ac fields
produces less cell death than other forms of dc pulses
under conditions that give similar TE. However, oscillat-
ing fields generally require a longer exposure time than a
dc field, and the temperature perturbation is conse-
quently greater. In addition to waveforms, electric pa-
rameters and other factors also affect efficiency of trans-
fection and cell survival (1, 21, 22).

Despite the widespread application of the PEF
method, relatively few studies are aimed at understand-
ing mechanisms of electric field-induced DNA transfec-
tion (17, 18, 25, 26). There are several crucial questions
that continue to confound investigators. First, DNA
used in these experiments have high molecular weights
in the range ofseveral millions. How can such large mole-
cules enter a cell without eliciting some leakage of cyto-
plasmic macromolecules? Second, are there different
pathways in which DNA transfer can be accomplished
when PEF of different characteristics are employed?
Third, how would the topology ofDNA affect the trans-
fection? Are differences in transfection efficiency (TE) a
result ofDNA entry, integration, or expression? Our pre-
vious study has shown that the TE of electric transfec-
tion correlated with the amount of DNA bound to the
cell surface, implying that surface binding is required for
the PEF-induced DNA entry (17). Furthermore, DNA
added in the absence ofan electric field could also trans-
fect, implying that electrophoresis ofDNA, while possi-
ble, is not a prerequisite for transfection ( 17). It was also
shown that an ac field of amplitude one-tenth that is

28 0006-3495/92/07/028/07 $2.00 Biophys. J. © Biophysical Society

Biophys. J.6 Biophysical Society
Volume 63 July 1992 28-34

28 0006-3495/92/07/028/07 $2.00



required for electroporation of cell membranes can also
promote DNA transfection, suggesting the existence of
alternative pathways for DNA entry (18). This study at-
tempts to clarify factors affecting transfection efficiency.
Further study will examine how DNA of different topo-
logies may affect the transfection efficiency by the PEF
method.

MATERIALS AND METHODS

Instruments
The set up for electric DNA transfection has been described previously
( 17-20). Basically, it consists of a high voltage generator (model 605P;
Cober Electronics, Stamford, CT), and a cylindrical sample chamber
with two platinized platinum electrodes in contact with the cell suspen-
sion. The two electrodes sit on two hollow stainless steel blocks,
through which cooling water circulates to control the chamber's and
hence the sample's temperature. The distance between the electrodes is
adjustable between 0.1 and 0.5 cm, and the volume of the sample is
30-500 ,IA. In most cases, an electrode distance of0. 15 cm and a sample
volume of 50 l were used. The high voltage generator can deliver PEF
ofup to 2.2 kV, in different waveforms, with a width of 100 nsto 10 ms,
either in single pulse or in sequence, with offduty duration of 100 ms or
longer between two pulses. This study used only PEF ofthe rectangular
waveform. The rise time of the electric pulse was - 30 ns. The wave-
form and the amplitude ofa PEF across the two electrodes were directly
monitored and displayed on a storage oscilloscope (model 5103; Tek-
tronix, Beaverton, OR). The initial temperature of the sample was
3-5°C. After an electric pulse, the temperature could increase tran-
siently, but it never exceeded 5°C. The temperature returned to the
initial value in <2 s, as was monitored by a microthermistor probe with
a time constant of 0.1 s. When multiple pulses were used, the time
interval between pulses was 3 s.

Preparation of cells and plasmid DNA
E. coli strain JM 105 was grown in Luria Bertani (LB) medium, which
contained 10 g bacto-tryptone, 5 g bacto-yeast extract, and 5 g NaCl per
liter, with vigorous shaking at 370C. The overnight culture grown to
stationary phase was diluted 100 times into LB medium and grown to
mid-log phase (specific optical density at 600 nm of 0.7-0.9, or cell
density of 2-8 x 108 ml-') under normal conditions. For investigating
effects ofgrowth phase on transfection efficiency, cell suspensions with
optical density between 0.3 and 4.5 (cell density - 5 x I09 ml-') were
used for experiments. The cells were harvested and centrifuged at 400 g
for 10 min at 40C and washed twice with an appropriate electropora-
tion medium (EM medium), which contained 2.5 mM MgCl2, 30 mM
sucrose, 1 mM Tris-HCl, pH 7.4. Cells were resuspended in the EM
medium at a concentration of 1-2 x 10'0 ml-' and kept on ice be-
fore use.

Plasmid PUC'8, PUC'9, PBR322, and PMSG were obtained from
Pharmacia LKB Biotechnology, Inc. (Piscataway, NJ). They were di-
luted to an appropriate concentration in a medium (TE medium),
which contained 10 mM Tris-HCl and 1 mM EDTA.

Electroporation and assay for
transfection efficiency
An appropriate amount ofDNA stock solution was mixed with a cell
suspension to give a final DNA concentration of0.1 ng to 10 ,g/ml and
a cell concentration of 106 to 101" ml-' and was vortexed for 15 s. The
mixture was incubated on ice for 5 min. 50 MI ofcell-DNA mixture was
transferred into the electroporation chamber, which was maintained at
4°C, and treated with 1-10 pulses ofunipolar PEF ofrectangular wave-
form, ofamplitude up to 12 kV/cm and ofduration between 30 As and

10 ms. After the PEF treatment, the sample was immediately trans-
ferred to a 1.5-ml test tube that contained 500 ,ul of LB medium and
incubated at 37°C for 30 min. After dilution by 10- to 10,000-fold,
appropriate aliquots, usually 100 ,ul each, were subsequently plated in
solid culture medium. The solid culture contained 15 g agar, 50 mg
ampicillin, and 25 mg streptomycin per liter in the LB medium. When
cell survival was to be examined, ampicillin was omitted from the cul-
ture. After overnight incubation at 37°C, colonies were counted. The
TE was defined as the number oftransformants, or colonies, per micro-
gram DNA. The corrected transfection efficiency (CTE) was defined as

the transfection efficiency divided by the percentage of cell survival.

RESULTS

Dependence of transfection efficiency
on electric parameters
Data in Fig. 1 A show the transfection of E. coli treated
with a single PEF of varied intensities and durations by
the plasmid PBR322. Log [TE] and percent cell survival
are plotted versus field strength for PEF ofthe durations
40 ,us, 200 ,s, 1 ms, and 5 ms. The highest TE was ob-
tained with PEF of 5-ms duration (TE of 3 x 108 Ag-I
DNA at 4 kV/cm), although in this case cell survival
waned abruptly above 4 kV/cm. Cell survival was nearly
100% for PEF for shorter than 200 ,us. This result was
confirmed by a similar experiment in which transfection
was done by varying the pulse width of the PEF (Fig. 1
B). Cell survival was nearly 100% for PEF of<200 Ms up
to 6 kV/cm. Log [TE] versus log (pulse width) was linear
for pulse width of shorter than 1 ms for the intensity up
to 6 kV/cm. Multiple application of PEF increased the
TE. Log [TE] versus pulse number was linear up to 4
kV/cm when the pulse width was 1 ms (Fig. 1 C). Fig. 1
D shows a similar experiment done with varying field
strengths.

Effect of osmolality
The osmolality of the suspending medium appeared to
have a pronounced effect on the efficiency of PEF-in-
duced transfection ofE. coli only when Mge was absent.
The experiment shown in Fig. 2 used a 1-ms PEF of 8
ky/cm. Sucrose was used to adjust the osmolality of the
suspending medium. Under these conditions, the maxi-
mal TE was obtained at 50 mM sucrose. Cell survival
(75%) was unaffected in the entire range of sucrose con-
centrations used (1-300 mM). The TE at 50mM was 107
Ag-' DNA, approximately fivefold greater than the TE at
300 mM sucrose. In the presence of 2.5 mM Mge, TE
was much higher, 5 x 108 Mg-1 DNA, as expected (17),
but it was insensitive to the change in the osmolality of
the suspending medium (data not shown).

Dependence on types of plasmid DNA
PEF-induced transfection was more effective for PUC18
and PUC'9, less effective for PBR322, and least effective
for PMSG. Fig. 3 compares TE of these plasmid DNAs
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FIGURE I Effects of electric parameters on pBR322 transfection of E. coli JM 105. (A) Dependence of log [TE] on the field strength of PEF. The
concentration of cells in the sample was 1.2 X 10'0 ml-', and DNA was 10 ng/ml. The electroporation medium contained 2.5 mM MgCl2, 30 mM
sucrose, I mM Tris-HCl buffer, pH 7.4. The temperature ofthe sample was maintained at 4°C. After the application ofa single rectangular PEF, the
temperature increased transiently (- 1 s), but the increase never exceeded 5°C. The pulse durations were 5 ms, 1 ms, 200 ,s, and 40 ,s for curves a,
b, c, and d, respectively. The corresponding curves (-- -) for percent cell survival are given in curves a', b', c', and d'. The left ordinate indicates
logarithm ofthe transfection efficiency and the right ordinate the percent cell survival. (B) Dependence oflog [TE] on pulse width ofPEF. The field
strengths were 6, 4, 3, and 2 kV/cm, respectively, for curves a, b, c, and d. The corresponding curves --- -) for percent cell survival are given in
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different durations. The durations for curves a, b, and c were 5 ms, 1 ms, and 200 ,s, respectively. The corresponding curves (-- -) for percent cell
survival are given in a', b', and c'. (D) Dependence of log [TE] on number of electric pulses (1-ms duration) of different strength. The strengths for
curve a, b, and c were 6, 4, and 2 kV/cm, respectively. The corresponding cell survival curves are given in a', b', and c'.
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mid-log phase of growth was 2.5 orders of magnitude
greater than that of cells grown overnight.

75

0

FIGURE 2 Effect of osmotic pressure of medium on transfection effi-
ciency. Materials and experimental conditions used were identical to
those specified in Fig. 1, except that here the media contained 1-300
mM, instead of 30 mM, of sucrose and MgCl2 was omitted. A single
8-kV/cm PEF of 1-ms duration was applied to each sample. The per-
cent cell survival is given in the broken line. In the presence of 2.5 mM
of MgCl2, the TE was much higher (5 x 1O8 ,ug-' DNA) and was not
altered significantly by the change in the osmolality of the medium.

under an identical set of electric parameters and solvent
conditions. PUC"8 and PUC'9 DNAs are slightly differ-
ent in sequences but with an identical molecular weight
(2,686 base pair [bp], 1.6 x 106 mol wt). The TE was
identical for these two plasmids. TE was nearly one order
of magnitude greater for PUC'8 and PUC'9 DNA than
that for PMSG (7626 bp, 4.7 x 106 mol wt) DNA. Inter-
mediate TE was obtained for PBR322 (4,362 bp, 2.2 X 106
mol wt). The likely cause of these differences in TE will
be discussed.

Dependence on growth phase of E. coli
Cells at different phases of growth responded differently
to PEF treatment. Fig. 4 A shows that TE reached a max-
imal level when cells in the mid-log phase ofgrowth were
used for experiment. Generally, the mid-log phase was
reached in 2 h, and by 4-6 h the cells reached the
stationary phase. TE declined by more than one order of
magnitude for cells in the stationary phase. Cell resis-
tance to PEF treatment followed the opposite trend of
the TE curves, i.e., cells in the mid-log phase were most
susceptible to PEF and became more resistant to PEF in
the stationary phase. In this experiment, a single PEF of
8 kV/cm and of 1-ms duration was used. Fig. 4 B exam-
ines effects of field strength on cells harvested at different
phases of growth. As is shown, the TE for cells in the

Other experimental parameters
For a given cell concentration, 1010 ml-', the number of
cells transfected increased linearly with DNA concentra-
tion (Fig. 5 A, open circles). This being the case, the
transfection efficiency, expressed as number of transfor-
mant per microgram of DNA, remained relatively con-
stant for the DNA concentrations in the range 0.1 ng/ml
to 10 ,ug/ml (Fig. 5 A, closed circles). Contrary to this
observation, when DNA concentration was kept at 10
ng/ml, the transfection efficiency increased proportion-
ately with increasing cell concentration (Fig. 5 B).
Temperature can increase lipid fluidity and facilitate

resealing of electropores (2, 3). Its effect on transfection
efficiency is shown in Fig. 6. TE decreased dramatically
as the temperature for electroporation increased. Al-
though the cell survival rate was also reduced, the decline
in TE cannot be accounted for by the decrease in cell
survival. The CTE showed a similar tendency to that of
the TE curve. CTE decreased more than three orders of
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FIGURE 3 PEF-induced transfection of E. coli JM 105 by different
plasmids. The medium composition was identical to that of Fig. 1. The
concentration of cell was 2 x 100' ml-1 and ofDNA was 10 ng/ml for
PUC'8 and PUC'9, 16 ng/ml for PBR322, and 28 ng/m for PMSG. This
maintained the DNA/cell ratio at a constant value of 0.18. A single
rectangular PEF of 1-ms duration and of varied field strength was used.
Curve a was for the PUC'8 DNA (0) and PUC"9 DNA (0). Curves b
and c were for the pBR322 DNA and PMSG DNA, respectively. The cell
survival curve is represented by the broken line.
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FIGURE 4 Transfection efficiency for cells harvested at different phases ofcell growth. (A) Effects ofgrowth phase. Cells harvested at different times
after inoculation were treated with a single 8-kV/cm to 1-ms PEF. Data in the broken line show the cell density in the liquid culture. Logarithm of
TE (*) and ofCTE (0) were plotted versus the growth time. Other experimental conditions were identical to those ofFig. 1. (B) Dependence on field
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109 ml-'), and 14 h (curve d, cell density 3.2 x 109 ml-') were treated with a single PEF of 1-ms duration with varied field strength. The
corresponding curves for cell survival are given in a', b', c', and d'.

magnitude when the temperature increased from near 0
to 370C.
Another important factor that can influence transfec-

tion efficiency is the pH. Data in Fig. 7 A indicate (not
surprisingly) that PEF treatment at neutral pH is best for
both cell survival and DNA transfection. Again, the vari-
ation in TE cannot be accounted for by cell viability
alone. The CTE curve showed a similar shape to that of
the TE curve. Fig. 7 B gives experimental data obtained
by changing field strength for different pH values.
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FIGURE 5 Effects ofDNA and cell concentrations on number of cells
transfected and on log [TE]. (A) Dependence on DNA (pBR322) con-
centration. The experimental conditions were identical to those ofFig.
1, except that here a single 8-kV/cm to 1-ms PEF was applied to each
sample. Curve shown in open circles plots logarithm of number of
transformants produced versus log [DNA], and curve shown in filled
circles plots log [TE] versus log [DNA]. (B) Dependence on cell num-
ber. DNA (pBR322) concentration was 10 ng ml-'. A single 8-kV/cm to
1-ms PEF was applied to each sample.

DISCUSSION

Stronger electric field and longer pulse duration are
known to implant pores of larger sizes in cell mem-
branes, which in turn can enhance DNA entry and im-
prove the transfection efficiency. However, these condi-
tions can also cause irreversible damage to cell mem-
branes and consequently greater cell death (1, 2). The
accurate assessment of transfection efficiency is to
correct for the cell death represented in this study as
corrected transfection efficiency (CTE). The present
study indicates that there are optimal combinations of
electric parameters and solvent conditions for achieving
high CTE. With the limited conditions used in our ex-
periments, we have recorded a TE of 1010 per,ug DNA.
The conditions used were 10 ng ml-l PUCI8 DNA, 1.2 x
1010 ml-' cell, 2.5 mM MgCl2, 50 mM sucrose, 1 mM
Tris buffer, pH 7.4, and one 8-ms PEF of 4 kV/cm. Be-
cause, under the conditions used, only 40-50% ofDNA
would be bound to the cell surface, i.e., roughly 1.5 x
101 copies of surface bound DNA (17), a TE of 1010 per
,ug DNA would mean that -7% of cells with a copy or
more ofDNA bound to their surface resulted in transfec-
tion. The CTE would be - 10%. At very high DNA/cell
ratios, transfection of as much--as 50% of the cells has
been reported by Zheng and Chang (27) for cells in the
monolayer culture.
Our data show that to achieve greater yield oftransfor-

mants, a higher concentration ofDNA and cells may be
used. Fig. 5 A shows that a nearly constant TE of 1.5 x
108 per ,g DNA was obtained for DNA concentration of
0.1 ng to 10 ,gg/ml. Thus, in practice, if DNA is scarce
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FIGURE 6 Effects of temperature on transfection efficiency. Cell con-
centration was 1.5 x 100' and the DNA (PUC 8) concentration was 10
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identical to those of Fig. 1. Data in the filled circles are for the transfec-
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and cells are abundant, a low DNA/cell ratio may be
selected to achieve the maximal economy. Conversely, if
DNA is abundant and cells are precious, a high DNA/
cell ratio should be chosen. Because a high DNA/cell
ratio did not improve substantially the fraction of cells
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pH

transfected, one may conclude that not every cell in a

sample was transfection competent. This is consistent
with the observation that the TE for cells grown over-

night was 2.5 orders of magnitude lower than that for
cells in the mid-log phase of growth.
The differences in TE obtained for different plasmid

DNAs cannot be attributed to the differences in the
DNA/cell ratios because, as shown in Fig. 5 A, TE was

nearly constant for the wide range of DNA/cell ratios
used. There are at least four factors that can influence
DNA entry into a cell: the electrophoretic driving force
(26), the electroosmosis (28, 29), the diffusion rate, and
the average pore size. DNA electrophoretic mobility is
known to be independent of the number of base pairs.
Thus, the TE should not differ for DNA of different
sizes. Data in Fig. 3 show that this was not the case.

Therefore, a direct link between TE and the electropho-
retic driving force cannot be established for the present
system. Electroosmosis will generate a flow of water to-
ward the cathode (28, 29). DNA in the vicinity of a cell
may be carried into the cell by this hydrodynamic flow.
Because the speed ofthe flow is unlikely to be affected by
the size of the DNA present in the medium, TE should
not depend dramatically on the size of the DNA.

Diffusion of a smaller DNA is expected to be faster
than that of a larger DNA. If diffusion of surface-bound
DNA through electropores is the mechanism, TE will be
greater for a small DNA compared with that for a large
DNA. The diffusion coefficient for a spherical particle is
D = RT/(Nof), where R and No are, respectively, the gas
constant and the Avogadro's number. The frictional coef-
ficient is f = 6-nir, where X7 and r are, respectively, the
viscosity of the medium and the radius of the particle.
Since r = (3v/47r)'/3M'/3, where v is the partial specific
volume of DNA in a dilute salt solution (roughly 0.7
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FIGURE 7 Effects of pH on transfection. (A) pH dependence. DNA, cell, and experimental conditions were identical to those given in Fig. 6.
Electroporation was performed at a given pH, and logarithms of TE (0) and CTE (0) are plotted versus pH. Cell survival is represented by the
broken line. (B) Dependence of log [TE] on field strength at different pH. A single PEF of 1-ms duration with varied field strength at pH 7.15 (curve
a), 5.12 (curve b), and 9.05 (curve c). The corresponding curves for cell survival are a', b', and c'.
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g/ml) and M is the molecular weight, D should be in-
versely proportional to M"l3. As can be seen from the
results in Fig. 3, TE showed a more pronounced depen-
dence on the molecular weight of DNA. The TE was
roughly inversely proportional to M2, i.e., a threefold
increase in the size ofDNA resulted in the reduction of
TE by eightfold. One should recognize that E. coli has a
peptidoglycan/lipopolysaccharide cell wall. And the
plasmid DNA are by no means spherical in shape. A
recent study of the diffusion of flexible polymers at the
solid intersurface indicates that the diffusion coefficient
is inversely proportional to the square of the polymer
molecular weight (30). This being the case, it is likely
that all four factors mentioned can exert influences on
transfection efficiency. Quantitative analysis of these re-
sults remains to be done.
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