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Abstract 

Planar lipid bilayers formed from monolayers of diphytanoyl lecithin (DPhL) were found to interact with plasmid DNA (5.6 
kbp; M, = 3.7 X 106) leading to an increase in the conductance of the membrane. The association of DNA with a lipid bilayer 
greatly facilitates the transport of the small ions of the main salt KCl. The appearance of long-lived current levels, for instance, 
of 27.6 pA at V,,, = + 60 mV membrane voltage, where the actual contact (adsorption) is electrophoretically enhanced, suggests 
a locally conductive DNA/lipid interaction zone where parts of the DNA strand may be transiently inserted in the bilayer, 
leaving other parts of the DNA probably protruding out from the outer surface of the bilayer. At V,,, = - 60 mV, where DNA 
can be electrophoretically moved away from the membrane, the membrane current is practically zero. This current asymmetry 
is initially also observed at higher voltages, for instance at 200 mV. However, if the voltage sign (V, = + 200 mV) is changed 
after a transient positive current ( = 15 PA) was observed, there is also now (at V, = - 200 mV) a finite negative current at the 
negative membrane voltage. Thus, it appears that at V, = + 200 mV the adsorbed parts of the polyelectrolyte DNA are not only 
transiently inserted in, but actually also electrophoretically pulled through, the porous zones onto the other membrane side 
leaving the bilayer structure basically intact. These data provide direct electric evidence for the electrophoretic transport of a 
highly charged and hydrated macromolecule, probably together with the associated gegen-ions, through the thin hydrophobic 
film of the lipid bilayer. 
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1. Introduction 

Manipulation of biological cells and cell tissue by 
electroporation techniques gains increasing importance 
for biophysics and cell biology in general and in bio- 
technology and medicine in particular [ l-31. The elec- 
troporation method is perhaps the most popular tool for 

* Dedicated to Professor Michel Mandel on the occasion of his 
retirement as Principal Editor of Biophysical Chemistry. 
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the direct transfer of foreign genes (DNA) into cells 
[41. 

Contrary to the many applications of membrane elec- 
troporation to transfect and transform eukaryotic and 
prokaryotic cells, the mechanism of electro-induced 
transfer of DNA through lipid/protein membranes and 
cell walls is not well understood. Since there is occa- 
sional DNA uptake by cells even in the absence of 
external electric fields, it is implicite that the enhanced 
DNA penetration through electroporated membrane 
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Fig. 1. Scheme of the experimental setup for the interaction of plasmid DNA (pDNA) with a lipid bilayer. The pipette is of thick-walled 
borosilicate glass of tip diameter 0 = 3 ( f 1) km. The solutions inside (i) and outside (0) of the pipette are: 150 mM KCl, 1 mM Tris. HCI, 
pH 7.2 at 22°C. The concentration of the plasmid DNA macromolecule (IV,= 3.7X 106) in the outside solution is [pDNA] = 1 nM. The 
transmembrane voltage is given by V,,, = 4(i) - 4(o), where 4(i) and 4(o) are the electric potentials of the inside (i) and outside (0) of the 
pipette, respectively. 

patches [ 41 involves both diffusion of adsorbed DNA 
as well as electrodiffusion of the polyelectrolyte DNA. 
Evidence is accumulating that indeed the electrophor- 
etic properties of nucleic acids and proteins are impor- 
tant for the membrane transfer. 

However, as recently discussed at length by Klen- 
chin, the problem electrophoresis (or electrodiffusion) 
versus other transport mechanisms is not yet clarified 
[ 51. Here we provide data [ 61 that are consistent with 
an electrophoretic transfer of DNA into, and through, 
a lipid bilayer using a patch clamp method [ 71. The 
appearance of long-lived conductive states of the 
bilayer in the presence of DNA suggests lipid/DNA 
interactions in long-lived metastable pore-like struc- 
tures. The asymmetry of the currents with respect to 
the signs of membrane voltage and the transience of 
the increase in the conductance at higher voltages indi- 
cate actual transfer of DNA through electroporated 
bilayers. 

2. Materials and methods 

The bacterial membrane lipid diphytanoyl lecithin 
( DPhL, M, = 846.3; Avanti Polar Lipids, Birmingham, 
Alabama) ,is particularly suited for the preparation of 
bilayer membranes in the fluid state. The plasmid DNA, 
YEp 351 (5.6 kbp) [ 71 was isolated and purified in 
supercoil form using the method of Maniatis et al. [ 81. 

The scheme of the experimental set up for the elec- 
trical current-voltage studies is shown in Fig. 1. Planar 

lipid bilayers were prepared from DPhL; bilayers of 
this lipid are highly fluid at temperatures Ta - 120°C. 
The electrolyte buffer conditions used were 150 mM 
KCl, 1 mM Tris . HCl, pH 7.2 at 22°C. The bilayer was 
formed at the tip of a patch pipette from lipid monolayer 
spread on an air/water interface by the methods of 
Corronado and Latorre [ 91 and Schuerholz and Schin- 
dler [lo]. Petri dishes of 10 cm* area filled with 5 ml 
of the buffer were used and the lipid monolayers were 
formed by spreading 6 ~1 solution of DPhL in hexane, 
[DPhL] -3 mg ml-‘, over the electrolyte surface 

[Ill. 
The pipettes were pulled from thick-walled borosil- 

icate glass (GC150-10, Clark Electronic Instruments) 
in two successive pulls by a vertical puller. When filled 
with the buffer, the pipettes had a resistance in the range 
of 3 f2 MR which corresponds to a tip diameter 
0 = 3 &- 1 pm [ 121. The seal resistance of the bilayers 
was typically in the order of 10 Gfi. Membrane voltage 
(V,) by convention bears the sign of the electrode 
inside the pipette, thus positive voltage corresponds to 
cations flowing out of the pipette and anions into the 
pipette. Explicitely, V, is defined by: 

V, = 4(o) - 4(i) (1) 

where 4(o) is the electric potential of the solution 
outside the pipette and 4(i) is that of the pipette inte- 
rior. The DNA is added to the outside solution. 

The transmembrane currents were recorded using a 
self-made patch clamp amplifier ( l-3 kHz), with cur- 
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rent and voltage output connected to an oscilloscope 
and to a two channel analog-digital converter in an 
IBM PC compatible computer. Triangle voltage pulses 
(ramps) were generated by a function generator; in 
case of a voltage clamp (DC) the patch clamp amplifier 
was used. 

For data analysis the software package programs, 
PAT (gift of Dr. J. Dempster, University of Strath- 
Clyde, UK), ION and HUND (Ivan Bonev, Sofia, Bul- 
garia) were used. The current-voltage surface method 
[ 131 was applied to visualize the accumulated current 
responses to triangular voltage ramps. 

The presumed interaction between DNA and lipid 
monolayers were measured by the surface pressure of 
lipid monolayers formed in the same petri dishes (Wil- 
helmy type surface tensiometer, Nima Technology Ltd, 
Model ST 9000). The output of the tensiometer was 
sampled and visualized as a function of time by an PC/ 
AT compatible computer. The lipid monolayer surface 
pressure (a) was varied by changing the amount of 
lipid and, in some cases, by brief aspiration of part of 
the spread monolayer. DPhL was spread from hexane 
solution, [ DPhL] = 0.8 mg ml-‘; DNA solution was 
gently injected into the subphase (see Fig. 2). 

3. Results 

In Fig. 2 is seen that the addition of DN.4 to the 
buffer solution with a lipid monolayer of surface pres- 
sure a,, = 12 mN m- ’ induces an increase Au= 0.2 mN 
m- ’ followed by a gradual further increase to u= 14.5 
mN m- ’ (B). On the other hand, addition of DNA to 
the same buffer solution without a lipid monolayer does 
not lead to changes in the surface tension ‘y, remaining 
at y=-yo-a=~,,=78 mN m-l at 20°C (A). If the 
initial pressure of the monolayer was a, > 25 mNm- ‘, 
the addition of pDNA did not produce any changes of 
the monolayer surface pressure (data not shown). The 
double arrows illustrate the interaction of pDNA with 
the lipid head groups leading to a less dense lipid pack- 
ing. 

The current(Z) /voltage( V,,,) surface profiles in Fig. 
3 indicate that the current through the DPhL bilayer 
can appreciably fluctuate already in the absence of 
DNA (A). In some bilayer preparations the fluctua- 
tions are much smaller (by a factor of 10) than those 
shown here. In the presence of DNA there is a transient 
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Fig. 2. Surface pressure (a) as a function of time ( t) ; (A) of a 
buffer solution ( 150 mM KCl, 1 mM Tris. HCl, pH = 7.2, T= 22°C) 
and (B) of the same buffer solution to which the lipid DPhL was 
added such that the initial surface pressure is q, = 12 mN m-r. The 
arrows indicate successive additions of pDNA to yield the final 
concentrations: (A) [ pDNA] = 1 and 2 nM and (B), [pDNA] 
= 0.5, 1 and 2 nM, respectively. The double arrows point to schemes 
for the presumed interactions of pDNA with the lipid head groups 
leading to a less dense lipid packing as indicated by the increase 
in o. 

increase to a higher conductance level G = 3 + 0.6 nS 
(B). This conductance value is transient; during the 
last 2-3 voltage ramps (out of a total of 9 ramps) the 
conductance drops back to the initial low value. It 
appears that the presence of DNA leads to a transient 
interaction with the bilayer involving either adsorption 
and desorption or actual transmembrane transport of 
DNA. The currents in the presence of DNA depend on 
the voltage polarity. The positive current (I= 90 PA) 
at the positive voltage ( V, = + 30 mV) is larger by 
about 10 pA than the negative current (I= - 80 PA) 
at V, = - 30 mV. Thus, a current asymmetry is cleary 
indicated at this relatively low voltage. 

The dependence of the current on the voltage polarity 
in the presence of DNA is more pronounced, and it is 
thus easier recognized, at the DC conditions of fixed 
higher voltages. Fig. 4 shows that only in the presence 
of DNA and only at the positive voltage ( V, = + 60 
mV), i.e. negative electric potential at the membrane 
side of DNA addition and positive potential on the other 
membrane side, favouring (electrophoretic) adsorp- 
tion of DNA at the 4(o) (Fig. 1)) there is an apparently 
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Fig. 3. Current (I)-voltage (V,,,) surface profile of (A) a pure DPhL 
bilayer and of (B) the same bilayer in the presence of DNA, 
[pDNA] = 1 nM, in the outside solution (150 mM KCI, 1 mM 
Tris HCl, pH 7.2)) T= 22OC: The pipette solution is the same buffer, 
but without DNA. The voltage was changed continuously in a ramp 
between - 30 mV and + 30 mV within 20 s (9 ramps within 180 
s) With DNA (B) , the conductance G = I/ V,,, transiently increases 
to 3 f 0.6 nS and then during the last two ramps decreases to the 
initial low value. 

long-lived increase in the membrane current. The his- 
togram of the current traces indicates in this example a 
major current level of I= 27.6 pA. At V, = - 60 mV 
where electrophoretic desorption of DNA from the 
membrane is favoured, the current is practically zero 
(data not shown). 

Some bilayer preparations are such that even at 
V, = 200 mV there are only minor current fluctuations 
around I = 0. In Fig. 5 the current records of two suc- 
cessive DC-voltage polarities show that there are tran- 
sient current increases also at the negative voltage 
clamp provided that V, = - 200 mV was applied after 
the previous positive voltage ( V, = + 200 mV) and if 
the pDNA was originally in the outside solution of 
previously negative potential (Fig. 1). It is apparent 
that the bilayer exhibits local, long-lived open states of 

current intensity levels up to 15 pA (B). At V,,, = - 200 
mV the histogram indicates a smooth distribution of 
current levels between 0 and - 10 pA (C) . 

4. Discussion 

Lipid bilayers of liposomes are reported to change 
the secondary structure of adsorbed DNA [ 141. The 
changes in the surface pressure of a lipid monolayer, 
caused by DNA in the aqueous phase (Fig. 2) suggests 
that the DNA interacts with the lipid head groups. The 
interaction is enhanced by Ca*+, probably by bridging 
lipid head groups with the phosphate residues of DNA. 
The lipids interacting with DNA in the air/water inter- 
face apparently repel each other more than in the 
absence of adsorbed DNA. In the interfacialDNA/lipid 
complex there is a larger distance between the lipids 
and this causes an increase in the surface pressure, 
which is dependent on DNA and on Ca2+ concentra- 
tions. At [DNA] =2 nM and at a surface area of 10 
cm2 (Petri dish) the time constant for the DNA induced 
change Au= 1.5 mN m-l is At,=30 min (Fig. 2). 
The mean distance d from which the DNA is diffusing 
to the lipid surface is estimated from the Einstein rela- 
tionship: 

(8) = 60 At,,. (2) 

Since the diffusion coefficient of DNA is D - 2 X lo-’ 
cm2s-1,weobtain~=(&)1’2=1.5X10-2cm,which 
is a physically acceptable value. 

On the same line, DNA/lipid head group interactions 
are suggested to be the origin for the conductance 
increase of a lipid bilayer in the presence of DNA (Fig. 
3). The transience of the conductance increase to 3 nS, 
lasting about 90 s, may be caused by the adsorption and 
desorption of the DNA from the bilayer. But the larger 
current (I= 90 PA) at V,,, = + 30 mV compared with 
that (I= - 80 PA) at V, = - 30 mV may also be 
caused by actual transport of the anionicpolyelectrolyte 
DNA through the lipid bilayer area, to which the DNA 
was previously adsorbed. The positive voltage, refer- 
ring to a negative electric potential on the side of DNA 
addition and a positive potential on the other membrane 
side, provides an electric potential drop for the DNA 
transport. 

In any case, DNA appears to facilitate the transport 
of small ions such as those of the major salt KC1 through 
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Fig. 4. Currents (I) as a function of time through a pure DPhL bilayer at V, = + 60 mV and where pDNA was added to the outside solution 
( [pDNA] = 1 nM); the I trace refers to the initial section of 115 s. Buffer conditions are as in Fig. 3. The long-lived increase in current occurs 
in the presence of DNA and only if the DNA is at the site of negative electric potential ( &o) ) , here at V,,, = + 60 mV. The current probability 
density p(l) in units of % time per 1.95 pA is given as a function of I for a total current record of 400 s (histogram). The double arrow points 
to the scheme for the presumed position of adsorbed pDNA in an elongated porous patch at V,,, = + 60 mV, suggested for the appearance of the 
long-lived current level of I = 2j.6 PA. 

bilayer patches (elongated pores) interacting with 
parts of DNA. The increase of the current to I= 90 pA 
at V, = + 30 mV lasts about 2 s. The charge Q trans- 
ported within At = 2 s is given by Q = I At = 0.18 nC. 
The charge QDNA carried by one DNA molecule with 
m = 2 X 5.6 X lo3 (anionic) phosphate groups is given 

bY 

Q DNA= 2meof, (3) 

where f = 0.4 is the reduction factor due to counterion 
screening in the relative motion of the cations and the 
polyanion [ 151, e0 = 1.6 X 10-‘9C is the elementary 
charge and the factor 2 refers to the contribution of both 
cations and the polyanion. Here QnNA = 1.4 X 10e6 nC. 
Since QDNA< Q, the current increase is certainly 
induced by the DNA/bilayer contact but the current 
itself is mainly carried by other ions (KCl) than those 
of the DNA (K+ ) m salt. 

The slight asymmetry of the DNA-induced current 
increase, already indicated in the current-voltage pro- 

file (Fig. 3)) where the membrane voltages alternat- 
ingly change sign, is confirmed by the current traces at 
a constant voltage (Figs. 4 and 5). The current increase 
from I = 0 to I > 0 occurs only in the presence of DNA 
(in the solution outside the pipette) and at V, > 0, i.e. 
if the inside of the pipette is at positive electric potential 
4(i) . For V, = + 60 mV apparently discrete current 
levels occur. In the example given in Fig. 4 there is a 
long-lived major current level of Z= 27.6 pA. The inter- 
action of DNA adsorbed to the outside surface of the 
bilayer seems to stabilize larger partially porous 
patches. For instance, the middle part of the DNA may 
remain within an elongated electropore whereas the end 
pieces may still stick out of the outside surface of the 
bilayer; see the insert in Fig. 4. 

There are finite (negative) currents at a negative 
voltage provided the system had been exposed at first 
to a positive voltage (Fig. 5)) i.e. the DNA is at the 
side of negative electric potential. If, at a positive volt- 
age, the transient positive current is induced by a DNA 
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Fig. 5. Current intensity (I) as a function of time at constant transmembrane voltage. (A) V,,, = + 200 mV, pure DPhL bilayer; I= 0; (B) 
V,,, = + 200 mV followed by (C) I’,,, = - 200 mV, same bilayer exposed to pDNA added to the outside solution; [ pDNA] = 1 nM. The current 
histogram in the presence of pDNA for trace (B) exhibits, in this example, at least three different current levels of higher probability: 4 PA, 11 
pA and 15 PA. The histogram (A) refers to a record of 100 s, those of (B) and (C) refer to records of 180 s. 

molecule migrating through an electroporated bilayer 
patch, the polyanion has changed the position from the 
outside to the inside surface by electrodiffusion toward 
the side of positive potential. Once DNA is at the inside 

surface, in the range of 4(i), see Fig. 1, a switch to a 
negative transmembrane voltage provides the potential 
drop for a return to the outside, concomitant with neg- 
ative membrane currents. Therefore the change in cur- 
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rent sign upon change in voltage sign and the transience 
of the currents are consistent with an actual transport 
of DNA across electroporated bilayers. 

The interaction of the DNA with the membrane may 
be described in terms of small electropores percolated 
[ 161 along the adsorbed DNA to yield an elongated 
zone through which the small ions can pass. If the 
conductance G (DNA) = 27.6 pAlO. V= 0.46 nS 
(Fig. 4) would be caused by a (DNA-free) circular 
pore of radius rp, we may apply [ 171: 

G=hO+/(d+i+J (4) 

where ,Q, = 1.8 X lo-’ S cm-’ is the conductivity of 
the buffer solution at 22°C (Section 2) and d = 5 nm is 
the thickness of the bilayer. From Eq. (4) we obtain 
r,-0.7 nm. Therefore, the actually free part of the 
bilayers zone interacting with DNA is A = ~6 = 1.54 
nm*, which is rather small. The value of rp is in the 
order of 0.5 - 1 nm estimated for hydrophilic pores 

[181. 
On the other hand, if we assume that at higher volt- 

ages DNA migrates freely through a large electropore, 
the minimum time At for passing the pore with the drift 
velocity v is given by 

(5) 

where I,,, is the effective length of a stretched super- 
coiled DNA, u is the electrophoretic mobility of DNA 
and Ecff is the field strength vector. 

If the supercoiled pDNAis adsorbed on a flat surface, 
the chain may be approximated by IZ circular loops of 
diameter 2r. The effective length ZDNA of this chain of 
loops is given by: 

1 DNA = n 2r. (6) 

On the other hand, the contour length LDNA of the 
double helix chain of x base pairs (bp) is given by 
L DNA =xbp. 0.34 nm/bp. Since the circumference of 
one loop is 2m, we obtain 

L DNA =n2r7r. (7) 

Hence we may readily estimate the effective length 
from the contour length by 

1 DNA = hX4Ain. (8) 

For the pDNA of 5.6 kbp we obtain LDNA= 1.9 p,rn 
and &A = 0.61 pm. 

For the pDNA used here the numerical value of the 
mobility can be estimated from the data in ref. [ 191 by 
extrapolation to gel concentration zero: u = 1.5 X lop4 
cm* V-l s-‘. The position of the electrodes in our 
experimental setup is such that E,,= 0.2 V cm-‘. Sub- 
stitution yields At = 2 s. The observed current traces at 
V,,, = 0.2 V last about 100 s (Fig. 5). These quantitative 
estimates suggest that it is unlikely that the long lasting 
currents are due to large pores through which DNA 
electrodiffuses freely. 

In summary, the main result is that there are finite 
channel-like currents only if the DNA is at the negative 
potential side of the bilayer. All estimates are consistent 
with the interpretation that the adsorbed DNA is 
inserted in, and pulled through, an electropored bilayer 
zone which during the transport process interacts with 
the DNA, but that the bilayer as such basically remains 
intact. 
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