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Nonlinearity in the I-V characteristics in thin lipid films
Effect of AC and DC fields
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ABSTRACT The current-voltage characteristics of bilayer lipid membranes of oxidized cholesterol separating two bathing solutions have
already been extensively studied under a DC electric field. The observed deviation from linearity at high field has been explained by
field-induced pore formation, which then act as ion channels in the membrane. Using thin films of oxidized cholesterol and of dipalmitoyl
phosphatidylcholine, we have reported for the first time similar deviation from nonlinearity in the DC I-V characteristics when the applied
field is above 40 V/cm. Upon application of an AC field, the conductivity increases as square of frequency, while the nonlinear nature of
the I-V characteristic curve is still retained at all frequencies up to 5,000 Hz. Our results indicate that besides pore formation, the intrinsic
electrical properties of the constituent lipid molecules are also responsible for the observed nonlinearity.

INTRODUCTION
The current-voltage characteristic curves of bilayer
membranes of oxidized cholesterol separating two bath-
ing solutions show a deviation from linearity above a
certain value of applied electric field, and the transition
is characterized by an increase in conductance ( 1). This
value depends on the pH and ionic concentration of the
bathing solution, indicating that the major characteris-
tics ofsuch transition are monitored by the outer surface
of the membrane (2). The observed nonlinearity in
these model systems has been explained by suggesting
field-induced transient pore formation in the lipid media
( 1, 3 ). The pores that are formed initially by spontane-
ous fluctuation grow in size as the field intensity in-
creases, and after reorientation of lipid molecules the
hydrophobic pores change to hydrophilic ones. These
then act as channels for ion transport, thereby increasing
the conductivity (4). The frequency dependence of bi-
layer impedence predicts several substructural regions
within the bilayers where the pores are formed (5). As
there is no common view on the structure and mecha-
nism ofpore formation, extensive studies, both theoreti-
cal and experimental, have been done on model systems
of planar bilayer membranes ( 1, 6).
To compare our results with those obtained by others,

we have chosen oxidized cholesterol for forming thin
lipid films and have observed for the first time, similar
nonlinearity in the DC I-V characteristic curves for elec-
tric fields above 40 V/cm. Upon application of an AC
field, the conductivity increases as square of the fre-
quency while the prominent nonlinear nature ofthe DC
I-V characteristic curve is still retained up to a frequency
of 5,000 Hz. Similar results were obtained using thin
films of a phospholipid, namely dipalmitoyl phosphati-
dylcholine. As there is no bathing solution in these cases,
we may neglect the number of ions, if any, being trans-
ported across the membrane through the field-induced
hydrophilic pores acting as ionic channels.

Thus, our experimental results show that nonlinearity
appears in the I-V characteristic curves in bilayer mem-

brane separating two bathing solutions as well as in thin
solid films of lipids. This indicates that besides pore for-
mation and the nature of the bathing solution, the char-
acteristic semiconducting properties of the lipid mole-
cules are also responsible for the observed nonlinearity.

MATERIALS AND METHODS
Cholesterol and dipalmitoyl phosphatidylcholine were purchased from
Sigma Chemical Co. (St. Louis, MO). Cholesterol was oxidized and
then recrystallized from n-octane (7). AR grade chemicals supplied by
E. Merck Ltd. (Worli, Bombay) were used without further purifica-
tion.
Thin film of lipid (oxidized cholesterol or dipalmitoyl lecithin) was

prepared by repeatedly dipping a tin oxide-coated glass plate (courtesy
ofProfessor A. Pal ofthe Indian Association for Cultivation ofScience,
Calcutta-700032) in chloroformic solution of the lipid (0. I M concen-
tration). To remove traces of solvent the film was kept in vacuum for
10-12 h. The experimental sandwich cell consisted of this glass plate
containing the thin lipid film (2 x 2 cm) on which another tin oxide-
coated glass plate was placed in such a way so that the lipid film lies
between the two conducting faces ofthe glass plates. Separation as well
as insulation between these plates was maintained by placing teflon
spacers ( - 50 ,um thickness) around the edge of the lipid film. The cell
was connected with the external circuit by using a pair of spring clips
(Fig. 1 ). A laboratory made device was used to supply the constant DC
voltage to the cell. The AC field was applied using a HIL 2821 function
generator (Hindusthan Computers Ltd., Calcutta). Current and volt-
age (both DC and AC) were measured by using Keithley electrometers
(models 614 and 196; Keithley Instruments Inc., Cleveland, OH).

RESULTS AND DISCUSSION
The I-V characteristic curves for thin films of oxidized
cholesterol as well as dipalmitoyl phosphatidylcholine
under a DC electric field show deviation from linearity
when the electric field is above 40 V/cm. Fig. 2 shows
the variation ofcurrent with applied voltage for thin film
of oxidized cholesterol. The result obtained with bilayer
membrane of the same lipid, separating two bathing so-
lutions of0.01 M KCI, is similar to that for thin film (our
unpublished results) and agrees well with the result ob-
tained by others ( 1). With the application ofan AC elec-
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FIGURE 1 A schematic diagram of the experimental cell. The thin
lipid film is placed between the two tin-oxide (SnO2)-coated glass
plates; the separation and insulation between the two plates was main-
tained by teflon spacers of 50 ,um thickness. (Figures drawn not to
scale.) (a) Top view. E, C, V are the voltage source and the electro-
meters for measuring current and voltage, respectively. (b) Stereo view.

tric field in the thin film, the I-V characteristic curve

retains its nonlinear nature at all values of frequency up
to 5,000 Hz (Fig. 2), while the conductivity increases as

square of frequency (Fig. 3). (Due to technical limita-
tions, frequencies higher than 5,000 Hz could not be
applied.)
From our result and from others ( 1-6), it is evident

that nonlinearity in the current-voltage curve appears

both in planar bilayer membrane, separating two bath-
ing solutions, as well as in thin solid films. Fig. 2 shows
that there is no break in the I-V characteristic curve up to
a frequency of 5,000 Hz. This indicates that an electric
field produces a rather progressive effect in thin lipid
film which is contrary to the effect that it produces in
lipid bilayers. The latter probably arises due to the pres-

ence of bathing solution, which serves as the ion source

leading to ion transport through the field-induced pores

in the membrane. From the dielectric spectroscopy
study of electrical conduction in lecithin lipids, both in
the hydrated as well as in the dry state, an ionic (proton)
conduction mechanism in lipids has been concluded by
Szundi (8). However, using systems of different biomol-
ecules, like lipids as well as proteins, Rosenberg and Pos-
tow (9) have shown that charge conduction is predomi-
nantly ionic in hydrated state whereas it is electronic in
the dry state. Our observation partially supports their
conclusion.

Vol tage (mV)

FIGURE 2 Current-voltage characteristic curve in thin solid film of
oxidized cholesterol under AC and DC electric fields. Nonlinearity
onsets above a critical value of200 mV, which is equivalent to a field of
40 V/cm. (1) DC field; (2) 1,000 Hz; (3) 2,000 Hz; (4) 3,000 Hz; (5)
4,000 Hz; and (6) 5,000 Hz.

It seems that the appearance of nonlinearity in the I-V
curve does not depend only on the formation of pores

and presence of bathing solution, as has been concluded
earlier (1-6), but also on some characteristic electrical
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FIGURE 3 Variation of conductivity with square of frequency of the
applied AC field in thin solid film of oxidized cholesterol. ( 1 ) 100 mV;
(2) 200 mV; (3) 300 mV; and (4) 400 mV.
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properties ofthe lipid molecules forming the membrane,
bilayer, or thin film as the case may be. This, added to
the fact that there is a variation of conductance with
frequency, indicates that molecular organisation in this
system plays an important role (5, 10). Merely represent-
ing our experimental cell by a parallel arrangement of
resistance and capacitance, the circuit analysis reveals a
direct proportionality between the total admittance and
frequency, contrary to our result (Fig. 2).
An important characteristic electrical property of lip-

ids, which has been well established, is that they are in-
trinsic semiconductors ( 11). It has been reported that
presence of several salts, electron acceptors, and donors
in the bathing solution can affect the electrical conductiv-
ity of bilayer lipid membranes to a large extent ( 12).
This can be explained on the basis ofelectronic conduc-
tion through these membranes. Here the membrane acts
as double electrode, oxidizing on one end and reducing
on the other ( 13 ), while the presence of some of these
agents change the intrinsic semiconducting nature ofthe
lipids to an extrinsic one ( 14). However, the frequency
(w) dependence of conductance (ar) in case of intrinsic
semiconductors is as follows ( 15):

a = O(1- aw2Kr>2);
a= <r3>/K<T>3

where ao is the DC electrical conductivity, <T> is the
relaxation time averaged over all energy. This expression
does not agree with the empirical relation between con-
ductivity and frequency as obtained by us:

o= ao( + bw2),

where b is an empirical constant.
Hence the nonlinearity in the current-voltage curve in

lipid membranes is not an isolated incident. It is gov-
erned primarily by two factors, e.g., formation of pores,
which is a function of lipid aggregation properties (3-5)
monitored by outer surface of the membrane (2), and
the nature of charge carriers, which due to semiconduct-
ing nature of the lipid is primarily electronic in the dry
state. However for lipids in hydrated state, the conductiv-
ity increases to a large extent due to contribution ofionic
charge carriers. Again, presence ofsome specific external
agents in the bathing solution can change the intrinsic
semiconducting nature of the lipid to an extrinsic one.
This may increase the conductivity by several orders of
magnitude (12). Lipids are an essential component of
biological membranes through which life-sustaining
charge transport processes take place. Our observation
reported here signifies the importance of their semicon-
ducting property in these processes.

We are thankful to Professor F. Rondelez (CNRS-Universite Paris VI)
and to Dr. S. Roy and Miss P. Bhattacharya ofthe Physics Department
at Jadavpur University for their help.

The work was supported by a grant from the Science and Technology
Department of the Government of West Bengal.

Received for publication 30 July 1992 and in finalform I
November 1992.

REFERENCES
1. Brynda, E., L. Nespurkova, and S. Nespurek. 1985. Superlinearity

of current-voltage characteristics of oxidised cholesterol bilayer
membranes. Czech J. Phys. B. 35:873-882.

2. Robello, M., and A. Gliozzi. 1989. Conductance transition in-
duced by an electric field in lipid bilayers. Biochim. Biophys.
Acta. 982:173-176.

3. Chang, D. C., and T. S. Reese. 1990. Changes in membrane struc-
ture induced by electroporation as revealed by rapid freezing
electron microscopy. Biophys. J. 58:11-12.

4. Glaser, R., and S. Leikin. 1988. Reversible electrical breakdown of
lipid bilayers: formation and evolution of pores. Biochim.
Biophys. Acta. 940:275-287.

5. Ashcroft, R., H. Coster, D. Laver, and J. Smith. 1983. The effects
of cholesterol inclusion on the molecular organisation ofbimo-
lecular lipid membrane. Biochim. Biophys. Acta. 730:231-238.

6. Winterhaller, M., and W. Helfrich. 1987. Effect ofvoltage on pores
in membranes. Phy. Rev. A 36(12):5874-5876.

7. Tien, H. T. 1974. Bilayer Lipid Membranes (BLM): Theory and
Practice. Marcel Dekker, New York. 672 pp.

8. Szundi, I. 1984. Proton conduction in lecithins: Electrical proper-
ties in dry state; Effects of hydration; Nature of charge carriers.
Chem. Phys. Lipids. 34(4):323-332; 333-342; 343-354.

9. Rosenberg, B., and E. Postow. 1969. Semiconduction in proteins
and lipids-its possible biological import. Ann. NYAcad. Sci.
158:161-190.

10. Coster, H., and J. Smith. 1974. The molecular organisation of
bimolecular lipid membranes-a study of the low frequency
Maxwell-Wagner impedence dispersion. Biochim. Biophys.
Acta. 373:151-164.

11. Rosenberg, B., B. B. Bhowmik, C. Harder, and E. Postow. 1968.
Pre-exponential factor in semiconducting organic substances. J.
Chem. Phys. 49(9):4108-4114.

12. Datta, R., P. Nandy, and B. B. Bhowmik. 1987a. Study of the
nature ofcharge carriers through bilayer lipid membranes in the
presence of external agents. Mol. Cryst. Liq. Cryst. 150b:325-
333.

13. Bhowmik, B. B., R. Datta, and P. Nandy. 1988. Double electrod
behaviour of the bilayer lipid membranes in electrolytic solu
tions. J. Coll. Interf Sci. 122(2):450-456.

14. Datta, R., P. Nandy, and B. B. Bhowmik. 1987b. Semiconductio
parameters of planar bilayer lipid membranes in presence
electron donors. J. Surf Sci. Tech. 3 (2):159-16 1.

15. Smith, R. A. 1987. Semiconductors. Cambridge University Pres
Cambridge, UK. 296 pp.

552 Biophysical Joumal Volume 64 February 1993


