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Confirmation of membrane electroporation from flicker noise
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Living systems interact with their environment through biological membranes. Charge movement across
these membranes plays a key role in several natural processes and has been the subject of intense research.
Charge can transport through the hydrophobic barrier of the membrane by means of ion channels, ionophores
or electric-field-induced pores. Membrane electroporation results in a nonlinearI -V characteristic of the
system. However, nonlinear behavior is exhibited by the majority of the inhomogeneous systems and hence is
not a definite proof of pore formation. Noise measurement is a well accepted method of studying the charge
transport in inhomogeneous systems and we report here our study of the noise spectral density in a planar lipid
membrane, which is a model for more complex biological membranes to study the molecular processes
involved in transmembrane charge conduction. Analysis of our results, in the light of similar experiments
conducted in various inhomogeneous systems, confirms that nonlinearity here is the signature of membrane
electroporation.
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INTRODUCTION

The I -V characteristic in planar lipid membranes und
goes a transition from a linear to a nonlinear regime abov
certain critical value of the applied bias (V0). This nonlin-
earity has been attributed by earlier workers to field-indu
pore formation.1–4 According to this theory, the pores, whos
number and size increase with the applied field, prov
more polar pathways for ions to pass through the otherw
hydrophobic lipid moiety, which in turn gives rise to th
nonlinearity at high field. However, similar nonlinearity h
also been observed in thin-solid films of lipids where ion
transport through water-filled pores can be completely ru
out.5 Hence, nonlinearity of charge conduction in a lipid a
sembly is not of itself a sufficient criterion to imply the fo
mation of pores.

Nonlinear charge conduction is a common feature of
homogeneous systems, where at high-field value resist
becomes a function of the applied bias. Noise amplitude
these systems is greater than that in a homogeneous sy
of comparable resistance, indicating that the microstruc
determines the noise spectrum of the system. Thus, a c
prehensive view of the microstructure of the inhomogene
system can be obtained from the noise spectrum, since
noise power depends on the spatial current distribu
throughout the system.6 With this idea, we had earlier carrie
out noise measurements in thin-solid films of lipids, and
nonlinearity in this system has been attributed to a chang
the conduction mechanism at high-field value.7

We report here our preliminary results of noise measu
ments in a planar lipid membrane. In order to investig
how the charge conduction mechanism in this system
modified at high-field value, the noise spectrum obtain
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here has been compared with the noise spectra obtaine
different composite–one-component systems, where
mechanism of charge conduction is well established.6 The
comparison indicates that at high-field value different cha
conduction channels are indeed activated, giving rise to
nonlinearity.

MATERIALS AND METHODS

Cholesterol, purchased from Sigma Chemical Compa
~St. Louis, MO! was oxidized and then recrystallized fromn
octane.8 Analytical grade chemicals from E. Merck Lt
~Worli, Mumbai, India! were used without further purifica
tion. Iodine was purified by resublimation.

The planar membrane was formed by brushing a satur
solution of oxidized cholesterol inn decane on a glass por
filter ~porosity G-4!, separating symmetric bathing solution
containing iodine~concentration 1 mM!. Platinum electrodes
of 1 cm square were used~interelectrode distance;6 cm! for
the application of a dc electric field across the membrane~for
detailed experimental procedure, please see Ref. 9!. For the
noise measurement, a constant current from a programm
current source~Keithley Model 224! was passed through th
sample. ~For detailed experimental procedure, please
Ref. 7.!

A modified Hooge’s empirical formula for noise spectr
density as a function of frequency~f !, voltage (V), and
chordal resistance (R5V/I) is given by10

SV5R~R!Vg0121/f l. ~1!

The functional dependence ofR is determined by the micro
structure of the system.
6689 ©2000 The American Physical Society
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RESULTS AND DISCUSSION

Figure 1 shows a typical noise power spectrumSV as a
function of frequency~f ! in a sample with linear resistanc
R054 MV. The slope of the curve is of the order of unit
which shows the basic 1/f feature of the noise spectrum
~flicker noise!.

The voltage dependence of the noise power at 0.5
~solid symbol! and the resistance (R5V/I, open symbol! of
this sample are shown in Fig. 2. The slope of the noise cu
changes from 1.97 to 1.48 at the onset of nonlinearityV
.V0), whereR also deviates rapidly from its linear value
suggesting a strong correlation between the noise power
the nonlinear conductance. The slope from theSV2V plot
may be defined as

d~ ln SV!/d~ ln V!5g12.

Comparing with Eq.~1!, we get

FIG. 1. Log-log plot of noise spectral powerSV( f ) vs f for a
sample of resistance 4 MV. The slope of the line is21.08, showing
the basic 1/f nature of the noise spectrum.

FIG. 2. Typical voltage dependance of noise powerSV at 0.5 Hz
~solid symbol! and resistance~open symbol!. At the onset of non-
linearity, the resistance decreases, the noise increases and the
of the noise spectrum drecreases.
z

e

nd

g5g01~V/R!~dR/dR!~dR/dV!.

For V,V0 , dR/dV50, g5g0 .

For V.V0 , dR/dV,0.

Thus forV.V0 , the value ofdR/dR will determine the
nature of the noise curve in the nonlinear regime, i
whetherg will be less than, greater than, or equal tog0 . As
the functional form ofR(R) depends on the microstructur
of the system, it is actually the conduction mechanism t
will determine the nature of theSV2V curve after the onse
of nonlinearity. Another interesting observation is that wh
the resistance decreases in the nonlinear regime by a fa
of 2, the noise increases by three orders of magnitude, m
ing noise measurement a more sensitive tool for detec
any change in the conduction mechanism.

Working with thin-solid films of lipid, we obtained simi-
lar results, i.e., noise power had a 1/f dependence and th
slope of theSV2V plot changed at the onset of nonlinearity7

However, there the slope was greater in the nonlinear reg
than in the linear regime~1.78 and 1.07, respectively!, which
is just the opposite of the result obtained with the plan
membrane. For the purpose of comparing the noise beha
of the two systems, the generalized relative noise po
SV /Vg0125S8(V) at 0.5 Hz normalized by its value in th
linear range has been plotted as a function ofV in Fig. 3.
While S8(V)/S8(0) increases with bias for the thin film, i
decreases for the planar membrane.

The change in conductivity may be written as

ds5emdn1endm.

Thus nonlinear conduction at high field may arise either fr
a change in the existing charge conduction mechanism
from some new charge conduction channels being create
high field, allowing more charge carriers to pass through
system.

Our next question is under what conditions is the nonl
earity in the conduction accompanied by a decrease in re

lope

FIG. 3. Plots of normalizedS8(V) vs V for thin film of a lipid
~open symbol! and a planar lipid membrane~solid symbol!. The
difference in the noise pattern arises due to the difference in
charge conduction mechanism in these two systems.
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tance as well as in relative noise. Using a simple resis
circuit, Nandiet al.6 have shown that, in general, this occu
when parallel resistances are added to the circuit. Accord
to the dynamic random resistor network~DRRN! model of
Gefen,11 in a network of conducting and nonconductin
bonds, nonlinearity arises when, above a certain crit
value of the bias, some of the insulating bonds start to
come conducting. This situation has similarity with the ca
of charge conduction in lipid membranes. Here the therm
created water-filled pores are the randomly placed cond
ing elements. The onset of nonlinearity is triggered when
high field the lipid molecules start orienting to provide mo
ionic pathways parallel to the existing ones. This reduces
resistance and decreases the relative noise.

At this point we further compare our noise spectral m
surements with those obtained by Nandiet al.6 using com-
posite systems like carbon-wax and disordered but o
component systems like conducting polymer and V2O4. We
notice that the nature of the noise spectrum for a pla
membrane, namely, the 1/f dependence and the decrease
slope of theSV2V plot at the onset of nonlinearity, is simila
to that obtained for the carbon-wax mixture. A satisfacto
explanation of this behavior has been obtained by Na
et al.6 by applying Gefen’s DRRN model.

The planar lipid membrane furnishes the basic structur
the biological membrane, and transmembrane charge
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duction is vital for the survival of living systems.12 However,
the semipermeable nature of its interior to the passage
most water-soluble molecules, and the fact that some of
lipid heads bear a charge, and that the membrane is
rounded by two conducting electrolyte solutions, allow us
schematize the lipid layer with its conducting inner and ou
media as a capacitor.13 The ionic strength of the bathing
solution, the charge of the interface, and the magnitude
the field are determinant factors for the formation of holes14

In this context our observations and the conclusions dra
are of primary significance, and can be extrapolated w
proper caution and a good understanding of the biolog
system to explain the transmembrane charge conduction
cess, responsible for the survival of the living world.
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