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The present paper was aimed at evaluating the effect of cholesterol (CHO) on the voltage-induced lipid
pore formation in bilayer membranes through a global characterization of the temporal dynamics of
the fluctuation pattern of ion currents. The bilayer model used was black lipid membranes (BLMs) of
palmitoyloleoylphosphatidylethanolamine and palmitoyloleoylphosphatidylcholine (POPE:POPC) at a 7:3
molar ratio in the absence (BLM0) or in the presence of 30 (BLM30), 40 (BLM40) or 50 (BLM50) mol% of cholesterol
with respect to total phospholipids. Electrical current intensities (I) weremeasured in voltage (ΔV) clamped condi-
tions at ΔV ranging between 0 and ±200 mV. The autocorrelation parameter α derived from detrended fluc-
tuation analysis (DFA) on temporal fluctuation patterns of electrical currents allowed discriminating
between non-correlated (α = 0.5, white noise) and long-range correlated (0.5 b α b 1) behaviors. The in-
crease in |ΔV| as well as in cholesterol content increased the number of conductance states, the magnitude of con-
ductance level, the capacitance of the bilayers and increased the tendency towards the development of long-range
autocorrelated (fractal) processes (0.5 b α b 1) in lipid channel generation. Experimentswere performed above the
phase transition temperature of the lipidmixtures, but compositions used predicted a superlattice-like organization.
This leads to the conclusion that structural defects other than phase coexistence may promote lipid channel forma-
tion under voltage clamped conditions. Furthermore, cholesterol controls the voltage threshold that allows the per-
colation of channel behavior where isolated channels become an interconnected network.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

One of the prominent membrane functions is the regulation of the
transport of ions or other molecules. Ions have substantial energetic bar-
rier to be transferred fromwater into themembrane. However, the ener-
gy of ions in a membrane decreases due to the presence of restricted
water domains between lipids [1] and pores (channels) of high dielectric
permittivity [2]. In textbooks [3], channels aremostly conceived as intrin-
sic membrane proteins gated by specific ligands [4], voltage-gated [5] or
mechanically activated [6]. The ability of the lipid environment to modu-
late the activity of proteinaceous channels has been acknowledged [7],
however, the lipid part of the membrane is mainly considered a perme-
ability barrier for polar compounds and mere electrical insulator [3].
Conversely, for more than 40 years it has been known that pure lipid
membranes in their chain melting regime and phase coexistence can be
highly permeable to water, small molecules and ions [8,9].
aptosomal membranes purified
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Voltage-induced currents across pure lipid membranes exhibit dis-
crete ion conduction events similar to proteins [10,11]. Hence, the con-
cept of lipid ion channels (pores) has been coined to described this
behavior in pure lipid bilayers where they were induced experimentally
[2,12–15] and simulated through molecular dynamics [16]. Based on the
conductance value and its dependence of the ion size, the radius of the
average lipid pore formed in phospholipidic membranes was estimated
as 1 nm [17]. Conversely, lipid mixtures containing ceramide are
able to form channels large enough to translocate proteins [18]. A
working model describes ceramide channels as columns of ceramide
monomers that span the membrane and assemble to form a barrel-
like structure [19].

The similarity between the quantized conductance and ionic current
fluctuation pattern exhibited by protein free membranes and that what
is considered to be due to protein channels led to propose that “the the-
oretical description of channels would lie in the thermodynamics of the
membrane and its cooperative phase behavior rather than in the geom-
etry of individual protein” [2]. On the same line of reasoning, the re-
markable cholesterol concentration dependency of the activity of the
human erythrocyte glucose transporter [20] has been considered an ex-
ample of a regulatory effect ofmembrane lateral order, but it might also
be suspected as a case of membrane permeability increase due tomem-
brane packing defects at a phase coexisting condition.
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Lipid ion channels appear in an asymmetrically stressedmembrane.
Charge imbalance [16] or the application of low-voltage, long-duration
electrical pulses induce rearrangements of the membrane components
that ultimately lead to the formation of aqueous hydrophilic transient
pores [17]. However, for some high values of transmembrane voltage,
irreversible electrical breakdown occurs with the consequent irrevers-
ible membrane rupture, by one or more supercritical pores formation
that expand to the membrane boundary [21].

Currently, the phenomenon of voltage-induced lipid ion channels is
vigorously debated among researchers who are interested in the study
of specific ion channel conductivity and those who are attractedmainly
by the study of natural and artificialmembranes. For both the black lipid
membrane (BLM) represents a useful model and in some cases is the
model of choice. Thus, BLM electrophysiology provides several distinct
advantages for these studies, including control of the constituents on
either side of the membrane, manipulation of lipid composition, and
the ability to study rare or challenging channels inaccessible to patch-
clamp methods. In addition, studies on the BLM model may contribute
to the understanding of several biologically relevant processes, includ-
ing fusion, lysis, and apoptosis of cells that, as well as electrical cell ac-
tivity, also involve an opening of a lipid pore and interestingly, have
been shown to involve non-lamellar structures [22].

There are evidences that the presence of non-bilayer forming phos-
pholipids (i.e. PEs or cardiolipin) is also essential for the activity of
peripheral and integral membrane proteins [23–25]. It has been pro-
posed that these phospholipids might modulate the protein function
since they exert different lateral pressure at different depth of the bilay-
er [25]. In particular, the binarymixture composed of phospholipidmix-
ture 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE)
and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) has
been widely used to build up BLMs for protein channel reconstitution
[26–28] but, up to our knowledge, the ion permeability exhibited
by this type of lipid matrix perturbed through the application of a
transmembrane voltage potential, has not received deep attention.
The polar group of PEs forms intermolecular hydrogen bonds which
provide unique properties to the hydration network at the lipid water-
interface [29,30] andmay play an important role in defining the pore for-
mation tendency and consequently the conducting properties of these
bilayers.

Beyond the membrane model and composition, in studies on mem-
brane pore formation tendency and conducting behavior, the type of
data analysis may be crucial to display the emergence of the complexity
underneath the phenomenon under investigation. It is well established
that the shape andduration of biologicalmembrane electrical events fluc-
tuate in time [31]. Focus has been centered on fluctuations from individ-
ual proteinaceous ionic channels, in particular, the temporal sequence of
open and close times. Traditionally, it is considered that proteinaceous
ionic channels present few possible states and that the probability of
switching from one state to another depends only on the present state
of the channel (i.e. is random;not autocorrelated) [32]. Frequently,fluctu-
ations on different time scales may appear to be self-similar, in other
words, themagnitude and rate of eventsmayfluctuate overmany tempo-
ral scales [31], show time series with fractal characteristics and memory,
and could be considered fractal noise [33]. A large body of experimental
and computational evidence [31,32,34–39] indicate that at least some
proteinaceous ionic channels and other proteins exhibit significantmem-
ory effects (long-range autocorrelations) and fractal dynamics (for re-
views see [31,32]). Moreover, fluctuations in membrane conductance
(in the absence of proteinaceous ionic channels) also can present non-
random dynamics [40] mainly under certain conditions, for example by
applying a voltage step of sufficiently high amplitude [17]. To our knowl-
edge, the conditions that favor the appearance of long-range correlations
and fractal dynamics in lipidmembranes, associatedwith voltage changes
and cholesterol concentration, have not been systematically studied.

Thus, in the present work we studied voltage-induced ion current
fluctuations in a phospholipid binary mixture of POPE:POPC in a 7:3
molar ratio, in the absence or in the presence of cholesterol (CHO).
To get closer to the molecular complexity of a biomembrane, the be-
havior of a complex mixture of lipids extracted by the Folch–Lees
method [41] from bovine brain cortex was also analyzed. The main
objective was to achieve a global characterization of the temporal dy-
namics of the ion current fluctuation pattern under the hypothesis
that it encodes some aspects of the membrane structural dynamics.

2. Materials and methods

2.1. Materials

1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE),
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and choles-
terol (CHO) were obtained from Avanti Polar Lipid, Inc. (Alabaster,
Alabama). HEPES was from AppliChem GmbH (Darmstadt, Germany),
n-decane from Mallinckrodt (Paris, KY, USA), KCl was from Merck
(Darmstadt, Germany) and solvents (chloroform and methanol, HPLC
grade) were from Sintorgan S.A. (Argentina).

2.2. Lipid source and solution preparation

Lipids used were either synthetic or became the lower phase of a
Folch's partition [41] of synaptosomal membranes purified from bovine
brain cortex (bSM).

bSM were obtained as described previously [42]. Briefly, meninges
were eliminated, the cortex dissected, and the bSM were purified essen-
tially according to the method of Enna and Snyder, modified by Perillo
and Arce [43], lyophilized and stored at −20 °C. Immediately before
use, membranes were resuspended in 20 volumes of 2:1 (v/v) chloro-
form/methanol. Then, 0.2 volumes of water were added to achieve a
2-phase separation. The upper phase and the interface were eliminated.
The solvent of the lower phase was evaporated and the residual lipids
were resuspended in n-decane.

Stock solutions of synthetic lipids in 2:1 v/v chloroform/methanol
stored at −20 °C were mixed immediately before used to obtain a
7:3 mol/mol POPE: POPCbinarymixturewith 0, 30, 40 or 50 mol% of cho-
lesterol (CHOL) with respect to total phospholipids. Solvent was evapo-
rated under a stream of nitrogen and n-decane was added to reach a
~20–25 mg/ml final total lipid concentration.

Controls made in Langmuir films evidenced that n-decane was ex-
pelled from amonolayer when it reached ~30 mM/m. This lateral surface
pressure is close to what is considered the equilibrium lateral pressure of
bilayers ([44], see Supporting information).

2.3. Planar lipid bilayers

Planar lipid bilayers (BLMs) composed of phospholipidswith different
cholesterol content (BLM0, BLM30, BLM40 and BLM50) or bSM (BLMbSM)
were formed,with the aid of a thin glass rod, by paintingwith the lipid so-
lution over a circular hole (150 μmdiameter) sculpted in the polystyrene
cuvette of a bilayer chamber (model BCH-13A, Warner Instruments Inc.,
Hamden, CT). The cuvette was inserted into a polyvinylchloride holder,
thus defining a wall and two aqueous compartments separated by a pla-
nar lipid film as was described previously [5,45]. Prior to bilayer forma-
tion, the hole was “coated” with a small quantity of the lipid cocktail on
the cis side of the wall and was allowed to dry before adding solutions
to the chambers. Both compartments, cis and trans, were filled symmetri-
cally with 10 mM HEPES, 150 mM KCl and pH 7.4 electrolyte solution.
Electrical connections were made via 2% (w/v) agar salt bridges in
200 mM KCl into each chamber, and silver–silver chloride elec-
trodes. High ionic strength salt bridges are used to minimize liquid
junction potentials [46]. To avoidmechanical vibrations and interfer-
ence from electric fields during the measurement, the bilayer cham-
ber with two Ag/AgCl electrodes in the cis and trans compartment
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was placed in a Faraday cage on a mechanically isolated support. All
experiments were carried out at 23 °C.
2.4. Electrical recording

Electrical recordings were performed with a BC-525D Bilayer Clamp
Amplifier (Warner Instruments, Inc., Hamden, CT), with a 10 GΩ feed-
back resistor. Gain settings varied from1 to 10 mV/pA. Analog output cur-
rent signals were low-pass filtered at 10 kHz (−3 dB) with a four-pole
Bessel type filter and digitized by an analog-to-digital converter (Data
Acquisition Interface, InstruTECH ITC-18, HEKA Instruments, Inc.,
Bellmore, NY). Currents were acquired using PATCHMASTER software
(HEKA Instruments, Inc., Germany). Data were analyzed using the
program provided by HEKA Instrument, Inc. (Bellmore, NY). Baseline
adjustment was determined by subtracting the zero fixed value. Data
were filtered with a 200 or 700 Hz low-pass Gaussian filter. Original
data (not filtered) and data filtered with low-pass Gaussian and
Butterworth filters were submitted to a detrended fluctuation analy-
sis (DFA) (see below) and results were compared, but no difference
in the self-similarity parameter (α) values was observed (data not
shown).
2.5. Detrended fluctuation analysis (DFA)

The current intensity time series were submitted to a fractal analysis,
as described in detail elsewhere [47,48]. This method, based on the Hurst
exponent, has been introducedby [49] to analyze the organization ofDNA
sequences. Since then, it has been used to analyze temporal series data of
many different origins. The advantage of DFA compared with other fluc-
tuation analysis is its applicability to non-stationary time series.

Briefly, in DFA a self-similarity parameter (α-value) was calculated as
the slope of a Log–Log plot offluctuation (Log F(n)) vs. windows size (Log
n) for n within the range 290 (Log n = 2.46) and 2600 (Log n = 3.455)
data points.Where F(n) (Eq. (1)) is the root square of themean quadratic
deviations of each yi value with respect to the regression line ŷi;k within
the corresponding window (k).

F nð Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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α-Value provides ameasure of the “roughness” of the original time se-
ries: the larger the value of α, the smoother the time series [50]. Also, in
DFA the exponent α is inversely related to a typical fractal dimension,
so in this case, the value increases with increasing regularity (or decreas-
ing complexity) in the time series [51]. Different values of the exponentα
signify different levels of temporal correlation in fluctuation at different
scales. For time series of processes where fluctuations are negatively cor-
related (“anti-persistent”noise)wehave 0 b α b 0.5. For time serieswith
consecutive values generated by statistically independent processes with
finite variances,α = 0.5 (uncorrelated or “white”noise); in this case data
has short-range correlations (i.e., the correlations decay exponentially).
0.5 b α b 1 corresponds to processes where fluctuations in subsequent
values are positively (long-range) correlated (“persistent” noise) and
correlations decay as a power-law meaning that ongoing behavior is
influenced by what has occurred in the past [52]. α = 1 corresponds to
power spectral 1/f noise which is typical of systems near self-organized
critical states [53]. Values of α in the range 1 b α b 1.5, correspond
to integrated negatively correlated (“anti-persistent”) noise, where
α = 1.5 (“brown” noise) correspond to integrated independent in-
crements of “white” noise [31].
2.6. Frequency distribution of opening times

Timescales were characterized on the same set of data used to de-
scribe the effect ofΔV andCHO contentH = on conductance. The thresh-
old criterion applied was that the cut-off frequency of the low pass filter
was set individually for each experiment to be at least ten times higher
than the sampling frequency. Frequency distribution of opening times
was analyzed by plotting the frequency vs. the duration of open events,
respectively in a double logarithm scale. We evaluated whether the fre-
quencydistributions adjusted to linearfits in Log–Log plots.When a linear
fit coefficient of determination (r2)was found to be higher than 0.7, itwas
considered that the distribution was likely representative of a power-law
(and therefore fractal) distribution [54]. The slope of the linear fit is
known as the scaling factor (β).

2.7. Statistical analysis

Regression analysis by the least squares method used for curve fitting
and Kruskal–Wallis H test applied for comparisons were performed by
using the InfoStat software [55].

3. Results

Representative transmembrane ionic current recordings and their re-
spective amplitude histograms obtained with BLM0 upon application of
holding potentials (ΔV) within the range ±200 mV, are shown in Fig. 1.
States of discrete conductance were observed at ΔV ≤ −140 mV, while
a short-lived spike-like behavior was frequent at ΔV ≥ 140 mV.

Most of the observed changes in conductance were abrupt transitions
from one conductance level to another. The transition to a new level of
conductance was often followed by a return back to the initial conduc-
tance within a few milliseconds. The abruptness of the transitions and
the closeness of the initial and final levels of conductance suggest that
these fluctuations reflect opening and closure of single lipid pores. More-
over,we observed another type of electrical activity, conductance steps, at
the highest potentials tested (e.g. trace at −200 mV in Fig. 1) mainly in
samples containing 40 and 50 mol% CHO. In this case, after abrupt
establishing of a newconductance level, this levelwas stable for up to sev-
eral hundred milliseconds. (Typical traces of electrical current vs. time
recorded in BLMs containing CHO are depicted in Fig. 1Sa in the Supple-
mentary data).

Histograms of counts number (N) vs. current intensity (I) show the
presence of one or more characteristic current amplitude values (I) that
increase in magnitude and number as a function of the holding potential
(ΔV) (Fig. 1, right panels). In addition, the application of positive and neg-
ative potentials led to differences in the pattern of current fluctuation
(Fig. 1) as well as in the number of conductance states (more numerous
for negative potentials) (Fig. 2) suggesting different behavior for K+ and
Cl− ions.

The current amplitude (I) vs. the holding potential (ΔV) plots for
BLM0, BLM30, BLM40 and BLM50 are shown in Fig. 2a–d and the corre-
sponding conductance values are depicted in the insets of Fig. 2a–d. In
BLM0 (Fig. 2a) the current amplitude and the number of conductance
states increased at |ΔV| > 120 mV up to values above ±200 pA. Within
the range 0 to ±100 mV, a single conductance state (G = 0.0694 ±
0.0210 nS) was observed (Fig. 2a inset). A similar behavior was observed
for BLM30 (Fig. 2b) where current amplitudes for |ΔV| > 100 mV in-
creased up to −350 pA at −160 mV and 200 pA at 200 mV (Fig. 2b).
The highest absolute I value at each ΔV (Imax,V) increased almost linearly
with ±ΔV for bilayers of BLM40 (Fig. 2c) with Imax ≈ ±800 pA at 160
and−140 mV, leading to a maximal conductance of 5 and 6 nS, respec-
tively. In the case of BLM50 (Fig. 2d) I values were very dispersed, the
highest I values reached were within a similar level as those reached by
BLM40 but without a clear pattern.

Capacitance (Cm) values increased symmetrically with respect to
±ΔV although a slight asymmetry was observed in BLM0 with values



Fig. 1. Voltage-induced temporal fluctuation pattern of ionic currents across POPE:POPC (7:3) planar bilayermembranes (BLM0). Right panels, representative transmembrane ionic current re-
cordings fromplanar bilayers composed of POPE:POPC (7:3) (BLM30), upon application of a holding potentials between±200 mV in the presence of symmetrical K+/Cl− (150 mMKCl). Dotted
lines represent baselines, corresponding to 0 A current intensity. Recordings from 0 to ±120 mV show a similar behavior (data not shown). Left panels, all-points of amplitude histograms
obtained by fitting a Gaussian distribution to experimental values.
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tending to be higher at negative potentials compared with those cal-
culated at positive potentials. Cm also increased systematically as a
function of xCHO (Fig. 3a). Variation of Cm with ΔV (Cm(V)) followed
the equation Cm(V) = C(0)(1 + α·ΔV2), where C(0) is the capacitance at
ΔV = 0 and α the fractional increase in capacitance per square volt
(note the underline used to differentiate form the self similarity parame-
terα). The quadratic ΔV dependence of Cm depicted in Fig. 3b indicates a
constant α in the case of BLM0 which is consistent with Alvarez and
Latorre [56,57]. However, the behavior in the presence of CHO was
clearly biphasic exhibiting an abrupt slope (α) change at ΔV ≅ ±
180 mV (Fig. 3b). Below±80 mV,α increased significantly as a function
of CHO while above ±80 mV only slight changes in α were observed
(Fig. 3c).

The strong variability observed among current recordings obtained in
similar conditions led us to investigate the complexity underneath this
phenomenon through DFA. In Fig. 4a raw data of three temporal record-
ings of I and a fourth one coming from the randomization of one of the
formers are shown. Determination of the self-similarity parameter α
from the slope of the F(n) vs. n in Log–Log plot are depicted in Fig. 4b.
This procedurewas systematically applied to DFA on the temporal fluctu-
ation pattern of ion currents across BLMs composed of POPE:POPC (7:3)
with or without CHO (Fig. 5a–d). Due to the characteristic variability, in
each experimental condition we analyzed fluctuation patterns obtained
from themany replicates (up to 10 in some cases). BLM0 (Fig. 5a) showed
α values at or slightly above 0.5 within±100 mV, indicating short range
correlations or white noise. Fluctuations in this range are clearly due to
stochastic events occurring at themembrane level, determined, for exam-
ple, by the fluctuation in thermodynamic variables of the lipid bilayers.
Beyond−140 and+160 mVmost of the BLM0 analyzed suffered a tran-
sition to 1/f-type noise (α tended to one). In 1/fb noise (b = 1), there is
no well-defined temporal scale for the correlation time and the autocor-
relation function decays as a power law. That is, the current value of the
measured signal is temporally correlated not only with its most recent
value but alsowith its long-termhistory (i.e. long-range autocorrelations)
in a scale-invariant, fractalmanner [58]. In the other BLMs, the rangewith
α ~ 0.5 became narrower as the proportion of cholesterol increased.
Thus, BLM30 (Fig. 5b) showed long-range correlations (0.5 > α = 1)
when ΔV was beyond −50 mV and +130 mV. The α vs. ΔV plot in
BLM40 and BLM50 membranes resembled an upward parabola centered
at 0 mV. In BLM40 (Fig. 5c) and BLM50 (Fig. 5d) long-range autocorrela-
tions were observed even at ΔV = 0 mV, but the probability of finding
0.5 > α ≅ 1 increased with the magnitude of the electrical potential.

Pore lifetimeswere also analyzed statistically. Fig. 6a is a histogramon
a Log–Log scale showing the frequency of occurrence of the different pore
lifetimes in a BLM30 clamped at−160 mV taken as an example. The plot
exhibits a straight zone along at least twodecadeswith a slope (β) being a
self-similarity parameterwhichmeasures the degree of autocorrelation of
pore lifetimes. The large range of these times, which cannot be represent-
ed by one scale, is characteristic of a fractal [32].

Finally, we analyzed the temporal fluctuation of ionic currents across
BLMs composed of a complex mixture of lipids from the Folch's lower
phase of brain synaptosomal membranes (BLMbSM). Fig. 7a shows that
in BLMbSM Imax rosewithΔVonly up to±20 pAat±200 mVand reached
an average conductance G ≈ 60 pS. These values were similar to those
measured in BLM0 within the ΔV range ± 100 mV (G ~ 40 pS) but sig-
nificantly lower than the highest values reached in BLM0 at higher



Fig. 2. Effect of cholesterol on current intensities and conductance states. Current-electrical
potential plots (I–ΔV) (a–d) and conductance vs electrical current plots (G–ΔV) (a–d insets)
across POPE:POPC (7:3) BLMs containing from 0 to 50 mol% cholesterol with respect to total
phospholipids. Conductance states were identified from current amplitude histograms.
Kruskal–Wallis analysis showed highly statistically significant effects of both voltage
(H[412,22] = 94.53, p b 0.0001) as well as CHO content (H[388,4] = 15.05, p b 0.018) on cur-
rent intensity.

Fig. 3. Change in membrane capacitance (Cm). a) Effect of ΔV in BLMs containing increasing
cholesterol (CHO) proportions. b) Change in Cm vs. increasing squared voltage potential
(ΔV2) from 0 to 200 mV at the indicated CHO content in the BLM formulation (calculated
from data in panel). c) α was estimated from the slopes of plots shown in panel b within
the 0–802 mV2 and802–2002 mV2 ranges, respectively. For data a Kruskal–Wallis analysis
showed highly statistically significant effects of both voltage (H[310,21] = 124.71,
p b 0.0001) as well as CHO content (H[310,4] = 56.51, p > 0.0001) on capacitance
values.
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potentials (1 nS). Current fluctuations in BLMbSM followed a white noise
behavior but tended to an autocorrelated behavior reaching α ≅ 0.70 at
ΔV beyond−180 and +140 mV (Fig. 7b).
4. Discussion

Thus, in the present work we studied the phenomenon of voltage-
induced lipid ion channels in a membrane model containing a lipid
with negative spontaneous curvature. This kind of lipids can be organized
in non-lamellar structures participating in the opening of lipid pores
which are relevant for many biological functions beyond the transmem-
brane ion permeability. Even though the lipid mixture studied here is ex-
tensively used for protein channel reconstitution, up to our knowledge its
behavior in the BLM model has not been analyzed thoroughly neither
alone nor in the presence of CHO. Another aspect approached here, is
the ion conducting behavior of a complex mixture of lipids extracted
from a natural membrane. This may be relevant to evaluate the limits of
simplified membrane models at reproducing the behavior of a natural
biomembrane. Temporal fluctuations of ion currents were submitted to
a global analysis aiming at uncovering a characteristic pattern and its cor-
relations with the membrane structural dynamics.

image of Fig.�2
image of Fig.�3


Fig. 4. Determination of self-similarity parameter α from detrended fluctuation analysis
(DFA). (a) Current traces at 200 mV in POPE:POPC (7:3) BLMs. Trace #4 resulted from
the randomization of trace #3. (b) DFA on current patterns shown in panel (a). Note the
remarkable variability in the shape of current fluctuation patterns obtained under similar
experimental conditions. The self-similitary parameter (α-value) is calculated forwindow
sizes in the range 290 (Log n = 2.46) and 2600 (Log n = 3.455) data points (gray
region).

Fig. 5. Effect of cholesterol on the complexity of fluctuation patterns. Self-similarity co-
efficient (α) at different transmembrane potentials, estimated with DFA from electrical
current fluctuations across POPE:POPC (7:3) BLMs containing from 0 to 50 mol% (a–d)
cholesterol with respect to total phospholipids.
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4.1. Change in the membrane capacitance

Beyond electrostatic properties of themembrane surface and interior,
capacitancemay provide information about membrane structure and ge-
ometry. Typical capacitances of membranes have been claimed to be be-
tween 0.6 and 1 μF/cm2 [2]. In the present work a minimum of 66 pF (in
BLMbSM at 0 mV) andmaximum95 pF (in BLM50 at 200 mV)were found
(Fig. 3), equivalent to 0.37 and 0.54 μF/cm2 specific capacitances, respec-
tively. These values, as well as the increasing tendency in Cm uponmem-
brane rigidization, are in accordance to those reported by Antonov et al.
[59] who found an average specific capacitance of the hydrogenated
egg-lecithin BLM of 0.73 μF/cm2, which was nearly twice as much as
that for BLM formed from native egg lecithin.

We found that CHO induced an increase in Cm even at 0 mV(Fig. 3a), a
deviation from the straight line in the quadratic ΔV dependence of Cm, a
CHO dependent increase in α within the 0–±180 mV voltage range
and a recovery of the α values found for BLM0 at ΔV ≥ ±80 mV. These
results may be reflecting geometrical changes in BLM such as area and/
or thickness changes associated to the electrostriction phenomenon
(electrically caused decrease in thickness) and can be treated as White
and Chang [57] by discriminating between the effects ofΔV on the intrin-
sic capacitance (β) and on the BLM area (B) through α = β + B [57].
This possible CHO-dependent molecular reorganization in the BLM
seems to be completed at ~80 mV where BLM would reach electrostatic
properties similar to those of a CHO freemembrane. It has been calculated
that Cm of a fluid phase is ~1.5 times larger than that of a gel phase while
the voltage dependence Cm of a single phase is small [60], mainly in
solvent-free membranes [56]. This is so because the in the gel–fluid
phase transition there is an increase in area with respect to the gel
phasewhich is higher than the decrease inmembrane thickness. A similar
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Fig. 6. Statistics of the open times. (a) A histogram on a Log–Log scale showing the rate
of occurrence of the different pore lifetimes in a POPE:POPC (7:3) BLM containing
30 mol% cholesterol and clamped at −160 mV. The Log–Log plot reveals the power
low distribution with a slope β, the autocorrelation parameter, that extends over at
least two decades. (b) Contour plot showing the variation of β (represented by the
color code) in different conditions of CHO content (mol% with respect to phospho-
lipids) and transmembrane electrical potential (ΔV).

Fig. 7. Ionic currents through BLMs of bovine synaptosomal membrane lipids. BLMs were
prepared with Folch's lower phase lipids. (a) Ionic current intensity and (b) self-similarity
parameterα derived from DFA on current traces recorded over time at different transmem-
brane potentials. Kruskal–Wallis analysis on BLMbSM showed statistically significant effects of
voltage on I (H[99,21] = 85.87, p b 0.0001) (panel a) but not on α values (H[39,21] = 15.80,
p = 0.7290) (panel b). In addition, BLMbSM resulted significantly different from BLM0 both
in the I response (H[320,2] = 17.28, p > 0.0001) as well as in the α values obtained
(H[207,2] = 36.21, p b 0.0001) as a function of the intensity of voltage applied.
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rationale can be applied to analyze our system but only in qualitative
manner because it cannot be referred to a gel phase in CHO containing
mixtures. So, upon rising ΔV beyond ±180 mV, the higher Cm values
(Fig. 3a) and mainly the decrease in voltage dependence of Cm (lower
α) (Fig. 3c) suggest that due to electrostriction BLMs containing CHO suf-
fered a decrease in both structural complexity and anisotropy. This ratio-
nale provides a plausible explanation to the voltage induced effects but
not to the CHOdependent increase in Cm andα below±80 mV. So, addi-
tionally to pure capacitive effects [60], a resistive effect should also be
taken into account. From the expression: Cm = ε0·ε·A/d, where ε0 is
the permittivity in vacuum, ε the permittivity, d themonolayer hydrocar-
bon thickness andA the area, it canbe concluded that the effect of increas-
ing ΔV as well as that of increasing xCHO on Cm would reflect not only a
decrease in bilayer thickness but also an increase in the polarity of the
membrane core (ε).

Phenomena affecting membrane thickness include not only
electrostriction but also the local accumulation of material and
local thickening of the membrane which is a likely immediate out-
come of pore formation. However, both have negligible effects at low
potentials. Furthermore, increase in membrane order at the hydrocarbon
chain region can also cause an increase inmembrane thickness. So, the ef-
fects of CHO on Cm observed in the present work could be interpreted
based on the ability of this steroid to increase membrane order in liquid
crystalline bilayers leading to a more rigid, thus extended, organization
of hydrocarbon chains. We confirmed this behavior in POPE:POPC mix-
tures in Langmuir film experiments (see Fig. 5S, Supplementary data). It
is worth noting that, the thickening of the bilayer structure during the
phase transition of the BLM from the liquid crystal state to the gel state
has been ascribed partly to a gauche-trans transition of lipid molecules
but mainly due to redistribution of the solvent n-decane [59]. Contrary
to this, our experiments on the mixing behavior of POPE:POPC with
n-decane in Langmuirfilms, indicated that the solvent appears to be total-
ly excluded from the monolayer at all lateral surface pressures (π). Even
at π levels that are compatible with the equilibrium lateral pressure of bi-
layers there is no residual n-decane at the interface (see Fig. 3S, Supple-
mentary data) possibly due to the fact that the isothermal experimental
conditions above themelting point of n-decane contributed to its instabil-
ity at the interface. So, it can be concluded that in our system the only
source of significant effects on membrane thickness is CHO-induced
membrane rigidity. However, it is expected to exert the effect opposite
to that observed experimentally in Fig. 3a.

The effect of membrane polarity on Cm is reflected by changes in ε.
Taking into account that the dielectric constant of lipid is εL ≅ 2, that of
the bulk water is εw(bulk) ≅ 80 while bound water has a smaller dielec-
tric constant (e.g., εw(bound) ≅ 6–10) then, ε-dependent changes on Cm
can be interpreted as follows. Water has been postulated to penetrate
deeply into the membrane interior and to be organized into domains
[61]. So, the amount and/or size of water domains are expected to define
an average ε value of the membrane. This average ε, would define a
threshold energy level for pore formation andwould increase uponmem-
brane perturbation (e.g. upon applying an electrical potential). So, the ef-
fect of ΔV on Cm can be partly explained on the basis of ΔV-induced
growth in the size andnumber ofwater domains. CHOexerts a dual effect,
on the one hand by decreasing Cm through the increase in membrane
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thickness and on the other hand by increasing Cm though the induction of
packing defects which stimulate water domains formation. Thus, the lat-
ter effect is underneath and overpassed in magnitude by the former and
the net consequence is a CHO-induced increase in ε and consequently
in Cm.

4.2. CHO content and high potentials favor auto-correlations in temporal
fluctuation patterns of ion currents

After a systematic analysis of ion current fluctuations in different
experimental conditions, the intrinsic variability aswell as its varying ten-
dencies with CHO content and voltage sign and intensity could be con-
firmed and interpreted as a fingerprint of the system (examples of I vs.
time traces exemplifying the variability in current temporal fluctuation
patterns are depicted in Fig. 1Sb, in the Supplementary data). Upon initial
inspection, a time sequence of normal fluctuations inmagnitude and rate
of a measurable quantity appears irregular and completely random. By
random it is meant that fluctuation are independent from one another,
i.e., there is no apparent dependence or correlation among fluctuations.
If, however, a sequence of events is considered, the fluctuations may
look remarkably like those observed in shorter or longer sequences.
That is, fluctuations on different time scales may appear to be self-
similar, like the branches of a geometric fractal object [27]. In other
words, magnitude and rate of events may fluctuate over many scales
(Fig. 1Sc, Supplementary data), even in the absence of external stimuli
that fluctuate, rather than relaxing to a homeostatic steady state.

So, aimed at uncovering long-range correlations associated to a scale
invariant (fractal) behavior, ion current time series were submitted to a
global analysis. Some of the experiments with BLM containing CHO
exhibited a slow drift of the mean conductance and in some cases
were accompanied by abrupt transitions between different conduc-
tance levels. This non-stationarity of conductance, which would have
complicated other type of fluctuation analysis such as power spectrum,
could be properly treated with DFA.

In the time series with long-range autocorrelations, many of the dis-
crete steps inmembrane current look similar to protein induced ion chan-
nels (Fig. 4). Previous studies have shown that ion currents through
proteinaceous ionic channels can present long-range correlations with
α-values > 0.5 and/or near 1. For example, patch clamp recording of
the potassium current through a single high conductance locust potas-
sium channel showed an α = 0.89 ± 0.07, indicating that the ionic
current signal has long memory property (long-range correlations)
[37]. Using other mathematical analysis, studies regarding proteina-
ceous ionic channels have also shown existence of 1/fb noise (b = 1)
[31,32,34,38,39]. Bier and Gallaher [40] discussed extensively 1/f noise
both in protein channels and lipid pores. Amodel proposed by these au-
thors considers that, once overpassed an opening energy barrier, the
probability that the system closes again becomes lower as it moves
away from the barrier. In lipid bilayers in the liquid state a pore would
open (O) and close (C) rapidly. However, near the phase transition lipids
in the pore lining may freeze stabilizing the pore. The freezing of more
lipids around the pore moves the system away from the C⇆O energy
barrier. According to this model, they propose a mechanism based on a
closed–open transition (C⇆O) scheme where the transition rates (k) de-
crease in time like k(t) = t−β [40]. This considers the electropore noise
within the general category of nonequilibrium systems in which energy
is dissipated exhibiting a 1/f noise.

Interestingly, the voltage range and CHO concentration where long-
range autocorrelated fluctuation pattern in voltage-induced ionic cur-
rents through lipid bilayers emerge (Fig. 5), closely resembles both
the voltage range where an increased ion current through the mem-
brane was observed (Fig. 2) and also the voltage range where abrupt
transitions from one conductance level to another was found (Figs. 1
and 4). As stated previously, the abruptness of the transitions and the
closeness of the initial and final levels of conductance suggest that
these fluctuations reflect opening and closure of single lipid pores
[17]. Therefore, our results suggest that fluctuations, due to the formation
of lipid ion pores at extreme voltages and CHO concentrations, present
fractal dynamics and long-range correlations (see Section 4.4 for detailed
discussion). Based on theirwork asproteinaceous ionic channels Chui and
Fyles [36] proposed, three possiblemechanisms forwhich power law dis-
tributions (long-range autocorrelations, fractals) can arise. First, they
could arise from a “combination of exponentials” process in which a
conducting state would both grow and die off exponentially. The latter
process is not unexpected and underlies the conventional Markov analy-
sis where open-state lifetimes decrease exponentially [36]. A second and
more appealing alternative is related to the properties of a “randomwalk-
er”. In thismodel the “walker”would be defined as a conducting state of a
channel. Thisminimumconducting statewould randomly add or subtract
components. The conducting state would persist until the random add/
subtract process produces a structure below the minimum required for
conduction [36]. A third alternative involves “self organized criticality”
in which the system as a whole grows in conductance by a random pro-
cess. To counter this growth, a random catastrophic event hits this orga-
nized structure and wipes it out in its entirety [36]. For example, 1/
f-noisewas observed in open bacterial porin channels, andwas attribut-
ed to a non-equilibrium critical state of the channel, where ion diffusion
across the pore happens in differently sized “avalanches” of self-
organized criticality [39]. Hausdorff and Peng [58] proposed that the
1/f fluctuations observed in many biological time series could result
from the summation of multiple random inputs, although it is unlikely
that these fluctuations are due only to the fact that these systems are
regulated by many different inputs acting on different time scales
[58]. Bier and Gallaher [40] arrive to a similar conclusion. Further stud-
ies are necessary to fully comprehend themechanisms that underlie the
appearance of 1/f-noise in voltage-induced ionic currents through lipid
bilayers.

Heterogeneous lipid bilayersmade of soybean lecithin, egg phosphati-
dylcholine and cholesterol also presented histogram of open times that
showed conductance events ranging over several orders of magnitude,
from 1 ms to as long as many seconds (the majority remained open for
less than 10 ms) [62], although no information on the distribution of
events was provided in the paper. More recently, Melikov, et al. [17]
reported the presence of lipid poreswith a broad distributions of lifetimes
(up to 100 ms). They also showed that the histogram of the number of
closed states in bursts confirms that the number of longer bursts
containing many consecutive short-lived closed states is increased in
comparisonwith that generated by computer simulation for independent
events [17]. In our study, the self-similarity parameter (β) varied with
transmembrane voltage as well as with BLM composition as shown in
the contour plot of Fig. 6b. Noteworthy, less negative slope values
(between −0.2 and −0.6) were found for higher voltages and higher
CHO concentration indicating more events with longer pore lifetimes
under these conditions.

4.3. Selectivity in ion permeability

Several pieces of information derived from the present study revealed
an asymmetry in ionic conductance mainly reflected by the variability of
data as well as the sensitivity of the system to perturbationwhich are the
strongest within the negative voltage side of I–ΔV (Fig. 2) and α–ΔV
(Fig. 5) plots.

Selectivity between anions and cations is known since the early
work from Papahadjopoulos and Watkins [63] who showed that the
36Cl−/42K+ diffusion ratio through PC vesicle bilayers was between 37
and 42. This value decreased near 10 times in the presence of CHO
and even more in membranes containing negatively charged lipids
such as phosphatidic or stearic acids. Taking into account that cations
perturb the hydration layer of bilayers [64] and the ion size selectivity de-
scribed by the conductance of different cations which is in accordance
with the well-known Hofmeister series, it has been proposed that hydra-
tion force is the responsible for cation selectivity at soft-perforation [10].
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More recently, Liontiadou et al. [65] reported plausible explanation for ion
selectivity resulting frommolecular dynamics simulations. Theyproposed
that the sodium and chloride ions permeate the water pores via different
mechanisms.Whereas sodium is adsorbed to themembrane and diffuses
across the interface, chloride prefers the bulk water in the middle of the
pore. Although the interface attracts the sodium ions, it also restricts
their motion. As a consequence, the average time required for a chloride
ion to pass through the pore results much shorter than for a sodium ion
andupon increasing the pore size, a reversal fromcation to anion selectiv-
ity is observed.

4.4. Electrical potential and membrane structure dependence of lipid
pores percolation tendency

Fluctuation analysis based on current intensity as well as on pore life-
times can be rationalized as pores behaving independently at low volt-
ages in BLM0, at the edge of the fluid state (above the mean phase
transition temperature) as it is in the present study. As voltage (and
CHO concentration) increases, pores start to feel each other, either be-
cause they become bigger or because their conducting effects diffuse
across space and ionic currents from neighboring pores become in con-
tact. This spatially self-organized behavior grows up to the point where
it expands (percolates) to the whole membrane and is expressed as tem-
porally correlated fluctuation in ionic currents. At extreme conditions
membrane breaks up. Our results (Fig. 5) show that percolation (α
tending to 1) can be achieved at lower voltages, thus requiring less ener-
gy, in membranes containing CHO.

Ion channels are described as hydrophilic defects produced as a conse-
quence of the thermodynamic fluctuations in the two-dimensional phos-
pholipid lattice which are considered to be maximum at the melting
transition [2]. However, in the fluid phaseWunderlich et al. [15] have de-
scribed spike-like fluctuation within timescales (~2 ms), one order of
magnitude shorter and of narrower amplitude than those observed in
phase coexistence conditions. Interestingly, although all the mixtures
assayed in the present work were above their phase transition tempera-
tures they showed fluctuation within timescales above 10 ms. This sug-
gests that, in spite they are not expected to exhibit phase coexistence,
other type of packing defects should be considered.

PC and PE differ considerably in their effective sizes, hydration proper-
ties, and inter-hydrogen bonding capability of their polar headgroups as
well as their intrinsic curvatures pertinent to the effective structure and
intermolecular interactions of lipid molecules in membranes. It is
known that the physical properties of fluid PE/PC do not vary smoothly
with PE composition. Abrupt, albeit not major, deviations appear to
occur at particular critical PE compositions [66]. POPE:POPC mixtures
have been shown to form headgroup superlattice in fluid bilayers at cer-
tain critical proportions (e.g. 0.667 which is very close to that used in the
present paper). Headgroup superlattice model assumes that the lipid
headgroups form hexagonal or rectangular superlattice distributions in
the bilayer, a mechanism that relieves “packing frustration” of PE in the
presence of PC (larger headgroup than PE) [66]. Hence, this may be one
of the major mechanisms in driving the PE and PC components to
superlattice-like lateral distributions in the bilayer [66].

The formation of the putative CHO superlattices in fluid PC host bilay-
ers [67] has also been described as amechanism responsible for repulsive
steric interactions at the hydrocarbon level. In turn, CHO supports forma-
tionof phospholipidheadgroup superlattices influid state ternary lipid bi-
layers (e.g.when theCHO-to-phospholipidmole fraction (xCHO)wasfixed
at 0.00, 0.35, 0.40, and 0.50). So, the parallel existence of superlattices at
the lipid headgroup and at the acyl chain levels is feasible [68]. Headgroup
superlattice (SL) model, suggests that phospholipid headgroups of differ-
ent structures tend to adopt regular distributions even in the presence of
CHO [68].

Interestingly, SL were associated to deviations in drug partitioning
[69] and fluorescence anisotropy [70]. Not only these phenomena but
also the increased tendency to lipid channel formation and temporally
auto-correlated membrane behavior described in the present work
can lead to consider that, similarly to what happens in phase coexis-
tence conditions, the SL organization provide the bilayers with discon-
tinuities (defects) in the molecular packing which, upon perturbation,
favors lipid channel like behavior through the increase in the number
and/or size of water domains.

4.5. The complex mixture of lipids from synaptosomal membrane exhibits
a smooth current fluctuation

These results reflected the higher stability of BLMbSM comparedwith
BLM0. Interestingly, the sensitivity of BLMSM to the transmembrane po-
tential was significantly lower than that of binary phospholipidmixture
POPE:POPC (7:3) suggesting that compensation of molecular geome-
tries in the complex SM lipid mixture may be responsible for dumping
ionic currents. This hypothesis will be further investigated in future
studies.

5. Conclusions

The present study was based on the hypothesis that some aspects of
the membrane structural dynamics are encoded within the pattern of
temporal fluctuations in ion currents. So, using the BLM model, mem-
branes of varied compositionswere perturbedby applying aΔV. Itwas as-
sumed that nonzero conductance is due to the opening of lipid channels.
The perturbation threshold decreased with the CHO content of the
membrane. This was evidenced by the increase in the magnitude of I,
the number of conductance states and the variability in the shape of the
fluctuation patterns. The latter leaded to a systematic study applying a
global characterization method that allowed describing the autocorrela-
tion structure of the time series which was synthesized in the self-
similarity parameter α. A similar rationale was applied to the analysis of
timescales of channels open times. These analyses were rationalized as
pores behaving independently at low voltages in CHO free membranes
and becoming temporally autocorrelated as ΔV and CHO content in-
creased. Itwas concluded that pores grewupeither in size and/or in num-
ber up to the point at which they started working as an interconnected
network. This effect expanded (percolated) to the whole membrane
and, at extreme conditions ofΔV, led to the breaking up of themembrane.
This suggests that lipid pores behave as a spatio-temporal correlated phe-
nomenon. Percolation could be achieved at lower voltages, thus requiring
less energy, in membranes containing CHO. Voltage induced changes in
membrane capacitance (Cm) revealed the increase in the polarity of the
membrane core (ε increased) in the presence of CHO.

It is worth noting that in the present study, channel-like behavior
was observed in fluid membranes which means in the absence of phase
coexistence. However, the phospholipid/CHO mixtures were used at
compositions known to be structurally organized in what are known as
superlattices which are derived from frustration of packing. Consequent-
ly, a generalization allowed by the present results is that the onset of
channel-like behavior in lipid membranes requires the presence of pack-
ing defects. BLMbSM composed of the complexmixture of Folch's lipid ex-
tract were almost insensitive within the same ΔV range used to perturb
the other BLMs. This would imply the absence of defects in the packing
structure and/or the compensation of geometries among the multiple
molecular identities comprising this complex mixture.

Pure lipid membranes are matrices where channel- or pore-forming
proteins are usually inserted. It should be realized that the matrix behav-
ior is expected to be perturbed as a whole in the presence of proteins. So
the current fluctuation behavior of protein free membrane cannot, in
principle, be taken as a background signal to be discounted from the pro-
tein containing membrane. Each system should be considered as an indi-
vidual entity. So, the question that arises is how to apply lessons learned
from simple model membranes to actual biomembranes.

Biological membranes are complex mixtures of lipids with different
melting points and different hydrophobic lengths, including CHO and
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proteins, and exhibit phase separation and domain formation phenome-
na. Therefore, one must expect that fluctuations display different magni-
tude in different membrane regions with intensities that depend on the
length scale over which they are monitored, the whole membrane or in
windows of smaller size, e.g. on the length scale of individual domains
or onmolecular scale. So, biomembranewould exhibit a complexmixture
of fluctuation frequencies and patterns, most of which would come from
packing defects.
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