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Abstract

Selectivity between monovalent cations and its sequence of conductivity in lipid bilayers doped with the antibiotic Gramicidin D (GD)

were examined using EIS. Experiments were performed using lipid bilayers obtained from a lipid mixture of phosphatidylcholine and

dimethyldioctadecylammonium chloride (DODAC). Lipid bilayers were supported on gold surfaces modified with a mercapto-carboxylic

acid. The bilayers were formed by chemisorption of this last species to form the first monolayer on gold and subsequent fusion of unilamellar

vesicles to form an external bilayer attached by electrostatic interactions. A mathematical expression for the impedance of the membrane

processes was derived. Some predictions of the presented model were checked after fitting the experimental results in various electrolyte

compositions. D 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Artificial lipid bilayers have been employed extensively

as model systems for studying biomembranes. The incor-

poration of reconstituted structures assembled from syn-

thetic or natural molecules in lipid bilayers has enabled to

explain important physiological processes such as transport,

binding or charge transfer and have many potential appli-

cations. A diffused practical application is their use for

biosensors with electrical detection, since they are able to

interact specifically with certain species in solution.

Several systems emulating biological membranes, such

as black lipid membranes [1] and membranes transferred via

the Langmuir–Blodgett technique (Refs. [2,3] and ref-

erences therein) or by fusion of vesicles [4,5] were analysed.

One of the most recent of these systems consists of

planar supported membranes prepared by deposition of lipid

monolayers onto a hydrophobic flat surface [6–8] or alter-

natively, by sequential transfer of a bilayer on a hydrophilic

support by fusion of vesicles [9].

Several supports such as glassy-carbon, semiconductors

[10] and salt bridges made of hydrogels in Teflon tubing,

were considered. Alternatively, Tien et al. [11,12] demon-

strated the spontaneous assembly of bilayer membranes on

nascent metal surfaces, where an insulated metallic wire

(e.g. a Teflon-coated Pt wire) is cut while immersed in a

BLM-forming solution. Mercury was used to support gra-

micidin-modified phospholipid monolayers since the per-

fectly smooth and defect-free surface of the liquid electrode

has some advantages over metal solid substrates [13].

Monolayers of alkanethiols on gold are most widely

employed [14,15]. These monolayers allow deposition of

a second monolayer [16,17] or bilayer on top of them, using

several different preparation techniques [18]. Chemisorption

of these compounds on clean gold generates monolayers,

probably forming Au(I) thiolate(RS � ) species. This reac-

tion may be considered as an oxidative addition of the SUH

bond to the gold surface, followed by a reductive elimina-

tion of the hydrogen [7]:

RUSUHþ Au0n ! RUS�Auþ � Au0n þ 1=2H2:

A mercapto-carboxylic acid can be employed to obtain a

negatively charged surface. When the carboxylic group is

dissociated at the pH of the experiments, it supports a
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negative charge. Subsequent addition and fusion of lipid

vesicles generates electrostatic fixation of a bilayer.

In order to characterize ion transport across lipid mem-

branes, de Levie et al. [19,20] developed a theoretical model

for the transport impedance, although this model is re-

stricted to the permeation of membrane-soluble ions across

an ultrathin lipid bilayer separating two aqueous phases.

However, in the literature, impedance results obtained with

supported lipid bilayers containing pores or carriers that

enable ion transport were analyzed either in terms of

equivalent circuits [10] or in terms of adapted forms of

the model of de Levie’s [18,21]. At present, a theoretical

impedance model for these specific cases is lacking.

One of the best characterized and most extensively

studied pore-forming compound is gramicidin [22,23]. This

linear pentadecapeptide consists of a helical dimer structure

[24,25], which produces a continuous channel through a

lipid bilayer. The resulting dimer has in its active form a

length of 26 Å, sufficient to span a lipid bilayer. This

peptide forms a pore of 4 Å in diameter allowing the

passage of monovalent cations. Although the selectivity

between these cations is not great, its sequence of conduc-

tivity was reported to be [26]: H +>NH4
+ > Cs+ > Rb+ >

K+ > Na+ > Li + .

We report on experiments of fusion of vesicles into

planar membranes on modified gold electrodes, thanks to

electrostatic interaction between the charged surfaces of the

substrate and the vesicles. This study was undertaken in

order to show the applicability of impedance analysis to

determine electric, chemical and physical parameters of

these systems, which are of great importance in the bio-

sensors field. The major goal of this work is the derivation

of a theoretical impedance model dealing with ion transport

through supported membranes containing the ion-channel-

forming peptide Gramicidin D.

2. Materials and methods

2.1. Materials

Egg yolk phosphatidylcholine (eggPC), Thioglycollic

acid (TGA) and Gramicidin D (GD) were obtained from

Sigma. Dimethyldioctadecylammonium chloride (DODAC)

was purchased from Fluka.

The Tris buffer, consisting of 10 mM Tris (tris-(hydro-

xymethyl)aminomethane) was adjusted to pH 7.4 by titra-

tion with HCl.

All aqueous solutions were prepared with Millipore

water. All solutions were degassed before use.

2.2. Methods

2.2.1. Bilayer deposition by fusion of vesicles

Lipid vesicles were prepared by mechanical dispersion

using a chloroform solution of a lipid mixture containing

80% and 20% w/w EggPC and positively charged DODAC,

respectively. The solvent was removed by evaporation with

nitrogen stream to avoid phospholipid oxidation. The dry

film was shaken in a buffer solution (10 mM Tris, pH 7.4)

with added GD to a final concentration of 0.001 M. The

final concentration of the dispersion was 3%.

The self-assembled monolayer was formed by exposing

the gold electrode to a 10-mM TGA solution for 10 min and

next it was rinsed in the buffer solution to remove the

unspecific adsorbed molecules. The carboxylic acid is dis-

sociated at pH 7.4.

The negatively charged surface was immersed in the

vesicle dispersion for 1 h and then it was dipped in the

buffer solution to remove the remaining dispersion. For the

experiments, the buffer solution was replaced by 0.1 M

NaCl, LiCl, KCl and CsCl solutions in Tris 10 mM buffer

pH 7.4.

2.2.2. EIS

The electrochemical cell in a three-electrode configura-

tion contains a Ag/AgCl reference electrode, a large-area Pt

counter electrode and the modified gold surface as the

working electrode (0.28 cm2 geometric area).

All measurements were carried out at the cell equilibrium

voltage at 20 �C.
EIS data were measured with a Solartron SI 1254 device;

a 10-mV amplitude sine-wave signal perturbation was

applied in the 10 mHz–65 kHz frequency range. Data

analysis was performed according to proper transfer func-

tion and identification procedures by using CNLS fit rou-

tines [27–29].

2.3. Theory

The mechanism under consideration involves aqueous

diffusion that precedes two successive electrochemical steps

leading to ion permeation through gramicidin-doped lipid

bilayers.

Species M + arrives at the membrane/electrolyte interface

by aqueous diffusion. After loosing its solvation shell, the

cation adsorbs at a surface site corresponding to the mouth

of an active G-channel and it incorporates into the channel

at the interface. Since the incorporated ions are located at

the membrane interface there is no physical distinction

between adsorption onto the membrane and partitioning

into it, and consequently no need to consider adsorption

separately [20]. In the simplest case, the interfacial transfer

kinetics are of first order.

For the permeation step we assume the validity of the

single-barrier model, i.e. a simple activation energy barrier

characterizes ionic transport inside the channels, and irre-

versible kinetics. It is also assumed that the applied voltage

constitutes only a small perturbation of the barrier shape, so

that the position of the potential-energy maximum along the

reaction coordinate is not affected to any appreciable extent

by the applied voltage.
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The reaction mechanism can be formally written as:

Mþ V
k1

k�1

ðMþÞs ð1Þ

ðMþÞs !k2 ðMþÞe ð2Þ

where (M + )s corresponds to the ion at the solution side of

the membrane and (M + )e to the ion at the electrode side of

the membrane.

The potential (E) dependence of the rate constants can be

expressed by an exponential law:

ki ¼ koi expðbiEÞ ð3Þ

k�i ¼ ko�iexpðb�iEÞ ð4Þ

where bi =� aF/RT and b� i = (1� a)F/RT, ki
o and ko� i are

constants independent of E, a is the transfer coefficient and

F the Faraday constant (� 96500 Cequiv� 1).

The maximum number of sites per unit surface which can

be occupied by the species M + is characterized by the

coefficient b and the fraction of sites actually occupied by h
(0 < h < 1). As a consequence the number of free electro-

active sites is given by b(1� h).
When the electrode potential is in the vicinity of the

reversible potential of the considered reaction, the backward

reaction of step (2) should a priori not be neglected. This in

turn requires to consider a second fraction of sites h
occupied by the species (M + )e.

Mass and charge balances give:

b
dh
dt

¼ k1ð1� hÞc� k�1h � k2h 	 gðE,c,hÞ ð5Þ

I ¼ FA½k1ð1� hÞc� k�1h þ k2h� 	 IðE,c,hÞ: ð6Þ

In order to calculate the reaction impedance, equations

describing the rate of accumulation of incorporated ions

g(E,c,h) [Eq. (5)] and the current I(E,c,h) [Eq. (6)] should be
linearized, according to Taylor series expansion retaining

only terms with first-order derivatives, giving:

b
dDh
dt

¼ @g

@E

� �
DE þ @g

@h

� �
Dh þ @g

@c

� �
Dc ð7Þ

DI ¼ @I

@E

� �
DE þ @I

@h

� �
Dh þ @I

@c

� �
Dc: ð8Þ

Derivatives in Eqs. (7) and (8) correspond to stationary

conditions and may be obtained from Eqs. (5) and (6).

When a small ac perturbation signal, DE = Ẽexp(jxt), is

applied, the current and concentrations oscillate around

steady-state values: I = Idc +DI, c = cdc +Dc and h =
hdc +Dh, where the superscript dc indicates a parameter

that changes only slowly with time (i.e. either a steady-state

term or one that does not change with the frequency of the

perturbation x), and the symbol D indicates a parameter

oscillating periodically with time t. The resulting osci-

llations with time may be written as: DI = Ĩexp(jxt), Dh =
h̃exp(jxt) and Dc = c̃exp(jxt).

Thus, Eqs. (7) and (8) can be rewritten as:

bjx
Dh
DE

¼ @g

@E

� �
þ @g

@h

� �
Dh
DE

þ @g

@c

� �
Dc

DI
� 1

Z

� �
ð9Þ

� 1

Z
¼ DI

DE
¼ @I

@E

� �
þ @I

@h

� �
Dh
DE

þ @I

@c

� �
Dc

DI
� 1

Z

� �

ð10Þ

where Z =�DE/DI is the faradaic impedance (the negative

sign arises from the assumed convention in which the

cathodic current is positive).

Since species M + diffuses towards the surface, one has:

Dc

DI
¼ � NðxÞ

FA
ð11Þ

where NðxÞ ¼ þ 1ffiffiffiffiffiffi
jxD

p for semi-infinite linear diffusion [30]

and A represents the electrode area.

After eliminating Dh from Eqs. (9) and (10) and con-

sidering Eq. (11), it results to:

Z ¼
jx þ @I

@c

� �
N

FA
jx � @I

@c

� �
@g

@h

� �
� @I

@h

� �
@g

@c

� �� �
N

FA

1

b
� @g

@h

� �
1

b

� @I

@E

� �
jx þ 1

b
@I

@E

� �
@g

@h

� �
� 1

b
@I

@h

� �
@g

@E

� �� � :

ð12Þ

After evaluating the derivatives in Eq. (12) from Eqs. (5)

and (6) with a = 0.5 and replacing h by its steady state value,

the final expression for the impedance can be obtained:

Z ¼
jx þ k1cþ k�1 þ k2

b
þ k1ðk�1 þ k2ÞN

k1cþ k�1 þ k2
jx þ 2k1k2ðk�1 þ k2ÞN

bðk1cþ k�1 þ k2Þ

FA
F

RT

k1cðk�1 þ k2Þ
k1cþ k�1 þ k2

� �
jx þ FA

b
F

RT

2k1k2cðk�1 þ k2Þ
k1cþ k�1 þ k2

:

ð13Þ

The approach presented is sufficient for analysing the

electrochemical impedance, however, a simple check of

some predictions of the proposed model can be made using

a general equivalent circuit accounting for the expression of

the global impedance. The procedure to obtain the equiv-

alent circuit is based on a comparative analysis of the

degree in x of polynomial expressions for the numerator

and denominator of the mathematical expression for Z

given by Eq. (13) and that derived from the calculated

impedance relative to the electrical circuit. According to the
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equivalent circuit in Fig. 1, the electrochemical impedance

is given by:

Z ¼
jx þ R1 þ R2

R1R2C
þ ZW

R1

jx þ ZW

R1R2C
1

R1

jx þ 1

R1R2C

ð14Þ

where the element ZW represents a Warburg impedance.

Comparison of terms of equal degree in x in numerator

and denominator of Eqs. (13) and (14) leads to the following

relations between the electrical components R1, R2, C and

ZW and the kinetic parameters:

R1 ¼
k1cþ k�1 þ k2

FA
F

RT
k1cðk�1 þ k2Þ

ð15Þ

ZW ¼ 1

FA
F

RT

1

c
N ð16Þ

R2 ¼
R1

2

k1cþ k�1 þ k2

k2

� �
ð17Þ

C ¼ bFAðF=RTÞk1cðk�1 þ k2Þ
ðk1cþ k�1 þ k2Þ2

: ð18Þ

Finally, the impedance of the processes related to gra-

micidin-doped membranes consists of a parallel connection

Fig. 1. Equivalent circuit accounting for the expression of the global

impedance of the processes related to gramicidin-doped membranes.

Fig. 2. Nyquist and Bode plots for a phospholipid-bilayer without added

gramicidin in 0.1 M NaCl. Experimental data (6) and simulated curves

(���) according to a transfer function determined by a constant phase angle

(CPE) in parallel connection with a resistance.

Fig. 3. Nyquist and Bode plots for a phospholipid-bilayer with added

gramicidin in 0.1 M CsCl. Experimental data (6) and simulated curves

(���) according to Eq. (14).
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of the membrane capacitance Cm and the faradaic impe-

dance Z.

3. Results and discussion

Fig. 2 shows impedance spectra of 0.1 M NaCl in Tris

10 mM buffer pH 7.4 at phospholipid-bilayer coated

electrodes in the absence of gramicidin. It can be observed

that Z(x) becomes ohmic for x! 0. This has been inter-

preted in the literature as due to the presence of defects in

the bilayer [6]. These defects are most likely originated by

the surface roughness of the gold substrate. This means that

one has to introduce an additional resistance Rdefect in

parallel with the system’s impedance to account for the

small ohmic dc-currents associated to flawed areas at the

coating. Experimental results in Fig. 2, after correction for

the electrolyte resistance, were fitted to a constant phase

element (CPE) in parallel connection with a resistance.

Although the resulting theoretical response (continuous

lines in Fig. 2) cannot describe the experimentally observed

deflection of u(x) at f� 1 Hz, as reported for a comparable

system [6], the fit was simply aimed at obtaining a rough

estimation of Rdefect = 1.4
 106 V to be used as initial

value in subsequent fits with doped lipid bilayers.

Figs. 3–6 display experimental and fitted impedance

results for GD-doped bilayers in solutions containing Cs + ,

K + , Na + and Li + , respectively.

Nyquist diagrams are characterized by a capacitive

response with very little structure, containing at least two

overlapped time constants. Accordingly, two overlapped

phase maxima are present in the Bode plots. Aside from

the differences in Z values, the spectra for the different

solutions exhibit similar dynamic behaviour.

The continuous lines in Figs. 3–6 represent CNLS fits

using the proposed model. A good agreement between

experiment and theory can be observed in the whole

frequency range. In the literature for similar systems fit

predictions according to different models are ordinarily

presented as log AZA vs. log x, while the more sensitive

variation of the phase angle u with angular frequency x is

usually not included. Accordingly, it is not possible to

compare the capability of our model to better describe the

experiments with that of others.

It has been suggested that in order to account for the

presence of a supporting monolayer a capacitance in series

Fig. 4. Nyquist and Bode plots for a phospholipid-bilayer with added

gramicidin in 0.1 M KCl. Experimental data (6) and simulated curves

(���) according to Eq. (14).

Fig. 5. Nyquist and Bode plots for a phospholipid-bilayer with added

gramicidin in 0.1 M NaCl. Experimental data (6) and simulated curves

(���) according to Eq. (14).
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with the membrane impedance has to be added. To check

this possibility we also fitted the results shown in Figs. 3–

6, in that way, estimating a mean capacitance value CTGA=

(8.4F 0.9)
 10� 5 F cm � 2. As expected, this value is

larger than that measured for thicker 3-mercaptopropionic

acid monolayers [31]. However, considering CTGA in the

theoretical equations neither improves the quality of the fits

nor influences appreciably the final values of the rest of

the fitting parameters. Thus, to keep the analysis simple,

we neglected CTGA. Parameter estimates are assembled in

Table 1.

Remarkably, the values derived for the ion transport

resistance, which involves both transport across the inter-

face and across the membrane R1 =Rit =� (@I/@E)h,c
� 1, for

the different cations in solution agree with the sequence of

conductivity reported in the literature. On the other hand, R1

is the only parameter that presents a marked dependence on

the type of ion in solution.

Values of C due to adsorption processes were estimated

to be, as expected, at least one order of magnitude larger

than those of Cm.

The results shown indicate that the simplifying assump-

tions made in the theoretical derivation of the electrode

impedance do not impose severe limitations for the success-

full application of the model. However, two aspects deserve

further discussion. First-order kinetics were assumed for the

interfacial reactions. Recently, current–voltage character-

istics for the ion transport through lipid bilayers containing

short-lived water channels induced by thermal fluctuations

were modelled considering the ion-pore coupling step as a

second-order kinetic process that depends on both the ion

concentration and the pore concentration [32]. This

approach, which leads to an improved description of the

experimentally observed deviation from an ohmic behaviour

in the polarization curves at high potential values, could in

principle be incorporated in our model. The second aspect is

related to the assumed value of a. As usual, in the literature,

a value a = 0.5 was taken, although independent determi-

nation of its exact value from dc data is desirable to improve

the agreement between theory and experiment.

At present, we are simulating the experimental data

according to Eq. (13) in order to derive values for the

kinetic constants and also to check the dependence of Z on

temperature and cation concentration as predicted by the

model. In principle, it may be possible to roughly estimate

the density of conducting gramicidin dimers from the steady

state values of h at each applied dc-potential.

4. Conclusions

To avoid the weaknesses of analysing impedance data

exclusively in terms of electrical analogs, we derived the

mathematical expression of the transport impedance re-

sulting from ion permeation in supported membranes con-

taining ion-channel-forming peptides. CNLS fit of ex-

perimental data to the model allows to check the accepted

sequence of conductivity. Further work based on the

proposed theoretical model is expected to allow important

predictions to be made as outlined above. We believe that

this approach may be useful to characterize reconstituted

Fig. 6. Nyquist and Bode plots for a phospholipid-bilayer with added

gramicidin in 0.1 M LiCl. Experimental data (6) and simulated curves

(���) according to Eq. (14).

Table 1

Parameters obtained by CNLS fit routine of impedance data in Figs. 3–6 in terms of the transfer function Eq. (14)

R1/V Cm/F R2/V C/F Y0/V
� 1 s� 1/2 Rdefect/V

Li + 69 3.72
 10� 6 1.46
 105 1.47
 10� 5 1.56
 10� 5 4.94
 106

Na + 20 4.60
 10� 6 1.19
 105 4.23
 10� 5 1.44
 10� 5 8.72
 106

K + 8.8 4.40
 10� 6 2.30
 105 3.28
 10� 5 0.99
 10� 5 3.93
 106

Cs + 0.2 4.68
 10� 6 0.70
 105 7.70
 10� 5 1.44
 10� 5 1.19
 106

The electrolyte resistance was Re = 150 V. Parameter Y0 is related to the Warburg coefficient through ZW= 1/Y0(jx)1/2.
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protein/lipid systems, in studies of membrane interfacial

phenomena and in sensor applications.
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