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Abstract

Supported lipid membranes were self-assembled on the tip of a freshly cleaved silver wire, in the presence of an appropriate polarization

voltage, to facilitate, during the membrane formation, the organization of the lipids into an ordered structure. Radiowave impedance

spectroscopy measurements have been carried out to provide information on the relaxation properties of the system. We have measured the

conductometric and dielectric properties of bilayers built up of different lipids [dipalmitoylphosphatidic acid (DPPA), 1,2-dipalmitoyl-sn-

glycero-3-phosphocholine (DPPC), linoleic acid (LIN)] in a wide frequency range (from 103 to 106 Hz) and in electrolyte solutions of

different ionic strengths, in the presence of uni–univalent (KCl) and di–univalent (CaCl2, MgCl2, ZnCl2) electrolytes. This made it possible

to measure the influence of different cations and different lipid compositions on the membrane properties. In particular, we have found a

different capacitive behaviour of the supported lipid bilayer membrane (s-BLM) structure in the presence of different counterions in the

electrolyte solution. This peculiarity offers the opportunity for the preparation of a variety of biosensors with diverse applications in

membrane biophysics, biochemistry and biotechnology. D 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Supported lipid bilayers represent a useful model system

to study the basic interactions in biological cell membranes.

Moreover, these systems are of great interest for technolog-

ical applications, such as biosensors and molecular electronic

devices [1–10].

Supported lipid bilayer membranes (s-BLMs) are cur-

rently prepared by several techniques such as monolayer

transfer by Langmuir–Blodgett or Langmuir–Schaefer

method, vesicle fusion, self-assembly of thiols on gold

surfaces or self-assembly on the tip of a freshly cleaved silver

electrode [11–15].

In the present paper, we investigate on the electrical

properties deduced from frequency domain radiowave

dielectric spectroscopy measurements of s-BLMs formed

directly on the tip of a silver electrode [16], where during

membrane formation, a negative potential was applied to

achieve virtually defect-free membranes [17].

Since the membrane is assembled on an electrical con-

ducting substrate, the system is accessible to electrical

characterization by means of impedance spectroscopy from

which both the structural and dynamical parameters charac-

terizing the electrical behaviour of the membrane structure

can be derived.

The application of impedance spectroscopy over a fre-

quency range from 103 to 106 Hz enabled us to evaluate the

membrane capacitance of the lipid bilayer and the electrical

parameters (capacitance and conductance) of the ionic layer

close to the lipid–electrolyte interface.

We have investigated self-assembled bilayers built up of

lipids of different characteristics, i.e. zwitterionic lipids

(DPPC) and ionic lipids (DPPA and linoleic acid) in the

presence of electrolyte solutions of different ionic strengths,

formed with uni–univalent (KCl) and di–univalent (CaCl2,

MgCl2, ZnCl2) salts. Notice that this choice allowed us to

investigate the behaviour of lipids having both rigid (DPPA

and DPPC) and fluid-like (linoleic acid) chains.
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For all the systems studied, on the basis of an appropriate

electrical network which represents the overall electrochem-

ical system, we have evaluated the membrane capacitance of

the supported lipid bilayers, whose values markedly depend

on the counterions present in the electrolyte solution, bath-

ing the lipid membranes. This peculiar feature allows one to

consider them a useful starting point for the construction of

biosensors.

2. Materials and methods

2.1. Materials

The phospholipids 1,2-dipalmitoyl-sn-glycero-3-phos-

phocholine (DPPC) and dipalmitoylphosphatidic acid

(DPPA) were purchased from Sigma (St. Louis, MO).

Linoleic acid (cis, cis, -9, 12-octadecadienoic acid) (LIN)

was obtained from Fluka (Milan, Italy). Decane and all

inorganic salts (p.a. grade) were from Merck (Darmstadt,

Germany). All chemicals were used without further purifi-

cation. Solutions at the desired salt concentration were

prepared with Q-quality water (Millipore, Bedford, USA),

with an electrical conductivity at room temperature of about

2� 10� 6 S/m. The lipid membranes were formed on the

tip of freshly cut Teflon-coated silver wire. We employed

silver wire (diameter 0.37 mm), purchased from World

Precision Instruments (Sarasota, USA).

2.2. Membrane formation

Supported self-assembled lipid membranes were ob-

tained following the procedure described by Tien and

Salamon [16]. The tip of the Teflon-coated silver wire was

immersed in a phospholipid, dissolved at a concentration of

10 mg/ml, in an organic solvent (decane) or directly in the

pure liquid lipid (linoleic acid). While immersed in the lipid

solution, the tip of the wire is cut off with a sharp blade. The

freshly cut metallic surface has a great affinity for lipid

molecules which adhere to the surface itself with a variety of

possible structures, the most common of which consists of

two layers facing one another with the polar (hydrophilic)

heads of the lipid molecules exposed to the aqueous phase.

The new wire tip, coated with the lipid solution forming a

self-assembled lipid layer, was subsequently transferred into

the appropriate saline solution. In order to ensure a success-

ful membrane formation, it is important to provide a freshly

cut metal surface so that the whole surface electrode at the

interface with the bathing solution is in the reduced state. To

this end, a dc polarization electrical potential of � 450 mV

(� 350 mV in the case of linoleic acid) is applied between

the silver electrode and the ground electrode. Within a few

minutes, a self-assembled, stable lipid structure adsorbed on

the metallic substrate is formed. The negative potential

applied during the membrane formation prevents the oxida-

tion of the silver tip and favours the formation of defect-free

membranes [17]. Membrane formation was monitored by

measuring the overall electrical impedance between the

electrodes (see Fig. 1), and the bilayer is considered as

completely formed when the electrical parameters of the

membrane have reached a steady-state value. An s-BLM

formed in this manner is remarkably stable.

2.3. Impedance measurements

The dielectric and conductometric spectra of supported

membranes have been measured in the frequency range

from 1 kHz to 1 MHz, by means of a radio frequency

Impedance Analyzer, Hewlett-Packard (Japan) model

4192A. The Impedance Analyzer is controlled by means

of a personal computer and a complete spectrum in the

whole frequency range studied, 60 frequency points loga-

rithmically spaced, can be collected in a few seconds. The

amplitude of the alternate voltage applied to the electrodes

had a value of 100 mV, and, as stated above, a dc bias

Fig. 1. (A) A simple equivalent circuit of the metal-supported lipid bilayer.

The simplicity of this circuit reduces possible misinterpretations of the

measured data. Cm and Gm represent the membrane capacitance and con-

ductance at the interface between the electrolyte solution and the metal

electrode, Cp and Gp are the capacitance and conductance of the electrode–

electrolyte interface, Re is bulk electrolyte resistance and Cs is the stray

capacitance of the measuring cell. (B) The equivalent circuit of the sup-

ported lipid bilayer at the tip of the metal electrode. CL and GL represent the

capacitance and conductance per unit surface of the lipid film at the

electrode interface, Cd and Gd are the corresponding quantities at the lipid–

electrolyte interface and Gp is the conductance of the water pore of the

uncovered region of the electrode surface.
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voltage of � 450 mV (or � 350 mV) has been super-

imposed to the alternate potential.

A two-electrode setup was used, with the Teflon-covered

Ag wire which supports the membrane as the working

electrode and an Ag/AgCl electrode as the reference elec-

trode. In some measurements, a non-chlorided silver wire

was used as the reference electrode. In the frequency range

investigated, the use of a non-reversible electrode does not

induce any appreciable difference in the measured values of

the dielectric parameters of the supported membranes.

To minimize the capacitive parasitic effects that, in

principle, could affect the electric measurements, the two

electrodes were placed on hold into the glass cell filled with

the electrolyte solution by means of a silicon rubber spacer,

the glass cell was surrounded by a metallic shield connected

with the instrument ground and short cables were used to

connect the cell to the instrument.

All measurements were carried out at room temperature

(25 jC).

2.4. The equivalent circuit

A simple equivalent circuit was chosen to describe the

most important electrical features of the electrochemical

system studied (Fig. 1). Due to the intrinsic complexity of

the system and the consequent poor reproducibility ob-

served in dielectric measurements, we have analyzed the

dielectric and conductometric data by employing a substi-

tution method that allows to extract the dielectric parameters

of the membrane from the measured impedance spectra.

This choice can be objected owing to its roughness, but we

have preferred the simplest, and hence, the more ‘‘robust’’

calibration procedure, to avoid misinterpretation in exper-

imental data, as far as possible. Moreover, the simplicity of

this circuit reduces possible misinterpretation of the meas-

ured data.

In the electrical network which models the electrochem-

ical system (Fig. 1), the membrane impedance Zm is

represented by a capacitance Cm and a resistance Rm in

parallel. In series with the membrane impedance, there is the

resistance of the bulk electrolyte and of the connecting

cables, Re, and, moreover, the impedance Zp of the reference

electrode. A capacitance Cs in parallel stands for the overall

stray capacitance toward the ground.

The equivalent circuit is shown in Fig. 1. The membrane

impedance is obtained, in the limit CsbCtot, from the total

measured impedance Ztot

Ztot ¼
1

Gtot þ ixCtot

ð1Þ

by subtracting the contribution of the electrode polarization

impedance and the resistance Re, according to

1

Gm þ ixCm

¼ 1

Gtot þ ixCtot

� Re � Zp ð2Þ

The membrane capacitance Cm and the membrane conduc-

tance Gm are given by

Cm ¼ � I½DZ�
xfðR½DZ�Þ2 þ ðI½DZ�Þ2g

ð3Þ

and

Gm ¼ R½DZ�
ðR½DZ�Þ2 þ ðI½DZ�Þ2

ð4Þ

where R[DZ] and I[DZ] are the real and imaginary parts of

the quantity

DZ ¼ Gtot � ixCtot

ðGtotÞ2 þ ðxCtotÞ2
� Re � Zp ð5Þ

and x is the angular frequency of the applied electric field.

This procedure is of course based on the assumption that

the reference electrode impedance does not change with the

changes in the current and that impedance at the metal–

membrane interface or at the metal–electrolyte (in the

absence of the membrane) remains the same. However,

since these assumptions are not exactly fulfilled and a

difference in the two interfaces might result, the equivalent

circuit of the membrane structure (see Fig. 1B) takes into

account the presence of a residual interface polarization

through the capacitance Cd and the conductance Gd in series

with the membrane itself.

A typical spectrum in the frequency range from 1 kHz to

1 MHz of the membrane capacitance Cm and membrane

conductance Gm is given in Fig. 2. These quantities reflect

the frequency behaviour of the permittivity eV(the capaci-

tance Cm) and of the conductivity r (the conductance Gm),

respectively, of the membrane.

The spectrum is characterized by a dielectric dispersion

centered at about 104 Hz, even if the low-frequency tail is

not completely resolved and the low-frequency limit values

fall outside the frequency window investigated. This diffi-

culty can be partially overcome by fitting simultaneously

Fig. 2. The capacitance Cm and the conductance Gm of the lipid bilayer at

the interfacial region between the electrode and the bulk aqueous phase, as

a function of frequency in the range from 1 kHz to 1 MHz, for two different

values of the ionic concentrations: (open symbols): DPPC/decane in 1 mM

KCl; (full symbols): DPPC/decane in 10 mM KCl.
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the real part (the conductance Gm or, equivalently, the

conductivity r), and the imaginary part (the capacitance

Cm, or equivalently the permittivity eV) of the complex

admittance to a Cole–Cole dielectric relaxation function

1

ixe0
YmðxÞ ¼ CmðxÞ þ Gm

ixe0

¼ DCm

1þ ðixsÞa þ Cl þ G0

ixe0
ð6Þ

This procedure yields the dispersion parameters DCm =

Cm | x = 0�Cl, the low-frequency conductance G0, the

relaxation time s and the parameter a taking into account

the spread of the relaxation time. In the above procedure, in

order to reduce the number of free parameters, we have

fixed the parameter a to the value a = 0.8. The overall ac-

curacy of the above procedure is reasonably good and we

are able to describe the frequency behaviour of Cm and Gm

over the whole frequency range from 1 kHz to 1 MHz.

We have investigated the dielectric behaviour of mem-

branes formed with different ionic and zwitterionic lipids

(linoleic acid, DPPA, DPPC) dissolved in an organic solvent

(decane), in the presence of monovalent (K + ) and different

divalent cations (Ca++ , Mg++ , Zn++ ), at an appropriate ionic

strength. In all the electrolyte solutions employed, the anion

was Cl � .

In order to have approximately the same electrode polar-

ization effects in the presence of the different cations, the

ionic conductivity of the bulk electrolyte solutions is approx-

imately the same for all the systems investigated. In the

following, we will summarize the main results obtained in

the different solid-supported lipid bilayers used.

2.5. Formation and stability of the membrane

The membrane formation is monitored by following the

time variation of the impedance Zm. In most cases, a steady-

state value is reached within about 30 min. A typical

behaviour is shown in Fig. 3 for DPPC in KCl 1 mM where

the constant value of the measured electrical impedance

indicates a stable membrane structure (maintained for time

interval of several hours).

For all the lipids studied, we have observed, within a few

trials, the formation of a stable membrane, even if the

number of the attempts needed to obtain the formation of

a membrane increases according to the following order:

linoleic acid <DPPC<DPPA. The initial change of both Cm

and Gm can be due, at least partially, to a re-organization of

the membrane at the tip of the electrode. It is noteworthy

that the applied polarization voltage seems to favour the

membrane formation and its stability. In fact, after mem-

brane formation, if the polarization voltage is suddenly

switched off, the membrane capacitance decreases at first,

and then increases well above the original plateau value

(data not shown). This behaviour suggests that switching off

the polarization potential destabilizes the membrane struc-

ture and, due to the increased disorder, a rapid intake of

water into the bilayer follows. This enhances the bilayer

polarizability, causing an increase of the observed mem-

brane capacitance.

As a test of mechanical stability, membranes formed in

different conditions (after a convenient time interval from

the formation, to ensure the membrane stabilization) were

repeatedly extracted from the electrolyte solution and imme-

diately re-immersed afterwards. After each step, the meas-

ured capacitance showed an abrupt change, in most cases,

an increase by a factor of 2 or more, but in some cases even

a decrease, indicating that, due to the extraction and re-

immersion procedure, the membrane structure could be

damaged in an unpredictable way. However, the electrical

behaviour of the overall lipid structure remains qualitatively

the same. Finally, we have investigated the membrane

stability over very long time interval, of the order of a

day. The results from these measurements are consistent

with a slow degradation of the membrane, probably caused

by a gradual opening of aqueous pores.

3. Results

It is well known [2] that resistivities for deposited

membranes are generally smaller than those for unsupported

BLMs. For all the molecular assemblies obtained at the

electrode–electrolyte interface, a membrane resistivity of

the order of 103 V cm2 was measured. Since unsupported

BLMs exhibit very high resistivities, of the order of 107–

108 V cm2, in the present experimental conditions, when a

supported membrane is created, the main contribution to the

membrane resistance originates from the resistance in defect

pores spanding across the molecular aggregates. As pointed

out by several authors [10,18], the coverage of a surface by

Fig. 3. The time evolution of the capacitance Cm normalized to the elec-

trode surface during the process of the membrane formation. The lipid

employed is DPPC in 10 mM KCl electrolyte solution. The inset shows the

time evolution of the measured total impedance (at the frequency of 5 kHz)

in the same experimental conditions.
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a layer of lipid molecules is an extremely difficult task since

the morphology of the substrate at a molecular level is

unlikely to be smooth and consequently, a large number of

defects in the resulting monolayer or multilayers originates.

In order to determine the electrical parameters (the mem-

brane capacitance and the capacitance and conductance of

the ionic layer at the lipid–aqueous interface) associated with

the lipid bilayer, the structure of the metal–lipid–aqueous

phase interface must be modelled by an appropriate electrical

circuit [5]. Since the lipid bilayer does not completely cover

the tip of the electrode and bilayer parts, and uncovered

regions coexist at the metal interface, we assume that the

electrical behaviour of the whole metal–electrolyte system

can be described by the equivalent circuit depicted in Fig.

1B, where GL and CL represent the conductance and capaci-

tance per unit surface of the lipid coverage layer, Gd and Cd,

the corresponding quantities of the ionic layer connected in

series at the lipid–electrolyte interface, and Gp, the conduc-

tance per unit surface of the uncovered region of the

electrode. It should be noted, however, that according to

the substitution procedure we have adopted in order to

correct for the bulk electrode polarization effect, Gd and Cd

represent the electrical parameters associated to the local

different structures of the ion distribution at the lipid–

electrolyte interface between covered and uncovered electro-

des, rather than the conductance and capacitance of the ionic

diffuse double layer at the electrode–electrolyte interface.

With this picture, the measured conductance, Gm, and the

measured capacitance, Cm, as a function of the angular

frequency, x, in the limit GLbGd, Gp, are given by

Gm ¼ ð1� sÞGp þ sGd

x2C2
L=G

2
d

1þ x2ðCL þ CdÞ2=G2
d

 !
ð7Þ

and

Cm ¼ sCL

1þ x2CdðCL þ CdÞ=G2
d

1þ x2ðCL þ CdÞ2=G2
d

 !
ð8Þ

where s is the relative area fraction of the covered electrode

and the quantity s, defined by

s ¼ CL þ Cd

Gd

ð9Þ

can be interpreted as an ‘‘apparent’’ relaxation time of the

dispersion observed in the frequency range investigated.

Although both the above expressions Eqs. (7) and (8) do

not exactly follow a single Debye-type relaxation function

(or, more generally, a Cole–Cole relaxation function), never-

theless, for values of the parameters of the order of those

employed here, their deviations are relatively small. This

justifies the analysis of the measured admittance Ym =

Gm+ ix Cm performed on the basis of Cole–Cole relaxation

function. Fig. 4 shows the dependence of Cm and Gm (Eqs.

(7) and (8)) on the frequency x compared with that expected

for a Debye-type behaviour (solid lines in Fig. 4). As can be

seen, for CL/(CL +Cd)! 1 and Cd/(CL +Cd)! 0, the fre-

quency dependence can be approximated by a simple Debye-

type relaxation. It must be noted that, owing to the equivalent

electrical circuit (Fig. 1B), we would expect two different

charging processes, one of which, the charging of the double

layer residual capacitance, Cd, and the other, the charging of

the membrane capacitance, CL. However, due to the very

high membrane resistance, these processes occur at signifi-

cantly different time constants and consequently only the

membrane charging dominates in the frequency part of the

impedance spectrum investigated.

In the analysis that follows, because of the very high

value (of the order of 107–108 V cm2 of a defect-free lipid

membrane), the membrane resistance was not exactly

detectable and therefore, as we have stated above, we

assumed GLbGp, Gd. Under these assumptions, we have

analyzed the measured capacitance and conductance on the

basis of Eqs. (7) and (8), and the values of electrical

parameters CL, Gd, Gp and the relaxation time s have been

estimated. These parameters were determined by a simulta-

neous non-linear least-squares fit of Eqs. (7) and (8) to the

measured values. The minimization procedure, based on

five adjustable parameters, allows the capacitance CL to be

determined within an uncertainty of about 2–5%, with a

confidence level of 0.95, whereas the estimation of the other

parameters is less accurate, reflecting in a larger uncertainty

(of the order of 20%). A typical behaviour of DPPC/decane

in ZnCl2 0.6 mM electrolyte solution is shown in Fig. 5. As

Fig. 4. Deviation of the capacitance Cm (Eq. (8)) and the conductance Gm

(Eq. (7)) from a single Debye-type relaxation function for different values

of the equivalent electrical circuit parameters. Capacitance Cm: full line,

Debye-type behaviour, Cd/(CL +Cd) = 0; (– . . .– . . .– ): Cd/(CL +Cd) = 0.1;

(. . . . . . . . . . . .) Cd/(CL +Cd) = 0.2. Conductance Gm: full line, Debye-type

behaviour, CL/(CL +Cd) = 1; (– . . .– . . .–): CL/(CL +Cd) = 0.9; (. . . . . . . . .

. . .) CL/(CL +Cd) = 0.8.
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can be seen, a satisfactory agreement is obtained between

measured and calculated values over the entire frequency

range investigated.

The model depicted in Fig. 1B furnishes the value of the

membrane capacitance, CL, and those of the electrical

parameters of the ionic double layers, at the electrolyte

solution interface and moreover the fraction s of the mem-

brane coverage. As shown in Table 1, the values of the

electrical parameters are markedly different for DPPA and

DPPC in decane, for all the different electrolyte species

investigated. For example, in the former case, we observe a

coverage fraction of about 0.40, whereas, in the second case,

values close to unity have been obtained. Analogously, by

changing from DPPA to DPPC, the values of Cd vary over

an order of magnitude. The reliability of the above quoted

figures can be partially questionable owing to the large

uncertainties that affect this quantity in consequence of the

partial correlation between the different parameters entering

in Eqs. (7) and (8). Nevertheless, the marked difference in

the two different experimental conditions point out a qual-

itatively different behaviour of the two phospholipids. The

strong electrostatic interactions and chain stiffness, in the

case of DPPA, makes it more difficult to use in the

formation of an ordered structure. Accordingly, a larger

number of trials were needed to obtain the electrode cover-

age.

Now we will discuss in detail the meaning of the differ-

ent parameters obtained. Table 1 summarizes the values of

CL obtained for all the systems investigated. Although the

experimental technique is rather rough and the model

employed to analyze the data rather crude, the technique

is able to evidence a different capacitive behaviour in the

three systems investigated, resulting in different membrane

capacitances and indicating the different structural arrange-

ments of the lipid bilayer. The membrane capacitance

decreases in the order from about 2 AF/cm2 for linoleic

acid, to about 1.5 AF/cm2 for DPPC and to 0.5–0.6 AF/cm2

for DPPA. The absolute values of the capacitance for

linoleic acid and DPPC are higher than those expected for

a typical lipid bilayer. Several factors might be responsible

for such behaviour. An increased value of the membrane

permittivity due to water penetration inside the outer portion

of the chains, the presence of a simple monolayer or a

highly disordered configuration of the lipids could decrease

the effective thickness of the membrane and thus produce an

increase in the electrical capacitance. Moreover, due to the

alkane solubility, lipid arrangements in the presence of

decane could contain an amount of decane that might con-

tribute to reduce the lipid film thickness. Specific capacitan-

ces higher than those generally expected for BLM imply a

disorder and a loose packing of the phospholipids in the first

transferred monolayer, causing a not-well-organized struc-

Fig. 5. A typical frequency dependence of the membrane capacitance Cm

and the membrane conductance Gm for DPPC in 10 mM KCl electrolyte

solution. The solid line represents the calculated values according to Eqs.

(7) and (8). The values of the parameters deduced from the fitting procedure

are listed in Table 1.

Table 1

Values of the electrical parameters of self-assembled lipid bilayer membranes on the tip of a silver electrode

Lipids Organic

solvent

Bulk electrolyte

composition

Electrical

conductivity

of bulk

electrolyte (S/m)

Debye

length

(nm)

CL/S

(AF/cm2)

Lipid film

thickness

(nm)

s (s) s Gp/S

(S/cm2)

Cd/S

(AF/cm2)

Gd/S

(S/cm2)

Linoleic acid – KCl, 10 mM 1.43� 10� 1 3.1 2.1F 0.1 1.1 6.1�10� 5 0.99 55 0.46 4.2� 10� 2

DPPA decane KCl, 1 mM 1.47� 10� 2 9.7 0.88F 0.03 2.5 1.8� 10� 5 0.40 2.8� 10� 3 0.92 0.10

CaCl2, 0.6 mM 1.47� 10� 2 7.4 0.42F 0.02 5.3 8.9� 10� 6 0.40 3.4� 10� 3 0.38 0.09

MgCl2, 0.6 mM 1.47� 10� 2 7.4 0.65F 0.04 3.4 1.0� 10� 5 0.35 1.6� 10� 3 0.35 0.10

ZnCl2, 0.6 mM 1.54� 10� 2 6.8 0.72F 0.03 3.1 1.1�10� 5 0.40 2.3� 10� 3 0.17 0.08

DPPC decane KCl, 1 mM 1.47� 10� 2 9.7 1.48F 0.04 1.5 4.2� 10� 5 0.99 19 0.09 3.7� 10� 2

CaCl2, 0.6 mM 1.47� 10� 2 7.4 1.07F 0.03 2.1 4.3� 10� 5 0.99 55 0.05 2.6� 10� 2

MgCl2, 0.6 mM 1.47� 10� 2 7.4 1.57F 0.04 1.4 8.2� 10� 5 0.99 15 0.06 2.0� 10� 2

ZnCl2, 0.6 mM 1.54� 10� 2 6.8 1.60F 0.06 1.4 4.8� 10� 5 0.99 21 0.05 3.4� 10� 2

Average and standard deviation of the data are collected on three or four different preparations for each sample.
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ture according to the ideal structure of a Langmuir–Blodgett

bilayer.

In particular, the value of CL observed for the linoleic

acid (CL= 2 AF/cm2), assuming a dielectric constant of the

hydrophobic tail region of about e = 2.5, yields a lipid film

thickness of about 1 nm. In the case of DPPC, the capaci-

tances per unit surface (in the presence of KCl, MgCl2 and

ZnCl2) are of the order of CL= 1.5 AF/cm2, suggesting a

lipid film of apparent thickness of about 1.5–2 nm and,

finally, for DPPA, to values of CL in the range 0.7–0.9 AF/
cm2, correspond to an apparent film thickness of between

2.5 and 5 nm, respectively. Although the thickness of the

lipid film, deduced from capacitance measurements, are too

thin to be that of well-organized lipid arrangement, never-

theless, the different values observed should suggest a

possible different lipid organization that could be a mono-

layer membrane hydrophobically adsorbed on the electrode

in the case of linoleic acid, a mixed monolayer–bilayer

structure in the case of DPPC and finally a mixed structure,

some parts of which covered by a bilayer, and some parts by

a trilayer arrangement, in the case of DPPA.

This picture is in agreement with that as suggested by

Passechnik et al. [5], on the basis of specific capacitance,

electrostriction and surface potential measurements on s-

BLMs. Moreover, the formation of monolayer, bilayer and

trilayer membranes on a silver pad on the basis of ellipso-

metric measurements has been recently suggested by

Chiang et al. [19]. A sketch of the possible lipid structures

at the electrode interface is depicted in Fig. 6, together with

the equivalent circuit employed in the analysis of the data. A

further confirmation to the proposed structure has been

recently given by Haas et al. [17]. In fact, it was shown

that in the case of linoleic acid, application of a negative

potential during membrane formation leads to the disappear-

ance of oxidation– reduction peaks and therefore to a

virtually ‘‘defect-free’’ membrane. This indicates that oxi-

dized silver leads to defect formation. Actually, this surface

should be much more hydrophilic than pure metal. There-

fore, application of a negative potential should favour a

hydrophobically adsorbed monolayer. However, almost

complete coverage can be obtained only with DPPC and

linoleic acid. This indicates that in the case of negatively

charged lipids, complete coverage can be obtained only

when the chains are in the fluid state.

The main observation derived from these findings is the

high sensitivity of the charged membranes to different

species of ions in solution. In fact, with zwitterionic lipids

(DPPC), the values of CL are roughly around 1.5 AF/cm2 for

all the cations studied (with the exception of Ca++ ), whereas

with ionic lipids (linoleic acid and DPPA), CL varies from

about 0.9 AF/cm2 for monovalent cations to values between

0.4 and 0.7 AF/cm2 for divalent cations (in the order, Ca++ ,

Mg++ and Zn++ ). Moreover, it should be noted that in the

case of CaCl2 electrolyte solutions, a considerable lower

value of the surface capacitance for both the DPPC and

DPPA systems was observed. This implies a larger lipid film

thickness, probably caused by the presence of Ca++ ions,

which favour a multilayer arrangement.

As far as the other parameters are concerned, the value of

Gp is directly related to the metal–electrolyte interface of

the uncovered electrode region and hence to the bulk ionic

conductivity of the aqueous phase, bathing the electrode.

Assuming a thickness of the ionic layer of the order of the

Debye length and an electrode surface of 1�10� 3 cm2, we

expected values of Gp of the order of 10–100 V cm2. These

values roughly agree with those derived from the fit of the

data in the case of DPPC in decane and in the case of the

linoleic acid, but deeply deviate from those derived in the

case of DPPA in decane.

It must be noted that in the case of a nearly full coverage

of the electrode, Gp approaches the values expected for

water-filled pores. On the contrary, for a partial coverage,

where a more complex structural arrangement of covered

and uncovered regions must exist, the model suggests that

the regions in absence of a well-defined lipid structure

(monolayers, bilayers and multilayers) might be contacted

with the electrolyte solution through a layer of solvent

molecules (decane in this case) that, even if not completely,

wets the metal electrode. This arrangement, whereas pro-

duces a small surface capacitance, reflects a low conduc-

tance, justifying the values of Gp observed in this lipid

system. Support to these pictures derives from impedance

measurements of the metal electrode wetted in decane and

immersed in the electrolyte solution (in absence of the lipid

film deposition). By contrast, the values of Gp correctly

correspond to the water pore conductivity in the case of

DPPC, where the residual decane is not present, owing to

the high coverage value (s = 0.99) of the lipid film.

The presence of defects (less than 1% in the case of

DPPC and close to 50% in the case of DPPA) allows a low-

resistance water pathway to the ionic conduction that largely

Fig. 6. A sketch of the possible arrangements of the lipid film at the electrode

surface. (A) A monolayer structure (linoleic acid with a high coverage,

s = 0.99). (B) A complex structure formed by monolayers, bilayers and

trilayers (DPPA with a low coverage (s = 0.40) or DPPC with a high

coverage (s = 0.99)).
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increases the measured conductance, Gp, and makes it

impossible to estimate the membrane conductance GL.

The other parameters, Cd and Gd, are related to the ionic

layer at the lipid–electrolyte interfaces. As we have stated

above, these parameters represent the equivalent circuit of

the ion distribution close to the lipid–electrolyte interface

after the subtraction correction performed by means of Eqs.

(2)–(5). The lipid–electrolyte interface is characterized by a

layer of immobilized water molecules resulting in a region

with a low ionic mobility. Moreover, from a qualitative

point of view, the observed relaxation times (in the range

10� 4–10� 5 s) suggest a reduced ion mobility. This picture

qualitatively justifies the values of Gd (lower than that of the

corresponding bulk electrolyte solution) and the observed

differences between a charged (DPPA) and uncharged

(DPPC) interface, even if the absolute values of the capaci-

tance Cd appear to be exceedingly small if compared with

the usual double layer capacitance. Moreover, it is note-

worthy that also Cd values reflect the electrical properties of

the lipid polar head–electrolyte interface; indeed, they are

higher for charged interfaces (linoleic acid and DPPA) while

they are smaller for uncharged interfaces (DPPC), corre-

sponding to a smaller equivalent thickness of the ionic layer,

in the case of charged interface.

It is noteworthy that a supported lipid membrane appears

to be able to discriminate mono or divalent counterions in a

bulk electrolyte solution by means of simple electrical

measurements. Although bilayer lipid membrane systems

have been extensively investigated as a model system of

biological membranes, until recently, relative few attempts

have been made to employ these structures, particularly

solid-supported bilayer lipid membranes, in practical appli-

cations such as sensors and molecular devices [18]. Our

work gives further support to the possibility of creating a

sensor that will interact with a selected environmental

counterpart, acting as a biosensor. To this end, the stability

is one of the most important quality criteria since the

supported membrane should remain bound to the metallic

support upon storage and transfer between different media.

Further improvement of the model can be obtained with

self-assembled thioalkanes functionalized with specific and

appropriate end groups.
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