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ABSTRACT A novel model lpid bilayer is prepared by the addifion of phospholipid vesides to akanethiol mono-

layers on gold. This stppted hybrid biayer ebraneis rugged, easily and reproducyp ared in the absence of organic
solvet and is stabl for very long peris of tme. We have characterized the inulatn characterisic offtis by

examining the rate of elecr trainfer and by mpedance spectoscopy. Supported hybrid biayers formed frophC
and akaretiols are pinol-ree and demostrate measured values of conductvity and which are witn an order

of magnide of that reported for black Ipid values a delctric constant of 2.7 for phospholipid

membranes in the absence of organic solvent The protein toxin, mtin, destroys the insulating yof the pospholipid

layer without alt the blayer structure. This model m brdane wiN albow the n of the effect of lpid
membrane perturbants on the insdulaing properfies of natural lipid r .

INTRODUCTION

We have prepared supported bilayer membranes by the fu-
sion ofphospholipid vesicles with alkanethiol monolayers on
gold electrdes (Plant, 1993). This technique for hybrid lipid
membrane formation provides an altenative to other meth-
ods of formation of model membranes for the study of physi-
ologically relevant Lipid membrane phenomena.

Black lipid membranes (BLMs), Langmuir Blodgett lay-
ers, and patch clamp membranes have proved essential as
models for elucidating both stuctural and functional aspects
of cell membranes. However, unlike other planar model
membanes, phospholipid/alkanethiol bilayers are extremely
easy to prepare, are reproducible, and are stable. We form
these supported bilayers in a cell where they can be suibjected
to electochemical measurements and changes of solution for
at least weeks at a time. These bilayers are formed on con-
ducting metals which allows for diret ofme
brane elrical inslating proertie A very stong interaction
between sufur and gold orients alkanethiols at a gold surface
(Nuzzo et aL, 1987); the alkane cha can thn intract via van
der Waals frces to add futher stailty to the mmolayer struc-
tire. This stabe, self-assmbling hydrphobic monolayer on the
gold surface prvides the driving force for the sbsquent self-
assembly of an outer leflet of phosphodpid. The result is a
pinhole-fee, aswtually well defined, and physiolgally rel-
evant phqkn pi~taining model m ban. Ihe advan-
tages of this tchnique incud its to vitually any
lipid and the spontawwu nature of bilayer fomati in the
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absence of any organic solvent Tl f e of usg
alkanethiols in lipid bilayer maton is appaewt the num-
berofvery recentrepots ofsimand the
of brommIxde and a } sto
make bilayers and trilayers (StelAe et aL, 1993) the api
of phospholipids in orgnic solvent to akanthiol monayers
(Fowin and Gaub, 1993), the fusion of lipid vesides to a thiol-
trminated polymer-covered support (Spinke et al, 1992) the
~klition of lipids to alkethiol mnayers either as vesie, as
mixed tmice, or from an LB rough (errettaz et aL,
1993), and the use of phospholipid ana w lh iol-
terminated heagrops (Lang et al, 1994).
The phospholipid/alkanethiol hybrid model membrane

system provides us with a new tool for studying structural
properties of membranes and how membrane proteins and
other membrane-associating molecules affect the membrane
nmicrostrcture. One area of investigation of particular rel-
evance to this model system is the effects of interfacial
events, such as surface receptor binding, on membrane struc-
tural characteristics. In addition, due to their ease of their
fabrication, their long term stability, and their formation at
a surface which can act as an electrode, these bilayers are
relevant to applications of lipid membranes as biosensor
components.
As a prelude to both the membrane biology and biensor

ap lcations of this sysem, this study was undetaken to care-
fully and extensively characterize the insulating propeties Of
these bilayes In this report we chaacterize this model system
with two typs of iempdance analysis and cyclic
voltametry. The combination of these two teciques allows
us to study two im nt characteristics ofmanes inde-
pendently: stuctural featus, such as dielectric constant and
bilayer thickness, and ion peneaoL An im ant character-
istic of these /alka nhiol hybrid m branes is
their effectiveness at passivating the electrode; thus they are very
sensitive to small changes in ion flux and itanc.

1126



Supported Phospholipid/Alkanethiol Biomimetic Membranes

MIATERIALS AND METHODS

A hydrophobic monolayer of alkanethiol, and subsequently a second layer
of phospholipid, were allowed to self-assemble onto a gold surface, which
was then employed as a working electrode. For all experiments reported
here, decanethiol (Aldrich Chemials, Milwaukee, WI) was used without
purificaon to form the hydrophobic monolayer template. The gold surface
consisted of an 1000-A-thick layer of gold which was sputtered over a 300
A titanium layer on borosilicate glass (Abtech, Inc., Yardley, PA). These
gold electrodeswere cleanedby aprocedure descnibedby Milleret al. (1991)
which involved three cycles of tratment with a hot potassium dichromate
sohlion for 30 s followed by rinsing with hydrofluoric acid. Cleaned gold
electrodes were immediatly submersed in 1 mM ethanolic solution of de-
canethiol for at least 16 h. Alkanethiol monolayer-coated ekctrodes were

removed from the solution, rinsed thoroughly with ethanol, and dned under
nitrogen before measurements. Elecochemical measurements were made
with a Solartron electmchemical interface (model 1250, Schlumberger) and
fiequency generator (model 1286, Schlumberger). A three-electrode cell
was used, with a Ag/AgCl reference electrode and a platinum counter

electrode. The working gold electrode area was nominally 032 cm2. Im-
pedance measurements were made at the applied dc potentials indicated in
the figure legends, and by applying a sinusoidal ac potential of + 10 mV.
Cyclic voltammetry provided measurements of electron transfer rates:
K3Fe(CN)6 was used as the redox species in a solution of 1 M KCI as the
supporting electrolyte. Capacitance values reported here were determined
by impedance measurements under more physiologically relevant condi-
tions in 20 mM Tris, 150 mM NaCI, 0.1% thimerosal, pH 7.4 (TBS). Re-
sistance was detrmined by impedance measurements in 1 mM K3Fe(CN)6
in 1 M KCI. Impedance datawere analyzed using the ZSim software package
(Schlumberger).

Phospholipids used for formation of the bilayer were purchased from
Avanti Polar Lipids. For this study we used a series of phosphatidylcholnes
with monounsaturated acyl chains of 18, 20, and 22 carbons, designated

C18:1 PC, C201 PC, and C22:1 PC. Because of the presence of the carbon-

carbon double bond in each acyl chain, each of these lipids has a gel-to-
liquid crystal phase transition temperatue which is well below room tem-

perature, and all are present in their liquid crystal state during the

experiments. For these studies, phospholipid solutions in CHC13 were taken
to dryness under N,, desiccated overnight to remove residual solvent, and

then vortexed in TBS to form multilamellar liposomes. Unilamellar vesicles
of -0.2 jim diameter were prepared by extrusion (Olson et al., 1979) of the
multilamellar liposomes through polycarbonate filters (Nucleopore, Pleas-
anton, CA). Vesiles were added to the monolayer-coated electrode in the
electrochemical cell at a final concentration of 0.2mM lipid in TBS. Fusion
could be monitored by the decrease in electrical capacitance, which indicates
an increase in thickness of the layer, and was considered to be complete
when the capacitance reached a stable value. A stable capacitance was usu-

ally reached within a couple of hours after addition of vesicles under these

conditions (room temperature and unstirred solution), but the vesiles were

usually left in the cell overnight to ensure that their interaction with the

monolayer went to completion. Capacitance values for the bilayers were

identical in the presence of liposomes and after their removal. As has been
shown previously (Plant, 1993), the change in the capacitance values which
accompany the addition of vesicles to the alkanethiol monolayer indicates
the formation of an additional dielectric layer on the electrode of a thickness
which is appropriae for the expected length of the acyl chain region of
phospholipids.

Melittin (Sigma Chemical Co., St Louis, MO), the peptide toxin from
bee venom, was solubilized in TBS, and was added to the cell in the presence
of 5 mM ethylenediamine tetraacetate (EDTA) to block any residual phos-

pholipase activity that might be associated with the melittin preparation
(Dempsey, 1990).

RESULTS

As has been described previously (Plant, 1993), the
phospholipid/alkanethiol bilayer is formed by two sequential

self-assembly processes. Alkanethiols spontaneously and
rapidly form well-ordered monolayers on gold due to the
strong attraction between thiol sulfur and the metal. Addition
of phospholipid in the form of lipid vesicles to the hydro-
phobic monolayer results in a spontaneous increase in the
thickness of the layer which is indicated by impedance spec-
troscopy to be a bilayer. Fusion of vesicles with a hydro-
phobic layer has been proposed as a mechanism of bilayer
formation (Kalb et al., 1992). A schematic of the bilayer
structure is shown in Fig. 1 and is intended only to represent
the orientational relationship between the polar headgroups
and hydrophobic chains of the phospholipid molecules and
the hydrophobic acyl chains of the alkanethiol monolayer.
For these experiments we have used decanethiol for the for-
mation of the hydrophobic monolayer template because it
forms a well-ordered monolayer, but is thin enough that some
electron transfer activity is observed. The presence of a com-
plete alkanethiol coating is verified by measuring the rate of
electron transfer. Fig. 2 shows that reduction and oxidation
of K3Fe(CN)6 are greatly attenuated in the presence of the
decanethiol monolayer compared with the bare gold surface
and even more attenuated in the presence of the bilayer of
decanethiol and C18:1 PC. At a bare electrode, reduction and
oxidation of the ion are facile, reversible, one-electron pro-
cesses. After formation of a monolayer or bilayer, the process
is no longer readily reversible, requiring the application of
very large potentials to observe any response above the
charging current. The presence of the phospholipidl
alkanethiol bilayer reduces the rate of electron transfer by
approximately 2 orders of magnitude compared with the bare
electrode. Clearly, electron transfer is greatly attenuated by
the bilayer, however, to assess the effect of perturbants on
membrane-insulating characteristics, it is critical to deter-
mine whether electron transfer is occurring primarily at

sssssssssssss

FIGURE 1 A schematic of the relation between the alkanethiol mono-
layer and the phospholipid in the hybrid supported bilayer. This represen-
tation is not meant to imply the absence of chain tilt
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FIGURE 2 Cyclic voltammetry of 1mM K3Fe(CN)6 in 1 M KCI at a bare
gold eectode (0), a decanethiol monolayer (lr, and a C18:1 PC/
decanetbil bilayer (0) The scan rae was 50 mV/s

thinly covered or uncovered defect sites in the layer, or if the
response reflects ion or electron penetration though the
thickness of a uniform layer.
To determine the mechanism of electron tansfer at these

surfaces, we examined the effect ofK3Fe(CN)6 concentration
and scan rate on the redox current generated. Fig. 3 is a plot
of the concentation dependence of the current response for
a monolayer-covered electrode and a bilayer-covered elec-
trode. For a simple case of electron transfer between a metal
surface and ions in bulk solution at a concentration c, and a

valency z, (Bockris et al., 1970),
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FIGURE 3 Reduction current at -0.55 V as a functio of K3Fe(CN)6
concention at a decanethiol monolayer (O) and at a C18:1 PC/decanethiol
bilayer (0). Conditions are as in Fig. 2

As shown in Fig. 3, in the presence of the decanethiol
monolayer, the log of the current at an applied potential of
-0.55V is proportional to the log of the K3Fe(CN)6 concen-

tration with a slope of -0.85. The slope of the plot corre-

sponding to the phospholipid/alkanethiol bilayer, 0.29, in-
dicates an even smaller dependence of electron transfer on
concentration. These results indicate that for the monolayer,
and possibly for the bilayer, mass transfer of Fe(CN)6' ion
in solution is not the rate limiting step in electron transfer.
The effect of solution diffision as a limiting step was also
examined by measuring K3Fe(CN)6 reduction at different
scan rates. For a diffusion-controlled electron transfer reac-

tion, the current increases with the square root of the scan

rate. Fig. 4 shows cyclic voltammograms for the bilayer from
which the contnbution from the charging current due only to
the supporting electrolyte has been subtacted. The current
is independent of the scan rate from 10 to 200 mV s-', dem-
onstrating that in the presence of the bilayer electron transfer

is not a solution mass-transfer diffusion-limited process. If
the current generated was due to ion migrtn to the elec-
trode surface through an imprfect bilayer, we would expect
to see a dependence of current on scan rate. The data indicate
that the electrode is fully covered by the bilayer, preventing
direct interaction of the bulk solution redox species with the
gold surface.

Ifwe eliminate bulk solution diffiusion as the rate-limiting
step for electron transfer, we must consider the possibility
that electron hansfer occurs by diffusion of ions through the
bilayer or that electrons tunnel though the bilayer. Studies
of hydroxyalkanethiol monolayers on gold has led one group
(Miller et al., 1991) to conclude that electron tunneling is the
mechanism of electron transfer though monolayers. Suffi-
ciendy defect-free packing of methyl-terminated alkanethi-
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FIGURE 4 Effect of scan rate on reduction of 1 mM K3Fe(CN)6 in 1 M
KCL Scan rates were 10 mV/s (0) and 200 mV/s (0). The charging current
due to 1 M KCI only was subrcted
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ols was reported to be more problematic, although otherwork
from this group (Becka et al., 1993) showed, by measurement
of diffuse layer potentials in monolayers of dodecanethiol
and hydroxytetradecanethiol, evidence that electron transfer
is limited by the average thickness of the film and is not
limited to defect sites. While our monolayers of decanethiol
may not be sufficiently defect-free to entirely eliminate tans-
fer processes other than electron tunneling or hopping
through the monolayer, of primary importance to us is to
understand the nature of the barrier that is presented by the
phospholipid portion of the bilayer.

Defects in the monolayer or bilayer could provide loca-
tions where ions may be able to more closely approach the
electrode surface. In such a situation, electron transfer may
occur by a combination of different rate processes. To char-
acterize the number of kinetic processes by which electron
transfer is occurring, we measured impedance in the presence
of Fe(CN)6- and over a wide range of fiequencies. Repre-
sentative complex plane plots in Fig. 5 indicate that elec-
trodes covered with either a decanethiol monolayer or a
C18:1 PC(/decanethiol bilayer show the presence of a single
semicircle in the high fequency domain. This indicates that
a single mechanism of electron tansfer dominates the pro-
cess. We have observed (data not shown) that complex plane
plots of damaged electrodes which are not perfectly covered
by the monolayer demonstrate a small partial semicircle at
high frequencies, followed by a larger semicircle at lower
fiquencies, indicating the presence of relatively fast plus a
much slower kinetic mechanism of electron transfer. How-
ever, under normal circumstances, electron transfer for both
the monolayer and bilayer appears to involve a single
predominant kinetic mechanism. Values of membrane re-
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FIGURE 5 Representative complex plane plots for a decanethiol mono-
layer (0) and a C18:1 PC/decanethiol bilayer (0). hnpedance was measured
in 1 mM K3Fe(CN)6 and 1 M KCI at -0.55 V dc between 6.4 x 10' Hz and
0.1 Hz for the monolayer and 0.01 Hz for the bilayer. The lines tepresent
the fit of the data to the equivalnt ciruit model shown m the inset of
Fig 6.

sistance have been determined from these plots using a
simple model of a parallel resistor/capacitor in series with a
solution resistor (schematic shown in Fig. 6). As expected,
the resistance associated with the bilayer, -1.5 X 106 l, is
more than an order of magnitude higher than that for the
monolayer.

Fig. 6 shows Bode plots for impedance measurements on
a C18:1 PC/decanethiol bilayer. Each set of data was col-
lected at a different dc potential. As discussed by Cahan and
Chen (Cahan et al., 1982), assessing the appropriateness of
an equivalent circuit model involves testing for processes
that are potential-dependent. Regardless of the dc potential
used, all of these data can be fit to the equivalent circuit
model shown in the inset. Membrane capacitance, as por-
trayed by the sloped portion of the response, is independent
of potential. Membrane resistance, determined from the im-
pedance response at low frequency, decreases with increas-
ing overpotential. In addition to demonstrating the adequacy
of the equivalent circuit model, this figure also demonstrates
that the structure of the bilayer, as indicated by the capaci-
tance which is inversely proportional to the bilayer thickness,
is independent of the applied potential. Thus the observed
dependence of the bilayer resistance on applied potential is
not the result of a change in bilayer thickness or integrity, but
indicates the effect of the driving force on electron transfer
through a discrete structure.
Membrane resistance is plotted as a function of applied dc

potential, as shown in Fig. 7. Electron transfer due to tun-
neling is dependent on, among other things, the probability
of a significant change in activation energy, P(A), of the ion
at the interface, which is an exponential function of the
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FIGURE 6 Bode plots of the impedance response for a C18:1 PCI
decanethiol bilayer at -0.2 V (0), -0.4 V (Ii), and -0.55 V (0) in 1 mM
K3Fe(CN)6 and 1 M KCL T-he lines represent the fit of the data to the
equivalent circit model shown m the mset.
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FIGURE 7 Bilayer esstancewas detrmined as indicated for Fi 5.
Overpotential is assumming that E0 for this system is +0.25 V. The line drawn

is the result of linear egresson analysis.

applied potential (A#) (Bockris et al., 1970):

P(AEA.) = P(AEO) e( k7)

As is consistent with a mechanism of electron tunneling,
membrane resistance was observed to be an exponential
function of applied potential.
Our primary interest in understanding the electrical insu-

lating characteristics of phospholipid/alkanethiol bilayers is
to provide a technique by which we can evaluate the structure
of the membrane and the structural changes that accompany
membrane perturbing events.
One such structural issue is the nature of the dielectric

barrier presented by the phospholipid membranes. The elec-
trical capacitance of phospholipid membranes is dominated
by the nonpolar acyl chain region of the bilayer (Benz et al.,
1975). Measurements of electrical capacitance reported for
BLMs and so-called "solvent-free" membranes indicate that
the solvent used in the preparation ofthese bilayers has a very
strong influence on the calculated thickness of membranes
(Benz et al., 1975). The specific capacitance (C.), which is
the capacitance normalized for the electrode area, can be
used to calculate the thickness (d) of a dielectric material,
where cO is the permittivity in free space and K iS the dielectric
constant of the material:

C f X K
d

The dielectric constant most frequently used for phospho-
lipids is 2.1, which happens to be the dielectric constant of
decane, one of the solvents commonly used in the preparation
of BLMs. It is apparent from work on the effect of different
solvents on bilayer capacitance (Dilger et al., 1979) and from
x-ray diffraction data on the thickness of bilayers pepared

in the presence and absence of decane (McIntosh, 1980), that
the presence of solvent can alter the dielectric constant of a

membrane and its packing dimensions. Thus, the dielectric
constant of phospholipid bilayers measured in other model
systems is not totally unambiguous.

Specific capacitance values determined for the decanethiol
monolayer and the phospholipid/decanethiol bilayers are

shown in Table 1. The dielectric constant for these phos-
pholipid layers is calculated from the slope of the line in Fig.
8, which is a plot of the phospholipid contribution to the
bilayer capacitance as a function of the length of the phos-
pholipid acyl chain. The 1/2 bilayer capacitance which cor-

responds to the hydrocarbon portion of the phospholipid re-

gion is calculated from the specific capacitance of the bilayer
and the specific capacitance of the decanethiol monolayer

1 1 1

CmFL Cm-&yfo Cm

The 1/2 bilayer capacitance contributed by the phospho-
lipid layer is a linear function of the number of carbons of
the phospholipid acyl chain. The thicknesses of the hydro-
carbon region of a single layer of C18:1 and C22:1 PC as

determined by x-ray scattering (Lewis et al., 1983) are 13.5
and 17 A, respectively. Using these thickness values, we
calculate the dielectric constant for this lipid layer to be 2.7.
This is slightly higher than the value of 2.1 which has been
determined for bilayers produced in the presence of decane.
We can prepare phospholipid/alkanethiol bilayers with a di-
electric constant of 2.1 if we add decane to phospholipid
vesicles from which the bilayer is made (Plant, 1993).

Analysis of the electron tansfer process allows us to as-

sess the effect of the bee venom toxin, melittin, on the
C18:1/decanethiol bilayer membrane microstructure. Melit-
tin monomers bind to cell membranes, insert at least partially
into the hydrophobic portio of the bilayer, and probably ag-

gregate within the bilayer, reuting in a defect or lesion in
the membrane reing in ieased permeaiity (lempsey,
1990) The effect of melittin on the C18:1 PQdecanethiol
bilayer is evident frm the cydic voltammety and impance
setroscopy measrements. Cycic voltammetry (Fig, 9 A)
shows that the rate of electron transferthrough the bilayer is
graty incred apmaching the magniude of the current that

is observed for the monlayer. The Bode plot of the impedance
data (Fig. 9 B) shows that the caciance of the bilayer is not

TABLE I Monoye and biawrre and capacitance

Sp -
ayer Resistae (fQ) (ILF/cM2)

Diecanediol 1.1 (0.1) X 105 1.60 (0.10)
Decanethiol/C22:1 PC 0.92 (0.01)
DVecanediol/C20:1 PC 0.99 (0.003)
Decanethiol/C18:1 PC 1.5 (0.2) x 106 1.06 (0.01)
DecanedhioVlC18:1 PC +
meltin 1.1 x 105 1.05

Resistance was measued at -0.55 V in K3Fe (CN)6. Capacitac was meas-
ured in TBS. Standard deviations are shown in parentheses and represent
measurements of at least two different bilayer preparatiows
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FIGURE 8 Specific nce for the bilayers was determined as in-

dicated in the texL Each point represents a different sample. The line drawn
is the result of linear analysis

Sig , algh the compex plane plt clearly
demonstrtes that the mbanea nce is greatly reduced

(Fig 9 C) Tbe effect of melittin on bilayer rstance and ca-

pacitance is also shown in Table 1.

The effect of melittin on these phospholipid/alkanethiol bi-
layers is consistent with the known activity of melittin in cell

and vesicle membranes. Evidently, the phospholipid portion
of these bilayers is sufficiendy flexible to accommodate a

perturbing molecule. The electtical resistance which we de-
termined for monolayers, bilayers, and the bilayer in the pres-
ence of melittin are listed in Table 1. The capacitance of the

bilayer was not sigcanty affected by the addition of
melittin, indiating that the thickness of the dielectric (the
acyl chain region of the membrane) and its dielectric constant

were unhanged. Thus, the average sructure of the bilayer
has not been significantly disirpted. Of particular signifi-
cance is the appearance in the low frequency portion of the
complex plane plot of a Warburg-like mas transfer imped-

ance in series to the bulk membrane impedance. We char-

acterize this element as "Warburg-like," since the average
slope of the plot is approximately 1/3 instead of the expected
value of 1. Although it is not clear at this time, we may be
observing a membrane bulk impedance in series with an im-
pedance consisting of the charge transfer resistance, the
double layer capacitance, and intramembrane mass transfer
(Warburg) impedance. It is possible that with further analy-
sis, these data may provide informaion on the diffision-
controlled transport of electroctive ions in the membrane in
the presence of a pore-foming protein. Unfortunately, the
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data at low frequencies tend to be affected by the history
of the measurements and are more difficult to analyze.
Further studies on this phenomenon are necessary and are
planned.
We have measured resistivities of these bilayers to be as

high as 5 X 107 ohm-cm2, which iswitin an order of mag-
nitude of the resistivity ofBLMs (Tien et al., 1985). We can
estimate the dc conductivity of these bilayers:

cr= (JX -)
v o__

where j is the current density, I is the alkane chain length
values reported from x-ray scattering determinations, and v
is the applied voltage. Conductivities measured here are less
than 1 X 1012ohnM'cMnr, which are in reasonable agreement
with values reported by Polymeropoulos and Sagiv (1978)
for adsorbed layers of fatty acids. Although reasonably simi-
lar, our hybrid bilayers are not identical to other planar model
membrane systems. This difference is perhaps most clearly
seen in our determination of the dielectric constant of our
phospholipid layer. We calculate a dielectric constant of 2.7
for the phospholipid based on our measurements of specific
capacitance and using published x-ray scattering results of
hydrocarbon chain lengths. This calculated dielectric con-
stant is higher than the accepted value for phospholipids in
BLMs of 2.1. Aswe have discussed previously (Plant, 1993),
this discrepancy in the dielectric constant, and possibly in the
conductivity and resistivity as well, could be due to the con-
tnrbution of residual organic solvent which is present in
BLMs and similar planar membranes.
The large resistivities, small conductivities, and the high

degree of irreversibility in reduction and oxidation of
Fe(CN)6- suggest defect-free coverage of the electrodes by
the phspholipid/alkanethiolbilayers. We have used a simple
model for analysis of our impedance data: a solution resis-
tance in series with a parallel resistor/capacitor which cor-
responds to the bulk membrane. In the absence of melittin,
this model adequately descnbes the data. Electron tuneling
has been suggested as the mechanism of electron transfer
twogh long-chain carboxyalkanethiol monolayers (Miller
et aL, 1991) as well as thrigh phospholipid bilayer mem-
branes (BLMs) (lien et al, 1985). Our data inte that
solution mass transfer kinetics is not the rate-limiting step in
electron transfer through these bilayers and are consistent
with electron tnneling. Very low frequency impeanc data
suggest, however, that in the presence ofmelittin, a very slow
diffusion process, presumably occurring in the mem-
brane, is also playing a role. Further analysis of this dif-
fusion process may provide insight into structural char-
acteristics of the membrane defects produced by proteins
such as melittin.

CONCLUSION

As models of cell membranes, these rugged hybrid bilayers
allow analysis of membranemi ce whi is unco
promised by the inclusion of organic solvent and the ac-

companying ambiguity associated with solvent lensing and
the effects on capacitance and lipid layer thickness. The
membranes are formed on gold, which not only provides a
physical support which renders them rugged, but which can
be used as an electrode to provide a direct means of deter-
mining electical insulating characteristics. We have shown
here that these bilayers are relevant models of the islating
properties of lipid layers by using them for determination of
a solvent-free dielectric constant for membrane phospholip-
ids and demonstating the effect ofthe protein toxin, melittin,
on their insulating capacity. These bilayers are not, of course,
identical to other planar membrane systems, since the close
association between the thiol sulfur and gold of the alkane
monolayer precludes the normal insertion of a transmem-
brane protein. Fthermore, the extent of mobility of alkane-
thiols at the gold surfac is yet to be resolved, and the effect
that the coordination of the monolayer monomers with the
surface might have on the phase behavior and lateral mobility
of the phosphoUpid layer is still to be assessed. If these cri-
teria are satisfied, this model system will be extremely useful
by providing a way of studying membrane phenomena such
as lipid domains and the oraniztion of proteins in
membranes, for example, with a variety of surface analytical
techniques.

In addition to their potential contribution to membrane
biophysics, the ease of formation and the long-term stability
of these hybrid bilayers also make them amenable to appli-
cations such as monitoring lpophilic contaminants which
can partition into them (Plant and Gugetchkeri, 1994). The
highly insulating nature of phospholipid/alkanethiol bilay-
ers, coupled to their responsiveness to agents which pertuirb
membrane structure and electical properties, makes them
good andidate for development as components of sensors
and perhaps electronics coatings.

REFERENCES

Beckx M, aad C J. Mfflf.Elec y at w-hydroxylhiol oax
electrodes 4. Comprison of the dxbe layer at w-hydroxythiol and al-
kanethiol monolayer coated Au el 1993. J. Phys ChenL 97:
6233-6239.

Benz, R, 0. Frobich, P. Lauger, and Ko MontaL L975. Elecrical cpacity
ofblac lipid films and of lipid bilayes made m monolayes Biochim
Biophy& Aca. 394:323-334.

Bockris, J. 0, and A. K. N. Reddy. 1970. Modern Elcochemistry. Plnum
Press, New YorL

Cahan, B. D, and C T. Chen. 1982. Questions on the kinetics of 02 ev-
hltion on oxide-covered metals. J. EkctrchemL Soc 129:700-705.

Dempsey, C E. 1990 The acions of melittin on membranes. Biochdn
Biophys. Aca 1031:143-161.

Dilger, J. A, S. G. A. MCIaughlin, T. J. Mcntosh, and S. A. Simon. 1979.
The dieectric constant of phospholipid bilayers and the permeabiity of
membranes to ions. Science. 2)6:1196-1198.

Forin, E-L and HK E. Gaub. 1993. Painted suported lipid membranes.
Biophys. J. 64:375-383.

Kalb, E, S. Frey, and L K TammL 1992 Formaton of suorted planar
blayersby fusion ofvesices to supported phospholipd monolayers. Bio-
c Bihys. Acaa 1103:307-316.

Lang, H., C. Duschl, and H. VogeL 1994. A new class of thiolipids
for the attachment of Lipid bilayers on gold surfaces. Langmir. 10:
197-210.



Pk" et al. S4tAoed Phopho Alciethiol etic 1133

Lewis, A, and D. N Eagolman 1983. Lipid bhaycr thidcess vanes liady
with acyl cha kngth im fluid Vesiles. MOL BioL
166 211-217.

Mcinosh, T. J. 1980. Differnes in hydrocarbon chain tilt between hy-
drated and phospatidbyichoeine bilayers a
moleua packing modeL BiophyJ J. 29:237-246

Mler, C, P. Cueadet, and MI GratzeL 1991. Adsorbed w-hydroxy thiol
molayers on gold edcanoxls: evidcefor elec tu to redox
species in soluionL J. Phys. ChawL 95:877-86.

Nuzz, R. G, F. A. Fusco, D. L Allara 1987. Sponbeously r ized
moleambur _rnblies. 3. Preparation and propetis ofsouion adsobed

fysoo nic diglfides on gold sJrfaces. J. mL Chem Soc.
109:2358-2368

Obon, F,C A. Hunt, F. C. Szoka, W. J. Vail, and D. P o
1979. Prepaation of Lipose of defined s distribtion by ex-
rusion through polycabonate membranes. ichIrL Biophys. Aca.

557:9-23.
Plant, A. L 1993. SeIf-anembled bionimetic

bilayers on gokl L angnir. 9:2764-2767.

Plantr K L., ad AL Gmphi 1994. Planar dbiy m-
bomes fomed fir self-assembled ioln _m Proc- 13th S
&iomued Eng. Corf. In press.

Plyne o EE.E, and J. Sagiv. 1978. Elcrical conduction through
adsrbed monolayers J. ChemL Phys 69:1836,1847.

Spii, J, J. Yag, H Woff, t Liley, HRiLkxf,o i W. KnolL 1992.
PNIywnu-ppnd bilayer on a sold sdntI Biophys J. 63:1667-1671.

Stdzie, bl, G. Weissmuller, and E. Sackauin 1993. On the aicatio of
suppoFrted bilayers as receptive layers for bisnoswith electrical de-
tecti J. Phys- Chem. 97 2974-2981.

Terretaz, S, S a, T, Dul, C ad Vogd, H. 1993. Prooein bindig to
FFbw pd _ Zes f,oftdcbowaox o
bby _ asuw

Ren CC. Languir. 9:1361-1369.
Tlie, H. T, Kti, J, Krysimnki, P. ad L*wska, Z K. 1985. Eltonic

properties of ekcroctive bilaycr lipid nans. InBlectrical
Double Layers in Bioogy. MA Blank, editor. Plnum Press, New YorL
149-166.


