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Abstract

The influence of K Fe P W O H onl-a-phosphatidylcholineycholesterol bilayer lipid membrane on Pt electrode3q
7 2 17 62 2

was studied by voltammetry and AC impedance spectroscopy. The interaction of the polyoxometalates with the BLM
can promote the access of Ru(NH ) and wFe(CN) x to the electrode surface. It was found that some kind of3q 3yy4y

3 6 6

pores had been formed on the BLM by AFM. The phenomenon is attributed to the interaction of
K Fe P W O H with phosphatidylcholine phosphate groups located in its outer leaflet. Experimental results are3q

7 2 17 62 2

helpful to understand the biological activity of the polyoxometalates in vivo.
� 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

The bilayer lipid membrane(BLM) system has
been employed extensively as an experimental
model of biomembranesw1x, since the reconstituted
bilayer lipid membrane that separates two solutions
was first reported in 1962w2x. This biomembrane
mimicking system has been mainly applied in basic
research on membrane energetics and electrochem-
istry as well as for the purpose of biosensers and
bioelectronic devicesw3x. However, the major
drawback of the BLM system is its instability,
which limits its application for above purpose.
There is a stringent demand to develop a new
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system that reinforces such instability without
interfering with their functional aspects. In this
connection, Miller introduced a simple biomem-
brane model which obtained by non-covalent self-
organization consists of a phospholipid monolayer
supported on a hanging mercury drop electrode
w4x. Subsequently Nelson et al. investigated the
permeability of heavy-metal ions in a modified
versionw5,6x. Tien et al. developed a new method
of making stable BLM on freshly formed surface
of hydrophilic metal such as Pt, Au, Ag, Cu, Ni
or stainless steel, which is abbreviated to s-BLM
w7,8x. The s-BLM possesses a high electromechan-
ical stability, making it attractive for bioelectronic
and biotechnological applications. It has been used
for a number of practical applications, including
immobilizing a host of compounds such as,
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enzymes, antibodies, protein complex, ionophores
w9–12x, etc.

Polyoxometalates attract current attention in
view of their potential application in catalysis,
materials and medicinew13–18x. It was discovered
heptamolybdates as a new type of antitumor
substance, especially hexakis(isopropylam-
monium) heptamolybdate(VI) trihydrate
wNH Pr x wMo O xØ3H O (PM-8) which inhibitsi

3 6 7 24 2

80% of the tumor growth in mice bearing meth-
ylcholanthrene induced tumor(Meth A sarcoma)
and MM-46 adenocarinomaw19x. It was found to
have promising antitumor activity in vitro for
organotitanium substituted heteropolytungstosili-
catesw20x and cyclopentadienyltitanium substtued
polyoxotungstate—wCoW O (C Ti)x (C s7y

11 39 p p

h yC H ) for example Ref.w21x. In addition, 21-5
5 5

tungsto-9-antimonatewSb W O x has beeny19
9 21 86

investigated as an acquired immunodeficiency syn-
drome(AIDS) antiviral drug, inhibiting the reverse
transcriptase of both lymphocytopathic retrovirus
and simian AIDS virusw19x. Although the biolog-
ical properties of polyoxometalates have been
researched considerably, there is little information
on its effect on the transportation of biomembra-
nes. The s-BLM is a useful model for understand-
ing the effect of polyoxometalates on biological
cell membranes.

In this paper, we are presently investigating the
effect of polyoxometalates on cell membrane mod-
el. The current study was undertaken in an attempt
to better understand the molecular mechanism of
the interaction of polyoxometalates with cell mem-
branes. In this work we present the first evidence
for the interaction between s-BLM and polyoxo-
metalates. By means of self-assembly of lipid, we
made layers of lipid and cholesterol on the surface
of a Pt electrode. From electrochemical AC impe-
dance and cyclic voltammetric experiments, we
induced that s-BLM has been formed.
K Fe P W O H , an aqueous-soluble potassi-3q

7 2 17 62 2

um salt can be dissolved at pH 4.0–5.5 solution
near physiological pH. It is a monosubstituted
Dawson anion and an iron–porphyrin-similar com-
pound. We found that it interacted with lipid
membrane strongly and the action made
Fe(CN) and Ru(NH ) easy to reach3yy4y 3yy2y

6 3 6

the Pt electrode. Our results show that

K Fe P W O H has a biological activity in3q
7 2 17 62 2

vitro, which enhanced the transportation of the
lipid membranes.

2. Experimental

2.1. Reagents

l-a-Phosphatidylcholine from fresh egg yolk
was purchased from Sigma(USA). Hexaammine-
ruthenlum(III ) chloride was purchased from
Aldrich Chem. Co.(USA). Cholesterol was pur-
chased from the chemicals department of Guang-
zhou Medicament Company(Guangzhou, China).
K Fe P W O H was synthesized in our lab-3q

7 2 17 62 2

oratory according to Ref.w22x. Other chemicals
were of the highest quality as possible as obtained
and all chemicals were used without further puri-
fication. Obtained by means of a Millipore Q
(USA) water purification set, pure water was used
throughout .

2.2. Apparatus

All cyclic voltammetric experiments were car-
ried out with a model CS-1087 Cypress Systems
(Inc., Lawrence, KS, USA) connected a PC for
control and data storage. The apparatus used for
electrochemical impedance measurement was com-
posed of Autolab with potentiostatygalvanostat
PGSTA30 and the Frequency Response Analysis
System Software (FRA) (Eco Chemie B.V.
Utrecht, The Netherlands), to provide fully com-
puter controlled electrochemical impedance spec-
troscopy. Impedance measurement was performed
in the frequency range from 0.1 to 10000 Hz with
a signal amplitude 5 mV. A standard three-elec-
trode cell was employed for the electrochemical
experiment. A platinum electrode was used as the
substrate electrode and the counter electrode is a
platinum wire. All potentials reported in the paper
are referenced to a AgyAgCl (KCl saturated)
electrode.

Impedance measurement was performed in the
presence of a 1.0 mmol l KwFe(CN) xyy1

3 6

K wFe(CN) x (1:1) mixture containing 0.1 mol4 6

l KCl as a redox probe at the potential of they1

system,E8s319 mV. All experiments were carried
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Fig. 1. Cyclic voltammetric responses of(a) at bare Pt elec-
trode,(b) Pt electrode supported bilayer lipid membrane in 1.0
mmol l K wFe(CN) xyK wFe(CN) x (1:1)mixture containingy1

3 6 4 6

0.1 mol l KCl. Scan rate 20 mV s .y1 y1

out at room temperature. The buffer and sample
solution were deaerated with purified nitrogen for
5 min at least for removing oxygen prior to the
beginning of a series of experiments.

2.3. Method for supported lipid layer formation

l-a-Phosphatidylcholine(PC) and cholesterol
(CH) were dissolved in heptane, giving a final
concentration of 20 mgyml PC and 7 mgyml CH.
The supported bilayer lipid membrane on a Pt
electrode(diameter 1.0 mm) was first polished
with sand paper, followed by alumina slurry of
1.0, 0.3, 0.05mm on polishing cloth with water as
the lubricant, respectively, then sonicated in pure
water both for 2 min, rinsed with pure water, last
the Pt electrode was put in the solution of 1.0 mol
l H SO . Cyclic voltammetry was performedy1

2 4

until the characteristic of Pt was observed. The Pt
electrode was immediately taken out, rinsed with
pure water again and sonicated with a high power
supersonic wave generator in water bath and ace-
tone bath for 5 min, respectively. A drop of BLM
forming solution was added to the surface of the
Pt electrode, afterwards the electrode was rapidly
transferred into the 0.1 mol l solution, in whichy1

the supported lipid layer was formed spontaneous-
ly by self-assemblyw11x.

2.4. AFM experiments

l-a-Phosphatidylcholine(PC) was dissolved in
chloroform to give a final concentration of 2.5 mg
ml . An aliquot droplet of the PC solution wasy1

applied to cover the surface of a freshly cleaved
mica. The mica was immediately transferred into
the 0.1 mol l KCl solution for 20 min, wherey1

the supported bilayer lipid membrane was formed
spontaneously. The extra PC and salts were
removed with ultrapure water and blown dry with
a nitrogen stream.

Surface images were acquired in tapping mode
under ambient conditions(Nanoscope IIIa; Digital
instruments, Inc.) Single beam silicon cantilevers
(Model TESP) with spring constant in the 25–50
Nym range were used. All images, which were
obtained reproducibly several times with different
samples and tips, were recorded by oscillating the

cantilever slightly below its resonance frequency
(typically, 250–350 kHz) and raster scanning
across the surface with scan rate of 1.0 Hz.

3. Results and discussion

3.1. Voltammetric behavior of the Pt electrode and
the Pt electrode coated with lipid membrane

The cyclic voltammograms allow one to con-
clude if bilayer lipid membranes are of high
quality. Fig. 1 shows the cyclic voltammetic
response of(a) the bare Pt electrode and(b) the
Pt electrode coated with supported bilayer lipid
membranes in 1.0 mmol l KwFe(CN) xyy1

3 6

K wFe(CN) x (1:1) solution containing 0.1 mol4 6

l KCl. The scan rate was in the positive directiony1

at 20 mV s . Fig. 1a shows the redox process ofy1

ferrocyanideyferricyanide on the bare Pt electrode.
It was observed that the peak separationDE waspac

62 mV at scan rate 20 mV s . The data for Pty1

electrode are consistent with a reversible electron-
transfer model. Comparing Fig. 1b with Fig. 1a,
we could find a noticeable decrease in the current
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Fig. 2. Impedance spectra of bare Pt electrode in 1.0 mmol
l K wFe(CN) xyK wFe(CN) x (1:1) mixture containing 0.1y1

3 6 4 6

mol l KCl.y1

Fig. 3. Impedance spectra(q) of Pt electrode supported bilay-
er lipid membranes in 1.0 mmol ly1

K wFe(CN) xyK wFe(CN) x (1:1) mixture containing 0.1 mol3 6 4 6

l KCl. Fit to the spectra is indicated by the solid line. Insety1

shows the equivalent circuit, consisting of the solution resis-
tanceR , in series with two paralleled circuits, with one com-s

posed of the double-layer capacitanceC , Warburg impedancedl

Z , and the other the membrane capacitance related constant-w

phase element impedanceZ , the apparent charge transfercpe

resistanceR .app

response of the electrode and an increase in the
peak-to-peak separation between the cathodic and
anodic waves of KwFe(CN) xyK wFe(CN) x. It3 6 4 6

means thatwFe(CN) x was prevented from3yy4y
6

reaching the surface of Pt electrode. Hence, it is
clear that the supported lipid membranes had been
formed on the surface of Pt electrode successfully.

3.2. Impedance measurement of the Pt electrode
supported lipid membranes

The experimentally obtained impedance data for
a given electrode interface may be analyzed by an
exact mathematical model that predicts the theor-
etical impedanceZ(w), or by a relatively equiva-
lent circuit consisting of ideal and non-ideal
electrical analogs to the real physical and chemical
processesw23x. The latter approach was used in
the present work. Impedance data were fitted to
an equivalent circuit using FRA. One of the
objectives of the present study was to define and
discuss the analogies between circuit elements and
electrochemical processes, so that the result of data
fitting can conclude more easily the features of a
surface-modified electrode. The complex impe-
dance can be presented as the sum of the real,Zre

and imaginary, Z components that originateim

mainly from the resistance and capacitance of the
cell, respectively.

Fig. 2 illustrates the result of impedance spec-
troscopy on a bare Pt electrode in the presence of
equimolar 1.0 mmol l wFe(CN) x and 0.1y1 3yy4y

6

mol l KCl solution, which are measured at they1

formal potential of wFe(CN) x . The very3yy4y
6

small semicircle located near the origin is probed
by higher frequencies than the linear region located
to the right in plot A. It means that in higher
frequency range the dynamics of electron transfer
is observed in the impedance spectroscopy exper-
iment and the current due to voltage excitation is
under kinetic control. The low-frequency region of
plot A, where the slope ofZ vs. Z is unity, isre im

dominated by mass transfer of the redox species
to and from the interfacial region.

Fig. 3 shows the impedance spectra of Pt elec-
trode with supported lipid membrane. It is known
that the capacity of polycrystalline gold electrode
shows a marked dependence or constant phase
element(CPE) w24x. The phenomenon is attributed
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Fig. 4. Cyclic voltammetric responses of 1.0 mmol ly1

Ru(NH ) solution containing 0.5 mol l NaF. Scan rate 203q y1
3 6

mV s , (a) at bare Pt electrode,(b) at Pt electrode supportedy1

bilayer lipid membranes,(c) at Pt electrode supported bilayer
lipid membranes after the interaction of 0.4 mg mly1

K Fe P W O H with the BLM.3q
7 2 17 62 2

to surface inhomogeneityw25x and the effect would
be observed as a depressed semicircle in the
complex plane. On the other hand, the membrane
is a lipid bilayer with hydrophilic groups on the
surface and hydrophobic hydrocarbon chains
inside. The change of dipolar direction may affect
the orientation of hydrophobic chains with respect
to the metal surface, causing them to fluctuate
from perpendicular to surface(motion) to lean
against the surface(touch), thus resulting in the
change of the membrane thickness. It is known
that the capacitanaeC depends on the membranem

thickness as following relation:

C s´´ ydm o

whered is the thickness of s-BLM,́ is the relative
dielectric permittivity of the lipid,́ is the dielec-o

tric permittivity of the free space. While under
high frequency, the fluctuation of modulated poten-
tial is so fast that the hydrocarbon chains could
not react in time, as a result, the thickness of the
membrane remains stable, and so does the
membrane capacitancew26x. It can also be seen
that the average value ofC decreases with them

increase of frequency, as reported by others
w27,28x. The CPE effect was also verified in the
present experiments, hence, the interface could not
be represented as a simple capacitor in an equiv-
alent circuit representation. The equivalent circuit
adopted to model the Pt-BLM system in the above-
mentioned solutions was presented in Fig. 3. The
impedance of the system is represented by the
solution resistanceR , in series with two paralleleds

circuits, with one composed of the double-layer
capacitanceC , Warburg impedanceZ , and thedl w

other the membrane capacitance related constant-
phase element impedanceZ , the apparent chargecpe

transfer resistanceR . A constant-phase elementapp

Z is used instead of a membrane capacitance incpe

the equivalent circuit. For the constant-phase impe-
dancew29x:

y1 aZ sC ( jv)cpe m

Where the value of membrane capacitanceC ism

independent of frequency,js(y1) , and v is1y2

the angular frequency. The exponenta is fractional

and its experimental value for ideally polarizable
electrode is between 0.5(for a real porous elec-
trode) and 1(for a perfect smooth electrode) w30x.
The values ofC , a extracted from the fit to them

equivalent circuit were 0.3mFycm , 0.69, respec-2

tively. The capacitance of this membrane is some-
what lower than that of solvent-free BLMs, 0.7–
0.8 mFycm , thus denoting the incorporation of2

alkane moleculesw31x. It could be concluded that
a bilayer was supported on the Pt electrode.

3.3. Pores behavior of the supported bilayer lipid
membranes

After the BLM was formed on the surface of
Pt, the electrode was immersed in 1.0 mmol ly1

Ru(NH ) solution containing 0.5 mol l NaF.3q y1
3 6

The cyclic voltammetric(CV) response of the
electrode was recorded as Fig. 4a. Fig. 4b shows
the CV response of the bare Pt electrode in 1.0
mmol l Ru(NH ) solution containing 0.5 moly1 3q

3 6

l NaF. Comparing Fig. 4a,b, we could find ay1

decrease in the current response of the electrode
and an increase in the peak-to-peak separation
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Fig. 5. Cyclic voltammetric responses of 1.0 mmol ly1

K wFe(CN) xyK wFe(CN) x (1:1) mixture containing 0.1 mol3 6 4 6

l KCl, at Pt electrode supported bilayer lipid membranesy1

after interaction with different concentration of
K Fe P V O H : (a) 0, (b) 0.2, (c) 0.42, (d) 0.80 mg3q

7 2 17 62 2

ml , Scan rate 20 mV s .y1 y1

Fig. 6. Cathodic and anodic peak currents of 1.0 mmol ly1

K wFe(CN) xyK wFe(CN) x (1:1) mixture containing 0.1 mol3 6 4 6

l KCl, at Pt electrode supported bilayer lipid membranes asy1

a function of time after interaction with 0.80 mg mly1

K Fe P W O H , Scan rate 20 mV s .3q y1
7 2 17 62 2

between the cathodic and anodic waves of
Ru(NH ) . We attributed the changes to the3q

3 6

obstacle of the lipid membranes, because the pres-
ence of the lipid bilayer membrane greatly reduces
the interference and effectively exclude hydrophil-
ic electroactive compounds to reach the detecting
surfacew32x.

When we put the electrode into the solution
containing 2.0 mg ml K Fe P W O H andy1 3q

7 2 17 62 2

0.2 mol l acetate(pH5.06) for 60 min, theny1

took out it, immersed it in 1.0 mmol ly1

Ru(NH ) solution containing 0.5 mol l NaF.3q y1
3 6

Its CV response was recorded as Fig. 4c. A distinct
CV response from the ruthenium(II) complex cat-
ion was gained as if the lipid membranes were
‘leaking’. It means that the effective electrode area
was increased. It can be known that
K Fe P W O H induce some active sites on3q

7 2 17 62 2

the BLM and Ru(NH ) can diffuse across the3q
3 6

s-BLM at the active sites, which we call pores.
Although K Fe P W O H is charged negative-3q

7 2 17 62 2

ly and repel Fe(CN) , Fe(CN) can also3yy4y 3yy4y
6 6

diffuse through the channel, its CV response is

shown as Fig. 5. The reasonable explanations are
(a) the K Fe P W O H is not simply adsorbed3q

7 2 17 62 2

on the s-BLM surface, it interacts with s-BLM and
produces some pores. The pores do not have
selectivity so that Ru(NH ) and Fe(CN)3q 3yy4y

3 6 6

can reach the surface of electrode and produce CV
response.(b) The density of K Fe P W O H3q

7 2 17 62 2

charged is comparatively low so that
Fe(CN) can diffuse and reach the surface of3yy4y

6

the electrode like Ru(NH ) .3q
3 6

With the presence of K Fe P W O H as3q
7 2 17 62 2

stimulus and Fe(CN) as the marker ion, the3yy4y
6

cyclic voltammetric response of the s-BLM with
different concentrations of K Fe P W O H3q

7 2 17 62 2

was tested. The intensity of the peak current
increased with the concentration of
K Fe P W O H (Fig. 5). This can be attrib-3q

7 2 17 62 2

uted to higher concentration of
K Fe P W O H producing more pores, so it3q

7 2 17 62 2

causes more Fe(CN) reach the surface of the3yy4y
6

electrode. Furthermore, the pore behavior is time-
dependent. Fig. 6 shows the current response of
the channel as a function of time. The peak current
of Fe(CN) increased with time and reached3yy4y

6

steady state after 120 min. We took out the
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Fig. 7.(a) AFM image(scan area: 3.0=3.0mm, vertical scale:
20 nm) of the PC films.(b) AFM image(scan area: 3.0=3.0
mm, vertical scale: 20 nm) of PC films after the interaction of
0.4 mg ml K Fe P W O H with the BLM.y1 3q

7 2 17 62 2

electrode and then immersed it in the solution
containing 0.2 mol l acetate(pH 5.06) andy1

found the pore behavior was kept stable more than
10 h. It was concluded that the bond between
K Fe P W O H and lipid was firm.3q

7 2 17 62 2

Atomic force microscopy(AFM) has proven to
be a useful method to elucidate the structure of
supported phospholipid bilayer during the last
decadew33x. It was employed to investigate the
changes of surface image of BLM here. Fig. 7a
shows the PC film formed on freshly cleaved
mica, it is a smooth and flat film. The same PCy
BLM film was used in experiments to interact
with polyoxometalates, and the AFM image was
shown in Fig. 7b. It was obvious that after the
interaction with polyoxometalates, the surface
image of the PC film had some changes. Some
bumps were shown in the image, which were
particles of polyoxometalates attracted to the lipid
film. There were also a few new defects and pores
formed on the surface of BLM, which caused the
promotion of the redox couples reaching the sur-
face of electrode. Thus, the polyoxometalates inter-
acted with lipid film strongly, and it was consistent
with the electrochemistry results.

From all the above experiments, we can con-
cluded that the interaction of K Fe P W O H3q

7 2 17 62 2

with the s-BLM produces pores, which allow the
redox couple reach to the surface of the electrode.
We also investigated Cl and Ac and did noty y

find they could induce the channels on the s-BLM.
As PC is neutral, the interaction of
K Fe P W O H with the s-BLM should not3q

7 2 17 62 2

be of the electrostatic action nature. We presumed
that the interaction may be K Fe P W O H3q

7 2 17 62 2

with the head of PC, which lessens the interaction
among PC head groups and between PC head and
cholesterol head group like the interactions of
Cu and Al(acac) with cell membranes and2q

3

model phospholipid bilayersw34,35x. The resulting
molecular arrangement changes loose, even some
channels were produced, which let Ru(NH )3q3 6

and Fe(CN) penetrate into the s-BLM. If3yy4y
6

K Fe P W O H were in vivo, the interaction3q
7 2 17 62 2

should affect the activity of membrane bound
proteins and permeability of cell membrane. The
phenomenon we observed may be helpful for us
to explain that polyoxometalates inhibit the tumor

growth. It is perhaps similar to the action ofa-
hemolysin damage human erythrocytes,a-hemo-
lysin forms channel on the membrane of
erythrocytes and leads the erythrocytes hemolysis
w36,37x. Because of little volume of data, the
interaction between polyoxometalates and lipid
remains poorly understood. It is still premature to
define the molecular mechanism of
K Fe P W O H interaction with BLM. The3q

7 2 17 62 2

subject will be understood thoroughly in future.
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