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Abstract

The insulating properties of self-assembled thiolipid monolayers and tethered lipid bilayers on polycrystalline gold electrodes were
studied by means of cyclic voltammetry (CV). These films were formed by two-step self-assembly processes. Electrochemical measurements
of the heterogeneous electron transfer rate constant of different redox couples such as potassium ferrocyanide (K4[Fe(CN)¢]) and dopamine
(DP) were used to examine the molecular integrity and structural defects and pinholes within the monolayers. We demonstrate by means of
cyclic voltammetry that the bilayer lipid membranes tethered to the gold surface are blocking, stable, yet retaining their dynamic properties
and can be used as a model of the cell membrane. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Since the works of Allara and Nuzzo were first published
[1-3], the self-assembled monolayers of alkanethiols and
their derivatives on gold have been widely investigated [4—
32]. Nowadays, it seems that such stable, well-organized
films with well-defined structure and thickness can be
applied, for example, in the studies of electron transfer
[8—13], in the investigation of electrochemical behavior of
different redox couples, in particular biological molecules
covalently bound with the electrode surface [15—-20], in the
preparation of microelectrodes and microsensors [19—
23,29-31] or in the modeling of the surface-supported
biomimicking bilayer systems [24—32].

However, the structure and organization of the mono- and
bilayer films are often very far away from ideal and the
blocking properties are not satisfactory, therefore the use of
such modified electrodes is to a certain extent limited. This is
the main reason why it is very important to examine the
properties of mono- and bilayers before further studies
concerning applicability are performed [32]. This paper
summarizes the results of our studies on blocking properties
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of two novel thiolipid monolayers as well as bilayers con-
taining them, tethered to the polycrystalline gold electrode.

2. Experimental
2.1. Chemicals

All chemicals used during electrochemical experiments
were of the highest purity commercially available: LiClO,4
(Aldrich, ACS grade), KCI (POCh, reagent grade), potassium
ferrocyanide (K4[Fe(CN)g]) X 3H,0O (Sigma, 99%), 3-
hydroxytyramine hydrochloride (DP) (Fluka, 99%). Aqueous
solutions were prepared from water of high purity (Milli-Q).
The gold used for the working electrode was a commercially
available polycrystalline gold wire of 99.99% purity (0.5 mm
in diameter). The two thiolipids dipalmitoylphosphatidyle-
thanolaminomercaptopropionamide (DPPE-MPA) and cho-
lesteryl 3-mercaptopropionate (Chs-MPA) were synthesized
according to the previously described procedure [33,34].

2.2. Instrumentation
Electrochemical measurements were conducted with a

PC-controlled, custom-built potentiostat/galvanostat (KSP
Electronics, Poland), using a conventional small three-elec-
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trode cell. All potentials are referred to an Ag|AgCl|1 M
KCl,q reference electrode. Potassium hexacyanoferrate(I),
and dopamine solutions used for integrity tests on mono-
and bilayers were thoroughly derailed with argon.

2.3. Electrode preparation

The electrodes were fabricated and modified by tethering
of thiolipid monolayers to the surface of gold according to
the procedure described previously [34]. Such modified
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electrodes were then examined for the presence of pinholes
in the monolayer. These measurements were carried out in
0.1 M LiClO,4 aqueous supporting electrolyte containing one
of the two electrochemical probes, hydrophilic K4[Fe(CN)¢]
or amphiphilic dopamine. Most of the thiolipid-modified
electrodes prepared that way exhibited good integrity and
blocking behavior and were then used in the following ex-
periments.

Then, a second layer was attached to a thiolipid-modified
electrode by a subsequent transfer of a lipid layer from air/
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Fig. 1. Cyclic voltamograms of (1) 1 mM K4[Fe(CN)e] and (2) 1 mM dopamine in 0.1 M LiClO4 aqueous solution buffered with phosphate buffer pH 6.94 on
Au electrode covered with self-assembled DPPE-MPA monolayer (a) and DPPE-MPA +DOPC bilayer (a'). Inlets show voltamograms for the same redox
probes on bare gold.
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water interface as in Refs. [33,34]. The driving force of this
attachment is the hydrophobic effect that is connected with
the reduction of free energy of thiolipid/water interaction by
exposition of hydrophilic heads of phospholipid molecules
into aqueous solution. Such parameters like the thickness of
mono- and bilayers, the conformation of the thiolipids
molecules on the surface and the flexibility and stability
of the membranes have been described previously [33,34].

3. Results and discussion

The tests, the integrity and compactness (the absence of
any pinholes and structural defects) of different self-
assembled thiolipid monolayers: DPPE-MPA and Chs-
MPA and two tethered t-BLMs containing these monolayers:
DPPE-MPA + DOPC and Chs-MPA + DOPC were carried
out by means of cyclic voltammetry (CV) [35]. For this pur-
pose, we used kinetically facile hydrophilic redox probe—

D .
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K4[Fe(CN)g] (E°=237 mV) as well as amphiphilic dopa-
mine (E,°=298 mV, E," =498 mV), (Fig. 1). As it is shown
in Fig 1. The presence of the layers highly attenuated both
the reduction and oxidation reactions of the redox couple.
For a comparison, the inlets in Fig. 1 show the same
voltammograms recorded on bare gold. From this figure, it
is evident that the current density at the formal potential is
negligible in comparison to a bare electrode. Moreover, one
can notice almost perfect, exponential shape of anodic
branch of voltammograms recorded on the monolayer and
bilayer modified gold. The fact that the dependence of
current density vs. potential is not sigmoidal in shape clearly
demonstrates that the pinhole defects present in well-ordered
mono- and, in particular, bilayers are electrochemically
immeasurable. Therefore, we can draw a conclusion that
the obtained mono- and bilayers are free of any considerable
pinhole defects which means that the redox couples are
unable to gain a direct contact with the electrode surface
[36,37].
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Fig. 2. Tafel plot of In() vs. n for irreversible reaction of (1) 1 mM K4[Fe(CN)e] and (2) 1 mM dopamine in 0.1 M LiClO4 aqueous solution buffered with
phosphate buffer pH 6.94 on Au electrode covered with self-assembled DPPE-MPA monolayer (a), DPPE-MPA + DOPC bilayer (a"), Chs-MPA monolayer (b)

and Chs-MPA +DOPC bilayer ().
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Table 1

Kinetic parameters for redox reactions of potassium ferrocyanide and dopamine on the gold electrode covered with DPPE-MPA, DPPE-MPA + DOPC and Chs-

MPA and Chs-MPA + DOPC, respectively

Type of the redox probe Layer type i (m/s) p
K4[Fe(CN)g]
(8 in 0.1 M KCl aq=3.1x 10~ * [11],
£ in 0.1 M LiClO4 aqg=4.38 x 10 ) DPPE-MPA 8.42x 10~ 0.22
DPPE-MPA + DOPC 7.65%x1077 0.17
Chs-MPA 555x 107 0.20
Chs-MPA +DOPC 3.28x1077 0.22
Dopamine
(8 in 0.1 M KCl aq=5.78 x 10 ~ > [13],
£ in 0.1 M LiClO4 aqg=5.78 x 10~ %) DPPE-MPA 7.08 %1078 0.33
DPPE-MPA + DOPC 2.64%x10°8 0.35
Chs-MPA 233 %1077 0.10
Chs-MPA +DOPC 9.87x 108 0.08

These results suggest that the electron tunneling through
the layer is a general mechanism of the electron transfer for
our studied systems. Therefore, we were able to use the
Tafel approach for the kinetically controlled electrode pro-
cesses [38—40]. The exemplary Tafel plots of the two redox
couples for the mono- and bilayer, respectively, are pre-
sented in Fig. 2. Almost all of these plots are nearly linear
for overpotential exceeding 200 mV [7]. Therefore, based
on the Tafel equations, the transfer coefficients f for
K4[Fe(CN)g] and dopamine on both DPPE-MPA and Chs-
MPA monolayers as well as DPPE-MPA + DOPC and Chs-
MPA +DOPC bilayers were calculated from the slope of the
linear part of the plot. Furthermore, we have estimated the
values of the standard rate constants k, of the reactions on
the modified surface of the gold electrode. These kinetic
parameters for both redox couples and all types of the layers
that were used to modify the electrode surface are summar-
ized in Table 1. Table 1 also presents the kg values of the
investigated redox couples on bare gold under the same
experimental conditions. In order to evaluate these values,
we used the voltammograms shown in the inlets of Fig. 1. In
LiClO4 aqueous supporting electrolyte, the kinetics of
K4[Fe(CN)g] is much slower as compared to KCl electrolyte
[35]. The fact that the voltammogram of this couple behaves
quasi-reversibly (AE, =110 mV) enabled us to evaluate the
standard rate constant k; of this couple according to the
procedure described by Nicholson [41]. The same procedure
was used to evaluate the kg value from the first pair of redox
peaks for dopamine (AE,; =377 mV and AE,, =257 mV).
Our experimental data for both redox probes on bare gold in
0.1 M LiClO4 aqueous supporting electrolyte buffered with
phosphate buffer at pH 6.94 are presented in Table 1. The
obtained values are almost an order of magnitude smaller
than those typically found in an aqueous solution of KCI as
a supporting electrolyte.

Basing on the results presented in Table 1, it is reason-
able to draw a conclusion that all mono- and bilayers affect
the redox reaction mechanism differently for the different
redox probes present in the solution. It is interesting that in
the case of the hydrophilic probe K4[Fe(CN)¢], the standard

rate constants are three orders of magnitude smaller as those
on bare gold, while in the case of dopamine, the amphiphilic
molecule, the standard rate constant decreases only two
orders of magnitude. It is possible that the amphiphilic
molecule of dopamine penetrates the layer more deeply
(especially through the small defects, e.g. collapse sites, in
the hydrophobic chains region that brings about the decrease
of the real distance of the redox molecule to the electrode
surface). In agreement with these results, our SERS results
(not shown) of ordering the tethered DPPE-MPA [33] and
Chs-MPA [34] monolayers show that both trans and gauche
types of C—C bond orientation next to the sulphur atom
contribute to the spectrum. This may be responsible for an
imperfect organization of the hydrocarbon chains within the
hydrophobic region of tethered monolayers. The addition of
a second phospholipid layer, as it could be expected,
increases the blocking properties of the thiolipid monolayer
and the values of standard rate constants ., are smaller than
in the case of the monolayer (Table 1). It is also interesting
that the obtained values of the standard rate constants k are
comparable to the values obtained for the electrode modified
with the shorter than thiolipids thiols such as for example
C1sSH [44,45]. This suggests that more liquid molecules of
the thiolipid form quite blocking, well-ordered layers with-
out significant pinholes what is in agreement with previous
results on gold and mercury modified with thiols of different
lengths [7,42—46]. These results confirm that the thiolipid
mono- and bilayers have good blocking properties and they
could be used in the study of a tunneling process through the
incorporated species.

4. Conclusions

The blocking properties and integrity of the described
mono- and bilayer systems containing Chs-MPA and DPPE-
MPA monolayers tethered to the gold surface are satisfac-
tory and even better than could be expected based on
literature. Such mimetic systems due to their reproducibility,
stability and simple way of preparation can be widely used
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as good models of biological lipid membranes in the future
studies.
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