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S
upported phospholipid bilayers and
supported phospholipid monolay-
ers1�7 on substrates such as gold8�19

arewidely usedmodel systems for the study
of biomembrane function. They are also
applied to the development of biosensors
where the biomembrane in some form acts
as a sensing element. Within the domain of
supported lipid layers, liquid metal com-
pared with solid metal supports has unique
advantages since the liquid metal surface
has a low surface roughness that is difficult
to approach on solid gold substrates. Be-
cause of this, fluid phospholipid, usually
dioleoyl phosphatidylcholine (DOPC),
coated mercury (Hg) electrodes have been
studied and applied extensively.20�47 In-
deed the fluid phospholipid monolayer
on Hg has been seen as the classical elec-
trochemical biomembrane model used
as a system for developing fundamental

theories concerning phase behavior of phos-
pholipids and water in electric field31,33,35

and channel transport of ions.36,37 In spite
of the interest in the Hg phospholipid sys-
tem, the formation of the monolayer on Hg
has generally been investigated only using
electrochemical and simulation techniques,
and the monolayer configuration and its
behavior in transverse electric fields have
never been unequivocally characterized by
direct physicochemical methods. Originally,
hanging mercury drop electrodes (HMDE)
were used for characterizing phospholipid
layers on Hg. Such electrodes are fragile,
have uncertain long-term stability, and con-
tain macroscopic amounts of Hg, making
them difficult to access with microscopic
techniques. A study28,29 has been carried
out using epifluorescence microscopy to
attempt to image the behavior of DOPC
in varying fields on the HMDE. Some
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ABSTRACT Phospholipid monolayers on mercury (Hg) surfaces have received

substantial and extensive scientific interest not only because of their use as a

biomembrane model but also for their application as a successful toxicity-sensing

element. The monolayers show characteristic and very reproducible phase

transitions manifest as consecutive voltammetric peaks in response to applied

transverse electric fields. Unfortunately, apart from the results of simulation

studies, there is a lack of data on the lipid phase structures to help interpret these

voltammetric peaks. In this paper we report on the direct measurement of the structural changes underlying the phase transitions of phospholipid layers of

dioleoyl phosphatidylcholine (DOPC) at electrified Hg surfaces using atomic force microscopy force�distance techniques. These direct measurements

enable a description of the following structural changes in fluid lipid assemblies on a liquid electrode within an increasing transverse electric field. At

about�1.0 V (vs Ag/AgCl) a field-facilitated ingress of ions and water into the monolayer results in a phase transition to a structured 2D emulsion. This is

followed by a further phase transition at more negative potentials involving the readsorption of bilayer patches. At stronger values of field the bilayer

patches form semivesicles, which subsequently collapse to form a monolayer of uncertain composition at very negative potentials. The observation that a

monolayer on Hg converts to a bilayer by increasing the applied potential has allowed techniques to be developed for preparing and characterizing a near-

continuous DOPC bilayer on Hg in an applied potential window within �1.0 and �1.4 V (vs Ag/AgCl).

KEYWORDS: phospholipid . DOPC . fluid lipid . mercury surface . electric field . phase transitions . monolayer/bilayer .
atomic force microscopy (AFM)
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interesting results were obtained, but problems were
encountered through quenching of the fluorescence
by the Hg surface. In addition the investigation neces-
sitated the long-term stability of the same Hg drop
attached to an HMDE capillary, which was particularly
challenging. Another recent investigation used scann-
ing electrochemical microscopy (SECM) to monitor
ion transport through gramicidin channels in the Hg-
phospholipid system using a gramicidin-DOPC-coated
Tl amalgam HMDE as emitter and a Pt/Hg ultramicroe-
lectrode as detector.38 Although the study confirmed
the selective transport of Tl(I) through the gramicidin
channel, the SECM technique provided no direct phy-
sical information on the structure of the layers. Re-
cently wafer-based Hg film electrodes have been
fabricated,39,40 which are very much more robust than
the HMDE and unlike the HMDE can readily be ac-
cessed by spectroscopic andmicroscopic examination.
In addition the wafer-based Hg electrodes support
fluid phospholipid layers with identical electrochemi-
cal properties to those supported on an HMDE.39,40

The electrode miniaturization improves the accessi-
bility of the Hg-lipid model to experimentation, but
one drawback of the approach is that up until now the
model consists of only a phospholipid monolayer and
not a bilayer on Hg. This means that the model is not
completely relevant to the biomembrane, which has a
bilayer backbone. Only a direct physicochemical in-
vestigation would enable conditions to be varied to
enable the possible formation and confirmation of
phospholipid bilayer structures on Hg. If this develop-
ment were possible, it would open up new and im-
portant applications for this very versatile experi-
mental system. The work described below has been
an attempt to advance the field in this direction.
Rapid cyclic voltammetry (RCV) of the fluid phos-

pholipid coated Hg shows consecutive capacitance
current peaks concurrent with consecutive phase tran-
sitions, respectively,39,40 which are characteristic for
each specific phospholipid. These phase transitions
correspond to a poration and eventual “breakdown”
of the layers and have long been seen to be a realistic
model of electroporation processes in bilayers and
biomembranes.31 In addition the mechanisms behind
the transitions involve very subtle changes in the
intermolecular forces between the lipid molecules
and the lipid molecules and water, which are altered
by the transverse electric field.33 These processes
therefore are fundamental to the properties of phos-
pholipid self-assembly directed by field. The unique-
ness of the system of fluid lipids on Hg is shown by the
fact that the sharp discontinuous phase transitions are
not observed with fluid phospholipids on solid metals
or with phospholipids below their phase transition
temperature.13�15 The reason for this is that the sharp-
ness of the phase transitions depends on the highly
ordered structure of the monolayer, which reflects the

compatibility of the fluid DOPC with the liquid Hg
surface. Solid metals even in their single-crystal48 or
template-stripped49 configuration have terraces and
an atomic-scale roughness, respectively, on the sur-
face, which prevents the supported lipid from having a
continuous perfectly smooth ordered structure. At the
same time solidmetals undergo surface reconstruction
when their potential is altered,50 leading to the forma-
tion of additional defects and terraces, which will
influence the supported lipid order in addition to
effects mediated through the alteration in potential
alone. With respect to the properties of nonfluid lipid
layers on liquid metals, lipid monolayers below their
solid�liquid phase transition temperature exhibit
grain boundaries in their structure.51 The existence of
these grain boundaries undermines the order of the
monolayer as well as permeabilizing the monolayer to
water and ions. These effects will degrade the discon-
tinuity of potential-induced phase transitions, as has
been observed with monolayers of dipalmitoyl phos-
phatidylcholine (DPPC) on Hg.21

It is therefore apparent that the sharp potential-
induced discontinuities of structure of the fluid lipid
layers onHgare specific to the system;however the inter-
pretation of the mechanistic details of the potential-
induced phase transitions has not been without
controversy. Miller19 originally indicated that the vol-
tammetric peaks at very negative potentials repre-
sented a desorption of the phospholipid from the Hg;
however Nelson's original studies21,22 on the HMDE
seemed to show that the adsorbed phospholipid layers
were more stable than previously assumed. In Nelson's
study all voltammetric peaks were allocated to reor-
ientation and layer breakdown processes, although
later epifluorescence28,29 and impedance studies41

have presumed the phospholipid desorbs at very
negative potentials. In addition, an alternative simula-
tion model quantitatively related the voltammetric
peaks to a rotation of the lipid molecules in response
to field on the Hg surface.42 In spite of this the uncer-
tainty regarding the “reorientation” voltammetric
peaks of the lipid layer in field has prevailed. Currently,
the general consensus on the structural changes with
increasing field of DOPC layers on Hg is that (a) the first
capacitance current peak (�0.95 to �1.0 V) is concur-
rent with the permeation of the layer to ions31,32 and
the layer's desorption from31 the electrode surface, (b)
the second capacitance current peak (�1.1 V) repre-
sents a nucleation andgrowthprocessofbilayer patches
readsorbing onto the electrode surface,27,32,33,35 and
(c) the third capacitance current peak (�1.35 V) or
groups of capacitance current peaks indicate the de-
sorption of the phospholipid from the Hg surface.27,29

It is considered that the electrode atmore negative po-
tentials than �1.7 V is essentially uncoated, although
the phospholipid may lie in close vicinity to it.27,28

The objective of this paper therefore is to establish the
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precise validity of these previous assumptions regard-
ing the behavior of phospholipid layers in electric field
using direct microscopic measurements on the fluid
phospholipid, DOPC, deposited on the wafer-based Hg
film electrodes. Atomic force microscopy (AFM) was
used to determine a comprehensive replicate series of
force�distance curves at closely spaced, varied ap-
plied potentials. AFM has been previously deployed for
the study of the structure and properties of phospho-
lipid bilayers on Au(111)17�19 in an electric field. On the
other hand AFM has never before been applied to
similar investigations of phospholipid mono/bilayers
on Hg. The AFM force�distance measurements give
layer thickness, resistance to AFM tip penetration, and
coverage data as a function of potential. The AFM
experimental data have enabled the physical changes
that underlie the electric field driven phase transitions
of DOPC phospholipid layers on Hg electrodes to be
characterized. Another objective of this paper is to
exploit a direct physicochemical characterization of
the layers to design a technique to deposit continuous
or near-continuous phospholipid bilayers on the elec-
trode surface.

RESULTS AND DISCUSSION

AFM measurements were begun at an applied po-
tential of�0.4 V since�0.4 V is close to the PZC of Hg27

and is the point where monolayers of DOPC on Hg are
homogeneous and impermeable to ions.25,27 Analysis
of AFM force�distance curves of the DOPC monolayer
coated Hg at �0.4 V shows a clear step of 2.5�3 nm
(see Figure 1). The thickness of a hydrophobic core of a
DOPC bilayer is given as ∼3 nm.52,53 The size of the
headgroup and bonded water increases this thickness
to ∼5�6 nm.54�57 The thickness of a monolayer
is half that of a bilayer; thus a monolayer has a
thickness of 2.5�3 nm. Consequently the evidence
indicates that the DOPC forms a monolayer on a Hg
surface at �0.4 V applied potential. In contrast, the
uncoated Hg did not show any steps at any voltages
(data not shown). RCVs were taken prior to the AFM
experiment and indicated the presence of a DOPC
monolayer on the Hg with characteristic capacitance
current peaks representing sequential phase transi-
tions (Figure 2a).
Figure 3a shows the profile of the DOPC lipid layer

thickness as a function of applied potential. It is ob-
served that a perfect monolayer of 100% coverage
increases in thickness from 2.5 nm to 3.5 nm over
potentials from �0.2 V to about �1 V. This thickness
increase is commensurate with previous simulations of
the permeation of aquated ions through the layer
accumulating on the electrode surface.31 Lipkowski's
group also found that a dimyristoyl PC (DMPC) bilayer

Figure 1. Characteristic AFM force�distance curves of a DOPC monolayer on Hg at �0.4 V (a) and �1.2 V (b) and a DOPC
bilayer at �1.2 V (c) and �1.8 V (d).
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on a gold electrode at negative potentials increases the
effective thickness of the bilayer by up to 1.1 nmdue to
water and ionic accumulation between the gold sur-
face and the dimyristoyl PC bilayer.13,14 In the experi-
ments reported in this study an increase of 1 nm was
observed, which is similar to that found by Lipkowski's
group. At about �1.02 V a sharp increase in thickness
is observed from 3.6 nm to 4.7 nm, which is close to
a bilayer thickness. However a subtraction of a layer
thickness of aquated ions would decrease the thick-
ness of the layer to 3.7 nm, which is less than that of a
bilayer and greater than that of a compact monolayer.
The monolayer penetration force with the AFM tip
(Figure 3b) decreases dramatically at the same poten-
tial. This indicates that the DOPC monolayer becomes
softer or more exactly acquires a very much decreased
stiffness, lateral density, and strength in self-assembly
hydrophobic forces. The results concur with previous
electrochemical measurements where at �1.02 V the
monolayer's permeability to cations increases drama-
tically accompanied by an increase in the monolayer
capacitance.27 Accordingly the sharp increase in thick-
ness corresponds to an ingress of aquated ions into the
monolayer to build up a double-layer structure on the
Hg electrode surface with consequent monolayer

desorption and rearrangement.31 In addition the soft-
ening of the DOPC layer and a decrease in coverage
from 100% to 95% correlatewith previous speculations
indicating the formation of some kind of ordered
water/phospholipid emulsion32 of a 2D lipid sponge
structure58 or a half monolayer/half bilayer type
structure.33 The potential coincident with this process
is that characterizing the first capacitance current peak
on the RCV (peak 1 in Figure 2a).
A further increase in thickness to 6.3 nm is observed

at �1.12 V; 6.3 nm is approximately the thickness of a
DOPC bilayer including the water and ions associated
with the adsorbed DOPC head groups. The coverage of
65% indicates that the electrode is only partly covered
by the bilayer or the bilayer exists as bilayer patches.
The sharp increase in thickness is exactly coincident
with the potential characterizing the onset of the
second capacitance current peak on the RCV (peak 2
in Figure 2a). This result is commensurate with the
previous simulation that the second capacitance cur-
rent peak corresponded to the formation of bilayer
patches.33 The nucleation and growth27,32 mechanism
that underlies this process leads to the readsorption of
bilayer patches on the electrode surface. In fact the
readsorption of bilayer patches is evidenced from the
chronoamperometric current transients that character-
ize the phase transition. A current transient can signify
only a displacement of charge on theHg surface, which
concurs with the adsorption of the charged DOPC
heads34 in place of electrolyte counterions.

Figure 2. Rapid cyclic voltammetry (RCV) ofDOPC (a)mono-
layer (blue line) and (b) presumed bilayer (red line) on a Hg
film electrode during AFM experiments. Black line denotes
RCV of uncoated Hg. Peaks 1�5 in monolayer RCV and
peaks 1 and 2 in bilayer RCV correspond to conformational
changes in the DOPC mono- and bilayer. Each scan repre-
sents RCV in steady-state conditions.

Figure 3. Coverage, (a) thickness, and (b) tip penetration
force of aDOPCmonolayer on aHg film electrode vs applied
potential as measured by AFM.
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A third jump in thickness occurs at applied poten-
tials of about�1.35 V. The thickness increases to about
8.3 nm and the coverage decreases to 48%. The thick-
ness of 8.3 nm does not correspond to a vesicle, which
would be at the very least two bilayers thick, but it
could represent a partial desorption of a bilayer, lead-
ing to semivesicular structures attached to the elec-
trode. This is in agreement with the lower force for
penetration and decreased coverage.
At �1.5 V, the layer thickness collapses via a step of

6 nm to 2.5�3 nm, which remains constant at more
negative potentials. The force for penetration increases
correspondingly to that of the monolayer at �0.4 V.
The layer is stable with a coverage increasing to 95%.
The layer thickness of 2.5�3 nm is equivalent to a
monolayer thickness. This is not an expected result
since a desorption of themonolayer at these potentials
has been previously assumed.27,28 Close examination
of Bizzotto's work on epifluorescence28,29 shows a
quenching of fluorescence of labeled DOPC at very
negative potentials of about�1.75 V. This indicates the
adsorbed DOPC is in close proximity to the Hg surface,
inferring a compressed monolayer structure at this
potential. This result has to be reconciled with the
capacitance of the DOPC-covered Hg electrode at this
potential, which is identical to that of uncoated Hg. It
can only be assumed that at the high values of electric
field a compact layer of counterions is maintained on
the electrode surface with the compressed DOPC layer
on top. Lipkowski's group found a bilayer structure of
DMPC to exist on a gold electrode at similar rational
negative potentials to those applied in this study, and
no desorption was observed.13,14

From the results describing the DOPC monolayer
behavior on Hg in an electric field, it can be presumed
that there is a potential window between �1.0 and
�1.4 V where a complete DOPC bilayer could exist on
the Pt/Hg. As a consequence, after a number of
experiments an RCV scan of voltage excursion �1.1
to�3.0 V was chosen as the most effective to facilitate
continuous (not patched) bilayer deposition with the
electrode exposed to DOPC vesicle dispersion.
Tomonitor the presumed bilayer formed in this way,

an RCV scan was applied with voltage excursion from
�1.7 to �0.9 V. The resulting RCV profile consisted of
one large capacitance current peak at about�1.4 V on
the cathodic scan, which was apparently reversed on
the anodic scan as a smaller peak at �1.0 V (peaks
1 and 2, respectively, in Figure 2b). Significantly, the
potential of this peak 1 on the cathodic scanwas similar
to the potential that characterized the third capaci-
tance current peaks 3 and 4 of a DOPC monolayer on
Hg. AFM data (see Figure 4a) show that at potentials
between�1.7 and�1.35 V the structure of this assem-
bly has the thickness of a monolayer, but from poten-
tials �1.35 to �1 V it has 6.5�7 nm thickness, which
corresponds to that of a bilayer. Contrary to the bilayer

patch model, this presumed bilayer has significant
resistance to penetration force (see Figure 4b) and
shows 95% coverage. Under such conditions the ex-
istence of a near-continuous bilayer is indicated be-
tween potentials �1.35 and �1.0 V.
The monolayer/bilayer transition can be matched

with the cathodic capacitance current peak at �1.4 V
on the RCV scan (peak 1 in Figure 2b). However the
reversed peak 2 on the RCV anodic scan is considerably
shifted to more positive potentials presumably due to
the rapid voltage scanning. It is important to note that
the bilayer is not stable when the electrode potential is
taken to potentials more positive than�0.9 V, where it
reverts to amonolayer. For this reason the potential for
deposition and monitoring is never brought to poten-
tials more positive than�0.9 V. Furthermore, the depo-
sition of the bilayer as opposed to a monolayer is con-
trolled by the applied potential and not the amount of
DOPC in the vesicle dispersion.
The adsorption of the polar phospholipid heads

onto the Hg surface when it is negatively polarized
resulting in bilayer formation is consistent with physi-
cal chemical and thermodynamic theory. The surface
free energy of the Hg/lipid interface decreases with
increased negative potential27 until it reaches that
of the lipid polar heads when bilayer adsorption is
favored. Indeed, one of the main properties of the Hg

Figure 4. Coverage, (a) thickness, and (b) tip penetration
force of DOPC bilayer on a Hg film electrode vs applied
potential asmeasured by AFM. Each data point represents a
single penetration event in a continuous series. Thefit line is
only a guide to the eye.
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electrode is that the Hg/electrolyte interface changes
from an apolar surface (near the PZC) to a fairly polar
surface having affinity for water at high positive or
negative potentials. It is noted that this change in the
Hg surface affinity of the water molecules is not due to
a change in the intrinsic properties of the Hg, but is
caused by the favorable orientation of the dipoles of
the water molecules on Hg at higher electric field
strengths. At these field strengths, bilayer adsorption
on Hg is energetically favorable as previously simu-
lated.31,33 In addition to this, the increasing values of
electric field applied across the phospholipid mono-
layer lead to the penetration of ions through the layer
both simulated31 and previously shown experimen-
tally.27 An accumulation of ions on the electrode sur-
face between bilayer and electrolyte at negative field
strengths has never been experimentally shown. The
next step in this work is to study transport of electro-
active ions across the patchy bilayer and continuous
bilayer surface to theHg surface. The technique of such
study is described previously in Bizzotto's work.59

CONCLUSIONS

1. A DOPC monolayer is deposited on Hg when the
electrode is exposed to a 5 mg cm�3 DOPC vesicle
dispersion, and its potential is scanned at 40 V s�1

between �0.4 and �3.0 V. The DOPC phospholipid
monolayer is shown to have a thickness of 2.5�3 nm,
existingwithin a potential windowof�0.2 to�1.0 V. At
the following more negative applied potentials, the
following structural changes in the monolayer have
been characterized and are exactly coincident with the
capacitance current discontinuities on the RCV plot.
�1.1 V: Sharp increase in thickness of themonolayer

to 4.6 nm, corresponding to an ingress of water and
cations and rearrangement of the monolayer to an
ordered DOPC-electrolyte emulsion or more specifi-
cally a 2D lipid sponge.
�1.2 V: Sharp increase in thickness of the layer to

6.3 nm, corresponding to that of a bilayer. The cover-
age of 65% indicates that the Hg is covered in bilayer
patches. This is in accord with the formation of bilayer
patches from a monolayer.
�1.4 V: Sharp increase in thickness in the layer to

8.6 nm and further decrease in coverage to 48%. This
indicates partial desorption of the bilayer patches to
produce semivesicular structures on the Hg.

�1.5 V: Layer thickness collapses to 2.3 nm with a
coverage of 95%, indicative of monolayer formation at
extreme negative potentials.
2. A near-continuous bilayer of thickness 6.5�7.0 nm

is deposited on the electrode exposed to a 5 mg cm�3

DOPC vesicle dispersion when the electrode potential
is varied at 40 V s�1 from �1.1 to �3.0 V. This bilayer
exists within a potential window from �1.0 to �1.4 V
and reverts irreversibly to amonolayer atmore positive
potentials. In the RCV monitoring of the bilayer the
electrode potential must therefore not be allowed to
become more positive than�0.9 V. At potentials more
negative than�1.4 V the bilayer reversibly converts to
a layer of thickness 2.3 nm and coverage 95%. The
formation of a phospholipid bilayer on Hg in aqueous
electrolyte was previously considered unachievable. At
negative potentials the Hg surface becomes effectively
polar and would favor supporting a bilayer rather than
a monolayer.33

3. The direct force microscopy characterization of
structural changes of fluid lipid assemblies on Hg in an
electric field has furthered an understanding of the
molecular events underlying these changes. This has
wide implications on the dependence of lipid�lipid
and lipid�water interaction forces in the presence of
an electric field and how these control the assembly of
the lipid into different structures.

MATERIALS AND METHODS

Materials. 1,2-Dioleoyl-sn-glycero-3-phosphocholine was ob-
tained fromAvanti Polar Lipids (Alabaster, USA) andwas of >99%
purity. All other reagents were of analytical grade and purchased
from SigmaAldrich.

Methods. Electrochemical System Setup for Atomic Force Mi-
croscopy. The system consisted of (i) a glass Petri dish, (ii) silicon
wafer-based microfabricated Pt electrodes (Tyndall National

Institute, Ireland), (iii) two glass capillaries for 0.1 mol dm�3

KCl (capillary 1) and lipid dispersion in 0.1 mol dm�3 KCl
(capillary 2) injection, respectively, (iv) a platinum counter elec-
trode, and (v) a Ag/AgCl 3.0 mol dm�3 KCl reference electrode,
REF201 Red Rod (VWR International Ltd.) (see Figure 5). All
potentials in this paper unless otherwise stated are quoted
versus the potential of this reference electrode. Silicon wafer-
based microfabricated Pt electrodes were fixed to the Petri dish

Figure 5. Schematic view of AFM setup: (i) a glass Petri dish,
(ii) silicon wafer-based microfabricated Pt working electro-
des, (iii) two glass capillaries, (iv) platinum counter elec-
trode, (v) a reference electrode, (vi) insulated wire to Pt
working electrode, and (vii) AFM tip.
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with epoxy glue (Figure 5) and soldered with (vi) wire, and the
wire contact was isolated by epoxy glue. The two glass capil-
laries (1 and 2) containing the electrolyte and the lipid disper-
sion, respectively, were fixed in position where the tapered
thinnest end remained at a distance of 2�3 mm from the
working electrode surface. The working electrode consisted of
one Pt disk with a diameter of 1 mm embedded on a 28 by
3 mm2 diced silicon wafer substrate possessing a surface of
0.2 μm dry silicon oxide. Each Pt area was connected to res-
pective contact pads by a 0.5 mm thick Pt trace interconnect,
which was insulated with approximately 1.5 mm of Si3N4

deposited by plasma-enhanced chemical vapor deposition
(PECVD). The microfabricated Pt electrode was connected to a
homemade potentiostat interfaced to a Powerlab 4/30 signal
generator (AD Instruments Ltd.) controlled by Scope software.

Electrode Pretreatment and RCV. Electrodeposition of Hg
onto Pt disk electrodes39,40,46,47 was performed as previously
reported but in a static cell. The working electrodes were
cleaned prior to electrodeposition in a hot solution of a H2SO4

(Fisher Scientific) and 30% H2O2 (Fluka) mixture in a ratio of
approximately 3:1, respectively, and rinsed with Milli-Q 18.2MΩ
(Millipore UK) water before drying under nitrogen (N2). The
reduction of Hg onto the Pt disk was performed at �0.4 V and
monitored by means of chronocoulometry with a cutoff value
for the charge (Q) flowed of <1 C per electrode in 50mmol dm�3

Hg(NO3)2 solution. Once the designated amount of charge
had passed, the circuit was opened and the electrode was
washed by constant flow of 5 cm3 min�1 of Milli-Q 18.2MΩ
(Millipore UK) water for 30 min. The Pt electrodes with electro-
deposited Hg are subsequently referred to as Pt/Hg electrodes.
Rapid cyclic voltammetry as the electrochemical treatment and
monitoring technique was carried out in 0.1 mol dm�3 KCl
(calcined before solvation at 600 �C) at room temperature.

Electrochemical Preparation and DOPC Deposition for AFM
Experiment. The electrochemical “cell” was filled with 0.1 mol
dm�3 KCl solution, the electrodes were connected to the
potentiostat, and each of two capillaries (1 and 2) were filled
with (1) 0.1 mol dm�3 KCl solution and (2) 5 mg cm�3 DOPC
dispersion, in 0.1 mol dm�3 KCl. DOPC dispersion was prepared
by shaking dry DOPC with 0.1 mol dm�3 KCl solution. DOPC
dispersion was used that would successfully cover the electrode
with a monlayer. A 5 mg cm�3 DOPC concentration was chosen
because a presumed bilayer formation necessitated aminimum
DOPC concentration of 4 mg cm�3. Clear contact of the elec-
trode with a considerable excess of DOPC was required to
promote bilayer deposition. RCV at scan rates of 40 V s�1 was
initiated continuously at a voltage excursion from�0.4 to�3 V
in order to clean the Pt/Hg electrode; 10�20 mm3 of lipid
dispersion in 0.1 mol dm�3 KCl was injected slowly into the cell
from capillary 2 until the lipid dispersion covered the Pt/Hg
electrode. For monolayer preparation RCV at scan rates of
40 V s�1 with a voltage excursion from �0.4 to �3 V was then
applied for 10�20 s to facilitate a coating of the electrode as
done previously.39,40,46,47 Subsequently the lipid dispersion was
flushedwith 0.1mol dm�3 KCl solution from capillary 1, and RCV
at scan rates of 40 V s�1 with a voltage excursion from �0.4 to
�1.7 V was initiated until stable capacitance current peaks
appeared. For presumed bilayer formation RCV at scan rates
of 40 V s�1 with a voltage excursion from �1.1 to �3 V was
applied for 10�20 s to facilitate a coating of the electrode. Sub-
sequently the lipid dispersion was flushed with 0.1 mol dm�3

KCl solution from capillary 1, and RCV at scan rates of 40 V s�1

with a voltage excursion from�1.7 to�0.9 V was initiated until
stable presumed bilayer capacitance current peaks appeared.
Subsequently, in order to electrochemically characterize the
lipid-coated and uncoated electrodes, RCV voltage excursions
from �0.4 V to �1.7 V were applied to the monolayer-coated/
uncoated Pt/Hg (Figure 2a) and from �1.7 to �0.9 V to the
bilayer-coated/uncoated Pt/Hg (Figure 2b) at scan rates of
40 V s�1.

Atomic Force Microscopy. AFM curves were obtained using
a Dimension 3100 AFM (Bruker) with a Direct Drive Tapping
cantilever holder for fluid operation. Repeated force scans on
the Pt/Hg electrode surfacewere obtained by vertically ramping
a nonconductive silicon nitride tip (Bruker, model MLCT) at

different surface locations while recording the AFM cantilever
deflection as a function of the relative tip�sample distance,
according to standard procedures.60,61 The cantilever spring
constant was measured in air as 0.026( 0.001 N m�1 using the
thermal tune function on a Multimode 8 AFM (Bruker). Prior to
the experiment the probewas treatedwith aqua regia for 30 s in
order to remove traces of gold, which can amalgamate with
mercury. Subsequently it was washed with water, dried, and
treated with dichlorodimethylsilane for 30 s. The silanization
routine was found operationally to give reproducible force�
distance curves presumably because it prevented the lipid from
adhering to the tip. The reason for this is being investigated and
will be reported in a subsequent paper. The electrode was
mounted on the AFM stage using the electrochemical system
setup for AFM experiment (see the Electrochemical System
Setup section), and electrochemical preparationwas performed
according to the procedure described in the Electrochemical
Preparation section above. A deflection sensitivity calibration
was carried out by performing a force�distance curve on the
hard silicon surrounding the Pt/Hg electrode prior to each
experimental run. The mercury electrode was located and the
AFM probe positioned precisely at the apex of the mercury
electrode using the motorized stage and top-down CCD micro-
scope of the Dimension 3100. Following this, force�distance
experiments using the AFM tip were carried out at different
potentials. All experiments were carried out using two separate
procedures. In the first procedure, the potential was fixed at
�0.25, �0.45, �0.65, �0.85, �1.05, �1.25, �1.45, �1.65, and
�1.85 V for the “monolayer” experiment and at �1.7, �1.5,
�1.3, and �1.1 V for the “bilayer” experiment. Subsequently
50�100 force�distance curves were measured at each of these
potentials. In the second procedure, the force�distance experi-
ments were carried out continuously while the potential was
very slowly varied from�0.2 V to�1.8 V and back for themono-
layer experiment and from �1.7 V to �0.9 V and back for the
bilayer experiment. The existence of a lipid layer coating on the
Hg showed up as a penetration step on the force�distance
curve. The thickness and penetration force of the lipid layers
were determined as the position of the penetration step on
the distance axis and on the force axis, respectively, of the
force�distance curve. The quoted “phospholipid layer cover-
age”was operationally defined as the percentage of curves with
a defined tip penetration step out of the total quantity of
measured curves. For example from 100 curves produced for
a monolayer at �1.25 V, 65 of them did not have a DOPC layer
penetration step and 35 of them did have a step. This coverage
estimation assumed that the DOPC assemblies on Hg are
mobile so that each penetration is a random test of the mono-
layer structure at that point in time.

In a raw force curve (deflection vs distance) the x axis is in
nanometers and represents the piezoelectric displacement, i.e.,
the distance traveled by the sample toward or away from the
tip. Piezo displacement was transformed into tip�sample se-
paration, by adding the cantilever deflection. The latter is given
in voltage in the original force curve and was rescaled into
nanometers by multiplying by the deflection sensitivity factor
(in nmV�1). When the tip is deflected against a hard surface, the
deflection sensitivity corresponds to the inverse of the slope of
the linear region of the force curve (the contact part). The
deflection sensitivity obtained on the hard silicon surround was
used to rescale correctly the curves performed on Hg. After this
procedure the contact part of the force curve was transformed
into a vertical line for hard surfaces. If the surface is compliant,
the contact part is curved, and negative distances correspond to
indentation, i.e., to the deformation of the surface.
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