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ABSTRACT: The nanoscale organization and dynamics of
lipid molecules in self-assembled membranes is central to the
biological function of cells and in the technological develop-
ment of synthetic lipid structures as well as in devices such as
biosensors. Here, we explore the nanoscale molecular
arrangement and dynamics of lipids assembled in monolayers
at the surface of highly ordered pyrolytic graphite (HOPG), in
different ionic solutions, and under electrical potentials. Using
a combination of atomic force microscopy and fluorescence
recovery after photobleaching, we show that HOPG is able to
support fully formed and fluid lipid membranes, but mesoscale
order and corrugations can be observed depending on the type of the lipid considered (1,2-dioleoyl-sn-glycero-3-
phosphocholine, 1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS), and 1,2-dioleoyl-3-trimethylammoniumpropane) and the
ion present (Na+, Ca2+, Cl−). Interfacial solvation forces and ion-specific effects dominate over the electrostatic changes induced
by moderate electric fields (±1.0 V vs Ag/AgCl reference electrode) with particularly marked effects in the presence of calcium,
and for DOPS. Our results provide insights into the interplay between the molecular, ionic, and electrostatic interactions and
the formation of dynamical ordered structures in fluid lipid membranes.

1. INTRODUCTION

Biological membranes (biomembranes) are primarily com-
posed of lipids and membrane proteins self-assembled into a
complex two-dimensional structure that can evolve in response
to external stimuli and actively support the cell function.1 By
efficiently separating the inside of the cell from the
surrounding environment, biomembranes are able to actively
sustain a significant transmembrane electrical potential, the
primary source of energy for the cell. This transmembrane
potential also plays an important role in protein function2,3 as
well as the activation of many biological processes.4 Addition-
ally, as many membrane components are electrically charged,
external electric fields can provide a driving force for the
motion of components based on electrophoresis, electro-
osmosis, and hydrodynamic flow.5−9 The central role of
biological membranes in cell function is underlined by the fact
that they constitute a primary drug target,10 and countless
studies have investigated the functional aspects of the
nanoscale organization of different proteins and lipids.11,12

However, the complexity and delicate nature of most native
membranes render in situ nanoscale studies challenging,
especially when considering the phenomena related to ionic
effects13−15 and to the transmembrane potential. To date, few
studies have been able to explore the molecular-level details of
membranes under an electrical potential, and investigations are

typically conducted on membrane fragments or synthetic
model membranes supported on a flat solid.16,17 Changes in
the membrane molecular assembly and the structure of its
components in response to electric fields can provide
important clues about how the transmembrane potentials
impact the behavior and function of living cells. The use of
supported membranes is particularly helpful for high-resolution
studies because it limits the spatial fluctuations natural to cell
membranes, and the support can be directly used as an
electrode for imposing a controlled transmembrane poten-
tial.18,19 Supported membranes are routinely used as model
systems for nanoscale investigations with techniques such as
fluorescence and super-resolution microscopies20 and atomic
force microscopy (AFM).21,22 AFM can simultaneously offer
molecular-level topographical and mechanical information
about the membranes;23−25 it can be combined with most
optical microscopies and is fully compatible with the
electrochemical measurements on membranes.26−29

The details of the electrochemical behavior of model
membranes and lipid bilayers assembled on gold substrates
have already been reported,30−35 also using AFM.14−16,33−38
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The results have shown a potential-induced slow structural
transformation of the membrane until a characteristic
corrugated phase appears.36 The overall stability of the
membrane depends on the magnitude of the applied electrical
potential; studies with model 1,2-dimyristoyl-sn-glycero-3-
phosphocholine−cholesterol bilayers21 demonstrated a stabil-
ity limit of −0.3 V, with membrane swelling observed beyond
−1.0 V. The results are however dependent on the membrane
composition, and AFM spectroscopy on lipid bilayers with
increasing ganglioside content37 showed a transition from a
corrugated to a homogeneous phase, with an associated
increase in the bilayer thickness (from ∼5.3 to 7.3 nm). The
use of gold electrodes can be problematic in the context of
biomembranes, first because biomolecules tend to adhere
nonspecifically to gold, often resulting in the deformation or
denaturation of the molecules.38−40 Additionally, the fabrica-
tion of gold electrodes makes it often difficult to achieve a large
area that is atomically flat. The surface of the electrode is
typically composed of multiple small crystals exposing the
Au(111) facet and able to reconstruct rapidly in ambient
conditions.21,33,37,41,42 There are examples of measurements
with polycrystalline gold electrodes exhibiting large surfaces of
Au(111) and good bilayer stability,43 but these are not the
norms. These issues can be overcome with liquid metal
mercury electrodes. This strategy has been successfully used
for developing fundamental theories about the phase behavior
of lipids under electric fields44−46 and investigating the channel
transport of ions.47−54 Various experimental strategies have
been reported, such as the use of wafer-based mercury film
electrodes,55,56 the tracking of phase transition at different
potentials using silver/silver chloride (Ag/AgCl),57 or the
recent direct measurement of the structural changes of lipid
layers at electrified Hg surfaces using AFM spectroscopy.58

Despite these successes, working with mercury electrodes
remains highly challenging; the electrodes are inherently
fragile, and their long-term stability is uncertain. This renders
the characterization of the membranes’ electrochemical
behavior with microscopic techniques particularly difficult.51,59

Graphite offers a practical and cost-effective alternative to
noble metal electrodes. Highly oriented pyrolytic graphite
(HOPG) can be easily cleaved immediately before an
experiment, revealing an atomically flat, highly conducting,
inert, and clean surface spanning hundreds of micrometers.
This makes HOPG as an excellent substrate for electro-
chemical AFM measurements, with examples spanning from
the self-assembly of peptides60−62 to single atom or ion
investigations.63−67 Yet, to the best of our knowledge, HOPG
has never been used for the AFM investigations of lipid
membranes under electric potentials. This may be due to the
fact that HOPG is hydrophobic, hence allowing only the
formation of a single lipid monolayer on its surface. However,
this can be seen as an advantage for the investigation of
nanoscale interfacial effects between the surface of bilayers and
the surrounding solution because it ensures optimal stability of
the supported layer.
In this work, we characterize the nanoscale structural

changes of model lipid membranes supported on the basal
plane of HOPG under electrical potentials using AFM and
explore the effect of the field in controlling the resulting lipid
assembly. We conduct high-resolution imaging and force
spectroscopy measurements on pure phospholipid monolayers
with zwitterionic (phosphocholine), negatively charged
(phosphoserine), and positively charged (trimethylammo-

nium−propane) headgroups. The AFM results are comple-
mented by fluorescence recovery after photobleaching (FRAP)
measurements, quantifying the lipid mobility in the absence of
an electric field to confirm that the HOPG support does not
significantly affect the properties of the lipids at rest.

2. EXPERIMENTAL SECTION
2.1. Materials. Neutral lipids (1,2-dioleoyl-sn-glycero-3-phospho-

choline, DOPC), negatively charged lipids (1,2-dioleoyl-sn-glycero-3-
phospho-L-serine, DOPS), and positively charged lipids (1,2-dioleoyl-
3-trimethylammoniumpropane, DOTAP) were purchased from
Avanti Polar Lipids (Alabaster, USA) with purity >99%. All other
reagents were of analytical grade and purchased from Sigma-Aldrich
(Gillingham, UK). The imaging solutions (150 mM NaCl and 150
mM CaCl2) were prepared with ultrapure water (Milli-Q, 18.2 OM,
<5 ppm organics, Merck-Millipore, Billerica, MA, USA).

2.2. Electrochemical System Setup. A bespoke electrochemical
setup comprising three electrodes was developed for the experiments
(Figure 1). The working electrode is made of HOPG (SPI Supplies,

West Chester, PA) and acts as a support for the lipid monolayer.
HOPG was glued with epoxy resin (Araldite, RS Components, UK)
onto a stainless steel disk (SPI Supplies) for magnetic fixation to the
AFM scanner, and an electrical contact was made directly to HOPG
with a copper wire. The counter electrode was made of a thin
platinum sheet (<1 μm thick, Gold Leaf Supplies, Bridgend, UK)
uniformly covering the back of the AFM cantilever holder except for a
hole directly above the cantilever (Figure 1).

This strategy ensured a uniform electric field while preventing any
physical hindrance to the scanning tip and risk of short circuit.
Additionally, the low cost of platinum sheets (typically <£0.1/cm2 for
high-purity Pt) allows for the routine replacement of the electrode if/
when damaged. We used an Ag/AgCl reference electrode, prepared
by electroplating a fresh Ag wire (75 μm diameter, Sigma-Aldrich,
China) in 1.0 M KCl before every measurement. The current versus
time curve of the Ag/AgCl reference electrode during this preparation
(2 V applied potential) is shown in Figure S1. All potentials in this
paper are quoted versus the potential of this reference electrode
(0.235 V with respect to NHE) unless otherwise stated. The
electrochemical measurements were conducted with an Autolab
electrochemical workstation (PGSTAT204, Switzerland).

2.3. Sample Preparation. The supported lipid monolayers were
formed via the vesicle fusion method.67−70 In short, 2 mg of the
desired lipids were dried overnight under vacuum in a glass vial and
subsequently rehydrated in 1 mL of distilled water under ultrasound.
Extrusion was conducted with a 100 nm filter (Whatman, GE
Healthcare Life Sciences, Buckinghamshire, UK) using a mini-
extruder kit (Avanti Polar Lipids). A mixture comprising 20 μL of

Figure 1. Schematic representation of the electrochemical AFM setup
(not to scale). The HOPG substrate acts as the working electrode, the
platinum sheet lining the glass window of the cantilever holder is the
counter electrode, and the thin Ag/AgCl reference electrode is
inserted through a hole located near the cantilever. The electric
potential is applied by an Autolab electrochemical workstation.
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the extruded solution and 100 μL of 150 mM NaCl solution was
deposited onto a freshly cleaved HOPG and allowed to incubate at
room temperature for 40 min. The exposed surface of HOPG is
overwhelmingly composed of its basal plane apart from occasional
step edges. The sample was then gently rinsed with 2 mL of the
desired solution (ultrapure water, 150 mM NaCl, or 150 mM CaCl2).
If necessary, more imaging solution was added before the experiment.
The sample was then placed into the AFM imaging cell for a 20 min
thermal equilibration period at 25.0 ± 0.1 °C, immediately followed
by the experiment. Given the temperature of the experiments, all lipid
membranes are expected to be in fluid phase when at rest. Generally,
the membranes appear fully stable on the HOPG substrate, with no
noticeable changes over the duration of the experiments and after
storage for up to 6 h.
2.4. AFM Experiments. All AFM data were acquired on a Cypher

ES system (Asylum Research, Santa Barbara, CA, USA), with the
sample and the cantilever/tip fully immersed in the imaging
solution.71,72 The cantilevers used for the experiments (RC800
PSA, Olympus, Tokyo, Japan) have a nominal spring constant of 0.1
N/m. They were further calibrated using their thermal spectrum to
ensure comparability of the force measurements. During imaging, the
cantilever was oscillated using photothermal excitation (blue drive)
for more accuracy and stability. The relatively low resonance
frequency of the first eigenmode in solution (∼4 kHz) renders low
noise imaging difficult. The cantilever was hence generally driven at its

second vibration eigenmode (∼35 kHz in solution). All images were
taken at a constant scan rate (lines per second) of 2.44 Hz. Force
spectroscopy measurements were conducted with a tip approach
velocity of 200 nm/s, and the maximum applied force was controlled
with a trigger. The samples were kept at 25.0 ± 0.1 °C using an in-
built temperature control system. The analysis of the AFM results was
conducted in IGOR Pro (WaveMetrics, Lake Oswego, USA) using
home-programmed routines. The membrane rupture force, derived
from the force−distance spectroscopy measurements, was directly
calculated using a semiautomated procedure able to identify the steps
and combine the results from multiple curves into suitable histograms
(see Supporting Information Figure S2 for a detailed example).

2.5. FRAP experiments. The FRAP measurements were
conducted on HOPG-supported lipid monolayers to quantify the
lipid mobility in each experimental condition. The monolayers are
expected to be in fluid state. A fluorescently labeled lipid (DPPE-
Rhod, Avanti Lipids) was added to the lipid monolayer (0.04%, molar
ratio) during the vesicle formation. Its low concentration does not
affect the overall lipid fluidity, but the rhodamine tag provides the
fluorescence needed63 for the mobility measurement. A confocal
fluorescence microscope (Nikon UK, Kingston, UK) was used to
image the monolayer in reflection mode and carry out FRAP
measurements, after rinsing with a different solution. The fluorescence
recovery was analyzed over a 20 × 20 μm2 bleaching spot. At least
three separate measurements were carried out for each sample and

Figure 2. Impact of electric potentials on DOPC monolayers in different ionic solutions. In each solution, a representative topographic image is
shown (a) and force−distance curve exhibiting membrane rupture (b) is shown for the applied potentials of 0 V (black), −1.0 V (blue), and +1.0 V
(red). Arrows in (b) indicate the substeps in the monolayer rupture process. Statistical analysis of >10 force−distance curves (c) reveals the most
probable rupture force and its variability in each case (see Supporting Information Figure S2 for a detailed description of the statistical analysis). A
Gaussian fit of the main peak is also shown. The value of the average rupture force derived from the fit is shown in (d). The displayed error is the
derived width of the Gaussian from the fit. The scale bar is 20 nm in (a) and the color bar represents a height variation of 1.8 nm.
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subsequently averaged so as to derive reliable and statistically
meaningful results. The data analysis was conducted in ImageJ
(version 1.44p).73 The lateral diffusion coefficient D was calculated
using the following equation:70,74,75

D R t0.224 /2
1/2= (1)

where D is in μm2/s, R is the radius of the bleached spot in μm, and
t1/2 (s) is the half-life of fluorescence recovery. This formula takes into
account a correction and fitting because of the geometry of
bleaching.63,76,77

3. RESULTS AND DISCUSSION
3.1. AFM Measurements. Hereafter, the three different

lipids (DOPC, DOPS, DOTAP) are investigated sequentially,
each in different solutions and for the potentials of 0 and ±1.0
V applied to the HOPG working electrode. The electro-
chemical stability of the HOPG surface itself was first tested
over the same potentials in 150 mM NaCl (Figure S3),
confirming no degradation or noticeable changes in its atomic
features.
3.1.1. Electrically Neutral Monolayers. Electrically neutral

monolayers were prepared with zwitterionic DOPC lipids (see
Experimental Section). The representative AFM micrographs
of the monolayers obtained with the applied potentials of 0,
−1.0, and +1.0 V are shown in Figure 2. In all cases, a
topographic image of the membrane is presented, together
with a typical example of a force−distance curve, in which the
AFM tip is able to rupture the monolayer by pressing
perpendicularly to its surface. A statistical analysis of the
rupture forces derived from >10 curves (typically 30) is also
shown with the histogram of the resulting average value and its
spread. No obvious features such as domain or corrugation are
visible in the topography, except for the occasional horizontal
scanning streak characteristic of AFM over the fluid
membranes. No obvious structural transformation of the
membrane could be observed under the electric fields, and
the DOPC membrane remained fully fluid over all our
experimental conditions (25 °C). This contrasts with the
previous reports of significant structural transformations of the
phosphocholine-based bilayers on electrified gold electro-
des.21,78 Although the lipids used in the present system are
expected to be more fluid, some structural rearrangements in
the membrane are still present. The zwitterionic nature of the
phosphocholine headgroup makes it polar and its orientation is
sensitive to the electrostatic environment. This results in the
local electric field being able to shift the average molecular
arrangement in the membrane and the transition temperature
of the phosphocholine bilayers.79 Here, this translates into
significant differences in the observed rupture force, depending
on both the ionic environment and the applied electric field.
In NaCl, the impact of the applied potential is minimal with

a slight increase (∼15%) of the rupture force at ±1.0 V. This
changes dramatically in pure water because of the lack of
electrostatic screening. In the absence of an applied potential,
the rupture force increases by a factor ∼2, presumably because
of the surface potential of the immersed tip (typically −60
mV).80−83 We note that given the different experimental
conditions and tip compared to NaCl, an absolute comparison
of the rupture force values should be done with caution.
Nonetheless, the impact of the applied potential (directly
comparable) is significant, inducing an increase >250% of the
rupture force for both ±1.0 V. Additionally, the membrane
rupture process exhibits some substeps less than a nanometer

wide (blue and red arrows), suggesting some structural
rearrangement of the phosphocholine headgroup under the
tip pressure. These results are consistent with the idea of
electrically induced rearrangement of the lipid packing.79 The
results of the measurements in CaCl2 exhibit a behavior closer
to that in NaCl, but with lower rupture forces under the
applied electric fields and an asymmetrical behavior at positive
and negative biases, presumably reflecting the difference in
valency between the Ca2+ cation and the Cl− anion. A high
rupture force variability was observed in the absence of applied
fields, with the most common value (histogram maximum)
exhibiting a larger rupture force than at ±1.0 V. This high
variability may be due to the localized ionic effects inducing
mesoscale order in the membrane,63 but the present results do
not allow for a clear conclusion.
A quick look at Figure 2b provides an idea of the apparent

thickness of the DOPC membrane in each condition, ranging
from ∼3 nm at 0 V to 4−5 nm under a potential (from top to
bottom of the step). This thickness is larger than expected for a
DOPC monolayer, and a naive interpretation would rather
suggest a bilayer. However, the presence of a bilayer on HOPG
is highly unlikely in solution because the associated free energy
would be considerably higher than that for the lipids exposing
their hydrophobic tail to the HOPG surface. The phospholipid
bilayers typically rearrange into monolayers when in contact
with a hydrophobic surface.84 Alternatively, our results could
indicate a triple lipid layer, with a bilayer directly on top of a
monolayer at the interface with HOPG, but the ∼3 nm
thickness observed in NaCl does not support this interpreta-
tion. Additionally, the intermediate steps visible in pure water
when under an electrical potential are significantly smaller than
the thickness of a monolayer, supporting rather some structural
rearrangement of the lipid headgroups and the associated
hydration landscape probed by the tip. In light of these
observations, we believe that our results are best explained by
the presence of a lipid monolayer, potentially appearing larger
because of its hydration layers, and ionic effects are at play,
especially when under an electrical potential. The hydrated
ions are likely to influence the apparent membrane thickness
and affect its hydration landscape, as illustrated by the ∼2 nm
change in apparent membrane thickness between the NaCl
solution and pure water. Additionally, the fact that the
substrate is hydrophobic makes the absolute thickness
measurements difficult because the tip progressively loses its
hydration shell while pressing against HOPG after having
punctured the membrane. The results obtained at 0 V suggest
a hydration thickness of ∼1 nm (distance between zero and
step minimum). In principle, statistical analysis of the apparent
thickness at the rupture point is possible, but an approach
similar to that used for extracting the rupture forces (Figure
2c) provided unreasonable results for the reasons described
above (not shown).
Generally, although our results are best interpreted by

having a single DOPC monolayer on the HOPG surface
together with significant hydration/ionic effects, we cannot
exclude other interpretations, and AFM-independent control
experiments are needed to reach a definitive conclusion. We
therefore conducted time-dependent electrical measurements
(electrochemical impedance spectroscopy) on the system to
quantify its capacitance (see Supporting Information Figure S4
for details). We investigated each of the three types of lipid
membranes as well as HOPG for reference, always in a 150
mM NaCl solution. The results indicate resistance values of
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172 kΩ for bare HOPG, 306 kΩ for DOPC, 316 kΩ for
DOPS, and 477 kΩ for DOTAP, confirming the formation of
lipid membranes on the HOPG substrate. However, the
corresponding membrane capacitances were found to be 8.15
μF/cm2 (DOPC), 8.46 μF/cm2 (DOPS), and 9.48 μF/cm2

(DOTAP), more than 4 times larger than that expected for a
perfect monolayer. Indeed, the characteristic capacitance of
lipid bilayers ranges from 0.4 to 1 μF/cm2,85,86 indicating that
a monolayer capacitance should hence be typically ranging
between 0.8 and 2 μF/cm2. This high apparent capacitance can
be explained by the defects in the monolayers, for example, at
the step edges of HOPG because of its large surface area. The
current leakage at these defects would artificially raise the
observed capacitance values during the electrochemical
impedance spectroscopy measurements, as observed here. In
summary, although the impedance data tend to support the
presence of a monolayer, it is also not fully conclusive.
3.1.2. Negatively Charged Lipid Monolayers. Negatively

charged lipid monolayers were created from DOPS using the
same protocol as for DOPC. Figure 3 shows the effect of the
different saline solutions and electric fields on the membrane
topography. Unlike DOPC, the phosphoserine headgroups of
DOPS appear to influence dramatically the molecular
organization of the lipids in the membrane, depending on
the local electrostatic environment. The AFM micrographs
reveal clear structural changes such as periodic corrugations in
the form of parallel row-like features that could be observed in
different experimental conditions (Figure 3a). These features
are reminiscent of the hemimicellar lipid structures reported in
previous reports.87−90

In NaCl, the membrane appears completely homogeneous at
0 and −1.0 V. When +1.0 V is applied to the HOPG electrode

for about 15 min, faint corrugations with a periodicity of 6.7 ±
0.2 nm and a depth of ∼200 pm are occasionally visible, but
they exhibit an unusual shape in sawtooth pattern, the
symmetry of which depends on the scanning direction (trace
or retrace, not shown). This indicates a tip-induced structuring
of the membrane. A similar effect has previously been reported
on DOPC membrane in specific ionic solutions able to reduce
the lipid mobilities.63 Here, these results suggest that positive
potentials help structure the lipid molecules by attracting their
headgroups to the membrane, hence limiting their mobility.63

The dissolved ions do not appear to play a major role beyond
the immediate screening of the charged phosphoserine group.
The force−distance measurements did not show any sizeable
rupture force (Supporting Information Figure S5), confirming
a highly fluid membrane. An extensive rinsing of the membrane
with ultrapure water revealed significant structural changes
after ∼15 min equilibration. At 0 V, some corrugations ∼150
pm deep are already visible and do not depend on the tip
scanning direction, suggesting that they represent intrinsic
properties of the membrane in these conditions. Applying an
electric potential of ±1.0 V results in corrugations similar in
shape and periodicity, but significantly more marked with a
depth often larger than 0.5 nm.
The most unusual features are seen in the CaCl2 solution, in

which some deep (∼2 nm) periodic corrugations are already
apparent at 0 V. Interestingly, although the average periodicity
between the usual row-like features is comparable to that
observed in other solutions and conditions, the rows appear
grouped three by three, creating higher-order corrugations
with a periodicity of almost 20 nm. These superstructures
appear completely novel and do not match the previous
reports of hemimicellar lipid structures on Au(111).87−90 The

Figure 3. Impact of electric potentials on DOPS monolayers in different ionic solutions. In each solution, a representative topographic image is
shown (a) together with a profile taken at 0 (b), +1.0 (c), and −1.0 V (d). For each profile exhibiting periodic corrugations, a single corrugation is
highlighted (dashed box) and the average periodicity length is given in the inset. The scale bar is 20 nm in (a) and the color bar represents a height
variation of 0.5 nm in NaCl, 1 nm in pure water, and 2.5 nm in CaCl2.
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fact that these complex structures develop in CaCl2 even in the
absence of any applied potential indicate a direct effect of the
divalent Ca2+ ions on the monolayer structure, presumably
through the bridging of multiple lipid headgroups by a single
cation. Ca2+ ions are indeed well-known to strongly bind
phosphoserine lipids.91 When a potential of +1.0 V is applied
to the HOPG substrate for 15 min, the larger “super-
corrugations” remain visible, but the smaller periodicity almost
completely vanishes in places. Overall, the membrane appears
more regular than under an open-circuit potential. In contrast,
applying −1.0 V tends to partially remove the high-order
supercorrugations, but the smaller row-like features appear
more clearly with a depth comparable to that visible at 0 V.
Altogether, the results with DOPS membranes show that both
the ionic solution and the transmembrane electric potential can
affect the lipid molecular assembly, creating some distinctive
structural changes. The plausible molecular mechanisms
underlying these changes will be detailed in the Results and
Discussion section.
3.1.3. Positively Charged Lipid Membranes. Positively

charged lipid membranes were formed from the DOTAP lipid
that exhibits cationic trimethylammonium−propane head-
groups. As for previous lipids, the membranes were examined
in the three different ionic solutions and under electrical
potentials, with the representative results shown comparatively
in Figure 4. Unlike DOPS membranes, DOTAP membranes
exhibit now distinctive features regardless of the imaging
conditions, with the results reminiscent of images acquired in
DOPC (Figure 2). This is not surprising given the fact that,
except for the potential hydration effects related to each saline

solution, Na+ or Ca2+ cannot adsorb to the TAP headgroup
and hence affect the DOTAP assembly. When comparing the
solutions, the only difference with the direct consequences on
the system’s electrostatics is the removal of Cl− ions in
ultrapure water, in which OH− ions are left to ensure
electroneutrality. The only voltage-dependent effect visible in
the images is a slight increase in the apparent membrane
roughness in NaCl and water when a positive electric potential
is applied, possibly because of a partial repulsion of DOTAP
from HOPG. The effect is however subtle and the explanation
is speculative.
More useful information can be derived from a statistical

analysis of the membrane rupture force in each condition. In
NaCl, the average rupture force is about an order of magnitude
lower than in DOPC at all potentials. All the rupture forces are
equal within error. The rupture substeps are occasionally
visible (Figure 4), suggesting some specific ionic interactions
or hydration effects between the dissolved ions and the TAP
headgroups. In contrast, most substeps are gone in ultrapure
water, except at 0 V. The average rupture force also increases
significantly, suggesting that the lack of metal ions rigidifies the
membrane. This could be due to direct electrostatic effects:
diminished electrostatic screening between headgroups leading
to an increased lateral tension within the two-dimensional
confined membrane. However, the fact that the increase in
rupture force occurs independently of the applied voltage
suggests that the direct electrostatic interactions between lipid
headgroups do not dominate the membrane cohesion;
hydration effects may rather be at play. Consistently, the
better electrostatic screening of the lipid headgroups at −1.0 V

Figure 4. Impact of electric potentials on DOTAP monolayers in different ionic solutions. In each solution, a representative topographic image is
shown (a) and force−distance curve exhibiting membrane rupture (b) is shown for the applied potentials of 0 V (black), −1.0 V, (blue) and +1.0 V
(red). Arrows in (b) indicate the substeps in the monolayer rupture process. Statistical analysis of >10 force−distance curves reveals the most
probable rupture force and its variability in each case (c). The displayed error is twice the width of the Gaussian fit (see Supporting Information
Figure S2 for a detailed description of the statistical analysis). Scale bars are 20 nm. The color bar represents 1.8 nm height variation.
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only marginally increases the observed rupture force, with no
clear effect within error. In CaCl2, the rupture force decreases
again to values about double of those observed in NaCl. Again,
the change occurs evenly at all potentials, and the rupture
substeps reappear, consistent with the observations made in
NaCl.
3.2. FRAP Measurements. FRAP measurements were

conducted for all lipids in pure water and in all ionic solutions
at different electrical potentials in DOPS. The aim is to
complement the AFM measurements and help with the
interpretation of AFM results, especially where the structural
organization of lipids appears to have a significant impact.
Reference FRAP measurements were conducted on DOPC,
DOPS, and DOTAP membranes in ultrapure water. The
derived lipid mobilities are summarized in Table 1. In each
case, the estimated mobile fraction of the lipids is also given
(see Materials and Supporting Information Figure S6 for more
details).

Both the fluidity and mobile fraction (recovery level) of
DOPC are lower than that for charged lipids. Interestingly,
although AFM experiments show significant corrugations and
molecular ordering in DOPS membrane even in pure water,
the DOPS mobility is still comparable to that of unstructured
DOTAP membranes and higher than that for DOPC. This
indicates that the corrugation structure observed in DOPS
represents a dynamical equilibrium with the AFM picking up a
time-average structure that still allows for excellent mobility,
presumably because of the repulsion between DOPS and the
slightly negatively charged HOPG at the open potential. This
is also consistent with the low rupture forces measured in
DOPS (Figure S5). The apparent difficulty for the DOPC
molecules to diffuse freely on HOPG is also consistent with the
remarkably large rupture forces observed (Figure 2), but
slightly lower than the typical DOPC mobilities reported for
bilayers.92 It is well-known that the interactions with the
supporting solid can locally order the contacting molecules and
reduce their diffusion properties,64,93−95 including for lipid
membranes.96,97 Here, the lack of lubrication water between a
proximal leaflet and the solid support may be responsible for
the lower lipid mobilities. Notwithstanding these details, we
note that the lipid mobilities observed on HOPG confirm that
all the lipid membranes remain fluid, with the lipid mobilities
comparable to those reported for traditional supported
bilayers. This is in itself a success of the approach used here.
The FRAP measurements in DOPS were conducted in ionic
solutions and under applied electrical potentials. The results
are summarized in Table 2.

From Table 2, it is clear that the mobility of DOPS is the
highest in the NaCl solution, followed by ultrapure water, and
the lowest in CaCl2. Electrical potentials appear to have a
limited impact on the lipid mobility. This result is fully
consistent with the AFM observations (Figure 3), whereby the
more marked the membrane corrugations, the lowest is the
lipid mobility. The fact that the membrane remains fluid in all
conditions further supports the hypothesis that the AFM
captures the time average of a dynamical molecular arrange-
ment, in which the lipid molecules remain mobile. The
mobilities are, however, affected by the ionic environment,
suggesting that while the membranes remain fluid, environ-
ments inducing significant structural organization of the
membrane will also reduce the lipid mobility. This result is
similar to that reported recently by Piantanida et al. for DOPC
bilayers on a hydrophilic substrate,63 demonstrating the
generality of ionic effects in modulating lipid membranes’
mesoscale organization and mobility. The supporting solid has
an influence on the equilibrium structures formed, with the
longitudinal row consistent with the crystalline lattice of
HOPG. However, it is the ions that primarily drive the
clustering on lipid molecules, rendering the formation of
structures possible in the first place.

4. GENERAL DISCUSSION
The AFM results and the FRAP measurements both show that
HOPG is able to support the fluid lipid monolayers, with the
properties and mobilities close to those of the standard
supported lipid bilayers at rest (no potential).92 When an
electrical potential is applied, the monolayers can form some
mesoscale molecular arrangements (corrugations) depending
on the nature of the lipids, the ionic environment, and the
applied transmembrane electric fields. Similar results have
previously been reported for bilayers on metal electrodes,18

again supporting HOPG as a suitable substrate for studying the
electrochemical effects occurring at the interface between the
lipid membranes and aqueous solutions.
Significantly, the results demonstrate that ionic effects

dominate over electrical fields within the range of potentials
investigated here, with the membrane rupture forces and
patterns suggesting that field to fine-tuning the lipid’s
molecular arrangement. The electrical potential is also able
to modulate the concentration of dissolved ions at the
membrane−solution interface and hence indirectly influence
the ionic effects.
DOPC and DOTAP membranes remain globally unstruc-

tured in most solutions and under potentials, whereas DOPS
membranes exhibit striking features that indicate a significant
degree of mesoscale lipid ordering. Figure 5 proposes a model
of the molecular mechanisms responsible for the features
reported in Figure 3. In NaCl (membrane deposition
solution), the Na+ ions ensure electroneutrality of the

Table 1. Lipid Mobilities in Ultrapure Water Calculated
from FRAP Measurements

lipid potential mobility (μm2/s) mobile fraction (%)

DOPC −1.0 0.86 ± 0.24 0.75
0.0 0.89 ± 0.15 0.71
+1.0 0.67 ± 0.24 0.63

DOPS −1.0 1.86 ± 0.12 0.90
0.0 1.11 ± 0.21 0.89
+1.0 0.92 ± 0.25 0.87

DOTAP −1.0 1.06 ± 0.28 0.81
0.0 1.11 ± 0.13 0.88
+1.0 1.35 ± 0.23 0.86

Table 2. DOPS Mobility in the Different Ionic Solutions
Calculated from FRAP Measurements

solution potential (V) mobility (μm2/s) mobile fraction (%)

NaCl −1.0 1.88 ± 0.12 0.89
0.0 1.82 ± 0.17 0.87
+1.0 1.03 ± 0.18 0.85

CaCl2 −1.0 1.29 ± 0.26 0.87
0.0 0.96 ± 0.24 0.85
+1.0 0.87 ± 0.14 0.84
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headgroup (Figure 5, NaCl). Shallow corrugations are visible
when +1.0 V is applied, presumably because of the attraction of
Cl− anions at the membrane−solution interface, thereby
disrupting the existing hydration structure. The direct
electrostatic attraction between the phosphoserine headgroups
and HOPG may also play a role. Consistently, no corrugations
are seen at −1.0 V. Subsequent rinsing with ultrapure water
upsets the hydration structure of the membrane and its
electrostatic balance, changing the lipid arrangement in the
membrane. In the absence of potential, DOPS forms a
hemimicelle-like arrangement reminiscent of detergents on
HOPG.98−100 Applying an electrical potential exacerbates the
apparent amplitude of the corrugations but not their overall
shape, suggesting a subtle effect involving water molecules and
the lipid headgroups, as electrostatics alone cannot explain the
symmetry between ±1.0 V (Figure 5, H2O).
However, the increased lipid mobility at −1.0 V still suggests

a global repulsion between the headgroups and the HOPG
surface. Rinsing of the membrane with CaCl2 solution led to
larger corrugations (Figure 5, CaCl2) with a clear and distinct
impact of applied potentials. The spontaneous curvature at 0 V
and the different responses to positive and negative potentials
all point to Ca2+ ions dominating the system through specific
interactions with the lipid headgroups. When +1.0 V is applied,
partial desorption of Ca2+ cations blurs out the corrugations,
whereas at −1.0 V the structures are reinforced, presumably
because of a locally increased Ca2+ concentration. It is well-
known that the electrically induced adsorption of ions in
monolayers can influence the membrane phase transition58

depending on the magnitude and sign of the potential.57

We note that the silicon oxide AFM tip is negatively charged
in all the experimental conditions examined in this study. This
negative surface potential can in principle impact the AFM
measurements, in particular those of the rupture forces. This
effect is unlikely to appreciably affect the measurements in
ionic solutions because of the electrostatic screening of the tip
by the dissolved ions. In ultrapure water, the electrostatic tip
effects on the measured rupture forces can a priori not be
excluded, for example, with the DOPC and DOTAP
membranes. Direct electrostatic interactions between the tip
and HOPG may also be at play. However, the hydration effects
appear to dominate the direct electrostatics, and the applied
potentials tend not to provide consistent differences with the
open-circuit rupture forces. Additionally, the voltages imposed

here are more than an order of magnitude larger than the
surface potential of the tip, suggesting that the tip effects can
be seen as a small perturbation of the system. We also note the
consistency of the FRAP measurements with the AFM results,
suggesting the latter to be reliable, at least with respect to the
reported trends.

5. CONCLUSIONS

In this work, we investigate the nanoscale structure and
dynamics of HOPG-supported phospholipid monolayers in
different ionic solutions and under electrical potential.
Combining AFM in liquid with FRAP measurements, we
show that ions can induce mesoscale-ordered molecular
structures within the lipid membrane, while retaining its
fluidity. The experiments in NaCl, CaCl2, and ultrapure water
suggest that these effects are dominated by ion-mediated
hydration forces, with the direct electrostatic interactions
playing a secondary role while still present. Electric fields can
influence the molecular organization, cohesion, and dynamics
of the lipids in the membrane, but not as dramatically as ions,
and in particular calcium, at least for the voltages explored here
(±1.0 V). The results strongly depend on the type of lipid
considered, with particularly marked effects in DOPS. In
comparison, zwitterionic and cationic lipids showed little or no
ordering effect aside from the changes in the membrane
rupture force. Although the present study does not control the
actual transmembrane potential, experiments imposing smaller
voltages (400 mV) induced very similar membrane changes
and molecular rearrangements, but requiring a longer
equilibration time, consistently with previous studies.90,101

Natural transmembrane potentials in biology typically have a
comparable magnitude, ranging over few hundreds of milli-
volts. This suggests our results to be of relevance for natural
biological systems, where transmembrane potentials may help
control the lipid molecular arrangement and the membrane
permeability. We believe our findings could have significant
implications in the development of lab-on-a-chip lipid-based
devices and for understanding the effect transmembrane
potentials have on the molecular ordering of lipids in biological
membranes, in particular with a view of mimicking biological
electrochemical functions.

Figure 5. Schematic representation of the molecular organization of a DOPS monolayer on HOPG in different ionic environments and under
electrical potentials. Not to scale.
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