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Abstract General adhesion behavior of phospholipid

vesicles was examined in a wide range of potentials at the

mercury electrode by recording time-resolved adhesion

signals. It was demonstrated that adhesion-based detection

is sensitive to polar headgroups in phospholipid vesicles.

We identified a narrow potential window around the point

of zero charge of the electrode where the interaction of

polar headgroups of phosphatidylcholine vesicles with the

substrate is manifested in the form of bidirectional signals.

The bidirectional signal is composed of the charge flow due

to the nonspecific interaction of vesicle adhesion and

spreading and of the charge flow due to a specific inter-

action of the negatively charged electrode and the most

exposed positively charged choline headgroups. These

signals are expected to appear only when the electrode

surface charge density is less than the surface charge

density of the choline groups at the contact interface. In

comparison, for the negatively charged phosphatidylserine

vesicles, we identified the potential window at the mercury

electrode where charge compensation takes place, and

bidirectional signals were not detected.
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Introduction

Lipids can be classified according to their biological

activity. Lipids that perform regulatory functions have a

distinct residual charge distribution. Residual charge dis-

tribution is one of the factors of intermolecular recognition,

leading to a specific interaction of lipid molecules with the

selected proteins in various processes, particularly those

involved in signal-transduction pathways (Testa et al.

1997). Charge distribution within the membrane interface

determines the distribution and hydration of ions in the

vicinity. Intermolecular interactions within the interface

should therefore be treated as a combination of electrostatic

force and hydration, along with static and dynamic steric

constraints (Israelachvili 1992). The lipid composition is

important for the functional requirements of the membrane.

Phosphatidylcholine (PC), phosphatidylethanolamine (PE)

and sphingomyelin (SM) are the most abundant lipid spe-

cies in biological membranes (Gennis 1989). As the major

components of the surface matrix, they determine the

surface global properties that characterize its environment;

but they do not interfere in membrane-associated pro-

cesses, requiring them to be biologically passive. Phos-

pahtidylserine (PS) in biological membranes plays a dual

role, depending on its location. When situated on the inner

surface of the plasma membrane, it interacts with a variety

of proteins. The presence of PS on the plasma membrane

outer surface is sporadic and has important consequences,

such as in the stage preceding apoptosis (Bennet et al.

1995). Vernier and coworkers (2004) identified a specific

and physiologically significant molecular event: translo-

cation of PS from the inner leaflet of the cell membrane to

the exterior face of the cell that is induced by application of

ultrashort (nanosecond) and high-field (mV/m) electric

pulses. One of the interesting features of the cell membrane
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is the presence of surface molecules that act like a ‘‘sig-

nature’’ for a cell. The interaction of protein ovalbumin and

biologically active adamantyltripeptides with phospholip-

ids in the liposomal bilayers has been described (Frkanec

et al. 2003; Brgles et al. 2007).

The phospholipids deposited on a mercury electrode

surface, either by extruding the drop of mercury through a

monolayer spread on a gas–solution interface or by unila-

mellar vesicle fusion, have been extensively studied (Nelson

and Benton 1986; Nelson and Auffret 1988; Leermarkers and

Nelson 1990; Nelson and Leermarkers 1990; Bizzotto and

Nelson 1998; Stauffer et al. 2001). Such a system can be used

as a model to study the effect of an electric field on membrane

stability, properties of voltage-gated membrane proteins as

well as lipid–lipid and lipid–protein interactions (Guidelli

et al. 2001). Mercury, with its atomically smooth surface,

allows study of the surface properties of such a film and the

charge transfer across a film modified by incorporated pro-

teins (Bizzoto and Nelson 1998; Nelson and Bizzoto 1999;

Guidelli et al. 2001).

The adsorption of various physical forms of PC onto a

mercury electrode was extensively studied using electro-

chemical and optical techniques (Stauffer et al. 2001; Agak

et al. 2004; Bizzotto et al. 2004). The spreading of lipo-

somes onto the mercury surface at constant potential yields

a monolayer of adsorbed PC that is identical to the layer

adsorbed from the G–S interface. This monolayer under-

goes several phase transitions, two of which correspond to

the change in the adsorbed state and one that corresponds

to the adsorption–desorption process. Nelson and

Leermakers (1990) stated that competition between the

heads and the tail for access to the electrode interface was

detected through the existence of a capacitance peak at the

negatively charged mercury electrode. The headgroup of

PS has less specific surface interaction with the mercury

electrode than the PC headgroup. Thus, the conformation

of PS polar heads with the two negative charges and the

one positive charge on the same plane parallel to the lipid

layer is not as electrostatically favored as the conformation

assumed by zwitterionic lipids such as PC (Moncelli et al.

1998). Lipkowski’s group studied the behavior of

phospholipid bilayers with and without the incorporated

peptides in an electric field using the Au(111) electrode

(Zawisza et al. 2003; Burgess et al. 2004, 2005; Xu et al.

2004; Sek et al. 2009). They found that the ingress of

electrolytes is accompanied by electric field–induced

changes in the orientation of the phospholipid on the

electode (Bin and Lipkowski 2006). Electroporation of

membranes could be likened to the ingress of the electro-

lyte into the phospholipid layer at the electrode (Nelson

2010). Molecular dynamic simulation of mixed zwitter-

ionic–anionic, asymmetric phospholipid bilayers with

monovalent and divalent cations demonstrates electrostatic

and entropy-driven association of calcium and sodium ions

with polar groups in the bilayer interface in terms of spatial

distribution profiles and a change in the orientation of the

phospholipid headgroup (Vernier et al. 2009).

While capacitance measurements in liposome suspen-

sions generally reveal properties of the already formed

monolayers at the mercury interface, time-resolved adhe-

sion signals trace the transformation of a single liposome to

a film of finite surface area. The kinetics of an adhesion

event of a single liposome at the mercury electrode became

accessible through signal analysis using empirical equa-

tions (Hellberg et al. 2005; Hernandez and Scholz 2006;

Žutić et al. 2007) and derived analytical solutions for the

reaction kinetics model (Ružić et al. 2009, 2010). The

adhesion signal of a liposome reflects the dynamics of

liposome adhesion by tracing the continuous transforma-

tion from the initial intact state to the intermediate

deformed state and the final state of the lipid monolayer.

The recently developed reaction kinetics and mechanical

models (Ivoševic DeNardis et al. 2012) indicate that all

three states evolve stimultaneously from the onset of the

adhesion process. Apart from the force generated by

adhesion, which drives the motion of the liposome and

causes it to spread on the electrode, the main elements of

the equation of motion in the mechanical model are the

inertial term and the damping term associated with

the release of liposome content across the membrane. The

mechanical model advances the understanding of the

physics of the adhesion event and offers an interpretation

of the three states identified by the reaction kinetics model.

In particular, it suggests that the intermediate state consists

of a spherical cap containing the remaining unreleased

content of the liposome and a flat annular skirt closely

bound to the electrode. The main conclusion is that the

liposome content is released through transient pores

formed in the cap membrane.

Adhesion signals of single liposomes at the dropping

mercury electrode (DME) in air-saturated suspensions were

detected in a broad potential range (Ivošević DeNardis

et al. 2007), while the adhesion signals recorded in

deaerated liposome suspension indicated the significance

of a specific interaction of phospholipid polar headgroups

in close molecular contact with the mercury electrode

(Žutić et al. 2007; Ivošević DeNardis et al. 2009). Here, our

aim was to demonstrate that adhesion-based detection at

the mercury electrode is sensitive to the polar headgroups

of phospholipid vesicles. We present a study of vesicles

formed from PC and PS lipids.

PC is a zwitterionic lipid, with the headgroup consisting

of two oppositely charged residues: phosphate and trime-

thylammonium groups. On the other hand, the resulting net

charge for PS is negative. PS has three residual charges:

two are negative and associated with the phosphate and
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carboxyl groups, while the third, positive charge, is within

the ammonium group.

Materials and Methods

The electrochemical measurement technique was based on

measuring the displacement of the surface charge of the

mercury electrode by adhesion and spreading of deform-

able particles and living cells (Žutić et al. 1993; Svetličić

et al. 2000). The key ingredient in such measurement is the

versatile potentiostatic control of adhesion forces by

changing the surface charge and tension at the electrode–

aqueous suspension interface. The adhesion force can be

fine-tuned to study the interplay of the complex processes

involved in a deformable particle–electrode double-layer

interaction. In particular, the signature of a single adhesion

event at the mercury electrode is the spike-shaped current

transient (adhesion signal), which is consistent with the

classical model of the electrical double-layer at the elec-

trode–solution interface. The flow of double-layer charge

displacement current reflects the dynamics of adhesive

contact formation of the deformable particle with the

electrode and the subsequent rupture and spreading of

particle constituents to a film of the finite surface area at

the millisecond time scale:

ID ¼
dA

dt
r12 ð1Þ

where ID is the displacement current, A is the area of the

interacting interface, t is time and r12 is the surface charge

density of the mercury electrode–aqueous electrolyte

interface (Žutić et al. 1993). At a given potential, the

current amplitude reflects the size of the adhered par-

ticle, while the signals frequency reflects the particle

concentration in the suspension (Žutić et al. 1993; Svetličić

et al. 2000; Ivošević DeNardis et al. 2007). The adhesion

signals are defined by maximum signal amplitude (Imax),

signal duration (s) and displaced charge (qD). The

displaced double-layer charge (qD) is obtained by

integrating the area under the adhesion signal.

qD ¼
Zt1þs

t1

Idt ð2Þ

If a complete charge displacement takes place, as in the

case of nonpolar droplets of organic liquids, the area of the

contact interface (Ac) is

Ac ¼
qD

r12

ð3Þ

The general mechanism established for adhesion of

hydrocarbon droplets and living cells is expected to be

valid as well for liposome adhesion within the wide range

of surface charge densities (Ivošević DeNardis et al. 2009).

Dispersion of hexadecane droplets was selected as a simple

and well-defined reference system due to the fact that

hexadecane is the highest saturated n-alkane that is fluid at

room temperature and it has a large set of calculations and

experimental data on surface and interfacial tension

(Fowkes 1963; Ribarsky and Landman 1992). Interaction

of oil droplets at the mercury–water interface is defined

according to the modified Young–Dupré equation. The

total Gibbs energy of interaction between a droplet and the

aqueous mercury interface is

�DG ¼ Aðc12 � c23 � c13Þ ð4Þ

where c12, c13 and c23 are the interfacial energies at mer-

cury–water, mercury–organic liquid and water–organic

liquid interfaces, respectively. The expression in paren-

theses is the spreading coefficient (S132) at the three-phase

boundary (Israelachvili 1992). When S132 [ 0 attachment

and spreading are spontaneous processes, while when

S132 \ 0 spreading is not spontaneous. The critical inter-

facial tension of adhesion ðc12Þc defined by S132 ¼ 0 will

be ðc12Þc ¼ c13 þ c23. In the case of nonpolar organic

liquids, the critical interfacial tensions of adhesion at the

positively and negatively charged interfaces are the same,

showing good agreement with the calculated values

(Ivošević et al. 1994, 1999) according to Young–Dupré and

Good–Girifalco–Fowkes relationships (Fowkes 1962,

1963). With increasing chain length and increasing polarity

of molecules, the potential range of adhesion becomes

wider as the critical interfacial tension of adhesion

decreases.

Hexadecane Droplet Dispersion

The aqueous dispersion of n-hexadecane (99 % GC;

Aldrich, Milwaukee, WI) was prepared by shaking 50 ll of

organic liquid in 250 ml of phosphate-buffered saline

(PBS, 0.15 M), pH 7.47, at 300 rpm for 1 h.

Vesicle Suspensions

1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC, C99 %)

and PS (1,2-diacyl-sn-glycero-3-phospho-L-serine, from

bovine brain, C97 %) were purchased from Sigma (St.

Louis, MO) and used as received. The fatty acid compo-

sition and positional distribution in glycerophosphatides of

bovine gray matter are given in Yabuuchi and O’Brien

(1968). Multilamellar DOPC and PS vesicles were pre-

pared by dissolving 10 mg of lipid in 2 ml of chloroform.

After rotary evaporation of the solvent, the remaining lipid

film was dried in vacuum for 1 h and dispersed by gentle

hand shaking in 1 ml of PBS. The solution was left
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overnight at 4 �C to swell and stabilize. The suspension

submitted for electrochemical measurements was charac-

terized by a Coulter counter to determine vesicle concen-

tration and size distribution using a 100-lm-diameter

sampling orifice tube. The normal-size distribution was

fairly reproducible and stable throughout the electro-

chemical experiment. Vesicle suspension of 2 9 108/l

contains predominantly size fractions in the range

3.2–16 lm.

Unilamellar DOPC vesicle suspensions were prepared

according to Moscho and coworkers (1996). The lipid was

dissolved in chloroform (0.1 M), and 20 ll of this solution

was added to a 50 ml round-bottomed flask containing

920 ll of chloroform and 150 ll of methanol. The aqueous

phase (7 ml of PBS) was carefully added along the flask

walls. Organic solvents were removed in a rotary evapo-

rator under 240–300 mmHg pressure at 40–43 �C. After

evaporation for a couple of minutes, an opalescent fluid

was obtained with a volume of approximately 6.5 ml. The

suspension was characterized by a Coulter counter using a

140-lm-diameter sampling orifice tube, where particle size

distribution was in the range 2–60 lm.

Electrochemical Measurements

DME had a drop-life of 2.0 s, a flow rate of 6.0 mg/s and a

maximum surface area of 4.57 mm2. All potentials were

referred to an Ag/AgCl (0.1 M NaCl) reference electrode,

which was separated from the measured dispersion by a

ceramic frit. Its potential was ?2 V versus calomel elec-

trode (1 M KCl). Electrochemical measurements were

performed using a 174A Polarographic Analyzer (Prince-

ton Applied Research, Oak Ridge, TN) interfaced to a

computer. Analogous data acquisition was performed with

a DAQ card-AI-16-XE-50 (National Instruments, Austin,

TX) input device, and the data were analyzed using the

application developed in LabView 6.1 software (National

Instruments). The current–time (I–t) curves over 50 mer-

cury drop lives were recorded at constant potentials, with a

time resolution of 50 ls. Signal frequency is expressed as

number of adhesion event over 100 s. The aliquot of

liposome suspension was added in deaerated PBS under

purging with nitrogen at 25 �C.

Results

Hexadecane Droplets

The adhesion behavior of hexadecane droplets at the

charged DME interface is presented as the dependence of

signal frequency and maximum signal amplitude on elec-

trode potential (Fig. 1). The adhesion signal frequency of

hexadecane droplets was detected in the potential range

from -270 to -730 mV in PBS. These experimentally

determined potentials are referred to as critical potentials of

adhesion (Eþc and E�c ). The difference between the critical

interfacial tensions of hexadecane adhesion at the posi-

tively and negatively charged electrodes corresponds to

1.3 mJ/m2 due to the specific adsorption of chloride and

phosphate anions of the supporting electrolyte at the pos-

itively charged mercury electrode (Ivošević et al. 1999). At

the potentials positive to -270 mV or negative to

-730 mV, adhesion of hexadecane droplets was not

detected and droplets behaved as inert particles due to the

stronger interaction of mercury with water and electrolyte

ions than the interaction with the droplets. The signal fre-

quency of hexadecane droplets changes by scanning the

potential, creating a butterfly-shaped dependence. At the

Fig. 1 The reference system: dispersion of n-hexadecane droplets

(180 mg/l) in PBS. Dependence of signal frequency (a) and

maximum signal amplitude (b) on electrode potential. Eþc and E�c
denote critical potentials of adhesion at the positively and negatively

charged mercury/PBS interfaces, respectively
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potential of zero charge of the mercury electrode (Epzc),

signal frequency is zero as there is no electrode double-

layer charge to be displaced. The maximum signal ampli-

tude of hexadecane droplets varies as well by changing the

potential. The signal amplitude depends on the droplet size

as well as on the polarity and the surface charge density of

the mercury electrode. In particular, the signal amplitude is

positive at a positively charged mercury electrode, i.e., at

the potentials E [ Epzc. Signal amplitude displays a

negative sign at a negatively charged electrode, i.e., at the

potentials E \ Epzc. Only simple unidirectional signals of

hexadecane droplets are recorded at the positively and

negatively charged electrodes. At the Epzc maximum signal

amplitude is zero.

Multilamellar DOPC Vesicles

The effect of the potential at the DME–PBS interface on

the adhesion behavior of multilamellar DOPC vesicles in

terms of signal frequency and signal shape is presented in

Figs. 2 and 3. The adhesion behavior of zwitterionic DOPC

vesicles differs from that of nonpolar hexadecane droplets

based on (1) a wider potential range of adhesion, i.e., from

-20 to -1360 mV; (2) signal frequency at Epzc; (3) posi-

tive direction of the signal at Epzc; (4) shifts of minimum

signal frequency from Epzc; (5) critical interfacial tensions

of adhesion; and (6) the appearance of bidirectional signals.

The difference between the critical interfacial tensions of

DOPC vesicle adhesion at the positively and negatively

charged electrodes corresponds to 27.5 mJ/m2. The value

of critical interfacial tension at the negatively charged

electrode for adhesion of DOPC vesicles is significantly

smaller than the value at the positively charged electrode

due to the strong and specific electrostatic interaction

between the positively charged choline groups and the

negatively charged mercury electrode.

Figure 3 shows the selected adhesion signals of DOPC

vesicles captured with a time resolution of 50 ls at the

selected potential points. At characteristic potential region

A being placed in the vicinity of the critical potentials of

adhesion (high r12 and low S132), the adhesion signals

show a drawn-out shape, while signal direction depends on

the polarity of the surface charge of the electrode. Signal

durations are in the range of 5–200 ms at the potential of

-100 mV depending upon vesicle size. At potential region

B (moderate values of r12 and S132), adhesion signals of

DOPC vesicles become sharp and narrow. Signal durations

are in the range 0.5–10 ms at the potential of -300 mV.

The dependence of signal duration on the spreading

Fig. 2 Potential dependence of the signal frequency of multilamellar

DOPC vesicles in PBS. Characteristic potential points are indicated:

A high r12 and low S132 values, B moderate values of r12 and S132 and

C with r12\0 and close to the highest S132values

Fig. 3 Characteristic shapes of adhesion signals at the potential

points A, B, C defined in Fig. 2: unidirectional signals corresponding

to the displacement of negative or positive charges of the electrode at

a high r12 but low S132 value and b moderate values of r12 and S132.

Bidirectional signals occur only in a narrow potential region c with

r12\0 and close to the highest S132value
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coefficient was determined for hydrocarbon droplets irre-

spective of the polarity of the electrode charge, proving

that interfacial energy governs the rate of spreading (Ivo-

šević and Žutić 2002). Only simple unidirectional signals

of DOPC vesicles are recorded at potential regions A and

B. At potential region C (with r12 \ 0 and close to the

highest S132), complex bidirectional signals of DOPC

vesicles were recorded only in a narrow potential range.

Unilamellar DOPC Vesicles

We performed closer examination of the adhesion behavior

of PC vesicles by scanning the electrode potential in a

suspension of unilamellar DOPC. In general, the potential

range of adhesion at the DME and the adhesion signal

feature in suspension of unilamellar DOPC resemble those

recorded in the suspension of multilamellar DOPC. Fig-

ure 4a illustrates the shape of adhesion signals and the

direction of flow of the compensating current at the posi-

tive and negative surface charge densities, respectively.

The smallest signal of DOPC vesicles measured at the

potential of -400 mV that is detected beyond the noise

level has an amplitude of 0.18 lA, signal duration of 1 ms

and displaced charge of 49 pC, which corresponds to the

contact area of 1484 lm2. This signal was recorded at a

drop lifetime of the mercury electrode of 0.26 s, and the

resulting portion of occupied electrode surface area is

0.13 %. If the surface area of the DOPC molecule in the

bilayer (72.5 Å) (Lagüe et al. 2001) is the same as in

the monolayer on the positively charged electrode with the

hydrophobic tails oriented perpendicularly to the electrode,

the radius of the unilamellar vesicle in solution would be

7 lm. However, in the case of multilamellar vesicles, only

the radius of an equivalent unilamellar vesicle could be

evaluated from the displaced charge, assuming a successive

peel off, rupture and spreading of bilayers to the

phospholipid monolayer, which is the only stable structure

at the aqueous mercury interface at potentials of strong

adhesion.

Scanning the electrode potential around Epzc (potential

region C) reveals the characteristic bidirectional adhesion

signals (Fig. 4b). Bidirectional signals of DOPC vesicles

appear in the narrow potential range from -570 to

-700 mV, which corresponds to a surface charge density

�1:85 � r12 � � 5:08. This type of adhesion signal was

first reported for multilamellar egg-PC liposomes, showing

that bidirectional signals originate from a specific interac-

tion of positively charged choline groups of phospholipid

polar heads when in immediate contact with the negatively

charged mercury electrode (Žutić et al. 2007). Here, we

show that the phenomenon of bidirectional signals is

characteristic of PC vesicles irrespective of their lamel-

larity. We confirmed the appearance of bidirectional sig-

nals of vesicles around the Epzc of the mercury electrode as

well as in the systems of DMPC vesicles in PBS at 25 �C

and DPPC vesicles in PBS at 45 �C (Ivošević et al. 2009).

The ratio of the positive portion peak to the negative por-

tion peak of the bidirectional signal shows potential

Fig. 4 Adhesion signals of unilamellar DOPC vesicles in PBS.

Unidirectional adhesion signals were recorded at -400 mV

(r12 ¼ 3:31 lC=cm2) and -800 mV (r12 ¼ �7:13 lC=cm2) (a).

Bidirectional signals were recorded at -570 mV (r12 ¼ �1:85

lC=cm2), -580 mV (r12 ¼ �2:09 lC=cm2) and -600 mV

(r12 ¼ �2:59 lC=cm2), i.e., potential region with r12\0 and close

to the highest S132 (b)

Fig. 5 Potential dependence of peak heights ratiojIm
?/Im

-j of bidirec-

tional signals of unilamellar DOPC vesicles in PBS
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dependence (Fig. 5). Attenuation of the positive portion

peak with increasing negative potential is due to the charge

flow associated with vesicle spreading, which dominates

over the charge flow associated with a specific interaction

of choline groups.

Multilamellar PS Vesicles

The effect of potential at the DME on the adhesion

behavior of multilamellar PS vesicles in terms of signal

frequency was examined in potential region C, to trace a

specific behavior of the serine polar headgroup. The

behavior observed was quite different from that of the

choline group, which is characterized by bidirectional

signals. Although PS adhesion signals had the same

appearance for potential regions A and B, no signals were

observed in region C, i.e., in the range from -520 to

-560 mV (Fig. 6). At pH 7.5 the polar head of PS is

negatively charged (Moncelli et al. 1998). The absence of

adhesion signals more negative than Epzc indicated overall

interaction of the positively charged vesicles. Since mea-

sured double-layer charge displacement takes place at a

distance of less than 10 Å, it is possible to detect the charge

corresponding to the ammonium group. Kotyńska and

Figaszewski (2005) studied the effect of the adsorption of

ions (H?, Na?, OH-, Cl-) present in the solution upon the

electric charge of the liposome membrane formed of PC

vesicles. The surface charge density of the membrane was

determined as a function of pH and of electrolyte con-

centration obtained with electrophoretic mobility mea-

surements. For high concentration of sodium chloride

(0.1 M) at pH 7, competition in the adsorption between the

H? and Na? ions takes place. The increase in Na? ion

concentration causes a decrease in the negative charge,

proving the adsorption of Na?. The confined range of

surface charge densities of the mercury electrode in which

electrostatic interaction was identified is from -0.55 to

-1.50 lC/cm2. Our results are in agreement with the

capacitance measurements, where the determined charge

density on PS-coated mercury electrode in 0.1 M KCl at

constant applied potential of -0.5 V/vs. SCE and at pH 7.5

was around -0.49 lC/cm2 (Moncelli et al. 1998).

Discussion

The bidirectional signal is composed of the charge flow due

to the nonspecific charge displacement at the initial contact

of a liposome with the electrode (negative portion of the

signal) and of the charge flow due to a specific interaction

of positively charged choline groups of phospholipid polar

heads that form a direct contact with the electrode surface

(positive portion of the signal). The lipid vesicle first

establishes the adhesion contact through displacement of

the ions situated in the inner Helmholtz plane (IHP, the

initial negative portion of the peak) in such a way that the

polar headgroups of still intact vesicles come in direct

(molecular) contact with the mercury electrode and charge

transfer takes place due to a specific electrostatic interac-

tion of the positively charged choline groups of phospho-

lipids and the negatively charged electrode, forming a

surface complex with a partial charge transfer (positive

portion of the peak). With increasing negative potential, the

compensating charge flow due to the spreading of vesicle

dominates over the charge flow due to a specific electro-

static interaction of choline groups because the increased

surface charge density of the electrode compensates for the

positive charge. For potentials where the electrode surface

charge is close to, equal to or exceeds the charge density

created by the choline groups, the positive portion of the

bidirectional signal attenuates and finally disappears.

Our interpretation of the bidirectional signal origin is in

agreement with studies of potential-dependent fluorescence

of DOPC on the mercury surface by Stoodley and Bizzotto

(2003). They provided evidence of polar lipid headgroup–

mercury electrode interaction based on fluorescein chro-

mophores residing in the lipid headgroup/aqueous region.

Around the Epzc lipids are closer to the electrode and form

the preadsorbed state, effectively quenching fluorescence.

By scanning the potential negatively from the Epzc, fluo-

rescence increases and the lipid layer desorbs and remains

close to the electrode surface. High affinity of tetra-

alkylammonium cations for interaction with the negatively

charged mercury electrode is well known in the electro-

chemical literature (Ryan et al. 1987). Choline methyl
Fig. 6 Potential dependence of signal frequency of multilamellar PS

vesicles in PBS
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groups are hydrophobic, and adjacent water molecules are

hydrogen-bonded between themselves, forming a clathrate

shell around the PC headgroup. It is estimated that about

25–30 water molecules are needed to fully hydrate the

choline headgroup (Damodaran and Merz 1993, 1994). The

lack of hydrogen bonds enables the choline moiety to rotate

freely (Israelachvili 1992). The range of the surface charge

densities where specific electrostatic interaction of choline

and mercury electrode was identified is from -1.85 to

-5.08 lC/cm2. The r12 value at which the positive portion

of the bidirectional signal disappears is the surface charge

density of the mercury electrode needed to compensate for

the charge of the choline groups. From this value, we can

calculate the area at the electrode surface occupied by one

positive charge of the choline group, which corresponds to

315 Å2. This indicates a flat orientation of lipid molecule in

the monolayer formed after liposome spreading over the

electrode, although some other orientations of PC lipid

molecule at the mercury electrode have been proposed

(Hellberg et al. 2005; Hernandez and Scholz 2006; Nelson

2010).

Another piece of evidence for such an orientation of

lipid molecules at the negatively charged electrode is found

by analysis of the adhesion signal of a single DMPC

liposome (Hernandez and Scholz 2006), where for the

unilamellar liposome the surface area occupied by one lipid

molecule in the monolayer is 230 Å2 compared to the

surface area occupied by a headgroup, which equals 65 Å2.

In the pH range 4–9, the PC film is uncharged and does not

contain partially protonated ionizable groups. Over this pH

range the conformation of the PC polar head with the P-N

dipoles aligned head to tail in the direction parallel to the

monolayer is the most energetically favored arrangement

from the electrostatic viewpoint (Moncelli et al. 1998).

Finally, the orientation of DMPC molecules at the

Au(111) electrode surface observed at a charge density

close to zero was visualized by STM with high molecular

resolution. The images of flat-lying DMPC molecules with

acyl chains oriented parallel to the surface and assembled

into an oriented monolayer could be observed in dilute

vesicle solution but only during a short period of time after

vesicle deposition. With time, the molecules reorient and

the monolayer is transfomed into a hemimicelar film (Xu

et al. 2004).

Conclusions

We demonstrated that adhesion-based detection is sensitive

to polar headgroups in phospholipid vesicles. By studying

the effect of potential on adhesion signals of PC and PS

vesicles at the DME, we have identified the potential

window of the interaction of lipid polar headgroups with

the substrate. Thus, for PC vesicles the interaction is

manifested in the form of bidirectional signals. The bidi-

rectional signal is composed of (1) the charge flow due to

vesicle adhesion and spreading (displacement of ions from

the electrode IHP), yielding the negative portion of bidi-

rectional signal, and (2) the charge flow due to a specific

interaction of the negatively charged electrode and the

most exposed charged group of the phospholipid polar

head, i.e., the positively charged trimethylammonium

group, yielding the positive portion of the bidirectional

signal. Therefore, bidirectional signals are expected to

appear only when the electrode surface charge density is

less than the surface charge density of the choline groups at

the contact interface.

We conclude that the major distinction between

phospholipid vesicles and oil droplets is manifested as (1)

the difference between the critical interfacial tensions of

adhesion at the positively and negatively charged elec-

trodes, (2) the appearance of specific bidirectional signals

at the low surface charge density and (3) the molecular

orientation in the monolayer. In order to derive molecular-

level imaging and to gain information about the phospho-

lipid orientation with respect to the potential stimuli, fur-

ther research should employ computer simulation methods

to model such a membrane system.
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