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ane properties on their composition was studied by following the adhesion and
spreading of unilamellar and multilamellar liposomes on static mercury electrodes with the help of
chronoamperometry. The analysis of the peak-shaped signals allows determining the kinetic parameters of the
three-step adhesion-spreading process. The presence of cholesterol in the membrane stabilizes the bilayer in
the liquid-crystalline phase, and destabilizes the gel phase. The kinetic parameters also show the effect of
superlattice formation in the DMPC–cholesterol system. The detergent triton X-100 is only incorporated in the
liquid-crystalline DMPC membranes, and it is expelled to the solution when the membrane is transformed to
the gel phase. In the liquid-crystalline membrane, it enhances the adhesion-spreading of liposomes on
mercury. The lytic peptides mastoparan X and melittin affect the adhesion-spreading in a similar manner. For
the rupture-spreading step, their effect is explained by pore formation. The results obtained with lecithins of
different length suggest that the bilayer opening process hasmuch in commonwithflip-flop translocations. For
this process the activation energieswere found to be independent of the chain length of the lecithinmolecules,
while the preexponential factor in the Arrhenius equation decreases drastically for longer chains.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction
Liposomes are highly interesting and useful models for biological
cell membranes. In previous studies [1–3] we could show that
chronoamperometry can be used to monitor the adhesion and
spreading of liposomes on a mercury electrode. These measurements
are helpful to investigate the properties of liposome membranes. In
the present work, we have expanded these studies to liposomes with
deliberately modified membranes, especially those in which choles-
terol and DPPC have been incorporated in DMPC-based liposomes.
Additionally, the effect of triton X-100, mastoparan X, and melittin
which were dissolved in the aqueous phase, were elucidated with
respect to the liposome adhesion and spreading behavior.

Cholesterol is an extraordinarily important constituent of biologi-
cal membranes. Occasionally, in mammalian cells, it can reach
concentrations as high as 30–50 mol%. In phospholipid bilayers it
acts as a crystal breaker, disturbing the translational order of the lipid
molecules in the gel state [4,5] and thus making the membrane fluid
even at low temperatures. On the other hand, in the liquid-like phases,
cholesterol causes a straightening of the disordered phospholipid acyl
chains and reduces the mean headgroup area. This property is known
as the stabilizing effect of cholesterol [4,6]. Cholesterol embedded in
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lipid bilayers can form different phase domains (rafts) inwhich the gel
or the liquid-crystalline phases (depending on the temperature)
coexists with the liquid ordered phase [7]. The geometry of the
vesicles containing such domains can be theoretically modeled by
minimizing an energy functional that includes the bending resistance,
lateral tensions, line tension and normal pressure difference [8,9].
Interestingly, cholesterol has been shown to affect also lipid mono-
layers [10], in which case critical upper miscibility points appear.

Many studies have been focused on elucidating the role played by
cholesterol in membranes, e.g., its effect under the action of osmotic
stress [4], the effects on the uptake of drugs [11,12], etc. The formation
of superlattices in lipid–cholesterol bilayers has been demonstrated to
occur at certain molar fractions of cholesterol (e.g., at 0.154, 0.20, 0.25,
0.333, 0.40) [13–17].

Like cholesterol, also the presence of other lipids in the membrane
can prompt the formation of phase domains. Thus, in certain
temperature and composition ranges, the presence of DPPC in DMPC
membranes can act in a similar way [18]. This led us to perform also
experiments with mixed DMPC–DPPC liposomes.

2. Experimental

2.1. Outline of the chronoamperometric measurements and the applied
data analysis

The adhesion and spreading of liposomes on a static mercury
electrode causes capacitive spikes (peaks) in chronoamperometry
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because the capacity of the double layer changes due to the adsorption
of lecithin on the electrode surface. By counting the number of peaks
within a given time interval, i.e., their frequency, at different
temperatures, it is possible to calculate the activation energy of the
overall process. Integrating the individual peaks, i.e., integrating the
current over time curves of each peak, yields charge (Q) transients for
the single adhesion-spreading events. These transients can be fitted
by the empirical equation

Qlip ¼ Q0 þ Q1 1−et=τ1
� �

þ Q2 1−et=τ2
� �

ð1Þ

where t is the time, Q0, Q1, and Q2 are amplitudes of the three
respective normal modes, and τ1 and τ2 are the time constants of the
two time-resolvable kinetic modes. The first term on the right side
stands for the very fast “docking” of the liposome on the mercury
surface, the second term reflects the rearrangement of the molecules
in initial contact with the electrode (called the “opening” process and
controlled by the turning around of the lecithin molecules in the
membrane), and the third term results from the spreading of the
lecithin island on the mercury surface (controlled by the formation of
pores in the liposomemembrane to release the inner solution) (Fig. 1).
Amore detailed elaboration of the adhesion-spreadingmodel led us to
suggest more precise terms for the different steps: the first step will
now be called “interaction-docking”, the second and third steps will
be described by the terms “bilayer opening”, and “rupture-spreading”.

The goodness of fit of the charge transients by Eq. (1) was
estimated by the chi-square-based probability as described in [19].
Data series from liposomes in the liquid-crystalline phase were taken.
Since the liposomes differ in size, the data series were normalized
with respect to their global maximum. The average relative standard
deviation of the series was evaluated. The product from the relative
average standard deviation and the global maximumof any of the data
series should be an estimate for the average standard deviation of a
single point within a series, i.e., the standard deviation that would be
observed for that point if the adhesion-spreading of that same
liposome could be recorded several times. The Q-probabilities
estimated from these standard deviations and from the chi-square
values of the nonlinear regression are in any case larger than 0.001,
and in many cases larger than 0.9, showing that the fitting of the
model to the data is reasonable.

The empirical Eq. (1) has the same structure as the following
equation

Qlip ¼ Q0 þ Q1 1−e−t=
1þK1
k1K1

� �
þ Q2 1−e−t=

1þK2
k2K2

� �
ð2Þ

which can be theoretically derived based on the following scheme of
reaction steps of the adhesion-spreading process [see also references
[3,4]]:

L K0
p

Y
L VY

k0 LD K1
p

Y
LD4Y

k1 LO K2
p

Y
LO4Y

k2 LE K3
p

Y
LA ðIÞ

In this scheme the symbols have the following meaning: L: the free
liposome, L′: the liposome in contact with the mercury surface, LD: the
docked liposome, LD⁎: the adsorbed docked liposome in a deformed state,
LO: the opened liposome, LO⁎: the adsorbed opened liposome, LE: the
Fig. 1. Mechanism of adhesion of a single liposome on a mercury electrode, acc
“deconvoluted” liposome i.e., lecithin island that is not yet adsorbed, and
LA: the island of adsorbed lecithin molecules. K1, K2 and K3 are adsorption
equilibrium constants, and k0, k1 and k2 are the rate constants of the
interaction-docking, the bilayer opening and the rupture-spreading
steps respectively. K0 represents the equilibrium between liposomes
in the bulk and intact liposomes on themercury surface, and does not
generate any charge response. Solving the appropriate kinetic equations
starting from LD (as the interaction-docking reaction is too fast to be
detected), considering the fast adsorption equilibria following each step,
and expressing each of the species in terms of the response factor
(charge), Eq. (2) has been derived previously [2]. The above described
model has been commented by Žutić et al. [20], and themisunderstand-
ings of these authors have been explained in our response [21]. Our
previously proposed model (Scheme I, and the corresponding Eqs. (1)
and (2)) allow a consistent interpretation of experimental results [1–3],
and the kinetic model is similar to those proposed by other authors to
explain the interaction of liposomes with various interfaces [22,23], and
it is also similar to models of liposome fusion [24,25]. Here, we shall
report new experimental results which are in accordance with our
previously developed model.

Chronopotentiometric measurements of liposome adhesion events
with concomitant oxygen reduction have been used recently to study
the potential dependence of liposome adhesion in air saturated
suspensions, the reduction of oxygen helping to improve the signals at
potentials near the potential of zero charge (pzc) [26]. Such
experiments are useful to characterize the suspension in terms of
concentration, polydispersity and potential range of adhesion, but do
not provide any deeper insight into the kinetics and the actual
mechanism of the adhesion-spreading of vesicles at the electrode
surface, which is needed in order to extract information about the
properties of the membrane.

2.2. Chemicals and electrochemical measurements

High-purity 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC)
and 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) were
donated by Lipoid GmbH, Ludwigshafen, Germany, and they were
used without further purification. The electrolyte potassium chloride
(Suprapur®) was obtained from Merck (Darmstadt, Germany).
Cholesterol was purchased from Fluka (Deisenhofen, Germany).
Mastoparan X and melittin were purchased from Bachem (Bubendorf,
Switzerland) and triton X-100 was a product of Sigma-Aldrich
(Steinheim, Germany). The water used was prepared from deionised
water by distilling it once with an addition of alkaline permanganate
solution to oxidize traces of organic compounds, followed by a second
distillation. Before measuring, the suspensions were deaerated for
20 min with high-purity nitrogen. Electrochemical measurements
were performed with an AUTOLAB PGSTAT 12 (Eco Chemie, Utrecht,
Netherlands) interfaced to a P4 PC in conjunction with an electrode
stand VA 663 (Metrohm, Herisau, Switzerland). A multimode mercury
electrode was used as working electrode, a platinum rod served as
auxiliary electrode and an Ag|AgCl (3 M KCl, E=0.208 V vs. SHE)
electrode was used as reference electrode. The surface area of the
mercury drop was 0.48 mm2, as determined by weighting 50 drops.
The chronoamperometricmeasurements were performed at −0.9 V vs.
ording to Scheme I. Q1 and Q2 are functions of time, as depicted in Eq. (1).
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Ag|AgCl within 1 s with sampling each 50 µs or within 40 ms with
sampling each microsecond for high resolution measurements.
Previous experiments have shown that the chronoamperometric
peak-like signals obtained at this potential are not different from those
obtained at potentials near to the pzc [3], meaning that under the
studied conditions the adsorbed monolayers are stable and, as far as
from chronoamperometry can be judged, are also of similar structure.
Of course, it cannot be ruled out that, depending on the potential, the
adsorbed lipid layer contains defects as has been described by other
authors [see, e.g., [27–30]].

The program “Signal Counter” [31] was used to determine the
frequency of peaks (number of adhesion-spreading peaks per time
interval). The solutions were thermostated with an accuracy of ±0.1 K.
The distribution of liposome diameters was controlled by light-
scattering measurements with a Zetasizer 3000 HS (Malvern Instru-
ments, Herrenberg, Germany).

In the cases where the changes in the kinetic parameters are
reported as significant, such claim is supported by a t-test, with a
confidence level of at least 95% for all cases and higher than 99.99% for
certain data sets. In the cases where it is claimed that no significant
change of the kinetic parameters is observed, the statement is
supported also by the t-test with confidence levels of at least 95%.

2.3. Giant unilamellar vesicles (GUV)

The technique of preparation of GUVs reported byMoscho et al. [32]
was slightly modified: 3 mg of lecithin (DMPC, DPPC or a mixture of
both) were dissolved in 2.2 mL of a 1:10 mixture of methanol:
chloroform. Then 30 mL of 0.1 M KCl solution were added carefully by
pouring along the flask walls and the organic solvent was rapidly
removedwith the help of a rotary evaporator (Laborota 4000, Heidolph,
Nürnberg, Germany) using a Rotavac control pump (Heidolph, Nürn-
berg, Germany) at 40 °C (45 °C for pure DPPC liposomes) and a final
pressure of 10 mbar. The rotation speed was 30 rpm. That procedure
allowed obtaining a clear suspension containing a high yield of GUVs.
Formation of GUVs was confirmed by comparing the size distribution
derived from light-scattering measurements with the size distribution
of the chronoamperometric peaks, which changes according to the
lamellarity. In case of MLVs (multilamellar vesicles) and GUVs of the
same size, the MLVs give larger signals of adhesion as they contain a
significantly larger amount of lecithinmolecules than the GUVs [3,4]. To
study of the influence of mastoparan X and melittin on the adhesion-
spreading kinetics of liposomes, the peptides were added from a stock
solution to the electrochemical cell. The concentrations ofmastoparanX
and melittin in the stock solutions were determined by means of the
optical absorptionof tryptophan (absorption coefficient: 5570 Lmol−1 at
thewavelength of 280 nm). The liposome suspensionswith the addition
of mastoparan X andmelittinwere stirred for 30min to ensure that the
peptides can interact with the liposomemembrane. In the experiments
with triton X-100, a concentrated solution was prepared and for each
experiment the amount necessary for a final concentration of 0.15 μM
was added to the suspension. Temperature variation experiments (with
1 K increments) were performed by slowly cooling down the freshly
prepared liposomes. After reaching the phase transition temperature,
the suspensionwas cooled to 2 °C and the temperature was then slowly
risen in 1 K increments and themeasurements of adhesion events were
performed at each temperature. This temperature program had the
objective to minimize shape changes [33,34], esp. when the liposomes
were in the liquid-crystalline phase.

2.4. Multilamellar vesicles containing cholesterol

The above described technique does not allow preparing uni-
lamellar vesicles with cholesterol, as this molecule is too lipophilic
with its very small hydrophilic end and it thus will remain completely
dissolved in the organic phase until that is completely evaporated.
Therefore, measurements had to be performed with multilamellar
vesicles. Multilamellar DMPC vesicles with different cholesterol
contents (from 1 to 40%) were prepared by the thin film hydration
method. DMPC and cholesterol were separately dissolved in chloro-
form. For each composition both components weremixed in such way
as to ensure a total lipid concentration of 0.1 g L−1. The mixed solution
of DMPC and cholesterol was diluted with chloroform in a 50 mL
round bottom flask and the solvent was then removedwith a Laborota
4000 (Heidolph, Nürnberg, Germany) using a Rotavac control pump
(Heidolph, Nürnberg, Germany) at 45 °C and a final pressure
440 mbar. Rotation speed was 180 rpm. After solvent evaporation,
50 mL of 0.1 M KCl solution in bidistillated water were added, as well
as small glass pearls, and the flask was shaken vigorously until all
lipids were suspended. The suspension was then extruded through a
450 nm filter to obtain MLVs.

3. Results

3.1. Lipid mixtures: MLVs containing cholesterol

Fig. 2 depicts a plot of activation energies of the steps of
liposome adhesion-spreading as a function of cholesterol content
for both the gel and the liquid-crystalline phases. At low tempera-
tures (Fig. 2-a), it can be seen that the effect of cholesterol is
stronger for the microscopical processes, whose activation energies
decrease with increasing cholesterol content. That observation is
related to the well known crystal breaker property of cholesterol and
to the increasing fluidity of the membrane with increasing
cholesterol content at temperatures below the phase transition
temperature (PTT) [16,35]. When the cholesterol content is
increased, the activation energies of all processes follow a similar
trend like the elastic properties of the membrane [35–37]. This is
pointing to a relationship between elastic properties and adhesion-
spreading kinetics. As stated before, the microscopical processes
involve a deformation and a rupture of the membrane, thus making
understandable such relationship. The overall activation energy
increases steadily with increasing cholesterol content, with the
exception of vesicles with 25% cholesterol, where the energy barrier
of the process is unusually high; and for 40% cholesterol, where it
decreases to a value near that of pure DMPC MLVs. At concentrations
above xc=0.333 (xc is the molar ratio of cholesterol), the membrane
forms a liquid ordered phase in the entire temperature range, and
the phase transition disappears. This phenomenon is caused by the
rigid nature of cholesterol, which prevents the cooperative ordering
of the long hydrocarbon chains of the lipids [38]. At 40% cholesterol
it is therefore understandable that the behavior is different as the
membrane of the MLVs is liquid.

On the other hand, at high temperatures it can be clearly seen that
the activation energies of all processes increase with cholesterol
concentration, with the exception of the overall activation energy at
30% cholesterol and the energy barriers of the microscopical process
at 40% cholesterol, which are lower than expected according to the
observed tendency. The overall activation energy at 20% cholesterol is
too high and also outside the trend observed for the rest of the MLVs.
Contrary to what happens in the gel phase, above the PTT, cholesterol
embedded in membranes contracts the membrane laterally and
causes an increase in the compressibility and bending modulus, i.e.,
increases the membrane rigidity and diminishes its fluidity [35,36].
Here again, we observed a correlation between kinetic and elastic
parameters.

As discussed above, Fig. 2 shows that the overall activation energies
forxc=0.20 and0.25donot follow the trendobserved forother cholesterol
concentrations. At high temperatures, the vesicles with 20% cholesterol
behave differently than the others, while at low temperatures the same
can be said about MLVs with 25% cholesterol. For vesicles with xc=0.4,
at high temperatures, the sudden decrease of the activation energy of the



Fig. 3. Arrhenius plot for multilamellar DMPC liposomes containing 25 mol% of
cholesterol. The natural logarithm of J, the number (in mol) of adhesion-spreading
events per second and per square centimeter, is plotted versus the reciprocal
temperature. Error bars were calculated from the standard deviation of the peak
frequency.

Fig. 2. Activation energies of the adhesion-spreading step as function of the molar
fraction xc of cholesterol in multilamellar DMPC liposomes a) at low (2–23 °C), and b) at
high temperatures (24–45 °C):□ overall process,△ bilayer opening process, w rupture-
spreading process. The vertical bars indicate the standard deviations of measurements.
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microscopic process is also outside the trend. For these compositions,
the formation of superlattices has been reported [13,14,16,17]. At these
compositions the different phase domains disappear and the membrane
acquires a homogeneous composition with highly ordered lecithin
molecules surrounding the cholesterol molecules. This is the reason
for the observed differences in behavior. Remarkably, the slope of
the Arrhenius plot for the superlattice compositions in the phase
coexistence range (xc=0.20 and 0.25) changes near the pretransition
temperature (T−1=0.0035317 K−1) of pure DMPC (Fig. 3) and not at
the main phase transition at T−1=0.003371 K−1. For pure lecithin
liposomes, the phase above the pretransition temperature has already
the characteristics of a superlattice, i.e., a high degree of local order.
The fact that nomain phase transition is observable in ourmeasurements
(see the straight line between T−1=0.003193 K−1 and T−1=0.0035193 K−1)
indicates that once a DMPC–cholesterol superlattice is formed, it is stable
even at temperatures above the PTT of pure DMPC. Interestingly, the
overall activation energy for the liposome adhesion-spreading process for
this superlattice is positive, whereas that of pure DMPC liposomes in the
pretransition state is negative. Thatmeans that the adsorptionequilibrium
at the beginning of the liposome adhesion is still favored in spite of the
increasing temperature.
In the case of xc=0.30 and high temperatures, the determined
activation energies are also outside the general trend described above.
These liposomes almost exactly correspond to the line in the phase
diagram dividing the coexistence region and the pure liquid ordered
region. The phase inwhich such vesicles are found is then unclear, and
small changes in the temperature may give rise not only to changes in
the kinetic parameters of adhesion-spreading, but also to the phase
composition of the vesicles. Therefore, to be on the safe side, for the
analysis of the results, these data were not considered.

The time constants of the microscopical (bilayer opening and
rupture-spreading) processes are depicted in Fig. 4 as a function of the
cholesterol content. An important observation is that the rupture-
spreading process is much slower for the liquid ordered phase (Lα(o))
than for the phase coexistence range (Gel+Lα(o)). The large time
constant of rupture-spreading at xc=0.25 is certainly caused by the
existence of a superlattice structure at that cholesterol content.
According to Vanderlick and coworkers [39], the critical tension of the
membrane decreases, compared to the liquid ordered phase, when
there are phase domains; meaning that the membrane is more easily
ruptured when phase domains are present in the membrane. For our
model [4] it has been assumed that the rupture-spreading rate is
controlled by the formation of pores which allow the inner solution to
flow out. This idea is supported by experimental findings which show
that a destabilizing of the membrane, i.e., in the (Gel+Lα(o))-range;
leads to a faster rupture-spreading. This can also be deduced from the
experiments performed at 30 °C, i.e., for the phase coexistence range
(Lα(d)+Lα(o)) in comparison to the liquid ordered phase range Lα(o).

3.2. Lipid mixtures: DMPC–DPPC GUVs

Fig. 5 shows how the DMPC–DPPC membrane composition affects
the time constants of the rupture-spreading step in case of GUVs. For
liposomes in the gel phase, large experimental errors happen to occur,
most likely because of the known size dependence of the rate constant
of the rupture-spreading step [3]. Despite the rather large scattering of
data, the average time constants are smallest for liposomes in the
phase coexistence region, i.e., for that region the rupture-spreading
step is faster than for liposomes with membranes made up of the pure
gel and fluid phases. This is in accordance with reports of Bizotto and
Nelson who have found that liposomes rupture more easily when the
membrane is in the gel-fluid phase coexistence region than for fluid



Fig. 5. Time constant of the rupture-spreading step of unilamellar liposomes at 306 K as
a function of the DMPC fraction (xDMPC) on the total lipid content (DMPC+DPPC) and the
phase composition.

Fig. 4. Time constants at a) 288 K and b) 303 K as a function of the cholesterol content of
multilamellar DMPC liposomes: △ bilayer opening (i=1), rupture-spreading (i=2).
The vertical bars indicate the standard deviations of measurements.

Fig. 6. Time constant of the bilayer opening step of unilamellar liposomes at 318 K as a
function of the DMPC fraction on the total lecithin content (DMPC+DPPC) in liposomes
with just one phase. The vertical bars indicate the standard deviations of
measurements.
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membrane vesicles [39]. The results shown in Fig. 5 are in agreement
with our assumption that pore formation is the limiting step of the
rupture-spreading step. Determining the time constants at different
temperatureswithin the rangewhere thephase coexistence atXDMPC=0.5
is observed (30−35 °C), the activation energy of the rupture-
spreading step of vesicles with phase domains is found to have an
apparent value of −37.4±9.6 kJ mol−1 which is muchmore negative than
the −9±4.9 kJ mol−1 determined for pure DMPC vesicles in the liquid-
crystalline phase, showing that the apparent energy barrier of the
rupture-spreading decreases when there are coexisting phases. For the
case of bilayer opening, Fig. 6 (T=45 °C; i.e., conditions where only the
liquid-crystalline phase exists) shows that the bilayer opening is always
faster when DMPC is present in the DPPC membrane. The decrease of τ1
occurs already at rather small DMPC concentrations and remains almost
constant above xDMPC=0.3. In Table 1 the activation energies and
preexponential factors are listed for the bilayer opening process and
different vesicle compositions. Obviously, the effect of the composition on
the activation energy is rather small, especially when considering the
error margins and the fact that the liquid-crystalline phase of pure DPPC
vesicles is found in a different temperature range than that of DMPC.
However, the preexponential factor decreases by four orders of
magnitude when comparing DMPC with DPPC, meaning that the bilayer
opening is much slower for the latter. For mixed DMPC–DPPC vesicles
(molar ratio 1:1), the value of the preexponential factor is intermediate to
those of the individual components. According to our model, the bilayer
opening step involves the turning around of lecithin molecules. Indeed,
from the experimental results it can be concluded that this is easier for
shorter molecules like DMPC compared to DPPC. A similar process
controls also the flip-flop translocation of lipids in membranes, as they
have to turn around before crossing the transmembrane space [40]. Liu
and Conboy [41] demonstrated that the rate constant of that process
depends on the chain length of the lipids. That dependence results from
changes in thepreexponential factor,whichdecreases by several orders of
magnitude with increasing chain length, while the activation energy of
the process remains constant since the polar headgroups are the same.
The rate constant of the bilayer opening step as determined by our
measurements follows the same trend, and it is therefore tempting to
assume that the turning around ofmolecules controls the bilayer opening
process. Furthermore, previously [3]wehave shown for vesicles in the gel
phase that the time constant of bilayer opening can be extrapolated to the
turning around of a single lecithin molecule in a lipid membrane. For
DMPC the activation energy of bilayer opening of such system, i.e., the



Table 1
Preexponential factors A and activation energies Ea of the bilayer opening step of liquid-
crystalline GUVs of different lecithin compositions

A(opening)/s−1 Ea(opening)/kJ mol−1

DMPC 1.1×1010a 34.7±5
DMPC:DPPC 1:1 1.2×108b 25.5±7.3
DPPC 4.7×106c 17.2±2.7

a ln A(opening)=23.1±2.
b ln A(opening)=18.6±2.7.
c ln A(opening)=15.4±1.
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energy barrier for turning around one DMPC molecule, was found to be
93±19 kJmol−1. Applying the same extrapolation to the data obtained for
DPPC GUVs in the gel phase, the activation energy is 67.1±31.1 kJ mol−1,
which is clearly in the same range. Both values are in agreementwith the
flip-flop activation energy of 81 kJ mol−1 determined by Kornberg and
McConnell [42] for the flip-flop of molecules in liposomes composed of
DPPC and egg PC and alsowith the 85 kJmol−1 determined byAbreu et al.
[43] for the flip-flop of labelled DMPE in a POPC matrix. The
preexponential factors determined in our experiments are 7.1×1020 s−1

and 2.6×1015 s−1 for DMPC and DPPC respectively, a five orders of
magnitude decrease that correspondswell to thebehavior reported in the
literature. Thus, the analysis of chronoamperometric peaks caused by
liposomeadhesion-spreadingonamercuryelectrode seems tobe auseful
tool also for determining the activation energy of flip-flop translocation.

3.3. Effect of triton X-100

To asses the effect caused by the detergent triton X-100 on
liposome adhesion-spreading, the rather low concentration of
0.15 µmol L−1 of triton X-100 has been used because higher
concentrations cause the immediate and complete disintegration of
the liposomes before measurements. The data in Table 2 show that an
effect of triton X-100 on the time constant of the two microscopical
processes can be observed when the membrane is in the gel phase.
Triton X-100was added to the liposome suspension at 35 °C, i.e., above
the PTT, and after about 30 min the temperature was slowly decreased
below the PTT (23.5 °C). This means that the triton molecules had the
chance to dissolve in the liposome membrane. However, we observed
that the capacitive background current at the beginning of the life
time of the static mercury drops was remarkably decreased when the
liposomes were in the gel phase. This is a strong indication of the
presence of tritonmolecules in the aqueous phase surrounding the gel
phase liposomes. Triton is known to strongly adsorb on mercury and
thus it decreases the capacitive background current. Very interest-
ingly, when the liposomes are kept above the PTT, i.e., when they are
in the liquid-crystalline phase, the background current does not
change in the presence of triton. This shows that the triton molecules
are no longer dissolved in the aqueous phase, but they are mainly
present in the liposomemembrane. The concentration of free triton in
Table 2
Comparison of the time constants of the bilayer opening and the rupture-spreading
steps of pure unilamellar DMPC liposomes with unilamellar liposomes treated with
0.15 μM of triton X-100

τ1/ms τ2/ms

T/K Only DMPC With 0.15 μM
triton X-100

Only DMPC With 0.15 μM
triton X-100

Gel phase
(average values)

284 0.23±0.082 0.18±0.1 0.91±0.45 0.75±0.14
287 0.19±0.06 0.14±0.08 0.78±0.23 0.59±0.25
290 0.15±0.054 0.12±0.023 0.68±0.11 0.46±0.13

Liquid
crystalline

297 0.088±0.043 0.075±0.022 0.56±0.17 0.27±0.06
300 0.081±0.028 0.067±0.02 0.56±0.14 0.26±0.027
303 0.075±0.017 0.059±0.016 0.56±0.11 0.25±0.085
the aqueous phase must be very small so that it does not affect the
capacitive background. This understanding of the experimental
results is also in agreement with the observation that triton affects
the time constants of the bilayer opening and rupture-spreading steps
under these conditions: Both the bilayer opening and the rupture-
spreading processes are faster when the membrane is in the liquid-
crystalline phase and triton X-100 is present. Takiguchi et al. [44] have
shown earlier that triton X-100 causes the formation of large holes in
zwitterionic membranes. These holes appear and disappear in cycles
in which the membrane changes from a tense to a quaking structure.
Takiguchi et al. used triton X-100 concentrations above the critical
micellar concentration (CMC). Our results show that the same effect
seems to be operative also at concentrations below the CMC; however,
not accompanied by the disintegration of the vesicle. Triton X-100 is
incorporated in the liquid-crystalline phase membranes, and it is
obviously expelled when the temperature drops below the PTT. At
these lower temperatures the triton is in the aqueous phase, and it is
obviously quickly adsorbed on the mercury electrode. However, the
adhesion and spreading of the gel phase liposomes on the triton
loaded mercury electrode is not altered. These findings are of great
interest, as the interaction mechanism between membranes and
different detergents and surfactants is still a matter of debate, and our
results show that triton X-100 is not soluble in the gel phase of DMPC,
or only to a very small extend.

3.4. Effect of pore forming peptides

Previously [4] we have shown that the activation energy of the
rupture-spreading step decreased remarkably when a small amount
of mastoparan X, a peptide component of the wasp venom of Vespa
xanthoptera, was added to the liposome suspension. Mastoparan X is
known to form pores in membranes or at least to diminish their
resistance for pore formation [45–47]. Here we can show that
increasing the concentration of mastoparan X remarkably decreases
the activation energy of the rupture-spreading step (Fig. 7),
confirming that pore formation is the limiting factor during the
rupture-spreading step. The addition of melittin (the major protein
component of the venom of the honey bee Apis mellifera), which is
also known to create pores in the membrane [48–51], also
accelerates the rupture-spreading step (cf. Table 3). A very interest-
ing observation is that for a given concentration of either peptide,
Fig. 7. Activation energy of the rupture-spreading step as a function of the total charge
displaced by the unilamellar DMPC liposomes and of the concentration of mastoparan X
added to the suspension. Solid line: only DMPC, dashed line (squares): 0.01 μM
mastoparan X, punctured line (triangles): 0.1 μM mastoparan X.



Table 3
Time constants τ1 and τ2 for the adhesion-spreading of unilamellar liposomes on a mercury electrode when lytic peptides (mastoparan X or melittin) are added to the suspension

Parameter Pure DMPC Mastoparan X Melittin

0.01 µM 0.1 µM 0.5 µM 0.01 µM 0.1 µM 0.5 µM

τ1/ms at 290 Ka 0.15±0.05 0.14±0.04 0.10±0.02 0.084±0.013 0.19±0.07 0.11±0.04 0.095±0.023
τ2/ms at 290 Ka 0.68±0.11 0.48±0.11 0.43±0.10 0.36±0.06 0.73±0.18 0.41±0.14 0.36±0.07
τ1/ms at 303 K 0.075±0.017 0.13±0.03 0.068±0.026 0.057±0.022 0.13±0.04 0.066±0.022 0.065±0.027
τ2/ms at 303 K 0.56±0.11 0.41±0.16 0.28±0.09 0.27±0.09 0.49±0.16 0.25±0.06 0.26±0.04

a Average values.
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the time constants are very similar, independent of the type of
peptide. In the liquid-crystalline phase this effect is even more
pronounced. These results suggest that the action of melittin is very
similar to that of mastoparan X.

4. Conclusions

Chronoamperometry proved to be a valuable tool to study
membranes of liposomes: The mechanism of adhesion and spreading
of liposomes on a mercury electrode can be described as a three step
process. Each of the steps is clearly identified and the activation
parameters can be determined for the bilayer opening and rupture-
spreading steps. The experiments allow studying the effect of foreign
molecules which are present in the membrane on the membrane
properties. As expected, the presence of cholesterol was found to have
a strong effect on the activation energy of the overall macroscopical
process. The stabilizing effect at temperatures above the PTT, as well as
the role of cholesterol as crystal breaker below the PTT was clearly
detectable in the kinetic parameters of liposome adhesion and
spreading. Further, the formation of superlattices clearly affects the
kinetic parameters of the adhesion-spreading process. Thus chron-
oamperometric measurements can be easily used for an accurate
determination of the temperature of superlattice formation, without
using complex microscopic techniques.

The results obtainedwithmastoparan X, melittin, and triton X-100,
which obviously interact with the membrane, give new insight into
the way in which such substances affect the membrane. The obtained
kinetic parameters of the adhesion and spreading suggest that triton
X-100 is only incorporated in themembranewhen the lipids are in the
liquid-crystalline phase. The results obtained with the pore forming
peptides (melittin and mastoparan X) point to a very similar effect of
both peptides in the membrane, as a certain amount of melittin has
the same effect as the same molar amount of mastoparan X even
though the primary structures of both peptides are quite different.

The chronoamperometric technique also allows to access informa-
tion on the different steps of liposome adhesion. The dependence of
the rupture-spreading rate on the pore forming capabilities of the
membrane could be demonstrated as well as the relationship between
the bilayer opening step and the ability of lecithin molecules to turn
around within the lipid membrane. The energy barrier of flip-flop
translocation is related to the latter process and is accessible by
extrapolating the kinetic data determined for the bilayer opening of
liposomes in the gel phase to the case of the turning around of a single
lecithin molecule. The fact that these processes, i.e., bilayer opening
and rupture-spreading steps are analogous to those involved in cell
fusion (hemifusion stalk=bilayer opening, fusion pore=rupture-
spreading), will help in understanding better the role played by
several molecules in the process of cell fusion.

Acknowledgments

V. A. H. acknowledges provision of a DAAD-Conacyt scholarship. F. S.
acknowledgesfinancial support by Fonds der Chemischen Industrie. The
authors gladly acknowledgeprovision of high-purity lecithin samples by
Lipoid GmbH, Ludwigshafen, Germany.
References

[1] D. Hellberg, F. Scholz, F. Schauer, W. Weitschies, Bursting and spreading of
liposomes on the surface of a static mercury drop electrode, Electrochem.
Commun. 4 (2002) 305–309.

[2] D. Hellberg, F. Scholz, F. Schubert, M. Lovrić, D. Omanović, V. Agmo Hernández, et
al., Kinetics of liposome adhesion on a mercury electrode, J. Phys. Chem. B 109
(2005) 14715–14726.

[3] V. Agmo Hernández, F. Scholz, Kinetics of the adhesion of DMPC liposomes on a
mercury electrode. Effect of lamellarity, phase composition, size and curvature of
liposomes, and presence of the pore forming peptide mastoparan X, Langmuir 22
(2006) 10723–10731.

[4] E. Sparr, L. Hallin, N. Markova, H. Wennerström, Phospholipid–cholesterol bilayers
under osmotic stress, Biophys. J. 83 (2002) 2015–2025.

[5] T.G. Anderson, H.M. McConnell, Condensed complexes and the calorimetry of
cholesterol–phospholipid bilayers, Biophys. J. 81 (2001) 2774–2785.

[6] K. Kawakami, Y. Nishihara, K. Hirano, Rigidity of lipid membranes detected by
capillary electrophoresis, Langmuir 15 (1999) 1893–1895.

[7] P.F.F. Almeida, W.L.C. Vaz, T.E. Thompson, Lateral diffusion in the liquid phases of
dimyristoylphosphatidylcholine/cholesterol lipid bilayers: a free volume analysis,
Biochemistry 31 (1992) 6739–6747.

[8] T. Baumgart, S.T. Hess, W.W. Webb, Imaging coexisting fluid domains in biomem-
brane models coupling curvature and line tension, Nature 425 (2003) 821–824.

[9] T. Baumgart, S. Das, W.W. Webb, J.T. Jenkins, Membrane elasticity in giant vesicles
with fluid phase coexistence. Geometry of liposomes with fluid phases, Biophys. J.
89 (2005) 1067–1080.

[10] S.L. Veatch, S.L. Keller, Organization in lipid membranes containing cholesterol,
Phys. Rev. Lett. 89 (2002) 268101–1–268101–4.

[11] A. Katragadda, R. Bridgman, G. Betageri, Effect of the liposome composition and
cholesterol on the cellular uptake of stavudine by human monocyte/macrophages,
Cell. Mol. Biol. Lett. 5 (2000) 483–493.

[12] C. Trandum, P. Westh, K. Jørgensen, O.G. Mouritsen, A thermodynamic study of the
effects of cholesterol on the interaction between liposomes and ethanol, Biophys. J.
78 (2000) 2486–2492.

[13] B. Cannon, A. Lewis, J. Metze, V. Thiagarajan, M.W. Vaughn, P. Somerharju, et al.,
Cholesterol supports headgroup superlattice domain formation in fluid phospho-
lipid/cholesterol bilayers, Phys. Chem. B 110 (2006) 6339–6350.

[14] J. Huang, Exploration of molecular interactions in cholesterol superlattices: effect
of multibody interactions, Biophys. J. 83 (2002) 1014–1025.

[15] A. Parker, K. Miles, K.H. Cheng, J. Huang, Lateral distribution of cholesterol in
dioleoylphosphatidylcholine lipid bilayers: cholesterol–phospholipid interactions
at high cholesterol limit, Biophys. J. 86 (2004) 1532–1544.

[16] P. Somerharju, J.A. Virtanen, K.H. Cheng, Lateral organisation of membrane lipids.
The superlattice view, Biochim. Biophys. Acta 1440 (1999) 32–48.

[17] B. Cannon, G. Heath, J. Huang, P. Somerharju, J.A. Virtanen, K.H. Cheng, Time-
resolved fluorescence and Fourier transform infrared spectroscopic investigations
of lateral packing defects and superlattice domains in compositionally uniform
cholesterol/phosphatidilcholine bilayers, Biophys. J. 84 (2003) 3777–3791.

[18] T.X. Xiang, B.D. Anderson, Phase structures of binary lipid bilayers as revealed by
permeability of small molecules, Biochim. Biophys. Acta 1370 (1998) 64–76.

[19] W.H. Press, B.P. Flannery, S.A. Teukolsky, W.T. Vetterling, Numerical Recipes in
Pascal, Cambridge University Press, Cambridge, 1992 pp. 547–598.

[20] V. Žutić, V. Svetličič, A.H. Zimmerman, N.I. DeNardis, R. Frkanec, Comment on
“Kinetics of the adhesion of DMPC liposomes on a mercury electrode. Effect of
lamellarity, phase composition, size and curvature of liposomes, and presence of
the pore forming peptide Mastoparan X”, Langmuir 23 (2007) 8647–8649.

[21] V. Agmo Hernández, F. Scholz, Reply to the comment on Kinetics of the adhesion of
DMPC liposomes on a mercury electrode. Effect of lamellarity, phase composition,
size and curvature of liposomes, and presence of the pore forming peptide
Mastoparan X, Langmuir 23 (2007) 8650.

[22] C.S. Vassilieff, I. Panaiotov, E.D. Manev, J.E. Proust, T. Ivanova, Kinetics of liposome
disintegration from foam film studies: effect of the lipid bilayer phase state,
Biophys. Chem. 58 (1996) 97–107.

[23] D.J. Mitev, T. Ivanova, C.S. Vassilieff, Kinetics of lipid layer formation at interfaces,
Colloids Surf. B, 24 (2002) 185–192.

[24] J. Lee, B.R. Lentz, Secretory and viral fusionmay sharemechanistic eventswith fusion
between curved lipid bilayers, Proc. Natl. Acad. Sci. U. S. A. 95 (1998) 9274–9279.

[25] K. Arnold, Molekulare Mechanismen der Membranfusion, Akademie Verlag,
Berlin, 1994 92 pp.

[26] N.I. DeNardis, V. Žutić, V. Svetličič, R. Frkanec, J. Tomašic, In situ chronoampero-
metric characterization of liposome suspensions with concomitant oxygen
reduction, Electroanal. 19 (2007) 2444–2450.



156 V. Agmo Hernández, F. Scholz / Bioelectrochemistry 74 (2008) 149–156
[27] R. Stoodley, D. Bizzotto, Epi-fluorescencemicroscopic characterization of potential-
induced changes in a DOPC monolayer on a Hg drop, Analyst 128 (2003) 552–561.

[28] D. Bizzotto, Y. Yang, J.L. Shepherd, R. Stoodley, J. Agak, V. Stauffer, et al.,
Electrochemical and spectroelectrochemical characterization of lipid organization
in an electric field, J. Electroanal. Chem. 574 (2004) 167–184.

[29] D. Bizzotto, A. Nelson, Continuing electrochemical studies of phospholipid
monolayers of dioleoyl phosphatidylcholine at the mercury-electrolyte interface,
Langmuir 14 (1998) 6269–6273.

[30] A. Nelson, N. Auffret, Phospholipid monolayers of di-oleoyl lecithin at the
mercury/water interface, J. Electroanal. Chem. 244 (1988) 99–113.

[31] Designed by Dario Omanović. Rudjer Boskovic Institute, Zagreb, Croatia. (E-mail:
omanovic@irb.hr).

[32] A. Moscho, O. Orwar, D.T. Chiu, B.P. Modi, R.N. Zare, Rapid preparation of giant
unilamellar vesicles, Proc. Natl. Acad. Sci. U. S. A. 93 (1996) 11443–11447.

[33] K. Berndl, J. Käs, R. Lipowsky, E. Sackmann, Shape transformations of giant vesicles:
extreme sensitivity to bilayer asymmetry, Europhys. Lett. 13 (1990) 659–664.

[34] E. Sackmann, Membrane bending energy concept of vesicle- and cell-shapes and
shape-transitions, FEBS Lett. 346 (1994) 3–16.

[35] X. Liang, G. Mao, K.Y.S. Ng, J., Mechanical properties and stability measurements of
cholesterol-containing liposome on mica by atomic force microscopy, Colloid
Interface Sci. 278 (2004) 53–62.

[36] C. Hofsäss, E. Lindahl, O. Edholm, Molecular dynamics simulations of phospholipid
bilayers with cholesterol, Biophys. J. 84 (2003) 2192–2206.

[37] P. Méléard, C. Gerbeaud, T. Pott, L. Fernandez-Puente, I. Bivas, D.M. Mitov, et al.,
Bending elasticities of model membranes: influences of temperature and sterol
content, Biophys. J. 72 (1997) 2616–2629.

[38] W.H. Cheng, Theoretical study of the effect of cholesterol on the lipid bilayer phase
transition, Chin. J. Physiol. 7 (1979) 204–209.

[39] S.D. Shoemaker, T.K. Vanderlick, Material studies of lipid vesicles in the La and La-
Gel coexistence regimes, Biophys. J. 84 (2003) 998–1009.
[40] J. Martí, F.S. Csajka, Flip-flop dynamics in a model lipid bilayer membrane,
Europhys. Lett. 61 (2003) 409–414.

[41] J. Liu, J.C. Conboy, 1,2-Diacyl-phosphatidylcholine flip-flop measured directly by
sum-frequency vibrational spectroscopy, Biophys. J. 89 (2005) 2522–2532.

[42] R.D. Kornberg, H.M. McConnell, Inside-outside transitions of phospholipids in
vesicle membranes, Biochemistry 10 (1971) 1111–1120.

[43] M.S.C. Abreu, M.J. Moreno,W.L.C. Vaz, Kinetics and thermodynamics of association
of a phospholipid derivative with lipid bilayers in liquid-disordered and liquid-
ordered phases, Biophys. J. 87 (2004) 353–365.

[44] F. Nomura, M. Nagata, T. Inaba, H. Hiramatsu, H. Hotani, K. Takiguchi, Capabilities
of liposomes for topological transformation, Proc. Natl. Acad. Sci U. S. A. 98 (2001)
2340–2345.

[45] G. Schwarz, A. Arbuzova, Pore kinetics reflected in the dequenching of a lipid
vesicle entrapped fluorescent dye, Biochim. Biophys. Acta 1239 (1995) 51–57.

[46] J.A.Whiles, R. Brasseur, K.J. Glover, G. Melacini, E.A. Komives, R.R. Vold, Orientation
and effects of mastoparan X on phospholipid bicelles, Biophys. J. 80 (2001)
280–293.

[47] K. Yu, S. Kang, S.D. Kim, P.D. Ryu, Y. Kim, Interaction betweenmastoparan B and the
membrane studied by 1H NMR spectroscopy, J. Biomol. Struct. Dyn. 18 (2001)
595–606.

[48] E. Habermann, Bee and wasp venoms, Science 177 (1972) 314–322.
[49] G. Sessa, J.H. Freer, G. Colacicco, G. Weissmann, Interaction of a lytic polypeptide,

melittin, with lipid membrane systems, J. Biol. Chem. 244 (1969) 3575–3582.
[50] S. Bernèche, M. Nina, B. Roux, Molecular dynamics simulation of melittin in a

dimyristoyl phosphatidylcholine bilayer membrane, Biophys. J. 75 (1998)
1603–1618.

[51] H. Raghuraman, A. Chattopadhyay, Cholesterol inhibits the lytic activity of melittin
in erythrocytes, Chem. Phys. Lipids 134 (2005) 183–189.

mailto:omanovic@irb.hr

	The lipid composition determines the kinetics of adhesion and spreading of liposomes on mercury.....
	Introduction
	Experimental
	Outline of the chronoamperometric measurements and the applied data analysis
	Chemicals and electrochemical measurements
	Giant unilamellar vesicles (GUV)
	Multilamellar vesicles containing cholesterol

	Results
	Lipid mixtures: MLVs containing cholesterol
	Lipid mixtures: DMPC–DPPC GUVs
	Effect of triton X-100
	Effect of pore forming peptides

	Conclusions
	Acknowledgments
	References




