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Abstract Giant unilamellar liposomes of the synthetic car-
diolipin 1',3’-bis[1,2-dimyristoyl-sn-glycero-3-phospho]-sn-
glycerol give chronoamperometric current peaks at a sta-
tionary mercury electrode. The signals are due to the adhe-
sion and spreading of the liposomes on the hydrophobic
mercury surface. The potential dependence shows a mini-
mum of the peak frequency at the point of zero charge, a
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large maximum of peak frequency at about —0.2 V and a
second, however, smaller maximum at —0.8 V. The electro-
chemical behaviour of the liposomes indicates phase tran-
sitions of the cardiolipin which could be also observed in
differential scanning calorimetry.
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Introduction

Cardiolipins (CL) are a class of phospholipids which is
predominantly present in the inner mitochondrial mem-
brane. They possess a wide structural variability which is
of importance for their biological function [1]. The two pK,
values of cardiolipins are such (pK,;=2.8, pK,»~7.5 and
higher) that they exist under physiological conditions as
mono-anions [2]. Recently, we have observed that mito-
chondria undergo on the surface of a mercury electrode an
adhesion—spreading process [3] which resembles the adhe-
sion—spreading processes which we have discovered when
liposomes interact with a mercury electrode [4-10], and
which have been also observed in case of thrombocyte
vesicles [11]. In order to better understand the mitochondria
experiments, and to expand our experience with the adhe-
sion—spreading of liposomes, we have prepared unilamellar
liposomes of the synthetic tetramyristoyl cardiolipin
(TMCL) 1',3'-bis[1,2-dimyristoyl-sn-glycero-3-phospho]-
sn-glycerol (Fig. 1) and studied their interaction with a static
mercury electrode surface.
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Fig. 1 Structure of the used cardiolipin 1',3"-bis[1,2-dimyristoyl-sn-
glycero-3-phospho]-sn-glycerol (TMCL) as disodium salt (from Avanti
Catalogue 2011)

Experimental

The synthetic 14:0 cardiolipin 1’,3’-bis[1,2-dimyristoyl-sn-
glycero-3-phospho]-sn-glycerol (sodium salt) (other used
names are: 1,1',2,2'-tetratetradecanoyl cardiolipin (sodium
salt), TMCL(1'-[14:0/14:0],3'-[14:0/14:0]), and TMCL)
from Avanti Polar Lipids (USA), see Fig. 1, was purchased

Fig. 2 Mechanism of the
adhesion and spreading of
liposomes on a mercury
electrode (according to [5]). L,
L', etc. denote the liposomes in
the different stages of their
interaction with the electrode
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as chloroform solution and powder (for differential scanning
calorimetric (DSC)). Unilamellar vesicles of TMCL were
prepared according to a modified rapid evaporation method,
initially proposed by Moscho [12]. In the electrochemical
measurements, the final TMCL liposome concentration was
0.167 mg ml™", i.e., 0.13 mmol L™', and the background
electrolyte was an aqueous 0.1 M KCI solution. At higher
TMCL concentrations, multilamellar vesicles have been
observed, which were not used for the electrochemical
experiments. The chronoamperometric measurements were
performed using the Autolab PGSTAT 12 (Eco Chemie,
Utrecht, Netherlands) with the high-performance module
ADC 750, allowing to measure fast transients with a sam-
pling rate of 750x10% s7', i.e., sampling intervals down to
1.33 us. The electrode stand VA 663 (Metrohm, Herisau,
Switzerland) was used in conjunction with the Hg multi-
mode electrode as working electrode (drop size=3), a Pt
auxiliary electrode and an Ag|AgCl (3 M KCl, E=0.208 V
vs. SHE) electrode. The surface area of the mercury drop
was 0.48 mm?, as determined from weighing 50 Hg drops.
The adhesion—spreading of the liposomes at the Hg
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electrode surface was followed by chronoamperometry
(within 1.5 s; sampling each 50 us (normal resolution mode)
and within 0.04 s, sampling each 1.33 us (high resolution
mode)). The current range of the potentiostat was 100 nA.

The variation of the specific heat relative to a base-
line was measured as function of temperature with a
differential scanning microcalorimeter (VP-DSC, Micro-
cal, Inc.). The microcalorimeter consists of coin-shaped
fixed-in-place twin cells of 0.52 cm® each, mounted in a

Fig. 3 Chronoamperometric
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cylindrical adiabatic chamber [13]. The sample cell is
filled with vesicles dispersed in 0.1 M KCI solution
while the reference cell is filled with the same salt
solution. The scan rate was 10 °C per hour. A phase
transition gives rise to an endothermic (exothermic) heat
change and less (more) power feedback is required to
null the temperature difference between both cells. This
temperature-dependent power feedback is used to calcu-
late the specific heat Cy(7) of the solution.
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Results and discussion

Previous studies of the interaction of liposomes with a static
mercury electrode have revealed that liposomes undergo an
adhesion—spreading process as depicted in Fig. 2. The for-
mation of islands of adsorbed lipid molecules gives rise to
well-defined capacitive signals because the double-layer
capacity considerably drops when the aqueous side of the
double layer is substituted by a lipid monolayer. Figure 3
depicts chronoamperometric traces recorded at different
electrode potentials. Each spike is due to the disintegration
(adhesion—spreading) of a single liposome on the electrode
surface. The spikes change their sign at the potential of zero
charge (pzc), since the lipid islands formed by the adsorp-
tion and spreading of the TMCL liposomes displace water
molecules and ions on the electrode surface. The mercury/
solution interface is oppositely charged below and above the
pzc, so that a displacement of the electrolyte layer by a
dielectric layer (the CL layer) produces capacitive currents
of opposite sign. The driving force for the formation of
adsorbed islands of CL is the entropy gain due to the
liberation of the water layer on mercury caused by the
attachment of the hydrophobic tails of cardiolipins to the
hydrophobic mercury surface (hydrophobic effect). The
electrode potential affects the number of capacitive signals
(Fig. 4) and also the height of the signals (Fig. 5). The height
changes are the result of the potential dependence of the
charge density of the mercury/solution interface. The
smaller that charge density, the smaller the capacitive signal
when TMCL molecules adsorb. The change of numbers of
detected signals per time results because decreasing signals
lead to a loss of countable signals because the smallest ones
are not distinguishable from noise [5, 6]. Thus, the depen-
dence of signals on potential is only an apparent one
resulting from the detection technique. The charge dis-
placement at potentials negative to the point of zero

Fig. 4 Number of adhesion—
spreading events
(chronoamperometric traces)
per time at different electrode
potentials for TMCL GUV
liposomes
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charge (around —450 mV vs. Ag/AgCl) gives rise to
positive current spikes, while negative currents result from
the respective process at potentials positive to the pzc
(Fig. 3). Figure 4 proves that there are adhesion—spreading
events even for liposomes which are negatively charged. Given
the concentration of electrolyte (0.1 mol L™ KCI), the Debye
length of the liposomes and the Gouy length of the electrode
are certainly very small so that the liposomes can approach the
electrode without much repulsion. It is interesting to see that
the negative charge of the liposomes does not prevent adhe-
sion—spreading events. The anchoring of the liposomes must
be caused by some TMCL molecules which have turned
around in the liposome because of the flip-flop kinetics within
the membrane, or, if the flip-flop kinetic is too slow, some
molecules may be present in the reversed configuration as
defects. Such turned around TMCL molecules can be seen as
the nucleation centres for the anchoring—spreading of lipo-
somes [8, 9]. These turned around molecules can anchor
because of the very favourable release of iceberg water around
the alkyl chains and from the electrode double layer when the
TMCL molecule attaches to the Hg surface with its hydropho-
bic side. This mechanism is obviously also operative for neg-
atively charged liposomes.

Figure 6 shows the Arrhenius plot for the macrokinetics,
i.e., the rate of adhesion—spreading events measured as the
number of peaks per units of time and surface area in the
temperature range from 2 to 47 °C. For this, In J was plotted
versus the reciprocal temperature, with J being the peak
frequency f divided by the product of the surface area of
the mercury drop Asypg and the Avogadro constant Ny.

AspMmE * Na
The plot shows three distinct breaks, typically indicating

phase transitions. The first break appears at 40.5 °C and it is
most likely due to the transition between the lamellar liquid
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crystalline phase and the lamellar gel phase Lg= L. The phase
transitions reported in literature relate to the ammonium and
sodium salts of TMCL: 40 °C [14], 33 °C, and 35 °C [15, 16]
are given, respectively. Figure 6 exhibits a second-phase tran-
sition at 22.5 °C, which can be due to the transition between
the lamellar gel and the subgel phase L/c = Lg. This assumption
is supported by literature data giving the range 24.9-29.2 °C
[17] for that transition. The discontinuity at 12.4 °C (Fig. 6)
may correspond to a low-temperature endothermic transition
which has been reported to occur in the range 14—18 °C [16].
The activation energies E5 derived from the slopes of the

Peak charge in Coulomb

straight parts of the plot given in Fig. 6 are decreasing with
increasing temperature. This is an indication of increasing
fluidity of the different phases going from the low temperature
to the higher temperature phases. Above 45 °C, the experi-
mental data were much too scattered to derive reliable infor-
mation. The rather sluggish transition between the lamellar gel
phase and the subgel phase (22.5-30 °C) cannot be clearly
explained; however, it is possible that nucleation growth is
responsible for it. Liposomes are rather small entities, imply-
ing a small concentration of nuclei, of whatever nature they
may be. If the formation of nuclei is slow and their number is

Fig. 6 Arrhenius plot for a Tin °C
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Fig. 7 Differential scanning calorimetry of a TMCL liposome suspen-
sion (0.5 mg mL~' TMCL, 0.1 M KCI)

small, it is feasible that there is always a fraction of liposomes
which may be even free of any nucleus, and it is unlikely that
nuclei transfer occurs from one liposome to another. This all
can considerably contribute to a very sluggish phase transfor-
mation of an ensemble of independent liposomes dispersed in a
solution of rather low liposome concentration, as studied here.

To be able to compare the phase transition data derived
from the electrochemical experiments with independently

obtained data, DSC measurements were performed with
TMCL liposomes. These measurements had to be performed
with a higher liposome concentration (0.5 mg mL ™). Nev-
ertheless, they confirmed the gel to liquid—crystalline phase
transition at 40.2 °C, and the subgel to gel phase transition at
22.8 °C, as well as a broad endothermic peak around 10 °C
(cf. Fig. 7). The structured peak in the range of 39—43 °C is
most probably due to the high TMCL concentration. Fur-
ther, it is likely that this high concentration is also respon-
sible for the slight increase of the transition around 20 °C.
The enthalpy change of the phase transition at 40.2 °C was
57.25 kJ mol ' which is in good agreement with the litera-
ture value of 52 kJ mol ' [18]. The transition at 22.8 °C has
an enthalpy change of 7.5 kJ mol™' which is also a reason-
able value for the subgel to gel transition.

The disintegration of single liposomes can be analysed
by studying the time dependence of charge displacement Q
(t) during single adhesion—spreading events. This is what
we call the microkinetics of the adhesion—spreading process.
In the gel phase Lg, at a temperature of 40 °C and at
potentials of =900 and —200 mV (maxima of Fig. 3), re-
spectively, the adhesion—spreading signals (the spikes
shown in Fig. 3) were fitted using the equation:

on-ar-o(1-f) ol -on(z)
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The time constants, 7; and 7, are connected with the
thermodynamic equilibrium constants K,, of the adsorption
process, respectively, as follows [5, 6]:

14K,

T LK, 2)

7, refers to the opening (n=1) and the spreading step (n=2),
respectively. That exponential equation is the same as that used
before for the adsorption—spreading process of liposomes [5]
and supported also by other researchers [19]. The best fitting
produced the following time constants:

1. Potential =900 mV:

7= (73 % 1075 £3.2 x 105)s
75 =(37x107*+£1.6 x 107%)s

2. Potential =200 mV:

71 =(94x 1075 £33 x 107%)s
5 =034x104£1.9x10%)s

The fitted experimental curves are shown in Fig. 8. The
fit and the time constants show that the TMCL liposomes
behave very similar to the previously studied DMPC,
DOPC, and other liposomes [5-7].

Conclusions

The results show that TMCL liposomes lend themselves for
adhesion—spreading studies on mercury electrodes. Such
experiments provide information on the phase transition
temperatures; the activation parameters of the macrokinetics
can be derived, as well as the time constants of the micro-
kinetics (and certainly also the activation parameters of the
different steps of the microkinetics). The results are in
agreement with the interpretation of the mitochondria
experiments as the cardiolipins of the mitochondrial mem-
brane are obviously able to contribute to their adhesion—
spreading behaviour. This work paves the way to study the
interaction of foreign molecules with cardiolipins along the

outlined approach of studying the effects of these agents on
the flexibility of the liposome membrane. Future work will
be focussed on studying the effect of an oxidative attack
TMCL liposomes has with respect to membrane fluidity.
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