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Abstract Using high-resolution chronoamperometric
measurements, with sampling each 1.333 ps, the initial
step of the adhesion-spreading of liposomes on a mercury
electrode was studied. These measurements allow getting a
deeper insight into the first interaction of the liposomes
with the mercury electrode, and they show that the overall
adhesion-spreading process at different potentials is partially
controlled by a fast but weak interaction equilibrium resulting
in a mixed diffusion- and reaction-kinetics-controlled mech-
anism of the overall reaction.
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Introduction

The study of the fundamental properties of lipid self-
assembled structures, especially lipid membranes, has been
shown to be of great importance in order to design vesicles
and other membrane structures which mimic real cell
biomembranes and allow the development of novel drug
delivery systems [1-8]. The details of the adhesion-
spreading of liposomes on a static mercury drop electrode
can be unraveled by applying chronoamperometry [9, 10]
because the liposomes lead to the formation of islands of
adsorbed lecithin molecules (in the form of a lipid
monolayer, as shown by others [11-15]), a process
accompanied by changes of the double-layer capacitance
producing capacitive current spikes (peaks) in the chro-
noamperometric traces [9, 10, 16—-18]. Each spike repre-
sents the adhesion-spreading of a single liposome, and
therefore the adhesion-spreading can be studied individu-
ally for each vesicle. The sign of the peak current depends
on the sign of the charge at the electrode surface. At
negatively charged electrodes, the decrease in the double-
layer capacity caused by liposome adhesion-spreading will
generate positive capacitive currents (and therefore positive
spikes), while negative peaks will be recorded at positively
charged electrodes. The capacitive peaks can be integrated,
and the resulting charge transient can be very well fitted to
the empirical equation:

Oiip(t) = 0(0) + 01 (1 —exp(—t/71)) + O2(1 — exp(—t/72))

(1)
where Qjip(2) is the amount of charge displaced due to the
liposome adhesion-spreading as a function of time. Three

contributions can be distinguished: (a) A very fast “dock-
ing” step (using the nomenclature of Hellberg et al. [10]),
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the time constant of which was until now not accessible due
to a too low resolution of the performed measurements; (b)
an “opening” step with the time constant 7; during which
the bilayer structure of the membrane is perturbed as the
outer lecithin molecules must turn around in order to
expose their lipophilic ends to the hydrophobic mercury
surface; and finally (c) a “spreading” step with the time
constant 7, during which an open pore is formed in the
membrane, causing its rupture and spreading and leading to
the formation of an adsorbed lecithin island. Besides the
high correlation between Eq. 1 and the experimentally
obtained data, the model is supported also by a theoretical
model [10]. That adhesion-spreading model is further
backed by other experimental results [16—18]. The good-
ness of the fit and the accuracy of Eq. 1 were evaluated
quantitatively estimating the chi-square-based probability O
as described in [19], demonstrating that the good correla-
tion between the model and the experimental curves is not
trivial. However, it turned out that the nomenclature for
designating the process steps needs a revision. Therefore,
we propose instead of the abovementioned terms the
following terms: (a) interaction-docking, (b) bilayer open-
ing, and (c) rupture-spreading, and these will be used in the
present paper.

Our adhesion-spreading model resembles the widely
accepted mechanism of membrane fusion consisting also of
three steps: contact making, hemifusion, and fusion [20-
26]. These processes correspond to our model in the
following way: (a) interaction-docking < first contact
making; (b) bilayer opening < hemifusion stalk formation,
(c) and rupture-spreading < fusion pore formation.

Determining the time constants and activation energies
of the processes, the effect of liposome lamellarity,
temperature, phase composition, and of embedded mole-
cules (other lipids or peptides) on the general properties of
the membrane (resistance to rupture, bending rigidity,
activation energy for flip-flop translocation, phase transition
temperature (PTT), etc.) can be estimated [16—18].

This model, as well as the interpretation of the spike
shaped signals, has been criticized before, and an alterna-
tive model of adhesion-spreading of liposomes on mercury
has been proposed [27]. However, these authors assume the
formation of a lipid bilayer on the mercury surface, which
is in clear contradiction to previous studies [11-15].
Furthermore, the three-step adhesion-spreading model
developed by the Greifswald group provides a consistent
explanation of signals observed for liposomes with different
compositions and under different conditions [28], whereas
the challenging model only explains the observations made
with one kind of liposomes and under very specific
experimental conditions. The latter observations can also
be explained by the three-step adhesion model, considering
the kind of liposomes that were used.
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It has been shown before that high-resolution chronoam-
perometric measurements are an excellent tool to charac-
terize the interaction of electrodes with different kinds of
particles [29-34]. In the present communication, we report
about the use of high-resolution measurements in order to
determine the time dependence of the interaction-docking
step (first term on the right side of Eq. 1) and about its
implications for the overall adhesion-spreading mechanism
of liposomes on a mercury electrode.

Experimental

High-purity 1,2-dimyristoyl-sn-glycero-3-phosphocholine
(DMPC; Lipoid GmbH, Ludwigshafen, Germany) was
used without further purification. KCI (Suprapurr!@; Merck,
Darmstadt, Germany) and Millipore water were used for all
solutions and liposome suspensions. 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,
The Netherlands) with an ACD164 modulus interfaced to a
P4 PC in conjunction with an electrode stand VA 663
(Metrohm, Herisau, Switzerland). The electrochemical
measuring device has a rising time of 500 ns. 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. standard hydrogen electrode)
electrode was used as reference electrode. The surface area
of the mercury drop was 0.48 mm?, as determined by
weighting 50 drops. The high-resolution chronoampero-
metric measurements were performed within 40 ms with
sampling each 1.333 us at potentials between —0.1 and
-0.9 V vs. Ag|/AgCl in 100 mV steps, following a 1 s
conditioning step. For the determination of the number of
adhesion signals as a function of the elapsed time, 50 low-
resolution measurements (within 1.5 s and with sampling
each 50 ps) were performed in the same potential range at
25 °C, and the average number of peaks in the elapsed time
was determined in 1.5 ms steps. The program “Signal
Counter” [35] was used to determine the number of
obtained peaks. The solutions were thermostated with an
accuracy of £0.1 K.

Giant unilamellar vesicles (GUVs) were prepared
according to Moscho et al. [36]. Three milligrams of
DMPC were dissolved in 2.2 mL of a 1:10 methanol/
chloroform mixture. Then, 30 mL of 0.1 M KCI solution
was added carefully by pouring along the flask walls,
following to which the organic solvent was rapidly
removed with the help of a rotary evaporator (Laborota
4000, Heidolph, Niirnberg, Germany) using a Rotavac
control pump (Heidolph) at 40 °C and a final pressure of
10 mbar. The rotation speed was 30 rpm. This way, a clear
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suspension containing a high yield of GUVs could be
obtained. The formation of GUVs was confirmed by
comparing the size distribution obtained by light scattering
with the size distribution of the chronoamperometric peaks,
which changes according to the lamellarity [10, 16].
Temperature variation experiments (with 3 K steps) were
performed by slowly cooling down the freshly prepared
liposomes. After reaching the PTT (23.5 °C), the suspen-
sion was cooled to 2 °C, and the temperature was then
slowly risen to the pretransition temperature (11 °C) and
then slowly increased in 3-K increments, performing high-
resolution measurements until recording an average of ten
adhesion signals for each temperature. This temperature
program had the objective to minimize shape changes [37,
38], especially when the lecithin was in the liquid
crystalline phase, and to be able to generate the pretransi-
tion rippled gel phase.

Results and discussion

Microscopical approach to the interaction-docking step
and the overall kinetics

To analyze the time dependence of the interaction-docking
step, i.e., the first contact making between a liposome and the
electrode surface, it is necessary to consider the time
dependence of the first right-hand term in Eq. 1. We probed
the simple assumption that this process may also follow first-
order kinetics, similar to the two follow-up steps. Hence, we
substituted the time-independent term Q(0) in Eq. 1 (which
assumes an instant docking) by the first-order expression
Oo(1 —exp(—t/7¢)) introducing the time constant 7 to
describe the interaction-docking process as a function of time
and expanding Eq. 1 as follows:

Oiip(1) = Qo(1 — exp(—t/70)) + Q1(1 —exp(—t/71))  (2)
+0:(1 — exp(—1/72))

Using high-resolution measurements, it is possible to
sample a sufficient number of experimental data points at the
beginning of the adhesion-spreading process to determine 7.
Figure 1 shows a typical high-resolution chronoamperomet-
ric signal demonstrating two liposome adhesion-spreading
events. In the depicted case, the background noise amplitude
is rather large, but it can be considerably reduced by a fast
Fourier transform (FFT) filter which removes all Fourier
components with frequencies above 50 kHz. Such smooth-
ing was not always necessary, as the amplitude of the
background noise was highly dependent on the environ-
mental conditions and could be in some cases reduced to
only 1 nA. The results derived from smoothed curves and
from direct experimental curves did not show any signifi-

cant difference. Taking just the larger peak shown in Fig. 1,
it is possible to analyze the adhesion-spreading event of just
the vesicle generating that signal. Figure 2 shows the
isolated peak after smoothing and the charge transient
obtained by integration of the peak. By fitting the curve in
Fig. 2b with both Egs. 1 and 2, it was obvious that both
models are suitable; however, Eq. 2 predicts much better the
behavior during the first microseconds of the adhesion-
spreading process (cf. Fig. 3). This improvement results
from the fact that the initial interaction-docking process is
not considered instantaneous as in the previous model,
therefore satisfying the experimental observed condition of
01ip(0)=0. Depending on the temperature, the time constant
To of interaction docking for DMPC GUVs under the
conditions described in “Experimental” is between 1 and
15 us. Of course, it was impossible to analyze the time
dependence of Qy with the 50 us resolution used in previous
experiments.

By determining 7, at different temperatures, the activa-
tion energy of the interaction-docking process is accessible
by performing an Arrhenius analysis. As follows from
Fig. 4, the activation energy of the process is independent
of the nature of the DMPC phase of the liposomes (i.e.,
whether it is in the gel or liquid crystalline phase), since the
Arrhenius plot does not change its slope at the phase
transition temperature (PTT=23.5 °C for DMPC). In
previous publications [10, 16], it has been shown that a
similar continuity is observed at the PTT for the overall
adhesion-spreading kinetics (defined as the frequency of
recorded adhesion-spreading events), although not for the
two microscopical processes bilayer opening and rupture-
spreading. This observation indicates that the overall
process (frequency of adhesion events) is controlled at the
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Fig. 1 High-resolution chronoamperometric signal (without noise
reduction by FFT) obtained at —0.9 V vs. Ag|AgCl in a suspension of
0.1 g L' of DMPC GUVs in 0.1 mol L™" KCI at 35 °C
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Fig. 2 High-resolution chronoamperometric peak (a) and integrated
signal (b) of a DMPC GUYV at 35 °C obtained at a potential of -0.9 V
vs. Ag|AgCl

microscopic level mainly by the step described by the time
constant 7y, i.e., the interaction-docking step. This is
surprising, given that it is the fastest microscopical process,
and one would expect the overall reaction to be controlled
by the slowest step, i.e., the rupture-spreading. In order to
explain the above-described observations, a theoretical
model needs to be developed which accounts for the first-
order rate profile introduced in Eq. 2 and for the dependence
of the overall adhesion kinetics on the interaction-docking
step. This model is a slight modification of the mechanism
proposed by Hellberg et al. [10]: a backward reaction (i.e.,
the reaction of Lp to L' in the following scheme) is
introduced for the interaction-docking step, resulting in the
reaction sequence:

d d -
Trans. ' ka k k
— — 1 —2
L<_kP-L (_ITLD K, LD**)LO KzL " LE K‘L

(3)
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Fig. 3 First microseconds of the integrated transient shown in Fig. 2b.
Squares: experimental points, circles: Fitting with Eq. 2, triangles:
Fitting with Eq. 1

where L is the free liposome, L' is the liposome in contact
with the mercury surface, Lp is the docked liposome, Lp« is
the adsorbed docked liposome in a deformed state, Lo is
the opened liposome, Lo« the adsorbed opened liposome,
Lg, the “deconvoluted” liposome i.e., lecithin island that is
not yet adsorbed, and L, is the island of adsorbed lecithin
molecules. According to the model, K;, K5, and K5 are the
equilibrium constants of very fast adsorptions equilibria.
The model modification means that the step which had the
rate constant k, in Hellberg’s model [10] and which
represented the change from a liposome in contact with the
electrode to a docked liposome is substituted by a
reversible reaction with the forward and backward rate
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Fig. 4 Arrhenius plot for the interaction-docking of DMPC GUVs
calculated from signals obtained at —0.9 V vs. Ag|AgCl. The solid line
is the linear fitting by the Arrhenius equation
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constants k, and k,, leaving open the possibility that the
first interaction that leads to the docking (interaction-
docking step in the expanded model) is reversible. The
first reaction represents the transport (“Trans.” in Eq. 3) of
the liposomes from the bulk to the electrode surface which
is also reversible. Solving the appropriate equations (with
L’ as the starting point) and expressing the result in terms
of the response factor (charge), the following equation is
obtained (see Appendix 1):

Oiip = Qo (1 —e 77 ) + 0 <1 —e D )

where

Y = /(s + k — b + kKK Kby
Z = ky + ky + kK + kK

Equation 4 has the same structure like Eq. 2. If £,=c0 and
k,=0, Eq. 4 is reduced to Hellberg’s model [10], in which
such assumptions were implicitly made (starting point in
that model was Lp).

Comparing Eqs. 2 and 4, it follows that:

Z+Y 1

- 5
2(1 +K1) 70 ( )
zZ-Y 1
- 6
20+K1) w ©)
Further, for A, and k,, one obtains:
1+ K
ks =—— 7
a k]K]T()Tl ( )
k Klz(k]zfofl*k1(10+11)+1>+K1(2*k1(1’0+‘[1))+1
= —

kKitot
(8)

Note that k, is positive only for certain values of the
involved constants. 7y and 7| are experimentally accessible,
while k; can be determined from the low-resolution
measurements at low temperatures [10, 16] (below or just
above the PTT), leaving K, as the only unknown variable,
whose value must be adjusted to comply with a positive (or
zero) value of k. Below, we will show that an approximate
value for this constant can be found when considering the
overall adhesion-spreading response.

Macroscopical approach

As described in “Experimental,” the average number of peaks
measured as a function of the elapsed time since the
beginning of the experiment was determined in 1.5 ms steps
for a suspension of 0.05 g L' of DMPC GUVs at 25 °C at
several potentials. Figure 5 shows the obtained curve at
-0.9 V vs. AglAgCl. From the time constants already
determined for the microscopical process, it is expected that
the liposomes already in contact with the electrode undergo
adhesion-spreading almost immediately, even if &, has large
values compared with k,, ruling out pure kinetic control.
However, the curve does not correspond neither to pure
diffusion control, as the relationship between the number of
peaks and the elapsed time does not follow the expected
square root relationship. The convective currents that may be
caused by the Marangoni effect are unlikely to account for
this observation, as they would cause an increase in the
number of observed events (as has been reported for the
adhesion and spreading of oil droplets and cells on a
dropping mercury electrode [39]) instead of a decrease in
that parameter on the initial stages as observed here.
Therefore, a mixed mechanism is assumed and a complete
solution has to take into account all the steps in Eq. 3 up to
Lo, where no other possibility is left but the complete
adhesion-spreading of the vesicle. However, the system of
equations that must be solved for the whole mechanism is
very complicated, and a simple solution cannot be found.
Therefore, the mechanism was simplified as follows:

Ll L ol 5 N ©)

24

0 T T T T T T T T T 1
0.0 03 0.6 0.9 1.2 15
t/'s

Fig. 5 Average number of observed adhesion-spreading peaks as a
function of the elapsed measuring time. Data averaged from 50
measurements on a 0.05-g L' DMPC GUYV suspension in 0.1 M KCL.
The dotted line is the curve predicted considering diffusion control
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where the step with rate constant %, comprises all steps
leading to the irreversible adhesion-spreading. N is the
number of recorded adhesion-spreading peaks. In this
simplified version, the mechanism going from L' to N
strongly resembles the kinetic equation of metal nucleation
on electrodes as proposed by Milchev [40, 41]. In that case,
the first reversible step is the formation of active nucleation
sites and the second, the actual nucleation of the metal. In
our case, the system is analogous; the first step is the
“formation” of docked liposomes (forming “nucleation
site”), and the second one is the actual “nucleation”: an
irreversibly attached liposome, which may be either in the
Lo, Lg or L states. Assuming the transport (“Trans.” in Egs.
3 and 9) to be caused by diffusion, the solution of the
pertinent simplified equations (see Appendix 2) leads to:

Xo(Yo — Xo)" (Yo + Xo)v/—2(Yo — Xo)
1 270/t
exp(—E(Yo —Xo)t> + 02 5
V(Yo — Xo)™ (Yo + Xo)
(10)
where:
Xo = /K2 + 2koley + 2koky — 2kokn + k2 — Dbk, — 2ok + K2 + 2ok, + K2

Yo =lha+ky+hko+ky
Zo = 16ASMDEC1*ip\/l_)kakn (kaken + ke, + k)

Simplifying leads to:

N(t) = ASMDEC;;p\/B
X (Alerf(\/ — Olt)e_k""—o—Azerf(\/ — 02t>e_k°2’ + A3\/;>
(11)

where Agypg 1s the area of the electrode, C:p is the bulk
concentration of the liposomes, and D is the average
diffusion coefficient (because there is always a size
distribution of liposomes). These three parameters can be
determined experimentally: The area of the electrode was
determined by weighting the mercury drops, while the
average diffusion coefficient and the bulk concentration can
be calculated from the size distribution of the liposomes in
suspension obtained using light-scattering measurements.
The constants 4; and A, have imaginary values that cancel
after evaluation of the error functions. Considering together
Egs. 7, 8, and 11, as well as the experimental obtained
values of 7y and 7, and taking into account the fact that %,
is directly related to the values of k; estimated for low-
resolution measurements, only two unknown constants (K
and k) are left. Both of them can be obtained by fitting Eq.
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11 to the N(¥) time dependence curve shown in Fig. 5.
Trying several combinations of the values of both constants
and calculating &, and 4, in order to satisfy Eqgs. 7 and 8, it
was found that the rate constants at the studied temperature
and potential must have values on the order of £,<0.5 s,
k,~10° s7!, ky=10% s7!, K;~13000 and k,~10% s™'. It can
be seen in Fig. 6 that, using these parameters, the predicted
curve corresponds almost perfectly to the experimental one
during the first 150 ms of the measuring period in which
the standard deviation of the data is small and a diffusion
transport mechanism fails completely to describe the
process. At longer times, the correspondence is not perfect,
but the residual of the model (i.e., the absolute difference
between the predicted and the experimental curves) is still
much smaller than the standard deviation of the experi-
mental data, as shown in Fig. 7.

Some conclusions can be drawn from the estimated
values of the different rate constants. First, the ratio k,/k;, is
very small, around 0.001, meaning that the interaction-
docking step, though fast, is very disfavored, and therefore,
it controls the overall adhesion-spreading process. This
strong tendency of the vesicles not to dock on the mercury
surface may arise from several reasons: One of them is that
the charge density at the electrode surface is quite large,
therefore disfavoring the adsorption of suspended particles
as has been observed before for other systems [42]. A
second reason is that the vesicle fluctuations generate a
repulsive force that can be even larger than the attractive
van der Waals forces, preventing thus the docking of the
vesicles [43, 44]. One could also argue that the attractive
adhesion forces are confronted by the increase in bending
energy on the vesicle upon adhesion. However, this
increase in bending can only prevent the adhesion if the
liposomes are small, and in the present case, all liposome

30

25 1

20

N(?)

15 A

10 A

0.0 0.3 0.6 0.9 1.2 1.5

Fig. 6 Number of recorded adhesion events (peaks) as a function of
time. Solid line: experimental data, dashed line: according to the model
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Fig. 7 Experimentally obtained standard deviations of the number of
detected liposome adhesion-spreading events as a function of the
elapsed time (squares) compared with the residuals of the developed
theoretical model (circles)

adhesion-spreading events studied involve liposomes with a
diameter larger than 1 um, and therefore, they all present a
rather large contact area that favors the attractive adhesion
interactions [45]. It is also interesting to notice the potential
dependence of the constants involved in the overall process,
shown in Table 1. It is seen, that at —0.6 V, a potential
closer to the point of zero charge (pzc; —0.45 V vs. Ag|
AgCl), the interaction-docking step becomes even less
favored than at more densely charged electrodes, while the
adsorption equilibrium represented by K; becomes stronger.
The latter observation agrees well with the known behavior
of adsorption of organic material at metal electrodes. The
reduction in the k,/k,, however, suggests that the driving
force of the interaction-docking step decreases strongly at
potentials near the pzc. A possible explanation is the
formation of defects in the bilayer structure when the
electric field felt by the membrane is strong, which would
happen at large charge densities [15]. The fact that we do
not observe anything suggesting the existence of these
defects on the resulting adsorbed monolayer can be
explained considering that the latter is much more resistant
to high electric fields than the liposomes in the suspension
[46—48] and that the experiments reported here do not have
the sensitivity to detect such defects in the monolayer. The

defects of the liposome structure can work as hydrophobic
attractive centers [45] and can facilitate the attachment and
docking of the liposomes, resulting in the observations
reported in the table. In any case, the evidence suggests that
the “interaction-docking™ step in the model represents the
first measurable interaction of the liposome with the electric
double layer, which can either result in the adhesion and
spreading of the vesicle or more likely—as shown above—
the liposome will not undergo the adhesion process.

It is also remarkable that the value of the rate constant &,
is very low compared to all other rate constants, meaning
that the actual detachment of the vesicles is slow. This
means that they do not adhere but also do not go back to
the bulk; that is, they remain close to the electrode.
Although surprising at first sight, this observation is in
agreement with what has been reported by Burgess et al.
[49] who found that, although at certain potentials, the
presence of an adsorbed bilayer on the surface of a gold
electrode was not detectable by electrochemical measure-
ments, its presence could still be detected by neutron
reflectivity measurements, showing that the bilayer
remained near to the electrode surface. Our experiments
show that something similar happens with liposomes near a
mercury electrode: they may not adhere and spread, but
once they are close to the surface, they will not detach
completely, or they will do so only very slowly.

Conclusions

Using high-resolution measurements with current sampling
each 1.333 us, the mechanism of adhesion and spreading of
liposomes on a mercury electrode could be further elucidated.
In previous reports [9, 10, 16-18], we have described the
activation processes of the bilayer opening and rupture-
spreading steps, the first one being the turning around of
lecithin molecules and the second one being the formation of
a pore large enough to disrupt the membrane. Both processes
were shown to be related to certain properties of the
membrane, such as the flip-flop rate and the rupture tension.
In this publication, the kinetics of the previous step,
interaction-docking, was elucidated, as the new measure-
ments allow determining the time constant and activation
energy of the process. It was found that the first interaction

Table 1 Dependence of the kinetic parameters of adhesion-spreading on the applied electrode potential (£) and the charge densities at the bare

electrode surface (g.)

2

E/V vs. AglAgCl g2 /uC cm™ To/us mi/ps K, ky/s ! ky/s ! ky/s ! kol
-0.9 -9 11 110 1x10* 1x10° 1x108 0.5 1x1073
-0.6 -34 22 70 2x10° 4x10* 2x10% 0.5 2x107*
-0.2 9.4 10 73 9x10* 1x10° 1.5x108 0.5 7x107*

 As reported by Hellberg et al. [10]
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between the liposomes and the mercury surface is very weak,
especially at low-charge densities, although the equilibrium
condition is attained very quickly, and the high rate constant
of the following step (bilayer opening) causes a displacement
of the equilibrium, resulting in the adhesion-spreading of
almost all of the liposomes reaching the electrode surface.
The overall process is controlled by a mixed mechanism in
which both, the kinetics of interaction-docking and the mass
transport by diffusion, play an important role. The chro-
noamperometric measurements are shown to allow a detailed
study of the complete adhesion-spreading process, from the
liposomes in the bulk to the adsorbed lecithin island.
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Appendix 1

For the proposed mechanism:

K, K> K
Trans. ka - k i ky i
L. L'—L L,.—L L,—L L
% P D D* (6} O* E A

the following system of differential equations describes the
reaction:

— Reversible reaction, from the liposome L' touching the

electrode surface to the docked liposome Lp:

dL'(¢)
dr

= —k,L'(¢) + koLp(?)

— Fast adsorption of the docked liposome followed by the
bilayer opening:

dLD(l) _ kaL'(l‘) — kbLD<I) — lelLD(l)

dt 1+ K,

— Fast adsorption of the opened liposome followed by the
rupture-spreading:

dLo([) _ k]KlLD(l) — szzLo(l)
det 1+ K,
— Formation of the lecithin island and its adsorption:
dLE(l‘) _ szzLo(t)
dt 1 +K;3

The set of differential equations is solved using Maple.
The initial parameters consider a number L'0 of liposomes
in contact with the electrode. The obtained constants
defined as “ C#” are known and represent simplified forms
of constants resulting from function of all rate constants.
The results are:

L'(f)=—C2— C3— CA+ L0+ _C2 eXP(f‘i’Z f)
+_C3%3 + _CA%2

Lo(1) = €9+ Cl0exp({41) + .C11%3

+(~-C9— _C10 — _C11)%2

Lo(1) = =-C6 — C7 — €8 + Coexp(42821)
+.CT%3 + C8%2

Le(f) = C13 4+ (—C13 — C15— Cl6) exp(filz?z f)
+.C15%3 + _C16%2

where
kathoKy +hp i K1 +%1)t
e
katho Ky +hyp Ky —%]1)t
%3_exp(_%<a+a 1+l_‘/r;gl| | 0))
and

%1 = \/ I2 + 2k2K) + 2kaky — 2kaki Ky + R2K? + 2kaky Ky — 2kaki K + k2 + 2kikp Ky + k2K

Each of the intermediate products and the resulting
lecithin islands produce a response (measured as charge).
How much charge is displaced depends on how many
lecithin molecules are involved in each of the intermediate
steps and how they affect the double layer. Each of the
intermediates then has a response assigned factor. The total

@ Springer

charge displaced at any time will be given by the sum of all
the responses.
Oyip =factor 1 x L'(¢) + factor 2 x Lp () + factor 3
x K1Lp(2) + factor 4 x Lo(¢) + factor 5 x KrLo ()
+ factor 6 x Lg(¢) + factor 7 x K3Lg(¢)



J Solid State Electrochem (2009) 13:639—649

647

The constants multiplying each of the exponential
terms (pre-exponential factors) can be extracted. Notice
that the only all positive sum is present only by one of
the constants, while the other two are predominantly
negative. In fact, assigning values to the rate constants,
two of the pre-exponential are negative, while a third
(the one related with the bilayer opening process) is
positive:

Coefficient for the exponential term %2 =
1 (kK o+ K +%1)1 |
exXp 2 1+K, .

constant 0 = factor 1_.C4 — factor 4_C11
— factor 4_C10 + factor 2_C8
+ factor 3 K,_C8 — factor 5 K,_C9
— factor 5 K, _C10 — factor 5 K, _C11
— factor 4 _C9 + factor 6 _C16
+ factor 7 K5_C16

Coefficient for the exponential term %3 =
1 (athkK kK —%1)t |
eXpl—2 4K, :

constant 1 = factor 3K;_C7 + factor 4_.C11 + factor 1_.C3

+ factor 2_C7 + factor 6_C15
+ factor 5K, _C11 + factor 7K3_C15

Coefficient for the exponential term exp ( 1ki[1<<22 t):

constant 2 = factor 1_C2 — factor 7K5_C15
— factor 7K5_C13 + factor 3K;,_C6
+ factor 5K,_C10 + factor 2_C6
— factor 7K5_C16 — factor 6_C15
— factor 6_C13 — factor 6_C16
+ factor 4_C10

An independent term YO0 is determined as the difference
between the total displaced charge Oy, and the above-
determined coefficients multiplied by their correspondent
exponential function:

Y0 = —factor 3K, _C7 — factor 3K;_C8
— factor 3K, _C6 + factor 6_C13
+ factor 5K,_C9 + factor 7K5_C13
+ factor 4_C9 + factor 2_C6
— factor 2_C7 — factor 2_C8
— factor 1_C2 — factor 1_.C3
— factor 1_C4 + factor 1L'0

The Oy, function can be then written as follows:

Oiip = Y0 + constant 0 X %2 + constant 1 x %3
k2K2 l)
+ K3

This function can be rewritten as:

+ constant 2 X exp (1

Oiip = Y0 + constant 0 + constant 1 + constant 2
— constant 0 x (1 — %2) — constant 1 X (1 — %3)

kK
— constant 2 x (1 — exp (] i;{ t))
2

According to the empirical equation used to fit the
experimental curves, it follows that:

Qo =—constant 0 (positive)
0, =—constant 1 (negative)
0, =—constant 2 (positive)

Notice that O, is negative even though all factors are
considered positive! The negative value arises to account
for the consumption of the intermediate states and is
compensated by the formation of the final product (the
lecithin island). The actual charge difference at the
electrode, at any time is positive, and the charge flowing
as a result of any process of formation is also positive!

An independent term will be equal to: YO+constant 0+
constant 1+constant 2:

independent = factor 1 x L'(0)

As L' represents the liposome after instant contact with
the electrode, before interaction docking and, therefore,
without charge displacement, factor 1=0, and there is no
independent constant term in the equation. With the
appropriate substitutions, Eqs. 2 and 4 are obtained:

() )
Oip=00|1—e @7 | +01(1—e @7

7(l+tK2)
1 —e (k&)

+ O
and

20=0(1- %)+ 1= %) ror(1 -

Appendix 2

Defining the rate of formation and consumption of vesicles
at the electrode surface (L'(7)): Transport mechanism by

@ Springer
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diffusion, reversible interaction docking, and a term k, < L'(?)
representing a simplified form of the diffusion of nonreactant
vesicles from the surface to the bulk:

dL'(z) _ CipAsmpe VD
& " Ve

The reaction is followed by a reversible interaction
docking which is then followed by an irreversible reaction:

— kL'(t) + ko L'(2) — kL' (1)

1%21) + kkako VT%5%7 X exp(— % %21)
19%31) — k2kaV/1%4%6 x exp(— 1 %31)
19%31t) — k2ky vV m%4%6 x exp(— 1 %31)

After the irreversible reaction with the rate constant k,,
there is no other possibility for the vesicle than to rupture
and produce a response peak, and therefore, the rate of
formation of peaks is defined as:

dN ()
dt
Applying the initial condition L'(0)=0, the differential

equations are simultaneously solved, and the number of
peaks as a function of time results in the function:

= knLD(l)

dLp (¢
(’;t( ) _ koL'() — koL (1) — kyLpy ()

—2hkokn V%61 %5%At — 2kpki/%61%5%4t
—2kakV%61%5%4t — 2kykokn v/ T%4%6 % exp(— 1 %31)
— 2 kn/T%A%6 X exp(— 3 %3t) + k2 kyV/T%5%T x exp(— 5 %2t)
+hpkak vV T%5%7 % exp(—
—kpkoka v/ 7%A4%6 X exp(—
—kkioka vV T%4%6 x exp(—

Wi == 169/ BAsus Crocks ko VE%5%T X exp(— 3 %21) — kak,V/7%4%6 x exp(— 3 %31)

V%5%4%1%32%22

+2kknko V/T%5%7 x exp(— % %21) + kikyV/7%5%7 x exp(— 1 %21)
—kukipka/T%4%6 X exp(— 1 %31) + kikyV/a%5%7 x exp(— % %2t)
+hoknV/T%1%5%7 % exp(— % %21) + kpkyVT%1%4%6 x exp(— 1 %31)
+hakn V%1 %A4%6 X exp(— 1 %3t) + 2kpkaka/T%5%7 X exp(— 1 %2t)
ko VT%1%5%7 x exp(—1%21) + kakyVT%1%5%7 x exp(— 1 %21)
—kZ ey Vm%A4%6 x exp(— 1 %3t) + k2kyV/m%5%7 x exp(— 1 %21)
+hkZkaVT%5%T X exp(— % %21) + ko VT%1%A4%6 x exp(— 3 %31)

— k2, /7%4%6 x exp(—1%31)

where

%l = k7 + 2kaky + 2kaky — 2kaky + k2
—2hkpky — 2kpky + kg + 2hnks + Ky

%2 = ka + ky + ki + ky — V%]

%3 = ka + ke + ko + Ky + /%1

%ed = —2 x %2

%S = —2 X %3

%6 = erf(% %S5 )

%7 = erf (3 v/%4t)

S

@ Springer

The equation thus obtained can be simplified to:

Zoerf (2/1\/=2(Y, + X,))

Xo(Yo — X)) (Yo 4+ Xo)*/=2(Ys + Xo)

N(t) =

X exp (—%(Yo +Xo)t)
Zoerf (3/1/=2(Y, — Xo))

Xo(Yo — Xo)* (Yo + Xo)/—2(Yo — Xo)
X exp (—%(Yo —Xo)t)

N 2Z,\/t
\/E(YO _XO)Z(YO +X0)2
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where:

Xo

= /K2 + 2hakey + 2kaky — kol + K2 — 2koky — 2hkey + KE + 2hnky + K2

Yo = ka+ ko + ko + ki
£
Zy = 164smpeCyip V Dk (kakew + ks + kiyke )

Grouping all constant terms, the equation is further

simplified to:

N(t) = ASMDEC:p\/B(AIerf(m) o hatt

+A2€I'f(\/ - 021) e kot +A3\ﬂ)

corresponding to Eq. 11.
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