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Abstract

The adsorption behaviour of a series of phosphatidylcholines (PCs) with saturated carbon chains of different length (DLPC, DPPC,
DSPC, DAPC, and DBPC) at the electrified 1,2-dichloroethane/water interface was studied by measuring electrochemical impedance
spectroscopy at the polarized interface. Two different trends in the interfacial capacitance were observed for any of the PCs the capacity
dependence on the applied potential: strong adsorption occurs at negative potential with a marked decrease of C(E); increase of capacity
is observed at positive potentials. It is demonstrated that the interfacial lipid adsorption was dependent on phospholipid concentration,
applied potential, and phospholipid chain length. The potential and concentration dependence of the interfacial capacitance in the pres-
ence of these phospholipids were successfully described by a model based on the solution of the Poisson—-Boltzmann equation in the inter-

facial region.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The adsorption of phospholipids have received extensive
attention particularly at the air-water and liquid-liquid
interfaces.

Pethica and co-workers [1] measured the surface pres-
sure isotherms for a series of insoluble (distearoyl phospha-
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tidylcholine—DSPC and dioleoyl phosphatidylcholine—
DOPC) at the n-heptane/water interface using a Langmuir
trough. These authors concluded that DSPC forms mono-
layers which were affected by the concentration of the
aqueous electrolyte (NaCl which concentration is varied
between 0.1 and 0.01 M) and by the pH (between 2 and
5). Later on, Pethica et al. [2] extended this study to an
homologous series of 1,2-diacyl-PC (from Cl14 to C22)
and compared the results with di-C4-cephalin. They con-
cluded that the chains of the phospholipids were fully flex-
ible at low coverage as the isotherms were independent of
chain length. This conclusion was supported by the absence
of any phase transition between 5 and 25°C as it was
observed previously for air/water interface [3]. By contrast
on the high coverage region the experimental results by
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Mingins et al. [4] showed the presence of phase transitions
for phosphatidylcholines (PCs) with chains having more
than 16 carbon atoms. Moreover, the temperature depen-
dence was found to be greater for the longer chain PCs.

The adsorption of PCs at a deuterated water/carbon tet-
rachloride interface (22 °C) [5] shows the formation of
highly packed layers for dilauryl-PC (DLPC) (50 & 8 A%/
molecule) and dimyristoyl-PC (DMPC) (70 + 15 A*/mole-
cule) and expanded layers for dipalmitoyl-PC (DPPC)
and DSPC (100 Az/molecule). The state of organization
of those PCs seems to vary little with the organic phase
since these values are very similar to those obtained for
the n-heptane/water interface (20 °C) [4] and 1,2-dichloro-
ethane (1,2-DCE)/water [6] interface (20 °C).

Electrical phenomena at the surface of lipidic mem-
branes are fundamental to understand the mechanism of
membrane transport of ions and molecules [7]. The use of
polarized ITIES is probably one of the best ways to study
adsorption under the control of the potential across a lipid
layer and the properties of adsorbed layers of phosphat-
idylcholines. The first studies of phospholipid adsorption
at electrified liquid-liquid interface were presented by
Watanabe et al. [8,9]. These authors measured the electro-
capillary curves for the electrified interface formed between
methylisobutylketone and water and were able to describe
and characterize the adsorption of phospholipids. Some
interesting results were described namely the interaction
between the lipids and the cations in the aqueous phase
and the effect of pH on the surface tension curves. How-
ever, the fact that Watanabe and co-workers used very
small amounts of tetrabutylammonium chloride (50 pM)
[9] in the organic phase or no supporting electrolyte [§],
introduced some difficulties in the interpretation of the
results. Later on, Girault and Schiffrin [10] studied the
adsorption of PCs and phosphatidylethanolamines (PEs)
from egg yolk at the electrified 1,2-DCE/water interface.
The results showed a strong dependency of the surface ten-
sion on the interfacial potential. Furthermore, by analysing
the electrocapillarity curves, two different trends could be
observed: at more positive potentials the surface tension
remained unchanged when varying the potential, and at
more negative potential there was a strong increase of sur-
face tension with the potential indicating a strong
adsorption.

Kakiuchi and co-workers studied the adsorption of PCs
[11,12] PE [13] and phosphatidylserine [14] at the nitroben-
zene/water interface measuring interfacial capacitance and
interfacial tension [15,16]. These authors extracted the
Gibbs energy for the adsorption of the phospholipids at
the liquid-liquid interface and concluded that the weak
interactions between the lipid molecules are probably
caused by the penetration of solvent molecules within the
adsorbed lipid chains.

Wandlowski et al. [17,18] measured C(FE) curves for the
adsorption of DLPC, DMPC and DPPC at the nitroben-
zene/water interface from which the surface tension curves
where calculated using an inner layer correction prior to

the data integration. Although the adsorption Gibbs
energy (—35.7 to —37.9 kJ/mol) is similar to that reported
by Kakiuchi and co-workers (between —31 and —37 kJ/
mol) a contrasting conclusion was reached concerning the
net interactions of the adsorbed phospholipids as judged
by the sign of the interaction parameter of the Frumkim
isotherm: Wandlowski et al. obtained a negative value of
the interaction parameter suggesting weak repulsive inter-
actions between the adsorbed molecules while Kakiuchi
et al. [11,16] proposed the existence of weak attractive
interactions.

The interaction between aqueous cations and adsorbed
phospholipids at the ITIES have also received particular
attention by several authors, showing that cation complex-
ation can be evaluated and can be responsible for the
behaviour observed at more positive potentials [16,19-21].

Grandell et al. [6,22] reported a new electrochemical sys-
tem coupled with a Langmuir trough, which allows the
simultaneous control of surface pressure and the potential
drop across the adsorbed layer. These authors presented
adsorption isotherms for DPPC and DSPC at the air/water
and 1,2-DCE/water interfaces and showed that in contrast
to the air—water system, the latter isotherms did not display
well-defined plateau regions or phase transitions. They
interpreted the different behaviour as probably due to a
high mobility in the surface of small size 1,2-DCE mole-
cules. They further concluded that at positive potentials
the adsorption of these lipids at 1,2-DCE/water was weak
while at negative potentials rather stable monolayers were
obtained. Apparently the compressibility of the adsorbed
layer when the lipid molecules are compressed by a
mechanic barrier is much higher than when it is obtained
through continuous compression by successive addition
of lipid aliquots [23]. However, these two modes cannot
be compared as the monolayer collapse occurs with lipids
at different orientations [23,24]. The introduction of a
gelled phase allow the preparation and deposition of Lang-
muir—Blodgett films of phospholipids at a liquid—gel inter-
face [25-27] and study the effect of film organization on
capacitance and transport properties of the films.

In the present work, the adsorption of PCs with different
chain length (C12, C16, C18, C20 and C22) and the effect
of experimental parameters on the adsorption process were
studied at the electrified 1,2-DCElwater interface. Imped-
ance spectroscopy has been shown to be a simple and effec-
tive method to study the adsorption of phospholipids
[11,13] therefore, impedance spectroscopy (EIS) was used
to follow the adsorption phenomena of these lipids at
the electrified liquid-liquid interface. The data were also
fitted to the Frumkin adsorption model, which will be dis-
cussed according to the current knowledge on the structure
and stability of adsorbed phospholipid monolayers at
liquid-liquid interfaces.

Although similar to other systems reported in the litera-
ture our studies extend the potential window available thus
allowing to observe the capacitance behavior at the more
positive potentials, namely the drop in capacitance for
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DAPC and DBPC at moderate concentrations. Further-
more for other lipids capacitance at higher concentration
were obtained showing a decrease in capacitance appar-
ently not reported before. Within the same potential region
the results extend the effect of chain length to existing pub-
lished data. The results allow to suggest that the current
view of phospholipids adsorption on liquid/liquid surfaces
is incomplete deserving further attention.

A theoretical model based in the solution of the Pois-
son—Boltzmann equation for the interfacial system cou-
pling the bulk phases with a dielectric layer is used to
interpret the data obtained. On previous works, similar
models have been proven very useful for describing the
polyelectrolyte multilayers adsorption at liquid-liquid
interfaces and to gain structural insight of interfacial nano-
structures deposited at a liquid-liquid interface [28,29].

2. Theory

The interfacial system is depicted in Fig. 1. The hydro-
carbon region of the phospholipids is assumed to have a
variable width depending both on the chain length, orien-
tation and the phospholipid concentration. The capaci-
tance C of the interfacial nanostructure is defined as [28§]

_ 00
TOAY (1)

where Q is the charge density separated across the ITIES
and A) ¢ = qba — (;52 is the Galvani potential difference be-
tween the bulk aqueous and organic phases. The interface
is described by using a one-dimensional model in which
the ITIES is located at the plane x = 0, the organic phase
occupies the region x <0, and the aqueous solution the re-
gion x > 0. The organic and aqueous bulk phases (i.e., the
regions outside the electrical double layer at the ITIES)
have molar concentrations of their respective 1:1 base elec-
trolytes ¢? and ¢, and relative electrical permittivities &,
and &, respectively.

The hydrocarbon chains of the phospholipids occupy
the region —d;,. < x <0, which is characterized by a relative
permittivity e,.. The different permittivity of the hydrocar-
bon region and the organic phase implies that a chemical
partition coefficient K. needs to be included when describ-
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Fig. 1. Schematic representation of the electric potential distribution
(solid line) in the interfacial system.

ing the spatial distribution of the organic base electrolyte,
and hence its effective concentration in the hydrocarbon
region is ¢f, = Ky.c2. The charge at the interface x =0 is
modelled as a plane distribution with electrical charge den-
sity o or, in dimensionless units, & = Agy/e, where e is the
elementary charge and A4 is the mean molecular area of the
phospholipids in the monolayer.

The electric potential distribution in region i (i = o, hc,
w) is described by the Poisson—-Boltzmann equation [30]

&’ .
% = i sinh (¢ — ¢7) (2)

where ¢ = F(¢ — ¢7)/RT is the dimensionless electric
potential, ¢, = ¢? =0,

2F2 b 1/2
m:( q) (3)
&eoRT

is the Debye parameter in region i, and &, is the vacuum
electrical permittivity. Multiplying Eq. (2) by 2d¢/dx, it
can be integrated to

do [ 5. of(0—ob 2
dx_i{;cismh (2 + a; (4)

where the plus and minus signs apply in the domains x <0
and x > 0, respectively, and g; is an integration constant. In
the bulk phases the integration constant vanishes because
do/dx also does.

The constant ay,. as well as the potentials ¢(—d.) and
¢(0) are unknowns which have to be determined from
the boundary conditions for the electric displacement

do do

£o— = ther (5a)
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and the integral of Eq. (4) over the hydrocarbon region

»(0) d
/ 12 q) 775 = dhe (6)
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Once this equation system is solved, the surface charge
density separated across the ITIES can be evaluated as

0
Ef/ pdx

= ZnRT [(K2 S — Kpotn )sinhﬂﬂ(—dhc) (0]
2
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and the interfacial capacitance is calculated (by numerical
differentiation) from Eq. (1); note that Eq. (7) was incor-
rectly written in Refs. [29] and [30], although the results ob-
tained thereof are correct and not affected by this
typographical error.
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3. Experimental
3.1. Chemicals

The solvent of the organic phase was 1,2-dichloroethane
(1,2-DCE, Aldrich, spectrophotometric grade). The aque-
ous base electrolyte was sodium chloride (NaCl, Merck,
p-a.) and sodium tetraphenylborate (NaTPB, Aldrich,
>99.5%). Tetraoctylammonium tetraphenylborate (TOA-
TPB) was prepared by precipitation of equimolar water/
methanol 1:1 solutions of tetraoctylammonium chloride
(TOAC], from Fluka, >97%) and NaTPB and recrystal-
lized with acetone. Lithium chloride (LiCl, Merck, p.a.)
was used as aqueous phase solutions. All aqueous solutions
were prepared using fresh Milli-Q treated water (resistivity
> 18 MQ cm). All chemicals were used as received. All
experiments were carried out at room temperature and at
pH~T.

DLPC (99%), DPPC (>99%), DSPC (99%), DAPC
(99%), DBPC (>99%) were purchased from Sigma and
used as received without further purification. The PCs were
dissolved in chloroform and methanol. Then a stock solu-
tion was prepared dissolving the previous solution in an
appropriate amount of 1,2-DCE. The PC solutions were
prepared in nitrogen atmosphere and kept at a temperature
of —5°C.

3.2. Methods

Impedance measurements were carried out in a four-
electrode cell with a flat 1,2-DCE/water interface of
0.28 cm? as described elsewhere [31]. The electrochemical
cell employed in this study is schematically represented
by

Ag|AgCl|10 mM NaTPB
+10mM NaCl (H,0)|10 mM TOATPB
+xpM PC (1,2 — DCE)|LiCl 100 mM, pH ~ 7 (H,0)|AgCl

where PC stands for DLPC, DPPC, DSPC, DAPC or
DBPC, and x is the amount of phosphatidylcholine with
concentrations from 0.1 to 100 uM.

Impedance spectra were measured with a frequency
response analyser (1250 ‘Frequency Responde Analyser’
Solartron, Solartron Instruments, UK) and a four-elec-
trode potentiostat (1287 SI Solartron, Solartron Instru-
ments, UK). In the equilibrium impedance measurements,
a 0.020 V root-mean-square ac voltage from the FRA
was applied, sweeping in the frequency range from 1 to
500 Hz with frequencies logarithmically spaced (15 points
per decade). These impedance spectra were analysed using
the equivalent circuit shown in Fig. 2 which is used to inter-
pret the impedance data extracted from electrified liquid-
liquid interfaces [32,33].

The capacitance was extracted and analysed from the
impedance spectra by a non-linear least square fitting
(EQUIVCRT software from Boukamp [34]), using as fit-

Ca
| |
||
R
—AA— —
| Zw |

Fig. 2. Equivalent circuit where Ry is the solution resistance, Cy is the
double layer capacitance and Z, is the Warburg impedance.

ting parameters, R,, C4, and Z,,. Fitting errors were always
less than 5%.

The potential difference applied on the cell, V,,, defined
as the difference of aqueous phase reference electrode and
the organic phase, was converted in a Galvani potential
scale using a procedure described elsewhere [35] by using
the cation tetracthylammonium as the reference ion probe
(Ady, 15 pee = 0.019 V) [36].

Impedance measurements were carried out 1 h after cell
preparation. This stabilization time was found experimen-
tally and was considered to be sufficient to reproducible
adsorption of the phospholipid at the liquid-liquid inter-
face. In order to ensure that undesired time effects are
avoided the measuring program was carefully chosen.
Briefly the impedance measuring program started at a
potential where it is not expected a strong phospholipid
adsorption and then scanned towards the more negative
potential limit followed by a back scan towards the more
positive potential limit and a third scan towards the initial
potential. This potential programme insured that the initial
and final potential measured was the same and therefore
any disruption in the phospholipid layer should lead to
major changes in the interfacial capacitance.

4. Results and discussion

The impedance spectra in the absence and in presence of
phospholipid are plotted in Fig. 3. There is a net change in
the Nyquist representation showing the effect of phospho-
lipid on the electrochemical and structural properties of the
interface. After the fitting of the data to the equivalent cir-
cuit represented in Fig. 2, the double layer capacitance for
the ITIES can be extracted. As an example the fitting
parameters used to analyse the experimental data displayed
in Fig. 3 are presented in Table 1.

The variation of the double layer capacitance with the
potential drop across the liquid-liquid interface is repre-
sented in Fig. 4a and b where the capacitance curves for
the adsorption of different PCs at the 1,2-DCE/water inter-
face at phospholipid concentrations of 2 and 20 puM,
respectively. At more negative potentials the capacitance
in the presence of phospholipid is lower than the base line
which indicates the presence of an adsorbed layer [37], and
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Fig. 3. Impedance spectra for the interface 1,2-DCE/water in the presence
of different DLPC concentrations in the organic phase. Aj ¢ = —0.100 V.
(x) Represents the fitting of the experimental data to the equivalent circuit
shown in Fig. 2.

Table 1
Fitting parameter extracted from EQUIVCRT software for data displayed
in Fig. 3

Ciipia/uUM  RJ/Q  Error/%  C/uF  Error/%  Yyx 10 Error/%
0 3845  0.60 1.69 1.06 4.64 1.98
0.5 4375  0.50 1.07 0.84 5.18 0.94
2.0 4265  0.69 0.99 3.96 6.20 1.59
20.0 4677  1.11 0.32 3.27 11.23 0.98

where ¢ = \/E]—y
0

decreases with increasing concentration until a constant
value is reached which is usually taken as the formation

C (uF cm™®)

of a saturated monolayer [12]. This is consistent with pre-
vious findings [28] in which the formation of a more com-
pact layer also led to a lower curvature of the capacitance
curves. The minimum of the capacitance curves observed at
negative potentials suggests that the interface is positively
charged [28,29]. This comes from an effective binding of
the aqueous cations to the negative charge of the zwitter-
ionic headgroups leading to a positive net charge. The min-
imum is slightly displaced to more positive potentials at
increasing concentrations suggesting that the interface
becomes less positively charged (probably due to the
release of some cations because of the increasing vicinity
of the headgroups).

At positive potentials the capacitance is strongly depen-
dent on the chain length and two different trends are
observed. For lower concentration and shorter chain
length of the lipid the interfacial capacitance is generally
higher or very close to the capacitance of the base line
which is attributed by several authors to the interaction
between the lipid and the cation in the aqueous phase
[21]. For higher concentrations and for lipids with higher
chain length (7 > 18) the capacitance is lower than the base
line, indicating the adsorption of the phospholipid in this
potential region.

For higher concentrations and positive potentials it is
clearly observed a trend of decreasing capacitance with
increasing chain length (DAPC being the only exception).
This behaviour does not hold at low concentrations
because the interface is not compact and the capacitance
depends on the system parameters in a more complicated
way. The inclusion of ions from the organic phase is more
significant in this latter case and this leads to more complex
interactions. When the lipid concentration increases mobile
ions tend to be more excluded from the hydrocarbon
region possibly due to steric effects and the specific proper-
ties of each lipid (chain length being here the most impor-
tant) play a more significant role.

b 20 T T T T T
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Fig. 4. Experimental capacitance curves for the following phospholipids deposited at the 1,2-DCE/water interface: DLPC (dash—dot line), DPPC (dashed
line), DSPC (black continuous line), DAPC (dotted line) and DBPC (grey continuous line) and with concentrations 2 pM (a) and 20 uM (b). The
capacitance curve of the bare interface is also shown.
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Fig. 5. Influence of the theoretical parameters on the capacitance curves.

All these observations can be satisfactorily explained
and supported by means of our theoretical model which
depends on three parameters: the thickness of the hydro-
carbon region dj,, the dimensionless surface charge density
at the interface o, and the partition coefficient of the hydro-
carbon region Kj,.. The dependence of the interfacial capac-
itance on each theoretical parameter is depicted in Fig. 5.
The parameter d,. affect the capacitance values, as it could
be expected from the expression of the geometrical capac-
itance of this layer, Cgeom = A&0énc/dne. An increase in this

Table 2
Parameter values used in the calculations of capacitance curves for the
different phospholipids

parameter leads to a decrease of the overall capacitance
[28]. The dimensionless surface charge density o shifts hor-
izontally the capacitance curves. Positive o values displace
the capacitance minimum to negative potentials and the
contrary holds for negative o. Finally, the curvature of
the capacitance curves increases with increasing the parti-
tion coefficient Kj.. The theoretical values used are given
in Table 2 for all phospholipids considered. Values for
other theoretical parameters are ¢, = 10.4, ¢, = 78.54 and
Ehe — 3.

Fig. 6a and b shows the theoretical capacitance curves at
lipid concentrations of 2 pM (a) and 20 uM (b). All the
main features of the experimental curves are correctly
reproduced qualitatively. The decrease of the capacitance
with lipid concentration below the base line is explained

Phospholipid dhe (A) 2uM 20 uM through the decrease in the partition coefficient of the
Khe « Kpe o hydrocarbon region Kp. which leads to a lower curvature
DLPC 10 0.02 017 0.015 017 for the capacitance curves at higher lipid concentration.
DPPC 16 0.05 0.30 0.05 0.10  In Table 2, it can be observed that Kj is generally lower
DSPC 19 0.14 0.15 0.0005 0.03  at higher concentrations for a given lipid. This means that
gggg ;? 8-8; 8(1); 8'331 8-8; ions coming from the organic phase are excluded from the
- - i i interfacial lipid layer (most probably due to steric effects:
a b 20
18 k
16 | ’i{r
14 7
e o12p Y
Q [§] 7
[V (1
e 2
O 8r O 8}
6 6}
4 4k
2f 2k
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Fig. 6. Calculated capacitance curves for the following phospholipids deposited at the 1,2-DCE/water interface: DLPC (dash—dot line), DPPC (dashed
line), DSPC (black continuous line), DAPC (dotted line) and DBPC (grey continuous line) and with concentrations 2 pM (a) and 20 uM (b). The
capacitance curve of the bare interface is also shown.
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the hydrocarbon region is now more compact because of
the increased lipid concentration). At high lipid concentra-
tion (Fig. 6b) d, is proportional to the chain length of the
lipids, and the decrease of the overall capacitance with
increasing chain length is correctly reproduced by the the-
ory. At low lipid concentration the hydrocarbon region is
looser and dy, is rather an effective parameter not necessar-
ily proportional to the chain length.

At negative potentials the position of the capacitance
minima is correctly reproduced through the surface charge
density o which is positive for all lipids indicating the bind-
ing of the aqueous cations to the zwitterionic headgroups
thus confirming the experimental observation made above.
The slight displacement of the minimum to more positive
potentials at higher lipid concentrations (Fig. 6b compared
to 6a) is also explained through the generally lower value of
o. At these concentrations, the zwiterionic headgroups are
closer and this tends to preclude slightly the adsorption of
the aqueous cations: the distance between sites for adsorp-
tion is lower as well as that of the same-charges that would
be adsorbed. Steric effects can also play an important role
since it is reasonable that the size of the adsorption sites
will be lower for a more compact structure. As a result of
all these factors, the interface will contain a lower concen-
tration of aqueous cations and this explains the lower value
of o« which represents the net surface charge density at the
interface. Another possible reason is a reorientation of the
lipid headgroups allowing Cl™ ions to enter the interface
thus lowering the net excess charge (and therefore, the
value of o).

In Fig. 7, the electric potential distribution calculated
from Egs. (2)-(6) is represented for DAPC (parameters
taken from Table 2) and from dimensionless potential
drops AgY = ¢? — P ranging from —3 to 3. The potential
profile within the hydrocarbon region is almost linear and,
although continuous at the interface, it reaches a peak lead-

organic
r phase

hydrocarbon aqueous

domain

Fé /RT

6 -4 -2 0 2 4 6
KX
w

Fig. 7. Calculated potential distribution for DAPC at dimensionless
potential drops Agp: 3, 2, 1, 0, =1, =2, — 3 from top to bottom and
parameter values given in Table 2.
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Fig. 8. Interfacial capacitance as a function of the lipid concentration
measured at —0.070 V (a) and +0.070 V (b).

ing to a discontinuity of the electric field. This is due to the
net surface charge o at the interface.

Fig. 8a and b shows the plot of the interfacial capaci-
tance, for the different phospholipids as a function of the
lipid concentration. Although there is a strong effect of
the nature of the phospholipid in an intermediate concen-
tration region (between 0.5 and 3 uM), there is a decrease
in capacitance with the increase in concentration. A con-
stant value for the saturated monolayers is obtained for
all lipids when the concentrations are higher than 5 uM.

From Fig. 8a and b, it is possible to conclude that at
negative potentials (—0.070 V) there is a decrease in the
interfacial capacitance with the increase in phospholipid
concentration. The dotted lines where added in order to
show the trend of the measured capacitance with the
increase in lipid concentration. For phospholipid concen-
trations higher than 5 pM saturation is reached which is
generally interpreted as the formation of a saturated phase.

The behaviour of capacitance with lipid concentration is
not linear and for some intermediate concentrations there
is no clear trend, which probably reflects the different
adsorption behaviour of the different lipids and could also
be related with the adsorption kinetics. It should be
stressed that for the intermediate concentrations, where
the deviation from the linear trend was higher, three repli-
cate measurements were made and no significant deviation
was observed.
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Adsorption of phospholipids has been interpreted by
Kakiuchi and co-workers using the Frumkin isotherm,
with weak lateral interactions. Adsorption of non-ionic
surfactants has been treated with a simple model [16]:

_ V=0
g Co—Cp (8)

= ~0=1 0=0
CD - CD
0=1 - . .
where Cp, is the capacitance value at maximum coverage,

C%0 is the capacitance value in the absence of surfactant,

and 6 is the fractional coverage of the surface. The model
applies if the electrical potential is uniform over the surface
(i.e., the patches are at least large enough that there are no
discreteness-of-charge effects), and the surface coverage
does not vary with perturbation of the interfacial potential
difference used for the measurement.

The surface coverage 6 was calculated using Eq. (8) for
the minimum potential, and in the case of DSPC, DBPC
and DAPC, a positive potential was also used for the cal-
culation of the surface coverage. To analyse the results in
Fig. 8, 0 was fitted to the Frumkin adsorption isotherm
[16]:

ﬂc 0 67209 (9)

where f is the adsorption equilibrium constant, ¢ is the
lipid concentration, and « is the lateral interaction para-

a 20 -

= a4 g o
N A O
T B |

1-0)}

¥ 10 4
8 - DLPC
DPPC
DSPC
DAPC

In{6/[c +

6

> < 0

4]
2

0.4 0.6 0.8 1.0
0
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meter. Since In f is equal to —AG?,/RT, the Gibbs energy
of adsorption AGj,, can also be extracted from Eq. (9).

The fitting parameters were determined from plots of
In{60/[Ciipia* (1 — 0)]} vs. 0 (resulting from the linearization
of Eq. (9), results shown in Fig. 9a and b), with slope of 2a
and abscissas interception of Inf and are summarize in
Tables 3 and 4.

The results shown in Tables 3 and 4 can be interpreted
as the existence of two distinct adsorption behaviours for
the PCs under study. For PCs with chain length lower than
C18 and for positive Galvani potentials, the capacitance
curves no longer show the effect of lipid adsorption which
was generally interpreted either as the change of orienta-
tion of the adsorbed molecules or the partial desorption
of the lipid molecules [11]. Although for DSPC there is still
adsorption at the interface the Gibbs energy of adsorption
decreases relatively to the adsorption at negative poten-
tials. For DAPC and DBPC there is no significant change
in the Gibbs energy of adsorption with the potential differ-
ence across the interface. We should stress that the values
of the interaction parameter of the Frumkin isotherm (a)
are positive and large, particularly for DSPC, DAPC and
DBPC for which they are close or above 2. According to
Markin and Volkov [38] the expanded-condensed transi-
tion occurs when a > 2. The decrease in capacity reported
in Fig. 4, at more positive potentials seems also to indicate
that the adsorbed layer is in condensed phase.

b 20—_

18 -

164

] s DSPC

61 = DAPC

4] e DBPC

24

0 T T T T T T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0

6

Fig. 9. Plot of In{0/[Ciipia*(1 — 0)]} as a function of 0 for the different phospholipids used in this study measured at —0.070 V (a) and +0.070 V (b).

Table 3
Experimental conditions and the extracted parameters from the non-linear fitting of experimental data to the Frumkin isotherm at negative Galvani
potential

DLPC DPPC DPPC* DSPC DAPC DBPC
APumin. cap/V —0.110 —0.100 —0.125 —0.090 —0.070 —0.080
CHO /uF em 2 7.3 6.9 9.4 5.5 4.6 4.4
C5!JuF em™2 1.80 1.10 1.00 0.50 0.82 0.80
a 1.8 1.1 1.1 2.3 22 1.9
Inp 11.3 11.9 13.4 10.3 10.5 11.4
AG%,. /kJI mol™! —28 -29 -33 -26 -26 -28

# In phosphate buffer.
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Table 4

Experimental conditions and the extracted parameters from the non-linear
fitting of experimental data to the Frumkin isotherm at positive Galvani
potential

DSPC DAPC DBPC
Admin. cap/V 0.080 0.050 0.119
CO0 /uF em 2 6.80 5.88 10.8
C1/uF em—2 1.50 1.08 1.57
a 1.8 2.4 1.6
Inp 9.8 10.6 12.5
AG/kJ mol ™! -24 -26 -31

5. Conclusions

The adsorption of PCs with chains of different length at
the 1,2-DCE/water interface has been studied by measuring
the interfacial capacitance at different potential ranges. A
theoretical model based on the Poisson-Boltzmann equa-
tion has provided a successful explanation of all experi-
mental trends observed for the dependence of
phospholipid adsorption at the interface on the applied
potential, lipid concentration and chain length. The depen-
dence on chain length is most easily understood at high
lipid concentrations in which larger chain lengths lead to
higher thickness of the lipid layer and, therefore, lower
overall capacitances. The higher the lipid concentration
the lower the available space for the mobile ions at the
hydrocarbon layer (because the structure is more compact).
This is also correctly accounted for by means of a lower
partition coefficient to the hydrocarbon region and it is evi-
denced by the decreasing curvature of the capacitance
curves below the base line. For PCs with n <18 it was
observed, moreover an almost complete desorption from
the interface, while for PCs with n> 18 no significant
change in the Gibbs energy of adsorption for the potential
range studied were observed.
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