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The phase properties of dipalmitoylphosphatidylserine(DPPS) monolayer at a polarized nitrobenzene-
water interface have been studied by measuring the double-layer capacitance of the interface, Ca, under precise
control of the potential drop across the interface. When a saturated DPPS monolayer was in contact with an
aqueous 0.1 mol dm~2 LiCl solution, the Ca took a value of 9.5 pF cm~2. The presence of Ca?+ or Mg?* at greater
than 2 mmol dm™ in the aqueous phase induced a decrease in Cq down to 1.5 pF cm~2, corresponding to the
phase transition of the monolayer from a liquid-expanded to a condensed phase. The condensed DPPS
monolayer was stable against a change in the applied potential across the interface between AY¢=—0.14 and
0.10 V, where A¥ ¢ is the potential of the aqueous phase with respect to that in the nitrobenzene phase. Cyclic
voltammetric measurements of ion transfer showed that the DPPS monolayer in the liquid-expanded state
decreased the rate of ClO4~ transfer from the aqueous to the nitrobenzene phase, but did not affect the rate of
tetramethylammonium ion, TMA*, transfer. This indicates the importance of the electrostatic interaction
between the negatively charged DPPS monolayer and the transferring ions in determining the rate of ion
transfer across the monolayer. In contrast, the condensed monolayer significantly diminished the rates of ion
transfer for both TMA* and ClO4~ ions, suggesting that the presence of the condensed monolayer altered the
rate-determining step and that the condensed monolayer exerted an additional hydrodynamic friction on the
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ion-transfer processes.

The phospholipid monolayer formed at the polariz-
ed oil-water interface is a suitable model system for
studying the electrical aspects of biological and
artificial membranes, e.g., double-layer structure in
the vicinity of the membrane-solution interface, specific
interaction of ions with membranes, and, in parti-
cular, the charge-transfer processes across membranes.
The advantage of the monolayer formed at the polariz-
ed oil-water interface is that it is possible to accurately
control the potential drop across the interface and,
hence, to apply electrochemical techniques to charac-
terize the phenomena associated with the electrified
interface.’:?  The electrochemical phenomena at
oil-water interfaces had been seen as being a model of
biological membranes already in the earliest stage of
electrochemistry at oil-water interfaces.®4 Although
some pioneering work on the electrocapillarity at the
oil-water interface in the presence of phospholipid
adsorption had been reported,5-? electrochemically
well-defined data on the phospholipid monolayers at
the interface have become available only during the
last decade, after the establishment of the theoretical
concept and experimental methods of the polarized
oil-water interface.l-8:9 Since then, there have been
several attempts to study the effect of phospholipid
monolayers on the ion-transfer reaction across the
interface.10-12 However, the properties of the mono-
layers themselves formed at the polarized interface are
not sufficiently understood to correctly interpret the
observed behavior. Recent studies of the adsorbed
monolayer of phosphatidylcholines have revealed the
fundamental properties of the monolayers at the
polarized oil-water interfaces by using interfacial

tension!3:1¥ and double-layer capacitance measure-
ments.'518 Phosphatidylserine is one of the important
constituents of biological membranes and, hence, has
been the subject of extensive studies,7—39 especially in
relation to the specific interaction of the phosphatidyl-
serine head group with cations, which can cause a
drastic change in phosphatidylserine-containing lipid
assemblies. The purpose of the present work was to
electrochemically characterize the phosphatidylserine
monolayer at the polarized oil-water interface and to
elucidate the effect of the divalent-cation induced
phase transition of the monolayer on the ion-transfer
processes across the interface. The present communi-
cation reports on the results obtained from the double-
layer capacitance and cyclic voltammetry measure-
ments at the polarized nitrobenzene-water interface in
the presence of an adsorbed pr-a-dipalmitoylphos-
phatidyl-L-serine, DPPS, monolayer.

Experimental

DPPS was obtained from Sigma Ltd. and was used
without further purification. Tetrapentylammonium tetra-
phenylborate (TPnATPB) was prepared from tetrapentyl-
ammonium iodide and sodium tetraphenylborate and was
twice recrystallized from acetone-ethanol mixture. An
aqueous solution of reagent-grade tetrapentylammonium
chloride (TPnACIl) was treated with silver chloride to remove
trace iodide ion. LiCl-Hz20, CaClz-4H20 (Merck, Spurapur
grade) and MgClz-6H20 (Merck, Pro Analysis) were
dissolved in water to prepare the stock solution. The
concentration of TPnACl solution was determined from
potentiometric titration with a standard silver nitrate
solution. Nitrobenzene was distilled under reduced pressure.
The middle 60% of the distillate was shaken with active
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alumina and then equilibrated with water after filtrating out
the precipitates. Triply distilled water was used throughout
the measurements. All other chemicals used were of reagent
grade.

The electrochemical cell is represented by:

| II 111 AV
50 mmol dm—3 | 0.1 mol dm—3 TPnATPB
Ag | AgCl | TPnACl x pmol dm—3 DPPS
(W) (NB)
\% Vi VI
(0.1—2a) mol dm—3 LiCl o
amol dm~—3 MCl; AgCl | Ag

(W)

where M denotes Ca?+ or Mg2t. The interface between
Phases IV and V is the polarized nitrobenzene-water
interface. The potential of the right-hand side of the cell
with respect to the left, E, was controlled by means of a
laboratory-made potentiostat similar in circuit design to that
used by Osakai et al.30 In Cell (I) the potential of zero
charge, Ep., was 0.34 V.19 The potential region positive
(negative) to Ep. will hereafter be referred to as the positive
(negative) branch. Since the surface potential at the pzc is
small,? the potential referred to Ey. can be taken as a
convenient measure of the inner potential difference between
the two phases, A% ¢, where the potential of the nitrobenzene
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Fig. 1. Cell design used for impedance and cyclic
voltammetry measurement. W1: aqueous solution,
W2: aqueous solution containing TPnACI, O:
nitrobenzene solution, El1 and E2: Ag-AgCl
electrodes, F: glass frit, S1 and S2: silicone rubber
stoppers, J: water jacket, R: nitrobenzene solution
reservoir.
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phase is taken as a reference. Then, A¥¢>0 in the positive
branch and vise versa. A residual iR drop was compensated
for by a positive-feedback method. In impedance measure-
ments, the d.c. potential was scanned from 0.20 to 0.44 V at
5mV s~1using a function generator (Hokuto Denko Ltd., HB-
104). An a.c. voltage of 5 mV peak-to-peak and 50 Hz from
an RC Oscillator (Kikusui, ORC-11) was superimposed on
the d.c. voltage. The real and imaginary parts of the output
of a lock-in amplifier (NF Circuit Design Block Ltd., LI-
574A) were fed to a micro-computer (Fujitsu, FM-8), via a
12-bit A/D converter equipped with a GP-IB interface
(ADTEK System Sci., R-488AD type II). The double-layer
capacitance was calculated from the imaginary component
of the a.c. impedance.!®

The cell used for the a.c. impedance and cyclic voltammetry
measurements was of the two-electrode type illustrated in
Fig. 1. The electrodes were silver-silver chloride electrodes.
A polarized nitrobenzene-water interface was formed at the
upper part of the narrowed cylindrical portion in the middle
of the cell. To obtain a flat interface, only the part of the
inner surface of the cell lower than this interface was made
hydrophobic by applying dimethyldichlorosilane vapor.32
The geometrical area of the interface was 0.196 cm2. One
advantage of this type cell is that aqueous solution in the
upper part of the cell can be renewed after the formation of
the interface, even after the formation of a phospholipid
monolayer. An aqueous solution of 0.05 mol dm=3 tetrapent-
ylammonium chloride, TPnACl, was made to contact with
the nitrobenzene phase through a glass frit at the bottom of
the cell. All measurements were made at 25.0%0.05 °C.
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Fig. 2. Double layer capacitance vs. potential curves
for the interface between 0.1 moldm=3 LiCl and
nitrobenzene solution containing 0 (----), 1 (O),
2 (A), 5 (O), 10 (@), and 20 (A)pmoldm—3
dipalmitoylphosphatidylserine.
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Fig. 3a. Double layer capacitance vs. potential curves
for the interface between 0.05 mol dm—8 MgClz and
the nitrobenzene solution containing 0 (----), 1
(O), 2 (A), 5 (O), 10 (@), and 20 (A)pmol dm—3
dipalmitoylphosphatidylserine.

Results

The double-layer capacitance, Cq, vs. E curves at
several concentrations of DPPS, cppps, in Phase IV at
a=0 in Cell (I) are shown in Fig. 2. It typically took
2 h to obtain the time-invariant value of Ca, which was
considered to indicate the adsorption equilibrium.
The Ca value was lowered with an increase in cpees
and reached a saturation at ¢ppes=20 pmol dm—3. The
minimum of the Ca vs. E curve was shifted from
E=0.29V to 0.34V by the formation of a saturated
monolayer. The Cq value at this minimum was
9.5 puF cm—2. The Ca vs. E curves are presented in Figs.
3a and 3b at five different concentrations of DPPS,
when the aqueous solution contained 0.05 mol dm-3
MgCl2 or 0.05 mol dm—3 CaClz. The Cq values at two
different compositions of the aqueous phase, 0.1 mol
dm—3 LiCl and 0.05 mol dm—8 MgClg, are compared at
E=0.30 V in Fig. 4. As can be seen from these figures,
the Mg2+ and Ca?t ions drastically lowered the double-
layer capacitance down to 1.5 uF cm~2 when cppps=20
umol dm-3. Moreover, Cq became almost indenpen-
dent of E over the 200 mV span (—0.14 V=AY ¢=0.10 V)
of the polarization range, when cppps was greater than
10 pmol dm=3. The Ca vs. E curves for Ca2t and Mg?*+
were almost identical with each other. To check the
effect of the divalent ion concentration on the Ca
value, Cq was measured upon changing the concentra-
tion of CaCls or MgCls, while the total concentration
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Fig. 3b. Double layer capacitance vs. potential curves
for the interface between 0.05 mol dm=3 CaCl; and
nitrobenzene solution containing 0 (----), 1 (O),
2 (A), 5 (O), 10 (@), and 20 (A)pmoldm3
dipalmitoylphosphatidylserine.
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Fig. 4. Change in double layer capacitance with
dipalmitoylphosphatidylserine concentration at
E=0.30V, when the aqueous phase is 0.1 mol dm—3
LiCl (O) or 0.05 mol dm~3 MgCl; ([J).

of ClI- ions was kept constant by adding an appro-
priate amount of LiCl. Figure 5 shows the Cq values
at E=0.30 V. The Ca value was sharply decreased with
divalent cation concentration up to 2 mmol dm—3 and
remained unchanged with a further increase beyond
2 mmol dm=3; the critical concentration for giving a
lower Cq value was found to be 2 mmol dm~3 for both
Ca?+ and Mg?+.
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The effect of the presence of a DPPS monolayer on
the ion-transfer processes was examined by measuring
the ion-transfer rate constants for the tetramethyl-
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Fig. 5. Effect of the divalent cation concentration on

the double layer capacitance at E=0.30 V. MgClz(A)
and CaCl: (O).
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Fig. 6a. Cyclic voltammograms for the transfer of

tetramethylammonium ion from the aqueous phase
to the nitrobenzene phase in the absence of the
dilauroylphosphatidylserine monolayer. The aque-
ous solution contains 0.05 mol dm—2 CaClz and 0.5
mmoldm~3 tetramethylammonium chloride.
Scan rate is 10(1), 20(2), 50(3), 100(4), and 200(5)
mV sl
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ammonium ion, TMA+, and the ClO4 ion transfer
from the aqueous to the nitrobenzene phase. For this
measurement, after the formation of the monolayer,
Phase V was replaced with an aqueous solution
containing 0.5 mmoldm~3 TMACI or LiClO4 by
sucking an old solution and filling a new solution.
This procedure was repeated five times. It was
confirmed from the shape of the C4 vs. E curves before
and after this procedure that this exchange of the
solution did not destroy the DPPS monolayer. The
cyclic voltammograms for TMA+ ion transfer in the
absence and presence of the DPPS monolayer in
contact with 0.05 mol dm—3 CaCls, are shown in Figs.
6a and 6b, respectively. There was no significant
difference in the midpoint potentials before and after
the introduction of the monolayer to the interface.
The standard rate constant of ion tranfer was estimated
from the variation of the peak separation with the
sweep rate (10—200 mV s—1) using a method proposed
by Nicholson for quasi-reversible charge-transfer
reactions.?3:3¥  Since the positive feedback method
employed in the present study ensured that the
uncompensated resistance was less than 10 Q39 and the
current was always smaller than 50 pA, the contribu-
tion of the uncompensated resistance to the estimated
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Fig. 6b. Cyclic voltammograms for the transfer of
tetramethylammonium ion from the aqueous to the
nitrobenzene phase in the presence of a saturated
monolayer of dipalmitoylphosphatidylserine. The
aqueous solution contains 0.05 mol dm=3 CaCl; and
0.5 mmol dm~3 tetramethylammonium chloride.
Scan rate is 10(1), 20(2), 50(3), 100(4), and 200(5)
mV i
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Table 1. Effect of Ca2*-Induced Phase Transition
of Dipalmitoylphosphatidylserine Monolayer
on the Standard Rate Constants of Ion
Transfer Across the Nitrobenzene-

Water Interface at 25°C

ksX102/cm s—1

Ion 0.1 M LiCl 0.05 M CaCl:
Free DPPS Free DPPS
TMA+ 1.9 1.7 (0.9® 1.9 0.3 (0.2)
ClO4+ 1.3 0.4 (0.3) 1.4 0.4 (0.3)

a) The number in parenthesis indicates the ratio of the
ks in the presence of DPPS monolayer over that in the
absence of the monolayer.

values of the standard rate constants is likely to be
negligible. In the evaluation of the values of the
standard rate constants, we assumed that the transfer
coefficient was 0.5 and that the ratio of the diffusion
coefficient of the ions in the aqueous phase was twice
as large as that in the nitrobenzene phase. The
standard rate constants obtained are summarized in
Table 1.

Discussion

The Ca value at the minimum of the Cq vs. E curve
for a saturated monolayer in contact with 0.1 mol dm—3
LiCl, 9.5puF cm~2, is comparable with that of the
dilauroylphosphatidylcholine, DLPC, monolayer at
the nitrobenzene-water inteface,® suggesting that the
DPPS monolayer is also in a similar liquid-expanded
state. This significantly high Ca value, in comparison
with that of bilayer lipid membranes, appears to be
due to the penetration of solvent molecules, and,
possibly, ions into the hydrocarbon chain part of the
adsorbed DPPS monolayer,!® and may be seen as being
a common feature of the monolayer in a liquid-
expanded monolayer at oil-water interfaces. On the
other hand, DPPS forms a condensed monolayer at the
air-water interface at room temperature.3® The
difference in the phase behavior of DPPS monolayers
at the air-water and nitrobenzene—water interfaces is
attributable to a diminished cohesion between the
hydrocarbon chains of the adsorbed DPPS molecules
at the nitrobenzene-water interface, as is generally
observed in the adsorption of lipids at oil-water
interfaces.36:30 Moreover, the DPPS monolayer prob-
ably bears a net negative charge, since the pH in the
aqueous solution of Phase V in Cell (I) was typically
5.8, at which DPPS molecules are known to be
negatively charged.?® In other words, the DPPS
molecules should behave as anionic surfactants. This
is, in fact, reflected by the shift of the capacity
minumum on the Cq vs. E curves to the more positive
potential (Fig. 2), i.e., the adsorption of negatively
charged DPPS molecules is stabilized in the positive
branch. The increase in Cq in the negative branch is
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likely to be attributable to the adsorption pseudoca-
pacitance associated with the partial desorption and/or
reorientation of DPPS molecules from the interface. A
similar increase in Cq due to the desorption of
phospholipids from the nitrobenzene-water interface
has been observed for phosphatidycholine monolayers
in contact with an aqueous LiCl solution?5:1® and a
dilauroylphosphatidylethanolamine, DLPE, mono-
layer in contact with an aqueous solution at pH=12.5.39
The electrostatic repulsion between the negatively
charged DPPS molecules would also be responsible for
the monolayer being in a liquid-expanded state.
Although Lit ions are known to induce a gradual
crystallization of the phosphatidylserine bilayers,40-43
there appears to be no such condensation in the
monolayer in the present system.

Figure 5 clearly shows that the presence of Ca?+ or
Mg?t in the aqueous solution at higher than 2 mmol
dm—3 induces a phase transition. The low Ca value of
1.5 pF cm—2 1s twice as large as the capacitance value of
bilayer lipid membranes,*? which is presumably two-
times thicker than the monolayer. Hence, this low Cq
value of the DPPS monolayer indicates that the
nitrobenzene molecules and the ions are excluded from
the monolayer and that the monolayer is in a liquid-
condensed or even a solid crystalline phase.?? There
have been numerous studies on the divalent cation-
induced phase transition of phosphatidylserine as-
semblies,*5-47 e.g., monolayers at air-water inter-
face,25.48-51 bilayer membranes,?? and vesicles.52-59 It
has been found that the interaction of phosphatidyl-
serine assemblies with Ca2* ions is usually stronger
than with Mg?+ ion.22:47.55-50  However, the present
results have shown that the effects of Ca2+ and Mg?+ on
the phase transition of the DPPS monolayer were of
the same magnitude, suggesting that the phase
transition is essentially governed by an electrostatic
interaction between the DPPS molecules and the
divalent ions at the interface. This is in harmony with
the observation that Mg2+-DPPS and Ca2+-DPPS
complexes form similar bilayer structures.?®? The
threshold level of the divalent cation concentration
necessary for causing the phase transition, 2 mmol
dm—3, agrees well with the fact that phosphatidylserines
interact strongly with divalent metals at low concentra-
tions (10—4—10-3moldm=3) in the presence of a
physiological concentration of monovalent salts (10!
mol dm=3).4® The stability of the condensed mono-
layer against the applied potentials conforms to the
fact that the negative charges on DPPS molecules were
effectively neutralized by the adsorbed divalent cations
by forming a 2:1 complex.2+:5® If the divalent cations
and DPPS molecules form a 1:1 complex at the
interface, the monolayer would be positively charged
and a desorption of the complex would occur at the
positive end of the positive branch, as is the case of
cationic surfactants.5?
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Table 1 shows that the influence of the DPPS
monolayer on the ion-transfer processes clearly de-
pends on the state of the monolayer. In the liquid-
expanded state, the contribution of the hydrocarbon
chain part of the monolayer to the rate-determining
step seems to be very small, since the presence of the
monolayer did not change the ks value for TMA+ ion
transfer, the Stokes radius of which is grater than that
of C104~ (0.204 and 0.135 nm, respectively, calculated
from the limiting ionic conductances in water at
25°C.) If the ion-migration process through the
monolayer is a rate-determining step; the friction from
the hydrocarbon part of the monolayer, if any, on
TMA+ ions would be larger than on ClO4~ ions. In
fact, the results obtained from the DLPC monolayer
have shown that in the liquid-expanded state having
the capacitance of ca. 10 pF cm~2, the area occupied by
a phospholipid molecules at the interface is of the
order of 0.7—0.9nm?2;14.19 the solvent molecules
occupy about one half of the area of the interface.
Therefore, there is at the interface a free space large
enough to pass the transferring ions without exerting
any appreciable hydrodynamic drag on the ions.
Then, the rate-determining step is probably the
dehydration process of the transferring ions, as is the
case of the ion transfer in the absence of the
monolayer,?® and k; would not be very much affected
by the presence of adsorbed DPPS molecules.

In contrast, more than a three-fold decrease in ks was
observed for ClO4s transfer, even when the DPPS
monolayer was in the liquid-expanded state (Table 1).
A most probable interpretation for this fact is the
electrostatic repulsion between the transferring anion
and the negatively charged DPPS monolayer, i.e., so
called Frumkin’s double-layer effect.6? Upon transfer-
ring, ClO4~ ions probably experience a repulsion from
the negatively charged interface, resulting in a decrease
in the effective surface concentration at the aqueous
side of the interface, where a certain reaction plane
presumably resides. A similar decrease in ks has been
found in ClO4~ transfer across a negatively charged
DLPE monolayer.?® One may expect the acceleration
of cation transfer at the same monolayer, if there exists
the Frumkin effect on the ion-transfer processes across
the monolayer. Unfortunately, owing mainly to the
uncompensated solution resistance, the ks values in
Table 1 approach an upper limit of the rate constant
measurable in the cyclic voltammetry method and the
possible acceleration may not have been detected for
the TMA+* ion transfer in the present study. The
double-layer effect on the ion-transfer reaction across
bilayer lipid membranes has been studied mainly from
a rather macroscopic point of view, e.g., the overall
shape of current vs. potential curves.8) In our
opinion, the double-layer effect exhibits its signifi-
cance primarily on the kinetic aspects of the ion-
transfer processes, as is the case of the electron-transfer
processes at electrode-solution interfaces.s9
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Contrary to the case of the liquid-expanded mono-
layer, the condensed DPPS monolayer slowed down
the transfer of both TMA+ and ClO4~ ions(4th and 5th
columns in Table 1). Since the monolayer 1is
neutralized by the adsorbed divalent cations, the
double-layer effect is obviously of minor importance.
One of the most probable sources that influences the
ion transfer, irrespective of the charge sign on a
transferring ion, is ion transfer through the hydrocar-
bon chain part of the monolayer. In the course of the
phase transition from the liquid-expanded to the
liquid-condensed phase induced by divalent cations,
the solvent molecules are squeezed out of the
monolayer, as discussed above. Therefore, in this case
the transferring ions must creep into the layer of
hydrocarbon chains. In this migration process, the
hydrodynamic interaction of transferring ions with the
hydrocarbon chains, which is in a condensed or
crystalline state, over a certain distance should become
significant and, therefore, the size, rather than the
charge sign, of the ion would be a determining factor.
In fact, as can be seen in Table 1, the ratios of the rate
constants in the absence and presence of the DPPS
monolayer (Table 1), which may be seen as represent-
ing the degree of retardation of ion transfer, was
significantly smaller for TMA* ions than for ClO4
ions, when the monolayer was in a condensed state.

The observed change in the mechanism of the ion-
transfer processes seems to be of fundamental impor-
tance in reference to studies concerning the permeation
processes of charged components through liposome
membranes.62.69 The difference in the permeability of
simple ions through bilayer lipid membranes has
usually been discussed in terms of the partition
coefficient of the ions between the lipid phase and
aqueous solution, e.g., using the Born equation for
solvation.®4:69 Tt is to be noted that the difference in
the partition coefficients is generally reflected in the
equilibrium properties of ion transfer, i.e., the
standard Gibbs energy of transfer between the two
phases, which can be correlated with the experimental-
ly observed midpoint potential in Figs. 6a and 6b.
The present result, that neither the liquid-expanded
nor the condensed DPPS monolayer caused the
appreciable shift of the midpoint potential, strongly
argues that the kinetic barrier of the monolayer against
TMA+ and ClO4~ ion transfer cannot be explained in
terms of the equilibrium partion properties of these
ions. It has recently been found that the change in the
rate-determining step of ion transfer was induced by a
change in the membrane fluidity of a liposomes
composed of dimyristoylphosphatidylcholine and cho-
lesterol,® which is in line with the present results.
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