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In this work we obtain the thermodynamic properties of mixed (1-stearoyl-2-oleoyl-sn-glycero-
3-phosphocholine) PC and (1-stearoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (sodium salt)) PS
monolayers. Measurements of compressibility (isotherms, bulk modulus, and excess area per molecule)
and surface potential show that the properties of monolayers at the air-water interface depend on the
concentration of ions (Na* and K*) and the proportion of PS in the mixture. The dependence on PS arises
because the molecule is originally bound to a Na* counterion; by increasing the concentration of ions
the entropy changes, creating a favorable system for the bound counterions of PS to join the bulk, leav-
ing a negatively charged molecule. This change leads to an increase in electrostatic repulsions which is
reflected by the increase in area per molecule versus surface pressure and a higher surface potential. The
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1. Introduction

Cells, nuclei, and other organelles are compartmentalized by
thin membranes which control the transport of molecules between
the interior and exterior of the respective compartments [1]. Mem-
branes play an active role in many biochemical processes, including
signaling, cell fusion, and, adhesion [1]. To complete these func-
tions, biological membranes must be dynamic, changing their
composition and geometry in response to the environment. As
a result, their properties vary depending on their components
(phospholipids, proteins, and/or cholesterol) and local environ-
ment (ions, proteins, and other charged molecules) [2].

Phospholipids are the major components of membranes, and
because of their amphiphilic nature they spontaneously self-
assemble when hydrated to form the membrane layer [3]. The main
phospholipids of membranes can be divided by charge into zwit-
terionic (phosphatidylcholine and phosphatidylethanolamine) and
anionic (phosphatidylserine, phosphatidylinositol, phosphatidyic
acid and phosphatidylglycerol) [2]. The mixing of these phospho-
lipids determines the mechanical and electrical properties of the
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membranes and their concentrations vary between different types
of cells [2,3].

Because biological membranes are involved in many complex
phenomena, simpler models, such as vesicles, supported bilayers,
and monolayers, have been used to understand their mechanical
and thermodynamical properties [3]. For example, model mem-
branes created by mixtures of phospholipids have been shown
to reproduce biologically relevant processes such as ion binding,
transport [4], protein adsorption, electrostatic interactions [5], the
appearance of lipid domains, and fusion events [6].

Membranes composed of binary mixtures of zwitterionic and
anionic phospholipids are of special interest due to their unique
electrostatic and thermodynamic properties [2]. Previous reports
have shown that the charge on the phospholipid headgroup is
affected considerably due to ion binding [7]. The effects of ions
are based on the phenomena of adsorption, described by the
Langmuir equation [7-11], together with electrostatic interactions
explained by the Grahame equation [10]. For an initially nega-
tive phosphatidylserine molecule, addition of monovalent ions at
concentrations between 10~! and 10-3 M promotes ion binding
to nearly half of the molecules in the system, with no significant
change on the fraction of bound molecules between these con-
centrations [12]. These theoretical results describe the behavior of
initially negatively charged phospholipids and the binding of pos-
itive ions; however, in our case we will be analyzing the behavior
of phospholipids containing a bound counterion.
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Characterization of phospholipids with a phosphatidylserine
headgroup and Na* counterion has been done mainly in bilay-
ers and vesicles. Using X-ray diffraction and NMR spectroscopy
on dioleoylphosphatidylserine (DOPS) and dioleoylphosphatidyl-
choline (DOPC) bilayers it has been found that the area per molecule
of DOPS (65.3 A2) is smaller than that obtained for DOPC (72.5 A2),
although DOPS is considered to be anionic. These results are
explained by the absence of electrostatic repulsion due to the
existence of the counterion within the bilayer, which can induce
an attractive force between headgroups (hydrogen bonding) [13].
Supporting this finding, molecular simulations of palmitoyl-oleoyl
phosphatidylserine (POPS) bilayers [14] showed that an added Na*
counterion stays localized at the headgroup of POPS near the car-
boxyl group. Further, the counterion increases the probability of
tightly packed zones where bonding occurs between two POPS
molecules by means of the NH3* group with PO4~ and Na* with the
COO~ group. This scenario may explain not only the reduction in
electrostatic repulsion, but also the attractive interactions between
phosphatidylserine molecules that have bound counterions. Addi-
tionally, molecular simulations of dipalmitoylphosphatidylserine
(DPPS) bilayers with Na* counterions [15,16] have estimated that
two-thirds of the Na* ions can be found near the membrane. Fur-
thermore, experimental results with charged phospholipids other
than phosphatidylserine show a similar effect on the reduction of
electrostatic interactions. For example, analysis on the interactions
between egg lecithin bilayers containing the anionic phosphatidyl-
glycerol and phosphatidylinositol found that the repulsive forces
described by electrostatic theory are congruent only if the charged
phospholipids are taken to be half of the total number of phospho-
lipids present in the bilayer [17], meaning that not all the charged
phospholipids are deprotonated. Experiments and simulations
both suggest that the presence of headgroup-bound counterions
is a strong factor which affects the properties of the membrane.

Tubular vesicles made by mixing different proportions of
stearoyl-2-oleoyl-sn-glycero-3-phosphocholine (PC) with other
biomolecules can deform into coiled cylinders [18-24]. This struc-
tural change is produced by adding different concentrations of
CaZ* [19] or a polymer [20], and by mixing PC and 1-stearoyl-2-
oleoyl-sn-glycero-3-phospho-L-serine (PS) in different proportions
[21,22]. Coiling of vesicles containing PS is believed to occur due to
instability in the surface tension induced by headgroup interactions
(e.g. electrostatic forces produce surface charge relaxation which
givesrise to coiling or pearling of vesicles) [24]. Further analysis has
shown that on the addition of monovalent ions, vesicle tube coil-
ing or even vesicle tube formation is diminished, yielding mostly
spherical vesicles [23,24], while the addition of a divalent ion, CaZ*,
mediates phase separation [19]. In this study, we are also interested
in the behavior of a binary mixture composed of PC and PS. The
PC and PS headgroups are the most abundant types in the plasma
membrane [2] and since they possess the same hydrophobic seg-
ments, changes in the monolayer parameters (area per molecule,
surface potential) are mainly caused by headgroup interactions
(Fig. 1).

Vesicles are one of the most widely used and efficient models to
study cell membranes; however, they have some limitations when
examining physico-chemical properties in more detail. For exam-
ple, their area per molecule cannot be manipulated in a specific and
controlled way [25]; further, the range of lipid composition cannot
be varied without significantly changing the vesicle surface cur-
vature [26]. We chose our experimental system to be monolayers
formed at the air-water interface. Monolayers are a more appropri-
ate system to study the thermodynamical properties of membranes
because we are able to control the area per molecule, surface ten-
sion, and concentration of ions at the subphase. Measurements on
the surface potential and compressibility of monolayers have been
reported for various types of phospholipids and with subphases of
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Fig. 1. The figure shows the phosphatidylcholine (top) and phosphatidylserine
(bottom) headgroup chemical structure and charges, including the Na* counterion
position.

different ionic strength [7-11,27-30]. Although the effects of ions
in the subphase have been widely analyzed, the fact that phos-
pholipids can have a previously bound counterion has not yet been
taken into account as a factor which affects the properties of mono-
layers. In this work we show that the non ideal behavior of PC:PS
monolayers is dependent on the ionic strength of the subphase
due to the bound counterion of the PS molecule. Furthermore, our
observations correspond to a desorption mechanism in which the
addition of ions promotes the release of bound counterions, leading
to increased electrostatic repulsions between PS molecules. With
this analysis we obtain an insight into the biophysical properties of
PC:PS mixtures in a monolayer; these results lead to a more com-
plete understanding of the thermodynamics of zwitterionic and
anionic phospholipid mixtures when the anionic molecule has a
bound counterion. The physical properties obtained, such as the
variation of the surface pressure due to different concentrations of
PS andions, can help us understand the structural changes observed
in PC:PS vesicles when varying the concentration of PS [21,22].

2. Materials and methods
2.1. Materials

The phospholipids used in this work are 1-stearoyl-oleoyl-
sn-glycero-3-phosphocholine (PC) and 1-stearoyl-2-oleoyl-sn-
glycero-3-phospho-L-serine [sodium salt] (PS) (Avanti Polar Lipids,
Inc., Alabaster, AL). Pure PC, PS, and their mixtures were stocked
in a chloroform solution (1 mg/ml). All the concentrations shown
for mixtures are in molar percentage. PC and PS have an 18:0-18:1
hydrophobic tail and zwitterionic and anionic head groups, respec-
tively.

Monovalent salt solutions, with concentrations of 10mM,
50 mM and 100 mM of NaCl and KCl (Sigma-Aldrich chemical, St.
Louis, MO) and divalent salt solutions of 1mM and 5mM CaCl,
(Sigma-Aldrich chemical, St. Louis, MO) were prepared with ultra-
pure water prior to the experiment.

2.2. Compression isotherm

Using a Microtrough X (Kibron, Inc., Helsinki, Finland), monolay-
ers were prepared by carefully depositing a droplet of phospholipid
at the air-water interface. Ultrapure water (18.2MS2) was
deposited using 25 mm syringe filters with a pore size of 0.2 pum
(Fisher Scientific, Co., Pittsburgh, PA). The subphase for monolayer
experiments was deposited on a trough (59 mm x 208 mm) with
two Teflon barriers and had a surface tension of 72.8 mN/m at
room temperature (2341 °C). Mixtures were spread from a chlo-
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roform solution (1 mg/ml) using a 10 wl microsyringe (Hamilton,
Co., Reno, NV). After deposition, a wait-time of 20 min was taken
in order to let the chloroform evaporate. A compression isotherm
was achieved by reducing the area per molecule available using the
two symmetrical barriers with a constant velocity of 2 mm/min and
under stable room temperature conditions (23 + 1 °C). The surface
pressure (mN/m) versus area per molecule (A%/molecule) compres-
sion isotherm plot was obtained on a computer connected to the
Microtrough X sensor through the FilmWare software. All experi-
ments were repeated at least three times to ensure reproducibility
with an error less than 0.5 mN/m.

2.3. Surface potential

Measurements were done using the Microtrough X (Kibron, Inc.,
Helsinki, Finland) configuration for surface potential. This set-up
uses the vibrating plate capacitor technique which equilibrates the
potential at the probe with the potential at the surface.

The surface potential was measured with respect to the sub-
phase where the lipid was deposited which was zeroed for every
experiment. The software calculation of the surface potential is as
follows: ¢r=@o — @mon Where ¢; is the measured surface poten-
tial, g is the reference potential and ¢ is the potential of the
monolayer. When zeroed, ¢ =0, and the measured potential is:
@t =—@Pmon.

After calibration, the phospholipid was deposited in the same
fashion as for compression isotherms. This procedure allowed for
observation of the changes in the surface potential of the phospho-
lipid monolayer with a resolution higher than 1 mV.

2.4. Bulk modulus and ideal area per molecule

Changes in the monolayer compressibility, as well as phase tran-
sitions, can be given by the isothermal compressibility modulus
(C). The inverse of the isothermal compressibility modulus, or bulk
modulus, is a measure of the resistance of the monolayer to com-
pression, or, in other words, the amount of pressure needed to cause
a change in the area per molecule. The bulk modulus is valid for
mixed systems as well as for two phase multi-component systems
[31] and is given by:

1 dr

cCl'=- B (1)
where A is the area per molecule at a certain pressure and the
derivative is the change in surface pressure () over the change
of area per molecule of the system at that point. The inverse of
the isothermal compressibility modulus represents the slope of
the isotherm and is used as a measure of phase transitions of the
monolayer [27].

The area per molecule for an ideal mixed monolayer with two
components can be expressed as the linear addition given by:

N
Ajg = ZXiAi (2)
i

where X; is the mole fraction of pure component i and A; is the area
per molecule of the pure component i.
The excess area for a binary monolayer can be calculated from:

Ap = A — Aig (3)

wherein Ay, is the experimental area per molecule. Thus, by calcu-
lating the ideal area per molecule we are able to estimate how much
the monolayer is deviating from ideality; if different phases exist
within the monolayer, or other cohesive forces are acting between
the molecules, it will be reflected in a difference between the ideal
area per molecule and the one experimentally obtained.
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Fig. 2. Compression isotherms of PC:PS mixtures. Surface pressure versus area per
molecule plots of PC:PS mixtures on ultrapure water. Standard deviation bars from
three independent experiments are smaller than symbols.

3. Results and discussion
3.1. Isotherms with ultrapure water subphase

Monolayers were compressed at a constant velocity and tem-
perature (see Section 2) to create plots of surface pressure versus
area per molecule (isotherms). Isotherms of pure PC and PS (Fig. 2)
were found to be in agreement with previous reports [32-34].
Changing the area per molecule of the PS monolayer shows no sig-
nificant variation in surface pressure from 200 to 75 AZ/molecule,
whereas PC:PS mixtures and pure PC monolayers have already
reached surface pressures above 15 mN/m. Above 15 mN/m mono-
layers increase in surface pressure until collapse without any
significant difference. A negatively charged monolayer (PS) should
have more or a similar area per molecule per surface pressure
than a zwitterionic monolayer (PC), due to the electrostatic repul-
sion between PS headgroups. However, for the case of a bound
counterion to PS it shows, in fact, more compression (less area
per molecule) than the zwitterionic monolayer or even mixtures
thereof (Fig. 2), which can be due not only to the lack of elec-
trostatic repulsion but also to possible hydrogen bonding [13,14].
PS molecules are usually assumed to be in a monolayer bearing
a negative charge [11] due to dissociation; however, in order to
preserve stability, PS and other charged phospholipids are stored
in an organic solvent with a bound counterion neutralizing the
molecule. It has been observed in experiments and simulations
[13-17,35-37] that the counterion (Na*) does not always leave the
monolayer.

From the obtained results, we found that the PS molecule is
bound to aNa* counterion; this complex could behave as amolecule
with dipole interactions or as a neutral molecule. If we consider
the dipole-dipole interactions in the monolayer, this effect would
induce the headgroups to orient themselves parallel to the inter-
face, with the opposite charges of different dipoles facing each
other, similar to a PC monolayer [2]. As a result, the monolayer
would show more surface pressure upon compression, and the shift
in the isotherm with respect to PC would be less significant, due
to the fact that PS and PC have limiting areas per molecule in the
same range (65.3 A2 and 72.5 A2)[13]. However, we found a greater
increase in the compression of the monolayer, characteristic of a
neutral molecule; thus, for the rest of the paper we will consider
the PS-bound complex as neutral.

Thus, the bound counterion neutralizes the PS molecules, leav-
ing no electrostatic repulsion between molecules. Therefore, the
surface pressure values exist at areas per molecule much less for
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Fig. 3. Compression isotherms of PC with different concentrations of ions. Com-
parison between isotherms of PC with ultrapure water, 50 mM KCI and NaCl at the
subphase. Standard deviation bars from three independent experiments are smaller
than symbols.

PS than for PC monolayers (Fig. 2). Our results are consistent with
the experimental findings for DOPC and DOPS, where DOPS shows
less area per molecule in a bilayer due to a bound counterion
[13].

Monolayers formed with 90:10, 95:5, 10:90 and 5:95 PC:PS
mixtures have an isotherm similar to that of the corresponding
major component (data not shown). However, for PC:PS mixtures
of 75:25, 50:50 and 25:75; the isotherms are approximately the
same as each other and lie in between those for pure PC and PS
(Fig.2). This behavior could be caused by non-ideal mixing between
PC and PS phospholipids, probably due to the capability of the
counterion to bind to PS. The non-ideal behavior of the mixtures
is later discussed in more detail. In order to observe the electro-
static effects on monolayers containing PS, we next deposited the
monolayers on a subphase containing different concentrations of
ions.

3.2. Effect of ions

To observe the electrostatic effects in PC:PS and pure PS mono-
layers, we created a physical environment in which the counterion
binding would be affected. Different concentrations of ionic sub-
phases were prepared from the monovalent salts NaCl and KCI, and
also from the divalent salt CaCl,, and deposited in the Microtrough
X system as described in Section 2. The addition of ions to the
subphase appeared to contribute to the release of ions from the
monolayer into the bulk, increasing the negatively charged PS
molecules (as will be illustrated in the next section); this is likely
due to a more favorable energetic configuration which increases
the entropy of mixing [12]. In order to support our theory that
the shift of isotherms is due to increasing negatively charged PS
molecules, in the next section we observe the effect of the addition
of ions into the subphase on the surface potential of the mono-
layer. During compression, monolayers formed with pure PC show
the same isotherm on solutions with salt as on ultrapure water
(Fig. 3). Pure PS monolayers and PC:PS mixtures show an increase
in the area per molecule per surface pressure (Fig. 4a). This shift is
dependent on the concentration and type of ion (Fig. 4b). For the
case of 50 mM NacCl, when the isotherm has high values of area
per molecule (>200 A2/molecule), we observe an increase in sur-
face pressure, indicating that long range electrostatic interactions
appear between PS molecules. For the case of KCl, an increase in
surface pressure is shown at ~125 A2/molecule (Fig. 4a).
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Fig. 4. PS monolayer with different concentrations of ions. (a) Comparison between
isotherms of PS with 50 mM NaCl and KCl, (b) area per molecule at a constant pres-
sure of 15 mN/m (as indicated by the horizontal line in (a)) versus concentration of
NaCl, KCl and CaCl; at the subphase. Standard deviation bars from three independent
experiments are smaller than symbols.

Changes in the monolayer with respect to the type and con-
centration of ions are better illustrated in Fig. 4b, where we see
different values of area per molecule versus concentration of salt
taken at a surface pressure of 15 mN/m (data taken from isotherms
shown in Fig. 4a). There is clearly a steady-state effect (such that the
area per molecule maintains a constant value) at concentrations of
salt above 50 mM. This is consistent with an adsorption-desorption
mechanism of ions which affects the compressibility of monolay-
ers [38], and the trend follows what would be expected for ions
being dissociated from the monolayer. Further, the shift in the com-
pression isotherm is more pronounced for divalent ions than for
monovalent ions (Fig. 4b), as discussed below.

Changes in the pH of the sample can induce electrostatic inter-
actions in charged monolayers, beyond varying the concentration
of ions in the subphase [11]. However, PC is known to preserve
its zwitterionic characteristics over the entire pH range [39], and
therefore effects due to protonation are negligible. Also, PS bears a
negative charge at values of pH above 4.5 and protonates at a pH of
4.5 [39] and is found in a zwitterionic form. Furthermore, pH val-
ues below 4.5 are not present in our system, and thus changes in
electrostatics are not due to pH.

The fact that the isotherm of pure PC is not shifted for concen-
trations of 50 mM NaCl and KClI indicates that there is no binding
effect between these ions and PC. In contrast, for PS, the addition
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Fig. 5. Bulk modulus (C-1) of pure PC and PS monolayers on ultrapure water, as well
as PS monolayer on 50 mM Nac(l, as a function of area per molecule.

of monovalent ions leads to a shift in the isotherm to values simi-
lar to that of PC, which we believe is due to increased electrostatic
repulsions (Fig. 4a), with Na* ions having a stronger effect than
K*, which is reflected in the larger surface pressure versus area
per molecule. We believe this is due to the stronger affinity of Na*
(0.6 M~1) to phosphatidylserine than K* (0.15M-1) [11]. Although
the concentration of divalent ion Ca2* needed to produce a shift is
less than for monovalent ions, other changes may occur besides
electrostatics for a divalent ion; for example, Ca2* can alter the
molecular structure of the PS headgroup [40-43]. Therefore, for this
case a more detailed analysis that includes molecular alterations is
required [11,29,30] and is beyond the scope of this paper.

Changes in the concentration of ions bound to the monolayer
and in the bulk are determined by the entropy of mixing. For a
monolayer, it has been shown that the entropy of mixing depends
on the concentration of salt and the binding affinity [12]. From
our results with ultrapure water we have found that most of the
PS molecules maintain their bound Na* counterion. Thus, when
ions are added to the subphase (Na* or K*) they interact, but do
not bind to the PS-Na* monolayer depending on its affinity. Those
with higher affinity (Na*) will interact more with the PS-bound
complex. This induces the solvation of the bound Na* counterions,
as it becomes more favorable for them to dissociate from PS and
instead associate with water molecules, contributing to the entropy
of mixing.

The entropy of mixing maintains a favorable energetic config-
uration in the system by controlling the number of bound and
unbound molecules [44], reaching a stable configuration where the
charge at the monolayer is similar to that at the subphase. There-
fore, in this case, by adding ions to the subphase of a PS monolayer,
we induce the PS-Na* molecule to release the bound counterion.

Using Eq. (1), we obtained the bulk modulus for PS monolayers.
A PS monolayer on ultrapure water has a low bulk modulus for
most values of area per molecule, resembling the behavior of an
ideal gas (Fig. 5). This holds true until it increases greatly at values
of area per molecule less than 60 A2/molecule, when molecules are
being tightly packed, nearly at the point of collapsing the monolayer
(Fig. 1). The low values of bulk modulus for PS on ultrapure water
indicate a lack of electrostatic repulsions between molecules (PS
with bound counterion) as observed experimentally for DOPS [13].

Upon the addition of a monovalent salt (50 mM NacCl) the bulk
modulus is approximately the same as for PC monolayers on ultra-
pure water (Fig. 5). Furthermore, the increase in bulk modulus at
the liquid phase of the monolayer is a reflection of repulsive forces
between molecules of electrostatic origin (i.e. negatively charged
PS molecules). We expect that the negatively charged PS molecules
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2004 &
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Fig. 6. Surface potential of a PS monolayer with different concentrations of NaCl.
Standard deviation bars from three independent experiments are smaller than sym-
bols.

will induce a change in the surface potential of the monolayer, a
measurement which should be proportional to the concentration
ofions in the subphase, as observed in the thermodynamic analysis
shown in Fig. 4b and again in Fig. 5. Therefore, the behavior of the
surface potential will be studied in the next section.

3.3. Surface potential of a pure PS monolayer

We measured the surface potential as a function of salt con-
centration as indicated in Section 2. A positive surface potential
indicates a negatively charged monolayer, or in the case of zwitte-
rionic molecules, that the dipole has the negative charge close to
the air-water interface [45]. When there is no salt in the system,
there is no significant change in the surface potential with respect
to the area per molecule, as shown in Fig. 6 for areas per molecule
between 150 and 100 A2/molecule. When ions are added to the sub-
phase, the surface potential is higher than in ultrapure water and
increases as ions are added to the subphase (Fig. 6). On concentra-
tions of 10 mM Nacl, the change in surface potential between 150
and 125 A%/molecule is approximately 12 mV and between 125 and
100 AZ/molecule is of 25 mV. For the case of 50 mM Nacl, the first
change is slightly higher (20mV) and the second change remains
the same (25 mV). Our results (Fig. 6) are consistent with theoretical
results, where the surface potential increases as the concentration
of ions increases for negatively charged monolayers [45].

The fact that the surface potential does not change when we
compress the monolayer (50A2/molecule) indicates the lack of
electrostatic repulsions, aresult thatis consistent with the isotherm
in ultrapure water (Fig. 2). Furthermore, when molecules are far-
ther apart (150-125A2/molecule) and the concentration of ions
is increased, the change in the surface potential is higher; this
indicates that electrostatic interactions increased. These results
are similar to those observed for changes in isotherms (Fig. 4b).
Therefore, we conclude that the change in surface potential with
increased salt concentration occurs because the bound counterion
leaves the PS molecule. The monolayer becomes more negatively
charged, leading to an increase in surface charge and therefore in
surface potential. This change in surface charge can be related to
the compressibility isotherms if we compare to previous exper-
imental and theoretical results [46], where the surface charge is
proportional to the surface pressure. In the next section, we use
the data from isotherms and surface potential in pure systems to
understand the behavior of mixed PC:PS monolayers.
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3.4. Mixed PC:PS monolayers

Previously we observed that isotherms of PC:PS mixtures
(75:25, 50:50 and 25:75) on ultrapure water are similar; here,
we show that differences in the isotherms become obvious when
ions are added to the subphase (Fig. 7a). We find that with 50 mM
NacCl, each of the mixed PC:PS monolayers has a different isotherm.
The isotherms change with respect to the concentration of PS,
where 75:25 has a greater shift in area per molecule than 25:75.
Further, isotherms with higher concentration of PS (50:50 and
25:75) have similar values of surface pressure at low areas per
molecule (<75 A2/molecule). These results might seem counterin-
tuitive; however, since we have shown that the surface potential
and isotherms are related (Figs. 4b and 6), we evaluated the surface
potential of these mixtures. The surface potential of PC:PS mixtures
at large area per molecule (75 A2/molecule) in 50 mM NaCl shows
a slight change between mixtures, where the difference between
each is around 10 mV. The mixture with more PS (25:75) has a sur-
face potential closer to pure PC than the mixture with more PC
(75:25) (Fig. 7b). In the following analysis, we use these results as
anindication of how many PS molecules are dissociated and present
a negative charge (i.e. surface charge).

Since PC remains unaffected to different concentrations of salt,
changes in the surface pressure on PC:PS mixtures must be related
to the dissociation of the counterion from PS in the mixture. There-
fore, to understand the mixtures we must consider first the area
per molecule of PC molecules; this is similar to that of nega-

Larger area per molecule

508

Fig. 8. Phosphatidylserine molecule and Na* counterion. Phosphatidylserine
molecules with a bound counterion have less area per molecule (left) than those
where the counterion has joined the subphase (right). This is due to electrostatic
repulsion between negatively charged phosphatidylserine headgroups.

tively charged PS. Thus, its isotherm is close to that of pure PC.
Then we take into account the effect of PS molecules with or
without a bound counterion (Fig. 8). This shifts the isotherm to
the right or left, depending on how many negatively charged PS
molecules the mixture has compared to the total. This second effect
is better understood by looking at the surface potential. The simi-
larity between surface potential measurements indicates that the
number of negatively charged PS molecules between mixtures is
comparable. The mixture 25:75 is closer to pure PC, indicating that
it has few negatively charged PS molecules and thus more PS with
a bound counterion. Further, 75:25 has a potential closer to pure PS
(Fig. 6), which reflects that the amount of PS molecules in this mix-
ture is mostly negatively charged. Thus, as we increase the number
of PS molecules in the mixture, the number of bound PS molecules
increases as well.

As we have shown, the isotherm of the mixture with more PC
(75:25) is similar to pure PC but shifted to the right due to the
electrostatic repulsions caused by the PS molecules present. As the
concentration of PS is increased, the amount of bound PS with less
area per molecule also increases, and therefore the isotherm of the
mixture 25:75 is shifted to the left (Fig. 7a). Further, the isotherm
of 50:50 shows better the existence of both states of PS: (1) electro-
static repulsions due to unbound PS at areas per molecule between
~200 and 100 A2 /molecule which are shown by the increase in sur-
face pressure, and (2) bound PS molecules indicated by the isotherm
shifting left to the same values as 25:75 at areas per molecule
<100 A2/molecule. The observed behavior suggests non-ideality of
the mixed monolayers, and thus in the next section we analyze the
deviation from ideality by calculating the excess area per molecule
and bulk modulus.

3.5. Deviation from ideality

The deviation from ideality was calculated from the isotherms
(Fig. 4 and 5a) using Eqgs. (1) and (2) (see Section 2). If a monolayer
mixture is ideal, the area per molecule at a certain pressure should
be the one calculated with Eq.(2); when the area per molecule of the
mixture is away from the ideal line it is an indication of non-ideality
[47,48]. We find that for monolayers containing less PS molecules
(75:25), the excess area per molecule is positive (above the ideal
line), indicating more expanded states [47,48]. Meanwhile, for mix-
tures containing more PS molecules (25:75) the excess area per
molecule is negative, indicating the existence of compressed states
(Fig. 9a). Further, the bulk modulus was calculated for each mix-
ture using the isotherms and compared with the one obtained by
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Fig.9. Deviation fromideality.(a)Ideal area per molecule and experimental area per
molecule (calculated at a surface pressure of 25 mN/m) as a function of concentration
and (b) experimental and theoretical bulk modulus of PC:PS monolayers, calculated
at 100 A2/molecule.

the linear addition of pure PS and PC bulk moduli (ideal), similar
to our analysis for the excess area per molecule (Fig. 9b). When
salt is added to the subphase, pure PS and PC have the same bulk
modulus. For the case of PC this is due to the effective area of the
headgroup and for the case of PS this is due to electrostatic repul-
sions, a result which is expected, based on the similar isotherms
between both monolayers (Fig. 4a). However, the mixtures devi-
ate from ideality, indicating the presence of different states in the
monolayer.

These calculations together signify a non-ideal behavior of the
monolayer. The excess area per molecule indicates how much area
the monolayer exceeds beyond its ideal behavior, and we observe
that the mixture of 75:25 has a large positive excess area per
molecule which suggests that electrostatic repulsions are present
between molecules. For the mixture with more PS (25:75) the
negative excess area per molecule occurs if PS molecules in the
monolayer have a bound counterion and thus more compressed
states. These results are consistent with the ones obtained with the
surface potential analysis (Fig. 7b) where we showed that 75:25
PC:PS has more electrostatic repulsions than 25:75. Our analysis of
bulk modulus supports the fact that parts in the monolayer exist in
adifferent physical state than the rest of the monolayer. Indeed, the
force it takes to compress the monolayer is different than the case
when all the molecules are the same (ideal line). Thus, because of
the non-ideal mixing they have less or more area per molecule and a

different resistance to compression. While our results suggest that
PS molecules in mixed PC:PS monolayers exist in different states
(Fig. 8 - bound to a counterion for the case of ultrapure water, left;
unbound when salt is added to the subphase, right), further anal-
ysis of the mixing behavior is needed to better understand how
these molecules are arranged and how this arrangement affects
the monolayer properties.

The main conclusions of this paper are the following: (1) while
PSis anegatively charged molecule, it can be found bound to a coun-
terion, rendering an effectively neutral molecule. (2) The mixing of
PC and PS is non-ideal and varies according to the PS concentra-
tion. If we translate these findings to a bilayer, we would expect
that some of the PS molecules in the membrane would be bound
to a counterion, changing the bilayer structural and electrostatic
properties. Our experimental data are supported by those found in
numerical simulations for PS containing bilayers, where the major-
ity ofthe Na* counterions are found in the bilayer and not at the bulk
[15]. The change in counterion binding due to the concentration of
salt produces a change in the surface potential in monolayers. This
feature could play an important role in biological membranes and
their interactions with other molecules such as proteins [20] and
DNA [49,50].

The conclusions are even more striking when we use the mix-
tures of PC and PS to help us understand the behavior of a more
complex membrane. There, due to the bound counterion, a cer-
tain number of PS molecules will occupy less area per molecule
compared to a different group of negatively charged PS molecules.
This effect induces the non-ideal mixing of PC and PS, which can
induce the formation of lipid domains in a bilayer. Thus, according
to our results, bilayers with a higher concentration of PS molecules
will have a greater tendency to form domains with less area per
molecule and surface potential. This would affect whole bilayer
properties such as mechanical tension and shape, as observed for
mixed PC:PS vesicles [21,22].

4. Conclusions

In this work mixed monolayers made of the zwitterionic lipid PC
and the anionic lipid PS were formed at the air-water interface. We
found that when deposited on ultrapure water, the behavior of PS
within the monolayer is similar to that of a neutral molecule due to
the bound Na* counterion. When ions are added into the subphase,
the electrostatic interactions between PS molecules increase; this
causes an increase both in area per molecule versus surface pres-
sure and in the surface potential. Further, the excess area per
molecule and bulk modulus together indicate a non-ideal behavior
of mixed PC:PS monolayers, which is attributed to the existence
of PS molecules with bound and unbound counterions. PS-Na*
molecules have a smaller effective area per molecule due to the
lack of electrostatic repulsions. Unbound PS molecules increase
the surface charge of the monolayer and thus also the measured
surface potential. The fraction of molecules in each state depends
on the concentration of PS in the mixture and of the ions in the
subphase.

Previously, it has been shown that varying the amount of PS
and salt in the system changes the geometrical properties of PC:PS
vesicles. Our results further explain this behavior, by showing that
the surface pressure and charge of the membrane change as a
function of PS and salt concentration; these modifications likely
lead to previously observed geometrical alterations such as vesicle
coiling. This analysis can be extrapolated to other phospholipid sys-
tems where the salt in the media changes, such as cell membranes,
supported bilayers, and self-assembled monolayers. Further explo-
ration on this system is needed to demonstrate how the mixing
occurs, including how the different PS and PC molecules arrange
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within the monolayer, and whether the existence of PS in two dif-
ferent states induces domain formation.
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