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The  aim  of  this  work  is  to study  the  phase  diagram  of  mixed  monolayers  composed  of  dimyristoylphos-
phatidylcholine  (DMPC)  and stearic  acid  (SA)  at different  ionic  strength  and  bulk  pH of  the  aqueous
subphase.  In  this  way,  the  effect  of  ionization  of  SA  on  the  interaction  and  thus  on  phase  separation  with
the  DMPC  matrix  can  be analyzed.  To  this  purpose,  we  first determined  the  ionization  state  of pure  SA
monolayers  as  a function  of  the  bulk  subphase  pH.  The  SA  monolayers  are  nearly  fully  ionized  at  pH  10
and essentially  neutral  at pH  4  and  the  mixture  of DMPC  and  SA  was studied  at  those  two  pHs.  We  found
that  the  DMPC-enriched  phase  admits  more  SA  if the  SA  monolayer  is  in  a liquid-expanded  state,  which
is  highly  related  to the  acid  ionization  state,  and  thus  to  the  bulk  pH  and  ionic  strength.  At  pH  4  the
onolayers molecules  hardly  mix  while  at pH  10 the  mixed  monolayer  with  DMPC  can admit  between  30  and  100%
of  SA  (depending  on  the  lateral  pressure)  before  phase  separation  is  established.  The  addition  of  calcium
ions  to  the  subphase  has  a  condensing  effect  on SA monolayers  at all  pHs  and  the  solubility  of  SA in the
DMPC  matrix  does  not  depend  on  the  bulk  pH  in  these  conditions.  The  observed  phase  diagrams  are
independent  on  the manner  in  which  the  state  of  the  mixed  film  is  reached  and  may  thus  be  considered
states  of apparent  equilibrium.
. Introduction

Cellular membranes contain a significant fraction of anionic
urfactants; electrostatics is thus expected to contribute to the
nergetics and stability of biomembranes. Of the numerous bio-
ogical functions that take place at the membrane level, many
re influenced (or even dominated) by electrostatic interactions
Langner and Kubica, 1999; Mengistu et al., 2010; Hermelink and
rezesinski, 2008). The charge on a surfactant (and thus its mixing
roperties) can be controlled by varying the environment proper-
ies: ionic strength, pH and membrane composition. On the other
and, it is well recognized that the complex interplay of interac-
ions within a lipid membrane leads, in general, to nonideal mixing
roperties (Almeida, 2009) which enables it to laterally organize
he structure with formation of segregated domains, and locally
djust the lipid composition (Villasuso et al., 2010). Furthermore,
t has been shown that the presence of phase segregation can be

 regulating factor in the activity of phospholipases (Fanani et al.,

002, 2010) thus accentuating the role of non-random lipid mixing
n activity.

∗ Corresponding author. Tel.: +54 351 433 4171; fax: +54 351 433 4171.
E-mail address: wilke@mail.fcq.unc.edu.ar (N. Wilke).

009-3084/$ – see front matter ©  2011 Elsevier Ireland Ltd. All rights reserved.
oi:10.1016/j.chemphyslip.2011.05.004
© 2011 Elsevier Ireland Ltd. All rights reserved.

Monolayers at the air–water interface are extremely valuable
model membranes (Brockman, 1999; McConnell, 1991; Möhwald
et al., 1995; Möhwald, 1990; Vollhardt, 2002). Experiments in
which molecular area, surface pressure, temperature and chemi-
cal nature of the subphase are varied can easily be performed and,
by this means, a broad set of thermodynamic parameters, which
characterize the monolayer can be accurately determined (Gaines,
1966; Adamson, 1982). Although transmembrane processes cannot
be studied in monolayers, this system is well suited for study-
ing lateral mixing and structuring mediated by a variety of lipids
and proteins of biomembranes (Maggio, 1994; Brezesinski and
Möhwald, 2002; Maggio et al., 2006, 2008; Fanani et al., 2010).

Mixed monolayers composed of phospholipids with fatty acids
have been studied previously under different conditions and
exploring different effects (Maggio and Lucy, 1975, 1976; Bringezu
et al., 2001; Koynova and Tenchov, 2001; Roach et al., 2004; Romão
and Gonç alves da Silva, 2004; Schmidt et al., 2001; Schullery et al.,
1981; Templer et al., 1998). However, to our knowledge no system-
atic study of the phase diagram or of the detailed effect of ionization
on miscibility and domain topography was carried out in this kind
of mixtures. The aim of this work is to study the mixing proper-

ties of monolayers composed of dimyristoylphosphatidylcholine
(DMPC) and stearic acid (SA) at different ionic strength and bulk
pHs. The detailed phase diagram was  explored, with an emphasis
on the influence of charge in the miscibility of the SA molecules in

dx.doi.org/10.1016/j.chemphyslip.2011.05.004
http://www.sciencedirect.com/science/journal/00093084
http://www.elsevier.com/locate/chemphyslip
mailto:wilke@mail.fcq.unc.edu.ar
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ig. 1. Theoretical and experimental surface parameters as a function of the bulk pH
RIS  10 mM.  (A) Double layer potential at the surface, (B) degree of ionization of th
he  double layer potential taken from (A)). The error bars correspond to the standar

rder to provide an understanding on molecular terms of the effect
f ionization of SA on the interaction with DMPC.

The ionization state of pure SA monolayers was first determined
t each bulk pH (Section 3.1). We  found that the SA monolayers
re fully ionized at pH 10 and neutral at pH 4. At these pHs, the
hase diagram of the mixture was explored using the compression

sotherms and “in situ” monolayer images (Sections 3.2 and 3.3).
he effect of Ca2+ ions was also studied. Finally, we  compared the
hase state of the monolayer reached by compression with that
eached by changes of pH, corroborating that the phase diagrams
btained represent a state of apparent equilibrium (Section 3.4).

. Material and methods

.1. Materials

Stearic acid (SA), dimyristoylphosphatidylcholine (DMPC) and
he lipophilic fluorescent probe l-�-phosphatidylethanolamine-
-(lissamine rhodamine B sulfonyl) ammonium salt (Chicken
gg-Transphosphatidylated) were purchased from Avanti Polar
ipids (Alabaster, AL, USA). Solvents and chemicals were of
he highest commercial purity available. The water used for
he subphase was from a MilliQ system (Millipore) with a
esistivity of 18 M� cm and a surface tension of 72 mN m−1.

he surfactant monolayers were prepared and characterized in
ifferent Langmuir film balances under isometric compression
KSV minithrough, KSV Instruments, Ltd., and microthrough,
ibron, Helsinki, Finland), at 20 ± 1 ◦C on subphases of 10 mM
onolayers of stearic acid at 0.25 nm2 and 20 ◦C on subphases with EDTA 10 mM and
ric acid, (C) surface pH and (D) dipole potential (surface potential after subtracting
iation of at least three independent measurements.

tris(hydroxymethyl)aminomethane (TRIS) and 10 mM Ethylenedi-
aminetetraacetic acid (EDTA) with or without NaCl 0.5 M at pH 4
and 10. The pH was  adjusted with the acid and base species of the
TRIS and EDTA buffers. EDTA was  added in order to chelate the biva-
lent ion impurities possible present in the solutions since very low
concentration of these ions can modify the monolayer properties
of SA (Deamer et al., 1967).

The ion concentration in both subphase solutions is high enough
to screen electrostatic interactions (the ionic strength and the
Debye length are 25 mM and 0.2 nm for the solution without NaCl
and 250 mM and 0.05 nm for the solutions with NaCl). However,
to the purpose of simplification we  will call “low” ionic strength
solution the solution without NaCl salt.

2.2. Compression isotherms

Lateral pressure and surface potential were simultaneously reg-
istered while the monolayer was  isometrically compressed at about
10−2 nm2 s−1 molecule−1. The lateral pressure was determined
with a Pt plate using the Wilhelmy method and the surface poten-
tial was measured with an air-ionizing 241Am surface electrode and
a Ag/AgCl/Cl− (3 M)  reference electrode (Wilke and Maggio, 2009).

2.3. Phase diagrams
Each zone in the phase diagram at each pH was determined from
the lateral pressure-mean molecular area compression isotherms
and from the observation of the monolayer using Brewster angle
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Fig. 3. Representative micrographs for monolayers of dimyristoylphosphatidyl-
ubphases that contain NaCl 0.5 M,  EDTA 10 mM and TRIS 10 mM at pH 4 (black
ines) and 10 (grey lines).

icroscopy (BAM) or fluorescence microscopy (FM) while simulta-
eously registering the lateral pressure and mean molecular area of
he monolayer. For the BAM experiments we used an EP3 Imaging
llipsometer (Accurion, Goettingen, Germany) with a 20× or a 10×
bjective and the monolayer was spread in a Langmuir film bal-
nce (KSV minithrough, KSV Instruments, Ltd., Helsinki, Finland).
or the FM experiments, the fluorescent probe was incorporated in
he lipid solution before spreading (1 mol%). The Langmuir film bal-
nce (microthrough, Kibron, Helsinki, Finland) was placed on the
tage of an inverted fluorescence microscope (Axiovert 200, Carl
eiss, Oberkochen, Germany) with a 20× objective. Images were
egistered by a EMCCD video camera (IXON).

.4. Monolayer thickness calculation

Each phase thickness (h) was calculated from the BAM images
aken after the BAM equipment was calibrated. The grey level of
ach section of the micrograph can then be converted to reflected
ight intensity (Rp), and h was calculated assuming a smooth but
hin interface in which the refractive index varies along the normal
f the interface on a distance h, much smaller than the incident light
avelength � (Lhevender et al., 2000), which leads to:

 =
√
Rp

sin(2�B − 90)

(
�
√
n2

1 + n2
2(n2

1 − n2)(n2
2 − n2)

�(n2
1 − n2

2)n2

)−1

(1)

n Eq. (1),  n1 and n2 are the film, air and subphase refractive index,
espectively and �B is the Brewster angle.

The refractive indexes used were 1.44 for the SA monolayer and
or the condensed phase (Petrov et al., 1999), 1.43 for the DMPC

onolayers and the expanded phase (Ducharme et al., 1999) and
.00 for the air; for the subphase the refractive index was calculated
or each experiment from the experimental Brewster angle. The
alues obtained were 1.34 for the subphases with NaCl 0.5 M and
.33 for the subphases without NaCl.

. Results and discussion
.1. Ionization state of SA as a function of the bulk pH

The acid constant of the surfactant forming a supramolecular
tructure is similar to that of the surfactant in bulk (Gaines, 1966).
choline and stearic acid in the indicated lipid proportions and surface pressures
obtained with Brewster angle microscopy at 20 ◦C. Subphase composition: NaCl
0.5 M, EDTA 10 mM and TRIS 10 mM,  pH 4. Images size: 150 �m × 185 �m.

In the case of stearic acid the pKa value is 4.89. However, the surface
pH (pHs) differs from the bulk pH (pHb) by (Gaines, 1966)

pHs = pHb + F 0

2.3RT
(2)

In Eq. (2),   0 is the double layer potential at the surface, F is the
Faraday constant and RT is the thermal energy. The double layer
potential depends on the ionic strength of the subphase and on the
ionization degree of the surfactant.

According to the Poisson–Boltzmann equation, the surface
charge density (�) is related to the double layer potential and to
the ion concentration in the bulk (C∞

i
) as:

� =
√

2RTε0ε

[∑
i

C∞
i exp

(
−FZi 0

RT

)
−
∑
i

C∞
i

]1/2

(3)

The sum is taken over all the ionic species i present in the subphase,
ε0 is the permittivity in vacuum, ε the relative permittivity of the
medium and Zi is the valence of the i-ion.

On the other hand, the surface charge generated by a monolayer
with an average molar area A, formed by ionizable surfactant with
acid constant Ksa, according to which the species distribution (˛)
depends on the surface proton concentration [H+]s, is given by:

� = −F˛
A

= − F
A

(
Ksa

Ksa + [H+]s

)
(4)

The combination of Eqs. (1)–(3) leads to

0 =
√

2RTεε0

[∑
i

C∞
i exp

(
−Fzi 0

RT

)
−
∑
i

C∞
i

]1/2

+ F
A

[
Ksa

Ksa + [H+]b exp(−F 0˛/RT)

]
(5)

This equation can be solved numerically for each bulk pH value, if

all the other parameters are known.

As explained in Section 2, we  performed the experiments on
two  different subphase compositions: 10 mM EDTA and 10 mM
TRIS (“low” ionic strength), and both buffers plus 0.5 M NaCl (high
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Fig. 4. Experimental parameters for mixed monolayers of dimyristoylphosphatidylcholine and stearic acid as a function of the mole fraction of stearic acid at pH 4 and 20 ◦C.
(A)  Phase diagram obtained from the compression isotherms and from monolayer images for monolayers on subphases composed of NaCl 0.5 M,  EDTA 10 mM and TRIS 10 mM
(black  symbols) or EDTA 10 mM and TRIS 10 mM (grey symbols). Triangles: pressures where the domains first appear or disappear in the images. Squares: pressures where
the  kink in the isotherm is observed. Circles: collapse pressure taken from the isotherm. (B) Average molecular area taken from the isotherms at 17 mN m−1 (dots). The lines
represent the ideal behavior (grey) and the expected result considering the lever rule and the phase diagram of figure A (black). The error bars correspond to the standard
deviation of at least three independent measurements. (C) Percent of condensed area obtained from the monolayer images (dots). The line represents the expected behavior
considering two phases in coexistence with composition DMPC/SA 81/9 and 5/95 (see text). The error bars correspond to the standard deviation of at least three different
micrographs taken with BAM and/or FM. (D) Monolayer thickness obtained from the Brewster angle microscopy images as explained in the experimental section. Black dots:
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onic strength). In the latter condition, the former equations can-
ot be applied since they neglect ion size and ion–ion interactions.

n the case of “low” ionic strength, the ion concentrations present
n the system are those of the buffer ions (EDTA and TRIS). The
pecies distribution of both molecules depends on pH according
o the following equations (Skoog et al., 2005; El-Harakany et al.,
984):

4(EDTA) � H3(EDTA)1− + H+ Ka1 = 1.02 × 10−2

3(EDTA)− � H2(EDTA)2− + H+ Ka2 = 2.142 × 10−3

2(EDTA)2− � H(EDTA)3− + H+ Ka3 = 6.92 × 10−7

(EDTA)3− � (EDTA)4− + H+ Ka4 = 5.50 × 10−11

(TRIS)+ � (TRIS) + H+ Ka = 2.51×10−9

aking all the above into account, the double layer ionic potential

t the surface can be calculated for each bulk pH, and therefore
he surface pH and the ionization degree of the surfactant can be
nown. The results for a stearic acid monolayer at 0.25 nm2 and a
ubphase composed of EDTA 10 mM and TRIS 10 mM are shown in
 correspond to the standard deviation of the grey level intensity of different zones

Fig. 1. In particular, Fig. 1C shows that, depending on the degree of
ionization, the interfacial pH can be as much as 4 pH units lower
than the bulk pH. Fig. 1B shows that the degree of ionization is 0.5
for a bulk pH of 7.6 (in other words, the “apparent” pKa value).

This theoretical result was  confirmed by the determination of
the surface potential of SA monolayers on subphases at different
pHs and low ionic strength. The double layer potential at each pH
was  subtracted from the measured surface potential, which leads
to the dipole potential generated by the surfactant. This poten-
tial should increase when the molecule is ionized since a negative
charge appears in the lower plane of the monolayer. Fig. 1D shows
the dipole potential at 0.25 nm2 as a function of the bulk pH. The
dipole potential change generated by the ionization is in the order
of the error of measurement for this parameter. However, there
is an abrupt change of the potential generated by the molecules
between pH 7.2 and 8.1, in agreement with the theoretical results.

According to Fig. 1B, it is possible to state that at pH 4 the surfac-
tant is essentially neutral while at pH 10 it is nearly fully ionized.
Therefore, we  analyzed the behavior of the system at those two

pHs.

It is already known that at pH 4 SA forms condensed monolayers,
showing a second order liquid condensed/solid phase transition at
about 25 mN/m at 20 ◦C (Spink, 1963), while at pH 10 the isotherms
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Fig. 5. Representative micrographs for monolayers of dimyristoylphosphatidyl-
90 F.V. Mercado et al. / Chemistry an

how a first order phase transition from a liquid expanded to a
iquid condensed monolayer at about 8 mN/m at the same temper-
ture (Goddard et al., 1967). On the other hand, the behavior of
MPC monolayers is independent on the subphase pH (see Fig. 2).

.2. Phase diagram of SA/DMPC monolayers at pH 4

At pH 4, DMPC and SA hardly mix; these molecules phase sepa-
ate over a wide concentration range, forming two phases that can
e directly observed by FM and BAM. Fig. 3 shows representative
icrograph obtained by BAM at different lateral pressures and lipid

roportions. The condensed domains are flower-like or rounded
epending on the proportion of SA and on the compression rate.

Fig. 4A shows the phase diagram at pH 4, obtained from the
sotherms and from the FM and BAM images. The kink observed for
ure SA monolayers appears at lower lateral pressures and becomes
ore diffuse as the amount of DMPC in the mixture increases until

t is no longer detectable (squares). This second order phase tran-
ition is not observed by BAM or FM,  either in the pure or in the
ixed monolayers. The triangles in Fig. 4 correspond to the lateral

ressures where domains first appear or disappear in the images
hile the circles corresponds to the collapse pressure taken from

he isotherms.
In order to compare the behavior of the mixture at different

Hs, we analyzed the properties of the monolayers at a constant
ateral pressure of 17 mN  m−1. This pressure was selected consid-
ring that SA and DMPC hardly mix  in these conditions and thus, the
omains are most probably composed of nearly pure SA molecules.
t 17 mN  m−1 the DMPC matrix accepts 9% of SA, forming a non-

deal mixture with an average molecular area smaller than the
deal (compare grey line with symbols in Fig. 4B). At higher propor-
ions, the system is biphasic and thus, the average molecular area
hanges linearly with the mole fraction. The phases in coexistence
re a liquid-expanded phase with a proportion DMPC/SA 81:9 and

 liquid-condensed phase composed of about 95% SA. The percent
f condensed phase increases as the amount of SA in the mixture
ncreases, as shown in Fig. 4C at 17 mN  m−1. The line in this figure

as calculated considering that two phases coexist over the whole
ange corresponding to the proportions DMPC/SA 81/9 and 5/95
nd with average molecular areas of 0.51 and 0.26 nm2, respec-
ively (obtained from Fig. 4B). The average height of each phase
s shown in Fig. 4D; it can be observed that 9% of SA in the mix-
ure does not modify the thickness of the expanded phase, which is
imilar to that found for monolayers of pure DMPC. This is expected
ince only 9% of the molecules correspond to SA. However, this low
roportion generates a condensation of the molecular packing of
bout 70%, compared to the ideal monolayer (see Fig. 4B). Simi-
arly, the condensed phase is of the same mean thickness than that
f monolayers composed of pure SA. The hydrophobic mismatch
etween both coexisting phases is 0.6 ± 0.2 nm.

The phase diagram is independent on the subphase ionic
trength, as expected considering that both molecules are neutral
t pH 4 and that for the two subphases used the ionic concentration
s high enough to screen most electrostatic interactions.

.3. Phase diagram of SA/DMPC monolayers at pH 10

As already mentioned, at basic pHs the monolayers of pure
A show a phase transition at about 8 mN  m−1 (at 20 ◦C); this is
etected with BAM and FM by the appearance of circular domains
he phase transition is also observed in the mixtures with SA,
epresentative micrograph obtained by BAM at different lateral

ressures and lipid proportions are shown in Fig. 5. Fig. 6A shows
he phase diagram at pH 10, obtained from the isotherms (circles
nd squares) and from the FM and BAM images (triangles). For
ixed SA/DMPC monolayers, the transition pressure increases as
choline and stearic acid in the indicated lipid proportions and surface pressures
obtained with Brewster angle microscopy at 20 ◦C. Subphase composition: NaCl
0.5 M, EDTA 10 mM and TRIS 10 mM,  pH 10. Images size: 150 �m × 185 �m.

the amount of DMPC increases merging with the collapse point for
25% of SA. The increase in the transition pressure indicates that
DMPC mixes preferentially with the liquid-expanded phase of SA.
The transition pressure coincides with the appearance of domains
over all the range of DMPC proportions (Fig. 6A).

At pH 10, the behavior at low and high ionic strength is slightly
different. The subphases with the lower ionic strength show the
phase transition in the isotherms and the presence of domains
at lower surface pressures (about 3 mN m−1, see Fig. 6A). This is
contrary to what should be expected according to electrostatics
since high salt concentrations should screen the coulombic repul-
sion between the charged head groups and stabilize the condensed
phase. However, the observed effect is not likely electrostatic since
the ionic concentration in both solutions is high enough to screen
the electrostatic effects. The decrease of the surface pressure for
the phase transition may  be related to a disrupting effect of the Na+

ions on the hydrogen bonding network (Mountain and Thirumalai,
2004) that it is known to form by ionized carboxylic acids (Miranda
et al., 1998).

Fig. 6B and C shows the molecular area and thickness of each
phase, respectively. As already mentioned, the phase transition of
pure SA monolayers occurs at higher lateral pressure the higher the
amount of DMPC in the mixture. At 17 mN  m−1 the monolayer is in
an expanded state or a condensed state depending on the amount
of DMPC in the mixture. For mixtures with up to 22% of DMPC (see
Fig. 6A), the monolayers are expanded, while lower amounts of
DMPC lead to a condensation of the monolayer at this pressure.
Since we  wanted to analyze the effect of DMPC on the expanded
state of the SA monolayers, in Fig. 6B we plotted the experimental
molecular areas at 17 mN  m−1 (black symbols); and also the extrap-
olated molecular areas of the putative expanded monolayer at this
pressure (open symbols), in other words, the expected molecular
area of the monolayer in an expanded state at 17 mN  m−1. The
grey line is the ideal behavior of the monolayer if it would be in
the expanded state (considering the grey symbols at SA propor-

tions higher than 88% and the black symbols for lower). This figure
shows that the mixture in the expanded phase is not ideal but
exhibits positive deviations. The thicknesses of the condensed and
expanded phases are similar to those found at pH 4. The height of
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Fig. 6. Experimental parameters for mixed monolayers of dimyristoylphosphatidyl-
choline and stearic acid as a function of the mole fraction of stearic acid at pH 10 and
20 ◦C. (A) Phase diagram obtained from the compression isotherms and from mono-
layer images for monolayers on subphases composed of NaCl 0.5 M,  EDTA 10 mM and
TRIS 10 mM (black symbols) or EDTA 10 mM and TRIS 10 mM (grey symbols). Tri-
angles: pressures where the domains first appear in the images. Squares: pressures
where the phase transition in the isotherm is observed. Circles: collapse pressure
taken from the isotherm. (B) Average molecular area taken from the isotherms at
17  mN m−1 (black dots) and extrapolated assuming that the monolayer remains
expanded at this pressure and proportions (grey dots). The line represents the ideal
behavior. The error bars correspond to the standard deviation of at least three inde-
pendent measurements. (C) Monolayer thickness obtained from the Brewster angle
microscopy images as explained in the experimental section. Black dots: expanded
phase and pure DMPC, grey dots: condensed phase and pure stearic acid. The error
bars correspond to the standard deviation of the grey level intensity of different
zones of a micrograph.
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Fig. 7. Mole fraction of stearic acid at which phase segregation occurs at 17 mN m−1

and 20 ◦C on subphases at the indicated pHs. Grey lines: the phase transition is

driven by pH changes at constant surface pressure. Symbols: the phase transition
is  driven by compression at constant pH. Subphase composition: NaCl 0.5 M,  EDTA
10  mM and TRIS 10 mM (circles) or CaCl2 20 mM and TRIS 10 mM (triangles).

the condensed phase is similar to that of the pure SA monolayer, and
that of the expanded phase to that of the pure DMPC film, further
indicating that SA expands when mixed in the DMPC matrix.

3.4. Effect of pH at 17 mN m−1

Fig. 7 shows the proportion at which the one phase-two phase
structural transition occurs at 17 mN m−1 as a function of the sub-
phase pH. As described in Section 3.2, the liquid-condensed phase
of SA monolayers hardly mixes with DMPC (only to about 9% SA).
However, as the pH increases the SA monolayer turns more fluid
and the amount of SA admitted in the DMPC phase increases. In
Fig. 7, an abrupt change around 7.6 (the apparent pKa) is observed,
indicating that the miscibility of SA in the DMPC monolayer is
highly related to the degree of ionization of the SA molecules.

To ensure that the phase diagrams shown in Figs. 4A and 6A
correspond to, at least apparent, equilibrium states the follow-
ing experiment was  performed. The monolayer was  compressed
up to 17 mN  m−1 on subphases at pH 4 (or 10). Then, at constant
pressure the subphase pH was  slowly changed while continuously
observing the monolayer by fluorescence microscopy and the pH at
which disappearance (or appearance) of domains occurred was  reg-
istered. This was  carried out with monolayer proportions of 20, 30,
40 and 50% of SA. The pH ranges over which the phase transitions
were observed at each proportion are plotted as grey lines in Fig. 7.
Compared to the compression-driven process, appearance and dis-
appearance of domains did not occur at the same points, suggesting
that there may  likely be a kinetically limited process; furthermore,
if the system is quickly compressed (by increasing about 5-fold the
compression rate), the pressure where the domains appear does
not coincide with the pressure of domain disappearance. However,
the surface pressure point for the phase transition caused by com-
pression coincides with the range observed in the process driven
by pH changes, indicating apparent equilibrium.

As already mentioned, the amount of SA admitted by the DMPC
phase depends on pH (and thus on the state of ionization of SA),
probably because it depends on how expanded is the SA phase. In
such case, the pH dependence should not occur on subphases that
contain Ca2+ ions because in that condition the isotherms of SA

monolayers are always condensed (Goddard et al., 1967). The trian-
gles in Fig. 7 shows the proportion of SA at which phase segregation
is observed at 17 mN m−1 as a function of the subphase pH for sub-
phases containing 20 mM of CaCl2 (and without EDTA). These data
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learly show that the pH dependence is less marked when Ca2+ is
resent in the subphase, confirming that the condensation state of
A is an important factor for its mixing with DMPC.

. Conclusions

In this work we analyzed the effect of charge on the phase
iagram of binary monolayers, and thus on the intermolecu-

ar interaction. We  showed that a neutral molecule that forms
xpanded monolayer mixes well with a charged molecule but not
ith the same molecule in the neutral state, and that this is related

o its degree of ionization. For the systems studied the ionizable
olecule acquires more disorder when the molecule is charged

nd forms very condensed monolayers when the molecule is neu-
ral or when Ca2+ ions are present in the subphase. All these results
ndicate that the mixing of SA with DMPC is highly related to the
isorder in the hydrocarbon chain, which in turn depends on the
resence of charges in the polar head group of the SA molecules.
he electrostatic interactions are not the determining factor for
he phase segregation but they contribute indirectly, through the
egulation of the disorder of the hydrocarbon chain.

The phase diagrams were constructed with transition points
nduced by monolayer compression. On the other hand, at an
verage packing density the lateral pressure exhibits fluctua-
ions depending on the membrane elasticity (Phillips et al., 1975;
ackmann, 1995) and it is not a constant control parameter at the
ocal level. In a cell membrane however the local surface pH can
ary over values spanning the range of pHs studied in this work. In
hat sense, Fig. 7 shows that the results found do not depend on the

anner in which the process is driven, and thus the same effects
an be induced by local pH changes or by surface pressure. Thus,
his could be a way of recruiting or expelling ionizable molecules
nto and from a defined mixed lipid phase thus controlling lateral
omain segregation which, in turn, can be further controlled by the
resence of bivalent ions.
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