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membranes. A study of model DMPC bilayers by force- and
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A B S T R A C T

Infrared (IR) spectroscopy was used to quantify the ion mixture effect of seawater (SW), particularly the
contribution of Mg2+ and Ca2+ as dominant divalent cations, on the thermotropic phase behaviour of 1,2-
dimyristoyl-sn-glycero-3-posphocholine (DMPC) bilayers. The changed character of the main transition
at 24 �C from sharp to gradual in films and the 1 �C shift of the main transition temperature in dispersions
reflect the interactions of lipid headgroups with the ions in SW. Force spectroscopy was used to quantify
the nanomechanical hardness of a DMPC supported lipid bilayer (SLB). Considering the electrostatic and
ion binding equilibrium contributions while systematically probing the SLB in various salt solutions, we
showed that ionic strength had a decisive influence on its nanomechanics. The mechanical hardness of
DMPC SLBs in the liquid crystalline phase linearly increases with the increasing fraction of all ion-bound
lipids in a series of monovalent salt solutions. It also linearly increases in the gel phase but almost three
times faster (the corresponding slopes are 4.9 nN/100 mM and 13.32 nN/100 mM, respectively). We also
showed that in the presence of divalent ions (Ca2+ and Mg2+) the bilayer mechanical hardness was
unproportionally increased, and that was accompanied with the decrease of Na+ ion and increase of Cl�

ion bound lipids. The underlying process is a cooperative and competitive ion binding in both the gel and
the liquid crystalline phase. Bilayer hardness thus turned out to be very sensitive to ionic strength as well
as to ionic composition of the surrounding medium. In particular, the indicated correlation helped us to
emphasize the colligative properties of SW as a naturally occurring complex ion mixture.
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1. Introduction

Biophysical behaviour of lipid membranes is of fundamental
importance due to their role as flexible mechanical barrier, which
enables controlled exchange of information, substances and
energy between the cell interior and its environment. Since the
scaffold of a cell membrane are lipid bilayers, they not only
determine the structure of the cell membrane but also are involved
in a variety of mechanical events such as cell adhesion, fusion,
growth and migration. Due to the high complexity of cell
membranes, model membranes such as liposomes and supported
lipid bilayers (SLBs) have been extensively used. In liposomes, a
bilayer of lipid molecules forms a spherical shell, separating
intraliposomal liquid from the bulk solvent (Šegota and Težak,
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2006). In case of SLB, the bilayer rests on a solid surface and the
nature of interactions between them is determined by the
properties of the lipid molecules and the supporting surface as
well as the nature of the dispersing medium. The lipid composition
of the membrane is one of the determining factors in membrane
interactions with surrounding molecules or ions which further
alter the structure, stability and functions of the membrane itself.
Membrane properties such as the surface potential (Eisenberg
et al., 1979), the dipole potential (Clarke and Lüpfert, 1999),
structure and mechanical strength (Sachs et al., 2004; Miettinen
et al., 2009) are tightly associated with ions that are present in the
cell interior and its environment as well. Therefore, the study of
interactions of ions with the lipid bilayer, e.g. ion binding to
headgroups whereby lipid–ion networks are formed (Fukuma
et al., 2007) is of considerable interest.

It is also well established that the ion binding reduces the area
per lipid for both negatively charged and zwitterionic phospho-
lipids (Böckmann and Grubmüller, 2004; Mukhopadhyay et al.,
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2004; Leckband et al., 1993; Aroti et al., 2007) and increases lateral
interactions between lipid molecules thereby leading to the
formation of a more rigid structure (Pabst et al., 2007). Specific
dependence of the effects of different ions of the same charge but
different sizes has been reported (Aroti et al., 2007; Leontidis et al.,
2007; Garcia-Celma et al., 2007). Studies of alkaline–earth metal
cations and some anions binding to phosphatidylcholine (PC)
liposomes showed maximal and ion selective binding under
physiological conditions (Tatulian, 1993; Satoh, 1995). It is
generally accepted that salt effects induce only a local change in
the bilayer structure unless the salt concentration is high (>1 M)
when a restructuring of the membrane on a much larger scale can
be observed (Pabst et al., 2007).

Detailed information about the location of ions with respect to
the polar headgroups and hydrocarbon chains of phospholipid
membranes was obtained from molecular dynamics (MD)
simulations, which showed that ion binding modifies the area
per lipid, lipid ordering, orientation of the lipid head dipole and the
charge distribution along the system (Pandit et al., 2003;
Gurtovenko et al., 2005; Gurtovenko and Vattulainen, 2008;
Cordomi et al., 2008). MD simulations also suggested that Na+ ions
strongly increase the lateral interaction between phospholipid
molecules. Binding of K+, on the other hand, was found to be much
weaker and mainly due to the larger size of K+ ion compared to Na+

ion (Cordomi et al., 2008). Recently, an MD simulation study of the
ion mixture effect on the POPG (1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphoglycerol) membrane has shown that Ca2+ binding to the
lipids influences the cation location within the bilayer, ordering of
lipid acyl chain due to the bilayer tightening and head group
orientation (Mao et al., 2013). By studying the influence of
individual ions, it was possible to find the rationale for their
ordering in the Hofmeister series (Cacace et al., 1997).

Effects of individual monovalent and divalent cations on the
nanomechanical properties of SLBs have been often studied
experimentally by force spectroscopy (FS), in which the AFM probe
is brought towards a SLB and a load is increasingly applied until the
bilayer ruptures and the probe senses the underlying hard substrate
(Frederix et al., 2009; Dufrene et al., 1997, 1998; Picas et al., 2012;
Leonenko et al., 2000, 2004, 2006; Garcia-Manyes et al., 2010; Goksu
et al., 2009; Dekkiche et al., 2010). The force needed to puncture the
bilayer is known as the yield threshold. The membrane property that
is actually measured by measuring the yield threshold may be called,
at least qualitatively, rigidity (Pabst et al., 2007) orhardness. When in
contactwithabilayer, anAFMtip elasticallydeformsituntilarupture
takes place and membrane hardness is actually another name for the
absence of elasticity. In electrolyte salt solutions (NaCl) and in simple
electrolyte mixtures (NaCl and MgCl2) the yield threshold is
increased (Garcia-Manyes et al., 2005a) and is temperature
dependent (Fang and Yang, 1997; Garcia-Manyes et al., 2005b). A
detailed experimental FS study of the effects of individual
monovalent and divalent cations on the nanomechanics of model
PC membranes (DPPC and DLPC) was recently performed (Redondo-
Morata et al., 2012). Both phospholipids, possessing the same polar
headgroup, but differenttail lengths,exhibit stronger responsetothe
outer stress in both phases (at room temperature DPPC is in the gel
phase, while DLPC is in the liquid crystalline phase). In addition, a
detailed study has been performed on the nanomechanical
properties of a series of chemically different lipid bilayers in
dependence, among other variables, on tail lengths and headgroups
(Garcia-Manyes et al., 2010). The breakthrough forcewas thus shown
to increase by 3.3 nN per each CH2group in the chain. The same trend
is present also in the absence of MgCl2, although the force is weaker
by 7 nN on average.

All the studies showed the crucial role of ion binding on the
nanomechanical hardness at low ionic strength. Thus, there is a
need to extend the investigation to the nanomechanical response
in the presence of a complex electrolyte mixture of high ionic
strength, of which the abundant and natural sea water (SW) is a
good example. The main purpose of this study is to investigate the
ion mixture effect in SW, particularly the contributions of Mg2+ and
Ca2+ as dominant divalent cations, on the thermotropic phase
behaviour of DMPC liposomes and the nanomechanical response of
DMPC SLBs. Since the process of divalent cation binding in SW is
affected by ionic strength and electric charge, it is fundamentally
important to establish a correlation between the ion composition
of the SLB environment and its response to nanomechanical
perturbation both in its gel and liquid phase.

SW is a specific electrolyte mixture containing the majority of
the elements known to be crucial for sustaining the marine life.
Some of the more abundant components are chlorine (55.0%),
sulphate (7.7%), sodium (30.7%), magnesium (3.6%), calcium (1.2%)
and potassium (1.1%) ions (Stumm and Morgan, 1996). While the
total concentration of dissolved matter varies with the geographi-
cal position, the ratios of the more abundant components remain
almost constant. They are also quite different from those that
define physiological conditions (0.9% chlorine, 0.9% sodium, 0.04%
potassium, 0.16% phosphate, etc.).

DMPC (1,2-dimyristoyl-sn-glycero-3-posphocholine) liposome
dispersions and SLBs were chosen as the model lipid membrane.
There are numerous reasons why DMPC might be significant with
respect to SW. For example, PC is the most abundant phospholipid
present in gill basolateral membranes, making 61% of the total
phospholipid content of the membrane in both fresh water and SW
organisms. DMPC is present in yellow and brown leaves of the
mangrove Avicennia marina (Hall et al., 2006). Although globally it
is not among the most abundant lipids, an additional reason for the
choice of DMPC is its phase transition temperature. The range of
ocean water temperatures is from �1.7 �C (freezing point, depend-
ing on salinity) to a maximum of around 30 �C. Since the main gel
(Lb) to liquid–crystalline (La) phase transition of DMPC occurs at
23–24 �C (Petrache et al., 1998; Ku9cerka et al., 2005; Tristam-Nagle
et al., 2002), DMPC can exist in either of the two phases under SW
temperature conditions. We used Fourier transform infrared (FTIR)
spectroscopy as a powerful, nonperturbing technique for the
detection and characterization of phase transitions of model and
natural membranes (Lewis and McElhaney, 2007). Due to the
nature of ion binding to the zwitterionic headgroups, the observed
behaviour should not be specific to DMPC, but also to all similar PC
bilayers, for example DLPC, DPPC etc.

2. Experimental

2.1. Materials

1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC, Lipoid
GmbH, Germany, >98% purity, gift sample) was used as received
for liposome preparation for AFM and force spectroscopy
measurements. DMPC (Sigma–Aldrich, >99% purity) was used as
received for film and dispersion preparation for IR spectroscopy
measurements. Both chemicals were of the highest purity
commercially available.

2.2. Sample preparation for AFM

DMPC liposomes were prepared by dissolving 1 mg DMPC
(Merk, Darmstadt, Germany) in 2 mL chloroform (0.74 mM
solution). After rotary evaporation of the solvent, the remaining
lipid film was dried in vacuum for an hour and then dispersed by
gentle manual shaking at 40 �C in

(a) 2 mL of phosphate buffer saline (PBS, pH 7.4, containing
137 mM NaCl, 2.7 mM KCl, 1.5 mM KH2PO4, 6.5 mM Na2HPO4,
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ionic strength I = 150 mM) and four more PBS solutions at ionic
strengths 250 mM, 350 mM, 450 mM and 550 mM adjusted
with saturated NaCl solution;

(b) 2 mL NaCl (pH 8.2 and ionic strength I = 550 mM adjusted with
NaOH);

(c) 2 mL of filtered (0.22 mm, Whatman) seawater. SW was
collected from an offshore station in the Northern Adriatic
(salinity S = 37.42 m, pH 8.2, ionic strength 550 mM with
respect to NaCl only, dissolved organic carbon (DOC) = 1 mg
dm�3). According to the measured salinity, C(Ca2+) = 10.4 mM, C
( Mg2+) = 53.3 mM (Stumm and Morgan, 1996).

During rehydration, the lipid film was gradually scraped off the
wall of the glass bottle layer by layer and formed cloud-like floaters
in the solution. The liposome dispersion (0.5 mg mL�1) was left to
swell and stabilize overnight. The resulting liposome dispersion
was transferred to a test tube. Large unilamellar liposomes (LUVs)
were prepared by mechanically extruding liposome dispersion
through a 200 nm polycarbonate membrane (Whatman) 50 times
at a temperature of 40 �C. All supported lipid bilayer samples were
prepared under the same experimental conditions by the drop
deposition method on freshly cleaved mica attached to a metal
disc. A volume of 100 mL LUV liposome dispersion was pipetted
directly onto substrate, incubated for 10 min and flushed with
filtered (0.22 mm Whatman) SW or NaCl solutions.

2.3. Zeta potential measurements

The zeta (z) potential of DMPC liposomes was measured using a
Zetasizer Nano ZS (Malvern, UK) equipped with a green laser
(532 nm) using the M3-PALS technique. All measurements were
conducted at 21.0 � 0.1 and 29.0 � 0.1 �C. Data processing was done
by the Zetasizer software 6.32 (Malvern instruments). The z
potential was calculated from the measured electrophoretic
mobility by means of Henry’s equation using the Smoluchowski
approximation (f(Ka) = 1.5). Results are reported as an average value
of 3 independent measurements.

2.4. Atomic force microscopy and imaging in fluid

AFM imaging of a SLB was performed using a MultiMode
Scanning Probe Microscope with a Nanoscope IIIa controller
(Bruker, Billerica, USA) with a vertical engagement (JV) 125 mm
scanner. Imaging was performed with a temperature controller
stage (Digital instruments, high temperature heater controller,
range up to 60 �C, resolution 0.1 �C and accuracy 3%). Temperature
setup consisted of a resistor placed between the scanner and the
sample. It transmits heat to the sample from underneath. The
temperature that the heater displays and the real temperature of
the sample are different. However, in our AFM experiment in a
liquid environment, the mica sample is glued directly to the
metallic holder. The whole sample remains attached to the
microscope scanner by a magnet. Although the distance between
the heating element and the sample itself (inside the liquid
droplet) is typically <2 mm, the temperature gradient between the
displayed and the real temperature is substantial and varies.
Therefore, the calibration of individual sample holders becomes
compulsory (see Supporting Information, Calibration of sample
holder, Fig. S1). Sample temperature was measured with a two
wire Pt100 RTD sensor, class B (accuracy 0.1 and 0.12 �C at 20 �C and
40 �C, respectively), which complies with the 1/3DIN class B
standard and measures temperature inside the liquid droplet
directly in contact with the sample surface. The sensor was
connected to the equipment based on the 20-bit ADC, microcon-
troller and PC software for data acquisition and analysis. During
imaging and force measurements, the temperature was varied
from 20 �C to 40 �C. Processing and analysis of images were carried
out using the NanoScopeTM software (Digital Instruments, Version
V614r1 and V531r1). All images are presented as raw data except
for the first-order two-dimensional flattening.

The fluid cell (Bruker, Billerica, USA) was washed with ultra-
pure water and ethanol before each experiment. The NanoScope
was allowed to equilibrate thermally for 1 h before imaging.
Scanning rates were normally optimized around 1 Hz. Images were
recorded in liquid tapping mode using a standard silicon nitride tip
(NP, Bruker, nominal frequency 56 kHz, nominal spring constant of
0.32 N m�1) with scan resolution of 512 samples per line.

2.5. Force measurements

All the force curves presented herein were obtained with the
same tip type (NP-20, Bruker). The spring constant of the
cantilever was calibrated using the reference cantilever method
(Clifford and Seah, 2010) with a reference cantilever (Bruker,
CLFC-NOBO) of spring constant (0.261 N m�1) after piezo sensi-
tivity (Vm�1) was determined by measuring it at high voltages
and after several minutes of performing force plots on a clean
mica surface to avoid hysteresis. The calibrated spring constant
was used in all force curve calculations. The time for recording an
approach and retraction force curve cycle was about 1 s. The
loading rate was adjusted to 1 mm s�1. During a typical force
spectroscopy experiment, the tip successively approaches and
leaves the surface in a cyclic manner. The force experienced by the
cantilever is detected and then plotted against tip–sample
separation. Collecting data at several different points across a
surface is preferable over measurements at a single point, since
slight deviations in bilayer properties can be averaged, giving a
more representative measurement. Force curves were obtained
by repeatedly approaching and retracting the cantilever to the
surface while simultaneously recording the tip deflection.
Conversion to force curves was carried out using the Nano-
ScopeTM software (Digital Instruments, Version V614r1) by
defining the point of zero force (region at a large separation,
where the deflection is constant) and point of zero separation
(region where deflection is linear with scanner expansion, i.e. at
the end of the jump-in process). Normal sensitivity is the inverse
of the gradient of the linear region of the force–distance curve
when the cantilever is in hard contact. Force calibration was
carried out for each force curve separately to ensure the most
accurate value for the sensitivity in case of drift as well as to
ensure that sufficiently high loads were reached, so that the
sensitivity could be found from a linear region. Typically, force
curves are taken at a few hundred points across a 1 mm2 area.
Several different areas and at least two different tips for each
sample were also tested and gave qualitatively identical results.

2.6. Sample preparation for transmission infrared spectroscopy

DMPC film samples were prepared according to Cameron et al.,
(1979). Approximately 1 mg of DMPC powder was placed on one
CaF2 or ZnSe window and dissolved in 15–25 mL of CHCl3 (Merk,
Darmstadt, Germany). After that, the window with DMPC film was
placed in a desiccator where it stayed under vacuum overnight. On
the following day, the DMPC film was hydrated with either distilled
water, PBS or filtered SW in the following manner: a spacer of
nominal pathlength of 6 mm was fixed to the other window using
4 drops of hydrating agent of a total volume of 8 mL. Next to the
spacer, on the other window, a volume of 18 � 2 mL of hydrating
agent was dropped. Two windows were then carefully assembled
by preventing entrance of air into the cell. The assembled cell was
kept at 40 �C for about 1 h and was then cooled to 19 �C and kept for
at least 2 h before measurements. The lipid film is really formed by
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the described way because data indicate that all bilayers deposited
on the CaF2 surface formed a stable film (Liljeblad et al., 2011). As
the solutions in this study were all weakly basic, the CaF2 surface
was enriched with Ca–OH species formed by the exchange of
surface fluorine ions with hydroxyl ions from solution. Lateral
mobility in the upper and lower leaflets of a bilayer on a CaF2
surface was expected to be practically identical.

In order to make DMPC multilamellar liposome dispersion,
approximately 14 mg of DMPC was dissolved in a small amount of
95 � 5 mL of either distilled water, PBS or filtered SW (150 mg
mL�1). The samples were vortexed for several minutes and then
placed in an H2O bath, heated to 80 �C, where they were kept for
2 min. Vortexing and heating of the sample were repeated for at
least two more times. After that, the sample was kept at +4 �C
overnight.

2.7. IR spectra recording

FTIR spectra were measured on an ABB Bomem
MB102 spectrometer, equipped with CsI optics and a DTGS
detector. All spectra were collected with a nominal resolution of
2 cm�1 and 20 scans. The hydrated DMPC film spectra were
collected in a temperature-controlled demountable liquid cell
equipped with (CaF2, BaF2 or ZnSe) windows and a spacer of
nominal length of 6 mm (Harrick). Temperature was regulated by a
refrigerated/heating circulator (Julabo, F12-ED). DMPC liposome
dispersions were recorded in a sealed cell equipped with CaF2
windows. The pathlength of the cell was d = 31.92 mm, as
determined using dichloromethane (CH2Cl2) as a secondary
standard (Bertie et al., 1995). Temperature was regulated in 1 �C
step by a Specac 3000 Series high stability (�0.1 �C) temperature
controller with a heating jacket. DMPC films and liposome
dispersions were recorded in the temperature range 19–29 �C.
The heating rate between the temperature points was 1 �C min�1.
The sample was held for approximately 10 min at the desired
temperature. The non-linear baseline in the CH2 region (3050–
2500 cm�1 on average) is due to the water absorption. It was
determined after exclusion of the CH2 bands (3000–2790 cm�1 on
average) by fitting to the 5th order polynomial and subtracted
(Fig. S2). Peak positions were determined from the five baseline
corrected absorbance points by calculating the maximum of the
fitted 2nd order polynomial. The phase transition temperature was
determined by taking the first derivative of the interpolated ~n vs.
temperature curves. The baseline in the carbonyl region (1900–
1500 cm�1) was assumed linear and subtracted. The spectra were
fitted to two or three Lorentzians with the water bending band at
1649 cm�1 always included (Fig. S3).

3. Results and discussion

Before discussing the results, we shall briefly outline the model
and its implications on the studied systems. A lipid bilayer in an
electrolyte solution represents an example of an electrical double
layer. If ion adsorption is assumed as a charging mechanism in the
form of the Langmuir adsorption isotherm, the decisive role is
given to the relative magnitudes of the (intrinsic) binding
constants. That the same valence cations or anions have different
effects on the lipid membrane is here taken into account by
different values of the intrinsic binding constants. There have been
a number of studies aimed at determining their values and we are
going to rely upon the results reported in Tatulian (1987) and Satoh
(1995).

Our goal was to find a link between the number density of ion
bound lipids and the nanomechanical FS response of a PC
membrane in both the gel and liquid phases under relatively high
ionic strength conditions of a complex ion mixture such as SW.
The surface charge density of the adsorbed charge is given by

s ¼ s0 þ sads � s0 þ
X
i

eziNi

ni
(1)

where s0 is the membrane proper charge and sads is the adsorbed
charge. The number densities Ni are related to the intrinsic binding
constants Ki, as follows (Satoh, 1995):

Ni ¼
NKiC

0
i

1 þ
X
j

njKjC
0
j

(2)

where C0
i ¼ Ciexpð�zieC0=kTÞ is the concentration in the solution

of the ith ion at the surface, Ci is the bulk concentration, N is the
number density of lipid molecules, ni defines the binding
stoichiometry of the ith ion to lipids, i.e. the number of lipid
molecules that are bound a to a single ion. Its value is a matter of
discussion and according to molecular dynamics simulations it can
certainly be different from 1. If it is assumed that there is no
competition in binding between cations and anions, the summa-
tion in Eq. (2) goes either over cations or anions only.

Charge s (Eq. (1)) has to be compensated by the charge of the
diffuse layer at the interface sd, i.e., s0 + sads + sd = 0. The latter is
given by the Poisson–Boltzmann equation:

sd ¼ �sign s0 þ sadsð Þ 2e0eNAkT
X
i

Ciðe�ziC0=kT � 1Þ
( )1

2

(3)

where e0 is the permittivity of vacuum, e is the dielectric constant
of water, k is the Boltzmann constant, T is absolute temperature.
The summation is over all ions in the solution. A fraction of the
lipids occupied by the ith ion is fi = Ni/N = Ni� A,A is the area
perlipid, and

X
i

f i þ f unocc � f occ þ f unocc ¼ 1. Surface charge den-
sity due to the ith ion is si = zi� e � Ni/ni = zi� e/ni� A � fi. Total
charge density is thus stot ¼ s0 þ

X
i

si. Number densities Ni are

obtained by solving the equation s0 + sads + sd= 0 for the surface
potential C0 as an unknown.

The stoichiometry of ions bound to lipid headgroups was
assumed to be 1:1 for mono- and divalent ions (Satoh, 1995).
Membrane proper charge was obtainable from the z potential
measurement in water. The s0 values are reported in the interval
from �50 to +1 mC m�2 and the main reason for the deviation from
zero (PC lipids should be neutral at physiological pH) seems to be
the presence of charge contaminants (McLaughlin et al., 1978). The
values for the membrane proper charge s0 = +0.503 mC m�2 and
�0.63 mC m�2 at 18 and 26 �C, respectively, were obtained for
DMPC after (Tatulian, 1983). We found two values in the literature
for the z potential of DMPC liposomes in water, z = �11.2 � 1.1 mV
(Grohmann et al., 1998) and z = �13.7 � 2.1 mV (Bouchet et al.,
2010). Our measurements of DMPC liposomes in PBS solution gave
z = �4.78 � 0.27 mV at 21 �C and z = �3.62 � 0.19 mV at 29 �C. In
SW, we measured z = +4.95 � 0.62 mV at 21 �C and z = +4.47 � 0.14
mV at 29 �C. As the ionic strength increases, the z-potential values
change the sign from minus to plus in either of the phases,
reflecting that, indeed, the binding of positive cations to the polar
heads of phospholipid molecules takes place.

To the best of our knowledge, there is no set of binding
constants for DMPC and for Na+, Cl�, Ca2+ and Mg2+ ions
determined at temperatures below and above the main phase
transition. We therefore made the following choice from the
available data. The chosen constants for Na+ and Cl� binding were
practically identical, KNa = 0.15 M�1 and KCl = 0.20 M�1 (measured
for egg lecithin (Tatulian, 1987)). For Ca2+ and Mg2+, the binding
constants were KCa2+ = 46 M-1 and KMg2+ = 8.6 M-1 (measured for
DMPC (Marra and Israelachvili, 1985)). We used them for both
phases so that the differences between the phases in ion binding



Fig. 1. Fractions of the lipid sites occupied by ions in different ionic strength solutions
at 21.1 �C. Since the fractions for the liquid phase at 29.2 �C are obtained by changing
only the area per lipid and the temperature, they are the same within 1% (Fig. S4).
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came up only through the area per lipid, membrane proper charge
and temperature.

The fractions of lipids bound to Na+ or Cl� ions for the gel and
liquid phases are summarized in Fig. 1 and Fig. S4, respectively.
Since the binding constants for Na+ and Cl� are approximately
equal and no competition between them for the available sites is
assumed, the corresponding values are practically identical. In
both phases the fractions and the surface charge density of all
bound lipid sites increase with the ionic strength. The increase is
from 8.3% in 250 mM NaCl to 17.4% in 550 mM NaCl in both phases
(Table 1 and Fig. S4). In other words, in the 250 mM salt solution
there are around 26 lipid molecules bound to Na+ and 23 bound to
Cl�. In the case of the 550 mM solution, these numbers are 12 and
11, respectively. However, in SW, one Na+ ion is bound to 51 lipids
and any of the divalent ions to 13–14 lipid molecules. Here we see
another important characteristic of the Gouy–Chapman model
coupled with the Langmuir adsorption isotherm, namely, its ability
to show that ions of the same type bind differently in different ion
mixtures (Table 1). For example, almost two times more Mg2+ ions
from the mixture 150 mM NaCl + 20 mM MgCl2 bind to lipids than
from the solution of 20 mM MgCl2 indicating that there is a binding
competition of ions to lipids.

3.1. Infrared spectroscopy analysis

In IR transmission spectra of the DMPC film in water, PBS and SW,
there is a jump in frequency and absorbance of the symmetric
(Fig. 2a) and antisymmetric (not shown) CH2 stretching band around
24 �C. Temperatures of the gel (Lb) to fluid (La) main transition, Tm,
were determined by numerical differentiation of the interpolated
Table 1
Fractions of ion occupied lipid sites and the surface charge density contributions of in

Solutiona Ni/Ntot % 

Ca2+ Mg2+ Na+ Cl� Sb

250 mM NaCl 3.8 4.5 8.3 

550 mM NaCl 8.2 9.3 17.4 

150 mM NaCl + 20 mM MgCl2 4.9 1.2 6.5 12.5 

150 mM NaCl 2.3 2.8 5.1 

20 mM MgCl2 2.7 1.9 4.7 

SW 7.1 6.8 1.9 18.8 34.6 

a The first four solutions were buffered with 150 mM PBS.
b S Ni/Ntot%.
c stot = s0 + Ssi.
data and correspond toTm= 23.4 �C, 24.5 �C and 24.5 �C for the DMPC
film in water, PBS and SW, respectively. For the DMPC dispersion in
water, PBS and SW, they are Tm= 24.6 �C, 24.6 �C and 25.5 �C,
respectively. It can be safely concluded that Tm increases with the
ionic strength of the medium. Since the change in transition
temperature DTm is only 1 �C, the stability of the low temperature
gel phase against temperature variations is only slightly increased
by the ionic strength of the solution with abundant monovalent
sodium ions (Chapman et al., 1977). The mean phase transition
temperature in films for five studied solutions is 24.1 �0.5 �C and in
dispersions 24.7 � 0.4 �C, i.e. 0.6 �C higher. The wavenumber change
in transition is well defined only in the latter case and amounts to
1.60 cm�1. It is further observed that in SW the transition is broad in
films and narrow and at higher temperature in dispersions. As for
the transitions in other solutions, they are only slightly narrower in
dispersions and at somewhat higher temperatures as compared to
films. At the same time, the character of the transition in DMPC films
changes from sharp to gradual, while it remains sharp for all DMPC
dispersions (Fig. 2).

It was also important to examine the thermotropic response of
the broad carbonyl stretching band at around 1732 cm�1. This has
usually been explained by a superposition of two bands, one
around 1740 cm�1 and the other around 1728 cm�1. The separation
of 12 cm�1 is presumably caused by hydrogen bonding (Lewis et al.,
1994; Blume et al., 1988). If, furthermore, a separation within each
of the components due to the conformational non-equivalence of
the two carbonyls is assumed, than it should obviously be much
smaller than 12 cm�1. The resolution into two components seems,
however, to be inadequate because it has been recently shown that
the observed bandwidth is not due to the different degree of
hydration but due to the electrostatic interactions, transition
dipole moment coupling and variances in the electric field (Volkov
et al., 2009). To reveal the differences caused by different media, it
was thus enough to fit the observed C¼O band to a single
Lorentzian (the fitting of the carbonyl band with two subcompo-
nents in a selected number of temperature points gave strong
support to this assertion). The mean values of the residuals were
always within the range �0.01 �0.03 absorbance units what was
considered satisfactorily. The overall behaviour is analogous to that
of the CH2 stretching bands, though the wavenumber change is of
the opposite sign (Fig. 3a). In SW, the C¼O wavenumber is 2–
3 cm�1 lower than in water or PBS. Since the zwitterionic DMPC
bind cations at phosphate headgroups, the lowering almost
certainly occurs because cation binding is in competition with
hydrogen bonding of interfacial water so that the number of built-
in ions is less than predicted by the above simple calculations.

It has already been reported that the wavenumber increase upon
gel to liquid crystalline phase is related to the increased number of
gauche conformers of acyl chains in the liquid crystalline phase
(Mendelsohn et al., 1981). According to the above results, the
dynamics of the inner part of the lipid bilayer is weakly affected by
the changes at its interface with the surrounding medium. According
dividual ions in different solutions at 21.1 �C.

si (mC m�2) stot (mC m�2)c

Ca2+ Mg2+ Na+ Cl� Sb

13.0 �15.3 �2.3 �1.8
27.7 �31.5 �3.8 �3.2

33.4 4.0 �21.9 15.4 +16.0
7.8 �9.4 �1.6 �1.1

18.3 �6.6 +11.7
48.3 46.3 6.5 �63.8 37.2 +37.7



Fig. 2. Temperature dependence of the symmetric CH2 stretching frequency in the IR spectra of DMPC multibilayers prepared as (a) film and (b) liposome dispersion in a
series of solutions (figure legends refer to ionic strengths of solutions, IPBS = 150 mM, other PBS solutions were at ionic strengths I = 250 mM, 350 mM 450 mM and 550 mM,
ISW= 550 mM). (For interpretation of the references to colour in the text, the reader is referred to the web version of this article.)
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totheMDsimulations,mono-and divalentsaltsproducea significant
increase in chain order, membrane thickness and rigidity, though
only at salt concentrations >1 M (Pabst et al., 2007). Since salt
concentrations in our work are at best 0.55 M, the phase transition
temperature upward shift directly related to the salt induced chain
ordering that would be 2 �C or greater is not expected. However,
some other effects are noticeable. In dispersions the vsym(CH2)
frequencies below (~vmean ¼ 2849:7 � 0:2 at 21 �C) and above
(~vmean ¼ 2851:9 � 0:2 at 29 �C) the phase transition are lower by
1.0 cm�1 than in films (~vmean ¼ 2850:8 � 0:1 at 21 �C and
~vmean ¼ 2852:7 � 0:1 at 29 �C). In the presence of salts as compared
to water a frequency lowering of about 0.5 cm�1 is observed only in
dispersions. Although it might be disturbing that the 350 mM
curve looks like an outlier because of the 0.5 cm�1 shift (Fig. 2b),
we would rather ascribe that to a systematic error of yet unknown
origin. The wavenumber variations within 0.5 cm�1 between films
or between dispersions at temperatures below and above the
phase transition should be thus considered negligible.

Our IR spectroscopy results demonstrate a substrate induced
broadening of the main transition in SW with a transition
temperature width of 8–10 �C (Figs. 2 and 3a). The broader SLB
transition when compared to that observed in dispersions (Fig. 2b)
certainly is due to the stacked nature of SLBs (Yang and Appleyard,
2000). Interestingly, the temperature behaviour of DMPC bilayers
in the distilled water is different from that observed in 150 mM PBS
(Fig. 2b).

Namely, the main transition of the dispersion in distilled water
is shifted towards a higher value (24.6 �C) compared to the film
Fig. 3. (a) Temperature dependence of the carbonyl stretching band of DMPC films;
interpretation of the references to colour in the text, the reader is referred to the web
value (23.4 �C) while in PBS it stays at the same temperature of
24.6 �C due to the absence of substrate–lipid interaction. A possible
explanation for the different film and dispersion behaviour can be
that the DMPC film, even when hydrated, remains adsorbed to the
IR window surface with a thin aqueous layer in between (Johnson
et al., 1991; Sackmann, 1996). Therefore a phase transition in a
weakly constrained system is being observed. However, although
the layer adsorbed onto the surface certainly exhibits different
dynamics than the one above it, it is buried under the
undetermined number of other bilayers. The slightly lower phase
transition temperatures in films may simply reflect this situation of
multilamellar assembly of lipid bilayers. It is further reasonable to
assume the occurrence of various types of defects in such an
assembly as compared to a single SLB. The defects would include
also the acyl chain disorder and thus the somewhat lower phase
transition temperature in the films is observed.

It is known from the AFM studies of a single bilayer on a solid
support (Leonenko et al., 2004; Feng Xie et al., 2002) that exactly
the opposite temperature shift takes place, i.e. the transition in the
supported bilayer is broader and shifted from 23.7 �C in free
standing DMPC bilayer to 28 �C in DMPC SLB.

In our IR experiments the term film is used to describe
multilamellar lipid layers that were produced in order to reach the
lipid concentrations capable of producing IR spectra of reasonable
quality.

According to MD simulations results, a strong interaction exists
between Na+ and Ca2+ ions and phosphate oxygens and glycerol
carbonyl oxygens in asymmetric phospholipid bilayers composed
 (b) full band width at half height; (c) absorbance at the band maximum. (For
 version of this article.)
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of dioleoylphosphatidylcholine (DOPC) in one leaflet and a mixture
of DOPC and dioleoylphosphatidylserine (DOPS) in the other leaflet
(Vernier et al., 2009) or in POPG (1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphoglycerol) lipid bilayer (Mao et al., 2013) leading to
formation of ion–lipid complexes, strengthening of lateral
interactions between lipid molecules and consequently to a
tighter lipid packing in the membrane. Occurrence of the tighter
lipid packing should be observable in IR spectra. However, since no
significantly changed ordering induced by ionic strength variations
that would shift the main transition temperature by more than 1 �C
was observed on DMPC bilayers with neutral headgroups, the
interpretation based on the MD results should be questioned.

It should be noted that herein we are addressing the problem of
phospholipid hydration in the presence of ions. Structural and
dynamical properties of water at the interface of phospholipid
bilayers are actually observed in the recorded transmission IR
spectra presented herein, although it was not even roughly
possible to resolve various contributions by analyzing the OH
stretching region. The water bending frequency below
(~vmean ¼ 1649:6 � 0:8 at 21 �C) is higher by 1.0 cm�1 than above
(~vmean ¼ 1648:8 � 0:6 at 29 �C) the phase transition in films
(Fig. S5). In the presence of salts as compared to water the water
bending frequency lowering of about 0.5 cm�1 is observed. It is
obvious that bulk water properties change in the presence of ions
what was possible to quantify by determining the salt hydration
number from ATR-IR spectra of pure water and a series of aqueous
alkali halide solutions (Max and Chapados, 2001).

The character of binding is quite different for the different types
of cations and phospholipids. According to the atom–scale
simulations, the main effect of monovalent cations is their binding
to the carbonyl region (Gurtovenko et al., 2008). In contrast, the
mechanism of disruption and reformation of lipid–ion networks
seems to be related to the attractive electrostatic forces occurring
through the sharing of the positive charge of cations between the
negatively charged phosphate groups (Fukuma et al., 2007).
In the case of zwitterionic headgroups presented herein, an
averaged effect is seen in SW because SW contains numerous
different mono- and divalent cations. Since divalent cations were
present only in very low concentrations in SW used here, the
transition temperature upshifted only by 1 �C. The most abundant
ions in the SW samples were chlorine and sodium ions. While
chlorine anions mostly stay in the water phase, sodium ions
interact most strongly with the membrane causing observable
membrane compression.
Fig. 4. An example of the AFM images of DMPC-SLB in PBS buffer (I = 150 mM) and the co
(b) 24.3 �C and (c) 29.2 �C. Vertical scale is the same for all figures.
3.2. Effects of ionic solutions on liposome fusion and deposition

In order to observe the effect of the ion mixture on topography
changes of DMPC SLB in both the gel and the liquid phase, we
prepared two DMPC liposome dispersions, in PBS buffer solution
(I = 150 mM) and in SW (I = 550 mM), using the general protocol
described in the experimental section. The main differences
between PBS and SW are in the ionic strengths and in the presence
of divalent cations, namely Ca2+ and Mg2+, only in SW.

The prepared LUV dispersions (the loss of lipid and subsequent
concentration reduction during extrusion were the same in all
samples) were added to a fluid cell with a mica plate kept at 38 �C
using the heating stage. The sample was then washed with PBS and
allowed to cool to 20 �C (�1 �C/min), i.e. below the main transition
temperature at Tm= 24.6 �C (Fig. 2a). The liposome adsorption
process results in formation of bilayer patches of very different
sizes (Garcia-Manyes et al., 2005a). Temperature dependent
topography of bilayer patches with characteristic depths in PBS
and in SW obtained for different samples is shown in Figs. 4 and 5,
respectively. In order to evaluate depth of bilayer patches in two
phases, at least three independent experiments have been
performed at each temperature below (Figs. 4 and 5a) and above
(Figs. 4a and c and 5b–d) the main phase transition. The total
amount of the lipid patches was increased in the liquid phase
(24.3 and 29.2 �C) in comparison with the gel phase (21.1 �C). As
already extensively investigated experimentally (Reviakine and
Brisson, 2000) and theoretically (Israelachvili, 1992; Lipowsky and
Seifert, 1991), the processes of liposome deposition and SLB
formation are governed not only by interactions between
liposomes and the support, but also between adsorbed liposomes
and interactions within adsorbed liposomes. In fact, the relative
contribution of these interactions will be sensitive to the nature of
the support (its surface charge, chemical composition and
roughness), of the liposomes (their composition, charge, size
and physical state), as well as the aqueous environment (pH and
ionic strength). The long range electrostatic forces contribute to
these interactions by strongly influencing the kinetic of SLB-
formation process (Richter and Brisson, 2005; Rädler et al., 1995;
Nollert et al., 1995). The study of the influence of the temperature
on SLB formation (Reimhult et al., 2003) suggested a thermally
activated process. Our experiments have always been performed
under the same incubation time. By adjusting pH, ionic strength
and time of imaging, the formation of SLB patches was optimized
and therefore the increase of the mica coverage during liposome
rresponding section profiles in denoted line directions at temperatures of (a) 21.1 �C,



Table 2
SLB heights under physiological and SW conditions.

PBS SW

t (�C) h (nm)a Dh (nm)b h (nm)c Dh (nm)d Dh (nm)e

21.1 (Lb) 5.31 � 0.02 5.38 � 0.04 �0.07 � 0.06
24.3 4.61 � 0.08 5.09 � 0.05 �0.48 � 0.13
29.2
(La)

4.38 � 0.03 0.93 � 0.05 4.54 � 0.05 0.84 � 0.09 �0.16 � 0.08

33.4 3.92 � 0.03

a In 150 mM PBS.
b Dh = h(Lb) � h(La) in PBS.
c In SW.
d Dh = h(Lb) � h(La) in SW.
e Dh = h(PBS) � h(SW).

Fig. 5. AFM images of DMPC SLB in SW and the corresponding section profiles in denoted line directions at temperatures of (a) 21.1 �C, (b) 24.3 �C, (c) 29.2 �C (d) 33.4 �C.
Vertical scale is the same for all figures.
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deposition with temperature corresponds to a thermally activated
liposome adhesion and spreading over the mica surface.

The increase of the surface coverage (obtained by comparing
the surface area of the corresponding Gaussian distributions
within the z-height pixel frequency distribution) at different
temperatures was a consequence of enhanced interaction between
the liposomes and the mica surface. Our study of the liquid phase
at 29.2 �C has revealed a significant increase in the surface coverage
from 40% for the bilayers prepared in PBS to 80% in SW. In the gel
phase at 21.1 �C, the surface coverage is also increased from 2.5% in
PBS to 10.5% in SW thus confirming that the processes of liposome
deposition and SLB formation are mostly governed by the
electrostatic interaction between liposomes and between lipo-
somes and the mica support.

It has been experimentally proven that pH and ionic strength
have a great effect on SLB deposition and spreading onto mica or
silicon oxide (Garcia-Manyes et al., 2006). Freshly cleaved mica is
negatively charged under a wide range of the ionic strength and
pH values (Egawa and Furusawa, 1999). DMPC liposomes exhibit a
small negative charge at pH > 3.5 and positive charge at pH < 3.5.
If the liposome fusion process is assumed to be electrostatically
governed, a higher degree of surface coverage should accordingly
be expected only at pH < 3.5. However, our results in SW (pH 8.2)
show that pH is not the only factor determining the degree of
surface coverage. Obviously, electrostatic interactions do not
seem to be that significant during the membrane deposition on
mica.

At the ionic strength around 150 mM NaCl, DMPC liposomes
bear negative surface charge while in SW the charge is positive.
Recalling the negative surface charge of mica in the wide range of
ionic strengths, the process of DMPC liposome deposition and
fusion into a flat bilayer is thus altered by the solution ionic
strength (Garcia-Manyes et al., 2005a). Consequently, an enhance-
ment of surface coverage, i.e. larger SLB patches, in SW was
observed. It has been reported that Ca2+ ions promote the
adsorption and rupture of liposomes to SLB formation with a
particularly strong effect on mica (Richter and Brisson, 2005;
Reviakine and Brisson, 2000). This is attributed not only to the
participation of calcium ions in charge screening, but also to their
specific interaction with the mica surface and liposomes. Minor
concentrations (lower than in SW) of calcium ions are often
sufficient to generate the observed effects.

We now turn to the results concerning the bilayer thickness.
The cross sections at three different temperatures show the
profiles that correspond to the single supported bilayer covering
the mica surface (Fig. 4). When the first order flattening procedures
are employed, the mica substrate and lipid bilayer appeared as two
distinct Gaussian distributions within the z-height pixel frequency
distribution. More accurate values for the bilayer height were thus
obtained, 5.31 �0.02 nm, 4.61 �0.08 nm and 4.38 � 0.03 nm at
21.1 �C, 24.3 �C and 29.2 �C, respectively. Imaging was carefully
repeated several times to prevent any resonant frequency change
due to contamination. The results summarized in Table 2 show that
the observed height of SLB is in agreement with the already
reported one (Garcia-Manyes et al., 2005a). Identical measure-
ments were repeated with the liposome dispersion in SW (Fig. 5).
At 21.1 �C, the DMPC bilayer patches were of two lateral size
populations, smaller one of about 20 nm and the larger one up to
1500 nm and both of an effective thickness of 5.38 � 0.04 nm
(Fig. 5a). At 24.3 �C, the DMPC bilayer patches formed in SW were
of various lateral sizes from 50 nm up to 2500 nm and of an
effective thickness of 5.09 � 0.05 nm (Fig. 5b). Fig. 5c shows DMPC
bilayer patches of sizes from 200 nm up to 3000 nm and with an
effective thickness of 4.54 � 0.05 nm at 29.2 �C. Fig. 5d shows the
bilayer at 33.4 �C. For the La DMPC bilayer in SW (Table 2), the
change is accompanied by a 47% increase in bilayer surface
coverage and bilayer thinning from 4.54 � 0.05 nm to
3.92 � 0.03 nm. From the patch surface area and effective bilayer
thicknesses, the volume expansion of the liquid crystalline phase
lipid bilayer of 27% is obtained. This corresponds to the 26%
increase of the area per lipid from 0.472 � 0.005 nm2 at 20 �C
(Tristam-Nagle et al., 2002) to 0.596 � 0.002 nm2 at 30 �C (Petrache
et al., 1998). Similar behaviour was observed in the case of DPPC
phase transition where authors assumed that all changes are
accounted for by the expansion of the bilayer itself (Leonenko et al.,
2004). However, lower values of only 5–7% were measured by AFM
(Feng Xie et al., 2002).

The bilayer thickness decreasing consists of two contributions,
first due to the gel-to-liquid crystalline phase transition (all-trans
acyl chains in the gel phase are longer than the gauche segments in
the liquid crystalline phase) and second due to the effect of ion
binding. During the main transition, the change of the DMPC
bilayer thickness in PBS is thus Dh = 0.93 � 0.05 nm, while it is



Fig. 6. Examples of the yield threshold force–separation curves of DMPC bilayers in
the gel phase immersed in different NaCl solutions. The whole region between the
points of zero force up to the breakthrough event corresponds to the interaction
between SPB and the AFM tip and the separation at 0 nm corresponds to a hard
contact between the tip and the mica substrate. (For interpretation of the references
to colour in the text, the reader is referred to the web version of this article.)

Fig. 7. Yield threshold dependence of a mica-supported DMPC bilayer on the ionic
strength of NaCl solution buffered at pH 7.4 in the Lb phase and in the La phase. All
points in the graph correspond to the central value of Gaussian fitting to the
obtained histograms. Error bars stand for standard deviation of the Gaussian fitting
to the yield threshold force histograms.
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probably smaller in SW, Dh = 0.84 � 0.09 nm. The latter value is in
good agreement with Dh = 0.6 � 0.1 nm obtained in the study of the
effect of temperature on bilayer nanomechanics in salt solutions
(Garcia-Manyes et al., 2005b). The rate of thinning is the same
(�0.12 nm/�C) for PBS and SW (Table 2). Negative and practically
equal trends in bilayer thickness in both media indicate that the
difference in lipid structuring within the bilayer, once brought
about by the ions, remains over the whole temperature range and
bilayer thinning can thus be attributed to phase transition and
water dynamics within the headgroup region. This view can be
supported by MD simulation results (Böckmann and Grubmüller,
2004; Pandit et al., 2003; Gurtovenko, 2005).

Concerning the contribution of ion binding, the increase of
bilayer thickness is more pronounced at the phase transition
temperature (Dh = h(PBS) � h(SW) = �0.48 � 0.13 nm at 24.3 �C)
than in the liquid phase (Dh = �0.16 � 0.08 nm at 29.2 �C). The
differences of 0.1–0.5 nm are comparable to the values of 0.2 nm
and �0.6 nm obtained by the small angle X-ray diffraction study of
the POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) bi-
layer for monovalent and divalent salts, respectively, but at much
higher salt concentrations (Pabst et al., 2007). Since there is no
bilayer thickening for halide anions (Petrache et al., 2006; Pabst
et al., 2007), the observed effect is due to the binding of hydrated
divalent cations (Ca2+ and Mg2+) in SW to lipid headgroups and the
formation of the lipid–ion complex with significant participation
of water molecules (Leckband et al., 1993). Besides, the observed
effects regarding the influence of ions on the overall structure of
the bilayer were predicted in molecular dynamics (MD) simu-
lations (Böckmann et al., 2003; Böckmann and Grubmüller, 2004).
The difference in bilayer thickness (0.07 � 0.06 nm) between PBS
and SW at 21.1 �C additionally confirms the effect of ion binding.

We have kept our imaging experimental conditions the same
for all samples and thus made them comparable with each other.
The imaging in both media was performed at very high precision
(standard error of the mean height <0.05%), which was adjusted by
the force setpoint. Under such conditions, no co-existence of DMPC
phases has been observed either in PBS or in SW. The reason is the
following. By scanning with a higher force, it is easy to compress
the bilayer, thus measuring slightly less than the “true” thickness.
By scanning with a lower force, it is possible that long range
repulsive forces play a role, resulting in an overestimation of the
thickness. However, by analysing force distance curves that will be
discussed in Section 3.4, the phase co-existence could have been
observed.

3.3. DMPC bilayers in solutions with increasing ionic strength

In order to measure the effects of monovalent ions on the DMPC
bilayer in both phases, we prepared a series of solutions with ionic
strengths from 250 mM up to 550 mM by adding NaCl to the
150 mM PBS buffer. Force spectroscopy experiments were per-
formed with several cantilevers on several samples in order to
reach the yield threshold force point with greater accuracy. An
example of the yield threshold force–separation curves of DMPC
bilayers in the gel phase immersed in different NaCl solutions is
presented on Fig. 6.

An approaching force curve contains valuable information
about surface properties (van der Waals and electrostatic forces,
solvation, hydration and steric forces (Butt et al., 2005). First, it
changes due to the distribution of NaCl ions and next in the
breakthrough feature due to the rigidification of DMPC SLB. In the
approaching portion of the force curve, repulsive electrostatic
interactions between the AFM tip and the charged DMPC bilayer
surface appear at a larger distance at lower ionic strength (Fig. 6,
green). The breakthrough feature (known as a jump) corresponds
to penetration of the bilayer (yield threshold force) and the width
corresponding to bilayer thickness. Since the yield threshold value
reflects the rigidification of DMPC SLB due to the ion binding effect,
we further focused on the quantitative description of the nano-
mechanics of the DMPC SLB and correlated it with ion binding.

The Fy values, as a function of ionic strength for both phases, are
summarized in Fig. 7 and Fig. S6. The histograms were obtained by
taking only successful indentation recordings (a successful
recording is the one that presents a breakthrough in the force
plot). All shown histograms belong to the same sample. Fluctua-
tions of 15–18% were found between histograms of different
samples and/or different tips. In addition, double jumps in the
force plots were observed but these data were excluded from the
results presented herein. The observed double jumps were
interpreted as being due to the second lipid bilayer formed on
the tip, which is a slightly negatively charged silicon nitride surface
(Garcia-Manyes et al., 2005a). Dependence of the membrane
surface potential C0 (Eq. (2) and (3)) on the ionic strength is not
the same for different degrees of membrane charging. For 1–10%



Fig. 8. Temperature dependence of the yield threshold in two solutions of the same
ionic strength but of different ion compositions. Each point in the figure
corresponds to the central value of the Gaussian fit to the histograms shown in
Fig. S7. Error bars represent standard deviations.
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charged membrane, the potential varies significantly only in the
very low ionic strength region. Hence, in case of DMPC and high
ionic strengths, we expect variations in membrane charging and
subsequently a small increase of the yield threshold irrespective of
the phase.

Obviously, the increase of bilayer resistance upon breakthrough
is related to ion-binding in both phases. In the Lb phase, at 21.1 �C,
the yield threshold values were measured at Fy = 11.1 �0.6 nN,
11.7 � 0.7 nN, 11.9 � 0.5 nN and 12.6 � 1.1 nN, in 250 mM, 350 mM,
450 mM and 550 mM NaCl, respectively (Fig. 7). At the temperature
of 33.4 �C (La phase), the yield threshold values were found to be
Fy = 3.1 �1.2 nN, 3.8 � 1.4 nN, 5.1 �0.8 and 7.8 � 0.9 nN, in 250 mM,
350 mM, 450 mM and 550 mM NaCl, respectively (Fig. 7). These
values are, to a good approximation, obtainable by the extrapola-
tion of the values depicted in Fig. 5 of Garcia-Manyes et al. (2005a).
The yield threshold force monotonously increases in the whole
investigated region of ionic strengths, though the slope changes
with temperature and actually is the lowest at 21.1 �C.

The increase is most often related to the enhanced ordering of
acyl lipid chains and, as discussed above, accompanied by a jump of
�2 cm�1 in the hydrocarbon chain vibrational frequency difference
(Fig. 2), which is an order parameter in the IR spectra. The effect
can be attributed to the increased water content brought in by the
adsorbed ions that results in the increased number of hydrogen
bonds. In other words, the lower the area per lipid (more compact
structure, enhanced lateral interaction between neighbouring
molecules), the harder is it for the AFM tip to penetrate the bilayer.
However, the yield threshold difference for the two ionic strengths,
250 and 550 mM, within the gel phase (DFy = 1.5 �1.7 nN) is
smaller than within the fluid phase (DFy = 3.2 � 2.2 nN). It is thus
difficult to say in which phase ion binding causes more pronounced
effects. The MD simulation results that a PC bilayer with NaCl
shows an increased degree of molecular ordering (Pandit et al.,
2003) are consistent with our results. It has also been found that
76% of DMPC molecules are linked via H2O bridges and 93% are
linked to each other through charge pairs (Pasenkiewicz-Gierula
et al., 1999). This result suggests that mutual headgroup
electrostatic interactions and hydrogen bonding greatly contribute
and play a key role in the hardness of DMPC SLB.

3.4. Effect of competitive cation binding on nanomechanics of SLB in
SW

Ournext focuswasthusto investigate how despite theirrelatively
low concentrations (C(Ca2+) = 10.4 mM, C(Mg2+) = 53.3 mM) with
respect to monovalent ions (C(Na+) = 470 mM, C(Cl�) = 550 mM), the
divalent ions in SW could alter the organization of the lipid bilayer,
and consequently its nanomechanics. Since the concentration of the
K+ ions in SW is much lower than that of the Na+ (Hill,1963), K+ ions
are expected to have a minimal influence on the nanomechanical
behaviour of a lipid bilayer. We therefore performed force
spectroscopic measurements on a DMPC SLB in two solutions,
SW and NaCl solution (pH 8.2 and ionic strength of 550 mM). The
corresponding histograms of yield threshold forces fitted with
Gaussian fitting at different temperatures for each solution are
shown in Fig. S7 and summarized in Fig. 8 and Table S2.

If linear dependence on temperature is assumed for the purpose
of comparison, the Fy-values decrease with temperature in both
cases and with different slopes (�0.48 nN/�C in NaCl solution,
�0.71 nN/�C in SW). The difference between the maximum yield
threshold in two solutions at 21.1 �C is DFy = 8.0 � 0.8 nN (Table S2)
while at 33.4 �C the difference is DFy = 4.1 �0.1 nN. Hence, the
increase in yield threshold in both phases should be attributed to
the difference in the ion composition of the media and their
interactions with the free lipid surface. As has been mentioned, the
heterogeneity and broadening (50% increase of the full width at
half height) of the yield threshold force frequency distributions
was observed in SW (Fig. S7) In comparison with the 550 mM
solution, two populations of yield threshold forces in SW occurred
only at 29.2 �C. The appearance of yield threshold forces within
bimodal distribution is approximately equal (the lower one
representing 45% of all frequencies) indicating coexistence of
two phases.

Many independent studies have confirmed that the increase in
the monovalent salt concentration would stimulate binding of
divalent cations. Additional anions will screen the adsorbed
charges and lower the magnitude of the surface potential but
will increase both the amount of cations bound and the surface
potential (Lis et al., 1981; Roux and Bloom, 1990). They suggest that
divalent cations could decrease the magnitude of the surface
potential by screening the existing negative charges on the
membrane as well as the binding to specific sites (McLaughlin
et al., 1978). Detailed information about the location of ions with
respect to the polar groups and hydrocarbon chains of a PC lipid
bilayer was obtained from MD simulations. The Ca2+ binding has
been shown to modify the area per lipid, lipid ordering, orientation
of the lipid head dipole and the charge distribution along the
system (Vernier et al., 2009).

Effects of individual monovalent as well as individual divalent
cations in single cation solutions of low ionic strength on the
structure of phospholipid membranes (DPPC in gel phase and DLPC
in liquid phase) have been recently reported (Redondo-Morata
et al., 2012). The yield threshold force was shown to be strongly
dependent on the type of the cation in the solution, with the ionic
radius being only one of the involved factors. The other factors are
the ionic strength and ion charge. Thus, in the solutions of the same
ionic strength, the Fy-values for Na+ and Ca2+ having very close
ionic radii are expected to be different on account of their charges.
However, the difference seems to depend on the phase of the lipid
bilayer, being appreciable in the liquid phase and negligible in the
gel phase and, in addition, the change is opposite in sign, in the
liquid phase from Na+ (Fy = 8 nN) to Ca2+ (Fy = 4 nN), in gel phase
from Na+ (Fy = 14 nN) to Ca2+ (Fy = 17 nN) (Fig. 4 in Redondo-Morata
et al., 2012). As it will be shown below, when both ions are present,
the Fy-value can be markedly different from the Fy-value in a single
cation solution.
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The fractions of lipids occupied by Na+ and Cl� ions in 550 mM
NaCl at 21.1 �C are 8.2 and 9.3%, respectively (Table 1). In the liquid
phase, these values are 8.2 and 9.2% for Na+ and Cl� ions,
respectively (Table S1, Fig. S4). In SW at the same ionic strength, the
fractions of ion bound lipids are dramatically changed. Thus, for
example, while the fraction of the Na+ occupied lipids is only 2.0%,
the fraction of the lipids occupied by Cl� has increased to 18.2%.
Interestingly, the fraction of all occupied sites increases signifi-
cantly in SW compared to the same ionic strength NaCl solution. It
increased almost two-fold in both phases (from 17.4 to 34.6% in the
gel phase and from 17.4 to 35.1% in the liquid phase). In SW the
changes of the fractions of lipids occupied by Ca2+ and Mg2+ during
phase transition are equal (17.5%). At the same time, the bulk
concentration of Na+ in SW is an order of magnitude higher than
that of Ca2+ and Mg2+. Although the concentration of Mg2+ is five
times higher than the concentration of Ca2+ in SW, the almost equal
fraction of both bound ions indicates higher affinity of Ca2+ ions to
the available lipid sites. Such behaviour is also described in the
study of the DMPC lipid bilayer where Ca2+ makes a greater
contribution to the lateral cohesive forces within the DMPC lipid
membranes than does Mg2+ (Seantier and Kasemo, 2009; Ku9cerka
et al., 2008). The results show that the binding of Na+ and Cl� to the
lipids is significantly influenced by the divalent ions. Similarly, in
the case of the ion mixture (150 mM NaCl + 20 mM MgCl2) studied
under the same experimental conditions by (Garcia-Manyes et al.,
2005a), the ratio of fractions of the lipid site occupied by Mg2+ to
Na+ is 4.20, though the Na+ concentration in solution is nearly 8-
fold higher. Addition of Mg2+ to the NaCl solution leads to
enhanced mechanical stability of the bilayer, but the effect is
enhanced by addition of Ca2+ ions. All this is implicit in the values
of the binding constants.

At 21.1 �C, charge densities of the lipid sites in SW bound to Na+

(4.6 � 1016 C m�2), Cl� (3.77 � 1017 C m�2), Ca2+ (1.51 �1017 C m�2)
and Mg2+ (1.44 �1017C m�2) are higher than at 29.2 �C (Na+

3.19 � 1016 C m�2, Cl� 3.05 �1017 C m�2, Ca2+ 1.19 � 1017 C m�2 and
Mg2+ 1.14 �1017 C m�2) and so is the yield threshold force value
(Fy = 19.3 � 0.8 nN vs. Fy = 8.7 � 0.1 nN). From the Gaussian fits to
the data, the average rupture force was obtained for each distinct
bilayer in the media of increasing ionic strength. These results are
plotted as a function of the fraction of occupied lipid sites (Fig. 9).
The slope of the linear fit through the first four points indicates
that, on average, the Fy-values increase by �13.4 nN/100 mM and
4.9 nN/100 mM in the gel and liquid phases, respectively. In the
case of ion mixture, 150 mM NaCl + 20 mM MgCl2, denoted by a
yellow point at Nocc/Ntot = 12.5% (Garcia-Manyes et al., 2005a), the
yield threshold value Fy = 14.5 nN deviates significantly from the
Fig. 9. The fraction of all ion bound lipids (columns S in Table 1 and Table S1) in
correlation with the yield threshold in the gel phase (21.1 �C) and in the liquid phase
(38.0 �C) (SW – red). The yellow point was taken from (Garcia-Manyes et al., 2005a).
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
linear fit. Such behaviour confirms the idea that the nano-
mechanics of lipid bilayers is influenced by the competitive ion
binding. If the binding process were only cooperative, then the
fraction of the occupied lipid sites would be the sum of the
contributions of each individual ion, in that case 9.7 (Table 1),
which is different from Nocc/Ntot% = 12.5. The idea that the
composition and ionic strength of media and the ion binding
competition are decisive factors that directly influence the
nanomechanics of lipid bilayers has been also confirmed by the
Fy-value in SW medium (red points in Fig. 9). The effect is much
stronger in the gel phase where the SW point deviates significantly
from the linear fit. This is not the case of the liquid phase, which is
characterized by increased lateral lipid mobility, i.e. loosely bound
lipid molecules capable of binding and releasing ions with much
greater frequency than in the gel phase. The increase in the yield
threshold force from the gel phase to the liquid phase (DFy = 10.57
� 0.2 nN) is not followed by significant changes in the fraction of
the ion occupied lipids (Fig. 1 and Fig. S4). This is most probably
due to the alteration of the binding constants K with the phase,
which produces the observed difference.

Regarding the above studied competition in cation binding in a
complex electrolyte such as SW, the observed nanomechanical
behaviour of the zwitterionic DMPC SLBs should be extendable to
all biological relevant PC bilayers, such as DOPC (1,2-dioleoyl-sn-
glycero-3-PC), DLPC (1,2-dilauroyl-sn-glycero-3-PC), DPPC (1,2-
dipalmitoyl-sn-glycero-3-PC) etc. The reasons are the following.
The effects of ion binding in aqueous electrolyte solutions have
been described by intrinsic binding constants on PC (DLPC, DMPC,
DPPC, DSPC (1,2-distearoyl-sn-glycero-3-PC) and phosphatidyleth-
anolamine (PE) (DPPE (1,2-dipalmitoyl-sn-glycero-3-PE)) bilayers
(Mara and Israelachvili, 1985; McLaughlin et al., 1978 McLaughlin
et al., 1978). It was shown that (a) Ca2+ ions always bind more
strongly than Mg2+ ions (an effect that is more pronounced in the
gel state) and (b) at ambient temperatures the strength of Ca2+

binding is in the order gel phase > liquid phase. The Ca2+ binding on
DPPC and DMPC bilayers was shown to falls abruptly on going
through the phase transition irrespective of the NaCl presence. In a
comprehensive study of the nanomechanical stability of chemi-
cally distinct SLBs (Garcia-Manyes et al., 2010), it was shown that
zwitterionic PC headgroups bind Ca2+stronger than positive PE or
PA and weaker then negative PS or PG headgroups. Consequently,
the ion binding to the DMPC bilayers is non-specific process
revealing the increased nanomechanical hardness in complex
electrolyte solutions at the ionic strength up to 550 mM.

4. Conclusions

In this work we have performed a detailed experimental
quantitative IR and force spectroscopic study on the mutual effect
of monovalent (sodium) and divalent cations (calcium and
magnesium) on the nanomechanics of DMPC bilayer. Interestingly,
our calculated results concerning ion binding by taking into
account both the electrostatic and ion binding equilibrium
contributions directly follow the trends experimentally observed
for nanomechanics of the lipid bilayer.

We have demonstrated that for a DMPC bilayer in a simple
monovalent salt solution even beyond the 1 M ionic strength, the
vertical force needed to puncture phospholipid SLB with AFM
probe increases continuously in a predictive cooperative manner,
with a trend much more pronounced in the gel phase. In contrast,
in a complex ion mixture such as SW, both the competitive and
cooperative processes of ion binding alter all the fractions of ion
bound lipids, which is directly reflected in the greater-than-
expected average yield threshold force increase, the effect being
more pronounced in the gel phase. For example, the fraction of
sites occupied by all ions increases significantly in SW compared
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to the same ionic strength NaCl solution. It increased almost two-
fold in both phases (from 17.4 to 34.6% in the gel phase and from
17.4 to 35.1% in the liquid phase). In SW the changes of the
fractions of lipids occupied by Ca2+ and Mg2+ during phase
transition are equal (17.5%). Altogether, our results observed in
the complex ion mixture such as SW confirmed the idea that the
composition and ionic strength of media and competition in ion
binding are decisive factors that directly affect the nanome-
chanics of lipid bilayers.

Using a quantitative description of ion adsorption to a
supported PC bilayer by taking into account both the electrostatic
and ion binding equilibrium contributions, we have found that salt
induced changes in bilayer stability depend strongly on the salt
concentration and the solution composition. We also found that
the slight changes in surface charge of the lipid bilayer by addition
of monovalent salt lead to an increase of the yield threshold force.
Although no significant salt effect on the bilayer structure was
detected for ion concentrations up to 1 M using techniques like
small angle X-ray diffraction, we found such effects for concen-
trations below 0.55 M by using force spectroscopy. Membrane
hardness herein quantified by the yield threshold force values has
thus turned out to be very sensitive to the ionic strength as well as
to the composition of the solution. In particular, extending these
experiments to SW as a naturally occurring complex ionic mixture,
we were able to demonstrate the effects of binding competition to
the DMPC bilayer of mono- and divalent ions.
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