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Abstract Phospholipid bilayers were formed on mica
using the Langmuir-Blodgett technique and liposome
fusion, as a model system for biomembranes. Nanometer-
scale surface physical properties of the bilayers were
quantitatively characterized upon the different phases of
the first leaflets. Lower hydration/steric forces on the
bilayers were observed at the liquid phase of the first leaflet
than at the solid phase. The forces appear to be related to
the low mechanical stability of the lipid bilayer, which was
affected by the first leaflet phase. The first leaflet phase also
influenced the long-range repulsive forces over the second
leaflet. Surface forces, measured using a modified probe
with an atomic force microscope, showed that lower long-
range repulsive forces were also found at the liquid phase
of the first leaflet. Force measurements were performed at
300 mM sodium chloride solution so that the effect of the
phase on the long-range repulsive forces could be investi-
gated by reducing the effect of the repulsion between the
second-leaflet lipid headgroups on the long-range repulsive
forces. Forces were analyzed using the Derjaguin—Landau—
Verwey—Overbeek theory so that the surface potential and
surface charge density of the lipid bilayers were quantita-
tively acquired for each phase of the first leaflet.
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Introduction

Many efforts have been devoted to the study of the phys-
icochemical properties of the lipid layer in recent years
since they are important to understanding specific mem-
brane functions including molecular recognition, cell
adhesion, cell fusion and intercellular communication
(McConnell et al. 1986; Sackmann 1996; Boxer 2000;
Garcia-Manyes et al. 2005). Supported lipid layers on solid
substrates are known as well-defined models of the cell
surface and can be used to investigate molecular events in
membranes because very sensitive analytical techniques
can be applied (McConnell et al. 1986; Sackmann 1996;
Boxer 2000). Supported lipid layers have been used in
many areas of biomedical research such as cell recognition,
membrane-mediated catalysis, effects of anesthetics and
antimicrobial peptides (Brian and McConnell 1984; Giesen
et al. 1991; Mou et al. 1994; Miszta et al. 2008).

Atomic force microscopy (AFM) has proven to be a
strong method for measuring the forces of interaction
between the AFM probe and the surface, giving informa-
tion on the physical properties of a sample surface (Biggs
1995; Fang et al. 2000; Beech et al. 2002; Engler et al.
2004). As the AFM probe tip approaches the sample,
repulsive forces can be measured, such as electrostatics,
salvation, hydration and compression-related steric forces.
The retraction force curves often show a hysteresis, refer-
red to as an “adhesion pull-off event,” which can be used
to estimate the adhesion forces. Much experimental force
data are now available in the literature, and theoretical
models have been introduced for the analysis of forces
acting between two solid surfaces (Senden et al. 1994; Van
der Vegte and Hadziioannou 1997; Cappella and Dietler
1999; Dimitriadis et al. 2002; Franz et al. 2002; Butt and
Franz 2002; Loi et al. 2002).
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In biological systems, cell membranes have an asym-
metrical distribution across the bilayer of the membranes.
Phosphatidylethanolamine (PE) is the predominant lipid
species in the inner leaflet, while the outer leaflet has more
phosphatidylcholine (PC) (Boon and Smith 2002a, b). This
asymmetry is a key feature of cell plasma membranes for
exocytosis, intracellular fusion, lipid—protein interactions
and signal transduction, which are also associated with
structural heterogeneity (Brown and London 2000; Baga-
tolli and Gratton 2000; Rinia et al. 2001; De Almeida et al.
2002; Tokumasu et al. 2003; Devaux and Morris 2004).
Still, little is known about how the first-leaflet phase can
affect quantitatively the physical properties of the lipid
bilayer, i.e., hydration/steric repulsion, adhesion and elec-
trostatic properties. In this work, we investigated the
properties of the lipid layer.

Experiments

Dipalmitoylphosphatidylethanolamine (DPPE), dioleoyl-
phosphatidylethanolamine =~ (DOPE),  dipalmitoylpho-
sphatidylcholine (DPPC), dioleoylphosphatidylcholine
(DOPC), dipalmitoylphosphatidylglycerol (DPPG) and
dioleoylphosphatidylglycerol (DOPG) were purchased from
Avanti Polar Lipids (Alabaster, AL) and used without further
purification. Langmuir—Blodgett (LB) films were prepared at
25°C with a KSV 5000 LB system (KSV Instruments, Hel-
sinki, Finland). Lipids were dissolved at 0.5 mM in chloro-
form/methanol (4:1). Monolayers were spread on 300 mM
sodium chloride subphase at pH 4, and after evaporation of
the solvent, they were compressed at a rate of 10 mm/min.
All layers were deposited at a constant surface pressure of
25 mN/m by raising mica through the air—water interface,
after the mica was attached to a 15-mm-diameter magnetic
plate and cleaned. Transfer ratios were 1:1. All layers were
used to confirm the phase difference, but the layers of DPPE
and DOPE were used as a first leaflet where the second
leaflets of DPPC-DPPG and DOPC-DOPG were, respec-
tively, formed through liposome fusion after the mica was
transferred on the AFM stage. More description is presented
in “Results and Discussion” section.

Large unilamellar vesicles (LUVs) were prepared with
1.5:1 of DPPC-DPPG and 1.5:1 of DOPC-DOPG, respec-
tively (Park 2007). Lipids were well mixed in chloroform/
methanol (4:1) to a total lipid concentration of 10 mg/ml.
The glass surface of a vial was coated with these lipids by
evaporation of the solvent under a stream of nitrogen during
vortexing. Traces of solvent were removed under vacuum
for 3—4 h. Lipids were resuspended in 300 mM sodium
chloride at pH 4. During resuspension, the lipid concen-
tration was adjusted to 2 mg/ml. This solution was sub-
jected to 10 freeze—thaw cycles, with thaw performed above
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Fig. 1 Silica sphere-attached cantilever

the transition temperature of each lipid. After the freeze—
thaw cycles, the lipids form multilamellar vesicles (MLVs).
MLVs were transferred into an extruder (Avanti Polar
Lipids) and extruded through a standard polycarbonate filter
(Osmonic, West Borough, MA). Vesicles were extruded 10
times through a 0.1-um pore size double polycarbonate
filter above the transition temperature.

AFM measurements were made at 25°C using an optical
lever microscope equipped with a liquid cell (3D MFP;
Asylum Research, Santa Barbara, CA) and a temperature
controller. Contact-mode topographic images were taken in
the constant-deflection mode using oxide-sharpened,
microfabricated Si;N4 cantilevers (Olympus, Tokyo,
Japan) with a typical radius of curvature of 20 nm and
spring constants of 0.03 and 0.5 N/m (manufacturer spec-
ified). The mica was placed onto a Petri dish put on a
magnetic place so that it was held tightly to the AFM stage
by magnetic force. The AFM cantilever was mounted onto
the cell and carefully lowered to the lipid bilayers, after the
vesicle solution was injected into the dish with a waiting
period of 1 h for liposome fusion to form lipid bilayer on
the mica above the transition temperature. At contact-mode
AFM, surface force measurements were made with the
cantilever at 1 Hz. The sensitivity of the AFM detector was
estimated using the slope of the loading curve. For quan-
titative electrostatic-property analysis, a silica sphere-
attached cantilever, shown in Fig. 1, was used for other
surface force measurements.

Theory

Theories describing the forces between interacting elec-
trostatic double layers have been considered by numerous
authors. The interaction between similarly charged double
layers at low surface potentials is described by the theory
of Derjaguin—Landau—Verwey—Overbeek (DLVO) (Derja-
guin 1940). According to the DLVO theory, the total
interaction energy between two plates can be considered as
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the sum of several contributions, including an attractive
van der Waals component (V,) and an electrostatic repul-
sion or attraction (Vg). There is also considerable evidence
for an additional repulsion (Vgs) at close separations
resulting from the presence of ordered solvent layers
(Israelachvili and Adams 1978; Shuin and Kekicheff 1993;
Parker and Christenson 1988; O’Shea et al. 1994).

Using the Derjaguin (1934) approximation, the force
between spheres of radius Rt can be related to the energy
between plates by the expression

The van der Waals energy (V) in the nonretarded limit is
described by an equation of the form

Va = —An/12nd?, (2)

where Ay is the Hamaker constant and d is the separation
distance (Hartmann 1991). The Hamaker constant of the
lipids is assumed to be 7.0 x 1072° J since the largest
component of the layer is hydrocarbon (Israelachvili 1991).
The Hamaker constant used for the SiO, surface is
0.8 x 107207 (Ducker et al. 1992). The electrostatic
interaction (Vg) can be derived by considering the free
energy associated with the formation of a double layer or
by integrating the electrostatic force (Verwey and
Overbeek 1948; Hogg et al. 1966; Hunter 1987). Using
the latter method, the interaction for a 1:1 electrolyte is

o= [ {atirleon(2) 1] -5(2) e
(3)

where i/ is the electrostatic potential. The first term in
Eq. 3 is a repulsive osmotic component that results from
the accumulation of charge in the gap between the plates,
and the second is a Maxwellian stress that represents an
induced charge and is always attractive. For similarly
charged surfaces, the second term disappears, leaving a
result equivalent to the DLVO theory. To determine Vg

explicitly, the electrostatic potential must be known. This
can be found by solving the Poisson—Boltzmann equation:

dzlp 1 0 Zielp
Vo S Wzeexp( ). 4
dz? €08, 4 it exp ( kT ) “)

Generally, the complete nonlinear form of Eq. 4 must be
solved, which can be accomplished only by numerical
techniques (Chan et al. 1980). Integration of Eq. 3 was then
achieved with Simpson’s 3/8 rule. The additional repulsive
force (Vs) in Eq. 1 is thought to arise from the presence of
ordered solvent layers and can be described by a decaying
oscillatory force (Parker 1994). The nature of this repulsive
force is not clearly understood and will be neglected in the
calculations presented here.

Results and Discussion

Toward the goal of investigating the first leaflet phase
effect on the physical properties of the bilayers, the second
phospholipid layer on the first phospholipid layer made
earlier with the LB technique was formed through lipo-
some fusion. Four types of lipid bilayers could be made:
DPPC-DPPG/DPPE, DPPC-DPPG/DOPE, DOPC-DOPG/
DPPE and DOPC-DOPG/DOPE (A-B/C; A-B is assigned
to the second leaflet, and C is assigned to the first leaflet).
The schematic drawings of these lipid bilayers are pre-
sented in Fig. 2. The phase difference of DPPE and DOPE
was first confirmed using the surface pressure () versus
area isotherms (25°C) of DPPE, DOPE and DPPE-DOPE
monolayers at the air—water interface (Fig. 3). The shapes
of the isotherms indicate that the saturated DPPE mono-
layer is characterized by a two-dimensional (2D) solid-like
organization, whereas the unsaturated DOPE monolayer
has a 2D liquid-like behavior. The isotherm for the mixed
DPPE-DOPE monolayer falls in the middle of those for the
pure lipid monolayers.

Force measurements were performed with the cantilever
at 25°C on the lipid bilayer in 300 mM sodium chloride at

Fig. 2 Schematic drawing of (A) (B)
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Fig. 3 Surface pressure versus area per molecule isotherms for
DPPE, DOPE and mixed (1:1) DPPC/DOPC monolayers at the air—
water interface (25°C)

pH 4, after DPPC-DPPG and DOPC-DOPG vesicles were,
respectively, fused to form lipid bilayers on each monolayer
of DPPE and DOPE above the transition temperature of the
lipids. Prior to the measurement, topographic images of the
bilayers were acquired. The characteristics of the images
were identical. Similar surface forces were expected over
the DPPC-DPPG/DOPE and DOPC-DOPG/DPPE bilayers
since the layers have identical headgroups and tail lengths.
However, the surface force over the DPPC-DPPG/DOPE

Fig. 4 Force—distance curves
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bilayer was not only different from those over the DPPC—
DPPG/DPPE bilayer and DOPC-DOPG/DOPE bilayers but
also nonidentical with that over the DOPC-DOPG/DPPE
bilayer. First, during the approach the resistance to contact
indicative of short-range repulsion was found more for the
DPPC-DPPG/DOPE bilayer than for the DOPC-DOPG/
DPPE bilayer (Fig. 4a). Second, upon retraction the DOPC—
DOPG/DPPE bilayer showed a strong adhesive pull-off
force, while there was almost no adhesion on the DPPC—
DPPG/DOPE bilayer (Fig. 4b). Surface energy did not
appear to account for these features as the second leaflets of
both layers had identical headgroups. The features in the
force curves indicate that the van der Waals interactions
between the DPPC-DPPG/DOPE bilayer and the probe
were offset by a strong repulsive force.

Further evidence of a short-range repulsion was observed
when the applied load was increased to over 1 nN. While the
force curves over the DOPC-DOPG/DPPE bilayer remained
unchanged, a completely different force was obtained over
the DPPC-DPPG/DOPE bilayer (Fig. 4c). At a surface
separation of ~ 1 nm, a steep repulsion could be seen, where
the force increases until the probe jumps to contact, indi-
cating a change from a net repulsive to a net attractive force
and that the gradient of the force between the probe and the
surface had exceeded the spring constant of the cantilever.
This repulsion decayed exponentially with distance, with a
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Fig. 5 Force—distance curves (A) 4 B) 4
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decay length of ~0.7 nm, and was indicative of hydration/
steric interaction forces, which are consistent with data
obtained with the surface forces apparatus on lipid bilayers
(Marra and Israelachvili 1985). The snap to contact suggests
that the DPPC-DPPG/DOPE headgroups were deformed by
~ 1-nN loads, resulting in disruption of the structure of the
water layer. The results suggest that the lipid layers that had
identical tail lengths and headgroups may have different
surface forces due to asymmetry of the bilayers. Detailed
analysis for this observation is described later.

Several different loads, from 0.5 to 4 nN, were applied
to the lipid layers. The force curves over the DPPC-DOPE
bilayer remained unchanged at loads over 1 nN, and the
force curves over the DOPC-DPPE bilayer remained
unchanged at loads over 0.5 nN. The force—distance curves
over the DPPC-DPPE and DOPC-DOPE bilayers are
shown in Fig. 5. Disruption was found at 3 and 0.3 nN for

Table 1 Short-range repulsions and adhesions on the lipid bilayers

Piezo displacement (nm)

the DPPC-DPPG/DPPE and DOPC-DOPG/DOPE bilay-
ers, respectively. The loads of the lipid bilayers, which
caused the disruption, are summarized in Table 1.

The difference among hydration/steric forces over the
bilayers appears to be related to their different mechanical
stability under the studied loads. While the saturated lipids
(DPPC, DPPG and DPPE) have strong cohesive forces due
to strong lateral interactions between the molecules, a
lower cohesion/stability is expected for the unsaturated
lipids (DOPC, DOPG and DOPE) due to reduced van der
Waals interactions between the unsaturated hydrocarbon
chains and reduced possibility for hydrogen bonds between
the headgroups.

From the results described above, the stability of the
second leaflet where the probe was touched had an obvious
effect on the surface force. Disruption on the DOPC-
DOPG/DPPE bilayer occurred at a lower load than that on

DPPC-DPPG Ileaflet

DOPC-DOPG leaflet

First DPPE leaflet

First DOPE leaflet

First DPPE leaflet First DOPE leaflet

Short-range repulsion ~3nN ~1nN ~0.5 nN ~0.3 nN
Adhesion
Less than 1-nN load No adhesion No adhesion ~5nN ~5nN
Less than 2-nN load No adhesion ~5nN ~5nN ~5nN
Less than 4-nN load ~5 nN ~5 nN ~5 nN ~5 nN
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the DPPC-DPPG/DPPE bilayer. In addition, it was found
that the force curve shape was determined not only by the
second-leaflet structure but also by the first-leaflet struc-
ture. The resistance to contact for the DPPC-DPPG/DPPE
bilayer was much larger than that for the DPPC-DPPG/
DOPE bilayer. The disruption load values of the DPPC—
DPPG/DPPE, DPPC-DPPG/DOPE and DOPC-DOPG/
DOPE bilayers were compared. Since the disruption load
of the DOPC-DOPG/DOPE bilayer was ~0.3 nN, the
disruption load of the DPPC-DPPG/DOPE bilayer,
~ 1 nN, appears to be used to deform mainly the DPPC—
DPPG leaflet. However, the disruption load of the DPPC—
DPPE bilayer was ~ 3 nN, which was apparently the force
to disrupt mainly the DPPC-DPPG leaflet and sequentially
the DPPE leaflet. In other words, if a load disrupted the
DPPC-DPPG leaflet, the amplitude of the load was also
enough to disrupt the DPPE leaflet. The reason is that
DPPC-DPPG and DPPE have identical chain lengths of
tailgroups and the mechanical stability was known to
depend on the tailgroups of the lipid layer, not the head-
groups of the layer (Park and Ahn 2008). In other words, it
may be claimed that the disruption of the DPPC-DPPG
leaflet on the DOPE leaflet was caused with a 1-nN load
while the disruption of the DPPC-DPPG leaflet on the
DPPE leaflet was with a 3-nN load. This finding means that
the first-leaflet structure seemed to affect the second-leaflet
structure.

From comparison of the surface forces between the
DPPC-DPPG/DOPE and the DOPC-DOPG/DPPE bilay-
ers, the second-leaflet structure where the probe touched
appears to be important. Both the DPPC-DPPG/DOPE and
the DOPC-DOPG/DPPE bilayers have identical compo-
nents—carbon numbers and headgroups. However, as
described above, disruption of the DPPC-DPPG/DOPE
bilayer occurred at a higher load than that of the DOPC-
DOPG/DPPE bilayer. This result indicates that the second-
leaflet structure where the probe touched at first appears to
be crucial for the surface force which shows short-range
repulsion. The headgroup structure is also related to the
mechanical stability of the second leaflet. Therefore,
the DPPC-DPPG leaflet seems to be more stable than the
DOPC-DOPG leaflet, even though the DPPC-DPPG leaf-
let was formed on the DOPE leaflet. The findings described
above, that hydration/steric repulsion over lipid bilayers
depends on their mechanical stability and asymmetry, are
of biological relevance in the control of cell adhesion and
membrane fusion processes.

For a more quantitative characterization of the lipid
bilayer surface properties, the surface charge density and
potential of the 3-pm-diameter silica sphere were found
first, with the force measurements between the sphere and
the silica surface. Figure 6 shows the approaching surface
force measurements as a function of the separation between
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Fig. 6 Approaching force curve as a function of the separation
between the silica surfaces in 300 mM sodium chloride at pH 4

the silica sphere and the silica surface in 300 mM sodium
chloride at pH 4. The long-range surface forces were purely
repulsive. The exponential dependence of the repulsive
force on distance was consistent with double-layer forces
between surfaces of like charge in aqueous solutions. At
separations of less than 2 nm, significant short-range
repulsive forces were observed that may be attributed to the
steric forces (Horn et al. 1989; Ducker et al. 1991).

The DLVO theory was applied to analyze the long-range
surface forces using either constant surface potential or
charge density boundary conditions. The surface potential
of the silica surface was —14 &= 1 mV, and the surface
charge density was —20 + 1 x 107> C/m% Our results
appear to be consistent with those of Park and Lee (2006),
where AFM was used to characterize the charge state of the
silica surface in 1, 10 and 100 mM sodium chloride solu-
tions and the surface potential was found to be in the range
of —50 to —20 mV at pH 4. For the purpose of this study,
the experimentally measured silica surface potential and
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Fig. 7 Approaching force curves as a function of the separation
between the silica sphere and the lipid bilayer in 300 mM sodium
chloride at pH 4
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Table 2 Surface potentials and charge densities measured on the lipid bilayers as a function of the components

DPPC-DPPG leaflet

DOPC-DOPG Ileaflet

First DPPE leaflet

First DOPE leaflet

First DPPE leaflet First DOPE leaflet

Surface potential (mV) —66 £ 5 -35+3 -33+3 —18 £ 2
Surface charge density 1073 ¢/m? —-90 + 6 —48 £ 4 —45£3 —25+2
charge density were used to characterize the surface  References

properties of the lipid bilayers.

The surface potential and charge density of the lipid
bilayers were characterized by making surface force mea-
surements on them with the silica sphere. Figure 7 shows
the results of force measurements made on the lipid bilayers
in 300 mM sodium chloride at pH 4. The long-range surface
forces were purely repulsive and varied with the compo-
nents of the lipids that were used for the preparation of the
vesicles. Quantitative analysis of the surface forces with the
DLVO theory was performed using asymmetric boundary
conditions. Table 2 summarizes the surface potentials and
charge densities measured on the lipid bilayers as a function
of the components. It was observed that the surface charge
densities and potentials of the lipid bilayer were much lar-
ger than those for the silica surfaces, which can be attributed
to the ionic lipid component of the lipid bilayer. It was
noted that the electrostatic properties of the DPPC-DPPG/
DOPE and the DOPC-DOPG/DPPE bilayers were almost
identical while the adhesion and the steric/hydration
repulsion were different. Also, the surface charge densities
and potentials were higher with greater density of the lipid
bilayer, which led to a more stable bilayer.

Conclusion

Lipid monolayers exhibiting different phases were used as
the first leaflets where the second leaflets were formed.
After the formation of the lipid bilayers, the effect of their
mechanical stability on the nanometer-scale physical
properties was investigated. The unique force to disrupt
each bilayer was found, and their characteristic pull-off
adhesion forces were measured. Furthermore, the electro-
static properties of the bilayers were evaluated. This study
demonstrates the important role that mechanical properties
play in the surface behavior of phospholipid bilayers.
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