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Abstract The interaction between lipid layers sup-

ported by polyelectrolyte multilayer cushions has been

studied by means of colloidal force spectroscopy. In a

typical experiment, a colloidal probe engineered with a

layer-by-layer film and a lipid bilayer on top is ap-

proached to a planar surface coated in a symmetrical

way. Kinks of a few nanometres in width appear when

lipid layers are pressed together—reflecting either

fusion processes between lipid layers or membranes, or

the penetration of polymer blobs into or through the

lipid layers. Retracting curves show a stepwise shape,

which results from lipid tether formation or from

polymer stretching, the latter suggesting that poly-

electrolyte multilayers make contact as a result of

penetration or lipid fusion.

Keywords Atomic force � Surface engineering �
Nanocomposites � Lipid–polyelectrolyte interactions

Abbreviations

AFS Atomic force spectroscopy

CFS Colloidal force spectroscopy

DMPA 1,2-Dimyristoyl-phosphatidic acid

DMPC 1,2-Dimyristoyl-phophatidylcholine

DOPC 1,2-Dioleoyl-phosphatidylcholine

LBL Layer-by-layer technique

PAH Poly(allylamine hydrochloride) Mw 70,000

POPC 1-Palmitoyl-2-oleoyl-phosphatidylcholine

PS Polystyrene

PSS Poly[(styrene sulfonate) sodium salt] Mw

70,000

SFM Scanning force microscopy

Introduction

The design and fabrication of biomimetic colloids has

become an important area in materials science re-

search. Biomimetic colloids have recently attracted

interest, for example, in the fields of drug delivery and

diagnostics. It is quite a challenging task to design

biocompatible particles as carriers with proper size and

stability and also additional features, such as a target-

ing site and the possibility of controlled delivery. Dif-

ferent concepts for drug delivery devices have been

explored to meet these requirements. Liposomes

(Andresen et al. 2005; Sun and Chiu 2005), nanopar-

ticles (Kickhoefer et al. 2005; Oh et al. 2005), colloids

(Pichot 2004), dendrimers (Jang and Kataoka 2005;

Pantos et al. 2005), polymeric vesicles (Soga et al.

2005; Bellomo et al. 2004), and polyelectrolyte multi-

layer capsules (Donath et al. 1998, 2002) have been

widely studied regarding their potential for controlled
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delivery and targeting. Each approach has its own

benefits and disadvantages.

Our own research has focused on the engineering of

colloids by means of depositing polyelectrolyte multi-

layers applying the layer-by-layer technique (LBL) and

the subsequent fabrication of polyelectrolyte capsules

as potential carrier systems (Decher 1997; Donath

et al. 1998, 2002; Moya et al. 2000, 2003; Georgieva

et al. 2000; Fischlechner et al. 2005). The LBL tech-

nique with its stepwise deposition protocol allows

various functions to be added to the system in an

independent manner. The top layer, for example, can

be designed to a large extent independently from the

composition of the layers underneath.

A convenient way to provide biocompatibility to

polyelectrolyte multilayer systems is to add a lipid

layer on top of the polyelectrolyte cushion (Sackmann

1996; Moya et al. 2000; Fischlechner et al. 2005). Such

a design mimics the structure of the cell surface. The

polyelectrolyte multilayer plays the role of the cyto-

skeleton and the lipid layer behaves as an analogue of

the phospholipid membrane of the cell. A lipid layer

would provide the basis for the subsequent attachment

of lipid membrane associated biological functions, e.g.

viruses, receptors, proteins, avoiding at the same time

unspecific interactions between biopolymers and the

polyelectrolyte support.

Compared to lipid layers supported by solid sub-

strates, which have been extensively studied (Tamm and

McConnell 1985; Helm et al. 1989; Benz et al. 2004),

lipid membranes on top of polyelectrolyte cushions are

less tightly adsorbed and, therefore, better resemble the

properties of biological membranes in terms of structure

and dynamics. On the other hand, this might lead to

lower stability. The proper characterisation of the

assembled lipid layers and their structural behaviour

when interacting with other colloids or surfaces is par-

ticularly important for the fabrication of lipid-virus

composites for sensing (Fischlechner et al. 2006) or for

the use of lipids as components in the fabrication of

capsules for drug delivery (Moya et al. 2000). One of the

relevant phenomena is the fusion of two approaching

lipid membranes. The activation pressure for hemi

fusion—a probable precursor of fusion—of softly

supported bilayers is considerably smaller than for

rigidly supported bilayers (Seitz et al. 2001).

In this work, we have studied by means of colloidal

force spectroscopy (CFS) the interaction of two lipid

layers, each supported by polyelectrolyte multilayers.

In a typical experiment, a colloidal probe engineered

with an LBL film with a lipid layer on top is ap-

proached to a planar surface bearing a symmetrical

composition. The different phenomena observed

during the approach and retraction of the colloidal

probe are described and characterised, such as discon-

tinuities (‘‘kinks’’) in the force versus separation curves,

and the adhesion between the two opposite lipid layers

after pressing them together. Special emphasis is given

to understanding how the structure and composition of

the assemblies can influence the stability and fusion

phenomena exhibited by the lipid layers.

Experimental

Chemicals

Polymers

Poly(allylamine hydrochloride) Mw 70,000 (PAH) and

poly[(styrene sulfonate) sodium salt] Mw 70,000 (PSS)

were purchased from Sigma-Aldrich.

Thiols

3-Mercapto-1-propanesulfonic acid sodium salt was

purchased from Sigma-Aldrich. 2-Amino-ethanethiol

hydrochloride was obtained from Acros Organics.

Lipids

1,2-Dimyristoyl-phosphatidylcholine (DMPC), 1,2-

dioleoyl-phosphatidylcholine (DOPC), 1-palmitoyl-

2-oleoyl-phosphatidylcholine (POPC), 1,2-dimyristoyl-

phosphatidic acid (DMPA), and cholesterol were

purchased from Avanti Polar Lipids.

Polystyrene (PS) latex particles of 20.8 lm diameter

were obtained from Microparticles GmbH, Berlin,

Germany.

Polyelectrolyte coating

All substrates were coated with polyelectrolytes by

means of the LBL deposition technique (Sukhorukov

et al. 1998) by dipping them with an alternating pro-

tocol into solutions of 1 g/l PAH or PSS, respectively,

in the presence of 0.5 M NaCl. Between coating steps,

non-adhered polyelectrolytes were washed away with

0.1 M NaCl.

Onto PS latex particles, five or nine single layers

were assembled in order to obtain a positively charged

top layer. Glass planar substrates were first cleaned

following standard RCA cleaning procedures (Itano

et al. 1993) and then coated in the same way as the

colloidal sphere until the desired number of layers and

charge were achieved.

338 Eur Biophys J (2007) 36:337–347

123



Thiol adsorption

Gold-coated slides (Arrandee) were first flame-

annealed and then modified with a thiol self-assembled

monolayer to obtain a charged surface (Bain et al.

1989). The thiols were adsorbed overnight from a

5 mM solution in ethanol, followed by rinsing with

ethanol and water.

Lipid coating

Phospholipid vesicles were prepared by dissolving lipids

in a chloroform solution, which was afterwards evapo-

rated in a rotavap. The lipids were then re-dispersed in

water by 20 min sonication to obtain small unilamellar

vesicles. The final lipid concentration was 1 mg/ml. The

coating of the polyelectrolyte or thiol coated substrates

and colloids was performed by adding the lipid vesicle

solution. The vesicles were left in contact with the

respective substrate for 10 min, unless otherwise noted.

After incubation, the substrates were washed several

times with distilled water (Georgieva et al. 2000; Fery

et al. 2003; Troutier et al. 2005; Correia et al. 2004). It

must be underlined that the adsorption of vesicles onto

the probing latex sphere was performed when the latter

had already been glued to the cantilever used for force

measurements (see below). This was done to prevent

contact of the lipids with air and to avoid defects on the

lipid membrane during handling.

Force measurements

CFS, atomic force spectroscopy (AFS), and scanning

force microscopy (SFM) were conducted using the

Molecular Force Probe (MFP) 1D and 3D instruments

(Asylum Research, Santa Barbara, CA, USA). The

MFP has an open fluid cell design and was used in

combination with an inverted optical microscope,

Olympus IX 70 (1D) or IX 71 (3D), equipped with a

40· objective.

CSC12/Tipless/No Al cantilevers from MikroMasch

(Tallinn, Estonia) were used for the CFS studies. A PS

latex particle was glued with epoxy resin (UHU Plus

Endfest 300, Uhu GmbH, Bühl, Germany) to the tip-

less cantilever before the coating. MSCT-AUHW

cantilevers from Veeco Instruments (Woodbury, NY,

USA) were used for the AFS and SFM measurements

in which no colloidal probes were employed. The

spring constant was determined for each cantilever

separately using the thermal noise method.

All measurements were carried out in Millipore

water at 24.5 ± 0.5�C with a driving velocity of 1 lm/s.

When the reproducibility became worse (due to the

manifold interaction cycles, which finally resulted in

the destruction of the composite build-up (Butt 1991;

Ducker et al. 1991; Bosio et al. 2004; Leporatti et al.

2005)), care was taken to stop the acquisition of force

versus distance curves. Images of lipid surfaces were

recorded in tapping mode because of the possible

damage of the samples in contact mode by even rela-

tively low forces.

Results and discussion

The SFM micrographs in Fig. 1 show the topology of

an LBL film composed of (PAH/PSS)2PAH (Fig. 1a)

and the changes that take place in the surface after

coating the film with lipid layers consisting of DMPC

(Fig. 1b) or DMPC/cholesterol (70:30) (Fig. 1c),

respectively. The surface of the polyelectrolyte multi-

layer shows a few grains on quite a smooth plane.

These grains or patches are up to 15 nm high and up to

some 100 nm wide, which is consistent with previous

findings (Moya et al. 2003; Leporatti et al. 2000). The

root-mean-squared roughness of the surface is 3.6 nm

(calculated after zeroth-order flattening). After coating

with DMPC, the grains appear a bit more pronounced,

while most of the surface retains the roughness of the

LBL layers (overall roughness 5.5 nm). The expanded

Fig. 1 SFM images of a glass
surface coated with a (PAH/
PSS)2PAH in contact mode,
b (PAH/PSS)2PAH + DMPC
in tapping mode, and c (PAH/
PSS)2PAH + DMPC/
cholesterol (70:30) in tapping
mode
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patch of about 6 nm height in the bottom left corner of

Fig. 1b is probably a second lipid layer or flattened,

non-fused vesicles. The whole surface is covered by

phospholipids as shown by AFS measurements, carried

out with the same Si3N4 tip that was used for imaging

(not shown). Coating polyelectrolyte multilayers with a

mixture of DMPC/cholesterol (70:30) results in a more

grainy texture (overall roughness 8.1 nm), but again

the lipid coating is complete all over the scanned sur-

face. The large elevation in the right-hand side of the

micrograph is due to the roughness of the glass surface,

likely caused by irregularities in the substrate already

present before coating with the polyelectrolytes. The

coating with POPC results in the best surface coverage.

For this phospholipid, the roughness of the polyelec-

trolyte film is nearly retained after the lipid coating

(4.4 nm, image not shown).

Figure 2 shows a typical force versus distance curve

of a colloidal probe coated with polyelectrolytes and

phospholipids interacting with a symmetrical surface.

Upon approach of the two polyelectrolyte-supported

lipid bilayers, kinks in the force curve can be seen,

typically at loads of 1–10 nN. A kink is caused by a jump

or a sudden displacement in the movement of the can-

tilever towards the interface. Kinks are not always

present in force versus distance curves, but they appear

for many of the investigated zwitterionic phospholipids.

The width of the kink is estimated from the horizontal

distance between the cusp and the increasing branch of

the force versus distance curve. The histogram in Fig. 3

illustrates the distribution of the kink width for DMPC.

The majority of kinks range from 2 to 6 nm in width, but

kinks up to 16 nm can be observed as well. Even though

kinks are not always present in the force versus distance

curves, sometimes more than one kink can be observed.

The frequency of occurrence of kinks is shown in the

inset of Fig. 3. For example, for DMPC, the majority of

the curves do not exhibit any kinks, but some experi-

ments reveal two or even more kinks. The statistical

analysis of the data shows that the frequency of occur-

rence of kinks follows a Poisson distribution, indicating

that the number of kinks appearing in an experiment is a

random variable. For POPC (data not shown), the kinks

have a maximum width of 5 nm, most of them lying

between 2 and 4 nm. Most of the force curves show at

least one kink, while more than two kinks in a single

curve have not been detected. A similar behaviour has

been observed for a mixture of zwitterionic phospho-

lipids with cholesterol, DMPC/cholesterol (70:30).

The question arises as to what could be the nature of

these kinks. If the lipid layers fuse upon the external

pressure applied during the approach, the cantilever

will experience a sudden jump (model I, Fig. 4a). A

lipid bilayer has a thickness of approximately 5 nm.

Complete fusion would thus yield a kink width of

10 nm. Hemi fusion would result, instead, in 5 nm kink

width. Such fusion events have been demonstrated for

DMPC bilayers on polyethyleneimine by Wong et al.

(1999). Because of the roughness and other topological

constrains of the polyelectrolyte support, kinks with

widths below 5 nm and above 10 nm could be ex-

pected.

Another explanation may be that kinks are caused

solely by the roughness of the polymer multilayers

Fig. 2 Example of a force versus distance curve of a colloidal
probe coated with (PAH/PSS)4PAH + POPC interacting with a
glass surface coated in a symmetrical way. The occurrence of a
kink is highlighted in the curve

Fig. 3 Histogram showing the frequency of occurrence of kinks
with a defined length during experiments performed with
DMPC-modified colloidal probe. Inset histogram showing fre-
quency of occurrence of a number of kink events in a single force
versus distance experiment for the same experiments with
DMPC. The curve is fitted with a Poisson distribution
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underneath. When pressing, polyelectrolyte patches

may be forced through or into the lipid layers (mod-

el II, Fig. 4b). In this situation, the distance between

the two interfaces will suddenly decrease according to

the depth of polymer protrusion into the lipid layer(s).

The width of most of the kinks (1–10 nm) is consistent

with the mean roughness of the polyelectrolyte multi-

layers. The presence of more than one kink could also

be explained—on this basis—as the penetration of the

lipid layers in different areas. Richter and Brisson et al.

(2003, 2006) reported similar kinks when performing

force versus distances curves with a Si3N4 cantilever

against supported membranes on different substrates.

The jumps in their curves did not exceed 9 nm and

were assumed to reflect the topology of the employed

substrates as a result of pressing the membrane onto

them. This explanation is similar to model II described

above.

One could also assume that the lipid coverage is not

homogeneous. For example, there could be patches of

a second lipid layer adsorbed to the first layer, which

could be the result of an incompletely spread vesicle. If

so, the kinks could also be attributed to sudden lateral

dislocations of these patches upon the applied load

(model III, Fig. 4c). This hypothesis would be consis-

tent with most of the observed kink widths.

To check whether a second lipid layer could form,

the assembly of lipid vesicles on top of polyelectrolyte

multilayer cushions was monitored in real time by

means of quartz crystal microbalance with dissipation.

The changes in frequency and dissipation upon DMPA

or DMPC vesicle adsorption were studied, respectively

(see Fig. 6 in Moya and Toca-Herrera 2006). Changes

in frequency are related to the mass assembled on the

surface, whereas the dissipation is related to the

capability of the system to relax its mechanical energy

and depends on the viscoelastic nature of a material. It

is interesting to note that for DMPA the frequency

reaches a plateau approximately 20 min after adding

the vesicle solution. The dissipation keeps an almost

constant value during the whole assembly. For DMPC,

the situation is quite different. The coating of DMPC

proceeds at the beginning significantly slower than for

DMPA, without reaching a plateau. The frequency

decreased continuously during the 15 h that the pro-

cess was monitored. The dissipation increased over

600 min, approaching a final value of about 100, while

the dissipation for DMPA never reached values above

five. Modelling the data with the algorithms developed

by Voinova et al. (1999), a thickness of 5 nm was cal-

culated for the DMPA layer, while for DMPC the

estimated thickness was about 15 nm. This is consistent

with the ongoing formation of double or multiple lay-

ers over the time when the surface is in contact with a

reservoir of lipid vesicles in the force microscopy

measurements. It is worth mentioning that the very

large dissipation observed during the DMPC assembly

suggests the presence of adsorbed vesicles on the sur-

face. A lipid bilayer coating the surface would behave

like a solid structure and show a small dissipation like

that exhibited by the DMPA bilayer.

The following considerations may help to differen-

tiate among the three models. While in model I and

eventually in model II (probably for larger kink

Fig. 4 Schemes of possible
mechanisms of kink
formation through a vesicle
fusion (model I),
b topological effects (model
II), c dislocation of lipid
layers (model III). For details
of the three models see text
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widths) the two polyelectrolyte supports will get into

contact, in model III they will not. This situation

should be reflected in the force retraction curves.

Therefore, we compared the retracting curves of the

lipid samples to those shown by the bare polyelectro-

lyte supports, where—in the absence of lipids—two

polyelectrolyte multilayers are approached and re-

tracted.

In many cases, for example, for POPC and DMPC,

with or without cholesterol, the force curves show

adhesion upon retraction, but this phenomenon is fol-

lowed by a reasonably complex picture of rupture

events. In the retraction curves in Fig. 5 one can ob-

serve the different characteristic events that take place.

Indeed, retraction curves can be classified as (1) rup-

ture sequences showing a sawtooth-like appearance. In

a random fashion, a non-linearly increasing piecewise

adhesion force is followed by rupture instabilities until

finally the contact is lost. (2) Rupture traces with well-

defined plateaus of constant adhesion forces upon

retraction. These plateaus may extend over 100–

400 nm. (3) Rupture traces where both features can be

identified. Looking more carefully at the force curves

recorded in quick succession at a particular position of

a sample, we found that in general the first curves show

plateaus of constant adhesion before the sawtooth-like

shapes appeared.

In the absence of lipids (Fig. 6), the approaching

curves show repulsion, as it would be expected from

the fact that in the considered example both the sphere

and the planar surface are coated with a last layer of

positively charged PAH. Nevertheless, upon retraction

adhesion with a sawtooth shape is almost always

observed. Sawtooth-like rupture events are generally

considered to be caused by polymer stretching

(Bustamante et al. 1994). This can be explained by an

incomplete coverage of the polyelectrolyte layers.

Molecular contact will then occur between the PAH on

one surface and the oppositely charged PSS located

underneath the PAH on the other surface. Polyelec-

trolyte molecules from both surfaces may remain

electrostatically attached to the opposite surface and

may anchor the colloidal probe while pulling away.

With increasing separation, the polymers are stretched.

This causes a nonlinear elastic response of the macro-

molecules provided by the entropic restoring force.

The loss of contact occurs in a sequence of rupture

events when more than one macromolecule chain

spans the gap. It must be kept in mind that the colloidal

probe arrangement provides a considerable contact

area, given the large radius of the probing sphere. The

distances at which the polymers rupture have a broad

distribution (inset of Fig. 6). The polyelectrolyte chains

are not necessarily attached with their end groups. In

addition, the topology of the contact area provides a

distribution of separation distances. The maximum

chain length of PAH, Mw 70,000, can be calculated as

230 nm, considering the Mw of the monomer (93.56)

and the C–C binding length (153 pm). The maximum

length of PSS, also Mw 70,000, corresponds to 105 nm.

Compared to these values, the distribution of the

rupture lengths has maxima roughly at the respective

chain lengths and at values that can be interpreted to

result from two or more chains alternately sticking

together, which are drawn from their respective layers.

Fig. 5 Examples of retracting regions of force versus distance
curves of colloidal probes coated with (PAH/PSS)4PAH + DMPC
interacting with a glass surface coated in a symmetrical way

Fig. 6 Example of a force versus distance curve of a colloidal
probe coated with (PAH/PSS)4PAH interacting with a glass
surface coated in a symmetrical way. Inset histogram showing the
frequency of appearance of events of polymer stretching of a
defined length
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From the similarity of the retraction forces, we can

conclude for the samples coated with lipids that in

many cases the polyelectrolytes underneath the lipid

layers come into contact as result of the applied pres-

sure. Thus, model III is less likely for the studied sys-

tems. However, it cannot be ruled out in cases where a

force curve shows multiple kinks. The first kinks could

be related to dislocation of lipid patches, while the last

ones could reflect the fusion of two lipid layers or the

perforation of a lipid layer by polyelectrolyte protru-

sions.

To gain more insights into the role of the polyelec-

trolytes, we have also studied supported membranes

that lack the polyelectrolyte layers by AFS. Gold-

coated glass substrates were covered by short chain

thiols bearing either a positive or a negative charge at

their end group. A lipid bilayer was subsequently

deposited on top of the thiol monolayer following the

same procedures as with the polyelectrolyte multilay-

ers.

Typical force curves measured with a Si3N4 tip at the

end of a cantilever are shown in Fig. 7. Conceptually,

these experiments are very different from those de-

scribed before. In the first place, the cantilever presents

a nonsymmetrical configuration, with the lipids only

present on the planar surface. Certain significant dif-

ferences between the AFS and CFS experiments can

be established. (1) Retracting forces are much lower

due to the smaller contact area (tip radius is only about

10 nm). (2) Approaching curves lack the soft region

(about 10–30 nm wide) originated by the compress-

ibility of the polyelectrolyte layers (Seitz et al. 2001)

and the fuzzy surface of the PS latex used as colloidal

probe. The origin of this region was confirmed in sep-

arate measurements with the naked PS latex against

glass (data not shown). On the other hand, there are

also similarities between the colloidal probe and the

bare cantilever experiments. (1) Force curves with up

to three kinks appear. (2) Ruptures are accompanied

by plateaus of nearly constant adhesion. Remarkably,

these adhesion forces have the same magnitude (about

100 pN) as those measured in the CFS experiments.

The occurrence of kinks in the AFS experiments is

limited to samples, where the substrates had been in

contact with the lipid suspension for a number of

hours. With samples incubated only for 10–20 min,

kinks are rarely detected. The experiments with the

bare cantilever show another remarkable feature in the

approach curves associated with the presence of kinks.

Before the tip comes close to the surface of the solid

substrate, it goes through a soft region of about

30–40 nm in height, which can be compressed or

indented before finally hitting the solid substrate. Such

a behaviour is not consistent with the idea of a

homogeneously lipid-covered thiol/gold surface. It

rather indicates the presence of incompletely spread

lipid vesicles or lipid patches, which are first compressed

by the tip and later eventually laterally dislocated or

punctured (1st and 2nd kinks), or which get (hemi)

fused by the tip (leftmost kink, bottom graph, Fig. 7).

Plateaus of constant force on retraction are known

to be caused either by chain pulling or by a so-called

lipid tether. The first hypothesis would mean that a

macromolecule lying flat on a surface is gradually lif-

ted. This might be relevant in the CFS but not in the

AFS experiments. The second one implies that a tube-

like cylindrical lipid bilayer is formed connecting the

two interacting surfaces. Tether formation from cell-

size capsules is a ubiquitous phenomenon (Evans and

Yeung 1994). The extension of a tether requires a

continuous flow of lipids into the forming tether, while

the separation between two interacting surfaces is

increasing. It could also be that a multilayer tube of

lipids is thinning upon separation. Both ideas are

consistent with a plateau of constant force reflecting

resistance against flow and the work spent on the for-

mation of a bent lipid surface.

The results of the AFS experiments allow two con-

clusions to be drawn: (1) since no polymers were

present, the observed regions of constant forces in the

retraction curves can only be explained by lipid tether

pulling. Remarkably, the observed force is of the same

order as that observed in the colloidal force set-up.

Fig. 7 Examples of force versus distance curves of a bare
cantilever interacting with a gold surface coated with a negatively
charged thiol + DOPC. Both curves have been obtained from the
same sample
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This is a strong argument for lipid tether pulling being

the cause of the observed plateaus in both set-ups. (2)

Since the kinks have been observed in correlation with

imperfect lipid coating, it is quite likely that similar

kinks observed in the colloidal force set-up can also

be related to an irregular lipid coverage. A prolonged

exposition of the thiol surfaces to the phospholipid

vesicles could result in the formation of lipid multi-

layers or the further deposition of vesicles on top of the

first assembled membranes. The tip could displace

further membranes over the first membrane more

easily than a membrane directly assembled on the

thiol, since the interaction with the substrate (in this

case another phospholipid membrane) will be weaker.

If new vesicles assemble on top of an existing mem-

brane, they may not form a perfect coating on the

surface, but will rather leave free spaces and could be

displaced more easily.

From the experiments with the bare tip at the end of

the cantilever, we can estimate the applied pressure

thanks to the fairly well-known geometry of the con-

tact. A tip radius of 10 nm represents a mean contact

area of about 140 nm2. For this area, the measured

force at the point of the kink (typically 0.15 nN) cor-

responds to a pressure of roughly 1 MPa. This value

agrees with the one found for hemi fusion of DMPC

bilayers by Seitz et al. (2001). Taking into account that

kinks only occur in systems exhibiting imperfect lipid

coating, it seems likely that we see hemi fusion at least

in some cases of pronounced kinks. We do not assume

a full fusion because of the necessary pressure of 5–

10 MPa (Wong et al. 1999).

Similar kinks occurring on pressing a cantilever tip

against a lipid layer adhered onto a mica support have

been reported earlier (Butt and Franz 2002; Loi et al.

2002). The authors provide two alternative quantitative

models for the initiation of a breakthrough. First, the

continuum nucleation theory considers thermal fluc-

tuations within the lipid layer and the energy of tem-

porary holes. In this model, the free parameters are the

spreading pressure and the line tension of the lipid

layer. We obtained very low values of the spreading

pressure as well as line tension (e.g. 0.58 mN/m and

2.61 pN, respectively, in the case of DOPC pressed by

the cantilever tip). Second, the molecular model as-

sumes jumps of the lipid molecules between certain

binding sites that are energetically favourable posi-

tions. To jump from the initial position into an adjacent

free position, a potential energy barrier has to be

overcome. In the absence of the tip, adjacent binding

sites are energetically equivalent. When the tip is

pressed onto the film, a pressure gradient is applied,

which increases the energy of the molecules. The

probability of the occurrence of a breakthrough de-

pends on the applied force, the tip radius, the rate of

spontaneous hole formation, and the activated volume.

Our data could be fitted by hole-formation rates of the

order of 10 Hz, which again reflects the very weak

binding of zwitterionic lipids. The data of the CFS

experiments could not be satisfactorily fitted. The

probable reasons are (1) that because of the size of the

colloid and the roughness of the polyelectrolyte layers,

the radii of the indenters are very heterogeneous, (2)

neither the indenter nor the substrate is a really solid

object, but they both show a rather elastic behaviour

that influences the measured forces.

Assuming for the CFS experiments the same pres-

sure of 1 MPa as in the bare tip experiment, the

measured forces (1–10 nN) would correspond to con-

tact area diameters of 36–113 nm. Interestingly, this

range agrees well with the size of polyelectrolyte pat-

ches, which are 30–100 nm wide (Moya et al. 2003;

Leporatti et al. 2000). It cannot be excluded that when

this load is applied to a single polyelectrolyte grain

sticking out from the interface, the grain is squeezed

through the adsorbed lipid layer.

The electric charges at the edge of such a polyelec-

trolyte patch have to overcome the Born energy when

coming into contact with the hydrophobic interior of

the lipid layer. The Born energy for one ion of the

polymer can be estimated as 2.8 · 10–19 J (assuming an

ion radius of 0.2 nm, an ion charge of 1, and a dielectric

constant for the lipid of 2). The whole energy applied

by the load can be roughly estimated as the work that is

done during the jump of the probing sphere. For typ-

ical values of 5 nN and 5 nm, respectively, this work is

2.5 · 10–17 J. Certainly, we overestimate the Born en-

ergy since the ions will not be completely surrounded

by lipid, but rather only the outer ions of a patch will

touch the lipids at only one side. Typically, the number

of outer ions of a polyelectrolyte patch will be around

102, and for such a concentration of ions, the calculated

work will be sufficient to push the patch through the

lipid layer.

The squeezing of polyelectrolyte through lipid layers

must be accompanied by a displacement of lipid mol-

ecules. One can imagine that they either could be

moved within the plane of the lipid layer or out of

plane. The latter is conceivable when the thickness of

the polyelectrolyte patch is not too small or when there

is free space resulting from an equally rough shape of

the opposite surface due to polyelectrolyte granularity

or incomplete coverage in the polyelectrolyte layers.

For a displacement out of plane of lipids, the bending

of the lipid layer is required. The bending energy can

be calculated as
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Wb = B/2

Z
(1/R

2þ1=
1 R

2Þ
2 dS

with B bending stiffness, R1 and R2 principal curvature

radii, and S membrane surface (Canham 1970).

Assuming B � 1 · 10–19 J (Méléard et al. 1997 and cit.

therein), R1 = 5 nm, and R2 the radius of the poly-

electrolyte patch, a bending energy in the order of 0.3–

1 · 10–17 J can be estimated. This value is lower than

the applied work. An energy consideration, however, is

not capable of distinguishing between squeezing

through and hemi fusion since also with the latter a

similar membrane bending can be expected. In the case

of hemi fusion, the polyelectrolyte patches may behave

as a stamp defining the geometrical dimension of the

detected event.

Moving lipid molecules within the plane of the li-

pid layer will be affected by the friction between the

lipid head groups and the polyelectrolytes. We can

observe the contribution of the adhesion when anal-

ysing the forces related to the pulling of lipid tethers.

The pulling force F, which is required to form a lipid

cylinder of radius R is given by F = 2 p B / R

(Waugh and Hochmuth 1987). A lipid tether of

30 nm radius, which is a typical value for phosphat-

idylcholines (Evans and Yeung 1994), would thus

require a force of about 10 pN. This value is too

small to explain the observed pulling forces of circa

100 pN. Indeed, one has to take into account that

in our case the lipid molecules are removed from a

supported layer, rather than from a free membrane.

Another contribution results from friction between

the two halves of a bilayer at the bending site (Evans

and Yeung 1994). These influences result in a con-

siderable extra force. The jumps, which produced

kinks in the force curves, consumed a time of

3 ± 1.5 ls. We can compare tether pulling and lipid

displacement if we suppose that the necessary force is

proportional to the number of involved lipid mole-

cules per time unit. Provided the lipid comes from

the adhered layer in both cases, which is likely be-

cause of the occurrence of polyelectrolyte contacts,

the lateral displacement in-plane would need roughly

a force of 60–900 nN. This exceeds the measured

forces by 1–2 orders of magnitude and can, therefore,

be excluded.

Obviously, a displacement of the lipids induced

upon contact seems to be necessary for the oppositely

charged polyelectrolyte species of both lipid coated

interfaces to get into contact. Clearly it is also possible

that the original lipid coverage was incomplete and

some regions of the polyelectrolyte multilayer might

have not been covered. These regions may be quite

small and thus difficult to detect. For example, lipid

patches not fused together after adsorption may be

sufficient to establish contact between supporting

polyelectrolyte cushions upon the applied load. It is

also conceivable that the fusion between the lipid layer

on the glass support and that on the probing sphere

takes place upon the applied pressure. This would lead

to the contact of the supporting multilayers.

The comparison of the different lipids used for

coating suggests that the physicochemical properties of

the lipid molecules play an important role for the de-

gree of layer stability. Among these properties are head

group charge, chain order, phase state, and in the case

of mixtures also miscibility. These parameters will

influence the binding strength between the lipids and

the support as well as the intermolecular forces within

the lipid layer. For example, the orientational order

parameter of POPC is roughly twothird that of DMPC

(Shin and Freed 1989). This may be related to the

finding that the probability of kinks is higher for POPC

compared to DMPC. The presence of cholesterol brings

about manifold effects on phospholipid membranes.

Miscibility phase separation tendencies are intrinsic

to natural lipid/cholesterol mixtures (Rozovsky et al.

2005). Compared to cholesterol-free membranes, cho-

lesterol lowers the lipid lateral diffusion (Almeida et al.

1992), enhances the bending modulus (Méléard et al.

1997), enlarges the area compression modulus (Evans

and Needham 1986), and increases the vesicle rupture

tension (ibid.). On the other hand, cholesterol shifted

the PEG 6000 concentration necessary to induce

phospholipid mixing of PC liposomes to lower con-

centrations, i.e. lower osmotic pressure (Zschörnig and

Ohki 1993). In spite of the known stabilising and fuso-

genic effects, we saw only marginal influence on the

frequency and critical forces of kinks. This might be an

additional hint for the role of membrane defects for at

least part of the observed kinks. An increased bending

stiffness should hamper the formation of a closed lipid

layer at the edges of polyelectrolyte patches during the

lipid coating via adhered vesicles.

Indeed, little is known about how the polyelectro-

lyte support modifies the structure and dynamics of

lipid layers compared to free membranes. In the case

of a DMPC bilayer adsorbed to a PEI cushion, the

aqueous compartment provided by the water-swollen

polyelectrolyte cushion allows the lipid membrane to

exist in a nearly unperturbed natural state (Seitz et al.

2001). This could be the case also with our system

because the PEI molecules contain amino groups and,

therefore, have a similar charge like the PAH used in

this study. Another effect has been reported for poly-

lysine adsorbed to DPPC/DPPA mixed liposomes.
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In the range of 10–30% PA, the main transition splits

into two transitions. This has been interpreted as a

phase separation induced by different affinities of the

lipid species to polylysine (Raudino et al. 1990). The

charged moiety of polylysine is an amino group as well.

We can only speculate whether this effect holds for our

PC/cholesterol mixed bilayers leading to broad occur-

rence of areas of low or absent cholesterol, not dis-

tinguishable from pure PC samples.

Conclusion

We have presented a CFS study of the interaction

between a colloidal probe modified with a lipid layer

and a lipid layer deposited on a planar surface in a

symmetrical situation, both supported by polyelectro-

lyte multilayers. While approaching both surfaces,

discontinuities in the force versus distance curves are

often observed. These discontinuities or kinks have a

distribution of widths, which suggests either (hemi or

full) fusion of the two opposing lipid layers or the

perforation of one or both lipid layers by polyelectro-

lyte grains sticking out from the support. While full

fusion can be excluded because of the insufficient for-

ces, it is hard to come to a decision between hemi

fusion and perforation. AFS experiments with only

one lipid layer on the planar substrate and the bare

tip yielded kinks. In this situation, the kinks that are

induced by very weak forces may reflect dislocation of

lipid patches (surplus layers). In various cases, the

lipids of the opposite layers already get into contact on

the action of relatively weak forces. In those cases,

after repeated approach the samples end up with

contact between the underlying polyelectrolytes,

reflecting a local damage of the lipid layers. Retracting

curves also show characteristic features: plateaus or

sawtooth shapes, which are associated with the for-

mation of lipid tethers and the pulling of polyelectro-

lyte molecules form the LBL film, respectively.

Colloidal force spectroscopy has been shown here to

provide valuable information concerning the stability

of lipid layers on colloidal particles. The choice of a

proper lipid composition may be crucial for the fabri-

cation of a biointerface on polymer capsules or colloids,

where additional functions, e.g. viruses, receptors,

proteins, will be assembled.
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