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Abstract A quartz crystal microbalance (QCM) was
used to study the adhesion behavior of supramolecular
aggregates at supported planar bilayers (SPBs). The
QCM technique is a suitable method to detect the
adsorption of biomolecules at the quartz surface owing
to its sensitivity for changes in mass and viscoelastic
properties. To simulate biomembranes, the quartz plates
were coated with highly ordered lipid films. Therefore,
a combination of self-assembled monolayers and
Langmuir-Blodgett films was used. Firstly, the adsorp-
tion of liposomes coupled with the lectin concanavalin A
was investigated at glycolipid-containing model mem-
branes. Using different carbohydrates, it was possible to
determine specific and nonspecific parts of the interac-
tions. The adhesion occurred owing to specific lectin-
carbohydrate interactions (about 20%) and to nonspe-
cific interactions (about 80%). The composition of the
liposomes was changed to simulate the structure of a
native biomembrane consisting of the glycocalix, the
lipid-protein bilayer, and the cytoskeleton. An artificial
glycocalix was created by incorporating poly(ethylene
glycol) into the liposomes. Liposomes which were
intravesicular polymerized with polyacrylamide or
polyacrylcholate simulated the cytoskeleton. It was
determined that the modified liposomes had significant
lower interactions with SPBs. The adsorption was
reduced by approximately 80% compared to unmodified
liposomes. Secondly, a model was developed for the
detection of interactions between simple or mixed bile
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salt micelles and model membranes. It was found that
simple bile salts did not adsorb at model membranes.
Binary systems consisting of bile salt and phospholipid
induced only small interactions. On the other hand,
ternary systems consisting of bile salt, phospholipid, and
fatty acid showed strong interactions. A dependence on
the chain length of the fatty acid was observed. Thirdly,
the interaction between ganglioside-containing model
membranes and cholera toxin (f-subunit) was investi-
gated. Different ganglioside fractions showed varying
adsorption in the following sequence: Gy > Gpy,>
Gpib > Grip.

Key words Quartz crystal microbalance - Liposome -
Micelle - Model membrane - Bioadhesion

Abbreviations ConA: concanavalin A - CT: cholera
toxin - DPPC: 1,2-dipalmitoyl-sn-glycero-3-phosphati-
dylcholine - DSPC: 1,2-distearoyl-sn-glycero-3-phos-
phatidylcholine - LA-Na: lauric acid, sodium salt - LB:
Langmuir-Blodgett - MBA: N,N’-methylene-bis-acryla-
mide - NaC: sodium cholate - NaDC: sodium deoxycho-
late - N-glut-PE: N-glutarylphosphatidylethanol-
amine - OA-Na: oleic acid, sodium salt - PA-Na: pal-
mitic acid, sodium salt -+ PAA: polyacrylamide - PAC:
polyacrylcholate - PEG: poly(ethylene glycol) - PEG-
PE: lipid-coupled poly(ethylene glycol) with phosphati-
dylethanolamine - QCM: quartz crystal microbal-
ance - SA-Na: stearic acid, sodium salt - SPB: supported
planar bilayer

Introduction

In the past, a number of studies have been performed to
understand the processes of bioadhesion. These studies
were focused, on the one hand, on the investigation
of physiological mechanisms and, on the other hand,
to develop new drug delivery systems. However, the
enormous complexity of the native processes requires
suitable models.



In the present study, a quartz crystal microbalance
(QCM) was used to investigate the adhesion behavior of
supramolecular aggregates at model membranes as well
as ligand-receptor interactions. The QCM is a method to
detect mass adsorption at sensor surfaces based on the
piezoelectric effect (Lu and Czanderna 1984). The
loading of the quartz plate with gaseous or liquid
analyte yields changes in mass and viscoelastic proper-
ties at the quartz surface owing to physi- or chemi-
sorption. The resulting shift in resonance frequency f
according to Sauerbrey (1959) shows a linear depen-
dence on the change in mass mq of the quartz sensor:

2
Af = — iAmQ
Ay/Paliq

taking the quartz surface A4, the basic resonant fre-
quency fo, the density pg (2648 g cm ), and the shear
modulus Lg (2947x10" g em™!' s72) of the quartz into
account.

Strictly speaking, the Sauerbrey Eq. (1) is valid only
for gaseous media. In the last decade the QCM tech-
nique has become more important for measurements in
liquids (Auge et al. 1994; Martin et al. 1994; Nwankwo
and Durning 1998). The properties of the liquid medium,
like viscosity, density, conductivity, and dielectricity,
influence the piezoelectric properties of the sensor. The
shear waves, spreading vertically to the quartz surface,
are strongly damped. Kanazawa and Gordon (1985)
explained the influence of both the density pg and the
viscosity #ng of the liquid using the mathematical
expression:

1/2
Af = —£" (napa/migpo) "

(1)

(2)

Different phenomena at the solid/fluid interface must
be taken into account, like the thickness of the layer, the
coupling or adsorption of molecules, and the surface
roughness (Schumacher 1990). The influence of surface
roughness and morphology of the electrode in contact
with a liquid and the effects of viscous dissipation in the
interfacial layer have been studied intensively (Urbakh
and Daikhin 1994, 1998).

For the detection of biochemical interactions, the
modification of the sensor surface is necessary. Com-
bining ‘‘self-assembling” and the ‘““Langmuir-Blodgett
technique”, highly ordered lipid bilayers are formed,
the so-called supported planar bilayers (SPBs). Thiol
monolayers on gold surfaces are particularly suitable
owing to the strong adsorption which is associated
with the formation of covalent gold-sulfur bonds
(Bain et al. 1989). The adsorption of alkanethiols at
gold surfaces follows a two-step process: firstly, the
adsorption of thiol groups at the gold electrode and,
secondly, the rearrangement of the alkyl chains (Kim
et al. 1998).

The Langmuir-Blodgett (LB) technique (Blodgett and
Langmuir 1937) uses the spontaneous orientation of
amphiphilic molecules at the air—water interface. The
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lipid monolayers, formed at the water surface, lead to a
reduction of the surface tension and can be transferred
to solid substrates. The LB films are obtained by a film
balance technique. The combination of self-assembled
monolayers and LB films allows the preparation of
model membranes at the sensor surface. These models
simulate native biomembranes (Plant 1999).

Three model systems, investigated in our study, are
aimed to demonstrate that the QCM is a suitable tool to
characterize physiological processes and to create new
models for the development of innovative drug delivery
systems.

Recently, several studies focused their interest on
the adhesion of living cells at solid surfaces. A number
of investigations have been performed with cell cul-
tures using the QCM (Gryte et al. 1993; Redepenning
et al. 1993; Janshoff et al. 1996a; Rodahl et al. 1997,
Frederiksson et al. 1998; Wegener et al. 1998; Ziegler
2000). In order to study and simulate cellular adhesion
at biomembranes, the adsorption of liposomes at car-
bohydrate-containing model membranes was inves-
tigated. The liposomes were coupled with the lectin
concanavalin A (ConA) (Lis and Sharon 1998). A
number of investigations relating to the adsorption of
liposomes at sensor surfaces have been published.
Tanaka et al. (1994) studied the adsorption of
1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine (DPPC)
liposomes at polymer-coated quartz plates, referring to
the phase transition temperature of the phospholipid.
The adsorption of liposomes at platinum surfaces was
characterized by Tjdrnhage and Puu (1996) in depen-
dence on the composition and the charge of the lipo-
somes. Keller and Kasemo (1998) found differences in
the adsorption behavior and the morphology of the
absorbed liposomes onto various surfaces like SiO,,
oxidized gold, and alkanethiol monolayers. The coat-
ing of SiO, surfaces with lipid bilayers from liposome
adsorption are described by Keller et al. (2000).
Pignataro et al. (2000) used the principle of molecular
recognition with the investigation of the adsorption of
biotin-coupled DPPC liposomes to avidin-coated
quartz plates.

Proteins, incorporated into the membranes or bound
to the surface, and phospholipids, which form liposomes
of different size, charge, aggregation structure, and
number and fluidity of bilayers in aqueous media, are
the major components of biological membranes (Marsh
1996). To simulate this native arrangement, unilamellar
liposomes were coupled with the protein ConA (Bendas
et al. 1997). The lectin ConA, isolated from Canavalia
ensiformis (jack bean), contains 237 amino acids per
monomer (M,=26,500) and shows an affinity to o-D-
mannose and a-D-glucose (Becker et al. 1975; Bouckaert
et al. 1995). Interactions between pure ConA and
glycolipid coated surfaces were investigated using the
QCM by Okahata et al. (1995). The lectin affinity
was clearly recognizable, because adsorption was only
detected with a-D-glucopyranoside-containing lipid
films. Coating with f-p-galactopyranoside lipid layers or
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pure 1,2-distearoyl-sn-glycero-3-phosphatidylethanol-
amine (DSPE) films showed hardly any frequency
changes.

A native cell membrane consists of the glycocalix,
the lipid-protein bilayer, and the cytoskeleton. To
simulate this system, the composition of the liposomes
can be changed (Ringsdorf et al. 1988). The glycocalix
is imitated using so-called ‘‘stealth” or “‘sterically
stabilized” liposomes (Lasic 1994) by attaching the
hydrophilic polymer poly(ethylene glycol) covalently
to the outer liposome surface. The simulation of the
cytoskeleton, the three-dimensional network in the cell
interior, succeeded by intravesicular polymerization
with polyacrylamide or polyacrylcholate (Ringsdorf
et al. 1988).

As mentioned above, the field of drug delivery sys-
tems has been intensively investigated in recent years.
These systems are supposed to be able to transport and
release different agents at specific target structures.
Among the variety of delivery systems, liposomes are
of importance owing to their ability to incorporate
lipophilic substances and the physiological origin of the
liposome components (Storm and Crommelin 1998).

Another class of drug delivery systems of recent in-
terest are micellar systems because of their excellent
solubilization capacity in physiological media. The for-
mation of micelles as well as liposomes is caused by the
“hydrophobic effect”. This self-aggregation of amphi-
philic molecules is associated with a loss of hydrocar-
bon/water interfacial energy since the hydrophobic
chains are in contact with other chains and mainly
sequested from water (Tanford 1980).

In this study, a second model was developed to
investigate the adsorption behavior of simple and
mixed micellar bile salt systems using the QCM. Bile
salts are physiological detergents in humans and play
an important role in intestinal lipid digestion and
absorption (Tso and Fujimoto 1991). In contrast to
classical detergents, where the hydrophilic headgroup
and the lipophilic flexible aliphatic chains are clearly
separated, bile salt molecules have a lipophilic surface,
which is the convex side of the rigid steroid ring sys-
tem, and a hydrophilic surface, which is the poly-
hydroxylated concave side of the molecule. Owing to
their structure and rigidity, the aggregation properties
are completely different compared to ‘“‘normal” sur-
factants (Lichtenberg 1993). The most widely accepted
shape for the molecular organization of bile salts are
spherical micelles. In the field of binary mixtures con-
sisting of bile salt and phospholipid, a number of
studies using different methods have been performed to
investigate the size, shape, and structure of the aggre-
gates, as well as thermodynamics and kinetics of the
liposome-micelle phase transition (Lasch 1995; Lich-
tenberg 1996). The structure of the mixed micelles is
still controversially discussed to be disk-like (Mazer
et al. 1980) or rod-like (Cohen et al. 1998). In contrast,
only a few studies have dealt with ternary mixed
micellar systems consisting of bile salt, phospholipid,

and fatty acid (Schwarz et al. 1998). Relating to the
QCM technique, the interactions between bile acids
and cholestyramine were investigated by Chance and
Purdy (1996). The adsorption of a few other surfac-
tants was studied by means of the QCM. Lee et al.
(1997) used sodium dodecyl sulfate. Caruso et al. (1995,
1996) focused their interest on poly(ethylene glycol)
monododecyl ethers. The partitioning of sodium dode-
cyl sulfate in DPPE layers was determined by Colberg
et al. (1998) as well as the solubilization. The adsorp-
tion behavior of different surfactants at 1,2-dipalmi-
toyl-sn-glycero-3-phosphatidylethanolamine (DPPE)
layers was examined by Okahata and Ebato (1991).

In a third approach, the QCM was used to detect
specific ligand-receptor interactions between ganglio-
sides and cholera toxin (f-subunit). Gangliosides are
glycolipids which are located in cell membranes. High
concentrations of gangliosides are contained in brain
tissue. They are double-tailed amphiphilic molecules in
which a ceramide lipid part, composed of a sphingosine
and a fatty acid, is linked by an oligosaccharide chain
containing one or more sialic acid residues (Corti et al.
1996). The gangliosides used in this study are schemat-
ically shown in Fig. 4 below. The oligosaccharide
structures are exposed to the cell environment and are
responsible for the molecular recognition of different
ligands like toxins or viruses (Miithing and Unland
1994; Kuziemko et al. 1996).

Cholera toxin (CT), produced by the bacterium
Vibrio cholerae, is a 87 kDa protein consisting of two
subunits with the composition ABs, i.e. five B (f5)-
subunits enclose one A («)-subunit. The a-subunit
(27 kDa) is responsible for the activation of the adeny-
late cyclase and consequently for the production of
excessive amounts of cCAMP, which triggers the release
of an excess of digestive fluid into the intestine. The
nontoxic f-subunit (12 kDa) initiates the binding to the
gangliosides, especially to Gy, at the cell surface
(Fishman 1982; Terrettaz et al. 1993).

Gangliosides are intensively investigated by means of
the QCM. The binding of Gy,3-containing lipid matrices
to wheat germ agglutinin was studied by Sato et al. (1994,
1996). These investigations were extended to other gan-
gliosides, Gypy, Guma, and Gy, and the influence of the
composition of the lipid matrix (Sato et al. 1998). The
fusion of ganglioside Gyy-containing liposomes at
quartz plates and their interactions with CT were studied
by Ohlsson et al. (1995). The peanut agglutinin affinity
to Gyi-phospholipid monolayers was characterized by
Janshoff et al. (1996b). Interactions between gangliosides
and different bacterial toxins have been investigated with
the QCM technique by Janshoff et al. (1997). In this
study, the binding of CT to Gy, Gums, and asialo-Gyy
was the object of the measurements. Spangler and Tyler
(1999) used the ganglioside Gy as a capture agent for
CT and an enterotoxin from Escherichia colito determine
the binding of antibodies. In the work of Matsubara et al.
(1999), Gy served for the selection of ganglioside
binding peptides.



Materials and methods

QCM apparatus

The experimental set-up used is shown in Fig. 1. AT-cut quartz
crystals with a basic resonant frequency of 10 MHz were purchased
from Quarzkeramik (Stockdorf, Germany). The quartz plates
(15 mm diameter) with gold electrodes (6 mm diameter) were fixed
in the measuring cell (Fig. 1), exposing only one side of the slide to
the liquid medium. The QCM cell, made of polyacrylate, with
an interior volume of 200 pL, was developed at the University
of Magdeburg. The oscillator, supplied by ifak (Magdeburg), was
mounted outside the chamber. The frequency data were recorded
with special DOS-based software, developed by ifak, and analyzed
using Origin software (version 5.0) as provided by MicroCal
(Northampton, Mass., USA).

Supported planar bilayers

A combination of “‘self-assembling” and the “LB technique” was
introduced for the simulation of the biomembranes. Firstly, the
quartz surface was coated with a self-assembled monolayer of an

Fig. 1 Schematic experimental
set-up for the quartz crystal
microbalance (QCM) measure-
ments with the QCM cell used
(made of polyacrylate, with a
diameter of about 5 cm) in

buffer sample
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alkanethiol and, secondly, with a phospholipid LB film. In this
way, supported planar bilayers were obtained (Fig. 2A).

The self-assembling of an alkanethiol was carried out with
1 mM 1-hexadecanethiol (Fluka, Neu Ulm, Germany) solutions in
chloroform (Sigma, Deisenhofen, Germany). The saturation of the
quartz surface with alkanethiol was reached after 4 h.

The LB film was transferred onto the quartz plate with in-
house-made LB equipment consisting of a temperature-controlled
water bath, a Wilhelmy pressure sensor, and a movable barrier, at a
lateral pressure of 30 mN m ' and at room temperature. LB films of
0.3 mM 1,2-distearoyl-sn-glycero-3-phosphatidylcholine (DSPC)
(Sigma) in chloroform, containing 10% alkylmannoside, were used
for the liposome experiments. The alkylmannosides 1-O-(3,6,9-
trioxapentacosyl)-a-p-mannopyranoside (mannoside III) and
1-0-(3,6,9,12,15,18,21,24-octaoxatetracontyl)-¢-D-mannopyrano-
side (mannoside VIII) (shown schematically in Fig. 3) were syn-
thesized according to Ogawa et al. (1981). However, for the micelle
experiments the quartz plates were coated with pure DSPC LB
films (0.3 mM in chloroform).

The CT experiments required the incorporation of different
gangliosides into the DSPC LB matrix. The LB films were trans-
ferred in a molar DSPC/ganglioside ratio of 9:1. The ganglioside
fractions Gy, Gpia, Gpib, Grtib, and asialo-Gyyq, shown schemat-
ically in Fig. 4, were purchased from Pallmann (Munich, Germany).
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Fig. 3 Structures of mannoside III and mannoside VIII, the target
structures incorporated into the DSPC LB films for the investiga-
tion of the adsorption of liposomes

A combination of the LB technique and fluorescence micros-
copy (fluorescence microscope: Olympus, Proxy Cam 200) enabled
the simultaneous measurement of the isotherms and the domain
growth of the ganglioside-containing LB films. Therefore, the
fluorescence marker NBD-PC (1-hexadecanoyl-2-[N-nitrobenz-2-
oxa-1,3-diazol-4-yl)aminohexanoyl]-sn-glycero-3-phosphocholine,
Sigma) was used (1 mol%). The NBD-PC marker was excited with
laser light of 488 nm; the emission was detected at 520 nm.

Before each measurement the quartz plates had to be cleaned
thoroughly. This was guaranteed by repeated washing with meth-
anol (Brenntag Chemiepartner, Miilheim, Germany), followed by
rinsing with piranha solution [1/4 30% H,0,+3/4 H,SO, (both
Merck, Darmstadt, Germany)] over a period of 15 s.

Liposome experiments

Large unilamellar liposomes (15 mol) were prepared by suspending
the different lipid components, 60% soy bean phosphatidylcholine,
30% cholesterol (both Sigma), and 10% N-glutarylphosphatidyl-
ethanolamine (N-glut-PE) according to Weissig (1991), in 1 mL
0.15 M Tris buffer (pH 7.4) (Fluka) at 60 °C, followed by extrusion
through 400 nm polycarbonate membranes (extruder: Lipex Bio-
membrane, Vancouver, Canada). The liposome size (about 250 nm)

Fig. 4 Structures of the
gangliosides (Cer, ceramide;
Gal, galactose; GalNac, N-acet-
ylgalactose amine; Glec, glucose;
NeuAc, N-acetylneuraminic ac-
id), used as the target structures
incorporated into the DSPC LB
films for the investigation of the
adsorption of cholera toxin
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was determined by light scattering with a Malvern Autosizer Ilc
(Malvern Instruments, Malvern, UK).

All water used in this study was ultrapure as obtained from a
Milli-Q system (Millipore, Molsheim, France).

N-glut-PE served as a hydrophobic anchor for the lectin ConA
(Sigma). The coupling procedure of ConA to the liposomes was
performed as described elsewhere (Liebau et al. 1998).

For the incorporation of poly(ethylene glycol) (PEG) (Avanti
Polar Lipids, Alabaster, Ala., USA) into the liposomes, 2.5% or
5% PEG with phosphatidylethanolamine (PEG-PE; molecular
weight 2000) was added to the lipid suspension, diminishing the
fraction of soy bean phosphatidylcholine. For the preparation of
polymerized liposomes, the lipids were suspended with the appro-
priate monomer solution of 2.5% or 5% acrylamide and N,N’-
methylene-bis-acrylamide (MBA) (Sigma) in a molar ratio of 19:1
or 10% acrylcholate (Polyscience, Warrington, Pa., USA) and 3%
or 5% MBA. Riboflavin (0.5 mg mL ') (Sigma) was used as radical
starter. Excess monomers were removed by gel permeation chro-
matography (Sepharose 4B; Sigma). The polymerization occurred
under UV irradiation over a period of 12 h.

The experiments were performed in stand-by (i.e. no flow) and
flow mode with a flow rate of I mL min~'. On the pre-condition
that a stable baseline was available, the sample was pumped in the
flow mode or injected in the stand-by mode into the cell. After
adding the analyte, the frequency decrease was monitored over a
period of 30—-60 min until a stable frequency was reached. Finally,
the cell was rinsed with buffer and the frequency after the washing
procedure was determined.

Micelle experiments

The bile salts sodium cholate (NaC) and sodium deoxycholate
(NaDC), the phospholipid DPPC, and the sodium salts of the fatty
acids [lauric (LA-Na), palmitic (PA-Na), stearic (SA-Na), and oleic
acid (OA-Na)] were purchased from Sigma. The phospholipid was
pure, as checked by thin-layer chromatography. The purity of the
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bile salts was tested by mass spectrometry (Finnigan LCQ,
Thermoquest, San Jose, Calif., USA). The components of the
phosphate (mono- and disodium phosphate) buffer were purchased
from Merck. All substances were used without further purification.

For the simple bile salt solutions, NaC (20 mM) or NaDC
(20 mM) were dissolved in phosphate puffer (pH 7.3, 20 mM).
Mixed bile salt (20 mM)-phospholipid (5 mM) or bile salt (20 mM)-
phospholipid (5§ mM)-fatty acid, sodium salt (10 mM) solutions
were prepared by dissolving a certain amount of the substances in
phosphate buffer (pH 7.3, 20 mM), followed by ultrasonication for
20 min at 50 °C. All systems were stirred continuously for 5 h at
50 °C in a water bath. The samples were filtered through a
membrane filter of 0.2 um pore size. All samples were freshly
prepared.

The QCM experiments for the micellar systems were carried out
in the same way as for the liposomal systems.

CT experiments

The CT (f-subunit) was used as received by Sigma. The CT solu-
tions (0.1%) were prepared by dissolving the substance in phos-
phate buffer (pH 7.3, 20 mM). All experiments were performed in
stand-by mode. After reaching a stable baseline, 2.5 pL of the CT
solution were injected into the cell with a microliter syringe. To
remove remaining CT material, a washing procedure with buffer
solution followed after saturation. Then the frequency change was
determined.

Results
Liposome experiments

The QCM technique was used to study specific adhesion
processes of lectin-coupled liposomes at carbohydrate-
containing model membranes. The lectin ConA, linked
by the hydrophobic anchor N-glut-PE to the liposomes,
reacted with the carbohydrate mannoside III which was
embedded in the LB matrix. The frequency changes,
correlating to the amount of the adsorbates, were
determined for the samples with ConA-coupled and
-uncoupled liposomes. No adsorption was detected us-
ing uncoupled liposomes. In contrast, the ConA-coupled
liposomes induced a drastic frequency decrease of
1204 £ 238 Hz. The frequency course for the adsorption
process is shown in Fig. 5. The saturation of the quartz
surface was reached after 30 min. The following rinsing
procedure with buffer yielded only a slight frequency
increase of 17 Hz due to the removal of nonspecific
bound molecules. The ConA-coupled liposomes could
not be washed off, which points to specific lectin-car-
bohydrate interactions. All values for the liposome ex-
periments are given as the mean of five measurements
under the same conditions.

By modifying the SPB it is possible to differentiate
between specific ConA-mannoside interactions and
nonspecific interactions of the phospholipid headgroups
of the LB film and the liposomes. Therefore, mannoside
IIT was exchanged by mannoside VIII, an alkylmanno-
side with eight ethoxy units, i.e. with a longer spacer
between carbohydrate and lipid anchor. The frequency
decreased only by 987482 Hz, which indicates a re-
duced mass loading at the quartz surface of approxi-
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Fig. 5 Time course of the frequency decrease Af of a 10 MHz
quartz crystal for the adsorption of ConA-coupled and non-
coupled liposomes at mannoside III-containing SPB (1-hexadeca-
nethiol and DSPC with 10% mannoside III) in stand-by mode and
rinsing with buffer solution

mately 20%. The conclusion is that the amount of the
nonspecific head group interaction is 20% minimum.

Inhibition experiments were performed with the
competitive effecting methyl «-pD-mannopyranoside to
differentiate between specific lectin-carbohydrate inter-
actions and nonspecific headgroup interactions. The
methyl  o-D-mannopyranoside-containing  liposome
dispersion was brought into the QCM cell. These
preincubated liposomes adsorbed at mannoside-con-
taining model membranes as described before (Fig. 5). A
significant difference was obtained after washing. In the
case of preincubated liposomes, a desorption of
approximately 20% was measured.

In addition to the modification of the SPB, the
composition of the liposomes was varied for a further
characterization of the adsorption behavior of liposomal
systems. For the experiments the LB matrix contained
mannoside VIII. An artificial glycocalix was created
incorporating PEG into the liposomes. Amounts of
2.5% or 5% PEG-PE were added. In contrast to
pure ConA-coupled liposomes, the frequency change
decreased to 516104 Hz for 2.5% PEG-PE and to
213+9 Hz for 5% PEG-PE. Owing to the steric
shielding of the liposomes, the adsorption could be
reduced: for 2.5% PEG-PE by 48% and for 5% PEG-
PE by 79%. Therefore, it can be concluded that the
extension of the distance between the LB film and the
liposomes reduces the amount of nonspecific headgroup
interactions by up to approximately 80%.

Otherwise, with polyacrylamide (PAA) or poly-
acrylcholate  (PAC), intravesicular  polymerized
liposomes simulate the cytoskeleton. The polymer
concentrations were chosen in such a way that, in size
and permeability, reproducible liposomes could be
made. For the PAA liposomes, 2.5% or 5% acrylamide
monomers were used. Both kinds yielded a reduced
adsorption at the SPB, but no significant difference
could be established for the different acrylamide
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amounts (2.5% PAA: 199+69 Hz 5% PAA:
208 £82 Hz). As a result, the frequency changes were
reduced by approximately 80% in contrast to pure
ConA-coupled liposomes (f=987+82 Hz). The mea-
surements with the PAC-containing liposomes (10%)
were carried out with 3% and 5% of the copolymer
MBA. The PAC liposomes with 3% MBA yielded a
frequency change of only 47+ 17 Hz and with 5% MBA
a frequency change of 153+69 Hz, which indicates
a reduced adsorption at the SPB by 95% and 85%,
respectively.

The influence of the liposome structure on the adhe-
sion behavior of the investigated liposomal systems is
summarized in Table 1.

Micelle experiments

Further investigations were carried out using the QCM
to study the interactions between simple and mixed bile
salt micellar systems and lipid bilayers. The adsorption
behavior of different micellar systems, pure NaC or
NaDC bile salt micelles, binary NaC/DPPC or NaDC/
DPPC mixed micellar systems, and ternary NaDC/
DPPC/fatty acid (sodium salt) mixed micellar systems,
was studied at model membranes.

For both pure bile salt micellar solutions, no ad-
sorption processes were detectable using the QCM. The
binary systems showed only slight frequency changes,
which, however, indicate existing interactions. No dif-
ferences were found for the NaC (f=26+12 Hz) or
NaDC (f=25=+ 16 Hz) containing solutions. In contrast,
for the ternary systems, significant adsorption was ob-
served. The frequency course for the ternary mixtures is
shown in Fig. 6.

In dependence on the fatty acid component, the fol-
lowing frequency changes were determined for the sys-
tems containing a saturated fatty acid: NaDC/DPPC/
LA-Na, 55+9 Hz; NaDC/DPPC/PA-Na, 108 +22 Hz;
NaDC/DPPC/SA-Na, 123437 Hz. Therefore, a linear
dependence (linear regression: R=0.994) on the alkyl
chain length of the saturated fatty acid was established.
In addition, measurements were performed with the

Table 1 Frequency decreases Af of a 10 MHz quartz crystal
(stand-by mode), standard deviation (SD), and amount of binding
for the adsorption of pure ConA (standard) and modified ConA-
liposomes (2.5% or 5% PEG-PE; 2.5% or 5% PAA; 10% PAC
with 3% or 5% MBA) at mannoside VIII-containing SPBs (first
layer, 1-hexadecanethiol; second layer, DSPC with 10% mannoside
VII)

Liposomal system f(Hz) SD (Hz) Binding (%)
Standard 987 82 100
PEG-PE (2.5%) 516 104 52
PEG-PE (5%) 213 9 21
PAA (2.5%) 199 69 20
PAA (5%) 208 82 21
PAC/MBA (3%) 47 17 5
PAC/MBA (5%) 153 69 15

sodium salt of oleic acid, a single unsaturated fatty acid.
There a lower frequency decrease of 36+ 14 Hz was
obtained. All results for the micellar experiments are
given as the mean of five measurements under the same
conditions. The results of the experiments with different
bile salt micellar systems are shown in Table 2.

CT experiments

The binding behavior of CT (f-subunit) at ganglioside-
containing SPBs was examined using the QCM, with
10% of the gangliosides embedded into the LB matrix.
This amount was chosen as a maximum frequency
change was obtained, in contrast to higher amounts
(30% ganglioside), pure ganglioside, or pure DSPC
films. To investigate the morphology of the mixed LB
films, the transfer of the monolayers was combined with
fluorescence microscopy (Fig. 2B). The fluorescence
marker NBD-PC (1 mol%) is localized in the bright
liquid analogous phase. Dark lipid domains with a size
of about 1.5-3 pm are clearly visible.
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Fig. 6 Time course of the frequency decrease Af of a 10 MHz
quartz crystal for the adsorption of ternary mixed micellar bile salt
systems consisting of the bile salt NaDC (20 mM), the phosphol-
ipid DPPC (5 mM), and the sodium salt of a fatty acid (10 mM);
OA-Na, oleic acid; LA-Na, lauric acid; PA-Na, palmitic acid;
SA-Na, stearic acid) at SPBs (1-hexadecanethiol and pure DSPC)
in flow mode

Table 2 Frequency decreases Af of a 10 MHz quartz crystal (flow
mode) and SD for the adsorption of simple bile salt micellar so-
lutions, binary, and ternary mixed micellar systems at SPBs (first
layer, 1-hexadecanethiol; second layer, pure DSPC)

Micellar system f(Hz) SD (Hz)
NaC 1 -
NaDC 2 -
NaC/DPPC 26 11
NaDC/DPPC 25 13
NaDC/DPPC/LA-Na 55 9
NaDC/DPPC/PA-Na 108 12
NaDC/DPPC/SA-Na 137 31

NaDC/DPPC/OA-Na 36 11




The interactions occurred within a short period
(saturation after 10 min). The strongest interactions
were observed with Gy (f=58+ 14 Hz). The ganglio-
side fractions showed varying frequency changes in
the following sequence: Gy (58+£14 Hz)>Gpy,
(42i9 HZ) >Gle (19i 5 HZ)> GT]b (11 +5 HZ) No
change in frequency was determined for asialo-Gygy,
which was measured as reference. The results for the CT
experiments, all as the mean of five measurements under
the same conditions, are summarized in Table 3.

Discussion

The QCM is a very effective method to study ligand-
receptor interactions or adhesion processes at biomi-
metic surfaces. In the present study, different adsorption
models were created. This was reached by coating the
quartz plates with a lipid bilayer consisting of a self-
assembled alkanethiol monolayer and a phospholipid
LB film. In order to imitate native membranes, the LB
film was equipped with special recognition structures.
Mannosides were used for the liposome experiments
to investigate the lectin-carbohydrate interaction, and
gangliosides for the CT experiments to study ganglio-
side-toxin interactions.

In a first model for the simulation of cell adhesion,
the adsorption of liposomes coupled with the lectin
ConA was investigated. For this, mannoside III was
incorporated into the LB layer, making use of lectin-
carbohydrate binding. An intense adsorption confirmed
this theory compared to liposomes which were not
coupled with the lectin. It can be assumed thereby that
the frequency change is not only caused by specific
mannoside-ConA interactions but also by nonspecific
interactions between the phospholipid headgroups of the
LB film and the liposomes. To differentiate between
both interactions, mannoside VIII with a longer ethoxy
spacer was embedded into the LB matrix. In this way the
distance between the model membrane and the adsorbed
liposomes could be extended. As a result, the suppres-
sion of the approach of the phospholipid headgroups
and consequently of the nonspecific effects succeeded. A
desorption of approximately 20% of nonspecific bound
material proves this. Therefore, it can be concluded that
at least 20% nonspecific headgroup interactions are
involved in the whole adsorption process.

Table 3 Frequency decreases Af of a 10 MHz quartz crystal (stand-
by mode) and SD after injection of a 0.1% cholera toxin solution,
owing to interactions with different ganglioside fractions incorpo-
rated into the SPBs (first layer, 1-hexadecanethiol; second layer,
DSPC with 10% ganglioside)

Ganglioside fraction f(Hz) SD (Hz)
Asialo-GM1 2.5 -
G 58 4
GDla 42 9
Gpip 19 5
Grip 11 5
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The composition of the liposomes was changed for a
more detailed characterization of the liposome adhesion.
The measurements were performed using PEG-linked
stealth liposomes. This enables the imitation of the
glycocalix. The surface of the liposomes is sterically
shielded. By adding 2.5% PEG-PE the frequency change
was decreased by 48% in contrast to standard liposomes
(only ConA coupled); the addition of 5% PEG-PE
yielded a reduction of 79%. So a higher amount of PEG
at the liposomes surface, associated with a stronger
shielding of the liposomes, caused a smaller frequency
decrease. Therefore, it can be derived that a tight contact
of the phospholipid headgroups is prevented. This sup-
pression of the headgroup interactions to approximately
80% of the whole adhesion process leads to the con-
clusion that the liposome adsorption occurs to 80% due
to nonspecific interactions between the phospholipid
headgroups and to 20% due to specific lectin-carbohy-
drate interactions. However, one cannot rule out the
possibility of a certain steric hindrance by the PEG
incorporated into the liposomes and an associated
change in the fixed aqueous layer around the liposomes
(Shimada et al. 1995). This steric barrier function of
PEG-linked stealth liposomes is of special interest for
the development of drug delivery systems with long
circulation times in the bloodstream (Allen 1994; Storm
and Crommelin 1998). There exists a commercial prod-
uct based on PEG liposomes with the drug doxorubicin
for the indication of AIDS-related Kaposi’s sarcoma
(Caelyx in Europe) (Gabizon and Muggia 1998).

This result was confirmed by the experiments with
intravesicular polymerized liposomes. The artificial
cytoskeleton, created by the incorporation of poly-
acrylamide or polyacrylcholate, caused an increased ri-
gidity of the liposomes. “Normal” liposomes, contacting
the LB-coated quartz surface, undergo a deformation
during the adsorption, spontaneously break up, and fi-
nally fuse to form multilamellar lipid bilayers. Owing to
their enormous rigidity, the polymerized liposomes keep
their spherical shape. That is why they do not fuse at the
modified surface. For the PAA liposomes, the adsorp-
tion was reduced by approximately 80% compared with
the “‘normal” liposomes. No difference could be found
between 2.5% and 5% PAA. In contrast, the MBA
amount played a crucial role for the addition of PAC.
For 3% MBA a reduced frequency decrease of
approximately 95% was observed, whereas 5% MBA
yielded a reduction of the frequency change of about
85%. Consequently, the degree of polymerization and
the crosslinking are of importance. Both measures for
the modification of the liposome composition and
structure lead to the result that the fusion of the
phospholipid bilayers is hindered by the minimization of
headgroup interactions.

In a second model the adsorption behavior of simple
and mixed bile salt micellar systems to DSPC LB
membranes was investigated. For simple bile salt
micelles, no adsorption at SPBs was observed. The
negatively charged bile salt micelles do not interact with
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the phosphatidylcholine headgroups of the LB film. A
longer contact of the detergent with the phospholipid
layer showed no effect. In contrast, the use of the strong
detergent sodium dodecyl sulfate (SDS) in a micellar
concentration range yielded an increase in frequency, i.e.
a removal of the LB film, caused by the solubilization of
the phospholipid. This result agrees with the experi-
ments from Colberg et al. (1998). They characterized the
behavior of DPPE films in dependence on the SDS
concentration. Monomeric detergent solutions with a
SDS concentration of 10 or 20% of the critical micelli-
zation concentration (cmc) resulted in a rapid mass
uptake owing to the partitioning of the detergent into
the lipid layer. However, higher concentrations (50 or
90% of the cmc) yielded a frequency increase due to the
solubilization of the lipid. The DPPE layer is completely
removed from the quartz plate under the formation of
mixed micelles. The binary systems (bile salt and DPPC)
indicated slight frequency changes without recognizable
differences for the systems with the trihydroxy bile salt
NaC or the dihydroxy bile salt NaDC. The ternary
systems (bile salt, phospholipid, and sodium salt of a
fatty acid) showed significant frequency changes. A lin-
ear dependence of the frequency change on the fatty acid
chain length was determined. Systems with the saturated
lauric acid or the unsaturated oleic acid caused less
strong frequency changes, like systems with the satu-
rated long-chain fatty acids palmitic and stearic acid.
The shorter lauric acid with 12 carbon atoms, as well as
oleic acid with a double bond, form micelle-like struc-
tures in aqueous media. However, palmitic and stearic
acid belong to the class of bilayer-forming amphiphiles.
It is assumed that mixed micellar aggregates which are
formed by detergents and a higher amount of bilayer-
forming amphiphiles have not a classical, spherical
shape but a rod- or disk-like one (Cohen et al. 1998).
Therefore, they lose the minimal surface of a sphere and
the contact area increases for rods or disks. As a result, a
stronger interaction of these micellar systems with the
phospholipid layer is obtained. Since simple bile salt
micelles did not interact with the DSPC LB film, but
binary micellar solutions with DPPC showed frequency
changes, the effect must have been caused by interac-
tions between the phospholipid headgroups, as already
described for the liposome experiments. From these re-
sults it cannot be concluded whether mixed micellar
aggregates or individual molecules are responsible for
the observed interaction with the lipid-coated QCM
surface. In any case, the addition of a phospholipid, and
especially of a fatty acid, causes detectable effects re-
sulting from the interaction with the model membrane.

As mentioned above, the measured frequency decrease
is not only caused by mass adsorption at the quartz sur-
face but also by the viscosity of the liquids. For the
liposome experiments, the uniformity of the samples re-
lating to the viscosities was given by the similar compo-
sition and the equal preparation procedure. Owing to the
different composition of the micellar systems for these
experiments, viscosity measurements were performed

(results not given). The viscosity values for the micellar
solutions at 20 °C were in the range of pure water.

Mixed micellar systems are becoming more important
as new drug delivery systems. A number of drugs can be
found in liposomal formulations. However, there are
only a few conventional formulations containing drugs
in micellar solutions, like diazepam (Valium) and
phytomenadion (Konakion 10 mg) for parenteral
application or for oral administration (Konakion 2 mg).
These mixed micellar systems consist of glycocholic acid,
soybean PC, and other excipients. Recent results showed
a better stability for ternary mixed micelles (bile
salt + phospholipid + fatty acid) compared to binary
mixtures (bile salt + phospholipid) (Schwarz et al. 1998;
Hildebrand A, Schidlich A, Hartmann M, Neubert
RHH, unpublished results) Therefore, the detailed
characterization of these ternary systems is of special
interest to create new vehicles for drugs.

The third model dealt with interactions between CT
and ganglioside-containing model membranes. Various
ganglioside fractions in the LB matrix resulted in dif-
ferent frequency values with the following sequence:
GMl > GDla > Gle > Gle > asialo—GMl. As expected,
G showed the strongest interaction with CT, because
it is the native recognition structure for CT at the cell
surface. Janshoff et al. (1997) detected a strong interac-
tion between CT and Gy as well, but only a small
binding to Gyq; and asialo-Gyy. In contrast, Sato et al.
(1998) found a high affinity of wheat germ agglutinin to
Gz and Gy, but no affinity to Gy, and Gy owing to
a steric hindrance of the side residues. The results for the
influence of the lipid layer composition are in agreement
with those from Sato et al. In this study, lipid layers with
a ganglioside content of 10% were used (Sato et al. used
20%), because pure ganglioside monolayers yielded
lower affinities due to the absence of a certain space
around the sialic acid group which is required for
binding. The importance of the oligosaccharide residues
for the binding behavior is expressed in the negligible
frequency change of asialo-Gy;, which is marked by the
absence of the sialic acid residue. The existence of any
sialic acid residues for the gangliosides Gpi,, Gpip, and
Gt causes not an increase in the binding but a de-
creased interaction due to the deviation from the native
recognition structure. The QCM enabled the detection
of specific CT-ganglioside interactions in dependence on
the ganglioside fraction. The results obtained are in close
agreement with previous ones by Kuziemko et al. (1996),
determined by surface plasmon resonance.

Conclusions

The application of the QCM technique in liquid media
enables a detailed characterization of biochemical pro-
cesses. A wide variety of investigations imitating native
interactions can be performed by creating model mem-
branes with special recognition structures at the quartz
surface.



Three different approaches were described. At first it
was demonstrated that lectin-coupled liposomes adsorb
at carbohydrate-containing model membranes, caused
by specific lectin-carbohydrate interactions and non-
specific ones. The nonspecific headgroup interactions
can be reduced by modifying the lipid bilayer by incor-
porating a longer ethoxy spacer or changing the
liposome composition by means of intravesicular poly-
merization or sterical stabilization. Furthermore, the
adsorption of simple and mixed bile salt micelles was
characterized. It was established that ternary micellar
systems of bile salt, phospholipid, and fatty acid (sodium
salt) have the strongest affinity to SPBs, whereas simple
or binary systems do not adsorb. The influence of the
fatty acid component was found to play a crucial role.
Finally, the binding of CT (f-subunit) at ganglioside-
containing lipid bilayers was described. The strongest
interaction was found for Gys;; asialo-Gys; showed no
recognizable frequency change.

For future investigations, the combination of the
QCM technique with other methods is planned, part-
icularly relating to a concrete separation between mass
and viscosity effects.

The performed investigations contribute to the
explanation of biological processes, such as cell adhe-
sion and toxin-ganglioside binding. The development
of new drug delivery systems, which are able to
transport and release drugs at specific target structures,
is another aim of the present study. Liposomal and
micellar systems of physiological origin are suitable for
lipophilic drugs owing to their excellent solubilization
capacity.
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