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Abstract: Artificial lipid membranes are useful models to gain insight into the processes 

occurring at the cell membrane, such as molecular recognition and signal transduction. 
These membranes with incorporated receptors also have a great potential in biosensor 
applications. In this study the formation of supported membranes onto planar solid 
supports has been investigated. The stability and activity of incorporated membrane 
receptors positioned in an appropriate lipid milieu has been studied. A potential use of 
such preparation for biosensing is discussed. 
 
The lipid films were made by the Langmuir Blodgett (LB) and the liposome fusion 
techniques. These supported films were characterised by ellipsometry, atomic force 
microscopy (AFM), surface plasmon resonance (SPR), and resonant mirror (RM) 
techniques. The thicknesses of the lipid films as determined by ellipsometry and AFM 
were in agreement with the thickness of a cell membrane. The kinetics of formation of 
the lipid films was studied using the optical methods SPR, RM and ellipsometry. 
Visualization of the supported membranes using AFM, showed that the supports were 
not homogenously covered with a bilayer and that these films consisted of intact or 
partly fused liposomes. 

In this investigation the proteins bacteriorhodopsin, cytochrome c oxidase, 
acetylcholinesterase and the nicotinic acetylcholine receptor were reconstituted into the 
supported membrane. The subsequent analysis showed that the proteins were 
individually distributed and that the activity was retained, in some cases for several 
weeks after immobilisation. 
 
The glycolipids, GM1, GM2, GD1b, asialo-GM1, globotriaosylceramide, 
lactosylceramide and galactosylceramide, were also reconstituted into supported 
membranes. Their specific interaction with the toxin ricin or with its B-chain was 
examined using SPR. The affinity of intact toxin and of its B-chain differed markedly 
and was pH dependent. The carbohydrate chain length and charge density of the 
glycolipids also influenced the affinity. The apparent kinetic constants for binding 
between the B-chain and the gangliosides GM1, GD1b and asialo-GM1 were estimated. 
The association constants were in the order of 0.3 x 106 to 1.0 x 107 M-1. 
 
The present studies have contributed towards identifying conditions for the formation of 
model membranes on solid supports. This has provided a useful membrane model for 
studying biomolecular interactions that occur at the cell membrane. Furthermore, with 
additional development, these membranes may have potential as biosensor surfaces. 
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Introduction 

 

1  INTRODUCTION 
 
The highly specific and sensitive three-dimensional interaction between molecules that 
have developed through evolution is referred to as biological recognition. The appli-
cation of such recognition processes for sensing and analysis has been of great interest 
during the past two decades. Modelled on the performance of biological systems, a 
sensing element of high sensitivity and good selectively has been the aim. In biosensors 
the recognition molecules are interfaced to a signal transducer, thereby converting a 
biochemical signal into a quantifiable electrical response (Fig. 1). To achieve the high 
sensitivity and selectivity of a biosensor, it is important that full functionality of the 
biomolecules is present after their immobilisation onto the sensor surface. Common 
biomolecules used as sensing element are enzymes, antibodies, receptors, carbohydrates 
and DNA. Intact cells have also been immobilised as the recognition layer. Selection of 
a transducer depends on which physicochemical change the specific reaction at the 
sensing layer generates, see table 1. Biosensors can be classified into four basic groups 
according to the type of transducer used, electrochemical, optical, mass sensitive and 
thermometric [1]. In addition, biosensors are divided into different classes depending on 
the nature of the recognition event (Fig. 2) [2]. 
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Figure 1. Components of a biosensor. An immobilised biological layer, responsible for the 
selective recognition of the target molecule, is in close contact with a suitable transducer. The 
physiochemical changes derived from the interaction between the receptor molecules and the 
sample are amplified and converted into a quantifiable signal. 
 
 
Recognition molecules and transducer surfaces can be combined in a number of 
different configurations. The most common, commercially available, biosensors are 
based on redox enzymes and electrochemical detection: one example is the glucose 
sensors. Catalytic reactions are more useful for continuous measurements, since 
problems with irreversible reactions can be avoided. Biosensors based on enzymes tend 
to be more sensitive, since one enzyme is able to catalyse numerous analytes and 
thereby amplify the signal. However, the fastest growing area in biosensor development 
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is based on affinity, with applications in the clinical diagnosis, food processing and 
environmental monitoring including detection of chemical or biological warfare agents 
[3-7]. 
 

 
 
Figure 2. Principal drawing of common 
recognition methods. The analyte is denoted 
A, whereas T and S denote the transducer 
and the recorded signal, respectively. (a) 
Bioaffinity sensors: a receptor molecule R 
recognise the analyte. (b) Biocatalytic 
sensors: an enzyme E convert the analyte to 
a measurably product P. (c) Transmembrane 
sensors: recognition molecules are 
immobilised into a membrane M. The analyte 
can either be transported through a channel 
protein (1) or bind to a receptor proteins 
(2,3). This binding can open a channel for 
another molecules (2), or start an enzymatic 
cascade (3). (d) Cell sensors: living cells C 
are used to convert a substrate (1) or bind 
the analyte (2).  
Reprinted from reference [2] with kind 
permission from Elsevier Science.  
 
 
 
 
 
 
 

 
In our works we have focused on membrane components as sensing elements since 
many recognition events in nature occur at the cell membrane. These biomolecules have 
been incorporated into artificial phospholipid membranes to achieve proper function. 
The aim of the present investigation was to identify conditions to promote the formation 
of artificial lipid membranes on solid supports for use in biosensor applications. Factors, 
such as lipid composition, size of the immobilised receptor molecule or enzyme, type of 
support and methods for formation, are parameters that could affect the properties of 
these membranes. A more exhaustive interaction analysis was also performed between 
glycolipid membranes and a toxin, ricin, to investigate the kinetics of the reaction and 
the influence of the membrane on the reaction. We used methods such as ellipsometry, 
atomic force microscopy (AFM), surface plasmon resonance (SPR), resonant mirror 
(RM) and binding or activity measurements to elucidate the influence of a number of 
factors that may contribute to the quality of these membranes. 
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Table 1. The main classes of transduction system used in biosensors. 
 
Biosensor type Example of transducer 
Electrochemical 
Amperometry 
Potentiometry 
Conductivity 
 

Ion-selective electrode (ISE) 
Glass electrode 
Metal electrode 
Ion-sensitive field-effect transistor (ISFET) 
 

Optical  
Absorbance 
Reflectance 
Refractive index 
Luminescence 
Light scattering 

Surface plasmon resonance (SPR) 
Resonant mirror (RM) 
Total internal reflection fluorescence (TIRF) 

Mass sensitive 
Mass 

Quartz crystal microbalance (QCM) 
 

Thermal  
Calorimetry 

Thermistor  
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2  LIPID MEMBRANES 
 
The membrane surrounding the living cell serves several functions such as control of 
solute permeability and recognition events. These membranes are composed of a two-
dimensional lipid bilayer supporting peripheral and integral proteins. In 1972 Singer 
and Nicholson, [8], presented a fluid mosaic model of the cell membrane which showed 
the membrane as a fluid-like bilayer in which proteins are able to move freely (Fig. 3). 
The authors proposed that the main part of the lipid bilayer is a neutral and passive 
solvent that had little influence on membrane protein functions while there was a small 
portion of specific lipids that might be more tightly coupled to the protein. It is now 
clear that this lipid environment has a major effect on recognition events taking place at 
the cell membrane. Studies using model membranes have shown that lipids surrounding 
the receptor molecules have a profound effect on the interaction between biomolecules 
[9,10]. For example, lipids of increasing chain length decrease the binding capacity and 
may affect the exposure of binding moieties. 
 
Many interactions at the cell membrane occur through polyvalent binding. This 
complex binding with several binding sites involved simultaneously, require flexible 
interacting molecules. It is now evident that microdomains which consist of a unique 
protein and lipid composition, known as lipid rafts, exist in the plasma membrane of 
almost all mammalian cells as well as in model membranes [11-14]. These 
microdomains contain, for instance, a large number of molecules that are involved in 
specific interactions which mediate signal transduction. These rafts can change in size 
and composition as a response to an intra- or extracellular stimuli and can regulate the 
signalling cascade. 
 
 
2.1 MODEL MEMBRANES 
 
Supported planar lipid membranes have attracted much attention since they can provide 
a model system for investigating the properties and functions of the cell membrane. 
Membrane mediated processes such as recognition events and biological signal 
transduction can be studied, as can structural properties of the membrane [15]. With 
incorporated receptor molecules as specific recognition molecules for a certain analyte, 
these artificial membranes offer great potential for biosensor applications. 
 
 
There are several advantages to be gained from using artificial lipid membranes as 
supports for receptor molecules. The membranes constitute a physiological environment 
for the recognition molecules, which may prevent denaturation and loss of activity. It 
can also be of importance for the recognition, since the receptor molecules may have the 
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ability to phase-separate into domains and thus affect the binding properties. 
Furthermore, the use of membrane bound receptors considerably increases the number 
of substances that can be detected by biosensors. For example many toxins, bacteria and 
organic compounds bind to the cell membrane. 

 
 
Figure 3. A schematic picture of the cell 
membrane composed of a lipid bilayer and 
integral proteins. 
 
 
 

 
A number of reports have been published about the use of supported lipid films in 
analytical applications [16-23]. For example, the affinity of E.coli heat-labile 
enterotoxin and cholera toxin for different glycolipids immobilised into supported lipid 
membranes has been estimated with SPR [22,23]. A filter supported lipid membrane has 
been used to detect aflatoxin by an electrochemical flow injection method [24]. 
Furthermore, an ion channel switch biosensor has been described that measures binding 
events through changes in electrical admittance of the membrane [25]. 
 

C

B
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B

D

B

D

B

D
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Figure 4. Examples of methods that can be used for immobilisation of supported membranes. 
(A) The membrane can be formed onto a monolayer of alkanethiol or alkylsilanes on Au and 
Si/SiO2 surfaces respectively, (B) tethered through anchoring molecules, (C) adsorbed on the 
support with a separating thin water film, (D) capture by a polymer matrix containing 
hydrophobic chains. 
 
 
The dynamic properties of the supported membrane depend to a great extent on the 
method used for immobilisation of these lipid films [15] (Fig. 4). For example lipid 
films with a more rigid and stable structure can be made by using a covalently bound 
monolayer, such as self-assembling of alkanethiols to a gold surface, onto which a 
second layer can be immobilised [26]. Another approach is to produce lipid films that 
are separated from the surface by either an ultrathin self assembled polymer film [27] or 
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a water layer [28]. Lipid membranes can also be tethered to the support by a hydrophilic 
spacer that stabilises the membrane and increases the volume between the membrane 
and the support [25,29-31]. The interaction between the lipid film and the surface is 
reduced when the supported lipid layer is separated from the underlying surface. This 
allows the lipids to freely diffuse within the membrane and thereby mimic the fluid 
nature of biological membranes [15]. 
 
Formation of supported phospholipid membranes is mainly made by Langmuir-Blodgett 
or liposome fusion techniques (see chapter 3.2 + 3.3), [32,33]. It is also possible to 
combine these two methods for preparation of supported membranes [28,34]. The 
liposome fusion technique is also a frequently used method for immobilisation of 
membrane bound receptors. Proteins such as acetylcholinesterase (AChE), 
bacteriorhodopsin (BR), nicotinic acetylcholine receptor (nAChR) and the gramicidin 
channel have successfully been incorporated with this method [31,34,35]. 
 
In order to use membrane protein receptors as recognition elements in biosensors, some 
criteria must be fulfilled. These proteins have to be stable within the lipid membrane 
and to maintain their biological activity upon storage and treatment during the assays. It 
is also important for recognition events that the orientation of the membrane proteins 
within the supported lipid films is the same as in the cell membrane, i.e. outside out. 
 
 
2.2 THE STRUCTURE AND PROPERTIES OF MEMBRANE LIPIDS 
 
Lipids are amphiphilic structures, which consist of a polar head group and an attached 
hydrophobic hydrocarbon chain (Fig. 5). In a water solution these molecules 
spontaneously assemble with their hydrophilic part in contact with water and their 
hydrophobic part in the interior of the structures, as in bilayers and micelles. The forces 
that hold these structures together are weak van der Waals, hydrophobic, hydrogen-
bonding and electrostatic interactions. The weak nature of these forces also makes them 
flexible. It is the geometric properties of the molecules such as the volume of the 
hydrocarbon chain, chain length and the optimal area of the polar headgroup that 
determines which structure the molecules can assemble into. Single chain amphiphilic 
molecules form micelles because of the relatively large polar head when compared to 
the nonpolar tail. Reverse micelles can be formed if the polar head is smaller compared 
to the nonpolar section and a bilayer is formed if the geometry of the lipids is 
cylindrical, such as phosphatidylcholine. These structures are sensitive to changes in the 
surrounding medium such as pH, ionic strength and temperature, which can affect the 
intermolecular forces in these structures resulting in a modification of their size and 
shape [36]. 
 
Eukaryotic cellular membranes consist of a variety of lipid molecules, which provide a 
permeability barrier between the exterior and interior of the cell and its different 
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compartments. Phospholipid molecules are the major structural components of most 
membranes, including phosphatidylcholine (PC), phosphatidylethanolamine (PE), 
phosphatidylserine (PS), phosphatidylinositol (PI), and cardiolipin [37]. These 
molecules, also called glycerophospholipids, consist of a phosphate-containing head 
group with saturated or unsaturated hydrocarbon chains connected to a glycerol via ester 
bonds (Fig. 5). Glycosphingolipids, another class of lipids in the membrane, include 
cerebrosides and gangliosides, and in these molecules the lipid chains are attached to 
sphingosine instead of glycerol as in phospholipids (Fig.5). Cerebrosides are neutral 
glycosphingolipids while gangliosides contain one or more units of the negatively 
charged sialic acid. Lipids within the lipid bilayer can exist in an ordered gel phase or 
fluid liquid crystalline phase depending on the lipids involved and the temperature. The 
midpoint of the gel to liquid-crystalline transistion for a distinct lipid is often referred to 
as a melting temperature. Below the transition temperature the hydrocarbon chains are 
tilted in a nearly all-trans conformation with strong contacts achieved by van der Waals 
forces. Above this temperature the organisation of the chains becomes more disordered 
and adopts a gauche conformation which weakens the van der Waals chain contacts. 
This will also change the hydration and polar interaction of the phospholipids head 
groups [38]. 
 
The role of cholesterol within the membrane has been extensively studied [39-41]. It is 
known that cholesterol modifies the structure and dynamic properties of the membrane 
by changing the packing properties within the bilayer. In mammalian cell membranes 
the amount of cholesterol is relatively high, varying approximately between 20 % to  
50 % [41]. Increasing amounts of cholesterol lead to more structurally ordered 
membranes at temperatures above the phase transition temperature and to less ordered 
membranes at temperatures below phase transition. These changes are most pronounced 
at temperatures near the phase transition of the lipids. The interaction between 
cholesterols and lipids are thought to be crucial for the formation of rafts in the cell 
membrane. It has also been shown that cholesterol interacts more strongly with 
saturated high-melting phospho- and spingolipids than with the highly unsaturated 
lipids [40]. 
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Figure 5. Structure of lipids and cholesterol used in this study.

8 



Techniques for creating artificial membranes 

3  
 
Vario
suspe
Muell
eleme
situat
physi
impro
which
types 
[17]. 
films.
coated
prepa
(LB) 
forma
films 
surfac
carbo
 
 
3.1 
 
Five d
silico
in the
platin
were 
pressu
slides
 
Platin
on gla
of the
all AF
slides
 
 

  
TECHNIQUES FOR CREATING ARTIFICIAL 
MEMBRANES 
us methods have been used to create artificial lipid membranes including free-
nded membranes as well as membranes supported on a solid surface. In 1962 
er et al pioneered the work of using black lipid membranes (BLM) as recognition 
nts [42]. BLMs are formed in a circular hole of a small diameter, i.e. 0.5 mm, 
ed in the wall of a Teflon film, which separates two electrolyte phases. The 
cal stability of these BLMs is very low and much effort has been spent on 
ving the stability of this particular model membrane. An alternative to BLMs, 
 indeed is much more stable, is lipid membranes on solid supports. These latter 
of model membrane are now the more frequently used in analytical applications 
Stainless steel, Au, Pt and Si are examples of material used as supports for lipid 
 These supported films can either be formed on a freshly cut tip of a metal wire 
 with Teflon [43], or on a planar surface [28,31,34]. The standard methods of 

ring supported lipid membranes on plane solid surfaces are the Langmuir-Blodgett 
and liposome spreading techniques. The latter method is more common and allows 
tion of lipid membranes with incorporated membrane proteins. In this work lipid 
have been made either through direct fusion of liposomes onto a plain metal 
e or onto a metal surface coated with a LB-monolayer or a modified 
xymethyl layer (sensor chip L1, Biacore). 

PREPARATIONS OF SOLID SUPPORTS 

ifferent solid supports were used in these studies; slides made from polished 
n wafers, thin platinum film on either glass or silicon slides and the surfaces used 
 Biacore and IAsys biosensors (L1 and silicon nitride). With the exception of the 
um surfaces, the supports were obtained commercially. The platinum surfaces 
prepared by thermally evaporating Pt onto the slides by an electron gun at a 
re less than 5 x 10-6 mbar to a thickness of approximately 120 nm onto glass 

 and 60 nm onto silicon slides [34,44]. 

um films made on silicon resulted in a much smoother surface than preparations 
ss, since plain glass surface is more rough than the silicon surface. The roughness 
 underlying surface can contribute to the final structure of the lipid films, therefore 
M measurements were performed on lipid films immobilised onto Pt/silicon 
.  
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3.2 LIPOSOMES 
 
Liposomes, or lipid vesicles, are spherical structures in which an aqueous volume is 
enclosed by one or several lipid bilayers. They are usually made from phospholipids, 
which in an aqueous solution form energy-favourable structures as a result of 
hydrophilic and hydrophobic interactions. Depending on the size and the number of 
bilayers, liposomes are classified as large multilamellar vesicles (MLV´s) or large and 
small unilamellar vesicles (LUV´s and SUV´s) [45]. The size of unilamellar liposomes 
may vary between 20 nm and 500 nm and the thickness of one lipid bilayer is about 4 
nm. The liposome structure makes it possible to either encapsulate water-soluble 
molecules in the water interior of the liposome or immobilise molecules within the lipid 
membrane (Fig. 6). 
 
 
 

 
 
Figure 6. A schematic drawing of a unilamellar 
liposome. Hydrophilic molecules can be entrapped 
inside the liposome, while molecules with 
hydrophobic portions are oriented within the 
membrane. 
 
 
 
 
 
 
 
 

 
 
Liposomes can simply be modified in a desired manner through the choice of membrane 
components and it is this property that has made them attractive as model systems for 
cell membrane. Furthermore, liposomes are also frequently used as a delivery system 
for anticancer agents, increasing the effectiveness and circulation time of the drugs. It is 
also possible to target specific cells by attaching an appropriate molecule at the 
liposome surface that binds specifically to a receptor site [46,47]. 
 
Liposomes cannot be formed spontaneously since these structures are not generally 
thermodynamically stable. The production of liposomes requires energy. Subsequently, 
after formation, liposomes can also aggregate and form larger structures. There are 
many methods for preparing liposomes. The main differences come from how the 
membrane components are dispersed before formation, i.e. water in oil, oil in water or 
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detergent solubilisation. Energy can also be added to the solution in several different 
ways such as extrusion, manual shaking and sonication [45]. A common method is to 
first dry down the lipids from an organic solvent, followed by hydration in an aqueous 
media. This procedure usually yields large multilamellar liposomes. Unilamellar 
liposomes with a relatively defined size can be produced by extruding multilamellar 
liposomes through a filter. Encapsulation of water-soluble molecules within the 
liposomes can be made by including these molecules in the water solution. Hydrophobic 
receptor molecules can also be incorporated within the lipid membrane with this 
procedure. 
 
Liposomes with membrane proteins inserted into the lipid bilayer are best produced by a 
detergent depletion method [45]. Techniques that include sonication and mechanical 
extrusion may denature and inactivate the proteins. The detergent depletion method 
introduces proteins into the liposomes in the presence of a mild non-denaturing 
detergent. It has been shown that the size of the liposomes varies with the type of 
detergent and the rate of removal of detergent from the suspension. For example 
octylglucoside yields larger liposomes than a cholate detergent and a fast depletion rate 
is shown to produce smaller liposomes [45]. Detergents with a high critical micelle 
concentration (CMC) are favoured for use in this method, because they are easier to 
remove from the lipid mixture. 
 
The mechanisms by which liposomes are formed are poorly understood. Liposomes 
produced from the same lipids may have different properties, e.g. size, stability and 
number of bilayers, depending on the choice of preparation method. The detergent 
depletion technique is the method that is best understood and intermediate structures in 
the liposome formation process have been proposed. However, thermodynamic models 
have indicated that liposomes in general are not stable structures due to the bending 
energy needed for the curvature of the lipid layers. It is this instability that also makes 
them useful for building up planar, supported membranes and as drug carriers. 
 
 
3.3 LANGMUIR-BLODGETT TECHNIQUE 
 
The Langmuir-Blodgett (LB) technique has been frequently used to produce thin films 
of amphiphilic molecules on solid supports. The two-dimensional assembly of 
biomolecules has been shown to be of great value in many applications, such as 2D 
crystallisation of proteins, investigations of ordering and phase behaviour of model 
membranes and development of biological sensors [34, 48-50]. 
 
Irving Langmuir and Katharine Blodgett developed this method in the early twentieth 
century [32]. They found that amphiphilic molecules spread on a water surface are 
arranged with a specific orientation in a monolayer. This allows the transfer of a 
compressed fatty acid monolayer from the air/water interface onto a solid substrate by 
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consecutively moving a plate vertically through the LB-film. A schematic illustration of 
the procedure is shown in figure 7. 
 

 
Figure 7. Schematic representation of the LB-monolayer formation. The procedure is as follows: 
(A) amphiphilic molecules dissolved in an organic solvent are spread at the air/liquid interface of 
a LB-trough and the solvent is then allowed to evaporate. (B) the molecules are compressed 
into an ordered film by a lateral physical force produced by a moving a barrier. (C) If the solid 
support is hydrophilic a monolayer of amphiphilic molecules can be transferred to the surface on 
the upstroke of the vertical dipping procedure. The surface pressure is controlled with a 
Wilhelmy plate and kept constant during the dipping procedure.  
Reprinted, with permission from reference [51]. 
 
 
This LB-technique produces assemblies of molecules with a well-defined arrangement 
and orientation. The density of the molecules at the air/water interface can be varied 
using a movable barrier and the lateral surface pressure of the film spread on the surface 
can be measured by a Wilhelmy plate. An isotherm can also be recorded during the 
compression of the lipid film which can provide information about the miscibility of the 
lipid mixture and stability of the film. From these isotherms, the variation in surface 
pressure (mN/m) can be measured as a function of the area per molecule (nm2) (Fig. 8) 
[52]. The increase in surface pressure displays a very steep curve for pure phosphatidic 
acid (DPPA) and the lipid mixture while the compression of phosphatidylcholine 
(DPPC) resulted in a flatter curve. This may depend on the net charge, hydration and 
size of the headgroups. At a surface pressure of 45 mN/m the more bulky headgroup of 
DPPC occupies a mean molecular area of 49 Å2 while 34-36 Å2 is obtained from lipid 
films made from pure DPPA or lipid mixtures [52]. Studies using NMR have indicated 
that the headgroup of phosphatidylcholine binds more water molecules than the 
phosphatidylethanolamine (DPPE) headgroup [53]. This larger hydration may cause 
repulsive interactions that may explain the more flattened isotherm obtain with DPPC. 
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A drawback with the LB-technique is the sensitivity to surface defects. Most of the 
surfaces, SiO2, glass, and metals, used as substrates for LB-film formation have a 
roughness that prevents lateral movements of the lipids. However, mica has a smoother 
surface that may allow a fluid state [27]. Furthermore, the LB-technique is not suitable 
for the construction of protein-containing membranes, since proteins may denaturate 
when spread at a liquid air interface. 
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re 8. Surface area/pressure isotherms, from left to right DPPA, a mixture consisting of 
C/DPPE/DPPA/C 19:30:32:19 mol%, DPPE and DPPC. The lipids were compressed with a 
d of 5 mN/m/min until collapse or rearrangement of the lipid monolayer was clearly visible. 

hydrophobicity of the LB-monolayer after transfer to the support deserves a 
ment. Using the AFM we observed that such layers contain defects, uncovered 
s and stacked bilayers. Subsequent fusion processes at the LB-monolayer can thus 
riven by a combination of hydrophobic and hydrophilic interactions. This will result 
pid films that are, within discrete areas, similar to directly fused preparations. The 
unt of proteins within directly fused preparations should theoretically be twice that 
pid films made from an initial LB-monolayer, since all transferred material 
inates from the liposomes. This figure could not be confirmed, the amount of 
rporated proteins was almost the same in both preparations.  
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The LB-technique was also used for preparation of purple membrane (PM) films. PM 
fragments were spread at the water surface and deposited onto the solid supports by 
vertical dipping followed by a horizontal dipping method. For horizontal dipping a 
specially home made substrate holder was used.  This made it possible to deposit the 
fragments onto the solid surface with an angle of 30 degree to the water surface. The 
combination of these two dipping methods enabled a good transfer of PM fragments to 
the supports. 
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IMMOBILISATION OF RECEPTOR MOLECULES 
INTO SUPPORTED LIPID FILMS 
mobilisation of receptor molecules at the sensor surface plays a major role in 
cing a functional biosensor. The molecules, which mediate the physico-chemical 
es, have to be in close contact with the transducer surface and they should also be 
bilised in the correct orientation without losing specificity and sensitivity. Several 
nt techniques have been used to immobilise biomolecules, including adsorption, 
ment, covalent binding, cross-linking or a combination of these methods [2]. In 
esent studies we have incorporated the membrane bound proteins and glycolipids 
 a supported lipid film. This film has been separated from the underlying surface 

 by a thin water layer or a highly water-soluble dextran polymer. Four different 
of membrane proteins have been reconstituted into the supported lipid layers and 
ctivity and stability within the membranes have been investigated. Glycolipids 
lso been immobilised into the supported membranes to investigate their function 

eptors for ricin. A brief description of each of the proteins is given below. The 
ption of the toxin is more detailed, since its interaction with the lipid membrane 
en more extensively analysed. 

BACTERIORHODOPSIN 

urple membrane from Halobacterium salinarium (previously Halobacterium 
ium) contains the protein bacteriorhodopsin (BR), which is organised within the 
rane into a two-dimensional hexagonal pattern of trimers. It is a relatively small 
n (MW = 24 000) composed of seven transmembrane α-helices, which are almost 
mbedded within the lipid membrane. BR functions as a light-driven proton pump. 
illumination, light energy is converted into an electrochemical pH gradient across 
ll membrane. The energy generated from this gradient is used for ATP synthesis 

NICOTINIC ACETYLCHOLINE RECEPTOR 

icotinic acetylcholine receptor (nAChR) is a transmitter-gated ion channel 
ed in signal transmission at neuromuscular junctions. The channel  
250 000) is composed of five transmembrane subunits, which have large 

philic parts that protrude from the membrane; approximately 60 Å of the channel 
osed towards the synapse and 20 Å towards the interior of the cell. [55]. Two of 
bunits have one binding site each for the transmitter acetylcholine. When 
choline is released from the nerve terminal, it binds to the nAChR and induces a 
rmational change that transiently opens the channel [56]. 
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α-Bungarotoxin is a neuro-toxin produced by certain snakes and has been frequently 
used for purification and functionality studies of the nAChR. This toxin binds with high 
affinity to the nAChR where it blocks the channel. 
 
 
4.3 ACETYLCHOLINESTERASE 
 
There are a number of molecular forms of acetylcholinesterase (AChE) and they are 
tissue-specific. Some forms are soluble while others are associated with the cell 
membrane by different types of anchoring mechanisms. In the mammalian brain, the 
enzyme occurs mainly in a globular tetrameric form (G4-form). It consists of four 
peripheral subunits, each (MW≈70 000) containing a single active site and the protein is 
anchored to the membrane via a 20 kDa hydrophobic subunit [57,58]. The enzyme is 
located in the nerve terminal region where it catalyses the hydrolysis of the 
neurotransmitter acetylcholine to choline and acetate, thereby terminating impulse 
transmission. Depending on the essential role of AChE in the nervous system, it 
provides an attractive target for warfare agents. Nerve agents such as soman and sarin 
inhibit the enzyme by phosphorylating a serine residue in the active site. This causes an 
accumulation of the neurotransmitter acetylcholine and a prolonged stimulation of the 
nAChR, which may lead to convulsions and respiratory arrest [59]. 
 
 
4.4  CYTOCHROME C OXIDASE 
 
Cytochrome c oxidase is an enzyme of the respiratory chain located in the inner 
mitochondrial membrane. This membrane spanning protein (MW=200 000) is made up 
of 13 structural subunits and protrudes from the membrane on both the cytosolic and 
matrix sides. The protein is involved in the electron transport where molecular oxygen 
is reduced. During the electron-transfer process, protons are pumped across the inner 
membrane resulting in an electrochemical proton gradient, which in turn drives the 
production of ATP [60]. 
 
 
4.5 RICIN 
 
The toxin ricin, which is one of the most toxic compounds known, is a glycoprotein 
produced by the castor oil plant, Ricinus communis. The estimated toxic dose, LD50 in 
mice, is only 3.0 µg/kg of body weight [61]. 
The toxin is synthesised in the endosperm cells of maturing seeds and stored in an 
organelle called the protein body. When mature seed germinate, the toxin is destroyed 
by hydrolysis within a few days [62]. 
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Castor oil plants are ubiquitous throughout the world and the toxin is rather easily 
produced in large quantities with low-level technology. Yearly, around 1 million tons of 
castor beans are processed commercially in the production of castor oil and waste from 
this process contains 3-5 % ricin by weight. Because of its relatively high toxicity and 
stability and its extreme ease of production, its use as a warfare agent or by terrorists 
[61] has to be considered. 
 
Ricin is composed of two polypeptide chains, the A-chain and the B-chain, which are 
linked by a disulphide bond (Fig.9). The B chain (MW ≈34 000) binds to terminal 
residues of galactose on glycoproteins and glycolipids located on the cell surface [62].  
 

 
 
Figure 9. A three-dimensional ribbon drawing of 
ricin, modelled from X-ray crystallography. The 
blue ribbon is the A-chain and the red ribbon is the 
B-chain. The B-chain has two binding site for 
galactose at both ends which is marked by arrows. 
The mannose sugars covalently linked in the area 
between the A and B chain are also illustrated.  
 
Reprinted from reference [63] with kind permission 
from Wiley-Liss, Inc., a subsidiary of John Wiley & 
Sons, Inc. 
 
 
 
 
 
 
 

 
 
The B-chain folds into two domains, 1 and 2. Each domain consists of three galactose 
binding peptides, α, β, γ, which have similar folding topologies and may have arisen by 
gene duplication. It is however, only two of these peptides that are able to bind 
galactose, 1α and 2γ. These binding sites are separated by approximately 70 Å [63]. The 
binding sites are shallow pockets with a three-residue kink in the bottom and an 
aromatic side chain lining the rim. However, there is a small difference in amino acids 
between these two binding pockets. The aromatic side chains of subdomain 1α and 2γ 
are tryptophan and tyrosine, respectively, which interact with the hydrophobic part of 
the sugar. Hydrogen bonds are made between the carbohydrate and complementary 
residues at the bottom of the cleft. The primary interaction is made by an aspartic acid 
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residue forming hydrogen bonds to two of the hydroxyl groups on the sugar. It is only 
about half of the carbohydrate moiety of galactose that is involved in the binding [63]. 
 
The A-chain (MW≈32 000) has the toxic action. It inactivates ribosomes and thereby 
blocks protein synthesis [62]. After binding to cell surface carbohydrates, the toxin is 
translocated into the cell by endocytosis. It has been proposed that the toxin thereafter is 
transported both to endosomes and retrogradely through the golgi apparatus to the 
endoplasmic reticulum (ER) [64]. The mechanism by which the A-chain is translocated 
from the ER into the cytosol where it exerts its ribosome-inactivating effect is not 
clearly elucidated [64, 65]. The low pH in endosomes may facilitate the entry of the 
enzymatically active A-chain into the cytosol. 
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ETHODS FOR CHARACTERISATION OF SUPPORTED 
IPID FILMS AND INTERACTION STUDIES 
re a number of techniques that can be used for the characterisation of artificial 
anes. Different electrochemical techniques can be used for monitoring the quality 
embrane such as detection of small defects [66]. The fluidity of the membrane 

estimated by fluorescence recovery after photobleaching (FRAP) [28]. Structural 
tion of the model membranes can be achieved by methods such as X-ray-

s and infrared (IR) spectroscopy [67]. With contact angle measurements the 
 characterises of the lipid layer can be elucidated [67]. Optical methods such as 
etry, surface plasmon resonance (SPR) and resonant mirror (RM) have also 

 to be useful tools in the characterisation of these films [68, 69]. Formation of 
ms onto the support and interaction events at the membrane surface can be 
d in real time by these techniques. Other methods include the quartz crystal 
alance (QCM) which allows measurements of the association processes at the 
ane surface, and atomic force microscopy (AFM) which visualises the surface of 

branes [70]. A brief summary of the methods used in this study is given below. 

LLIPSOMETRY 

metry is a frequently used optical method to determine the thickness of lipid 
dsorbed onto a reflecting surface. Measurements can be performed in both air 

uid with a resolution less than 1 Å. Ellipsometry also enables measurement of the 
 of molecules to the surface as a function of time without the necessity of 
g the reactants. 

sometry, adsorption of molecules at the surface causes a change in the phase and 
de of the reflected light. Elliptically polarised light can be resolved into two 
ents, one parallel and one perpendicular to the plane of incidence. These two 
ents exhibit different reflectivity and phase shifts depending on interactions 

e surface. Information of these changes is reflected in the ellipsometric angles ∆ 
and Ψ (psi). From these parameters the thickness or refractive index of the film 
estimated (Fig. 10) [71]. 
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Figure 10. A schematic illustration of the null-ellipsometer. Monochromatic light from a laser is 
linearly polarised and is passed onto a quarter wave retarder, (λ/4-plate), which elliptically 
polarises the light. After reflection at the surface, the polarisor angle is changed until the 
reflected light is linearly polarized again. A photo detector monitors the intensity of the reflected 
light and the analyser is adjusted to an angle where the light is extinguished. The optical 
parameters, ∆ (delta) and Ψ (psi) are the changes registered at the analyser and polariser, 
respectively.  
Reprinted, with permission from reference [51]. 
 
 
For thin films, <100Å, which are composed of molecules with different optical 
properties, it is too complex to calculate both the refractive index and thickness from the 
ellipsometric parameters. A method to obtain the thickness for very thin films is to set 
the refractive index of the film and calculate the thickness from that. It is, however, 
difficult to assign a value for the refractive index since it may vary due to interactions 
between the surface and the adsorbing molecules, the grade of hydration and the density 
of the films. For film thickness calculations in this study we have used a refractive 
index of 1.45 [72] on membranes prepared with or without proteins. A clean silicon or 
platinum surface served as reference. The thickness will not be absolute since the value 
for the refractive index is assumed. The relative changes in film thickness can be 
followed, assuming that the refractive index does not change with thickness and 
fabrication technique of the film. 
 
Each estimation of the film thickness was obtained from a relatively large area, tenths of 
mm2. This means that partially fused liposomes and uncovered areas on the support may 
also have contributed to the average thickness of the lipid films. 
 
When using optical methods such as ellipsometry, it may be difficult to measure the 
first step in the lipid film formation, as intact liposomes adsorbed at the surface have 
almost the same refractive index as the surrounding medium. This could explain the 
irregular adsorption behaviour obtained with some liposome preparations in paper II. 

20 



Methods for characterisation of supported lipid films and interaction studies 

The next steps in the bilayer formation process, flattening and rupturing of the 
liposomes and the subsequent spreading of lipids cause a much larger change in 
refractive index and are thus easier to observe.  
 
 
5.2 ATOMIC FORCE MICROSCOPE  
 
Atomic force microscopy (AFM) is a technique that uses a very sharp probe tip to 
image the topography of surfaces with atomic or molecular resolution (Fig. 11) [73]. 
AFM was used to investigate the properties of the solid support and for characterising 
the formed lipid films. This technique has also been used to study the presence and 
distribution of proteins within these films. 
 
 

Figure 11. Schematic principle of AFM. The 
sample surface is scanned by a sharp probing tip 
attached to a cantilever spring. As the probe is 
lowered slowly to the substrate, short-range 
interactions occur between the probe and the 
sample due to overlapping orbitals of the atoms. 
A deflection of the cantilever occurs in response 
to the force between the probing tip and the 
sample and is monitored. A plot of tip deflection 
against its position on the surface gives a 
topographic image of the sample.  
Illustration provided from YKI, Institute for 
Surface chemistry, Sweden. 
 
 
 
 
 
 
 
 
 
 

 
When performing AFM measurements, it is important that the solid support, onto which 
the lipid layers are formed, is smooth. Roughness of the underlying surface can 
otherwise contribute to the final structure of the lipid film. In the present study, plain 
silicon or platinum covered silicon supports were used. These surfaces were sufficiently 
smooth for these measurements, since low roughness values (RMS) was obtained for 
plain substrates and transferred LB-monolayers. In figure 12 structures of a 
reconstituted membrane on a Pt/Si surface is shown. The RMS-values in this study were 
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obtained from a small area, 1 µm2, that was covered with a lipid film and free from 
larger irregularities. Thus these RMS-values will not represent the surface 
characteristics of the total supported area, but it will provide information about the 
ability of different types of liposomes to fuse and form a lipid membrane. 
 

 
 
Figure 12. AFM image of a lipid film 
immobilised onto a Pt/Si surface. 
 
 
 
 
 
 
 
 
 
 

 
 
5.3 OPTICAL BIOSENSORS 
 
Surface plasmon resonance (SPR) and resonant mirror (RM) biosensors have become 
powerful tools for the study of molecular interactions. These techniques have been used 
to measure a variety of biomolecular interactions such as antibody-antigen, protein-
lipid, protein-carbohydrate or DNA-DNA. Information about affinity/kinetics and 
specificity of the interaction can be obtained in real time without the use of labels.  
 
 
5.3.1 SURFACE PLASMON RESONANCE, BIACORE 
 
The detection principle in the biosensor from Biacore AB relies on the optical 
phenomenon of surface plasmon resonance (SPR) (Fig. 13). This technique detects and 
quantifies changes in refractive index caused by the binding and dissociation of 
interacting molecules at, or close to, the sensor surface. Biomolecules can be 
immobilized to a sensor chip, which consists of a glass surface coated with a layer of 
gold. In the most frequently used sensor chips this gold surface is covered with an 
extended carboxymethylated dextran matrix which provides a hydrophilic environment 
for adhesion of the molecules [74-76]. 
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Figure 13. A schematic picture of the surface plasmon resonance detection principle. Plane-
polarised light is directed onto the gold surface of the sensor chip and reflected light is 
monitored. Binding interactions cause a change in refractive index and can be followed by the 
dip in intensity of the reflected light versus the light input angle. Band I and II represent the 
sensor response before and after an analyte has bound to the immobilised ligand. The changes 
in reflectance are recorded continuously and presented versus time in a sensogram.  
Illustration provided from Biacore AB Sweden. 
 
 
SPR is based on total internal reflection (TIR). This phenomenon occurs when light 
waves travel from a high to a low index material at an angle of incidence above the 
critical angle, where the waves are no longer transmitted [77]. This can be achieved 
with plane-polarised light directed onto the glass/gold film interface. At a sharply 
defined angle of incidence, resonance occurs between the incident light and electrons in 
the gold which can be observed as a dip in reflectance. The light propagates, to some 
extent, back to the high refractive index material. Coupling between oscillating 
electrons (plasmons) in the metal film and the incident light produces an evanescent 
field which penetrates into the low refractive index medium. Within this electric field, a 
few hundred nanometres from the surface, interactions between the biomolecules can be 
measured. 
 
The critical angle at which the resonance occurs varies with the refractive index at the 
sensor surface. The changes in refractive index are proportional to the mass of 
molecules bound to the surface. In the Biacore instrument they are presented in the form 
of a sensogram which shows the change in resonance units (RU) as a function of time. 
In figure 14, two typical sensograms from our studies are shown. 
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Figure 14. Examples of sensograms obtained from SPR measurements. (a) The fusion process 
of glycolipid-liposomes onto a L1 surface. (b) A sensogram of the interaction between ricin and 
an immobilised lipid layer containing glycolipids. 
 
 
The sensivity of this method depends on the molecular weight of the analyte and the 
affinity between the interactants. Small molecules at low concentrations are thus 
difficult to measure. However, in a previous study it was possible to measure the 
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interaction between a low affinity antibody (Kd > 10-4 M) and a small analyte 
(MW<1000) with the Biacore 2000 instrument [78]. 
 
An advantage with the use of an evanescent field is that interactions occurring outside 
this field, i.e. in the bulk solution, do not interfere with the measurement. Turbid and 
opaque samples can therefore be analysed by this method. 
 
 
5.3.2 THE RESONANT MIRROR SYSTEM, IASYS 
 
The IAsys resonant mirror from Affinity Sensors is an optical biosensor, which has 
many similarities with the surface plasmon resonance system [69]. Both the SPR and 
RM systems make use of the evanescent field to measure the biomolecular interactions 
occurring at the sensor surface. The metal layers in SPR, that produce the evanescent 
field, are exchanged in this system by a waveguiding device (Fig. 15). The sensor 
device is integrated in a micro-cuvette that includes a stirrer to minimise mass transport 
problems. A number of different types of sensor surfaces are available onto which the 
biomolecules can be immobilised. In this study we have used a non-derivatized sensor 
surface consisting of silicon nitride. 
 

 
 
Figure 15. The operating principle of the IAsys sensor device. Laser light at different incident 
angles is directed at a glass prism, which serves as a substrate for the resonant structure. This 
device consists of a low refractive index coupling layer and a high refractive index resonant 
layer. At a critical angle of the incident light, the resonance angle, there is a total internal 
reflection of the waves. The light is completely reflected at the boundary between the high and 
low index layers. When the light travels laterally through the resonant layer, an evanescent 
wave, which is an electromagnetic field, is generated. Association or dissociation of 
biomolecules occurring within this field, a few 100 nm, causes a change in refractive index at 
the surface. This results in a measurable shift change in the resonance angle [69].  
Reprinted, with permission from reference [51]. 
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An advantage with the IAsys system compared to the SPR is that crude samples with 
large particles can be measured since this system uses microcuvettes. The sensor chip 
system in Biacore, where the narrowest part in the microfluidics system is 200 µm, can 
be blocked by such samples. 
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LANNING AND EVALUATION OF EXPERIMENT 
EXPERIMENTAL DESIGN 

ial experimental designs are useful tools for studying the effects of many factors 
riables simultaneously [79]. The conventional approach is varying one variable at 
 while keeping all other variables constant. With factorial experimental design, 
periments can be planned in order to obtain the maximum amount of information 
 few experimental runs. All variables that are going to be investigated are 
ed at the same time and the results and responses from each experiment provide 
ation about all variables. From the collected data, the factors that have real 

nce on the response can be deduced. Furthermore, interactions between the factors 
eir significance can be determined.  

 are a number of factors that can contribute to the result in an experiment. A 
l procedure using experimental factorial design is to first run screening models, 
 the factors that have the largest effect on the response can be identified. In 
ing, plain linear models or linear models with interactions are used. This will give 
h estimate of the effects caused by the significant factors. The number of 
ments in the screening analysis can be minimised by using a reduced factorial 
 with each factor at two levels. 

bsequent step is a more precise investigation, where the important factors are 
ned further. At this stage quadratic terms are also included in the model. The 
tic terms make it possible to obtain information about curvatures in the response. 

 factorial design at two levels with an added zero point, a point between the low 
gh level, can be used for this purpose. 

present study a Windows based program MODDE (modelling and design), from 
ics AB, Sweden, was used to explore which factors and to what level these 
s were important for the formation of supported lipid films from liposomes. 

ANALYSIS OF KINETIC DATA OBTAINED FROM SPR 
MEASUREMENTS 

the data obtained in the sensorgram, binding kinetics of the studied interaction 
etermined using BIAevaluation 3.0 Software. Experimental data can be fitted to 
s interaction models with this program. The theory for a one to one interaction 
 can be described by the equation: 
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[ ] [ ] [ ]ABBA ↔+  
 
where [A] is the concentration of the analyte and [B] is the concentration of the ligand 
immobilized on the sensor surface. [AB] is the concentration of the complex formed 
during the reaction. ka is the rate of complex formation and kd reflects the stability of the 
complex, i.e. the fraction of complex that decays per second. 
The net rate expression of complex formation is: 
 

[ ] [ ][ ] [ ]ABkBAk
dt
ABdnet da −=  

 
This equation can be rewritten in Biacore terms where the response, R, corresponds to 
the concentration of the formed molecular complex and Rmax is the maximum response 
for analyte binding. C is the concentration of the analyte. 
 

( ) RkRRCk
dt
dR

da −−= max  

 
The equilibrium constants, KA and KD, can be calculated from the association, ka, and 
dissociation, kd, rate constants. 
 
If the reaction is mass transport limited, it can be corrected by including a mass 
transport coefficient, km, in the model. This limitation occurs when the rate of transfer 
of analyte from bulk solution to the surface is slower than the binding rate of the 
analyte. In paper IV a model that included bivalent analyte and mass transfer-limited 
binding showed the best fit to the response data. 
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7 SUMMARY OF PAPERS  
 
 
7.1 PAPER I 
 
Retained activities of some membrane proteins in stable lipid bilayers on a solid 
support 
Two methods for reconstitution of proteins into supported phospholipid bilayers were 
compared. Liposomes containing proteins were fused either onto a LB-monolayer or 
onto a plain platinum surface. Four proteins with different sizes and natural locations in 
the cell membrane were investigated with regards to their activity after transfer to the 
support. The thickness of the supported lipid layers was estimated by ellipsometry and 
the topography of the lipid films was imaged by AFM. 
 
The results showed that the lipid layers could be transferred to the support in a stable 
and reproducible manner. The apparent thickness of the transferred monolayer was 
about 2 nm while the thickness of the lipid films after liposome fusion was around 4 
nm, as expected for a monolayer and bilayer, respectively. Higher thickness values were 
observed with supported membranes containing proteins that extend outside the 
membrane. 
 
Bacteriorhodopsin 
The photo-current obtained from supports coated with either purple membrane (PM) 
fragments or immobilised BR showed the same response profiles, however, the intensity 
varied. Higher amplitudes were obtained when purple membrane fragments were 
illuminated and this response increased proportionally with the number of PM-layers on 
the substrate.  
Supports prepared by direct fusion showed about 50 % higher amplitudes than the 
monolayer-fused preparations. The higher amplitudes obtained with the direct fusion 
method may depend on a closer contact between the protein and the platinum electrode. 
 
Acetylcholinesterase 
AChE was only partly purified, in spite of this, the activity could still be consistently 
measured. This was due to a sensitive assay and a high turnover number of the enzyme. 
A higher enzymatic activity was observed on LB-monolayer fused membranes than on 
directly fused preparations. It was also possible to completely inhibit the enzyme 
activity by incubating the supported membrane with soman, an AChE inhibitor before 
the assay. Furthermore, the activity of the immobilised AChE could be followed for 30 
days. The enzyme activity with both membrane preparations was relatively stable; the 
decline for LB-monolayer fused membranes was approximately 55 % while the direct-
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fused preparations were more stable with a decrease of about 33% after storage in buffer 
for one month. 
 
Nicotinic acetylcholine receptor 
A purified preparation of the receptor in these experiments produced a protein 
concentration in the liposomes of 44 µg/ml, which is about the same recovery that was 
obtained with BR. The activity of the immobilised receptor molecules was estimated by 
measuring their capacity for binding 125I-α-bungarotoxin. The estimated concentrations 
based on the specific binding of α-bungarotoxin, were in good correlation with the 
theoretically calculated amount of receptor molecules to be present at the support. 
Theoretically the maximum amount of receptor molecules at the surface should have 
been 250 ng/cm2. The obtained specific binding of bungarotoxin to the supports 
corresponded to a receptor density of approximately 115 ng/cm2, assuming that each 
receptor molecule binds two α-bungarotoxin molecules. 
 
Protein-free lipid bilayers were used to study the non-specific binding of the toxin. The 
non-specific binding was relatively high in these experiments and was most pronounced 
for lipid films made by the direct fusion method. 
 
Cytochrome c oxidase 
Cytochrome c oxidase was only partially purified and therefore contained a lot of other 
proteins that also could be incorporated into the liposomes. Measurements of the 
oxidase activity were not easy to perform due to the low concentration of the enzyme at 
the support and the increased spontaneous oxidation of the cytochrome c caused by the 
platinum itself. This assay was therefore carried out measuring the activity in the 
presence and absence of the inhibitor, sodium azide. In this manner each membrane 
preparation was also used as its own control. There was no significant difference in 
enzyme activity between the two membrane preparations tested. However, the LB-
monolayer technique resulted on average in higher activities compared to the direct 
fusion technique. 
 
In this study we have shown that the activity of different types of proteins can be 
maintained after immobilisation onto solid supports by the liposome fusion method. The 
LB-monolayer fusion method can be favourable when transmembrane proteins are used 
that protrude from the membrane. This layer may prevent the proteins from interacting 
with the platinum surface, which may damage the protein. Furthermore, proteins that 
are embedded within the membrane such as BR may be protected by the lipids during 
the fusion process. 
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7.2 PAPER II 
 
Planar lipid bilayers on solid supports from liposomes- factors of importance for 
kinetics and stability 

The aim of this study was to find improved conditions for the formation of supported 
planar lipid membranes from liposomes. By using factorial experimental design, a 
number of factors of importance for formation and stability of such lipid films was 
systematically analysed. 
 
Design 1. Comparison of phosphatidylcholines and of negatively charged phospholipids 

It was obvious from the first screening experiment that liposomes containing the 
negatively charged lipid phosphatidylglycerol (DPPG) had a positive effect on fusion in 
both types of supports studied. DPPG was therefore included as a negatively charged 
lipid in the subsequent experiments. The introduction of a negatively charged lipid also 
resulted in an enhanced transfer of lipids from the lipid mixture to the liposomes. A 
phospholipid concentration of approximately 1.3 mM was obtained in these experiments 
which can be compared to the lower recovery obtained in paper I, 0.3 mM. This may be 
due to an increased repulsion between the liposomes which prevented aggregation. It 
was also shown that DPPC and a high DPPE/Cholesterol ratio had positive and 
significant effects, when silicon supports were used. 
 
Design 2. Effect of temperature during liposome formation combined with varying 
phosphatidylcholine type 

The results indicated that temperature had no effect on the fusion process, however, an 
increased temperature enhanced the recovery of lipids in the liposomal form. At higher 
temperatures the lipids are more fluid and can more easily be formed into liposomes. 
The use of DPPC, compared to POPC, in the liposomes resulted in a significantly 
increased thickness of the lipid layer on both types of supports. DPPC was therefore 
used in the subsequent experimental designs. 
 
Design 3 and 4. Introducing proteins into the liposomes and varying DPPE / DPPG 
ratios 
The effect of proteins on the fusion process was investigated by varying the protein 
content of the liposomes between 0 to 4 mg per 16 µmol lipid. The liposomes were 
prepared at 5° C. Unfortunately this low temperature resulted in a very low, less than 50 
% recovery of lipids from the lipid solution to the liposomes. This pre-empted statistical 
analyses, since the value of the true lipid composition became uncertain. However, the 
stability of these membranes was good. We confirmed what we had observed in 
previous studies, that lipid layers on supports made from protein containing liposomes 
are more stable compared to those made from liposomes without proteins. 
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Design 5. Influence of lipid composition and protein content on the kinetics of planar 
lipid membrane formation 

An additional study was performed to elucidate the effect of proteins on the fusion 
process. In these experiments the liposomes were prepared at 40° C to ensure a higher 
recovery of lipids. A high ratio of protein and DPPE/cholesterol contributed positively 
and significantly to the values of the first four responses and the amount of lipids 
present at the surface was in agreement with the thickness of a bilayer. It was also 
shown that calcium, which is known as a fusogenic agent, had a profound effect on the 
adsorption kinetic behaviour. The initial rates and film thickness increased substantial 
when Ca2+ was included in the buffer. 
 
This study has shown that stable lipid membranes can be formed on solid supports, 
platinum and silicon, by using the liposome fusion method. The fusion process and the 
stability of the supported membranes were dependent on the lipid composition of the 
liposomes. In addition, the presence of calcium ions during the fusion process and 
introduction of membrane proteins within the liposomes improved the formation of 
supported membranes.  
 
7.3 PAPER III 
 
Distribution and stability of membrane proteins in lipid membranes on solid supports 

The aim of this study was to investigate the distribution of proteins (nAChR and BR) 
within the supported membranes and to analyse their activity and presence in the lipid 
films during storage in buffer. Activity was measured only in membranes containing 
nAChR. A greater binding of α-bungarotoxin to the nAChR was observed when 
supports were prepared by direct fusion of proteo-liposomes. This type of support also 
demonstrated better stability in terms of binding activity: the amount of bound toxin 
remained nearly at the same level over 1 week of storage. A fast decline in binding 
capability was observed with supports made by the LB-method.  
 
Theoretically the amount of receptor molecules within these lipid films should be 
around 20 ng/cm2. This is calculated from the protein to lipid ratio within the liposomes 
and assuming a perfect transfer of material from the liposomes to the supports. The 
specific binding of α-bungarotoxin to membranes made by fusion of liposomes onto a 
plain and LB-covered surface corresponds to a receptor density at the surface of 15 
ng/cm2 and 3 ng/cm2 respectively, presuming that each receptor binds two α-
bungarotoxin molecules.  
 
The proteins remained in the membranes on the supports for several weeks. The 
persistence of the proteins was determined by using biotinylated proteins and measuring 
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the binding of [125I] streptavidin. The preparations containing BR were less stable and 
after 30 days the binding of this protein had decreased by approximately 50 %.  
 
The number of proteins found on supports made with BR was in agreement with the 
calculated values, while the amount of the nAChR was much higher. This could be due 
to the receptor molecule binding more than one streptavidin molecule or to an increased 
surface area caused by partly fused liposomes. 
 
The protein distribution within the lipid films was imaged using AFM and colloidal 
gold labelled proteins. The images showed that there were no aggregates or protein-rich 
patches within the membrane preparations and that the proteins were primarily 
randomly distributed. Although a larger amount of immobilised protein was imaged by 
AFM on supports made with the BR, the overall quantity was much lower than 
observed with the other methods. Irregular structures, smaller membrane patches and 
unfused liposomes were also noticed on supports in buffer, but disappear with time 
during storage. This is probably due to ongoing fusion of unfused liposomes. 
 
This study showed that membrane proteins can be immobilised within supported 
membranes and thereafter retain their activity. They are randomly distributed and persist 
in the lipid environment during storage. 
 
 
7.4 PAPER IV 
 
Investigating the interaction of the toxin ricin and its B-chain with immobilised 
glycolipids in supported phospholipid membranes by surface plasmon resonance 
This work was performed to examine the interaction between the toxin ricin and its B-
subunit with artificial cell membranes made from liposomes with different glycolipid 
compositions. The interaction between the toxin and immobilised glycolipids within a 
lipid film was monitored in real time using a SPR biosensor. The results showed that 
lipid films were produced with high stability and reproducibility.  
 
The intact toxin and its B-chain showed different affinities for the glycolipid 
membranes. This interaction was dependent on the pH. Lowering the pH resulted in an 
increased affinity for both the toxin and its B-chain. This was probably due to a 
conformational change of the B-chain resulting in exposure of hydrophobic residues and 
increased availability of the specific binding sites. The chain length of the glycolipid 
moiety was important for binding and glycolipids with shorter carbohydrate chains had 
no or very low affinity for the toxin. Steric hindrance might have occurred as a result of 
these glycolipids not extending sufficiently from the surface of the lipid membrane. The 
association and dissociation rate constants between the ricin B-chain and three of the 
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glycolipids used, GM1, GD1b and asialo-GM1, were estimated. The association 
constants were in the order of 0.3 × 106 to 1.0 × 107 M-1. 
 
The highest affinity was observed between the B-chain and asialo-GM1. This could be 
due to the highest availability of the galactose residue in this molecule. However, the 
dissociation rate constant was the lowest for GM1 and GD1b, which may indicate that 
the negatively charged sialic acid residuals in these glycolipids stabilise the binding. 
 
This study has shown that the liposome fusion technique in combination with SPR 
constitutes a useful model system for the study of interactions occurring at the cell 
membrane. These interactions can be observed while several aspects of the natural cell 
membrane are preserved. 
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DISCUSSION AND FURTHER ASPECTS 
PROGRESS IN BIOSENSOR TECHNOLOGY  

d C. Clark developed the first biosensor in 1962, an enzyme-based sensor for the 
ion of glucose using electrochemical transduction [80]. Since then biosensor 
ology has developed slowly except for the latest ten years. The slow development 
ded both on the lack of technological breakthroughs and on manufacturing and 
ity problems. Rapid developments in micro- and nano-fabrication techniques and 
technology have contributed in overcoming some of these problems. 
electronics has enhanced the sensitivity of the transduction process and micro 
els and chambers have made it possible to analyse small volumes in a controlled 
er. In the future synthetic receptors such as molecular imprinted polymers, 
ers, genetic engineering of receptors and antibodies may enhance the stability of 
nsors [81-83]. Furthermore, with techniques such as lithographic patterning it is 
le to produce transducers with an array of sensing channels, which enables 

taneous monitoring of several analytes. 

 a number of biosensors are commercially available, however, most of these are 
ely large and only suited for laboratory work. In spite of recent efforts little 

ess has been made with membrane-based systems in biosensor applications. The 
t study is aimed at elucidating some of the inherent problems with such systems 
ese will be discussed under the following headings: 

pid film formation-liposome fusion 
mobilisation of recognition sites 
pported lipid films for bioanalysis and biosensing 
mmary 

LIPID FILM FORMATION-LIPOSOME FUSION 

ber of models by which liposomes form bilayer structures on both hydrophilic 
ydrophobic surfaces have been proposed [28,44,84-87]. Common for all models is 
fining of at least three phases, adhesion, rupture and spreading. Firstly an 

ption of the liposomes onto the support occurs followed by rupture and finally 
ing of lipids into a bilayer. In the end, stable deposition onto the substrate should 

ablished. 
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A theoretical frame-work describing the mechanism by which supported bilayers are 
formed from liposomes has been elaborated by Lipowsky and Seifert [87]. The model 
these authors suggested was that liposomes flattened upon adsorption and ruptured if 
the free energies of the flattened bound vesicle are higher than the free energies of a 
single-bilayer disk. Single-bilayer domains grow in size as the fusion process is 
continued and liposomes are adsorbed from the solution. Formation of a continuous 
supported phospholipid membrane occurs thereafter by joining of edge-active single-
bilayer disks. 
 
 

 
 
Fig. 16. A selected AFM sequence from [88] showing liposome flattening, rupture and 
spreading on a hydrophilic surface (silica) images in buffer. Approximately 6.5 minutes between 
images, which are reproducing an area of 1.67 µm x 1.67 µm. 
 
 
Liposome adsorption to a solid support is governed by favourable adhesion energy and 
unfavourable bending energy of the liposome membrane. Adhesion energies between 
the liposomes and the solid support increase with the size of the liposomes while the 
bending energies are size-independent. Our group has recently published an AFM study 
that visualizes the spreading of lipids onto the solid support after liposome attachment 
(Fig. 16) [88]. The AFM images indicated that the attached liposomes start to flatten 
from the outer boundaries. Favourable adhesion forces may thus be the reason for the 
flattening of the liposomes and at a certain point when the bending energies become too 
high, the liposomes rupture (Fig. 17). 
 
This rupture may occur at the edges of the almost flattening liposome since the 
curvature at the ends is energetically unfavourable [36]. The lipids are no longer able to 
maintain their optimal packing and at a critical radius the bilayers cannot curve without 
causing packing strains on the lipids. The ruptured bilayer can thereafter either slide or 
roll over the surface and form a continuous layer, as illustrated in Fig 17. The 
configuration at the edges of the almost flattened liposomes and single bilayer areas is 
not known. It is likely that lipids, because of the high curvature in the liposome, are 
unable to cover the edges with a hydrophilic surface. Most likely, as in the model 
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described by Lipowsky and Seifert [87], large defects within the liposome edges results 
in exposure of the hydrophobic acyl chains. This unfavourable exposure towards the 
aqueous environment may promote the fusion of the bilayers and formation of a 
continuous layer. 
 
 
 

 
 
Fig. 17. Schematic model of the liposome fusion process at a hydrophilic surface. Showing the 
following steps, 1, adhesion, 2, flattening, 3, rupture, spreading by 4, rolling or 5, sliding which 
finally results in a single bilayer structure, 6.  
Modified from reference [88]. 
 
 
The kinetics of fusion of liposomes onto a hydrophobic surface has been less well 
investigated.  Probably this process differs from that which occurs at a hydrophilic 
surface. In a model first described by Kalb et al [28], the rupture of the liposomes 
occurs towards the hydrophobic surface, see figure 7 in paper II. The spreading of the 
lipids in this model is most likely driven by hydrophobic interactions between the lipid 
acyl chains. 
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The results will, accordingly, be discussed in view of these models, including the 
following steps: adhesion; flattening; rupture; spreading; and stability. Some factors 
may contribute in all steps of the process whereas others have a more distinct action.  
 
Adhesion 

Some factors that could contribute to the adhesion between the liposomes and the 
supports include the net charge of the lipids, the charge and size of the proteins and the 
effects of Ca2+. Furthermore, irregularities at the solid surface or immobilization of 
special molecules at the sensor surface, such as the hydrophobic chains within the L1 
surface, may also affect the capturing of the liposomes at the surface.  
 
It was observed that the introduction of negatively charged lipids within the liposomes 
facilitated lipid film formation. Possibly, negatively charged lipids increase the 
adhesion forces between the liposomes and the solid surface, which may promote the 
fusion process and stabilize the lipid film. The deprotonated hydroxyl groups of the 
lipids and the oxygen atoms at the solid surface may be linked via a calcium bridge of 
electrostatic nature. DPPG has two hydroxyl groups whereas DPPA only has one. This 
may explain the better results obtained with DPPG. Charged residuals at proteins may 
similarly interact with calcium and interfere with the surface.  
 
Calcium, which is known to be a fusogenic agent, had a profound effect on the 
adsorption kinetics. The initial rates and film thickness increased substantially when 
Ca2+ was included in the buffer. Ca2+ may influence the fusion process in several ways. 
Its effects upon adhesion may, in addition to the electrostatic adhesion mentioned 
before, be through altering the hydration of the lipids. The calcium bond can squeeze 
out the water molecules between the lipids and the surface which can increase the 
interaction [53]. 
 
Flattening 

The flattening of the liposomes is probably dependent on the fluidity of the lipid 
membrane within the liposomes and on good adhesion forces between the liposomes 
and the surface. The fastest film formation was observed when unsaturated lipids were 
used on a plain silicon surface. This may indicate that liposomes made of such lipids are 
more flexible and can more easily adopt other conformations. The initial rate of lipid 
film formation was much slower when saturated lipids were used. The liposomes made 
from saturated and unsaturated lipids may adhere to the surface by similar mechanisms, 
but subsequent steps in the lipid film formation may, however, be slower for rigid 
lipids. In some cases when saturated lipids were used, the fusion process stopped at an 
early stage of the process. 
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Calcium may also have a large influence upon the flattening of the liposomes, since the 
adhesion forces between the solid surface and the membrane can be enhanced. This 
electrostatic interaction may “pull” down the lipid membrane against the surface.  
 
A high ratio of DPPE/cholesterol was found to have a positive effect on the formation 
of lipid films. The effect of DPPE may be explained by the relatively small head group 
of this lipid which makes them form inverted micelles rather than bilayer. Membranes 
with a considerable amount of non-bilayer lipids are close to a bilayer-to-non-bilayer 
transition state. This may promote the rearrangements and dynamics needed to favour 
the flattening of the liposomes. Both hexagonal phases and other structures such as 
inverted micelles have been proposed to act as intermediates in the fusion or fission of 
cell membranes. 
 
Rupture 

The rupture of the liposomes occurs most probably at the edges of the almost flattened 
liposomes. This might occur when the bending energy of the liposomes becomes too 
high due to the increased adhesion forces between the liposome and the solid surface. In 
addition, there could be a contribution from unfavourable interactions between the 
lipids and the water molecules at these edges which might trigger the rupture process. 
Defects within this region of the liposome may result in exposure of hydrophobic 
hydrocarbon chains of the lipids resulting in a high energy arrangement of water 
molecules. Perhaps the presence of such defects is more pronounced within liposomes 
consisting of saturated lipids and proteins, since the formation of supported membranes 
was favoured by saturated lipids and incorporations of membrane proteins within the 
liposomes. 
 
A high amount of DPPE may also have affected the rupture of the liposomes positively, 
since this lipid can easily adopt other conformations. It was, however, observed that 
high concentrations of cholesterol had a negative effect on the fusion process. The 
presence of cholesterol may have stabilized the liposomes and made them less disposed 
to rupture. It has been shown that cholesterol orders the lipid bilayer near the headgroup 
region at all temperatures [89]. This may result in more stable liposomes. 
 
The contribution of calcium upon rupture may reside in its influence on the packing 
within the lipid films. Calcium ions can also bind to the head group of anionic lipids, 
such as phosphatidic acid, and change the density of negatively charged residues. This 
will reduce electrostatic repulsion between negatively charged lipids and thereby change 
the geometrical packing properties within the liposomes. This can cause some defects 
within the lipid film, which can promote the formation of fusion intermediate 
[36,90,91].  
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Spreading 

The spreading of the lipids is probably favoured by the fluidity of the membrane which 
allows the lipids to slide or roll over the surface. It was also shown that liposomes made 
from unsaturated lipids had faster fusion kinetics than liposomes made from saturated 
lipids.  
 
Cholesterol could also have a negative role upon the spreading of the liposomes. It is 
known that cholesterol forms complexes with longer-chain saturated phospholipids 
[39]. An increased concentration of cholesterol could thus promote phase separation. 
Such cholesterol-rich domains within the membrane may hamper the spreading. Also, 
proteins particularly those that protrude from the membrane may hinder an effective 
spreading of the membrane, since the protein may interact with the solid surface. 
 
Stability 

Fast lipid film formation at the solid surface does not necessarily result in a stable 
membrane. The transfer of lipids from the liposomes to the solid surface was rapid 
when unsaturated lipids were used, however, these lipid films were not stable and 
peeled off when passing an air liquid interface. More stable lipid films were obtained 
using liposomes made from the saturated phospholipid DPPC.  
 
Furthermore, the stability varied considerably for the different type of supports used. 
Fusion onto the more hydrophobic platinum surface resulted in a much higher coverage 
than when plain silicon was used. The platinum surface is slightly rougher than the 
silicon surface and these irregularities may increase the adhesion between the liposomes 
and the surface. Irregularities at the surface may function to anchor the lipids and 
proteins to the surface. Membranes prepared on platinum supports are probably not so 
fluid and may also have less continuous lipid films. The silicon surface is more 
hydrophilic. A thicker water layer between deposited phospholipids and the surface will 
probably decrease the adhesion forces, which may explain the inferior stability obtained 
with unsaturated phosphatidyl cholines on silicon surfaces. Furthermore, proteins that 
protrude from the membrane can also interact with the solid surface through 
electrostatic interactions and hydrogen bonds which stabilises the lipid film at the 
surface. 
 
The relatively low stability of supported membranes can be avoided by anchoring the 
lipid membrane to the solid support by a spacer or by a hydrophobic tail such as the L1 
surface. Lipid films composed of unsaturated lipids could thus be prepared on the L1 
surface with good stability and reproducibility. This type of surface may be a better 
support for the lipid films than plain solid surfaces. Ideally, such anchoring will permit 
the fluidity of the membrane to remain. It will also allow a large wet layer between the 
membrane and the solid support, which may be important for the function of membrane 
components. 
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8.3 IMMOBILISATION OF RECOGNITION SITES 
 
This paragraph deals with three issues. The first is the orientation and size of the fused 
proteo-liposomes. The second is the remaining activity of the proteins components after 
the fusion process. In the third the distribution, presence and recovery of the proteins are 
discussed. 
 
 
8.3.1 ORIENTATION OF THE PROTEO-LIPOSOMES 
 
It is obviously important for the sensitivity of a biosensor that the membrane bound 
proteins are oriented correctly. Achieving this is, however, not trivial. Membrane 
proteins within the liposomes will have different orientations at the support, depending 
on the rupture and spreading mechanisms of the liposomes. Theoretically, if the rupture 
of the flattened liposome occurs at the edges, a bilayer spread by rolling will end up 
with the outside of the liposomes towards the surface. Alternatively, if the bilayers slide 
over top of each other, half of the proteins will have this orientation, see figure 17.  
 
Proteoliposomes produced by the detergent depletion technique usually yield liposomes 
with a random orientation of the proteins [45]. However, there are some factors that can 
affect the orientation of the proteins. For example small liposomes with high curvature 
may align asymmetric proteins so that they are oriented with the larger hydrophilic part 
on the outside due to steric hindrance inside. Electrostatic interactions can also affect 
the orientation. Charged liposomes have a higher surface charge density in the more 
tightly curved inner membrane. This will probably contribute to the orientation of 
charged proteins in the membrane. A study of the orientation of cytochrome c oxidase 
in charged and uncharged liposomes showed that 80-90 % of the enzymes immobilised 
in charged liposomes had the correct orientation, while the orientation was random in 
uncharged liposomes [45].  
 
We have previously investigated the orientation of AChE [92] and nAChR [93] after 
immobilisation into liposomes by measuring the activity and binding capability 
respectively. The activity after treatment with a detergent that disrupts liposomes and 
exposes the portion of the protein that was inside the liposome was measured. The 
results indicated that almost all the proteins were oriented with their extracellular part 
outside the liposomes. The activity of the enzyme increased less than 10 % and the 
binding of α-bungarotoxin to the receptor increased approximately 10-20 % after the 
rupture of the liposomes. The final orientation of membrane bound proteins and 
glycolipids in supported lipid bilayers are, however, not easy to predict, since both the 
fusion process and the properties of the immobilised molecules can contribute to the 
orientation. 
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Proteins that protrude from the membrane are more difficult to immobilise with retained 
activity than proteins embedded within the membrane. This could be because the 
protein components that are outside the membrane can interact with the solid support, 
which may change the properties of the protein. To prevent this denaturating interaction, 
a LB-monolayer covered support may be used or a decoupling of the membrane from 
the surface by a spacer may be performed. Lipids containing a hydrophilic spacer have 
been used for this purpose. Using this technique, Sévin-Landais et al [31] immobilised 
nAChR into a supported membrane on a gold surface with results that indicated that the 
secondary structure of the protein was practical identical to that of receptors 
reconstituted in liposomes. We found that the activity of BR, which is nearly entirely 
embedded, was higher when prepared on plain platinum surfaces than on lipid covered 
supports. This indicates that the protein activity was preserved even after fusion onto a 
plain platinum surface. 
 
 
8.3.2 ACTIVITY OF THE IMMOBILISED PROTEINS 
 
Membrane proteins can easily loose their activity upon purification and reconstitution 
into supported lipid films. The proteins used in this study retained their activity after 
immobilisation into the supported membranes. Furthermore, the decline of this activity 
could be followed for three of the proteins, nAChR, BR and AChE.   
 
The results of paper I make it possible to do a comparison between the activity of 
reconstituted BR molecules and BR molecules remaining in their natural environment. 
Supports with purple membranes showed a much higher photocurrent response than BR 
reconstituted in lipid films. As the density of BR molecules within purple membranes is 
much higher than in the reconstituted membrane, the photo responses obtained from 
directly fused membranes are in accordance with the response achieved from supports 
consisting of one layer of PM. Comparing the two lipid preparations, natural and 
reconstituted, it can therefore be concluded that the reconstituted protein is as active as 
the one in the PM. BR is, however, a protein that is known to be relatively stable. 
Reconstitution of other proteins may be more sensitive, for example towards the choice 
of lipids [94]. 
 
The lower responses obtained with reconstituted preparations was probably due to the 
lower density of BR-molecules. Theoretically our reconstituted membranes should 
consist of approximately 20 % BR, this is calculated from the lipid and protein content 
within the liposomes and assuming a perfect transfer to the support. The density of BR 
which is the only protein in purple membranes is 10 lipid molecules per protein [95]. 
This will give a protein density of approximately 74 % within the membrane, using an 
average area of 1150 Å2 for BR and an area of 40 Å2 for each lipid molecule.  
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The specific binding of α-bungarotoxin to immobilised nAChR molecules was studied 
in two of the papers, I and III. Both papers used two different approaches for 
reconstitution, fusion onto a LB-monolayer and direct fusion. The conclusion is that 50 
% or more of the specific binding in three of the four designs was recovered.  
In study III, the much higher binding capacity of α-bungarotoxin to the nAChR that was 
observed at supports made by the direct fusion method was also preserved during 
storage. Possibly, the receptor molecules interact with the solid support which stabilise 
and preserve the protein within the membrane. The binding assay did not confirm that 
the protein had been immobilised intact, but rather gave information about the 
orientation and amount of the receptor, since the ion channel activity of the receptor was 
not measured in these studies, only binding by an antagonist. It is known that α-
bungarotoxin may also bind to denaturated forms of the receptor [31]. 
 
Both AChE and cytochrome oxidase have regions that extend from the bilayer and 
could thus be difficult to immobilise. Fusion of liposomes onto a LB-monolayer 
resulted in higher activity of the AChE while cytochrome oxidase showed no significant 
increase in activity. Furthermore, the AFM study showed that AChE containing 
membranes made by the direct fusion method had a rougher surface, the RMS values 
for direct fusion were double those of preparations consisting of a first LB-monolayer. 
This indicates that the proteins may have interacted with the solid support and hampered 
the fusion. The lower activities on these membrane preparations may also be due to 
denaturated proteins, (see also discussion 8.3.1). 
 
Upon storage the enzyme activity of the immobilized AChE was relatively stable, the 
measured activity was only reduced by approximately 30-50 % after 30 days. 
Preparations made with the direct fusion technique showed better stability in terms of 
activity than lipid films made on a LB-monolayer. This is in agreements with results 
obtained from stability experiments with immobilized nAChR. Directly fused 
preparations resulted in an enhanced stability, possibly due to the lipid composition of 
the liposomes which are different from that of the LB-monolayer. For instance there are 
no negatively charge lipids within the LB-lipid mixture. Probably, a number of protein 
molecules may have interacted with the solid surface and contributed to anchoring of 
the lipid film.  
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8.3.3 RECOVERY AND DISTRIBUTION OF THE PROTEINS. 
 
The maintenance of nAChR activity after liposome fusion on the supports was good. 
This could be estimated using the lipid/protein ratio of the liposomes and the obtained 
activity at the supported membranes. The nAChR was used in two investigations, I and 
III. In these two membrane preparations were used, directly fused liposomes and 
liposomes fused onto a preformed LB-monolayer. The recovery of active receptor 
molecules in study I was 45 % for both type of membrane preparations. In study III the 
result with these two preparations differed. Membranes prepared by the directly fused 
method showed a recovery of 77 % of the active receptors while the transfer of active 
receptor molecules was much lower on LB-monolayer fused supports, at only 15 %. A 
difference between these two investigations was the surface used as support. In paper I a 
platinum surface was used, while, a silicon surface was used in paper III. The lipid 
mixture of the LB-monolayer was not optimised for good stability on silicon supports. 
The low amount recovered on LB-monolayer fused supports in paper III, thus, may 
depend on an inferior adhesion of the LB-monolayers to the silicon surface compared to 
platinum surface.  
 
In this study it was clearly shown that the proteins were evenly dispersed within the 
supported films, i.e. there were no protein-rich patches or protein aggregates. However, 
a slight difference in distribution was observed depending on the type of protein and 
analysis method used. Proteins embedded within the membrane showed a more random 
distribution when imaged in air by AFM, compared to larger proteins that protruded 
outside the membrane. The latter proteins often assembled at the edges of the membrane 
or within tiny membrane patches on the surface. This may indicate that the larger 
proteins interact with the surface and act as anchors. Similar assemblies were not 
observed when the supports were in buffer, probably due to the more hydrated state 
between the surface and the film allowing for better fluidity. 
 
 
 
8.4 SUPPORTED LIPID FILMS FOR BIOSENSING AND 

BIOANALYSIS 
 
In this study the SPR technique was used to analyse the affinity between recognition 
molecules immobilized within a supported lipid film and the toxin ricin. The association 
constants were determined to be in the order of 0.3 x 106 – 1.0 107 /M. It has previously 
been shown that many lectins adhere weakly to monomeric carbohydrate ligands. 
Monovalent bindings involving carbohydrate normally have affinities between 103-
105/M [16]. This low affinity can be strengthened via “multivalent binding”, where two 
or more binding sites for carbohydrate ligands are present at the lectins. Such binding, 
which increases the affinity, is common in the interaction between toxins and 
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carbohydrates. For example the affinity between cholera toxin, which has five 
carbohydrate binding sites, and liposomal GM1 has been determined to be 1.5 x 109 /M 
[16] using the SPR technique. However, higher affinity of cholera toxin for GM1 has 
also been reported 4.6 x 1012/M, this result was obtained by using lipid membranes with 
incorporated GM1 and SPR [23]. The affinities between ricin and gangliosides obtained 
in this study were lower then previously published between cholera toxin and GM1. An 
inferior affinity should be expected for ricin, since this toxin only has two carbohydrate 
binding sites [62]. 
 
A bivalent reaction model gave the best fit to the binding curves in this study. It is most 
likely that interactions involving more than one binding site also result in a more 
complex binding process compared to a 1:1 interaction. The bivalent model yielded two 
dissociation constants of different strength, indicating that there could be a difference in 
the affinities between the two binding sites on the ricin molecule. The value of kd1 was 
in general higher than kd2. As mentioned in paper IV this dissimilarity could be 
explained either by a specific binding of the toxin to the glycolipids or an interaction 
also involving non-specific binding which may stabilize the complex.  
 
It has been shown that the two carbohydrate binding sites at the B-chain have different 
affinities for galactose [63]. This could be due to the small dissimilarity in amino acid 
composition between these binding sites, but also due to how these sites are presented to 
the glycolipid membrane. It has been proposed that the relative orientation of the 
binding sites at the toxin may influence their availability to the glycolipid receptors at 
the cell membrane [16]. Studies of the interaction between E. coli verotoxin and 
globotriaosylceramide have shown that site 2 is more frequently occupied than site 1 
and 3 of the toxin despite their similarity [16]. The toxin protein has to adopt different 
conformation at the glycolipid bond if all binding sites are to be occupied at the same 
time. The relative availability of the binding sites, will, thus, affect the affinity.  
 
Using lipid membranes as matrices for recognition molecules in biosensor applications, 
the lipid molecules can orient the receptor molecule as in the cell membrane. This will 
increase the exposure of specific binding sites. The density of the recognition molecules 
at the sensor surface can, furthermore, be modified by changing the lipid/receptor ratio 
within the liposomes used for fusion. The specificity may also be manipulated since the 
interaction of the toxin can be dependent upon the length of the carbohydrate moiety at 
the glycolipids, as shown in paper IV. It may, accordingly, be possible to optimize the 
sensitivity and specificity between the toxins and the carbohydrates using selected 
glycolipids that are immobilized within a lipid membrane as recognition molecules.  
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8.5 SUMMARY 
 
The present study has contributed valuable information regarding the mechanisms and 
conditions for membrane fusion and stability. Useful observations on the deposition of 
lipids onto solid supports have been gathered. Also the method for production of films 
has been improved, which has been confirmed by ellipsometry and AFM. Since several 
aspects of supported lipid films have been addressed in the present study, the systematic 
use of experimental design for evaluation of important factors for lipid film formation 
proved to be useful. 
 
It was obvious from the AFM images that the solid surface was not homogenously 
covered with a lipid film. The surface included unfused or partially fused liposomes, 
together with areas that were free from lipids. In spite of the imperfect films, it was, still 
possible to measure protein activities at the supports. These estimations of activity were 
not sensitive for such defects in the membrane. This is in contrast to electrochemical 
analysis which requires a defect free layer, i.e. without “pinholes” in which 
electrochemically active molecules can interact directly with the electrode surface.  
 
This study illustrates how the supported membranes can be used for studying 
biomolecular interactions occurring at the cell membrane. Using artificial membranes, it 
is possible to incorporate one receptor at a time to study its binding kinetics. This can be 
compared to the conditions in living cells where several receptor molecules are present 
and these may affect the affinity of each other. The ricin-glycolipid binding report 
serves to illustrate how the membrane contribution to the binding could be investigated. 
 
In spite of some success, with retained activities of the membrane proteins for several 
weeks, the relatively low stability of the biological recognition molecules has to be 
acknowledged. For the expected success of membrane-based biosensors to come true, a 
number of questions must still be answered. Biomolecules, such as receptors or 
enzymes have their inherent limitations. They can, for example, easily denature during 
immobilisation and storage. There is also the problem of regeneration with membrane-
based sensor surfaces. For these to become useful it must be possible to regenerate the 
surface after each measurement with no or little effect on the activity or binding 
capacity of the recognition molecules. Therefore several efforts have been made to find 
alternatively molecules for sensing that can withstand such treatment. Although, 
proteins reconstituted into supported membranes have proven useful for model studies. 
Their utility may still be of limited value in biosensor applications. 
 
This study has shown that highly reproducible glycolipid films on solid supports can be 
made. Such films have been proved to be capable of generating binding and kinetics 
information of high quality and resolution. Glycolipids in general have smaller parts 
extending outside the membrane compared to proteins and may thus be easier to 
immobilise at the sensor surface without changing their properties. The “fluid 
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membrane” may also be easier to obtain with glycolipids, since the hydrocarbon chains 
of the glycolipids may have a better mobility within the lipid film than more bulky 
proteins. Possibly, stable membrane-based biosensors with glycolipids as recognition 
molecule can be constructed. There is a niche for sensitive and selective toxin sensors. 
 
It has been shown in several studies that toxins have different affinities and specificity 
for glycolipids receptors. This dissimilarity makes it possible to use glycolipid receptors 
as recognition molecules in biosensor applications. In these sensors, a number of 
glycolipids with diverse affinity for the toxins of interest can be individually 
immobilised at the sensor surface. Consequently, the affinity between the toxins and 
these immobilised glycolipids are going to vary and a “binding pattern” for each toxin 
can be created. Constructions of a library with “binding patterns” for a number of toxins 
can then be used for the indication of toxins. Sensors consisting of supported glycolipid 
membranes could have a great potential for the recognition of toxins. 
 

47 



Acknowledgements 

9 A 
 
 
This th
Divisi
would
the pre
pleasa
 
I espec
 
My su
over th
and fo
 
My as
at the 
me tha
 
Torbj
thesis.
thank 
 
Elisab
togeth
 
Åsa L
 
Per-Å
for fru
Projec
 
Jana J
 
David
 
Carin
article
 
Lars J
drawin
 

CKNOWLEDGEMENTS 
esis work has been carried out at the Swedish Defence Research Agency, FOI, 
on of NBC Defence, which I wish to thank for having had this opportunity. I also 
 like to thank all friends and colleagues at FOI for their support and help during 
paration of this thesis. This in a number of things not the least making my time 
nt. 

ially wish to express my gratitude to: 

pervisor Gertrud Puu for her knowledge, enthusiasm and encouraging support 
e years. I will also thank her for introducing me to the field of biomembranes 

r her trust in me developing paper IV according to my own thinking. 

sistant supervisor Sven Lindskog former head of the Department of Biochemistry 
University of Umeå for introducing me into the area of cell biology and teaching 
t the cell, actually, consists of more than a cell membrane. 

örn Tjärnhage for your constant enthusiasm and for spurring me to finish this 
 Thanks for stimulating collaboration and for being a good friend. I will also 
for valuable discussions and durable computer support. 

eth Artursson for friendly support, stimulating discussions and a pleasant time 
er in the laboratory. 

undvall for your positive attitude and skilful edition of my thesis. 

ke Ohlsson, Britta Sethson, Marlene Lundström and Elisabeth Calissendorf 
itful collaboration and good companionship during the time in the Biosensor 
t. 

ass for experimental collaboration and excellent proofreading of manuscripts. 

 Squirrell for kind support and linguistic revisions of manuscript. 

 Stenlund and Kjerstin Granström for valuable library support, ordering all the 
s and books I’ve needed. 

uhlin who has giving me helpful advice regarding organic chemistry and for 
g structural formula of the lipids (Fig. 2 in the thesis). 

48 



Acknowledgements 

Åsa Edvinsson my office roommate, thanks for all discussions about life, science and 
what makes life worth living. 
 
Gudrun Cassel, Ann Göransson, Gerd Karlsson, Britt Karlsson, Lena Engman-
Karlsson, Lenore Johansson, Indra Svensson and Birgitta Jonzen for providing a 
pleasant working atmosphere, nice dinners, sharing frustration and happiness and 
making life more fun. 
 
Finally, I wish to thank my family; my children, Ida and Niklas, and Åke for love and 
support. 

49 



References 

10  REFERENCES 
 

Marazuela, M. D., Moreno-Bondi, M. C. Fiber-optic biosensors - an overview. Anal. 
Bioanal. Chem., 372, 664-682 (2002). 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

Göpel, W., Heiduschka, P. Interface analysis in biosensor design. Biosens. 
Bioelectron., 10, 853-883 (1995). 

Rogers, K.R. Principles of affinity-based biosensors. Mol. Biotechnol., 14, 109-129 
(2000). 

Nakamura, H., Karube, I. Current research activity in biosensors. Anal Bioanal. 
Chem., 377, 446-468 (2003). 

Baeumner, A. J. Biosensors for environmental pollutants and food contaminants. 
Anal. Bioanal. Chem., 377, 434-445 (2003). 

Keusgen, M. Biosensors: new approaches in drug discovery. Naturwissenschaften, 
89, 433-444 (2002). 

Liang, J. F., Li, Y. T., Yang, V. C. Biomedical application of immobilized enzymes. 
J. Pharm. Sci., 89, 979-990 (2000). 

Singer, S. J., Nicolson, G. L. The fluid mosaic model of the structure of cell 
membranes. Science, 175, 720-731 (1972). 

Crook, S. J., Boggs J. M., Vistnes A. I., Koshy K. M. Factors affecting surface 
expression of glycolipids: influence of lipid environment and ceramide composition 
on antibody recognition of cerebroside sulfate in liposomes. Biochemistry, 25, 7488-
7494 (1986). 

Stewart, R. J., Boggs, J. M. A carbohydrate-carbohydrate interaction between 
galactosylceramide-containing liposomes and cerebroside sulfate-containing 
liposomes: dependence on the glycolipid ceramide composition. Biochemistry, 32, 
10666-10674 (1993). 

Tillack, T.W., Wong, M., Allietta M., Thompson T. E. Organization of the 
glycosphingolipid asialo-GM1 in phosphatidylcholine bilayers. Biochim. Biophys. 
Acta, 691, 261-273 (1982). 

Simons, K., Toomre, D. Lipid rafts and signal transduction. Nat. Rev. Mol. Cell 
Biol., 1, 31-39 (2000). 

Harder, T. Formation of functional cell membrane domains: the interplay of lipid- 
and protein-mediated interactions. Philos. Trans. R. Soc. Lond. B. 358, 863-868 
(2003). 

Pike, L. J. Lipid rafts: bringing order to chaos. J. Lipid Res., 44, 655-667 (2003). 

 50  



References 

Sackmann, E. Supported membranes: scientific and practical applications. Science, 
271, 43-48 (1996). 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

Evans, S. V., MacKenzie, C. R. Characterization of protein-glycolipid recognition at 
the membrane bilayer. J. Mol. Recognit., 12, 155-168 (1999). 

Trojanowicz, M. Miniaturized biochemical sensing devices based on planar bilayer 
lipid membranes. J. Anal. Chem., 371, 246-260 (2001). 

Groves, J. T. Membrane array technology for drug discovery. Curr. Opin. Drug 
Discov. Dev., 5, 606-612 (2002). 

Sackmann, E., Tanaka, M. Supported membranes on soft polymer cushions: 
fabrication, characterization and applications. Trends Biotechnol., 18, 58-64 (2000). 

Mozsolits, H., Aguilar, M-I. Surface plasmon resonance spectroscopy: an emerging 
tool for the study of peptide-membrane interactions. Biopolymers, 66, 3-18 (2002). 

Puu, G. An approach for analysis of protein toxins based on thin films of lipid 
mixtures in an optical biosensor. Anal. Chem., 73, 72-79 (2001). 

MacKenzie, C. R., Hirama, T., Lee, K. K., Altman, E., Young, N. M. Quantitative 
analysis of bacterial toxin affinity and specificity for glycolipid receptors by 
surface plasmon resonance. J. Biol. Chem., 272, 5533-5538 (1997). 

Kuziemko, G. M., Stroh, M., Stevens, R. C. Cholera toxin binding affinity and 
specificity for gangliosides determined by surface plasmon resonance. 
Biochemistry, 35, 6375-6384 (1996). 

Andreou, V. G., Nikolelis, D. P. Flow injection monitoring of aflatoxin M1 in milk 
and milk preparations using filter-supported bilayer lipid membranes. Anal. 
Chem., 70, 2366-2371 (1998). 

Cornell, B. A., Braach-Maksvytis, V. L. B., King, L. G., Osman, P. D. J., Raguse, B., 
Wieczorek, L., Pace, R. J. A biosensor that uses ion-channel switches. Nature, 387, 
580-583 (1997). 

Allara, D. L. Critical issues in applications of self-assembled monolayers. Biosens. 
Bioelectron., 10, 771-783 (1995). 

Spinke, J., Yang, J., Wolf, H., Liley, M., Ringsdorf, H., Knoll, W. Polymer-supported 
bilayer on a solid substrate. Biophys. J., 63, 1667-1671 (1992). 

Kalb, E., Frey, S., Tamm, L. K. Formation of supported planar bilayers by fusion of 
vesicles to supported phospholipid monolayers. Biochim. Biophys. Acta, 1103, 307-
316 (1992). 

Rädler, U., Mack, J., Persike, N., Jung, G., Tampe, R. Design of supported 
membranes tethered via metal-affinity ligand-receptor pairs. Biophys. J., 79, 3144-
3152 (2000). 

 51  



References 

Sinner, E-K., Knoll, W. Functional tethered membranes. Curr. Opin. Chem. Biol., 5, 
705-711 (2001). 

30. 

31. 

32. 

33. 

34. 

35. 

36. 

37. 

38. 

39. 

40. 

41. 

42. 

43. 

44. 

45. 

Sévin-Landais, A., Rigler, P., Tzartos, S., Hucho, F., Hovius, R., Vogel, H. Functional 
immobilisation of the nicotinic acetylcholine receptor in tethered lipid membranes. 
Biophys. Chem., 85, 141-152 (2000). 

Dynarowicz-Łątka, P., Dhanabalan, A., Oliveira Jr. O. N. Modern physicochemical 
research on Langmuir monolayers. Adv. Colloid Interface Sci., 91, 221-293 (2001). 

Brian, A. A., McConnell, H. M. Allogeneic stimulation of cytotoxic T cells by 
supported planar membranes. Proc. Natl. Acad. Sci., 81, 6159-6163 (1984). 

Puu, G., Gustafson, I., Artursson, E., Ohlsson, P.-Å. Retained activities of some 
membrane proteins in stable lipid bilayers on a solid support. Biosens. Bioelectron., 
10, 463-476 (1995). 

Steinem, C., Janshoff, A., Höhn, F., Sieber, M., Galla, H-J. Proton translocation 
across bacteriorhodopsin containing solid supported lipid bilayers. Chem. Phys. 
Lipids, 89, 141-152 (1997). 

Israelachvili, J. N. Intermolecular & surface forces. Academic Press, London, 2.ed. 
(1992). 

Vance., D. E., Vance, J. E. Biochemistry of lipids, lipoproteins and membranes. 
Elsevier, Amsterdam, 3.ed. (1996). 

Mason, J. T. Investigation of phase transitions in bilayer membranes. Methods 
Enzymol., 295, 468-494 (1998). 

Mason, R. P., Tulenko, T. N., Jacob, R. F. Direct evidence for cholesterol crystalline 
domains in biological membranes: role in human pathobiology. Biochim. Biophys. 
Acta, 1610, 198-207 (2003). 

Silvius, J. R. Role of cholesterol in lipid raft formation: lessons from lipid model 
systems. Biochim. Biophys. Acta, 1610, 174-183 (2003). 

Scott, H. L. Modelling the lipid component of membranes. Curr. Opin. Struct. Biol., 
12, 495-502 (2002). 

Mueller, P., Rudin, D. O., Tien, H. T., Wescott, W. C. Reconstitution of cell 
membrane structure in vitro and its transformation into an excitable system. 
Nature, 194, 979-980 (1962). 

Tien, H. T., Salamon, Z. Formation of self-assembled lipid bilayers on solid 
substrates. Bioelectrochem. Bioenerg., 22, 211-218 (1989). 

Puu, G., Gustafson, I. Planar lipid bilayers on solid supports from liposomes-factors 
of importance for kinetics and stability. Biochim. Biophys. Acta, 1327, 149-161 
(1997). 

Lasic, D. D. Liposomes: from physics to applications. Elsevier, Amsterdam, (1993). 

 52  



References 

Banerjee, R. Liposomes: applications in medicine. J. Biomater. Appl., 16, 3-21 
(2001). 

46. 

47. 

48. 

49. 

50. 

51. 

52. 

53. 

54. 

55. 

56. 

57. 

58. 

59. 

60. 

Lasic, D. D. Novel applications of liposomes. Trends Biotechnol., 16, 307-321 (1998). 

Lebeau, L., Lach, F., Vénien-Bryan, C., Renault, A., Dietrich, J., Jahn, T., Palmgren, M. 
G., Kűhlbrandt, W., Mioskowski, C. Two-dimensional crystallization of a membrane 
protein on a detergent-resistant lipid monolayer. J. Mol. Biol., 308, 639-647 (2001). 

Duschl, C., Boncheva, M., Vogel, H. A miniaturized monolayer trough with variable 
surface area in the square-millimeter range. Biochim. Biophys. Acta, 1371, 345-350 
(1998). 

Dufrêne, Y. F., Lee, G. U. Advances in the characterization of supported lipid films 
with the atomic force microscope. Biochim. Biophys. Acta, 1509, 14-41 (2000). 

Tjärnhage, T. Thin polymer and phospholipid films for biosensors. 
Characterisation with gravimetric, electrochemical and optical methods. Diss. 
Umeå, Univ., FOA-R--96-00224-4.6--SE (1996). 

Sellström, Å., Gustafson, I., Ohlsson, P-Å., Olofsson, G., Puu, G. On the deposition of 
phospholipids onto planar supports with the Langmuir-Blodgett technique using 
factorial experimental design. 2. Optimizing lipid composition for maximal 
adhesion to plain substrates. Colloids. Surf., 64, 289-298 (1992). 

Gennis, R. B. Biomembranes: molecular structure and function. Springer, New 
York, (1989). 

Khorana, H. B. Two light-transducing membrane proteins: bacteriorhodopsin and 
the mammalian rhodopsin. Proc. Natl. Acad. Sci., 90, 1166-1171 (1993). 

Unwin, N. Nicotinic acetylcholine receptor at 9 Å resolution. J. Mol. Biol., 229, 
1101-1124 (1993). 

Changeux, J-P. Chemical signaling in the brain. Sci. Am., 269, 30-37 (1993). 

Inestrosa, N. C., Roberts, W. L., Marshall, T. L., Rosenberry, T. L. 
Acetylcholinesterase from bovine caudate nucleus is attached to membranes by a 
novel subunit distinct from those of acetylcholinesterases in other tissues. J. Biol. 
Chem., 262, 4441-4444 (1987). 

Massouliè, J. The origin of the molecular diversity and functional anchoring of 
cholinesterases. Neurosignals, 11, 130-143 (2002). 

Taylor, P. Anticholinesterase agents. In: Goodman and Gilman´s, The 
pharmacological basis of therapeutics. Macmillan, New York, pp 7. ed 110-129 
(1985). 

Robinson, B. H. Human cytochrome oxidase deficiency. Pediatr. Res., 48, 581-585 
(2000). 

 53  



References 

Franz, D. R. Defence against toxin weapons. In: Medical aspects of chemical and 
biological warfare. Office of the Surgeon General at TMM Publications Borden 
Institute, Washington D. C. pp 603-619 (1997). 

61. 

62. 

63. 

64. 

65. 

66. 

67. 

68. 

69. 

70. 

71. 

72. 

73. 

74. 

75. 

Lord, J. M., Roberts, L. M., Robertus, J. D. Ricin: structure, mode of action, and 
some current applications. FASEB J., 8, 201-208 (1994). 

Rutenber, E., Robertus, J. D. Structure of ricin B-chain at 2.5 Å resolution. Proteins, 
10, 260-269 (1991). 

Sandvig, K., Grimmer, S., Lauvrak, S. U., Torgersen, M. L., Skretting, G., van Deurs, 
B., Iversen, T. G. Pathways followed by ricin and Shiga toxin into cells. Histochem. 
Cell Biol., 117, 131-141 (2002). 

Sandvig, K., van Deurs, B. Transport of protein toxins into cells: pathways used by 
ricin, cholera toxin and Shiga toxin. FEBS Lett., 529, 49-53 (2002). 

Chaki, N. K., Vijayamohanan, K. Self-assembled monolayers as a tunable platform 
for biosensor applications. Biosens. Bioelectron., 17, 1-12 (2002). 

Flink, S., van Veggel, F. C. J. M., Reinhoudt, D. N. Sensor functionalities in self-
assembled monolayers. Adv. Mater., 12, 1315-1328 (2000). 

Striebel, Ch., Brecht, A., Gauglitz, G. Characterization of biomembranes by spectral 
ellipsometry, surface plasmon resonance and interferometry with regard to 
biosensor application. Biosens. Bioelectron., 9, 139-146 (1994). 

Cush, R., Cronin, J. M., Stewart, W. J. The resonant mirror: a novel optical 
biosensor for direct sensing of biomolecular interactions. Part I: Principle of 
operation and associated instrumentation. Biosens. Bioelectron., 8, 347-353 (1993). 

Ohlsson, P.-Å., Tjärnhage, T., Herbai, E., Löfås, S., Puu. G. Liposome and 
proteoliposome fusion onto solid substrates, studied using atomic force 
microscopy, quartz crystal microbalance and surface plasmon resonance. 
Biological activities of incorporated components. Bioelectrochem. Bioenerg., 38, 
137-148 (1995). 

Azzam, R. M. A., Bashara, N. M. Ellipsometry and polarized light. Elsevier, 
Amsterdam, (1987). 

Cuypers, P. A., Corsel, J. W., Janssen, M. P., Kop, J. M. M., Hermens, W. T., Hemker, 
H. C. The adsorption of prothrombin to phosphatidylserine multilayers 
quantitated by ellipsometry. J. Biol. Chem., 258, 2426-2431 (1983). 

Binnig, G., Quate, C. F., Gerber, Ch. Atomic force microscope. Phys. Rev. Lett., 56, 
930-933 (1986). 

Malmqvist, M. Biospecific interaction analysis using biosensor technology. Nature, 
361, 186-187 (1993). 

Van Regenmortel, M. H. V. Improving the quality in Biacore-based affinity 
measurements. Dev. Biol., 112, 141-151 (2003). 

 54  



References 

Cooper, M. A. Label-free screening of bio-molecular interactions. Anal. Bioanal. 
Chem., 377, 834-842 (2003). 

76. 

77. 

78. 

79. 

80. 

81. 

82. 

83. 

84. 

85. 

86. 

87. 

88. 

89. 

90. 

91. 

Green, R. J., Frazier, R. A., Shakesheff, K. M., Davies, M. C., Roberts, C. J., Tendler, 
S. J. B. Surface plasmon resonance analysis of dynamic biological interactions with 
biomaterials. Biomaterials, 21, 1823-1835 (2000). 

Strandh, M., Persson, B., Roos, H., Ohlson, S. Studies of interactions with weak 
affinities and low-molecular-weight compounds using surface plasmon resonance 
technology. J. Mol. Recognit., 11, 188-190 (1998). 

Box, G. E. P., Hunter, W. G., Hunter, J. S. Statistics for experimenters. An 
introduction to design, data analysis and model building. Wiley, New York, (1978). 

Clark, L. C., Lyons, C. Electrode systems for continuous monitoring in 
cardiovascular surgery. Ann. N.Y. Acad. Sci., 102, 29-45 (1962). 

O’Sullivan, C. K. Aptasensors-the future of biosensing? Anal. Bioanal. Chem., 372, 
44-48 (2002). 

Haupt, K., Mosbach, K. Molecularly imprinted polymers and their use in 
biomimetic sensors. Chem. Rev., 100, 2495-2505 (2000). 

Looger, L. L., Dwyer, M. A., Smith, J. J., Hellinga, H. W. Computational design of 
receptor and sensor proteins with novel functions. Nature, 423, 185-190 (2003). 

Rädler, J., Strey, H., Sackmann, E. Phenomenology and kinetics of lipid bilayer 
spreading on hydrophilic surfaces. Langmuir, 11, 4539-4548 (1995). 

Keller, C. A., Kasemo, B. Surface specific kinetics of lipid vesicle adsorption 
measured with a quartz crystal microbalance. Biophys. J., 75, 1397-1402 (1998). 

Reviakine, I., Brisson, A. Formation of supported phospholipid bilayers from 
unilamellar vesicles investigated by atomic force microscopy. Langmuir, 16, 1806-
1815 (2000). 

Lipowsky, R., Seifert, U. Adhesion of vesicles and membranes. Mol. Cryst. Liq. 
Cryst., 202, 17-25 (1990). 

Jass, J., Tjärnhage, T., Puu, G. From liposomes to supported, planar bilayer 
structures on hydrophilic and hydrophobic surfaces: an atomic force microscopy 
study. Biophys. J., 79, 3153-3163 (2000). 

Cholesterol in membrane models. Finegold, L. CRC Press, Boca Raton, (1993). 

Burger, K. N. J. Greasing membrane fusion and fission machineries. Traffic, 1, 605-
613 (2000). 

Papahadjopoulos, D., Nir, S., Dűzgűnes, N. Molecular mechanisms of calcium-
induced membrane fusion. J. Bioenerg. Biomembr., 22, 157-179 (1990). 

 55  



References 

Puu, G., Koch, M. Comparison of kinetic parameters for acetylthiocholine, soman, 
ketamine and fasciculin towards acetylcholinesterase in liposomes and in solution. 
Biochem. Pharmacol., 40, 2209-2214 (1990). 

92. 

93. 

94. 

95. 

Artursson, E. Liposomer och plana lipidmembran med den nikotinlika 
acetylkolinreceptorn. FOA-R--00-01523-862--SE (2000). 

Fyfe, P. K., McAuley, K. E., Roszak, A. W., Isaacs, N. W., Cogdell, R. J., Jones, M. R. 
Probing the interface between membrane proteins and membrane lipids by X-ray 
crystallography. Trends Biochem. Sci., 26, 106-112 (2001). 

Corcelli, A., Lattanzio, V. M. T., Mascolo, G., Papadia, P., Fanizzi, F. Lipid-protein 
stoichiometries in a crystalline biological membrane: NMR quantitative analysis of 
the lipid extract of the purple membrane. J. Lipid Res., 43, 132-140 (2002). 

 
 

 56  



 

 
Issuing organization Report number, ISRN Report type 
FOI – Swedish Defence Research Agency FOI-R--0987--SE  

Research area code 
3. Protection against Weapons of Mass 
Destruction
Month year Project no. 
December 2003 A4241 
Customers code 
2. NBC Defence Research 
Sub area code 

NBC Defence 
SE-901 82 Umeå 

32 Biological and Chemical Defence Research 
Author/s (editor/s) Project manager 
Inga Gustafson  Göran Olofsson
  Approved by 

  Sponsoring agency 

  Scientifically and technically responsible 

Report title (In translation) 
Phospholipid membranes in biosensor applications - Stability, activity and kinetics of reconstituted proteins and 
glycolipids in supported membranes 
Abstract (not more than 200 words) 
In this study the formation of supported membranes onto planar solid supports has been investigated. The 
stability and activity of reconstituted membrane receptors has been studied. The potential use of such 
preparations in biosensor applications is discussed. 
The lipid films were made by the Langmuir Blodgett and by the liposome fusion techniques. These supported 
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Artificiella lipidmembraner är användbara modeller för att studera processer i eller vid cellmembranet. 
Inkorporeras specifika receptorer kan dessa membraner även ha en potential i framtida biosensor. 
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påverka immobiliseringskinetik och lipidfilmernas stabilitet har studerats. Membranproteiner och glykolipider har 
rekonstituerats in i dessa membraner och analyserats med avseende på bibehållen aktivitet. 
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som innehöll glykolipider. Som glykolipider testades GM1, GM2, GD1b, asialo-GM1, globotriaosylceramid, 
laktosylceramid och galaktosylceramid. Det intakta toxinet och B-kedjan hade olika affinitet för glykolipiderna. 
Affiniteten var pH-beroende och påverkades dessutom av längden och laddningen på kolhydratkedjan. 
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