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ABSTRACT

In this work different approaches of the Langmuir-Blodgett (LB) technique have
been studied in order to obtain an oriented and sensitive protein layer onto a solid
surface. LB films of Cd arachidate or self-assembled films of octadecylmercaptan
have been used as supports for the artificial protein layers. It is essential that the
support is defect-free in order to minimise non-specific binding.

The quality of LB layers of Cd arachidate was noticed to be strongly influenced by
how the solid slide was positioned in relation to the compressing barrier during
vertical deposition. Atomic force microscopy, AFM, revealed that the layers were
more homogeneous, if the slide was placed parallel to the compressing barrier.
The amount of layer transferred could be determined by using either a surface
acoustic wave device or a quartz crystal as a microbalance. Moreover, surface
plasmon resonance, SPR, could be used to evaluate monolayer transfer.

Unilamellar vesicles fused to form monolayers when spread onto the air-water
interface. The layers could be transferred to hydrophobic supports as visualised by
AFM. This could be a means to incorporate membrane proteins into lipid layers,
as membrane proteins easily can be embedded into vesicles. Aged vesicles were
transferred as large domains.

Antibodies of the C-reactive protein, CRP, formed a monolayer, when spread
directly onto the air-water interface. The antibodies seemed to take up a slanted
orientation or have a random distribution in the monolayer. Antibodies were also
adsorbed from the subphase onto various monolayers. Binding of anti-CRP was
dependent on the packing of the film, on the antibody concentration in the
aqueous subphase, but also on the monolayer matrix. The binding was highest to a
monolayer of octadecylamine. The monolayer was, furthermore, stabilised by the
antibodies. Evaluation of the specific interaction between the antigen-antibody
complex with a quartz crystal microbalance indicated that the antigen could be
determined in the concentration range of 0.1 - 5 µg/ml.
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In order to obtain site-directed immobilization, various amounts of a
biosynthetically produced lipid-tagged single-chain antibody were incorporated
into phospholipid monolayers preformed at the air-water interface. Incorporation
of the single-chain antibodies, transfer of the layer onto solid slides, amount of
non-specific adsorption and thus the amount of specific binding depended on the
composition of the lipid matrix.  Studies by AFM revealed that the film consisted
of antibody-enriched lipid domains and that the films were not stable when stored
long times in aqueous solution. The binding of hapten, which was used as an
antigen, could be detected with SPR in the concentration range of 0.1 - 100 µg/ml.
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1 INTRODUCTION

There is an increasing need for simple, rapid, and easy-to-use biosensors for use in
emergency units, doctor's offices or even at home to aid clinical diagnosis.
Antibody-antigen complex formation is very specific and used to measure the
concentration of antigen. This determination can be important for diagnosis
because the antigens can be viruses or bacteria that are involved in such illnesses
as cancer and AIDS. Interactions between antibodies and antigens have
traditionally been measured using, for example, radio immunoassay, solid phase
enzyme immunoassay or fluorescence quenching techniques [1]. All these
approaches rely on a marker molecule, such as a radioisotope, an enzyme or a
fluorescent probe, that amplifies and allows quantification of the antibody-antigen
interaction. Mostly, the result is not obtained until several incubations, washing
and separation steps have taken place. A future prospective is to develop a
biosensor, that can monitor antigen concentrations in real-time with the aid of an
immobilized antibody.

A biosensor is built up of a molecular recognition site, in which a change occurs
upon entrapment of a specific substance (Fig. 1). The chemical or physical change
is detected and transduced into electronic or optical signals by modern electronic
devices;  transducers. The recognition site can be made up of an enzyme, that
shows specific catalytic activity towards its substrate, or an antibody with
molecular recognition activity toward an antigen. Biosensors are designed to be
simple, selective, rapid and accurate.

Sample            Recognition site        Transducer    Electrical signal

Figure 1. Schematic view of a biosensor.
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The main challenge in biosensor technology today is the ability to attach
biomolecules to the transducer so that they are anchored with their activity and
specificity intact. Neither of the most commonly used techniques for protein
immobilization have been able to achieve a monolayer of receptor molecules
reliably coupled to a solid support. Covalent bonding achieves the most stable
attachment, but there are restrictions in the degrees of freedom, cross-linking
causes a partial loss in activity, adsorption gives an unstable attachment and
entrapment in a gel network is prone to release of protein through the network [2-
4]. Moreover, there are problems with these methods concerning reproducibility,
non-homogeneity and orientation of the biomolecules. The Langmuir-Blodgett
(LB) technique has recently been employed to solve some of these problems.

This thesis is concentrated on research relevant to biosensors. Different
approaches of the LB technique have been studied in order to obtain a
homogeneous, oriented, stable, reproducible and sensitive layer of proteins onto
the sensor surface [IV-VII]. Proteins have been incorporated into monolayers with
emphasis on mimicing the membrane of a living cell with proteins intercalated
among lipid molecules as shown in Fig. 1. LB layers of fatty acids have been
studied as hydrophobic supports for the artificial protein layer [I-III, V].

The outline of this thesis is as follows. The layer formation of both amphiphilic
molecules and proteins are presented as well as the methods used for
characterization. Some characteristics of the materials studied are also included.
The most important experimental results on the transferability and homogeneity of
LB layers are briefly discussed, while the monolayer-forming properties of the
proteins and the functional activity of these layers are discussed in more detail.
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2 METHODS

The LB technique has been well described in the literature and only a brief
introduction will be given here [5-8]. The methods used for characterization of the
layers will, on the other hand, be discussed in more detail.

2.1 LAYER FORMATION AND DEPOSITION OF 
AMPHIPHILIC MOLECULES

Amphiphilic molecules possessing a hydrophilic head group and a long
hydrophobic alkyl chain are classic monolayer-forming materials. When these
molecules are dissolved in a water-immiscible solvent and placed on a water
surface they are rapidly spread to cover the available area. The molecules can be
compressed to a monolayer when the solvent has evaporated. The monolayer-
forming properties can be governed by plotting the surface pressure as a function
of the surface area available for the molecules. When the distance between the
molecules is large, their interactions are small, and they can be regarded as
forming a two-dimensional gas. As the area is reduced the molecules exert a
repulsive effect on each other and depending on the amphiphilic nature of the
molecules a monolayer is formed. If the available surface area becomes too small
the monolayer collapses. Molecules that do not have an appropriate amphiphilic
nature are often incorporated into monolayers by mixing with carboxylic acids [6-
8, I, II]. The area of these molecules can be calculated if they are mixed with each
other at a molecular level [I].

Insoluble monolayers of amphiphilic molecules exhibit surface pressure relaxation
at a constant area or area relaxation at a constant surface pressure [9]. Maximum
monolayer stability of carboxylic acids and amines occurs when the film is
roughly half-ionised [9]. The stability of the monolayer at the air-water interface is
of utmost importance when transferring the layer onto a solid slide [10].

Monolayers can be built up on a solid slide oriented normal to the monolayer, by
passing the slide through the monolayer-water interface while the surface pressure
is maintained constant (Fig. 2a) - the classical vertical method by Langmuir and
Blodgett [5]. Multilayers mostly take up a bilayer structure, they are Y-type, but
monolayers can also be transferred only when the slide is inserted into the
subphase or only when it is withdrawn (X- and Z-type deposition). The transfer

ratio, τ, defined as the ratio of the area of monolayer removed from the water
surface to the area of the slide coated by the monolayer, is often used to measure
the quantity of deposition [8].
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X-type monolayers can also be transferred by bringing the slide horizontally into
contact with a monolayer that is surrounded by a frame (Fig. 2b), and lifting the
slide up at a small angle [11-13]. Recently, it has been shown that Y-type
monolayers can be transferred horizontally, if the monolayer is not surrounded by
a frame [14].

a) b)

Figure 2. Monolayer transfer onto solid slides by a) vertical and b) horizontal
deposition.

2.2 PROTEIN LAYERS

The general concept of a biomembrane consists of a bilayer composed of a variety
of amphiphilic molecules, mainly phospholipids and sterols into which membrane
proteins are embedded via hydrophobic and electrostatic interactions [15,16].
Proteins can also be found attached to the surface of the bilayer. Various
approaches can be employed to construct a biological membrane by the LB
technique [8]. First of all, a monolayer must be prepared at the air-water interface.
In this thesis four methods were studied:

1. Vesicles were fused onto the air-water interface in order to embed a 
membrane protein into lipid monolayers [V],

2. antibodies were spread directly onto the air-water interface [IV] or

3. adsorbed from the subphase onto various monolayers [IV], and

4. a lipid-tagged single-chain antibody was incorporated into monolayer 
matrices by spreading from a detergent solution [VI, VII].

LB layers of fatty acids or a self-assembled layer formed the hydrophobic support
onto which the protein layers were transferred. A description of the experimental
details can be found in the individual publications. The preparation of vesicles
will, however, be described below. Moreover, a general outline of work related to
the methods will be given.
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2.2.1 Preparation of vesicles

Phospholipids may be caused to aggregate in solution to form sub-microscopic,
spherical bilamellar structures called vesicles. Vesicles may be unilamellar,
composed of only one bilayer or multilamellar having a plurality of compartments,
depending on the preparation methods used. Sonication is the most simple way to
produce unilamellar vesicles [17]. The research on vesicles ranges from
membrane reconstitution studies to their use for answering questions in cell
biology and therapeutics, where vesicles can serve as a carrier vehicle to introduce
biologically active materials into cells or into the cell wall [17].

In this work small amounts of unilamellar vesicles have been prepared by
sonication in a bath ultrasonic disintegrator. The vesicles were used as freshly
prepared and have been referred to as fresh vesicles [V]. Vesicles have also been
prepared by probe sonication. Varying amounts of a purified membrane protein
were incorporated into these vesicles and the suspensions were stored at 253 K
until used, to avoid denaturation of the protein [18]. These vesicle suspensions
were kindly obtained from the Biotechnology and Food Research of the Technical
Research Centre of Finland and have been referred to as aged vesicles [V].

Sonicated vesicles can vary in size and they are, furthermore, unstable with
respect to the gradual growth of large vesicles at the expense of smaller ones,
because of the bending energy associated with the bilayer curvature [19]. In order
to get better control over the size of the vesicles an injection method giving
unilamellar vesicles with a diameter of about 100 nm [20] have later on been
taken into practice. The work related to these vesicles will, however, not be
discussed in this thesis.

2.2.2 Layer formation by fusion of vesicles

The original work of spreading vesicles onto the air-water interface was
performed by Verger et al. [21], who spread brush border membrane vesicles
along a wet glass rod. The vesicles opened and their internal content was released
into the aqueous subphase. Various methods have since been used, but the results
are controversial. Some workers claim to obtain a monolayer [22-28], while others
find non-homogeneous bilayers or more complex structures [29-31]. Fusion of
vesicles has been proposed to occur through defects in the vesicle outer monolayer
[32]. The spreading of vesicles directly onto solid supports [32] and the procedure
for separating the vesicle suspension and the monolayer at the air-water interface
by using a wet bridge will not be discussed in this thesis [26].
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2.2.3 Layer formation of proteins at the air-water 
interface

The preparation and nature of protein films at the air-water interface have been the
subject of continued investigation [33, 34]. Studies on the spreading of antibodies
are limited [35-40]. It is believed that proteins that are spread at the air-water
interface at a surface concentration below 1mg/m2 are denaturated at the interface
through disruption and unfolding of the tertiary structure [34]. When
concentrations above 1mg/m2 are spread retention in activity is thought to be
explained by incomplete unfolding. The ability to retain some level of activity is,
however, dependent on the specific protein [34].

 2.2.4 Adsorption of proteins onto a preformed monolayer

The adsorption of various biomolecules from solution to a preformed monolayer
at the air-water interface has been studied by several groups [41-59].  Proteins can
be adsorbed from the subphase onto a monolayer by both hydrophobic and
electrostatic interactions. Small protein molecules penetrate into the monolayer at
low surface pressure, whereas bigger ones only adsorb onto the monolayer [47].
Most studies have been carried out on enzymes [48-51], but recently studies have
also been performed on the binding of streptavidin and avidin from the subphase
to a preformed biotinylated lipid layer [52-55]. Some groups have, moreover,
reported on the adsorption of antibodies [56-59].

2.3 CHARACTERIZATION

Mass sensitive methods and the optical method based on SPR have recently
attracted great interest as measuring techniques for biosensors, because they can
offer direct measurement, simplicity, small sensor size and low cost [60-65].

2.3.1 The quartz crystal microbalance

The principle of the QCM is based on a change in the resonance frequency of the
crystal due to an alteration of mass on its surface. The decrease in frequency, δf
(Hz) upon deposition of material can be converted to a change in mass per unit
area, δm/A (g/cm2) according to Sauerbrey´s equation [61]:

δf  = -  2 fo2 δm/A [1]
  ρqυq
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where fo (Hz) is the resonance frequency, ρq is the density and υq is the shear
wave velocity for AT-cut quartz. The QCM has been used as a sensitive mass [61]
and viscosity monitoring device [62]. A large number of analytical applications in
the area of gas sensing, trace ion determination and immunoassay [63,64] have
been published.

The 10 MHz AT-cut quartz crystal used in this work was obtained from Universal
Sensors Inc. The QCM was connected to a custom-built oscillator and driven at 5
Vdc. The frequency of the vibrating crystal was measured by a universal
frequency counter (HP 5316B). The QCM did not resonate in liquid and was
mainly used to evaluate the horizontal transfer of layers [IV-VII] and to monitor
the adsorption of protein [IV].

 
2.3.2  The surface acoustic wave device

A detailed description of the design and operation of SAW devices can be found
in the works of Wohltjen [66,67]. Briefly, a SAW device consists of a quartz
wafer with sputtered interdigital metal electrodes. A mechanical Rayleigh wave
propagates across the surface between transmitter and receiver electrodes, when
the former is excited by a radio frequency (RF) voltage. The device starts to
oscillate at the frequency determined by the interdigital-electrode-spacing and the
Rayleigh-wave velocity, when the electrode pair is connected through a RF-
amplifier. Deposition of material on the device leads to a substantial reduction of
the Rayleigh-wave velocity and a corresponding decrease in the resonant
frequency. The shift in frequency, δf (Hz), can be calculated as a change in mass
per unit area, δm/A (kg/m2) according to:

δf  =  (k1 + k2) fo2  δm/A    [2]

where fo (Hz) is the resonant frequency of the device, and k1 and k2 are material
constants [66]. The sensitivity of piezoelectric devices is directly proportional to
the square of the resonant frequency, and inversely proportional to the surface area
as seen from Equation 1 and 2. SAW devices resonate at a much higher frequency
than the QCM. The use of SAW devices for sensing chemical vapours was first
reported by Wohltjen et al. [67] and has since been investigated by several other
groups [68,69].

A 77.8 MHz SAW device manufactured by Vaisala Oy (Helsinki, Finland) was
used in this work to monitor water entrainment and to evaluate the transferability
of LB layers [I, II]. The change in frequency was measured each time the device
was raised out of the monolayer-water interface.
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2.3.3 Surface plasmon resonance

A surface plasmon is an electromagnetic wave propagating along the surface of a
thin metal layer. When monochromatic, p-polarised light undergoes total internal
reflection at a glass-dielectric interface, an evanescent electromagnetic field is
created. If a thin metallic film is placed onto the glass (the so-called Kretchmann
configuration) the electromagnetic field polarised parallel to the incident plane
excites collective oscillations of free electrons within the metal (Fig. 3a). This
field has maxima at the metal-dielectric boundaries and dies away exponentially in
the direction perpendicular to the interface (Fig. 3c). Surface plasmons are
therefore sensitive to dielectric permittivity changes near the metal-dielectric
interface. Surface plasmon resonance, SPR, is observed as a sharp minimum in the
intensity of the reflected light at a specific angle of the incident light, the
resonance angle (Fig. 3b) [65,70,71].

The properties of the SPR curve depend on the wavelength and polarisation state
of the incident light, on the optical constants - the refractive index, the extinction
coefficient and the thickness - of the glass support and the metal film and on the
optical properties of the dielectric medium interfacing with the non-illuminated
side of the metal film. Any surface modification in the immediate vicinity of the
metal, such as a lipid layer, will change the resonance conditions by shifting the
position of the reflection minimum and altering the shape of the resonance curve.
The shape of the SPR curve can be quantitatively described by Fresnel´s equations
[III]. A more extensive theoretical description of SPR is given in Paper III.

The experimental apparatus used in these studies is shown in Fig. 3a and has been
described by Sadowski et al. [72]. Briefly, a beam of light from a 10 mW He-Ne
laser (λ=632.8 nm, polarized output) was divided into two parts by a beamsplitter
and one of the beams was passed through a glass prism onto the back surface of a
metallic film. The metal had been e-beam evaporated onto BK-7 glass slides and
sealed to the prism with an index-matching oil. The prism was fixed on a rotating
table and the table was driven by a stepper motor, with one step corresponding to
a degree of 0.01. The intensity of the light reflected from the prism and that of the
reference beam was measured by solid state detectors, amplified by lock-in
amplifiers, digitized by an analog-to-digital converter and recorded by a personal
computer.

The SPR resonance curve was determined by recording the reflected light
intensity as a function of the angle of incidence by turning the prism against the
laser beam. Moreover, computer simulations based on Fresnel´s equations were
used in Paper III to numerically predict the behaviour of the SPR curve coated
with different number of layers. The optical sensitivity of the apparatus depends
on the metal used and is in the range of dn=10-6 for samples exposed to air, and
dn=10-5 for liquid samples [73].
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During the immunological measurements a liquid cell was placed over the
measurement area of the coated Au slide and was filled with buffer. When the
SPR resonance curve of the film in contact with liquid had been recorded (Fig.3b),
the angle of incidence was driven to a point slightly above the resonance
minimum. Changes in the intensity of the light at this angle were detected as
protein was injected into the cell [VI, VII]. At the end of each series of
measurement the cell was rinsed with buffer and the SPR resonance curve was
recorded once more.

a)

b)                                                                c)

Figure 3. a) A schematic view of the SPR set-up. The liquid cell has a diameter of
4 mm and a depth of 0.6 mm. b) SPR is observed as a sharp dip in the reflectance
with respect to the incident angle. c) The intensity of the evanescent wave
decreases exponentally with the distance from the metal-solution interface.
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SPR has been successfully used to investigate the optical properties of a range of
metal films, to characterize LB multilayers [III, 74,75] and to monitor
biotin/streptavidin binding and the subsequent binding of biotinylated antibodies
and antigens [76].

2.3.4 Surface imaging with atomic force microscopy

AFM has emerged as an important tool for imaging thin films at molecular
resolution in both air and liquid environments [77-81]. A sharp tip is mounted on
a cantilever arm and scanned across a sample surface (Fig. 4a). AFM images are
obtained by recording the force acting between the tip and the sample. A light
beam of a laser diode is focused onto the end of the cantilever. Bending and
torsion of the cantilever changes the reflection of the laser beam. Topographic
imaging is obtained by recording the vertical deflection of the cantilever. In
conventional AFM the angular deflection of the light is measured with a two-
segment photo diode. The difference in intensity of the reflected light is fed as
signals into a feedback circuit that control the z motion of an xyz translator. The
feedback between the photo diode and the z-piezo enables imaging in two modes;
in the constant-force mode the photo diode signal (i.e. the tip deflection) is kept
constant by tuning the sample height position with the z-piezo, and in the
constant-height mode, the sample height is kept unchanged and the fluctuations in
the cantilever deflection give the image contrast during scanning with the x- and
y-piezos  [87].  In addition to topographical imaging, AFM can be used to
measure frictional interaction between the tip and the sample [79,82-85]. An
image of the friction forces is obtained by monitoring the deflection of the
cantilever constrained to lateral movement by using a four-segment photo diode
(Fig. 4a).

Fig. 4b shows a typical AFM force-distance curve carried out by monitoring the
deflection of light off the back of the cantilever as the sample is approached or
withdrawn from the tip by an xyz translator. There is no interaction when the tip
and the sample are well separated (non-contact line). The sample is moved against
the cantilever till the sample comes so close that the cantilever deflects. Here there
are a variety of complex attractive and repulsive interactions that contain the
majority of information about the interactions between the tip and the sample [83].
After contact the tip and sample movements are linearly coupled in the contact
line. Hysteresis is often exhibited between the approaching and withdrawing
portions of the contact line. Finally, the tip jumps off the sample surface, when the
withdrawal of the sample is continued.

The resolution of the AFM is limited by the finite sharpness of the probing tip
[86]. In fact the AFM tip distorts the size of globular domains so that their real
diameters appear increased. The real diameter, d, of the domains can be estimated
according to d = l2 / 8.R, where l corresponds to the measured diameter of the
domains and R is the radius of curvature of the tip [87].
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A Nanoscope II-AFM (Digital Instruments Inc.) was used for sample surface
imaging in air [V, VI] and a Nanoscope III-AFM equipped with a four-quadrant
photo diode enabled simultaneous probing of friction and topography in liquid
conditions [VII]. All images were acquired in the constant force mode. The AFM
tips used in this work were assumed to be rounded, with a curvature radius of
about 50 nm [88]. The experimental details are given in the related papers [V-
VII].
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Figure 4 a) Schematic view of the atomic force microscope imaging topography
and friction with light reflected onto a four-segment photo diode and b) a typical
force versus sample position curve. The point of contact or near contact between
the sample and the tip is indicated by 2.
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3 MATERIALS

3.1 AMPHIPHILIC MOLECULES USED FOR FILM FORMATION

The amphiphilic molecules used for LB-layer formation were carboxylic acids, an
alkyl amine and phospholipids. The molecules are listed in Table 1 and the
molecular structure of some of the amphiphiles is shown in Fig. 5. Phospholipids
and particularly phosphatidylcholines are major constituents of cell membranes
and it is generally accepted that all biomembranes are built upon a lipid matrix in
which proteins are embedded [15,16]. Both synthetic and naturally occurring
lipids have been used as simple models of biological membranes [89]. The
monolayer-forming properties of 1,1´-diarachidoylindigo are not of great interest
in this context and will not be discussed [I, II].

Table 1. Amphiphilic molecules used for LB layer formation.

Name Abbr. M [g/mol]

Arachidic acid C20 312.5
Behenic acid C22 340.6
Octadecylamine ODA 269.5
1,2-dimyristoylphosphatidylcholine DMPC 677.9
1,2-dipalmitoylphosphatidylcholine DPPC 752.1
1,2-dimyristoylphosphatidylethanolamine DMPE 635.9
1,2-dipalmitoylphosphatidylethanolamine DPPE 692.0
1,2-dipalmitoylphosphatidic acid DPPA 648.9
Cholesterol CHOL 386.9

The gold slides used during SPR measurements as supports for the protein films
were rendered hydrophobic by a self-assembled monolayer of 1-octadecanethiol
[VI, VII]. Alkanethiols and dialkyl disulphides bind to gold surfaces via a gold
tiolate to form ordered, oriented monolayers. Self-assembled layers are well
documented in the literature [90,91] and will not be discussed in this thesis.
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Figure 5. Chemical structures of some of the studied molecules.

3.2  GENERAL ASPECTS OF ANTIBODIES

Antibodies or immunoglobulins (Ig) appear in the blood serum and certain cells in
response to the introduction of a protein or some other foreign macromolecule, an
antigen. The antibodies are specific and can combine with the antigen to form an
antigen-antibody complex. Antibody molecules are essentially required to
recognize and bind the antigen, and to trigger the elimination of foreign material.
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A human is capable of producing antibodies against more than 106 different
molecular structures.

Antibodies are large proteins with a Y-shaped structure consisting of four
polypeptide chains, two identical heavy (H) chains (50 kD) and two identical light
(L) chains (25 kD). A single disulphide bond connects light and heavy chains and
a variable number connects the two heavy chains. The light and heavy polypeptide
chains are folded into globular regions called domains (Fig.6). The portion
between the domains of the heavy chains known as the hinge region can be
cleaved by proteolytic enzymes, dividing  the antibody structure into three units.
Two of the units are identical and involved in the binding to antigen - the Fab
(antigen-binding fragment) arms of the molecule. The Fv (variable) fragment on
the tip of each arm confers on the antibody its unique antigen-binding specificity.
These fragments contain the variable light (VL) and variable heavy (VH) domains,
which vary greatly from one antibody to another. Stable Fv fragments can be
engineered by linking the domains with a peptide to create single-chain Fv
fragments (scFv). The third unit, Fc (fragment crystalline), is  responsible for
triggering effector functions that eliminate the antigen [92,93].
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Figure 6. γ-immunoglobulin IgG is a Y-shaped molecule composed of four
polypeptide chains linked by disulphide bonds. The light chains are folded into
two domains, VL (variable) and CL (constant), while the heavy chains consist of
VH, CH1-CH3 domains. The Fab units are identical and carry on the tip of each
arm the variable regions - the Fv fragment capable of binding antigen.

3.3 MODEL PROTEINS

Monolayer formation and incorporation of enzymes into Langmuir layers have
been extensively studied. The interest of my studies was therefore mainly focused
on the immobilization of antibodies. The studied model proteins are listed in
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Table 2. Bovine serum albumin, BSA, a water-soluble blood protein, was used to
block non-specific binding sites, whereas the C-reactive protein, CRP, and  the
hapten, Ox16BSA, were used as antigens [IV, VI, VII].

Table 2. Model proteins used for monolayer formation and proteins used in the
adsorption studies.

Name M [kD]

anti-C-reactive protein anti-CRP 160
lipid-tagged anti-2-phenyloxazolone
single-chain IgG1 Ox lpp-scFv     28
aldose dehydrogenase ALDH       80

C-reactive protein CRP 120-140
2-phenyloxazolone-BSA Ox16BSA   70

bovine serum albumin BSA            67

CRP and immunoglobulin G have a similar amino acid sequence [94, 95]. CRP is
composed of five identical non-covalently linked subunits arranged as a regular
pentagon [95,96]. Detection of CRP is of interest because raised concentrations of
CRP may be a result of many immunological reactions and inflammatory
processes [97]. CRP increases from normal values less than 1 mg/l to as much as
several hundred mg/l in response to most forms of tissue injury, inflammation or
infection.

Single-chain antibodies of anti-2-phenyloxazolone IgG1 have been expressed and
secreted in Escherichia coli, joined together by a short peptide and fused with the
major lipoprotein of E. coli [98]. This lipid-tagged antibody fragment, designed as
Ox lpp-scFv, can be solubilized with non-ionic detergents and incorporated into
vesicles with remaining functional activity [99].

Aldose dehydrogenase (ALDH) from Gluconobacter oxydans  was chosen as a
model protein, because of its membrane-binding properties. ALDH has five
hydrophobic regions probably forming the anchor, that attaches the enzyme to the
membrane. The rest of the enzyme is water soluble. Hence, it could be expected
that part of the enzyme would be buried in the hydrophobic moiety and the other
part would be in contact with the aqueous environment [18]. ALDH is most
sensitive to glucose, but shows response also to xylose, galactose and arabinose
[18].
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4 RESULTS AND DISCUSSION

4.1 SOME ASPECTS OF MONOLAYER TRANSFER

4.1.1 Surface density monitoring with mass
 sensitive resonators

The transfer ratio is generally used to estimate the deposition of monolayers onto
solid supports. The mass of the transferred layers can, however, easily be
measured with a QCM [100, IV-VII] and with a SAW device [I, II]. The change in
frequency versus number of layers gives additional information about the transfer.
The existence of a negative intercept suggests that the first layer packed more
loosely than the subsequent layers [I, II]. The increase in frequency after
deposition, furthermore, indicated that water molecules are transferred with the
polar head groups of CdC20 during deposition [II]. The layers therefore have to be
dried before successive deposition [II]. This can, however, lead to holes and
cracks in the film.

The transfer ratio can also be obtained as a ratio between measured and expected
surface mass densities (Table 3 and Fig.7). The deviation in transfer ratio from
unity on deposition of CdC20 indicates that the packing of the molecules differed
from that in the Langmuir layer (Fig.7). The perpendicular orientation of the SAW
device in relation to the compressing barrier during vertical deposition influenced
the surface density of the layers, as will be discussed later [V]. It is also possible
that the surface acoustic waves were attenuated because of a scattering from
defects in the layer. Horizontal deposition gave a lower transfer ratio than vertical
deposition, which is consistent with the AFM images that showed a difference in
the uniformity of the film [V].

Table 3. Comparison of measured and expected resonator surface mass densities,

δΛ*  and δΛ** , sensitivity, δf/δΛ and transfer ratio on deposition of LB layers.

Device δf δΛ*     δΛ** δf/δΛ∗ τ
[Hz] [µg/cm2]     [Hz cm2/ng]

78 MHz SAW 2400 0.290 0.3078.3 0.945 [CdC20, I]
10 MHz QCM      55 0.239 0.3070.23 0.777 [CdC20]
10 MHz QCM   44 0.190 0.2200.23 0.864 [DMPC, V]

The layers were vertically transferred onto the SAW device and horizontally
transferred onto the QCM.
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The SAW device appears to be more attractive than the QCM, because of a higher
mass sensitivity (Table 3). A low noise level, however, speaks in favour of the
QCM.
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Figure 7. The deposition of CdC20 (❑) and CdC20/1,1´-diarachidoylindigo (▲)
mesasured with a SAW device [I,II] and the deposition of CdC20 measured with a
QCM (●). The straight lines indicate the average transfer ratios.

4.1.2 Characterization with a surface plasmon
resonance device

Information on the transferability of layers can also be obtained by using the SPR
device (Fig. 8). The angular shift in the minima and in the position of the slope of
the resonance curve with number of CdC22 layers deposited onto an Au and Pd
coated glass slide corresponded to the theoretically calculated value [III], which
indicates that the layers were reproducibly transferred (Fig. 8b). The position of
the ‘downward’ slope of the SPR curve was most affected by the addition of
layers [III]. In the experimental curves the depth of the SPR minima, however,
shifted upwards with increasing number of layers [III]. The LB layers were treated
as isotropic in the theoretical calculations, which is not necessarily the case. The
discrepancy between theoretical and experimental curves can be associated with
optical losses in the film, which in fact most probably was due to imperfections in
the LB layer.
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Figure 8. a) Schematic view of monolayers of CdC22 built up on an Au slide and
b) the transfer ratio versus number of layers. The transfer ratio was obtained as a
ratio between the measured and calculated angular shift in the position of the

slope of the SPR resonance curve for CdC22 on Au (---●---) and Pd (_ _■_ _).
The straight lines indicate the average transfer ratios.

It should be noted, that gold surfaces are readily contaminated because of their
very high surface energy [101]. If the deposition was performed on Au slides
freshly prepared, transfer on the downward movement of the slide was poor.

4.1.3 Topographic imaging

AFM commonly reveals defects in LB films with sizes ranging from a few square
nanometers to several square microns [80,102-105] and with a bilayer depth
[106]. The number and depth of the holes observed in CdC20 layers deposited on
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glass [Fig. 2 Paper V] turned out to be dependent on how the slide was positioned
in relation to the compressing barrier. The multilayer structure was much more
homogeneous if the slide was positioned parallel, instead of perpendicular to the
compressing barrier during monolayer transfer. The same conclusion was drawn
from scanning tunnelling microscopy of phospholipid layers deposited on
pyrolytic graphite [107]. Daniel et al. [108,109] has shown that the surface flow of
spread monolayers influences film morphology. The morphology of the film
varied across the slide and if the slide was positioned parallel to the barrier the
crystallites were smaller on the side oriented towards the barrier than on the
opposite side [109]. Daniel et al. [109] hereby draw the conclusion that the slide
should be oriented parallel to the compressing barrier. In our studies, we only used
the side oriented towards the barrier [V].

Monolayers of barium arachidate have been found to possess small holes when
transferred horizontally [110], whereas multilayers of CdC20 and arachidic acid
have a non-uniform structure  [V, 110]. Seki et al. [111] proposed a simultaneous
flopping at the air-water interface on horizontal deposition or a slow flopping
relaxation due to exposure of the hydrophilic groups to air. Reorganization of
molecules, starting at holes in the films, would lead to a non-uniform film
structure. Holes in multilayers grow with age [112] and several groups have
reported on the reorganization of molecules in LB films [80,106,113]. Fatty acid
films deposited as X-type are identical to Y-type films. Models have been
proposed on overturning molecules underwater, while others suggest that this
process takes place as the monolayer is transferred [114,115]. The influence of the
transfer mode on the film structure was further discussed in Paper V.

4.2 LAYER FORMATION BY SPREADING FROM VESICLES

Our purpose was initially to embed ALDH into lipid layers by fusion from
vesicles [V]. ALDH can easily be incorporated into vesicles with remaining
functional activity [18]. The preparation and storing of the vesicle suspensions,
however, turned out to be crucial, as problems arose when we had to store the
vesicle suspension frozen in order to maintain the activity of the enzyme. The
stored vesicle suspensions will be referred to as aged vesicles.

Spreading of DMPC vesicle suspensions onto the air-liquid interface  resulted in
compression isotherms similar in shape to that of pure DMPC spread from a
chloroform solution. Round domains of unfused vesicles were, however, observed
by AFM on films spread from aged DMPC and DMPC/ALDH vesicles [V].
ALDH-containing vesicles gave films with domains clearly bigger than those of
pure DMPC films. The real size of the domains was influenced by a convolution
effect arising from the size of the tip. The exact curvature radius of the tip was not
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known, but taken to be 50 nm [88]. The domains of the DMPC films could then
be estimated to have a diameter of about 10-50 nm, whereas films spread from
DMPC/ALDH vesicle suspenions had domains with an object diameter of about
220-900 nm [V]. The size of the domains did not depend on deposition mode. The
density of the domains was, however, much less if the film was vertically
transferred.

Large features of unfused vesicles have also been observed by Fare et al. [30] and
found to adhere to mica, when spread directly onto the surface from an aged
suspension [116]. Moreover, vesicles prepared by sonication fused directly onto
solid supports forming membranes thinner than vesicles frozen and thawed
several times [117]. It seems apparent that the freezing procedure made the
vesicles more stable and maybe also led to the formation of aggregates. That was
probably the reason the aged vesicles did not open to form a monolayer [V].

Films spread from freshly prepared vesicle suspensions could, on the downward
movement be transferred onto hydrophobic glass slides with a transfer ratio of
0.75, whereas the slides emerged wet on the upward movement, indicating that no
additional layer was transferred (Table 4). The horizontal deposition onto
hydrophobic slides was successful, whereas nothing stuck to hydrophilic slides,
which emerged completely wet.

Table 4. Transfer ratios of a monolayer spread from a freshly prepared vesicle
suspension onto 9 layers of CdC20.

τ τ
      Vertical   Horizontal

deposition deposition

down 0.75   

up 0.05
0.86 QCM

0.77 0.79 AFM

QCM ratios were obtained from the amount of layer
transferred to that theoretically calculated and the AFM
histograms gave the percentage layer coverage [V].

Holes with a depth of about 3 nm, corresponding to a lipid monolayer, could be
observed on AFM images transferred by horizontal and vertical deposition [V].
The size of the holes in films transferred horizontally was clearly bigger, but the
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density of the holes was lower than those in vertically transferred films [Fig.4 in
Paper V]. A small number of holes corresponding to a bilayer thickness could also
be imaged. These were probably due to the underlying CdC20 layer and the holes
therein. Transfer of the lipid film onto the QCM gave an increase in surface
density of 190 ng/cm2, which corresponded to a transfer ratio of 0.86. The
monolayer coverage in the AFM image agreed with the transfer ratios (Table 4).
Phospholipid layers are normally difficult to deposit. DPPC can only be deposited
as a single layer and there appears, furthermore, to be water present in the film
[118]. The appearance of holes could thus partly be due to a drying of the film.
Individual protein molecules were not identifiable on the images, probably
because of the low concentration and hence insufficient incorporation into the
layers.

Structural defects in the vesicle membrane may have initiated the fusion. Heyn et
al. [26] have reported that unilamellar vesicles form uniform monolayers, whereas
multilamellar vesicles form monolayers from the outer bilayer with the residue
remaining attached. The fusion process was described by a bilayer-monolayer
exchange model [22,26].

4.3 ANTIBODY LAYER FORMATION AT THE
AIR-WATER INTERFACE

Some preliminary studies were performed on spreading anti-CRP directly onto the
air-water interface in order to evaluate the film formation behaviour of the
antibody [IV]. Anti-CRP formed a liquid-expanded monolayer (Fig. 9) with an
isotherm similar in shape to the antibody studied by Alhuwalia et al. [35,36]. A
transition between two ‘phases’ was indicated by the presence of an isopiestic
point [36]. This transition occurred at a surface pressure between 10 - 15 mN/m
for anti-CRP.

The antibody molecule can be represented by a disc with a diameter, d, of about
15 nm and a thickness, t, of about 3 nm [119] (Fig. 10a). If the molecules were
standing end-on, a dense packing of antibodies would give a surface density of
about Λ= 0.75 µg/cm2,  and if they were oriented in a side-on manner, the surface
density would be about Λ= 0.15 µg/cm2 [IV]. The anti-CRP film could be
transferred onto the QCM with a surface density of 0.33 µg/cm2 (Fig.9). This
amount corresponds to about 40% of a monolayer coverage with the antibodies in
an end-on position. It is, however, likely that the antibodies take up either a
slanted orientation or have a random distribution in the film (Fig. 10b). Ahluwalia
et al. [36] transferred films with surface densities ranging from 0.2 - 0.5 µg/cm2 at
pressures below the transition point, indicating antibodies with a similar
orientation as anti-CRP. The quantity of antibodies transferred depends both on
the surface pressure and on the pre-treatment of the slide [36-38]. Anti-CRP was,
however, rinsed away from the QCM with the standard buffer solution, which was
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of high ionic strength, but not with water. The first layer seemed to remain on the
QCM, but it was difficult to discriminate between specific and non-specific
adsorption because of the desorption. A total protein amount of about 0.3 µg/cm2

adsorbed onto the layer [IV].
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Figure 9 The surface pressure versus trough area curve for compression of anti-
CRP spread onto a 1 mM CaCl2 subphase of pH 8.2 (the isoelectric point of the
antibody). The inset shows the increase in mass on deposition of the layer onto a
QCM at a surface pressure of 10 mN/m.

a)                                              b)

15 nm
3 nm

Figure 10 a) The antibody molecule will approximately take the form of a disc
with a diameter of 15 nm and a thickness of 3 nm. b) The anti-CRP molecules
seemed to have a slanted orientation (above) or a random distribution (below)

with a surface density of 0.33 µg/cm2.
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4.4 ADSORPTION OF ANTIBODIES ONTO MONOLAYERS

Information on the binding of anti-CRP onto monolayers of C20, ODA and
DMPC/DMPE was obtained from relaxation studies and surface pressure - area
isotherms [IV]. Anti-CRP was allowed to interact with ODA at a pH of 10, where
ODA shows maximum monolayer stability [9]. C20 was almost half-ionised and
the phospholipid monolayer was zwitterionic [IV]. When the ODA monolayer was
held at a ¹ of 10 mNm-1, antibodies adsorbed and/or penetrated into the layer as
observed by an increase in surface area. The increase in surface area was
dependent on the packing of the film and was not observed over a pressure of 15
mNm-1 [IV]. Incorporation of proteins has been found to stabilize monolayers at
the air-water interface [59,120,IV].

The antibodies had an expanding and fluidizing effect upon the monolayers - an
effect that was concentration dependent [IV]. The surface area of the ODA
monolayer increased with increasing anti-CRP concentration in the subphase up to
an antibody concentration of about 2.4 µg/ml. This was also observed from the
relaxation studies, which showed a concentration dependence at low surface
pressure [IV]. The increase in surface area of C20 was higher than that of ODA
(Table 5). The interaction of antibodies with the DMPC/DMPE matrix, on the
other hand, showed the same percentage by molecular area increase as ODA.
Anti-CRP could not, however, be transferred onto the QCM from the
DMPC/DMPE matrix and the relative amount transferred was lower for C20 than
for ODA, although the area increase was almost twice as great (Table 5). The
table also shows that a higher number of lipid-tagged single-chain antibodies
could be incorporated into the lipid monolayers [IV, VII].

Table 5. Surface characteristics of anti-CRP and Ox lpp-scFv, when embedded
into different monolayer matrices [IV, VI, VII].

_A(%)*  _Λ(%) _A(%)** _Λ(%)
Matrix anti-CRP Ox lpp-scFv

C20 27 20 [IV]
ODA 15 37     [IV]
DMPC/DMPE 15  - 35 36     [IV, VII]
DPPC/DPPE/DPPA 50 52     [VII]
DPPC/DPPE/DPPA/CHOL 60 25     [VII]

_A* is the increase in surface area obtained from the isotherm at a ¹=20mN/m and _A**
is the increase at 30 mN/m. _Λ represents the surface density of antibodies transferred
onto the QCM at the related pressures.
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Ellipsometric data indicate that antibodies may take an upright position in the
monolayer [59]. Nothing can, however, be concluded about the Fc-Fab2
orientation from these measurements, although it was expected that the Fc
fragment was oriented towards the monolayer, because of the hydrophobicity of
the fragment. The interaction of anti-CRP with ODA was further discussed in
Paper IV.

In Paper IV we also discussed the adsorption of protein onto the layers. BSA was
used to block non-specific binding sites - a standard procedure in immunoassay.
An amount of 3 µg/cm2 of BSA adsorbed onto the uncoated QCM within 5
minutes. The total amount of protein adsorbed onto the ODA and ODA/anti-CRP
layer was 1.2 µg/cm2 and 1.5 µg/cm2, respectively. We thereof draw the
conclusion that about 0.3 µg/cm2 was due to a specific binding of antigen and that
about 1 ± 0.5 of a CRP monolayer seemed to be bound, if the reproducibility was
taken into account [IV].

I would, however, like to address attention on the kinetics of the binding. Fig. 11
shows that the adsorption of protein from solutions containing BSA and
increasing concentrations of CRP onto layers of CdC20 and ODA differed from
that of C20/anti-CRP. The binding of proteins to CdC20 and ODA reached an
equilibrium within 30 minutes, whereas a plateau value was reached within 10
minutes for C20/anti-CRP. The plateau value of the C20/anti-CRP layer indicates
that the non-specific binding sites were blocked and, furthermore, that low antigen
concentrations could not be discriminated from the non-specific adsorption of
BSA. The non-specific binding was similar to that onto the uncoated QCM. An
abrupt increase in surface mass density at a higher CRP concentration, on the
other hand, suggests that a specific interaction between antibodies in the C20/anti-
CRP layer and antigen took place.

The non-specific adsorption was much lower to antibody-containing layers than to
the lipid layers (Table 6). The high binding of protein to CdC20 and ODA was
probably due to a non-homogeneous deposition of the layers, with binding to
holes and cracks in the film. The layers were horizontally transferred and the
binding was, moreover, measured in air. AFM images showed that CdC20 layers
horizontally transferred are very non-homogeneous [V]. It is known that the
binding of BSA is strong to hydrophobic surfaces [121,122]. The binding was
highest to CdC20   (Table 6). If Y-type CdC20 layers were transferred

horizontally according to Lee et al. [14], only 0.4 µg/cm2 BSA was adsorbed. This
seems to confirm the earlier discussed reorganization of X-type CdC20 layers [V],
leading to cracks and holes in the film and thus to a high adsorption of protein.
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Figure 11. Adsorption of 0.5 mg/ml BSA and increasing concentration of CRP
onto an uncoated QCM (❍) and onto a QCM deposited with a monolayer of
C20/anti-CRP (●), a monolayer of ODA (■) and 12 layers of CdC20 (▲).
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Table 6. Total amount of protein adsorbed onto different layers horizontally
transferred onto the QCM during 5 minutes.

_Λ[µg/cm2]
Layers BSA CRP

CdC20 1.5 
C20/anti-CRP 0.5 0.8 
ODA 1.2
ODA/anti-CRP 0.3 1.2
DMPC 0.8

The concentration dependence on the interaction of CRP with anti-CRP
containing layers is shown in Fig. 12. The specific interaction was higher to the
ODA/anti-CRP layer than to the C20/anti-CRP layer (Table 6). This could be
expected due to the higher amount of antibody transferred with ODA (Table 5).
The high amount of antigen, however, indicated that CRP took up more than a
monolayer. A monolayer of CRP (Stokes radius  of 4.9 nm) would have a surface
density of 0.3 µg/cm2. A possible explanation is that CRP formed aggregates. In
fact, CRP may stack to form decamers [95]. Specific binding of IgG (Stokes
radius of 5.6 nm) with surface densities ranging from 1.3 to 1.7 µg/cm2 has also
been reported [123,124].

If the QCM was deposited with a new layer of ODA/anti-CRP in between every
interaction with protein, the saturation was obtained at about 0.8 µg/cm2 (Fig. 12).
Although the interaction time (1 minute) was shorter, there seems to be some
difference in the binding compared to the aforementioned. Aggregation of CRP
could explain the adsorption of a higher amount of CRP onto layers that were
allowed to interact with the protein solutions several times instead of only once.
Moreover, a poor reproducibility of the measurements could be due to aggregation
of the antigen, but also due to a random orientation of the antibodies in the layer.
The attempted molecular organisation is shown in Fig. 13.

The antibody-antigen interaction should be confirmed by an independent method.
This could be achieved by using labelled antibodies and standard immunoassay.
This was, however, not possible within the scope of the project. The
immunological measurements should, moreover, be performed in a liquid
environment in order to avoid side effects caused by drying the layer. The QCM
available at that time did, however, not resonate in liquid.
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Figure 12. Interaction of CRP with anti-CRP layers transferred onto the QCM
expressed as a change in mass vs log concentration of antigen. Increasing
concentrations of CRP were allowed to interact with ODA/anti-CRP (■) and
C20/anti-CRP (●)  for 5 minutes. (❐) represents the interaction of CRP for 1
minute with separate monolayers of ODA/anti-CRP. The non-specific adsorption
of BSA has been reduced.

   

Figure 13. A schematic view of BSA and CRP binding to a layer incorporating
whole antibodies produced according to the scheme in Paper IV. CRP is a cyclic
pentamer that may aggregate to form decamers.
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4.5 INCORPORATION OF SINGLE-CHAIN ANTIBODIES
INTO DIFFERENT LIPID MATRICES

The incorporation of different amounts of single-chain antibodies into various
preformed lipid monolayers was investigated by surface pressure - area isotherms
and AFM [VI, VII]. Hydrophobic lipid-tags of about 2 kD [98] were thought to
enable anchoring of the antibodies into the lipid layer. The molecular surface area
increased on addition of Ox lpp-scFv to reach a saturation level that was
dependent on the lipid matrix (Table 5) [VI, VII]. The mean molecular area of Ox
lpp-scFv was estimated under the assumption that the antibodies remained at the
interface and that the components were ideally mixed [I]. A value quite close to
the theoretical surface area for an antibody fragment (3x4 nm2) was obtained for
the DPPC/DPPE/DPPA and DPPC/DPPE/DPPA/CHOL matrix, whereas the
antibody incorporated into the DMPC/DMPE matrix gave a molecular surface
area of about 7 nm2.

The antibodies were segregated into protein-rich domains, which were smaller and
more homogeneously distributed if DPPC/DPPE/DPPA was used as a layer
matrix, instead of DMPC/DMPE [VII]. The diameter of the domains in the
DMPC/DMPE matrix imaged in air was about 12 nm, if the convolution effect
between the tip and the domains was taken into account [VI]. A mean height of
about 6.5 nm corresponds fairly well to the expected length of the lipid-tagged
antibody fragment [VI, VII]. These findings are similar to those of Heckl et al.
[125], who reported that membrane proteins formed aggregates when incorporated
into lipid monolayers. When the film was stored in buffer for some days before
imaging, the film most probably underwent some reorganization or peeling [VII].
Height images revealed that the film had become quite rough and non-
homogeneous. Storage of the films in buffer for one week showed that the size
and the number of the holes further increased. Typical characteristics of the
underlying CdC20 layers became clearly visible in the image. Imaging of the
DPPC/DPPE/DPPA/Ox lpp-scFv after storage in buffer for one week indicated a
much higher stability of this film, with only a partial peeling off the lipid layer.
The domains in the DPPC/DPPE/DPPA matrix had a height of 3 nm and they
appeared as dark areas of low friction. The domains were assumed to consist of
single-chain antibodies, protruding from the layer, as the height corresponded well
to a single-chain antibody. Larger domains of high friction were also imaged on
both matrices, but the origin of them is not known.

Non-specific adsorption of BSA to the layers caused a shift in the SPR intensity, a
shift that was further increased when the layer interacted with antigen, if Ox lpp-
scFv had been incorporated into the film [VI, VII]. The intensity change was
dependent on the concentration of Ox16BSA,  and was higher for
DPPC/DPPE/DPPA/Ox lpp-scFv than for DMPC/DMPE/Ox lpp-scFv. This can
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be explained both by a higher incorporation of antibody and a better transfer ratio.
The binding of antigen could be detected in a concentration range of 0.1 - 100
µg/ml [VII].

The increase in molecular area of the DPPC/DPPE/DPPA/CHOL matrix on the
incorporation of antibodies was the highest of the matrices studied (Table 5), but a
poor transfer ratio led to a high non-specific adsorption of protein and
subsequently to a low specific binding (Table 7). Holes in the layer act as non-
specific adsorption sites and BSA may have interacted with the hydrophobic
chains of the layer. The interaction of Ox16BSA with the membrane was, in
addition, influenced by the low incorporation of single-chain antibodies. The
transfer ratio also affected the adsorption of BSA onto the DMPC/DMPE/Ox lpp-
scFv layer. The amount of non-specific and specific binding was almost equal.
The non-specific binding of BSA to the DPPC/DPPE/DPPA/Ox lpp-scFv layer
was, on the other hand, very low. This could be explained by a good transfer ratio,
giving a homogeneous layer with a minimum of defects. The highest specific
interaction was obtained with DPPC/DPPE/DPPA/Ox lpp-scFv (Table 7) [VII].
The attempted molecular arrangement is shown in Figure 14.

Table 7. Relative amounts of specific binding of Ox16BSA onto lipid layers
incorporating Ox lpp-scFv measured with the SPR [VI, VII].

Specific binding
     (%)

Lipid matrix Ox16BSA

DMPC/DMPE           45
DPPC/DPPE/DPPA      85
DPPC/DPPE/DPPA/CHOL      15
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lipid 
matrix

BSA

Ox lpp-scFv

antigen

Figure 14. A schematic view of BSA and antigen-binding to a layer incorporating
lipid-tagged single-chain antibodies. The layer was produced according to the
scheme in Papers VI and VII.
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5 CONCLUSIONS

This work was concentrated on the immobilization of proteins onto solid surfaces
with the ultimate goal to contribute to the development of  biosensors.

It turned out to be of utmost importance that the layer working as a solid support
for the protein film should be defect-free, in order to minimise non-specific
binding to cracks and holes in the layer. It was found that the solid slide should be
positioned parallel to the compressing barrier when monolayers were vertically
transferred, in order to obtain a more uniform LB film. Horizontal deposition of
Cd arachidate, on the other hand, led to non-homogeneous layers. Piezoelectric
devices could easily be used to monitor the yield of monolayer transfer.

Unilamellar vesicles were made to fuse at the air-water interface to form a
monolayer. Additional studies are, however, needed in order to incorporate
membrane proteins into these monolayers. Aged vesicles were stable and did not
fuse, but they formed large domains.

Antibodies of the C-reactive protein, CRP, may be spread onto the air-water
interface to form a monolayer. Anti-CRP could, moreover, be adsorbed onto
various monolayers at the air-water interface in a concentration-dependent
manner. Transfer of the antibodies onto a solid support was dependent on the
monolayer matrix. Non-specific adsorption of protein was lower to the antibody-
containing layer than to the pure monolayer. There seemed to be a specific binding
of CRP to the layer in a concentration range of 0.1 - 5 µg/ml. The complex
formation should, however, be complemented by standard immunoassay.

On the other hand, in order to orient antibodies in the layer a biosynthetically
lipid-tagged single-chain antibody had to be used. Incorporation of the antibody
fragment into various preformed lipid monolayers at the air-water interface was
demonstrated. Atomic force microscopy revealed that protein-enriched domains
were formed. The stability of the lipid layer in aqueous solution was poor,
although antibodies seemed to have a stabilizing effect on the layer. Further
research is needed to obtain a more homogeneous distribution of antibodies in the
film and to increase the stability of the layer. Surface plasmon resonance was
successfully employed to determine the antibody-antigen complex formation.
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ERRATA

Position Error Correction

Publ. III, page 441
at the last line Cadmium behenate cadmium behenate

Publ. V, page 114
end of second
paragraph 110-450 nm 220-900 nm

Appendices of this publication are not included in the PDF version.
Please order the printed version to get the complete publication
(http://www.inf.vtt.fi/pdf/publications/1996)
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