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Artificial and Natural Membranes
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1. Introduction

Non-cellular forms of life are not known on the earth. Starting with unicellular organisms, -
such as bacteria - up to multicellular complex organisms, the basic building unit is the cell,
surrounded by the cell membrane. The cell contains all the characteristics of life, having the
genetic program to build up the structure and to keep it functioning,.

Membranes are an essential structural component of living objects (Sybesma, 1977;
Volkenstein, 1981). They are formed from different lipids and act as a selective barrier
around the cell and cell organelles. The phospholipid bilayer is the basic structure of all
biological membranes. Besides the phospholipids, some other lipids are generally present in
the membrane, such as glycolipids and cholesterol. Many biological processes require
membranes. Physically and chemically essential functions include metabolism and the
process of the accumulation and usage of energy in the biological system.

An essential function of the membrane is to keep a well-defined chemical composition
inside of the membrane at a limited volume, which is different from the outside. There are
large concentration differences between the two sides. To build up and maintain this
concentration difference, selective passive diffusion and selective active transport
translocate biologically important molecules through the membrane. This is achieved by
different channels and pumps built from a large variety of membrane proteins. The
selectivity is achieved by the composition and structure of the transporter (Sybesma, 1977;
Volkenstein, 1981).

Membrane proteins fall into two categories, depending on how they are bound to the
membrane. One category is that of the peripheral proteins. They are loosely bound to the
membrane through electrostatic interactions and they can be removed in lipid free-form by
relatively mild treatments. In the second category are the integral proteins, embedded inside
the membrane and often spanning it entirely. They are difficult to remove, having large
hydrophobic domains, isolated with bound lipids. The integral membrane proteins occur in
a wide variety of shapes. The most common formations are the a-helix and the B-sheet
structures (Sybesma, 1977).

There are a large variety of structural possibilities and this is reflected in the very different
properties and behaviour of the membrane proteins. Due to the lateral fluidity of the
membrane, proteins are mobile in the surface and they can form aggregates. Large
associations of proteins and lipids form rafts. By interacting with the proteins, new
characteristic properties appear (Engel and Gaub, 2008).
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220 Atomic Force Microscopy Investigations into Biology — From Cell to Protein

Over the last decade, the atomic force microscope (AFM) has become an important tool in
biology. Besides of high resolution imaging single molecule experiments were performed in
native environments and important parameters of the studied objects were determined,
such as micro-elasticity, viscosity, dielectric property, electric charge distribution and other
important parameters (Muller et al., 1997a).

2. Sample holder surfaces

For the modelling of a biological system, it is becoming increasingly important to understand
the physical properties of living objects. In order to achieve the goal of determining their
mechanical parameters, a sample is fixed to a clean surface which is flat at the atomic level.
The bonds should be strong enough to avoid the dragging of the tip but equally they should
not cause structural alterations to the system (Santos and Castanho, 2004).

The most commonly used support for biological samples is muscovite mica (Muller et al.,
1997a). Its composition is (KF)2(ALO3)3(Si02)(H20). Chemically it is relatively inert. The
crystal structure is characterised by its layered structure. Along this layer, the cleavage
yields an atomically flat surface (Figure 1, panel a). The cleaved surface has a net negative
charge with an average surface charge density of -0.0025 C/m?2, which corresponds to 0.015
electrons per surface unit cell. By using different pre-treatments, the mica surface can fix a
large variety of biological samples.
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Fig. 1. High-resolution surface images of mica and glass - the materials most used by the
AFM technique for membrane deposition.

Glass microscope slides or cover slips are frequently used as a transparent specimen
support. The amorphous surface of the glass can be manipulated with chemical treatment,
so as to fixate the biological probes (Muller et al., 1997a). Care should be taken to ensure that
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the glass surface roughness is about 1-2 nm (Figure 1, panel b), which is commensurable
with the thickness of the membrane (Balint et al., 2007a).

Highly oriented pyrolytic graphite (HOPG) is also used as a support for AFM probe if a
conductive sample is prepared or a strongly hydrophobic flat surface is required for the
sample preparation (Morris et al., 1999). Another possibility for manufacturing a conductive
sample is by using vacuum-evaporated gold surface as the support. The gold surface binds
thiols or disulphides, which can be used to covalently bind biological molecules (Muller et
al., 1997a).

Nowadays, it is increasingly common to use a polished silicon wafer surface as a holder of
the AFM sample. Its electrical and mechanical characteristics are well-known. Depending on
the doping material used, the silicon can be positively or negatively charged (Morris et al.,
1999; Bélint et al., 2007a).

The adhesion between the supporting medium and the sample strongly depends on the
quality of the contact surfaces, a subject which has been intensively studied (Eastman and
Zhu, 1996). It has been shown that the adhesive force can be accounted for by the van der
Waals forces and the capillary forces between the contact surfaces (Eastman and Zhu, 1996).

3. Artificial membranes

Either artificial or natural membranes can be deposited on the above mentioned surfaces for
AFM investigation. Artificially supported lipid membranes are model systems for the
understanding of the phenomena occurring in the cell membrane. The most suitable
methods for forming a supported lipid bilayer involve the Langmuir-Blodgett (LB)
techniques and the fusion of lipid vesicles. LB films are formed when amphiphilic molecules
interact with the air through an air-water interface. The overall effect is a reduction in the
surface energy (or, equivalently, the surface tension of the water). By this method, a
monolayer of lipids is compressed on an aqueous subphase. Compression/decompression
isotherms are obtained by plotting the surface pressure as a function of the interfacial area.
Such isotherms provide useful information about the physical state, the packing and the
organisation of the lipid molecules(Dufrene et al., 1997; Rinia et al., 1999).

The LB technique allows the transferral of the monolayer of amphiphilic molecules onto a
solid support - usually mica or silicon - at a constant surface pressure and a constant speed
(Vie et al., 1998). If the solid support is hydrophilic - like mica - the lipid polar heads interact
with the support, thus exposing the hydrophobic tails to the environment. To better mimic
cellular membranes, a supported bilayer can be formed by transferring a second lipid layer
onto the first mica-supported lipid monolayer. The second lipid monolayer transferred can
be of different composition, thus yielding asymmetric supported lipid bilayers (Dufrene et
al., 1997; Rinia et al., 1999).

The fusion of lipid vesicles on solid supports is the simplest method for preparing
supported lipid bilayers (Brian and McConnell, 1984; HORN, 1984; Jass et al., 2000; Richter
and Brisson, 2005). The fusion step is achieved by depositing the small unilamellar vesicle
suspension onto freshly cleaved mica. Unlike LB deposition, the fusion method cannot be
used to prepare asymmetric bilayers composed of two layers of a different nature. However,
the fusion approach is remarkably simple, and the lateral mobility of the lipids is only
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slightly slower than in giant unilamellar vesicles (Przybylo et al., 2006), meaning that these
membranes are biologically more relevant.

Multilayered polyelectrolyte films (Figure 2) prepared by the layer-by-layer consecutive
adsorption method (Decher, 1997) became very popular over the past decade because of the
numerous possible applications of the approach in various fields. They offer a simple and
versatile tool and have surfaces with adjustable properties. These films can be functionalised
with widely varying features, ranging from antifungal activity (Etienne et al., 2005) to anti-
inflammatory properties (Schultz et al., 2005) to electro-optical devices (Eckle and Decher,
2001). By varying the electrolytes and/or the build-up conditions, the properties of the films
-such as thickness (Shiratori and Rubner, 2000), cell adhesion (Richert et al., 2002), and
protein adsorption (Gergely et al., 2004) - can be largely modified (Figure 3, panels a and b).
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Fig. 2. Model of the structure and how the polyelectrolyte multilayer is deposited on a mica
surface.

The build-up of the polyelectrolyte film began with poly(ethyleneimine) (PEI). Poly-(L-
glutamic acid) (PGA)/poly(L-lysine) (PLL) polyelectrolyte film was adsorbed into the PEI-
covered mica surface and then, on the surface of this film, a dipalmitoylphosphatidylcholine
(DPPC) bilayer was created by the fusion of lipid vesicles. According to the AFM data, the
surface roughness of the PGA/PLL film was considerably decreased by the lipid bilayer
(Figure 3). In addition, the lipid surface completely closed the underlying PGA /PLL film. It
seems that the forces which keep the DPPC bilayer together, in order to optimise the bilayer
structure, can compress the extruding parts of the PGA /PLL films (Pilbat et al., 2007).
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Fig. 3. High resolution image of the rough surface of polyelectrolytes (a) and its smoothed
form when is covered with DPPC.

Depending on the components used, polyelectrolyte films may exhibit linear or exponential
growth regimes (Lavalle et al., 2002; Gergely et al., 2004). Exponential growth requires the
free diffusion of at least one of the film components in the interior of the film (Picart et al.,
2002). Therefore, these films have less ordered structures than linearly growing films, which
have been shown to be partially stratified with some interpenetration between neighbouring
layers (Decher, 1997). Considering the extensively charged nature of the polyelectrolytes in
these films, there is no chance for the direct incorporation of nonpolar, hydrophobic
compounds into them. From the point of view of practical applications, however, it would
be very useful if such compounds - e.g., different proteins, peptides and drugs - could be
incorporated. For the incorporation of such protein molecules, lipid bilayers are needed at
the very least (Figure 3b). If such bilayers were formed in the interior of polyelectrolyte
films, they might be utilised as controllable internal barriers as well.

Supported lipid bilayers are readily adopted for high-resolution AFM imaging (Muller et al.,
1997b; Goksu et al., 2009). A much more difficult problem is the determination of the
mechanical properties of these membranes because - already at several nm indentation - the
solid support is reached, thereby biasing the measured data.

4. Membrane proteins

Membrane proteins are involved in basic cellular functions, such as ion transport, energy or
sensory stimuli transduction and information processing. Their large hydrophobic domains
and their subunit structure make them able to assemble complicated structures, thus
enabling them to fulfil this task. AFM provides the best tool for investigating the surface
structure and mechanical properties of the membrane proteins in their native environment,
which is in a physiological solution (Engel and Gaub, 2008). A great advantage of the AFM
technique is that it allows individual molecules to be investigated in great detail. The high
resolution imaging of the membrane provides information about the surface arrangement of
the protein (Philippsen et al., 2002; Werten et al., 2002). It is possible to image the
electrostatic potential of the membrane protein, such as the electrostatic potential of a
transmembrane channel of the OmpF porin (Philippsen et al., 2002).
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The most studied membrane protein is the bacteriorhodopsin (BR), a light-driven proton
pump. It can be found in the purple membrane of Halobacterium salinarum. The purple
membrane contains only 75% w/w BR and 25% lipids. By separating the purple membranes
by centrifugation from the cell fragments, a clean membrane protein suspension can be
obtained. The separated membrane patches are strongly packed with protein into a two-
dimensional crystalline form (Lanyi, 2004a; Lanyi, 2004b). The BR, upon light excitation,
goes through a photocycle and translocates a proton across the membrane (Oesterhelt, 1975).

A medium resolution AFM image shows the almost coin-like shape of the purple membrane
patch (Figure 4). The height profile clearly shows the thickness of the membrane. On the
high resolution image we can distinguish the hexagonal arrangement of the BR molecules in
the membrane (Muller et al., 1995;Muller et al., 2000).

00 05 10 15 20
um

Fig. 4. The amplitude image and the height profile of a purple membrane from Halobacterium
salinarum, deposited on mica. The image was taken in water.

A number of similar proteins were also imaged, such as the visual-rhodopsin (Fotiadis et al.,
2003;Fotiadis et al., 2004), the chloride-pumping halorhodopsin (Persike et al., 2001) and the
photosynthetic reaction centre of Rhodopseudomonas viridis (Scheuring et al., 2003;Scheuring
et al., 2004). The common feature of all the imaged membrane proteins is their high density
and the crystalline-like arrangement within their membranes. An image of an individual
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protein membrane is hard to obtain due to its strong interaction with the surrounding lipids
(Dorogi et al., 2006).

An interesting question relates to how strong the proteins are which are bound in the
membrane. To answer this, AFM experiments regarding pulling the protein were
performed. The cantilever tip is chemically functionalised so as to bind to the protein. The
tip is move above the membrane patch fixed to the sample compartment. By touching it to
the membrane for a given time, the tip binds strongly to a protein in the membrane. By
retracting the tip an increasing pulling force appears which for a moment reaches the level
where a transmembrane segment of the protein is broken out. By pulling further, other
membrane bounded parts of the protein can be removed. Through this, the whole binding
force map of the protein is obtained (Oesterhelt et al., 2000; Janovjak et al., 2003; Janovjak et
al., 2004; Ganchev et al., 2004).

5. Effect of small peptides on supported membranes

Antimicrobial peptides are host defence molecules produced by the innate immune system
of organisms all across the evolutionary spectrum. They play a key role in the host defence
system of many higher organisms (Boman, 1995). They were originally described in insects
(Hultmark et al., 1980; Steiner et al., 1981) and plants (Fernandez de Caleya et al., 1972), and
were subsequently identified in vertebrates (Lehrer et al., 1983; Ganz et al., 1985; Zasloff,
1987) as constituting a key component of the innate immune system. Most of the known
antibacterial peptides are active against multiple microorganisms, such as viruses, bacteria,
fungi and protozoa, and can be ascribed to one of three main groups: 1) a-helical peptides
without cysteine, 2) peptides with three disulphide bonds, or 3) peptides rich in proline or
tryptophan (Boman, 2003). AFM images of the changes on the membrane were monitored
(Végh et al., 2011).

Indolicidin - encoded by a member of cathelicidin gene family and a cationic antimicrobial
tridecapeptide amide - was isolated from cytoplasmic granules of bovine neutrophils
(Selsted et al., 1992). It is one of the shortest known naturally-occurring antimicrobial
peptides (Bowdish et al., 2005) and is toxic to both prokaryotes and eukaryotes (Falla et al.,
1996; Bowdish et al., 2005). The high percentage of proline and tryptophan residues makes
indolicidin a unique antimicrobial. Compared to a-helical antibiotic peptides, indolicidin is
less able to dissipate the bacterial inner membrane potential and it forms smaller pores, yet
it kills bacteria rapidly (Selsted et al., 1992). (Figure 5)

The purple membrane disks were deposited directly on a Ca2?* covered mica surface which is
positively charged. In this case, the interaction of the purple membrane with indolicidin is
quite specific. As it can be seen, indolicidin binds to the membrane. The edges were preferred
(Figure 5), since the lipids are more accessible in those regions. Indolicidin attached to the
membrane surface, especially on the border of membrane disk, but did not break the
membrane’s integrity. The surface area of the transient layer increased. This transient layer has
about half the height (3-4 nm) of the purple membrane. Based on the height of the layer, it is
probably a monolayer of lipids stabilised with indolicidin (Végh et al., 2011).

Understanding drug-cell or drug-membrane interaction is a key issue in current
biophysical and pharmaceutical research (Balashev et al., 2001; Berquand et al., 2004; Van
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Fig. 5. The effect of the indolicidin on the purple membrane of Halobacterium salinarum
(Véghetal, 2011) .

Vliet and Hinterdorfer, 2006). With AFM imaging, this interaction can be monitored in real-
time at a high resolution (Berquand et al., 2004). With AFM it was possible to show the
change of the cell elasticity when the membrane was cross-linked with an anti-cytoskeletal
drug (Wu et al., 1998).

Lipid rafts are formed when large numbers of membrane proteins are interacting and
aggregate on a closed configuration. The proteins inside the lipid raft can get new properties
by interacting with others. An example of this are the bacteriorhodopsin in the purple
membrane which interact with each other, regulating the photocycle (Tokaji, 1995;
Dancshazy and Tokaji, 2000). As a matter of fact, the purple membrane packed with
bacteriorhodopsin is a raft. There is a transition in the lipid composition and membrane
protein density at the border of the raft, which can be detected by AFM (Poole et al., 2004;
Johnston, 2009).
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The membranes which are tightly-packed with protein give a good opportunity to observe
the conformational change of the protein during its function (Lewis et al., 1996; Persike et
al., 2000). Where there is a protein in the crystal lattice with a changed conformation, the
surface symmetry is altered. Such an event was observed by the bleaching of the BR
(Stahlberg et al., 2001; Braun et al., 2006). A drawback of the method is that the fast
reversible processes of the conformational changes cannot be observed (Braun et al., 2006).

The instantaneous, fast conformational change of the bacteriorhodopsin was registered by
an unusual arrangement of the AFM (Figure 6). The purple membranes were
electrophoretically deposited in oriented-mode on a conducting cantilever (Figure 6, panel
a). When the BR is excited by light, the protein goes through a photocycle, during which a
conformational change occurs. The protein produces a volume change during the
conformational motion which results in a deflection of the cantilever (Figure 6, panel b)
(Balint et al., 2007b).
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Fig. 6. The electrophoretic deposition of the purple membrane (a) and the deflection signal
measured during illumination of the cantilever (b). The inset is a control signal measured
with an empty cantilever (Balint et al., 2007b) .

Several biological application of the AFM was presented. The study focused on a
functionally important part of the living material, the lipid membrane. It was discussed how
the membranes are deposited on a solid support for sampling and what kind of changes
were observed during the measurements.
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