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Paananen, Arja. On the interactions and interfacial behaviour of biopolymers. An AFM study.
Espoo 2007. VTT Publications 637. 106 p. + app. 66 p. 

Keywords interactions, surface forces, atomic force microscopy, biopolymers, cellulose,
hemicellulose, xylan, gluten proteins, gliadin, surface active protein, hydrophobin, 
HFBI, HFBII 

Abstract 

Surface forces and interactions are a key issue in colloid and surface science, 
including biopolymer systems. Covalent and ionic bonds determine the structure 
and composition of materials, but the weaker non-covalent interactions define 
their functions. This thesis deals with the surface forces and interactions 
occurring between biopolymer surfaces and affecting the self-assembly and 
interfacial behaviour of biopolymers. The research was aimed at deepening the 
understanding of molecular interactions and the nature and strength of surface 
forces in the studied biopolymer systems. The main research tool was atomic 
force microscopy (AFM). This technique allows imaging of the sample 
topography in either gas or liquid environments at high resolution. Data on intra- 
and intermolecular interactions can also be obtained. Interesting phenomena 
revealed by AFM were supported and confirmed by other relevant surface 
analytical techniques. 

The nanomechanical force measurements focused on interactions relevant in 
papermaking, i.e. between cellulose and xylan, and food technology, i.e. 
between gliadins (wheat gluten proteins). In the cellulose-xylan interaction work 
the colloidal probe technique was exploited by attaching cellulose beads to the 
tip and to the sample surface. The interaction between these beads was measured 
in different xylan solutions. The main result of the cellulosic systems provided a 
new perspective on the role of xylan in papermaking. It has been reported 
previously that the adsorption of xylan increases paper strength and that this is 
due to formation of hydrogen bonds. Our results indicate that the increase in 
paper strength cannot originate from such bonds in wet paper, but must be due to 
effects of xylan on fibre bonds during drying of paper. 
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The viscous and elastic properties of gliadins and glutenins facilitate the 
production of bread, pasta and many other food products from wheat flour. 
Gliadin proteins (α- and ω-gliadins) were attached to both the tip and the sample 
surfaces, and the interaction forces between monomeric gliadins (α-α, ω-ω, and 
α-ω) were measured. On the basis of the nanomechanical force measurements, 
different roles of different types of gliadins were proposed: whereas ω-gliadins 
still have a compact structure and are responsible for the viscous flow, α-gliadins 
have already started to participate in forming the network in dough. This may 
provide a new viewpoint in understanding the interfacial properties of gliadins in 
relation to baking. 

The studies of interfacial behaviour of biopolymers focused on hydrophobins, 
which are very surface active proteins. Hydrophobins are amphiphilic proteins 
which self-assemble due to the interplay of various surface forces and 
interactions in solution and at interfaces. Films of Class II hydrophobins, HFBI 
and HFBII, at the air-water interface were transferred to solid supports and 
imaged by AFM. The interfacial films of hydrophobins were imaged at 
nanometer resolution. The results showed that both HFBI and HFBII form 
organised structures at the air-water interface. Moreover, the nanostructured 
films formed spontaneously. The HFBI films were imaged and the organised 
pattern was seen both on the hydrophobic and the hydrophilic side. The 
dimensions were similar to those of hydrophobin tetramers in solution obtained 
by small angle X-ray scattering. Protein engineering enabled assignment of a 
specific functionality to HFBI. The results confirmed the expected orientation of 
hydrophobins at the air-water interface, and indicated that the hydrophobin 
retained its capability to form organised films and the covalently attached 
molecule its functionality. 
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1. Introduction 

1.1 Atomic force microscopy in biophysical sciences 

The invention of the atomic force microscope (AFM) in 1986 (Binnig et al., 
1986) opened a new perspective in the investigation of samples of biological 
origin. Compared to its predecessor, the scanning tunneling microscope (STM) 
(Binnig et al., 1982), AFM enabled measurements of non-conductive materials. 
A special feature and one of the major advantages of AFM compared to other 
microscopic techniques such as scanning electron microscopy (SEM) or 
transmission electron microscopy (TEM) is that it allows measurements in a 
liquid environment. From a biophysical point of view this is particularly 
important because biological samples can be observed in a near-physiological 
environment. The power and versatility of AFM in biophysical research is 
overwhelming (Table 1). In addition to the basic function of imaging sample 
topography at high resolution, AFM can be used to map chemical and 
mechanical surface properties, to track dynamic biochemical processes on 
surfaces and to directly measure intra- and intermolecular interactions. 

DNA has been the most studied biological sample from the very beginning 
(Lindsay et al., 1989; Weisenhorn et al., 1990), and the review articles by Hansma 
(2001) and Lyubchenko (2004) outline AFM studies of DNA ranging from 
imaging of DNA conformations in air and in liquid to measuring single-molecule 
mechanics and thermodynamics. Recent DNA studies using AFM have shown the 
bioeffects of therapeutic ultrasound in the in vitro gene-delivery process (Duvshani-
Eshet et al., 2006), and revealed structural properties of the complex formed when 
the SfiI restriction enzyme binds to DNA (Lushnikov et al., 2006). AFM has also 
been exploited in chromosomal research (Tamayo and Miles, 2002). 

Another group of biomolecules widely studied with AFM is lipids, especially in 
the form of supported lipid films. Dufrêne and Lee (2000) reviewed AFM 
research on structural and physical properties of lipid films 
(mono/bi/multilayers). Their review covered studies of lipid films as 
homogeneous mono- and bilayers (Zasadzinski et al., 1991; Vikholm et al., 
1995; Györvary et al., 1999) and as mixtures with other lipids (Solletti et al., 
1996; Dufrêne et al., 1997) or other biomolecules (Egger et al., 1990; Vikholm 
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and Peltonen, 1996). Research using lipid films as a support for attaching 
individual biomolecules (DNA, Weisenhorn et al., 1991; acetyl choline esterase, 
Ohlsson et al. 1995; single-chain antibody, Vikholm et al., 1996) or crystalline 
protein arrays (OmpF porin, Schabert et al., 1995; s-layer, Wetzer et al., 1997; 
annexin V, Reviakine et al., 1998; streptavidin, Scheuring et al., 1999) has also 
been reported. The more recent studies of lipids using AFM continue 
characterisation of one- and two-component lipid films (Kaasgaard et al., 2003; 
Burns et al., 2005; Park and Lee, 2006; Steltenkamp et al., 2006), as well as 
biofunctionalization of solids and biosensor applications (Viitala et al., 2000; Ye 
et al., 2003; Ihalainen, 2004; Urisu et al., 2005). 

The power of AFM is demonstrated in studies of membrane proteins, not only in 
imaging the structural properties (OmpF porin, Schabert et al., 1995; purple 
membrane, Müller et al., 1995; aquaporin Z, Scheuring et al., 1999; ATP 
synthase, Seelert et al., 2000; Scheuring, 2000), but also in gaining functional 
(HPI, Müller et al., 1996; OmpF porin, Müller and Engel, 1999; ATP synthase, 
Müller et al., 2003) and mechanical information (HPI, Müller et al., 1999; 
bacteriorhodopsin, Müller et al., 2002). In addition to reconstituted membranes, 
the AFM studies of native membranes have also shown organised patterns of 
membrane proteins in high resolution (photosynthetic core complex, Scheuring 
et al., 2003; Scheuring et al., 2005). The organised structures of s-layer proteins 
have also been investigated by AFM (Wetzer et al., 1997; Moll et al., 2002; 
Györvary et al., 2003; Ebner et al., 2006). Averaging structural information 
from arrays of proteins may reveal details of single proteins, but shapes of 
individual proteins have also been imaged directly by conventional AFM setup 
in aqueous solution (GroES oligomer, Mou et al., 1996) and by enhancing 
imaging resolution using carbon nanotube tips (IgM, Hafner et al., 1999; GroES, 
Cheung et al., 2000; Guo et al., 2005) or cryogenic temperatures (IgG, IgM, Han 
et al., 1995; Sheng and Shao, 2002). 

As in the case of DNA research (Lee et al., 1994a; Clausen-Schaumann et al., 
2000), an important part of studying proteins with AFM has been force 
measurements (Butt et al., 2005), which allow even individual molecular pairs 
or single molecules to be investigated (force spectroscopy, Zlatanova et al., 
2000; Hugel and Seitz, 2001). As examples of intermolecular force 
measurements between receptor and ligand across a surrounding medium, the 
strength of the biotin-(strept)avidin interaction has been determined (Lee et al., 
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1994b; Florin et al., 1994; Moy et al., 1994), and antibody-antigen interactions 
have been measured directly (Hinterdorfer et al. 1996; Dammer et al., 1996; 
Allen et al., 1997). Moreover, Schwesinger et al. (2000) and Kienberger et al. 
(2005) studied the relationship between the unbinding forces of antibody-antigen 
complexes obtained by AFM and the dissociation constants. AFM has also been 
shown to be very useful in studying intramolecular interactions, which are in 
general weaker forces than those related to breaking bonds. For example, an 
intramolecular unfolding force has been measured for titin, a protein that is 
involved in the contraction of muscle tissues (Rief et al., 1997a), the 
extracellular matrix protein tenascin (Oberhauser et al., 1998), the cytoskeletal 
protein spectrin (Rief et al., 1999) and Ig domains of a cell adhesion molecule 
(Carl et al., 2001). The unfolding pathway for bacteriorhodopsin has also been 
determined (Oesterhelt et al., 2000; Müller et al., 2002). Recently, protein 
engineering techniques have been exploited in combination with AFM force 
measurements to study the effect of point mutations on mechanical properties of 
proteins (Li et al., 2000) and on the stability of individual transmembrane 
domains (Müller et al., 2002). The sensitivity of AFM allows measurement of 
forces of interaction below 10 pN (10-11 N) (Butt et al., 2005), which has also 
been utilized in the development of cantilever-based biosensors (Fritz et al., 
2000; Raiteri et al., 2001; Carrascosa et al., 2006). 
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Table 1. Overview of biophysical research using AFM. More detailed general 
reviews of AFM in biophysacial applications are listed at the end of section 1.1. 
The published AFM research related to biopolymers studied in this thesis is 
described in Results and Discussion. 

Research interest Examples Selected references 
Imaging of    

biomolecules  Antibodies 
DNA, RNA 
Heat shock proteins 

Cheung et al., 2000; Sheng and Shao, 2002 
Hansma, 2001; Lyubchenko, 2004 
Cheung et al., 2000 

biomolecular 
assemblies 

Cellulose microfibrils 
Lipid layers 
Membrane proteins 
S-layer proteins 

Kuutti et al., 1995; Baker et al., 1997 
Dufrêne and Lee, 2000; Steltenkamp et al., 2006 
Scheuring, 2000; Scheuring et al., 2005 
Györvary et al., 2003; Ebner et al., 2006 

cells Bacterial cells 
Living cells in general 
Wood fibre 

Dufrêne, 2004 
Henderson, 1994 
Niemi et al., 2002; Gustafsson, 2004 

Measuring interactions   
intramolecular Proteins 

Polysaccharides 
Rief et al., 1997a; Oesterhelt et al., 2000 
Rief et al., 1997b 

intermolecular DNA strands 
Biotin-(Strept)avidin 
Antibody-Antigen 

Lee et al., 1994a 
Florin et al., 1994; Moy et al., 1994 
Hinterdorfer et al., 1996; Kienberger et al., 2005 

cellular Carbohydrates 
Integrins 
Lectin-Ligand 

Tromas et al., 2001 
Lehenkari and Horton, 1999 
Fritz et al., 1998; Lekka et al., 2006 

Obtaining with 
topography 

  

chemical Lipids Berger et al., 1995 

functional  Antibody-antigen 
Receptors on cell 
membrane 

Hinterdorfer et al., 1996 
Grandbois et al., 2000; Horton et al., 2002 

mechanical 
information 

Friction on lipid 
monolayers 

Dufrêne and Lee, 2000 

Monitoring 
processes in situ 

  

function observed by 
conformational 
change 

Lysozyme 
Membrane proteins 

Radmacher et al., 1994b 
Müller and Engel, 1999 

growth and 
disassembly 

Protein crystals 
Structural proteins 

Reviakine et al., 1998 
Cisneros et al., 2006; Gosal et al., 2006 

cellular processes Motility of cells 
Platelet activation 

Oberleithner et al., 1993 
Fritz et al., 1994 

others RNA polymerase 
Starch degradation 

Kasas et al., 1997 
Thomson et al., 1994 
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There is a growing interest in obtaining functional, chemical or mechanical 
information simultaneously with topographical information in biological 
systems. Dufrêne and Lee (2000) reported studies of measuring mechanical 
properties of lipid monolayers, and Radmacher et al. (1994a) mapped interaction 
forces with AFM. In chemical force microscopy AFM is used to map the spatial 
arrangement of chemical functional groups and their interactions by chemical 
derivatization of the tip (Frisbie et al., 1994). Chemical differences can be 
distinguished by measuring frictional or adhesion forces between the 
functionalised tip and the studied surface. This technique has been applied to the 
study of lipid monolayers (Berger et al., 1995). Closely related to biological 
issues, McKendry et al. (1998) investigated the dependence of chirality on the 
interaction between molecular pairs. The most widely studied application in 
mapping surface properties is the localisation of antibody-antigen interactions on 
surfaces (human serum albumin, Hinterdorfer et al., 1996; ferritin, Allen et al., 
1998; intracellular adhesion molecule-1, Willemsen et al., 1998). These have 
been the basis for the development of molecular recognition imaging, which 
combines the capability of AFM to image topography in high resolution with 
force measurement with high sensitivity (lysozyme, Raab et al., 1999; skeletal 
muscle Ca2+ release channel, Kada et al., 2001; avidin-biotin, Ebner et al., 
2005). The recent review articles by Kienberger et al. (2006) and by 
Hinterdorfer and Dufrêne (2006) discuss the current status of the technique. 

The unique capability of AFM for carrying out measurements in physiological-
like environments allows the monitoring of surface processes in situ and in real-
time. For example, a conformational change of lysozyme during hydrolysis has 
been observed by monitoring the height of a single molecule (Radmacher et al., 
1994b). Another good example of recording enzymatic activity in real-time is 
the transcription of double-stranded DNA templates by RNA polymerase (Kasas 
et al., 1997). Growth of protein crystals has also been observed in situ 
(Reviakine et al., 1998), as well as conformational changes related to the 
functionality of membrane proteins (Müller et al., 1996; Müller and Engel, 
1999). Growth and disassembly of structural proteins has also been observed in 
real-time: self-assembly (Cisneros et al., 2006) and biodegradation of collagen 
(Paige et al., 2002), disassembly of microtubules (Thomson et al., 2003) and 
growth of amyloid (Goldsbury et al., 1999; Gosal et al., 2006). 
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It is not surprising that AFM has been applied in cell biology (Lehenkari et al., 
2000; Charras et al., 2002). AFM has allowed imaging of cell surfaces (Butt et al., 
1990; Hoh and Hansma, 1992; Henderson, 1994), measurement of interaction 
forces of proteins specific to membranes (integrin, Lehenkari and Horton, 1999) 
and locating of receptors on cell membranes (ABO groups on red blood cells, 
Grandbois et al., 2000; Horton et al., 2002; receptor-assisted proteins on fibroblast 
cells, Osada et al., 2003) in almost in vivo physiological conditions. Interaction 
force measurements of carbohydrates related to cell adhesion have also been 
investigated (P-selectin, Fritz et al., 1998; Tromas et al., 2001; glucan, Lekka et 
al., 2006). Moreover, dynamic biological cellular phenomena have been 
monitored by AFM: dynamics of actin filaments (Henderson et al., 1992), surface 
processes on virus-infected cells (Häberle et al., 1992), motility of cells 
(Oberleithner et al., 1993), platelet activation (Fritz et al., 1994), motion of 
particles along cytoskeletal elements (Schoenenberger and Hoh, 1994) and 
stiffening of the cortex between adherent cells during division of living cells 
(Matzke et al., 2001). Research on microelastic mapping (A-Hassan et al., 1998) 
and nanomechanical intendation of cell surfaces has also been carried out with 
AFM (Charras and Horton, 2002; Withers and Aston, 2006). Related to cell 
adhesion there have been studies using AFM in the biomaterials field (Jandt, 
2001) and in research focusing on how variables of the mechanical environment 
affect attachment of cells to surfaces (Thompson et al., 2006). Dufrêne (2004) 
reviewed AFM research focusing on bacterial cell surfaces. For example, changes 
in surface morphology and composition of bacteria have been detected after 
applying various treatments (Dufrêne, 2001; publication VII), and enzyme 
digestion of living cells in real-time has been monitored (Ahimou et al., 2003). 
Adhesion of yeast cells on hydrophobic and protein-coated surfaces has also been 
measured by means of attaching a single cell to the cantilever and measuring the 
interaction force between the cell and the substrate surface (Bowen et al., 2001). 

Plant and algal cell research and food applications using AFM are usually not 
discussed in the same forum as the general AFM reviews devoted to biological 
applications, despite the relevance to the subject. Hence, some studies are 
mentioned here. For example, microcrystalline cellulose, a cell wall component 
of seaweed, has been imaged at high resolution (Kuutti et al., 1995; Baker et al., 
1997). The AFM images of the crystalline cellulose surface by Baker et al. 
(2000) appear to be of the highest resolution (0.17 nm) hitherto obtained for a 
sample of biological origin. Continuing with research related to cellulose, a 
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comprehensive review of studies using AFM in wood, fibre and paper research 
was presented by Niemi et al. (2002), starting from the first publications 
exploiting AFM in imaging cellulose microfibrils (Hanley et al., 1992), wood 
sections and pulp fibres (Hanley and Gray, 1994). More recent publications 
report the characterisation of chemical and mechanical pulps (Simola et al., 
2000; Koljonen et al., 2003; Gustafsson et al., 2003a; Gustafsson et al., 2003b; 
Gustafsson, 2004), and characterisation of lignin (Simola-Gustafsson et al., 
2001; Maximova et al., 2001) and extractives (Fardim et al., 2005; Österberg et 
al., 2006) on fibre surfaces with AFM and other surface analytical techniques. 
Plant polysaccharides used as food additives, such as pectin and carrageenan, 
have been visualised (Morris et al., 1997). Gunning et al. (2004) studied 
interactions between surfactants and surface active proteins, β-lactoglobulin and 
β-casein, at the air-water interface. There are several examples of using AFM in 
visualising starch samples: degradation of starch granules by α-amylase has been 
imaged in situ in real-time (Thomson et al., 1994), ageing of thermoplastic 
starch film has been followed by means of friction force imaging simultaneously 
with topography imaging (Kuutti et al., 1998), and the ultra structure of starch 
granules has been imaged (Ridout et al., 2002). AFM has also been exploited in 
investigations of thermally induced aggregates of the soya globulin β-conglycinin 
(Mills et al., 2001), in studies of interfacial behaviour of whey proteins 
(Woodward et al., 2004), in measuring the force required to detach fouling 
deposits of whey protein concentrate (Liu et al., 2006), and in visualising the 
mesostructure of milk chocolate (Rousseau 2006). 

The published AFM research related to the biopolymers studied in this thesis, 
i.e. cellulose and xylan in pulp and paper research (Publication I), gliadins in 
food research (Publication II) and hydrophobins (Publications III�V), is 
discussed in Results and Discussion. The studies referred to above are only a 
small part of all applications published in the field of AFM and biological 
materials. For a more thorough discussion of AFM applications in biophysical 
sciences the reader is referred to review publications by Vansteenkiste et al. 
(1998), Engel and Müller (2000), Fotiadis et al. (2002), Hörber and Miles 
(2003), Santos and Castanho (2004), and Alessandrini and Facci (2005). 
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1.2 Surface forces and interactions in aqueous medium 

Surface forces and interactions determine the behaviour of biopolymers and 
biopolymer assemblies. The non-covalent surface forces involved in the 
interactions are weaker than covalent or ionic bonds. The surface forces arise 
from the surface properties and geometry of the interacting molecules or 
particles. The properties of the medium are equally important, as well as the 
distance between the interacting partners. Interactions between biopolymers, like 
between any macromolecules or colloidal particles, are a combination of 
different types of forces, where one interaction may dominate over another at 
certain distances (Israelachvili, 1992). 

In this section, the main types of surface forces and interactions are described 
briefly, concentrating on the interactions relevant to biopolymer systems in an 
aqueous environment. First the DLVO forces, named according to the DLVO 
theory (Derjaguin and Landau 1941; Verwey and Overbeek, 1948), are described. 
These forces include the van der Waals forces and the electrostatic double-layer 
forces in describing the interaction between surfaces in a liquid medium, and are 
often a good approximation for the interactions. The DLVO theory contains 
several assumptions. The ions in the liquid are assumed to be point-like and 
moving freely. The electrostatic potential at any point in the liquid is assumed to 
be the time-averaged value of the distribution of potentials at this point resulting 
from the movements of the ions (the so-called mean field approximation). This is 
partly the reason why the DLVO theory often fails in describing interactions at 
very short separations. Another shortcoming is that between the interacting bodies 
other types of interactions also exist. These often dominate the interactions at short 
distances in more complex colloidal and biological systems (Israelachvili, 1992). 
These interactions are referred to here as �special interactions�, the terminology 
and classification of which varies in the literature. 

The DLVO theory was applied to the interpretation of the force measurements in 
cellulosic systems in Publication I, and hence the equations shown here are those 
used for describing those experiments. The basics of surface forces and 
interactions are equally relevant for understanding the phenomena taking place 
in Publications II�V, although theory-based calculations were not applied to the 
results. There are textbooks (Israelachvili, 1992; Hiemenz and Rajagopalan, 
1997) and a recent review article by Butt et al. (2005) that discuss the surface 
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forces in greater detail and these are recommended to the reader for further 
information. 

1.2.1 The DLVO forces 

The DLVO forces are the van der Waals forces and the electrostatic double-layer 
forces. The DLVO theory predicts that the interaction between surfaces with 
charges of the same sign in a liquid medium is dominated by the repulsion 
originating from the so-called double-layer of co-ions and counterions at large 
separations, whereas the van der Waals attraction becomes more significant at 
shorter distances. For surfaces of opposite sign, the DLVO theory predicts 
attraction at long distances but repulsion at close to molecular contact. 
Increasing the electrolyte concentration of the medium will cause shielding of 
the electrostatic repulsion, and the balance between the DLVO forces can be 
altered towards van der Waals attraction between the interacting bodies. 

van der Waals forces 

The van der Waals forces consist of three different types of forces that originate 
from time-dependent dipoles in atoms or molecules. The Keesom forces are 
called orientation forces and they occur between two permanent dipoles which 
change their orientation while interacting. The Debye forces, or induction forces, 
originate from the permanent dipole � induced dipole interaction, where the 
dipole moment is induced to the non-polar molecule in the polarizing field 
coming from the permanent dipole. Temporary induced dipoles exist in all atoms 
and molecules at any instant because of the varying distribution of electrons 
around the nuclei; hence all atoms and molecules are polarisable. This is the 
origin for the third type of van der Waals forces, i.e. London or dispersion 
forces, which act between two induced dipoles and which are always present 
between all atoms and molecules, including charged and polar molecules. At 
short distances the van der Waals forces are all proportional to 1/r6, where r is 
the distance between interacting atoms or molecules. However, the dispersion 
contribution of the total van der Waals force decays more rapidly at distances 
beyond 5 nm than at smaller distances. This phenomenon is referred to as the 
retardation effect. Thus, when a temporary dipole arises and generates an electric 
field that expands with the speed of light and causes an induced dipole in the 
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second molecule, the electric field generated by the induced dipole reaches the 
first dipole at the speed of light in time ∆t. If the first dipole is changing faster 
than ∆t, causing less favourable orientation for attraction, the interaction 
becomes weaker. The retardation effect becomes more important in a liquid 
medium and between macroscopic bodies. 
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Figure 1. Contribution of the van der Waals (circle) and the electrostatic 
double-layer forces (square) to the total DLVO interaction (down triangle) 
between cellulose spheres in 1 mM NaCl (calculated according to equations 1 
and 4, assuming constant surface charge). 

Between macroscopic bodies the van der Waals forces (Figure 1) are stronger, 
decay more slowly with distance (1/D2 between planar surfaces) and are more 
geometry-dependent than between atoms and molecules. According to the 
method proposed by Hamaker (1937), which assumes additivity of the van der 
Waals forces, and by using the Derjaguin approximation (Derjaguin, 1934), 
which relates the energy per unit area between two flat surfaces to the energy 
between two bodies of arbitrary shape, the expression for the non-retarded van 
der Waals force (FvdW(D)) between two spheres of radius R1 and R2 is 
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where AH is the Hamaker constant, which depends on molecular polarizability 
and dipole moments and on the number concentration of molecules, and D is the 
distance between interacting surfaces. It should be noted here that the Derjaguin 
approximation is valid only if D << R. Assumption of additivity of the van der 
Waals force neglects the effect of nearby atoms on the couple of interacting 
atoms, and hence causes large errors in calculating the Hamaker constant. The 
solution for this problem was the theory proposed by Lifshitz (1956): each body 
is treated as a continuum with certain dielectric properties, which includes 
many-body effects automatically. Hence, the Hamaker constant in equation (1) 
for the interaction between media 1 and 2 across the medium 3 can be calculated 
using refractive indices (ni) and dielectric constants (εi) of the media: 
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where kB is the Boltzmann constant, T is the absolute temperature, h is the 
Planck�s constant and νe is the mean absorption frequency. According to 
equations (1) and (2) the van der Waals force between two identical bodies (ε1= 
ε2 and n1 = n2) in a medium (ε3, n3) is always attractive, because AH is positive, 
whereas the force between two different bodies can be either repulsive or 
attractive. 

Electrostatic double-layer forces 

The electrostatic double-layer forces are always present between charged 
surfaces in liquids containing electrolyte. However, for the double-layer forces 
to be significant the electrolyte concentration must be rather low, particularly if 
multivalent counterions are present. The charging of surfaces in liquid can be 
formed by the ionization of surface groups or by adsorption or binding of ions 
from solution onto a previously uncharged surface. In the presence of electrolyte 
in solution the surface charge formed by either of these mechanisms is balanced 
by an oppositely charged region of counterions, of which some are bound 
directly to the surface (the so-called Stern layer) and others form a diffuse layer 
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around the surface. The diffuse layer also contains co-ions that are repelled by 
the surface and that are balanced by the counterions. The co- and counterions 
and the charged surface together are called the electric double-layer, where the 
total charge of co- and counterions is equal but of opposite sign to that of the 
surface. When two charged surfaces approach each other in electrolyte solution, 
the double-layers start to overlap at a certain distance, and the resulting force is 
called the electric double-layer force. If the approaching surfaces have the same 
charge, the concentration of counterions between surfaces increases and the 
concentration of co-ions decreases giving rise to repulsion (Figure 1). 

The electrostatic double-layer force decays approximately exponentially at large 
distances. The decay length or the effective range of the double layer force can 
be described by the Debye length, κ-1, that depends on the dielectric properties 
(ε) and the ionic strength (I) of the medium (but not on the surface properties): 
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where ε0 is the permittivity of the vacuum, e is the unit charge, ci is the bulk 
concentration and Zi is the valency of ion i, summing over all ions present. As 
can be seen from equation (3) the Debye length is shorter at higher ionic 
strengths. 

The continuum theory, based on a theory by Gouy (1910), Chapman (1913), and 
Debye and Hückel (1923), can be used in calculating the electric double-layer 
force. The theory uses the Poisson-Boltzmann equation (PB) for determining the 
distribution of charges outside a surface, and requires assumption of boundary 
conditions for approaching surfaces: either surface charge or surface potential is 
assumed to remain constant. When the surface charge is assumed to remain 
constant, adsorption or desorption of ions is presumed not to take place when the 
distance between interacting surfaces is changing. The opposite situation is 
assumed with the constant surface potential, where the surface potential remains 
constant due to free exchange of ions between the media. These boundary 
conditions greatly affect the electrostatic force at short distances (~below 2κ-1), 
and the choice of boundary condition for the studied system depends on the 
material properties of the surfaces. The electrostatic double layer force (Fdl(D)) 



 

25 

between two spheres of the same material with radius R1 and R2 and low surface 
potentials (about below 25 mV) can be expressed as (Israelachvili, 1992): 
 

   (4) 

where ε0 is the permittivity of the vacuum, ε is dielectric constant of the surface, 
κ is the reciprocal of the Debye length (equation (3)), and ψ is the surface 
potential. However, it is more realistic to assume that the real situation at small 
separations is somewhere in between the boundary conditions of constant 
surface charge and constant surface potential. One option is to apply the charge 
regulation model (Ninham and Parsegian 1971), which assumes that the 
adsorption of ions depends on the distance between the interacting surfaces, and 
which includes the dissociation constants of adsorbing ions to the calculations. 
The charge regulation model predicts the dependency of the surface charge on 
pH and ionic strength, which is relevant but rather too complex to apply to 
biological systems. Another option is to calculate the two extremes separately 
and to analyse the result to be somewhere in between the extremes. 

1.2.2 Special interactions 

In biopolymer systems water is the normal solvent and hence participates in the 
interactions. The natural mechanism for the involvement of water is through 
hydrogen bonding (a special case of strong dipole interaction). 

Hydration repulsion 

Solvation forces between hydrophilic surfaces in aqueous medium are called 
hydration forces. The hydration forces are short-ranged forces (1�3 nm), and in 
contrast to the electrostatic double-layer forces, hydration repulsion becomes 
stronger and longer-ranged with increasing electrolyte concentrations. The 
hydration repulsion has been thought to arise when water molecules bind to the 
hydrophilic surfaces by charge-dipole and dipole-dipole (hydrogen bonding) 
interactions. The strength of repulsion depends on the energy required to remove 
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the water of hydration, or the surface-adsorbed species containing water 
molecules, from the surfaces when they approach each other. There are also 
theories explaining the repulsion by modification of water structure near 
hydrophilic surfaces (Marčelja and Radić, 1976) or by the osmotic effect of 
hydrated ions that are trapped between the two approaching surfaces (Marčelja 
et al., 1997). In interactions between biopolymers, the hydration forces are also 
present but are often very difficult to identify in the experiments due to the 
softness of biological materials. 

Hydrophobic interaction 

In general, the hydrophobic interaction is a water-mediated attraction that brings 
hydrophobic units together in aqueous medium. This type of attraction occurs 
between molecules containing hydrophobic groups, such as surfactants, proteins 
and polymers, and between hydrophobic surfaces in aqueous medium. The 
hydrophobic interaction is stronger than the van der Waals attraction, and it 
increases in strength with increasing temperature (Israelachvili, 1992). The 
strong cohesive forces in water play a central role in the hydrophobic interaction, 
the strength and range of which depend on the size of the hydrophobic partners 
(molecular units vs large particles) (Chandler, 2005).  

Several theories have been proposed on the basis of phenomena observed 
experimentally to explain the origin of the hydrophobic interaction, but still it is 
not fully understood (for a review see publications by Christenson and Claesson 
(2001) and Butt et al. (2005)). It has been suggested that hydrophobic forces 
arise from changes of the water structure, i.e. the rearrangement of the hydrogen 
bonding network in the vicinity of hydrophobic surfaces when they approach 
each other (Eriksson et al., 1989). This could explain only the short-ranged 
interaction, but not the long-ranged interaction also observed experimentally, 
because the reorientation of water molecules near the surface takes place only 
within a distance of several molecular diameters. Another theory proposes that 
the attraction is due to induced cavitation, i.e. the spontaneous nucleation of 
vapour phase between the interacting surfaces after being in contact (Rabinovich 
et al., 1982; Christenson and Claesson, 1988), but the long-ranged interaction 
observed experimentally (even 100 nm) still remains elusive. A recent 
hypothesis for explaining the long-range attraction is the pre-existence of so 
called nanobubbles on the hydrophobic surfaces in aqueous solution and that the 
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bubbles form bridges between the approaching hydrophobic surfaces, and 
further on, the formed cavities cause a strong attraction due to meniscus force 
(Parker et al., 1994; Attard, 2000). These hypotheses support the idea expressed 
by Stillinger (1973), that hydrogen bonding networks cannot be maintained near 
large hydrophobic surfaces, and this can cause �drying� of the hydrophobic 
surface, i.e. the formed interface has similarities to liquid-vapour interface. 
Based on theoretical calculations Lum et al. (1999) further described that 
fluctuations of such liquid-vapour-like interfaces can cause pressure imbalance 
between interacting hydrophobic surfaces by destabilizing the remaining liquid 
between the surfaces, and hence, cause surfaces to attract each other. 

In the abovementioned experimental approaches for measuring interaction forces 
directly, the interacting surfaces are relatively large compared to the molecular 
scale. In biopolymer systems such large homogeneous hydrophobic regions are 
not exposed. Hence, the hydrophobic interaction is shorter in range in the 
molecular scale (Lum et al., 1999). Meyer et al. (2006) stated that the true 
hydrophobic interaction, that has an important role for example in determining 
the structure of proteins and in molecular self-assembly, is only the short-ranged 
attraction (< 10 nm). Chandler (2005) described the ways in which hydrophobic 
molecules interact with water based on theoretical work and simulations. In 
addition to repelling water and acting like cavities where hydrogen bonding is 
impossible, attractive forces also exist. The van der Waals forces are always 
present, and have a significant effect on the location of the liquid-vapor-like 
interface. The strong attraction between water molecules and hydrophilic groups, 
which is especially important in amphiphilic molecules, affects how 
hydrophobic assemblies orient themselves in relation to interfaces and other 
structures, but is not responsible for the formation of hydrophobic assemblies. 
For the hydrophobic attraction to lead to a stable assembly, the size of the 
hydrophobic molecule must extend to 1 nm or more. This is due to interplay of 
interactions favouring association when the critical size of 1 nm is exceeded. 
When the radius of the volume that excludes water (cavities) is more than 1 nm, 
the surface can be defined as �dewetted�. The greater the size the more liquid-
vapour-like interface is formed, and more freedom for fluctuations leading to 
assemblies is introduced (Chandler, 2005). Based on the experimental 
observations between hydrophobic surfaces, Meyer et al. (2006) concluded that 
only the short-ranged (< 10 nm) attraction is observed in all cases, and hence, 
contains information about the true hydrophobic interaction. 
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Polymer-induced interactions 

The presence of polymers, including biopolymers, on surfaces creates a 
thermally mobile layer giving rise to interactions that can be either attractive or 
repulsive (Figure 2). These interactions depend on the coverage or amount of 
molecules on the surface, and on how the molecules are attached to the surface 
(by physisorption or by chemisorption), as well as on the quality of the solvent 
by affecting for example the shape of molecules protruding from the surface and 
the thickness of the polymer layer (Israelachvili, 1992; Fleer et al., 1993). 

 

Figure 2. Interaction forces between polymer-coated surfaces (A and B), and 
between surfaces immersed in a polymer solution (C). Graph A) shows that the 
interaction between polymer-coated surfaces with high surface coverage 
(polymer brush) in a good solvent (solid line) is repulsive, but in a poor solvent 
(dashed line) is first attractive due to intersegment attraction. In graph B) the 
corresponding situation is shown for polymer-coated surfaces with low surface 
coverage. In a good solvent (solid line) attraction is due to bridging only, but in 
a poor solvent (dashed line) attraction also contains contribution to 
intersegment interaction. Graph C) shows attraction due to depletion. Distances 
shown in the graphs correspond to the distances between (grey) surfaces in the 
illustrations. The scales are arbitrary. (According to Israelachvili, 1992; 
Hiemenz and Rajagopalan, 1997.) 
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The most important polymer-induced interaction is repulsive. In a good solvent 
chain molecules that are firmly attached to the surface at some point protrude 
into the solvent (Figure 2A). When surfaces having a large surface coverage of 
such chain molecules (polymer-brush) approach each other, the dangling chains 
start to overlap causing reduced conformational entropy of the polymer chains 
(Israelachvili, 1992; Hiemenz and Rajagopalan, 1997). The loss of 
conformational entropy is always repulsive at small separations. On the other 
hand, upon approach the number of segment-segment contacts on the above-
described surfaces increases, replacing the segment-solvent contacts. This may 
give rise to either repulsion or attraction, depending strongly on the solvent. In a 
good solvent the long-range interaction is repulsive. In a poor solvent the 
intersegment interaction is stronger than the segment-solvent interaction, and the 
most long-ranged interaction can be attractive although the short-range 
interaction is repulsive. The contribution due to loss of conformational entropy 
and the intersegment interaction are together called steric interaction between 
polymer-coated surfaces (Israelachvili, 1992; Hiemenz and Rajagopalan, 1997). 
If the polymer chains contain charged groups, the interaction may be referred to 
as �electrosteric interaction�, being a combination of steric and electrostatic 
double-layer contributions. 

If the interacting surfaces are not fully covered by the polymer, and the interaction 
between surface and polymer is attractive, the polymer may bind to both surfaces. 
This is called bridging (Figure 2B), which is effective at low surface coverage and 
results in attraction at large separations. Another type of polymer-induced 
attraction exists, and is called depletion (Figure 2C). This occurs when polymers 
are in solution but there is no adsorption to the surfaces. The resulting weak 
attraction is due to increase in free volume accessible to polymers in solution when 
interacting surfaces are closer than the average radius of a polymer molecule, and 
becomes important at high bulk concentrations of polymer molecules. In practice, 
however, it is difficult to distinguish between bridging and depletion attraction 
(Israelachvili, 1992; Hiemenz and Rajagopalan, 1997). 

Specific interactions 

Although specific interactions are not among the key topics of this thesis, they 
are briefly mentioned here because they are strongly related to proteins, and 
hence to biopolymers. Specific interactions give rise to (usually) strong adhesion 
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or binding between interacting molecules or surfaces. Well known examples of 
specific interactions in molecular recognition are antibody-antigen interaction 
and enzyme-substrate interaction (ligand-receptor interactions, �lock and key�). 
In specific interactions several non-covalent interactions cooperate, i.e. hydrogen 
bonding, van der Waals, electrostatic and hydrophobic interactions. The 
specificity is determined by the complementarity of these interactions provided 
by the local geometry that is precisely complementary to the geometry of the 
other interacting body and has precise stoichiometry as in covalent bonds 
(Leckband, 2000) 

The specific interaction can also be weak in strength (i.e. comparable to thermal 
energies), still having the geometrical and chemical complementarity but being 
difficult to distinguish from non-specific interactions. Non-specific interactions 
are always present and result from fundamental properties of proteins and 
interfaces. Experimentally these can in some cases be distinguished by carefully 
choosing the control experiments, i.e. by replacing either of the interacting 
partners with an inert protein or by introducing a specific inhibitor that obstructs 
the interaction (Weisel et al., 2003). It has been shown that the strength of non-
specific protein-protein adhesion may overlap the forces originating from 
specific receptor-ligand interactions (Willemsen et al., 1998). Litvinov et al. 
(2002) suggested that these weaker non-specific interactions may have 
physiological significance for example in cell adhesion by cooperating with the 
specific interactions. 

1.3 Self-assembly of amphiphiles at the air-water 
interface 

In general, self-assembly is a reversible process in which components 
spontaneously organise into structures or patterns without external guidance. 
This definition is applicable to structural organisation in all scales, from 
molecules to galaxies, and the concept of self-assembly is used in many 
disciplines (Whitesides and Grzybowski, 2002). There is some diversity in 
terminology in the literature (Lehn and Ball, 2000), and hence it should be 
mentioned here that in this thesis �self-assembly� also covers the concept of self-
organisation. 
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The emphasis of self-assembly in this thesis is on molecular self-assembly of 
biopolymers in aqueous solutions, where the assembling components are 
complementary molecules or segments of macromolecules. The assemblies are 
held together by the interplay of attractive and repulsive surface forces and 
interactions that are generally non covalent (van der Waals and electrostatic 
forces, hydrophobic interactions and hydrogen bonding) and weaker than covalent 
or ionic bonds. Self-assembly through weak covalent bonds, i.e. metal ion 
coordination, can also take place. Another important issue in the formation of 
ordered assemblies is reversibility. The molecules must retain the adjustability of 
their positions within an aggregate, i.e. the environment must allow motion of the 
components (Lehn and Ball, 2000; Whitesides and Boncheva, 2002). Whitesides 
and Boncheva (2002) listed examples of molecular self-assembly and pointed out 
that whether �self-assembly�, �molecular recognition� or �complexation� (or other 
definition) is used to describe the processes where more ordered is formed from 
less ordered components, varies along the authors using them. For example, 
folding of proteins and nucleic acids, receptor-ligand association, phase-separation 
of polymers, formation of self-assembled monolayers, lipid bilayers, colloids, and 
molecular crystals are all forms of molecular self-assembly. 

Amphiphiles are molecules possessing both hydrophilic and hydrophobic 
properties, such as surfactants, lipids and proteins. The self-assembly of 
amphiphiles into different structures in aqueous solutions and their accumulation 
to interfaces (air-water or oil-water) have been widely studied. The formation 
and structure of micelles, inverted micelles, bilayers and bilayer vesicles depend 
on the amphiphile (shape and size of the hydrophilic and hydrophobic parts) and 
the solution conditions (amphiphile and electrolyte concentration, pH and 
temperature). The main forces and interactions that act in self-assembly of 
amphiphiles in solution and in their affinity to interfaces originate from 
hydrophobic interaction between hydrophobic areas and from repulsion between 
hydrophilic areas (Israelachvili 1992; Jönsson et al., 1998). In this thesis the 
amphiphiles under study are surface active proteins called hydrophobins that 
contain regions with distinct hydrophilic and hydrophobic properties. Other 
examples of surface active biopolymers in nature include the milk protein casein 
and many salivary proteins. They can be defined as �surfactants�, because they 
are able to orient themselves so that the hydrophilic regions are towards the 
polar environment and the hydrophobic regions are exposed to the non-polar 
phase. Characteristic to polymeric surfactants is that they are effective even at 
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low concentrations, they have a very strong driving force to interfaces, and they 
are relatively insensitive to physical variables such as salt concentrations or 
changes in temperature (Jönsson et al., 1998). 

This thesis focuses on studying the behaviour and self-assembly of amphiphilic 
biopolymers at the air-water interface (Publications III�V), where amphiphiles 
adsorb with their hydrophilic regions directed towards the aqueous solution and 
the hydrophobic regions orienting towards air. The surface-activity of amphiphiles 
disrupts the hydrogen bonding network at the air-water interface and causes 
lowering of the surface tension of water (72 mJ/m2). Typical values of surface 
tension for aqueous solutions of surfactants are in the range of 28�34 mJ/m2 
(Jönsson et al., 1998). At the air-water interface the assembly of amphiphilic 
molecules is more restricted than in solutions in the sense that the association or 
organisation of molecules takes place in two dimensions, but on the other hand 
has more freedom in lateral directions than when adsorbing on a solid surface. 
This makes the degree of hydrophilicity of the molecular groups also very 
important in determining the interactions responsible for associations of 
amphiphilic molecules in lateral directions (Israelachvili, 1992; Chandler, 2005). 

1.4 Aims of the present study 

This thesis is a combination of three different topics with separate goals. The 
cellulose-xylan work incorporating AFM was part of an EU project called �The 
strength of wood fibres: Association between hemicellulose and cellulose at the 
molecular level� (FAIR-CT96-1624), and aimed at obtaining information about 
the cellulose-xylan association by AFM interaction force measurements. The 
gliadin work was carried out during a two-month visit to the group of prof. 
Mervyn Miles in the H.H. Wills Physics Laboratory, University of Bristol. Their 
ongoing project on gluten proteins aimed at understanding the nature and 
strength of the interaction between monomeric gliadin molecules and the 
possible roles for gliadins in forming the network in dough. The hydrophobin 
work presented in this thesis was part of ongoing research at VTT related to 
nanobiomaterials and the AFM work focused on studying self-assembly of 
hydrophobins at the air-water interface. The combination of these studies 
demonstrates the versatility of AFM in biophysical research, both as an imaging 
and as a sensitive force measurement tool. 
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2. Materials and Methods 

2.1 The studied biopolymers 

2.1.1 Cellulose and xylan 

Cellulose is the most abundant natural polymer, being the main constituent of 
the cell walls of all plants, many algae and a few bacteria, providing the rigidity 
of the cell wall, and hence the size and shape of cells. It is the main raw material 
for the paper, wood and textile industry. Cellulose consists of long unbranched 
chains of β-(1,4) linked D-glucose molecules, in which every second glucose 
residue is rotated by 180° with respect to the preceding residue, making 
cellobiose the smallest repeating unit (Figure 3). The chains form bundels, 
microfibrils, which are stabilised by inter- and intramolecular hydrogen bonds. 
The microfibrils associate to form fibrils that finally build up the cellulose fibre 
wall (Hon, 1994). The naturally occurring form of cellulose is called cellulose I, 
which comprises two allomorphs, a triclinic (Iα) and monoclinic phase (Iβ), that 
differ in their hydrogen bonding patterns (Atalla and Vanderhart, 1984; 
Sugiyama et al., 1991; Heiner et al., 1995). The native cellulose and the other 
crystalline forms, celluloses II, III and IV, differ in hydrogen bonding networks 
and unit cell dimensions, and can be identified on the basis of their X-ray 
diffraction patterns and IR spectra (Blackwell, 1982). Celluloses II, III and IV 
can be formed by applying certain treatments to cellulose I. For example, 
cellulose II can be formed by mercerization with subsequent removal of the 
alkali (Hon, 1994). The native cellulose is an uncharged biopolymer, but 
carboxylic groups can be introduced by various treatments (Sjöström, 1993).  

 

Figure 3. The structure of cellulose (from Sjöström,1993). 

The cellulose study presented in this thesis focused on wood processing 
research. In the wood cell cellulose fibrils are packed together and surrounded 
by hemicelluloses and lignin. Cellulose, hemicelluloses and lignin are the main 



 

34 

constituents of wood fibres. Hemicelluloses are heteropolymers that function as 
supporting material in the cell walls. The backbone is composed of β-1,4-linked 
glucose, mannose, xylose or galactose. The molecular weight of hemicelluloses 
is usually lower than that of cellulose, and they often have a branched structure 
(side chains may contain xylose, glucose, arabinose or glucuronic acid) that is 
relatively easily hydrolyzed by acids to their monomeric components. The 
xylose-based hemicelluloses in both hardwoods and softwoods are called xylans. 
15�30% of the dry weight of hardwood consists of xylan and the corresponding 
value for softwood is 5�10%, which makes xylan one of the most common 
hemicelluloses. Lignins are polymers consisting of phenylpropane units, and in 
wood they exist as an irregular, crosslinked network. Wood cells also contain 
small amounts fats, resin acids, terpenoids and phenolic substances that are 
called extractives, as they are soluble in neutral organic solvents or water 
(Sjöström, 1993). 

The cellulose surfaces employed in the cellulose-xylan interaction studies of this 
thesis were those of crosslinked cellulose beads obtained from Kanebo Co. 
(Japan). The beads consisted mainly of type II cellulose with a degree of 
crystallinity of 5�35% (Carambassis and Rutland, 1999). The surface roughness 
of wet cellulose beads was approximately 30 nm (image size 3 x 3 µm2, 512 x 
512 pixels). Langmuir-Blodgett (LB) films of cellulose (Österberg, 2000a) were 
used in studying the adsorption kinetics and characteristics of adsorbed xylan on 
cellulose with a quartz crystal microbalance with dissipation monitoring (QCM-D). 
The xylan was commercial birch xylan (4-O-methylglucuronoxylan from Roth, 
Mw 14400 g/mol, DP 100), which contains 7.8% α-D-methylglucuronic acid side 
groups (Figure 4). The experimental details of the cellulose-xylan interaction 
work are described in Publication I. 

 

Figure 4. The structure of glucuronoxylan. R is an acetyl group (from Sjöström, 
1993). 
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2.1.2 Gliadins 

Gliadins are proteins that together with glutenin proteins form wheat gluten. The 
gluten proteins are also called prolamins, because proline and glutamine residues 
predominate in the amino acid composition. About 10% of the grain dry weight 
consists of proteins, and 80�85% of these are gluten proteins (Shewry et al., 
1994; Goesaert et al., 2005; Wieser, 2007). The viscous and elastic properties of 
the gluten proteins facilitate the production of bread, pasta and many other food 
products. The proteins also show emulsifying activity, foaming and film-forming 
ability (Örnebro et al., 2000). An autoimmune disorder of the small intestine 
called celiac disease is caused by gluten proteins. In affected individuals gliadins 
in wheat, hordeins in barley and secalins in rye cause changes in the lining of the 
intestine which interfere with the absorption of nutrients (Hourigan, 2006). 

Gliadins are monomeric, alcohol-soluble proteins and contribute to the viscous 
nature of gluten (Tatham and Shewry, 1985; Kasarda, 1980). The α-, β-, and 
γ-gliadins are structurally related, sulphur-rich gliadins. The α-gliadins have a 
molecular weight around 31 kDa, and consist of two domains (Figure 5A). The 
N-terminal domain consists of glutamine- and proline-rich repeated sequences, 
and the secondary structure is rich in a β-reverse turn conformation. The 
C-terminal domain consists of non-repetitive sequences containing most of the 
charged amino acid residues and all six α-gliadin cysteinyl residues. The three 
intramolecular disulphide bonds (Müller and Wieser, 1995; Shewry and Tatham, 
1997) result in a compact α-helical structure for the C-terminal domain (Tatham 
and Shewry, 1985). The α-gliadins adopt a globular conformation (Cole et al., 
1984; Shewry et al., 1997) and have a diameter of about 4 nm, if considered to 
be spherical (Richards, 1977). The ω-gliadins are sulphur-poor gliadins and 
consist of a single repetitive domain, with no cysteinyl residues (Tatham and 
Shewry, 1995) (Figure 5B). The molecular weight of the ω-gliadins is generally 
44�74 kDa (Kasarda et al., 1983). Their secondary structure consists of 
β-reverse turns (hairpin structure) and a poly-L-proline II-like structure (Tatham 
et al., 1989), and is influenced by the degree of hydration (Wellner et al., 1996). 
The shape of ω-gliadins is rod-like in solution (Field et al., 1986), and the 
hydrated solid structure has dimensions of ~ 16 x 3 nm (Shewry et al., 1994). 
The isoelectric points of the gliadins are in the range of 6.4�8.5 (Søndergaard et 
al., 1994). 
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Figure 5. Structures of α-gliadin (A) and ω-gliadin (B). The cysteinyl residues 
forming disulphide bridges are shown with numbers 1�8 (according to Tatham 
and Shewry, 1995). The exact three-dimensional structure of gliadins is not 
known. 

The purified gliadins used in the interaction work between gliadin monomers 
were donated by IACR, Long Ashton, UK. The immobilisation of gliadins to the 
surfaces and other experimental details are described in Publication II. 

2.1.3 Hydrophobins 

Hydrophobins are a group of highly surface active proteins that are found in all 
filamentous fungi (Wösten, 2001; Hektor and Scholtmeijer, 2005; Linder et al., 
2005). The interfacial activity of these proteins affects the functions of fungi in 
its growth and development and in the interactions with the environment. 
Hydrophobins form coatings on spores, hyphae, and fruiting bodies and they 
participate in the adhesion of fungi onto different surfaces (Whiteford and 
Spanu, 2002). It has been shown that hydrophobins are involved for example in 
the infectivity of some pathogenic fungi, which cause Dutch elm disease, rice 
blast and chestnut blight (Tucker and Talbot, 2001). By lowering the surface 
tension of water they help fungi to penetrate through the air-water interface and 
enable the formation of fungal aerial structures (Talbot, 1997; Wösten et al., 
1999). Hektor and Scholtmeijer (2005) and Linder et al. (2005) listed potential 
applications based on the surface activity of hydrophobins. For example, 
hydrophobins can be used as adhesive domains for the immobilisation of 
proteins onto solid surfaces (Scholtmeijer et al., 2002; Linder et al., 2002), or as 
tags in fusion proteins for affinity purification (Collén et al., 2002; Linder et al., 
2004). Highly efficient foam-inducing ability of hydrophobins has also been 
reported (Sarlin et al., 2005). 
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Hydrophobins are relatively small proteins (about 10 kD), and common to all 
hydrophobins is that they have eight Cys residues in their primary sequence that 
form a characteristic pattern (Figure 6A). Hydrophobins are grouped into two 
classes, I and II (Wessels, 1994), according to sequence alignments and 
functional characteristics. Hydrophobins of both classes self-assemble into 
aggregates, but the main difference is in their solubility: the aggregates of class I 
hydrophobins are higly insoluble (dissolve only in some strong acids, such as 
trifluoroacetic acid), whereas the aggregates of class II hydrophobins dissolve 
more readily. Currently about 70 different hydrophobin genes are available in 
databases (Askolin, 2006). 

Probably the most studied example of the class I hydrophobins is the SC3 
hydrophobin from Schizophyllum commune (Wösten et al., 1994; de Vocht et al. 
2002; Wang et al., 2004). The hydrophobins studied in this thesis were Class II 
hydrophobins HFBI and HFBII from Trichoderma reesei (Nakari-Setälä 1995; 
Linder et al., 2001; Askolin, 2006). This filamentous fungi also has a third gene 
encoding hydrophobins; the produced protein is called HFBIII (Linder et al., 
2005; Linder and Nakari-Setälä, unpublished). The molecular weights of the 
proteins are 7.5 kDa and 7.2 kDa for HFBI and HFBII, respectively, and they are 
very soluble in water. Their amino acid sequences are shown in Figure 6B. The 
recent high resolution X-ray structures of these hydrophobins were the first 
three-dimensional structures of hydrophobins at a molecular level (Publication 
IV, 2004; Hakanpää et al., 2006; Hakanpää, 2006). The structures of these 
hydrophobins show that they are rigid amphiphilic molecules (Figure 6C and 
6D), in which the four disulphide bridges interlock to form a unique and 
compact structure so that a distinct hydrophobic patch is situated on one side of 
the molecule, thus giving a surfactant-like nature to the proteins. The secondary 
structure consists of two β-hairpins, the first located near the N-terminus and the 
second near the C-terminus, and one α-helix located in between the hairpin 
structures. The relatively flat hydrophobic patch is formed mainly by the 
residues close to the two β hairpins. The overall shape of these proteins is 
globular, having a diameter of about 2 nm. The calculated isoelectric point for 
HFBI is 5.7 and for HFBII 6.7. 
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C) D)

CC CCCCCC CCCC CCCCCCCCCCCC

 

Figure 6. Formation of disulphide bridges in studied Class II hydrophobins. 
Amino acid sequences (B) and crystal structures of hydrophobins HFBI (C) and 
HFBII (D). For HFBI (C) the hydrophobic patch is shown in blue and the 
location of the C- and N-termini in pink. For HFBII (D) the hydrophobic patch 
is shown in red. Images A, C and D courtesy of Géza Szilvay, and B courtesy of 
Markus Linder. 

The purified HFBI and HFBII hydrophobins were from VTT. The experiments 
related to the AFM work of hydrophobins are described in detail in the 
Publications III�V, but the surface film preparation procedures are described 
briefly below. 
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2.2 Film preparation 

The experiments for studying self-assembly of hydrophobins at the air-water 
interface with AFM required transfer of the interfacial film onto a solid support 
(Publications III-IV). Three techniques were used in sample preparation: 
Langmuir-Blodgett (LB), Langmuir-Schaefer (LS) and the so-called �drop 
surface film� -technique (explained below). The LB (Langmuir, 1920; Blodgett, 
1935) and LS (Langmuir and Schaefer, 1938) techniques are widely used 
techniques in interfacial research. The reader is referred to the literature 
describing the techniques (Gaines, 1966; Roberts, 1990), and hence, only the 
basic principle for both techniques is shown here (Figure 7). The surface active 
molecules are spread on an interface (here the air-water interface) present on a 
LB trough, where the surface pressure is monitored by a Wilhelmy balance and 
the surface area of the interface, and hence the surface pressure is tunable by 
movable barriers. The film formation procedure is the same for both LB and LS 
films, but the transfer of the interfacial film onto a solid support is different. The 
LB sample (hydrophilic, mica) is lifted vertically while keeping the surface 
pressure value constant and the hydrophobic side (air-side) of the surface film 
can be studied. The LS sample (hydrophobic, highly oriented pyrolytic graphite, 
HOPG) is dipped horizontally to the interfacial film and the hydrophilic side 
(liquid-side) of the film can be explored. Deposition of both mono- and 
multilayers onto a solid support is possible. 

Langmuir-Schäfer = LS

gas phase

= amphiphilic molecule

Langmuir-Blodgett = LB

aqueous phase

Langmuir-Schäfer = LS

gas phase

= amphiphilic molecule

Langmuir-Blodgett = LB

aqueous phase

 

Figure 7. The basic principle of Langmuir-Blodgett and Langmuir-Schaefer 
techniques. The hydrophobin film was transferred to the hydrophilic sample 
support (mica) by LB technique, and to the hydrophobic sample support 
(graphite) by LS technique. Image courtesy of Géza Szilvay. 
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The experimental details for the LB film preparation used in this thesis are 
described in publication III and the corresponding details for the LS film in 
Publication V. However, some details for the LS film formation are highlighted 
here. A brief sonication of the hydrophobin solution prior to any liquid handling 
was important in order to avoid possible larger aggregates of hydrophobins in 
the solution. After spreading the hydrophobin sample at the air-buffer interface, 
the system was left to equilibriate usually for 30 minutes before starting the 
compression. During dipping, the HOPG sample was slightly tilted relative to 
the liquid interface. This was found to be important in order to avoid trapped air 
bubbles between the hyrophobin film and the solid support. It was also 
beneficial for further handling of the hydrophobin film, because the transferred 
film on HOPG needed to be rinsed gently to reduce the amount of possible free 
proteins in the remaining solution. In order to study the interfacial LS films of 
hydrophobins in as natural conditions as possible, the films were kept under 
buffer before AFM measurements and were also imaged in the same buffer. 

Preparation of the hydrophobin films from drops of hydrophobin solution (�drop 
surface film� -technique) was performed for demonstration of spontaneous 
formation of the surface films of hydrophobins without specific laboratory 
equipment. Two different approaches were used (Figure 8). Drying down a drop 
of hydrophobin solution (Figure 8A) has similarities to the LB film preparation 
technique: the hydrophobic side of the film is studied and drying of the drop 
may act as an external force for compression, similar to barriers in LB. On the 
other hand, the structure of a film prepared by this approach, referred later as �a 
dried drop surface film�, more often suffered from the free bulk proteins dried 
under the film. The detailed film preparation procedure for dried drop surface 
films is described in Publication IV. In the other approach (Figure 8B), the 
interfacial film on a hydrophobin solution drop was transferred onto HOPG by 
horizontally dipping HOPG to the drop surface. The hydrophobin film was 
formed either directly from hydrophobin solution or by injecting an aliquot of 
more concentrated hydrophobin solution onto a drop of buffer. This hydrophobin 
film is referred to later as �a drop surface film�. This approach contains 
similarities to the LS film preparation technique in the sense that the hydrophilic 
side of the film is investigated. The organised hydrophobin films were examined 
in samples picked up from trapezoidal-like drops as well as in samples picked up 
from drops kept overnight in a humid environment, still having the same shape 
as in the beginning of the experiments (although partial drying could still have 
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taken place). The detailed preparation of the drop surface films is described in 
Publication V. 

 

Figure 8. Drop surface film techniques for preparing AFM samples: Imaging the 
hydrophobic side (A) and hydrophilic side (B) of the interfacial film. Image 
courtesy of Géza Szilvay. 

2.3 Atomic force microscopy 

Atomic force microscopy (AFM) (Binnig et al., 1986) is one of the scanning 
probe microscopy techniques (Howland and Benatar, 1993�1996), and has been 
shown to be a powerful and versatile technique in surface research especially in 
studying samples of biological origin (see section 1.1). AFM can be operated in 
ambient air, in different gases or in vacuum, but a unique feature is that AFM 
allows measurements in liquid environment (Weisenhorn et al., 1989; Drake et 
al., 1989). This is particularly important for biological samples, that can hence 
be observed in near-physiological environments. In sample preparation no 
staining or surface coating is required, in contrast to many other microscopic 
techniques, but the studied samples or molecules must be attached firmly enough 
to the sample support for carrying out successful measurements. There is a wide 
variety of different methods available for AFM sample preparation (Colton et 
al., 1998; for protein immobilisation, Haugland, 1999). AFM was initially 
developed for imaging surface topography, but it can also be exploited to map 
chemical and mechanical surface properties, to track dynamic biochemical 
processes on surfaces and to directly measure intra- and intermolecular 
interactions (see section 1.1). 
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In this thesis a NanoScopeIII Multimode AFM (Digital Instruments/Veeco, CA) 
was used in imaging surfaces as well as in measuring surface forces in 
biopolymer systems, and the basic principles of these are described here briefly. 
More thorough descriptions of AFM and different modes and possibilities can be 
found in the references Howland and Benatar (1993�1996) and Colton et al. 
(1998), in the review articles referred to in section 1.1, and on the 
manufacturer�s website (www.veeco.com). 

2.3.1 Imaging 

The basic principle of AFM is shown in Figure 9. The heart of AFM is a tiny tip 
(or probe; radius of curvature is usually ~10 nm) mounted on the free end of a 
reflective cantilever. When the tip touches the sample surface, the forces acting 
between the tip and the sample surface (see section 1.2) cause bending of the 
cantilever and the deflection is monitored by the laser light reflecting from the 
cantilever to a photosensitive detector (photodiode). The tip raster-scans the 
sample surface line by a line in the x and y directions. A feedback loop between 
the photodetector and the z-scanner provides the height information during 
xy-scanning: the z-scanner adjusts the sample height position in order to keep 
the cantilever deflection constant. The accuracy of the piezo movement is in the 
sub-nanometer range, and sub-Ångström movements of the cantilever can be 
detected with the optical setup (Colton et al., 1998), corresponding to forces of 
tens of pN with cantilevers usually used with soft samples (typically V-shaped 
with a spring constant of less than 0.1 N/m). 
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Figure 9. The basic principle of AFM. 

Biological samples are very soft and hence easily deformed during contact mode 
imaging. In order to avoid or at least to minimise the risk of deformation, 
tapping mode (Zhong et al., 1993; or intermittent contact mode) was used in this 
thesis for imaging sample surfaces in air and in liquid. In tapping mode the 
cantilever is oscillating near its resonant frequency in the proximity of the 
surface, touching the sample surface only briefly during each oscillation cycle. 
This makes the tapping mode a more gentle mode for imaging compared to the 
contact mode because lateral forces are effectively minimized. During scanning, 
damping of the predetermined amplitude (free amplitude, A0) of the cantilever is 
controlled by changing the setpoint amplitude (Asp), the amplitude of the 
cantilever when in intermittent contact with the surface. The damping ratio 
(Asp/A0) describes the force applied to the sample. The damping allowed in the 
setpoint amplitude is kept constant during scanning. This is constantly monitored 
by the feedback system, and changes in the signal observed at the photodiode are 
corrected back to the predetermined setpoint value by moving the sample by the 
scanner in z the direction with respect to the cantilever. 

The function of AFM is based on detection of surface forces and interactions 
between the tip and the sample. The forces acting in biopolymer systems in 
liquid environment are described in section 1.2. When imaging in air capillary 
forces (or meniscus forces) also contribute to the interaction (Israelachvili, 1992) 
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and can make imaging of soft surfaces difficult, especially in contact mode. 
Capillary forces arise from the condensation of water vapour from the 
atmosphere at surfaces. In tapping mode these forces are lower. The imaging 
forces between the tip and the sample surface can be further reduced by imaging 
in liquid environment. Tip-sample forces also have a central role when recording 
the so-called phase contrast image in tapping mode. The phase contrast image 
shows the phase difference (phase-shift) between the oscillation of the piezo 
driving the cantilever and the oscillation of the cantilever detected by the 
photodiode. It is widely accepted that the phase-shift is related to the energy 
dissipation during tip-sample interaction (Cleveland et al., 1998), and it is 
proposed to be sensitive to surface properties such as stiffness and viscoelasticity 
(hard tapping) and chemical composition, i.e. hydrophilicity and hydrophobicity 
(light tapping), and height differences at edges (Bar et al., 1997; Whangbo et al., 
1998). Chen et al. (2002) explained that phase contrast relates to large phase 
differences between regions of sample where either attraction or repulsion 
dominates the tip-sample interaction when imaging at the attraction-repulsion 
transition point. 

When analysing and interpreting AFM images it is good to bear in mind the 
basic types of artefact that are (or can be) involved, especially with soft sample 
surfaces. Perhaps the most important artefact originates from the tip geometry 
causing exaggeration of the lateral dimensions of the imaged object (tip 
convolution), and is most pronounced when the radius of the curvature of the tip 
and the size of the features to be imaged are comparable in size. The tip shape 
issues also include the effect caused by tip contamination (double or multiple-
tip). The effects due to scanner hysteresis, creep and drift can often be 
minimised by optimising the scanning parameters. However, this may not be the 
case with soft sample surfaces because optimisation of the imaging conditions 
involves minimising the risk of surface deformation. Furthermore, image 
processing can distort the image data and hence the processing procedures must 
be chosen carefully (Howland and Benatar, 1993�1996; Colton et al., 1998; 
SPIP, 1998�2006). The processing of the AFM images presented in this thesis 
included only flattening, which removed the possible tilt in the image data. In 
Publications III�V the Fourier transfom image processing routine was used only 
for analysing the surface periodicities, and an averaging routine was used for 
analysing images further and identifying some periodical details in the images. 
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2.3.2 Force measurements 

A unique property of AFM is the possibility for force measurements. These 
convey valuable information on the strength and nature of intra- and 
intermolecular interactions (Cappella and Dietler, 1999; Butt et al., 2005) and 
even allow individual molecular pairs or single molecules to be investigated 
(force spectroscopy, Hugel and Seitz, 2001). In order to measure biopolymer 
interactions, the molecules under study must be attached to the tip and/or sample 
surface by protocols referred to above (Figure 10A). If a defined geometry of the 
surfaces is needed, the so-called colloidal probe technique by Ducker et al. 
(1991) can be used, where for example spheres or beads with desired diameter 
are attached to the cantilever (Figure 10B). 

 

Figure 10. Modification of AFM tips by tethering molecules to the tip surface 
(A) or by attaching colloidal particles (B) (here a cellulose bead). 

The basic procedure of force measurements is shown in Figure 11. In a force 
measurement the sample is moved towards the tip at a constant velocity until 
they are in contact. The sample then continues to move upwards, the sample and 
the cantilever moving together in contact causing the cantilever to bend upwards 
until a predetermined point of maximum bending force is reached (point C in 
Figure 11). After this the sample is withdrawn until the cantilever returns to its 
position of zero deflection. During further withdrawal of the sample the tip 
remains in contact with the sample, bending downwards until at a certain point it 
pulls off. The observed tip-sample force just before the pull-off point 
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corresponds to the maximum adhesive force between the studied surfaces, 
beyond which the spring force of the cantilever exceeds the tip-sample adhesion 
causing the release of the cantilever. The approach curve can show the nature of 
the interaction, i.e. whether repulsion or attraction is involved. If the system is 
studied in different environments, for example in different electrolyte 
concentrations, theoretical analysis of the data may yield information about 
whether the studied system is electrostatically or sterically stabilized (Butt et al., 
2005). In addition to the adhesion data, the retract curve can also show stretching 
and unfolding of biopolymers (Figure 11, dashed line), even of single molecules 
(Butt et al., 2005). 
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Figure 11. Basic principle of force measurements. A = no interaction, surface 
approaches the cantilever; B = jump into contact; C = tip and surface are in 
contact � the constant compliance region � with cantilever bending upwards, 
and both surfaces moving together; D = tip is withdrawn, a non-specific adhesive 
force keeps the surfaces together and the cantilever bends downwards; E = release 
of the cantilever back to its rest position. A post-adhesional stretching event is 
shown in the withdraw curve (dashed line). 

The raw data obtained, i.e. the force curve, is a plot of cantilever deflection (in 
volts) as a function of the sample position. For presenting the interaction force as 
a function of tip-sample separation, two parameters need to be known: the zero 
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distance and the spring constant of the cantilever. The conversion of the 
cantilever deflection from volts to nanometers can be performed by determining 
the slope of the constant compliance region (regime C in Figure 11), where the 
surfaces are in hard-wall contact, i.e. the change in sample position equals the 
change in cantilever deflection (zero distance). The cantilever acts like a spring 
so the actual force detected can be calculated according to Hooke�s law:  

 (5) 

where k is the spring constant (nN/nm) and x the deflection of the cantilever in 
nanometers. The distance between the tip and the sample cannot be determined 
directly, but is inferred from the force curve by adding the cantilever deflection 
to the sample position. For obtaining more quantitative data, the cantilevers must 
be calibrated. There are several different methods available for determining the 
spring constant, of which the most widely used methods determine the change in 
the resonance frequency due to added mass (Cleveland et al., 1993), record the 
thermal noise (Hutter and Bechhoefer, 1993), use an accurately calibrated 
reference cantilever (Torii et al., 1996), or measure the resonance frequency and 
the quality factor (Sader et al., 1999). In this thesis the reference cantilever 
method and the thermal method were used for their simplicity, applicability to 
V-shaped cantilevers and non-destructive nature. 

2.4 Other methods 

Quartz crystal microbalance with dissipation monitoring (QCM-D) (Rodahl et al., 
1995; Höök, 1997) measures the mass adsorbed on a quartz crystal and provides 
information about rigidity or softness of the adsorbed layer. QCM-D was used for 
studying adsorption of xylan on cellulose (Publication I), and adsorption of 
hydrophobins onto hydrophobic polystyrene surface and binding of avidin to 
biotinylated hydrophobins attached to polystyrene (Publication V). The QCM-D 
data comprised valuable information for designing the AFM experiments and 
interpreting the results by providing insight to the time scale of adsorption. By 
giving the mass of adsorbed species the QCM-D data verified the exsistence of 
adsorption, and moreover, proved that only a monolayer of hydrophobins was 

kxF =
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adsorbed on polystyrene making the preceeding QCM-D experiments with avidin 
adsorption comparable with the AFM experiments (Publication V). 

Small angle X-ray scattering (SAXS) (Glatter and Kratky, 1982) provides 
information for example about the size and shape of macromolecules, and was 
used for studying the solution structure of hydrophobins (Publication III). The 
structural information from SAXS was combined with the AFM results of 
hydrophobin films at the air-water interface, because the dimensions obtained by 
both techniques were very similar. The work presented in publication III gave 
the most detailed structural information of hydrophobin surface films at the time 
of publication; no crystallographic data on the structure of any hydrophobin was 
available at that time. 
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3. Results and Discussion 

3.1 Interactions between cellulose and xylan 

Cellulose and hemicellulose are two of the main constituents of wood cells. The 
importance of understanding the role and behaviour of hemicelluloses in 
papermaking and particularly the interaction between cellulose and 
hemicelluloses is evident, since hemicelluloses, for example xylan, affect the 
properties of the final paper. Early studies of the behaviour of xylan during 
pulping showed that dissolved xylan is adsorbed onto the cellulose fibres if the 
pH is lowered at some stage (Yllner and Enström, 1956). In later studies of the 
readsorption of xylan on cellulose Mora et al. (1986) concluded that xylan 
readsorbs preferentially to xylan rather than to cellulose, and Henriksson and 
Gatenholm (2001) suggested that besides crystallisation of xylan onto cellulose 
other types of association also occur. Marchessault et al. (1967) showed that the 
orientation of xylan molecules is parallel to the fibre axis and may hence be 
important for the mechanical properties of individual pulp fibres. The alignment 
of xylan molecules on cellulose was later theoretically calculated by Kroon-
Batenburg et al. (2002). There are also other studies proposing that xylan on the 
fibre surfaces improves paper strength (Buchert et al., 1995; Schönberg et al., 
2001). Based on FT-IR spectroscopy experiments Åkerholm and Salmén (2001) 
concluded that xylan is not as closely associated with cellulose as for example 
mannan (another type of hemicellulose), which had also previously been 
suggested by Salmén and Olsson (1998). Teleman et al. (2001) concluded from 
CP/MAS 13C NMR results that the supermolecular structure of xylan is highly 
dependent on the immediate environment. 

A wood fibre is a very complex material. In order to study interactions between 
certain wood components, the use of representative model surfaces is required in 
the experiments (Österberg, 2000a; Kontturi et al., 2006). The first model 
surface for cellulose (intended for force measurements) was prepared by spin-
coating cellulose on mica (Neuman et al., 1993). The results of this pioneering 
work using surface force apparatus (SFA) showed long-ranged repulsion due to 
swelling of the cellulose surfaces. The roughness and instability issues of spin-
coated cellulose were later overcome by SFA studies using LB films of cellulose 
(Holmberg et al., 1997; Österberg and Claesson, 2000). However, the spin-
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coating or LB methods cannot be utilised for modifying the AFM tip surface, 
and in surface force measurements using AFM the colloidal probe technique 
(Ducker et al., 1991) has been used: between two cellulose beads (Rutland et al., 
1997; Carambassis and Rutland, 1999; Salmi et al., 2006; Salmi et al., 2007) or 
between cellulose beads and spin-coated cellulose surfaces (Zauscher and 
Klingenberg, 2000; Leporatti et al., 2005; Notley et al., 2006). In the earlier force 
measurements between xylan surfaces the xylan model surfaces had been prepared 
by adsorbing dissolved xylan on mica either overnight (Neuman et al., 1993) or 
during measurements in the measurement chamber directly (Österberg et al., 
2001). AFM force measurements have also been performed on pulp fibres directly 
(Furuta and Gray, 1998), but the aim was to study the sensitivity of the fibre 
surface to the mechanical treatment rather than to measure interactions between 
fibre components. The AFM colloidal probe technique was used in measuring 
surface forces between two cellulose beads in the work described in Publication I. 

The cellulose-xylan work aimed at eliciting information about the cellulose-
xylan association by AFM force measurements. In order to support the 
interpretation of the actual force measurements, the behaviour of the cellulose 
beads in aqueous solutions was studied (Publication I). Swelling of the cellulose 
beads was rather slow, and therefore the beads were incubated in water 
overnight followed by 3 h incubation in the reference solution (1 mM NaCl, pH 
10) before measurements. This was important for observing interaction between 
fully swollen and stabilised cellulose surfaces rather than measuring interaction 
during swelling, which may lead to misinterpretation of the results. The radius of 
the swollen beads was used in the normalisation of forces in order to obtain 
more realistic values (Derjaguin approximation; Derjaguin, 1934). Swelling 
makes the surface of the cellulose beads very soft, which causes modifications of 
the surfaces as a consequence of pushing the surfaces together. This affects the 
constant compliance region of the force curve: due to indentation of the surfaces 
the constant compliance may not be fully reached. Hence, in order to obtain 
more realistic force values, the sensitivity values obtained from the experiments 
with high loading force were used to analyse the force curves with low loading 
force for each measurement series separately. The effects of the approach speed, 
relaxation of the cellulose chains, and the hydrodynamic forces in the studies 
using cellulose beads were previously described by Carambassis and Rutland 
(1999) and Zauscher and Klingenberg, (2000). These were taken into account in 
the force measurements. 
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3.1.1 Effect of xylan concentration 

The effect of xylan concentration on the interaction between cellulose surfaces 
was investigated in the presence of 1 mM NaCl at pH 10. The results reported in 
Publication I show that, as expected, adsorption of xylan on cellulose increases 
with increasing xylan concentration (10, 50 and 100 mg/ml in 1 mM NaCl, pH 
10) and adhesion between cellulose surfaces decreases. The results are shown in 
Figure 12. The effects are observed in the force curves as a stronger and longer-
ranged repulsion on approach (Figure 12A) and as a weakening adhesion on 
separation (changing from 0.1�0.4 mN/m attraction to repulsion; Figure 12B), 
when the concentration of xylan is increased. Fitting of forces to the DLVO 
theory was attempted, but only the forces from the measurements with higher 
concentrations of xylan were large enough for reliable estimations of the surface 
potential, and only the long-ranged forces in experiments with 50 mg/ml of 
xylan fitted rather well to the theory (with boundary conditions of constant 
potential). The fitting results indicate that the long-range forces are mainly 
electrostatic, whereas steric repulsion becomes dominating at shorter distances 
(below 6 nm), most probably due to interpenetration of the xylan layers. At the 
highest xylan concentration, steric forces also appeared to dominate at long 
distances (the fit to the DLVO theory was poor). After measurements in high 
xylan concentrations the cellulose surfaces with adsorbed xylan were exposed to 
reference solution. There were no indications of desorption of xylan, because the 
repulsion on approach did not change. The QCM-D experiments were performed 
after AFM experiments. The adsorption of xylan onto cellulose was verified by 
the QCM-D results, which also showed that the adsorption process is rather slow 
(several hours) and that the adsorbed xylan layer is rich in water and loosely 
bound to cellulose. 
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Figure 12. The forces measured on approach (A) and separation (B) between 
two cellulose beads across xylan solutions at different xylan concentrations  
(0�100 mg/ml). The forces after changing the solution in the chamber back to 
the reference solution are also shown (▲). The lines are the best fit to the DLVO 
theory assuming constant charge. (Modified from Publication I.) 

The results show that in weakly alkaline solutions at low ionic strength, xylan 
adsorbs onto cellulose despite the negative charges on both interacting partners 
(Publication I). Addition of charges on weakly-charged cellulose surfaces by 
adsorption of xylan increases electrostatic repulsion. On the other hand, charges 
also cause swelling of the adsorbed layer and hence, steric repulsion is also 
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increased. The existence of both types of repulsion is supported by fitting forces 
to the DLVO theory for the intermediate xylan concentration (50 mg/ml). The 
domination of steric forces between xylan-coated surfaces has also been reported 
previously (Österberg et al., 2001), as well as the domination of electrostatic 
repulsion at large distances between xylan-coated mica surfaces (Claesson et al., 
1995). The results also show that the adhesion between cellulose surfaces is very 
low whether xylan is adsorbed on cellulose or not. According to the QCM-D 
results, the cellulose-xylan interaction is weak and the adsorbed xylan layer is 
soft and most probably contains water. On the other hand, the force 
measurements show that the cellulose-xylan interaction is strong enough to 
prevent desorption upon dilution. These findings suggest that the driving force 
of the cellulose-xylan association is a combination of the inherent entropy 
increase associated with exchange of polymer-solvent contacts to polymer-
polymer contacts and weak van der Waals� attraction, rather than formation of 
hydrogen bonds as has repeatedly been cited as the driving force of association 
(Mora et al., 1986). Hydrogen bonding may be of great importance in dry 
systems such as dried fibre networks in paper, and this possibility is not 
excluded by our results. Hence, the relevance of our results to papermaking is 
that the role of xylan in increasing the paper strength (interfibre bonding) is 
probably to increase the contact area between fibres. This would be associated 
with processes taking place during drying. 

3.1.2 Effect of electrolyte concentration 

The results of measuring forces between cellulose surfaces with varying xylan 
concentrations showed that more xylan adsorbed on cellulose with increasing 
xylan concentration. The natural step forward was to study the effect of 
electrolyte concentration (NaCl) on the interaction between xylan-coated 
cellulose surfaces. According to Österberg et al. (2001), xylan with a charge 
density of 9% adsorbs onto negatively charged mica in an extended conformation, 
giving rise to long-range repulsion, and the repulsion between xylan-coated 
surfaces decreases with increasing electrolyte concentration, as expected. 
Similar results were also reported by Claesson et al. (1995) for xylan with higher 
charge density (13.7%), and we also expected to observe this in our experiments 
(charge density of xylan 7.8%). Details of the experiments are given in 
Appendix A. Slow adsorption of xylan on cellulose observed in the cellulose-
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xylan interaction work with varying xylan concentrations was taken into account 
in these experiments. 

The forces between xylan-coated cellulose surfaces with varying electrolyte 
concentrations are shown in Figure 13. The cellulose surfaces were first 
immersed in the reference solution (1 mM NaCl, pH 10) for two hours. 
Introducing 100 mg/ml xylan (1 mM NaCl, pH 10) to the measurement chamber 
caused an increase in repulsion on approach and an increase in adhesion on 
separation (data not shown). This was consistent with results shown in 
Publication I. Then the electrolyte concentration (with the same xylan 
concentration and pH) was increased to 10 and 100 mM. 

In our experiments the electrolyte did not appear to have a notable effect on the 
interaction forces on approach. No clear trend in the interaction with increasing 
electrolyte concentration was observed (Figure 13A). This indicates that the 
interaction was dominated by steric contributions to the interaction rather than 
by electrostatic forces, although the presence of electrostatic interaction cannot 
be excluded. This is contradictory to the results reported previously by Claesson 
et al. (1995) and Österberg et al. (2001), which showed that repulsion between 
xylan-coated surfaces decreased with increasing electrolyte concentration. 
Moreover, in their experiments xylan was adsorbed on mica, which is much 
smoother than the surfaces of the cellulose beads used in these experiments 
(RMS roughness was approximately 30 nm). This could partially explain the 
observed dominance of steric repulsion. Adsorption of xylan on cellulose most 
likely differs from that on mica, and material differences between cellulose and 
mica could also be one reason for the reported differences in the behaviour of 
xylan. With the model surfaces used in our experiments we aimed at studying 
conditions that were one step closer to the situation during pulping, where xylan 
is involved in the cellulose-cellulose interaction by readsorbing onto cellulose 
fibres (Yllner and Enström, 1956), and therefore interaction between xylan-
coated cellulose surfaces was measured. Claesson et al. (1995) reported that 
after prolonged times at elevated pH the adsorbed xylan layers contained long 
dangling chains. Their explanation of this was a heterogeneous xylan sample 
and, possibly, multilayer adsorption. Usually increase in electrolyte 
concentration also decreases the steric interaction by screening out the charge of 
the polymer molecules protruding from the surface, resulting in a more compact 
conformation (Österberg et al., 2001). Increase in electrolyte concentration also 
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makes xylan less soluble and hence promotes the adsorption of xylan on 
cellulose. In our experiments the expected behaviour for xylan in electrolyte 
solutions was probably buried under a more dominating factor: during a long 
exposure time more xylan was adsorbing on cellulose either due to very slow 
adsorption kinetics or enhanced adsorption because of less soluble xylan 
molecules at higher electrolyte concentrations. 
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Figure 13. The forces measured on approach (A) and separation (B) between 
two cellulose beads across 100 mg/ml xylan concentration at different 
electrolyte concentrations (1�100 mM NaCl). The lines illustrate the expected 
decay length for a pure double-layer force across electrolyte solutions (NaCl 1 
mM, solid; 10 mM dotted; 100 mM dashed; calculated using equation 4). 
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With increasing electrolyte concentration, the magnitude of the adhesion in the 
separation curves was low in all cases, and the range of adhesion was similar to 
that of the results with varying xylan concentrations described in Publication I 
(Figure 13B). Although adhesion was low and varied between different 
experiments, some observations were made. When performing measurements at 
the highest electrolyte concentration with 100 mg/ml xylan, repulsion was seen 
in the separation curves more often than with the lowest electrolyte 
concentration. Adhesion may originate from interpenetration of xylan chains 
from one surface to the other. When the electrolyte concentration is increased, 
the charges on negatively charged cellulose and xylan are screened out and 
result in decrease in repulsion between molecules. This in turn causes less 
protruding chains on the surfaces and less opportunities for interpenetration. In 
addition to this, when xylan-coated surfaces are pushed together, more segments 
of xylan are forced to adsorb to the surface (Klein, 1988, resulting in less 
dangling chains of xylan molecules to interpenetrate between surfaces upon 
contact. This further diminishes the entanglement of xylan molecules at higher 
electrolyte concentrations. On the other hand, most probably more xylan adsorbs 
from solution on the interacting surfaces during the measurements, as discussed 
above. It would be expected that more adsorbed xylan would result in more 
dangling chains on the surfaces. Due to the reasons described above the 
adsorbed xylan at higher concentrations most probably has a rather compact 
conformation, possessing less dangling chains to interpenetrate and cause 
adhesion, but still being a source for the steric interaction. Hence, the fact that 
more xylan appeared to adsorb during measurements hampered closer 
investigation of the effect of electrolyte concentration. 

3.2 Interactions between gliadins 

Wheat gluten proteins, glutenins and gliadins (Shewry et al., 1994; Wieser, 
2007), are crucial for making bread, pasta and many other food products. 
Glutenin polymers form a continuous network and are responsible for the 
strength and elasticity of the dough. These biomechanical properties have been 
proposed to originate from the β-turn conformation, related to the repetitive 
amino acid sequences rich in proline, glycine and glutamine (Tatham and 
Shewry, 2000). The functional role of gliadins is in determining the dough 
viscosity and they are believed to act as plasticizers of the glutenin polymeric 
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system. An appropriate balance between dough viscosity and elasticity/strength 
is required for good flour quality and baking performance (Tatham et al., 1990; 
Goesaert et al., 2005). The emulsifying activity, foaming and film-forming 
ability of gluten proteins have also been reported. For example, gliadins were 
found to be highly surface active compared to glutenin and were suggested to be 
of importance in the gas holding capacity of doughs (Örnebro et al., 2000; Li et 
al., 2004). In particular α-gliadins have been shown to have a greater affinity to 
hydrophobic surfaces than ω-gliadins (Örnebro et al., 1999), which may partially 
be due to the level of hydrophobicity of α-gliadins compared to that of 
ω-gliadins (Fido et al., 1997). The differences in the surface hydrophobicity of 
the α- and ω-gliadins also affect the interactions with other gliadin and glutenin 
molecules, where other non-covalent interactions are also involved, and lead to 
macroscopic effects on baking quality (Örnebro et al., 2000). 

The work presented in Publication II aimed at understanding the nature and 
strength of the interaction between monomeric gliadin molecules and the 
possible roles for gliadins in forming the network in dough. The proteins were 
attached to both the tip and the sample surfaces, and the interaction forces 
between gliadins (α-α, ω-ω, and α-ω) were measured by AFM. Several kinds of 
control experiments were carried out for estimating the effect related to the 
interaction between non-protein-coated surfaces and between protein-glutaraldehyde 
(α-glut and ω-glut) surfaces in the force curves. 

3.2.1 Behaviour in the native environment 

The interaction forces between gliadin proteins were measured by AFM in 0.01M 
acetic acid. The representative force curves for both α-α and ω-ω interaction are 
shown in Figure 14. The results from the force measurements indicated that the 
nature of the behaviour at pH 3.5 was similar for both gliadins. The strength and 
range of the near-surface adhesion was ~0.1�1.5 nN and ~20�50 nm respectively 
for α-α interaction, and corresponding values for ω-ω interaction were ~0.1�4 nN 
and ~15�60 nm. The greater variation in the values for ω-ω interaction may be 
related to the shape differences of the gliadins: ω-gliadins are rod-like in shape 
compared to globular α-gliadin and may have a greater effect on the penetration 
of the protein surfaces due to orientation of the molecules on the surfaces. Both 
gliadins showed a post-adhesion stretching behaviour that was typically weaker 
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than adhesion: the mean force at maximum extension between α-gliadin surfaces 
was 0.15 nN and between ω-gliadin surfaces 0.18 nN. The fact that stretching 
events originated from the proteins was confirmed by the control experiments. 
The stretching events show partial (or full) unfolding of proteins and were 
expected to be seen in these experiments. Sometimes stretching had a saw-tooth 
pattern, which is an indication of more than one unfolding event occurring 
sequentially. Stretching at greater separations than 100 nm (the length of a fully 
extended gliadin molecule, see Publication II) also occurred and could be 
explained by a mutual unfolding of gliadins from the opposing surfaces. On the 
other hand, the frequency of stretching events in all curves was 5�45% for 
α-gliadin and 5�60% for ω-gliadin, which indicated low protein coverage on the 
surfaces and that even interaction between single molecules were observed. 
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Figure 14. Typical raw data force-sample vertical position curves for α-α 
interaction (A and B) and ω-ω interaction (C and D) in 0.01 M acetic acid (solid 
curve for approach and dashed for retract). (Modified from Publication II) 

The nature of binding between gliadin proteins is not known. Hydrogen bonding 
or covalent bonding (formation of disulphide bridges between α-gliadins) are the 
most likely explanations for the interaction. The lower force magnitudes 
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indicated the significance of hydrogen bonding in the gliadin-gliadin interaction. 
However, in our experiments covalent bonds may have formed between a tip- or 
surface-tethered gliadin molecule and a free glutaraldehyde on the opposing 
surface. No repulsion was observed between approaching surfaces for either 
gliadin. It is possible that electrostatic interactions between gliadin proteins may 
play a minimal role under the experimental conditions of Publication II, 
although both gliadins have a basic nature at low pH values (Søndergaard et al., 
1994). This is contradictory to the SFA force measurements by Wannerberger et 
al. (1997), whose results showed domination of electrostatic repulsion between 
α-gliadin layers. A possible explanation for the contradiction lies in the sample 
preparation proceedure. Their measurements were performed on surfaces fully 
covered with α-gliadin, prepared on bare mica either by LB-technique or by 
adsorbing gliadins from solution. In our experiments the coverage of covalently 
tethered proteins was rather low and the measured interactions may have 
involved even single molecules. The relative hydrophobicity of the proteins may 
be important in explaining how the gliadins behave, because hydrophobicity is 
involved in determining the loaf volume (van Lonkhuijsen et al., 1992; Weegels 
et al., 1994). The α-gliadin is more hydrophobic than ω-gliadin (Fido et al., 
1997), and it would therefore be expected that interaction between α-gliadins is 
greater than ω-ω interaction in aqueous solution. In our experiments the strength 
of interaction for both gliadins was rather similar, and it is suggested that the 
size and shape of the interacting molecules, and therefore the contact areas 
between molecules are also important. 

3.2.2 Behaviour in a denaturing environment 

After studying the behaviour of α- and ω-gliadins in their native environment, 
the surfaces were immersed in a mixed solution of 0.01M acetic acid and 2M 
urea and the interaction forces of gliadins were measured in a denaturing 
environment. The representative force curves for both α-α and ω-ω interaction 
are shown in Figure 15. The results showed that for α-gliadins (Figure 15A and 
15B) the close-to-surface adhesion was on average largely unaffected, but the 
post-adhesion stretching events occurred at much greater separations, even up to 
400 nm. Denaturation by urea involves reducing the level of hydrogen bonding 
in proteins, although the precise mechanism is not fully understood (Wallqvist et 
al., 1998; Caflisch and Karplus, 1999). The effect of urea on the α-α interaction 
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is shown in Figure 16, where the coordinates of maximum force and maximum 
extension in urea are compared with the corresponding values in acetic acid. The 
compact α-gliadin structure was clearly loosened by the denaturation, but they 
were still able to form bonds with other molecules and surfaces. The very long-
ranged stretching events indicated the presence of proteins bound non-covalently 
on the surfaces. These were also unfolded in urea and were able to attach to the 
neighbouring proteins and to open glutaraldehyde ends, causing the long 
stretching. In the same conditions in which α-gliadins were denatured the 
interaction between ω-gliadin surfaces did not change (Figure 15C and 15D). 
Earlier studies on hairpin structures rich in β-turns, as present in the ω-gliadin, 
have shown that such structures are highly resistant to denaturation (Griffiths-
Jones et al., 1999). Repeating the measurements in 8M aqueous urea (pH ~7) 
showed a clear effect on the ω-ω interaction (Figure 15E and 15F). The 
repulsion in the approach curve ranged up to about 20 nm from the surface, 
which was greater than the effect seen in the control measurements between 
glutaraldehyde surfaces in the same conditions. This indicated steric repulsion 
between surfaces with denatured molecules. Stretching of ω-gliadins did occur 
in 8M urea, but the effect was not as strong as in the case of α-gliadin in 2 M 
urea. 
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Figure 15. Typical raw data force-sample vertical position curves for α-α 
interaction (A and B) and ω-ω interaction (C and D) in 0.01 M acetic acid and 
2 M urea, and ω-ω interaction (E and F) in 8 M urea (solid curve for approach 
and dashed for retract). (Modified from Publication II.) 

The functional role of gliadins has been reported to be in determining the 
viscocity/plasticity of dough (Goesaert et al., 2005). The differences in 
behaviour are clearly related to structures and surface interactions of gliadins in 
the dough systems. Our results showed that the main difference between α-α and 
ω-ω-interactions was in their response to denaturing environment: whereas the 
more globular α- gliadins were unfolded in 2M urea, the β-turn-rich ω-gliadins 
remained rather stable even in 8M urea. Hence it can be suggested that α- and 
ω-gliadins have different roles during the network-forming process in dough. 
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Thus, while the ω-gliadins still have a compact structure and are responsible for 
the viscous flow, the α-gliadins have already started to participate in forming the 
network. It would have been interesting to study the effect of temperature on the 
gliadin-gliadin interaction, but this was not investigated in this work. The 
expected results of the effect of temperature would have been similar to those 
presented here, because β-turn-rich structures also present in ω-gliadins have 
been shown to exhibit unusual thermal stability (Tatham et al., 1985) and 
exposure of thiol groups upon heating favours aggregation of molecules 
containing disulphide bridges, such as α-gliadins (Tatham and Shewry, 1985; 
Singh and MacRitchie, 2004). 
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Figure 16. Comparison of maximum extension-maximum force coordinates for 
α-gliadin in acetic acid (square symbols) and in urea (triangles). (Modified from 
Publication II.) 

3.3 Class II hydrophobins at the air-water interface 

The knowledge of hydrophobins, their structure, functions and behaviour, has 
increased greatly during recent years. At the time when the AFM studies on the 
interfacial films of Class II hydrophobins HFBI and HFBII were initiated 
(Publication III), no high-resolution crystal structure of any hydrophobin was 
available. The structural information at that time was the sequence data (HFBI 
and HFBII, Nakari-Setälä et al. 1997; Class I and Class II hydrophobins, 
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Wösten, 2001) showing for example that a characteristic of all hydrophobins 
was eight cysteinyl residues that must be of importance for their function, and 
circular dichroism (CD) data providing information of secondary structures for 
some Class I and Class II hydrophobins (Wösten and de Vocht, 2000). 

The studies on interfacial self-assembly of hydrophobins on solid surfaces 
indicated the amphiphilic nature of hydrophobins and that self-assembly plays a 
major role in their function (Wösten et al., 1993; Wösten et al., 1994; Wessels, 
1996). Accumulation of 10 nm thick rodlets at the air-water interface had been 
reported when drying down drops of the class I hydrophobin SC3 and observing 
the residue under an electron microscope (Wösten et al., 1993). The interfacial 
and self-assembly studies of HFBI and HFBII showed efficient interactions with 
non-ionic surfactants (Linder et al., 2001), adhesion to hydrophobic surfaces 
(Linder et al., 2002) and demonstrated that they form crystalline assemblies in 
solution (Torkkeli et al., 2002). It was also reported that at higher concentrations 
HFBII tends to form tetramers, but occurs as dimers and monomers at lower 
concentrations (Torkkeli et al., 2002). The capability of hydrophobins to lower the 
surface tension of water and their involvement in formation of aerial structures 
was suggested to be one of the biological roles of hydrophobins (Wessels et al., 
1991; Talbot, 1999). Wösten et al. (1999) reported that SC3 hydrophobin was able 
to reduce the surface tension of water (72 mJ/m2) down to 24 mJ/m2. 

Because of the interesting interfacial phenomena reported for Class I 
hydrophobins and the difference observed in solution structures for Class II 
hydrophobins, the interfacial behaviour and structures of the surface films 
formed by HFBI and HFBII were investigated. The hydrophobic side of the 
hydrophobin films (HFBI and HFBII) at the air-water interface was imaged by 
AFM and compared to structural information obtained by SAXS (publication 
III) and by X-ray crystallography (Publication IV). In Publication V the 
hydrophilic side of never-dried HFBI film was imaged by AFM, and the 
possibility of functionalisation of the ordered structures of HFBI hydrophobins 
was studied by AFM and QCM-D. 
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3.3.1 Hydrophobic side of the HFBI and HFBII films 

In Publication III molecular films of HFBI and HFBII were prepared by LB 
technique on mica and analysed in ambient conditions by AFM. The results 
showed highly ordered two-dimensional crystalline structures for both 
hydrophobins (Figure 17), which was the most detailed structural study of 
hydrophobin films at that time. At best even 1 nm resolution was achieved. The 
Fourier transformations of the image data gave lattice constants a = 5.92 nm,  
b = 4.99 nm and with the angle in between γ = 118.9° for HFBI and a = 5.87 nm, 
b = 4.41 nm and γ = 122.6° for HFBII (also in Table 2). The obtained lattice 
parameters for HFBI and HFBII are qualitatively very similar, but the AFM 
images revealed structural differences at the molecular level. It is important to 
note here that the dimensions are affected by a slight distortion observed in the 
AFM images due to scanner hysteresis, creep and drift in the microscope. This 
was because of capturing the images with relatively slow scan speeds in order to 
avoid causing deformation of the soft sample surface by the tip as well as to 
avoid contamination of the tip. The average thickness of the HFBI film on mica 
was 1.3 ± 0.2 nm, which was obtained from measuring the height difference 
between the top surface layer and lower flat surface. The flat regions were plain 
mica surface and were located between crystalline domains of proteins. They 
were large enough for reliable measurements of layer thicknesses. Similar 
regions were not found for HFBII, where areas in between crystalline domains 
were covered by amorphous protein structures and the thickness of the protein 
layers could not be measured. 

The AFM results were compared with SAXS data (Torkkeli et al., 2002), which 
gave a dimension of 6.5 nm for the largest diameter of the molecular entities in 
the solution and when combined with size exclusion chromatography results 
showed that these hydrophobin entities are tetramers with a thickness of 1.5 nm. 
The dimensions obtained from AFM and SAXS were rather similar, which 
indicated a hierarchial assembly: hydrophobins first assemble as tetrameric 
supramolecules in solution and then pack into crystalline arrays at the interface. 
Moreover, the thickness measurements indicated that the hydrophobin layer at 
the air-water interface was a monolayer. The further analysis of averaged 
hydrophobin domains in the AFM images and SAXS solution structures 
arranged to provide the best geometrical packing did show details for HFBII 
structures that helped to explain features and packing of hydrophobins in the 
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AFM images. The corresponding analysis for HFBI explained the overall 
dimensions, but did not provide more detailed information. Structures of HFBI 
and HFBII films at air-water interface on a water droplet were studied directly 
by grazing incidence X-ray diffraction (GIXD) (supporting Publication VI), 
which provides information on structures both parallel and perpendicular to the 
film surface (Als-Nielsen et al., 1994). The results for HFBII showed higher 
crystallinity than for HFBI: the lattice parameters for HFBII crystallites were 
a = 3.81 nm, b = 4.61 nm, c = 5.46 nm and γ = 122.3° (c-axis along the interface). 
These figures were again rather similar to the AFM results. 

 

Figure 17. AFM topography images of hydrophobin LB films on mica. A) HFBI, 
image size 100 x 100 nm2 and height scale 2 nm. B) HFBII, image size 200 x 200 
nm2 and height scale 2 nm. The power spectra for both hydrophobins are shown 
in insets. The corresponding crystalline oblique unit cells in real space are a = 
5.92 nm, b= 4.99 nm and γ = 118.9º for HFBI, and a = 5.87 nm, b= 4.41 nm 
and γ = 122.6º HFBII. (Modified from Publication III.) 

A rather different sample preparation procedure was then used for studying the 
structure of hydrophobin films. The previous data (Publication III) showed that 
higly ordered films of HFBI and HFBII could be formed by the LB technique. 
This data (Publication IV) showed that such ordered interfacial films are formed 
spontaneously at the surface of water droplets. The water droplet was dried 
down and the hydrophobic side of the hydrophobin film was imaged by AFM. 
The crystalline structures were again seen in the surface layers of HFBII, and the 
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lattice parameters determined by Fourier transformation from the AFM images 
were a = 6.71 nm, b = 4.48 nm, γ = 139.2°, agreeing with corresponding values 
found in LB films for HFBII (see Table 2). In Publication IV the first crystal 
structure of hydrophobin (HFBII) was reported and revealed a rigid structure 
interlocked by four disulphide bridges giving amphiphilic characteristics. This 
valuable information provided a new viewpoint for understanding the assembly 
and functions of hydrophobins: the surface activity of the HFBII most probably 
originates from the amphiphilicity, and the size and rigid structure of the 
hydrophobin must play a role in the self-assembly process. The crystal structure 
of an HFBII dimer was discussed as a high-energy stated structure that would 
favour location of hydrophobin at the air-water interface for lowering the 
energy-state by exposure of hydrophobic patches towards air. The ordered 
structure shown in the AFM images indicated the importance of lateral 
intermolecular contacts. Similar dimensions have also been observed in multilayer 
LB films measured by GIXD, where results showed hexagonal packing of 
hydrophobins with lattice constants a = b = 5.4 nm for HFBI and a = b = 5.5 nm 
for HFBII (Kisko et al., 2005). Hexagonal packing with the same lattice constants 
has also been observed directly at the air-water interface (Kisko et al., 2007). 

Table 2. Lattice parameters of organised structures of hydrophobins. Constants 
are obtained from Fourier transforms of AFM topography images. SAXS 
solution structures for hydrophobins had the largest dimension of 6.5 nm, and 
the shapes were torus-like for HFBI and four-armed structures for HFBII. GIXD 
data for HFBII at the air-water interface has given lattice parameters a = 3.81 
nm, b = 4.61 nm, c = 5.46 nm and γ = 122.3° 

Protein Publication Side of the film a (nm) b (nm) γ (deg) 
HFBI III hydrophobica 5.92 4.99 118.9 
HFBI V hydrophobica 6.07 5.05 119.5 
HFBI V hydrophilicb 6.11 6.61 125.6 
HFBI V hydrophobicc 5.92 4.31 116.8 
Biotin-NCys-HFBI V hydrophilicd 5.50 5.65 119.0 
HFBI-CysC-Biotin V hydrophilicb 6.43 5.81 126.1 
HFBII III hydrophobica 5.87 4.41 122.6 
HFBII IV hydrophilice 6.71 4.48 139.2 
Hexagonal lattice - - a = b b = a 120.0 
a = LB film, b = LS film, c = drop surface film, d = dried LS film, e = dried drop surface film 
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3.3.2 Hydrophilic side of the HFBI film 

The interfacial films of HFBI were transferred onto HOPG by the LS and drop 
surface film techniques and the hydrophilic side of the films was imaged in 
liquid by AFM (Publication V). The never-dried films were studied in liquid in 
order to exclude the possible artefacts due to drying and to image the film 
structure in conditions closer to the native environment. The interaction between 
hydrophobic HOPG surface and HFBI appeared to be strong enough to allow 
rinsing cycles of the surface, indicating hydrophobic interaction between them 
and the expected orientation for hydrophobins. The AFM images shown in 
Figure 18 revealed ordered structure of proteins with dimensions comparable to 
previous results (Publication III) for both film preparation techniques (see Table 
2). The measured thicknesses for LS and drop surface films were 2.8 ± 0.2 nm 
and 2.0 ± 0.2 nm, respectively. The value for LS film is more realistic, because 
that film contained large enough surface defects for reliable measurements. The 
thickness values were greater than that of the LB-film imaged in air (1.3 ± 0.2 nm), 
indicating possible drying effects in the LB film. The value for the LS film was 
very close to the dimensions obtained from HFBI crystal structure (2�3 nm, 
Hakanpää et al., 2006), verifying the exsistence of a monomolecular layer of 
hydrophobin. The results showed that the ordered strucutures observed in the LB 
and LS films of hydrophobins formed by compression also form spontaneously. 
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Figure 18. AFM topography images of HFBI films: drop surface film (A, 
hydrophilic side, imaged in buffer), LS film (B, hydrophilic side, imaged in 
buffer) and LB film (C, hydrophobic side, imaged in air). Scale bars are 20 nm. The 
correlation averages of ordered structures are shown in insets, scale bar 1 nm. 
(Modified from Publication V.) 

3.3.3 Films of functionalised HFBI 

Amphiphilic molecules tend to orient themselves at air-water interfaces by 
facing hydrophobic parts of the molecules towards the air. For confirming the 
orientation of hydrophobins in the interfacial film, structural variants of HFBI 
were prepared by protein engineering (see Publication V for details). A single 
cysteinyl residue was first added to the N-terminal of the hydrophobin and 
labelled specifically with biotin (Biotin-NCys-HFBI). The functionality of the 
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Biotin-NCys-HFBI layer formed from solution on a solid hydrophobic surface 
was studied by QCM-D. Addition of avidin clearly verified the functionality, as 
avidin was bound to biotinylated hydrophobin surfaces but not to HFBI control 
surfaces. Although high-resolution AFM images of Biotin-NCys-HFBI were not 
achieved in liquid, probably due to disturbance of the flexible linker with biotin, 
attachment of avidin was clearly seen and confirmed by roughness analysis 
(roughness analysis according to Peltonen et al., 2004). However, the periodical 
structure characteristic of hydrophobins was seen in the dried sample. 

Another variant with additional cysteinyl residue in the C terminal and labelled 
with biotin (HFBI-CysC-Biotin) was studied. The size of the linker with biotin 
was shorter and it was located closer to the core of the protein (Figure 6). The 
functionality was also demonstrated with QCM-D and similar behaviour was 
observed for both variants. The high resolution images of HFBI-CysC-Biotin 
films were reproducibly achieved in liquid environment (Figure 19A), and the 
results showed ordered structures with dimensions similar to those of native 
HFBI. This indicated that functionalisation did not restrict the self-assembling 
properties of HFBI molecules. Binding of avidin to the surface was again clearly 
seen in the AFM images (Figure 19C) and confirmed by roughness analysis. One 
of the aims was also to image ordered functionalised hydrophobin surfaces so 
that individual avidin molecules bound to biotinylated hydrophobins could be 
seen and located on the surface. The best result of this is shown in Figure 19B. 
Probably the linker allowed some degree of freedom to bound avidin molecules 
hampering the AFM imaging. Altogether these results proved the expected 
orientation for hydrophobins in the interfacial films. Because hydrophobins 
clearly orient themselves at the air-water interface by facing the hydrophobic 
patch towards the air, it would be expected that the smallest repeating unit in the 
lattice would be of the size of a single hydrophobin molecule. However this 
appeared not to be the case. The dimensions in the lattice were reproducibly 
close to those of tetramers, which indicated the importance of the lateral 
interactions between hydrophobins. Maybe the presence of gaps or holes in the 
protein network is crucial for the strength and elasticity of the hydrophobin film 
at the air-water interface, and formation of more closely packed film is necessary 
in some other conditions. 
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Figure 19. AFM topography images of HFBI-CysC-Biotin (A) and with avidin 
when biotinylated HFBI variant is involved in the film formation 0% or 10% (B) 
or 100% (C). Scale bars are 20 nm. (Modified from Publication V.) 

Some very recent studies on HFBI and HFBII have further broadened our 
understanding of the behaviour of hydrophobins. The research by Szilvay et al. 
(2006) supported the model of multimerisation of hydrophobins in solution. 
Askolin et al. (2006) reported stability and interfacial behaviour of SC3, HFBI 
and HFBII. The results showed that the Class II hydrophobins do not form rodlet 
layers and there were no changes in the secondary structure upon adsorption at 
interfaces like those observed (Wösten et al., 1993; de Vocht et al., 2002) and 
simulated (Fan et al., 2006) for SC3. They also reported that the surface tension 
of aqueous solutions of HFBI and HFBII were as low as 37 and 28 mJ/m2, 
respectively, and that both hydrophobins are stable at temperatures from 25 to 
90 ºC. Kostiainen et al. (2006) reported successful conjugation of DNA-binding 
dendrimers to HFBI, in which the functionality of both components was 
retained, including the capability of HFBI molecules to form ordered structures 
(unpublished data). 

As reported in many publications, the capability to decrease surface tension of 
water and formation of coatings are believed to be the major biological roles of 
hydrophobins (Linder et al., 2005). At the air-water interface the studied Class II 
hydrophobins form a visible film that is very elastic (see Figure 2 in Publication 
V). The unusual interfacial properties of hydrophobins as surfactants originate 
from the molecular interactions determined by their rigid structure, shape and 
relatively large size. In aqueous solutions of HFBI or HFBII these interactions 
lead to an organised network of proteins at the air-water interface. The 
interactions are rather strong � they are able to deform the shape of a water 
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droplet into a trapezoidal appearance. This again brings out the importance of 
lateral interactions. The difference in tetramer structure and crystallinity between 
HFBI and HFBII may be related to their different roles in fungal growth. Based 
on the results obtained by means of molecular engineering Askolin et al. (2005) 
and Askolin (2006) have suggested that the biological functions of HFBI are 
related to formation of aerial hyphae and hydrophobicity of hyphae, whereas 
HFBII is mainly involved in sporulation and hydrophobicity of spores and 
hyphae. The results of Linder et al. (2002) and Askolin et al. (2006) indicated 
that interaction between HFBI and a hydrophobic solid is stronger than that of 
HFBII, which may be of importance when a fungus adheres to solid surfaces. 
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4. Conclusions 

This thesis deals with surface forces and interactions involved between 
biopolymer surfaces as well as in self-assembly and interfacial behaviour of 
biopolymers. The research aimed at deepening the understanding of molecular 
interactions and the nature and strength of surface forces in the studied 
biopolymer systems. The main research technique, AFM, revealed interesting 
phenomena that were supported and confirmed by other relevant surface 
analytical techniques. The nanomechanical force measurements focused on 
interactions relevant in papermaking, i.e. between cellulose and xylan, and food 
technology, i.e. between gliadins (wheat gluten proteins). The studies of 
interfacial behaviour of biopolymers were focused on hydrophobins, which are 
very surface active proteins. 

The main result of the studied cellulosic systems provided a new perspective to 
the role of xylan in papermaking. It has been reported previously that the 
adsorption of xylan increases paper strength and that this is due to formation of 
hydrogen bonds. Our results indicated that the increase in paper strength cannot 
originate from such bonds in wet paper, but must be due to effects of xylan on 
fibre bonds during drying of paper. Possibly dehydration of the cellulose-xylan 
complex enables xylan to orient on cellulose fibrils and adsorb more efficiently 
(by forming hydrogen bonds), and simultaneously to adsorb on two parallel 
cellulose chains thus enhancing the paper strength. The results also showed that 
xylan did not desorb from the cellulose surfaces. This could be exploited in 
sample preparation of further studies using model surfaces, in order to eliminate 
the phenomenon that hampered these measurements � the continuous readsorption 
of xylan from solution. Measuring forces between xylan-coated cellulose 
surfaces and between xylan-coated cellulose and cellulose surfaces without free 
xylan molecules in the solution might provide new insight into the interaction at 
the molecular level. Closer to the idea of xylan enhancing the paper strength 
would be to measure the force required to separate dried cellulose surfaces with 
varying amounts of adsorbed xylan on the cellulose. Although such 
measurements of paper strength at the nanoscale would be interesting, AFM 
might not be the easiest technique for carrying out such experiments. 
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The force measurement approach was also applied to a food technology related 
subject, where a group of cereal plant proteins, wheat gliadin proteins, were 
investigated. The gluten proteins, gliadins and glutenins, facilitate the production 
of bread, pasta and noodles and many other food products from wheat flour. 
Hence, the study of the mechanical properties of gliadins was important from 
both a scientific and a practical point of view. On the basis of the 
nanomechanical force measurements the roles of different types of gliadins 
could be proposed: whereas ω-gliadins still have a compact structure and are 
responsible for the viscous flow in dough, α-gliadins have already started to 
participate in forming the dough network. This may provide a new viewpoint in 
understanding the interfacial properties of gliadins in relation to baking. It would 
have been interesting to study the effect of temperature on gliadin-gliadin 
interaction, but this was not investigated in this work. 

In addition to measuring surface forces directly, AFM imaging was used in 
studying hydrophobins that self-assemble due to interplay of various surface 
forces and interactions in solution and at interfaces. The research presented in 
this thesis focused on the behaviour of Class II hydrophobins, HFBI and HFBII 
at the air-water interface. The organised structures of hydrophobins were imaged 
at nanometer resolution. The results showed that both HFBI and HFBII form 
organized structures at the air-water interface, and that the dimensions 
corresponded with those of the solution structures obtained by SAXS. Moreover, 
the results also showed that the nanostructured films form spontaneously. The 
HFBI films were imaged by AFM both from the hydrophobic and hydrophilic 
side. The organisation at the air-water interface has also been observed by 
GIXD. Surface activity and capability to self-assemble in solution and at 
interfaces are fascinating properties of hydrophobins. As presented in the 
literature, these properties most probably originate from the unique structure of 
hydrophobins. These amphiphilic, rigid molecules have on their surface a 
relatively large hydrophobic patch that is involved in the self-assembly process 
of hydrophobins at least through hydrophobic interaction. It would be interesting 
to use AFM to measure interaction forces between hydrophobins and between 
hydrophobins and surfaces. The force measurements of these naturally existing 
hydrophobic surfaces might provide more information to augment the current 
view of hydrophobic interaction. Another interesting, more theoretical study 
would be to simulate the formation of ordered structures and to determine the 
elasticity of the film and how conditions affect the organisation of hydrophobins 
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at the air-water interface. Possibly simulations would provide insight into the 
presence of gaps or holes in the protein network. Molecular biology tools made 
it possible to assign a specific functionality to HFBI. The results clearly 
indicated that hydrophobin oriented at the air-water interface in the way 
expected for an amphiphilic molecule. The results also indicated that 
hydrophobin retained the capability to form organised films, and the covalently 
attached molecule its functionality. By this self-assembling characteristic, 
hydrophobins could offer new options for surface modifications and 
nanostructured functional surfaces that could have potential applications in 
nanotechnology in the future. Other potential end-users could be within food 
research (stabilization of the air-water interface in foams), as well as within 
diagnostics and biosensor research (functionality with defined orientation). 

Interactions between biopolymers are vital in life sciences. The strong covalent 
and ionic bonds define the structure and composition of materials, but the 
weaker non-covalent interactions play a crucial role in determining their 
functions. As expressed by Lehn and Ball (2000), the non-covalent interactions 
are the way in which biomolecules communicate. This level of communication 
is measurable with AFM, either directly by force measurements or by imaging 
the surface structures formed as a consequence of the interplay of non-covalent 
interactions. The AFM approach in aiming at understanding the biophysical 
interactions can be very challenging, but it can also be very rewarding because 
of its unique advantages. Despite some drawbacks, AFM has rapidly become a 
very popular technique in surface science. However, at least within biophysical 
sciences, AFM still cannot be described as a technique for routine analysis. 
Possibly one day it will be � there are many laboratories that are further 
developing the AFM technique, and even more groups around the world 
applying AFM to various biological samples. 
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Appendix A: Experimental details of the 
cellulose-xylan work (section 3.1.2) 

Materials 

The cellulose used in cellulose-xylan interaction measurements with varying 
electrolyte (NaCl) concentrations were the same cellulose beads by Kanebo Co. 
(Japan) as those described in Publication I and section 2.1.1. The xylan was also 
the same commercial birch xylan supplied by Roth used in Publication I and also 
described in section 2.1.1. The reference solution was 1 mM NaCl, pH 10, and 
varying NaCl concentrations in 100 mg/ml xylan, pH 10 were 1, 10 and 100 
mM. NaCl, HCl, and NaOH were all of analytical grade. 

Sample preparation 

Glueing of cellulose beads to cantilevers and glass supports was performed as 
described in Publication I. Cantilevers were calibrated by the thermal method 
(Hutter and Bechhoefer, 1993) prior to the glueing step. The cantilevers and 
sample supports with cellulose beads were freshly made and kept dry in a 
desiccator before use. Xylan was dissolved in alkali (NaOH), and diluted to the 
desired concentration (100 mg/ml) with certain electrolyte concentrations (1, 10 
and 100 mM NaCl) at pH 10. New samples and solutions were prepared prior to 
force measurements. 

Force measurements 

The force measurements were performed by the colloidal probe technique 
(Ducker et al., 1991) using a NanoScope III Multimode AFM (Digital 
Instruments /Veeco, CA) equipped with a fluid cell and a scanner E (vertical 
engagement), using an O-ring. Based on the phenomena observed in previous 
measurement series, cellulose surfaces were allowed to equilibriate and to swell 
in water overnight and in reference solution (1 mM NaCl, pH 10) for 2 hours 
before force measurements. Cellulose-cellulose interaction forces were then 
measured in the reference solution and in xylan solutions (100 mg/ml) with 
varying NaCl concentrations (1, 10 and 100 mM). All measurements were 
performed at pH 10 in order to keep the xylan soluble. After changing the 
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solution in the measurement chamber, the system was allowed to stabilize for 3 
hours before further measurements. Different loading forces were used (the 
sensitivity value from the constant compliance of force curves with higher 
loading force) and the time gap between consecutive force curves was 5 min. 
The force curves were obtained from slightly different areas still staying in the 
central area of the cellulose beads. 

Data analysis 

The data analysis included conversion of the raw data in NanoScopeIII format 
into ASCII by Scanning Probe Image Processor (SPIP, Image Metrology, 
Denmark) and further handling in Excel. The handling of the force curves was 
carried out as described in Publication I. 
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